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Takvor Mena z Uniwersytetu w Alcald de Henares, Hiszpania, 2022 r.; dr Nikos Naziris z

Uniwersytetu w Atenach, Grecja 2022 r.; mgr Tuba Gok z Uniwersytetu w Aksaray, Turcja, 2024
r.).

Staze naukowe

1.

Staz naukowy w Katedrze Fizyki Jgdrowej i Biofizyki, Wydziat Matematyki i Fizyki Uniwersytet
Komenskiego w Bratystawie, Stowacja. W ramach programu wymiany bilateralnej miedzy
Rzeczgpospolita Polskg a Republikg Stowacks, ,Nowe nanosystemy dostarczania lekow
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Wstep

Nanotechnologia to dziedzina nauki, ktdrej intensywny rozwéj rozpoczat sie na poczatku
XXI wieku. Obejmuje ona szerokg grupe zwigzkow, ktérych rozmiar nie przekracza 100 nm. Zwigzki
te znajdujq zastosowanie w przemysle, inzynierii czy w medycynie, a ich wtasciwosci s
szczegdtowo badane pod wzgledem fizycznym, chemicznym i biologicznym [1]. Do tych zwigzkéw
zalicza sie, miedzy innymi, liposomy, weglowe kropki kwantowe, dendrymery, czy nanoczastki

metali takich jak srebro lub ztoto [2].

nosniki lekow i
kwaséw nukleinowych

terapie
przesyst tekstylny przeciwnowotworowe
. | obrazowanie i
$rodki antyseptyczne P — AuNP ——  diagnostyka
\ laboratoryjna
bioczujniki w nanokompozyty w
przemysle spozywczym regeneracji tkanek

Rycina 1. Przykfady zastosowania nanoczgstek ztota.

Nanoczgstki ztota (AuNP) ze wzgledu na swojg wysoka stabilnos$é i tatwg mozliwos¢
przeprowadzania ich modyfikacji to jedne z najczesciej badanych i wykorzystywanych nanoczgstek
[3]. Zwiazki te moga by¢ wytwarzane w rdznych formach, takich jak: nanopowtoki, nanoprety,
nanosfery czy nanoklatki, co znaczgco poszerza zakres ich potencjalnych zastosowan [4].
Nanoczgstki ztota charakteryzujg sie korzystnym stosunkiem wielkosSci do objetosci (ang. size to

volume ratio) oraz dodatnim tadunkiem powierzchniowym, a przy tym cechuje je wysoka
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biokompatybilno$¢ [5]. Ponadto wykazywany przez nie powierzchniowy rezonans plazmonowy
sprawia, ze mogg zaréwno absorbowa¢, jak i rozprasza¢ $wiatto w zaleznosci od dtugosci fali
wzbudzenia [3]. Mozliwos¢ modyfikacji nanoczastek ztota sprawia, ze badane sg rézne metody
poprawienia ich wydajnosci i stabilnosci oraz zminimalizowania efektéw cytotoksycznych.
Wymienione powyzej wtasciwos$ci AUNP przektadajg sie na ich szerokie zastosowanie w medycynie
i przemysle, ktérych przyktady przedstawiono na Rycinie 1.

Wykorzystanie nanoczgstek w medycynie wymaga ich doktadnego sprawdzenia pod katem
potencjalnej toksycznosci i biokompatybilnosci. W tym celu przeprowadza sie szereg testéw
zaréwno in vitro, jak i in vivo [6].

W celu zminimalizowania cytotoksycznosci nanoczastek, przy jednoczesnym zachowaniu
ich zdolnosci wigzania i dostarczania substancji do komodrek poszukuje sie réznych sposobdw ich
funkcjonalizacji. Szeroko stosowanym rozwigzaniem jest opfaszczanie nanoczastek polimerami
(np. poli-L-lizyna, PEG), aminokwasami, przeciwciatami czy kwasami nukleinowymi [7]. Coraz
wiekszg uwage poswieca sie procesom zachodzgcym po podaniu nanoczgstek do organizmu,
w szczegolnosci ich oddziatywaniu z biatkami osocza i tworzeniu tzw. ,,korony biatkowej” (ang.
protein corona) ktdra moze istotnie wptywac na biodostepnos¢, zdolnos$é przenikania do komérek,
profil bezpieczeristwa i skutecznos¢ terapeutyczng AuNP [8]. tatwosé syntezy, stosunkowo niski
koszt produkcji, stabilnos¢, biodegradowalno$é i niska immunogenno$é mogg s$wiadczyé
o zasadnos$ci stosowania nanoczgstek ztota w biomedycynie [9].

Nanonos$niki majg za zadanie dostarczenie pozadanej czgsteczki (np. leku, biatka, kwasu
nukleinowego) do konkretnej komodrki, umozliwiajac jej przekroczenie naturalnych barier
wystepujacych w organizmie takich jak sluz, btony komdrkowe czy bariery miedzy naczyniami
krwiono$nymi, a tkankami [10]. Przyktadem tej ostatniej jest bariera krew-mdzg (BBB, ang. blood-
brain barrier) zbudowana z komdrek endotelialnych potgczonych ze sobg ztgczami scistymi oraz
perycytéw i astrocytéw. Bariera ta ma na celu ochrone médzgu, poprzez wysoce selektywna
przepuszczalno$é substancji niskoczgsteczkowych [11]. Ponadto, zachodzacy w BBB transport
jondw (Na*, K, CI,, Ca?*), a takze substancji odzywczych zapewnia homeostaze uktadu nerwowego
[12]. Bariera krew-mdzg chronigc mdzg przed drobnoustrojami i toksynami jednoczesnie stanowi
powazne wyzwanie gdy konieczne jest dostarczania do modzgu substancji leczniczych. Duze
czasteczki, nie sg w stanie przekroczy¢ bariery krew-mézg. To ograniczenie w duzej mierze
przyczynia sie do braku skutecznej terapii choréb neurodegeneracyjnych, takich jak choroba

Alzheimera czy choroba Parkinsona.
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Pomimo obecnosci na rynku preparatéw fagodzacych objawy i opdzniajacych rozwdj tych
schorzen, do dzis$ nie opracowano skutecznej terapii prowadzacej do ich catkowitego wyleczenia.
W przypadku choroby Alzheimera (AD, ang. Alzheimer’s disease), w roku 2024 dostepnych byto
siedem preparatow stosowanych w celu tagodzenia objawdw. Wsrdd tych lekdw znajdujg sie
inhibitory cholinoesterazy, antagonisci receptora NMDA oraz przeciwciata monoklonalne
przeciwko amyloidowi-B [13]. W poszukiwaniu preparatu, ktéry bedzie w stanie zahamowac
rozwoéj AD juz na weczesnym etapie, badacze skupiajg sie na réznych celach molekularnych. Jednym
z nich jest apoE4, allel €4 genu kodujgcego apolipoproteine E. Wystgpienie w genomie ApoE €4
uwazane jest za gtéwny czynnik genetyczny prawdopodobienstwa wystgpienia choroby
Alzheimera o pdznym poczatku [14]. Zaktada sie zatem, ze wyciszenie tego genu, moze znaczgco
ograniczyc¢ ryzyko wystgpienia choroby.

W celu zahamowania ekspresji niepozadanego genu mozna zastosowaé¢ metody
uszkadzajgce dany gen, np. metoda CRISPR/Cas9 lub metoda zapobiegajgca translacji danego
genu poprzez ukierunkowane dziatanie odpowiednio skonstruowanego siRNA [15]. Wytaczenie
ekspresji genu jest wieloetapowym procesem [16], ktdrego schemat na przyktadzie siRNA

przedstawiono na Rycinie 2.

dsRNA

Rycina 2. Schemat mechanizmu dziatania siRNA (ang. small interfering RNA) w komorce.

Dwuniciowe siRNA (dsRNA) jest degradowane przez endonukleaze DICER do krotkich
fragmentéw nukleotyddw. W nastepnym etapie siRNA wigzane jest do kompleksu RISC, gdzie
biatko Ago2 rozplatuje podwdjna ni¢ i tnie ni¢ sensownga. Ni¢ antysensowna naprowadza kompleks

RISC na komplementarng ni¢ mRNA, prowadzgc do zahamowania jej translacji. Cho¢
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wykorzystanie siRNA wydaje sie prostg technika modyfikacji gendw, jest ono obarczone pewnymi
ograniczeniami. Wystepujac w formie wolnej siRNA jest niestabilny, stosunkowo szybko ulega
degradacji i wykazuje niska internalizacje do komodrek [17]. Dlatego tez poszukuje sie nosnikow,

ktdre pomoga rozwigzaé powyzsze problemy.

Cel pracy

Celem niniejszej pracy byta ocena wiasciwosci biofizycznych i biologicznych dwadch
pegylowanych karbokrzemowych nanoczgstek ztota (1) AuNP14a i (2) AuNP14b oraz ich

kompleksdw z siRNA anty-apoE. Gtéwne cele pracy podzielono na nastepujgce zadania badawcze:

1.  Ocena zdolnosci nanoczgstek ztota AuNP14a i AuNP14b do tworzenia komplekséw z siRNA
oraz biofizyczna charakterystyka powstatych komplekséw.

2. Okreslenie charakteru interakcji AuNP14a i AuNP14b z biatkami osocza oraz btonami
lipidowymi.

3.  Okreslenie cytotoksycznosdci i genotoksycznosci badanych nanoczgstek ztota oraz ich
kompleksdw z siRNA.

4. Ocena zdolnosci komplekséw AuNP/siRNA do wnikania do komoérek oraz wptywu tych
kompleksdw na przepuszczalnos¢ modelu bariery krew-mozg.

5.  Weryfikacja poziomu przeciwzapalnych i prozapalnych cytokin wydzielanych przez komoérki

PBMC po podaniu nanoczastek ztota i ich komplekséw z siRNA.

Hipoteza badawcza

Nanoczgstki ztota funkcjonalizowane PEG stanowig bezpieczne i skuteczne narzedzie do

dostarczania siRNA do komdrek docelowych.
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Materiaty

1. Nanoczgstki ztota
o AuNP14a — stosunek dendron:PEG 3:1
o AuNP14b — stosunek dendron:PEG 1:1

Karbokrzemowe nanoczastki ztota AuNP14a i AuNP14b zostaty zsyntetyzowane
i udostepnione do badan przez Katedre Chemii Organicznej i Nieorganicznej, Wydziatu Farmacji,
Uniwersytetu w Alcala de Henares (Madryt) w ramach wieloletniej wspdtpracy z Katedrg Biofizyki
Ogdélnej, Wydziatu Biologii i Ochrony Srodowiska, Uniwersytetu tddzkiego. Wstepna
charakterystyka badanych AuNP zostata przedstawiona w publikacji ,,Effect of PEGylation on the
biological properties of cationic carbosilane dendronized gold nanoparticles” autorstwa Barrios-
Gumiel A., Sdnchez-Nieves J., Pedziwiatr-Werbicka E. i wsp [18]. Strukture AuNP przedstawiono

schematycznie na Rycinie 3.

,SQD(’VSV‘NM%*)‘1 HSG2(S-NMe*)s/HS-PEG

CH 3:1 (AuNP14a)
\S/\/q\/\o)f 3 1:1 (AuNP14b)

Au

2

Rycina 3. Struktura karbokrzemowych nanoczgstek ztota funkcjonalizowanych PEG. Synteza
AuNPs przeprowadzona byfa w srodowisku wodnym w reakcji HAuCl4:3H,0 z mieszaning dwéch
ligandéw zawierajgcych reszty siarkowe: (1) dendron kationowy HSG2(SNMe3*)4, (2) komercyjny

PEG CH30(CH2CH,0)nCH,CH,SH, HS-PEG. Reduktorem reakcji byt NaBHa.

2. siRNA (Dharmacon Inc., Lafayette, CO, USA)

J SiRNA apoE: nié¢ sensowna: 5’-GAUUACCUGCGCUGGGUGCUU-3’;
ni¢ antysenesowna : 5’-PGCACCCAGCGCAGGUAAUCUU-3’

o SiRNA apoE-FITC: ni¢ sensowna: 5’-FL-GAUUACCUGCGCUGGGUGCUU-3’;
ni¢ antysenesowna : 5’-PGCACCCAGCGCAGGUAAUCUU-3’
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3. Linie komérkowe

. Komoérki srodbtonka mikronaczyn mézgowych wyizolowanych z kory médzgowej
HBEC-5i (ATCC, Manassas, VA, USA)

o Astrocyty ludzkie HA (ScienCell Research Laboratories, Carlsbad, CA, USA)

] Ludzkie perycyty naczyn wiosowatych mozgu HBVP (ScienCell Research

Laboratories, Carlsbad, CA, USA)

4. Komérki izolowane z kozucha leukocytarno-ptytkowego

J Komérki monojadrzaste krwi obwodowej PBMC

Kozuchy pozyskiwano w Regionalnym Centrum Krwiodawstwa i Krwiolecznictwa w todzi.
Krew pochodzita od zdrowych dawcow, ktérzy udzielili zgody na wykorzystanie elementéw krwi

do badan naukowych bez udostepnienia danych osobowych.

5. Biatka
) Albumina surowicza ludzka (HSA) (Sigma Aldrich, St. Louis, MO, USA)

J Transferyna surowicza ludzka (Tf) (Biorbyt Ltd, Cambridge, UK)

6. Lipidy
o DMPC (Avanti Polar Lipids Inc., Alabaster, AL, USA)

Metody

1. Okreslenie optymalnych stezern AUNP do tworzenia stabilnych kompleksow z siRNA wykonano
za pomocg technik polaryzacji fluorescencji oraz elektroforezy zelowej.

2. W celu zmierzenia $rednicy hydrodynamicznej i oszacowania tadunku powierzchniowego
komplekséw AuNP/siRNA wykorzystano techniki: a) dynamicznego rozpraszania $wiatta (DLS)
i b) elektroforetycznego rozpraszania swiatfa (ELS).

3. Technike dichroizmu kotowego wykorzystano do okreslenia zmian strukturalnych siRNA oraz

zmian zachodzgcych w strukturze drugorzedowej biatek po dodaniu nanoczastek ztota.
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10.

11.

12.

13.

14.

Cytotoksycznos¢ nanoczastek oraz ich kompleksow z siRNA okreslono za pomocy testéw
redukcji MTT i resazuryny (Alamar Blue), testu uwalniania LDH oraz technika pomiaru
impedancji komdrek metodg RTCA.

Technika spektroskopii fluorescencyjnej zostata wykorzystana do okreslenia charakteru
interakcji nanoczastek ztota z biatkami osocza oraz btonami lipidowymi.

Transmisyjna mikroskopia elektronowa postuzyta do zobrazowania struktur powstatych po
interakcji nanoczastek ztota z biatkami i liposomami.

Izotermiczna kalorymetria miareczkowa postuzyta do okreslenia dynamiki wigzania
nanoczgstek z biatkami osocza.

Alkaliczny test kometowy zostat zastosowany do analizy efektu genotoksycznosci
w komdrkach w obecnosci nanoczgstek ztota i ich komplekséw z siRNA.

Technike cytometrii przeptywowe] wykorzystano do ilosciowej oceny internalizowanych
kompleksami AuNP/siRNA komoérek.

Mikroskopia konfokalna zostata uzyta jako metoda pozwalajagca na zobrazowanie
utworzonych komplekséw w komadrkach.

Test DCFDA/H,DCFDA wykonano w celu zmierzenia poziomu reaktywnych form tlenu
powstajgcych w komédrkach pod wptywem badanych zwigzkdw.

Zmiany potencjatu bton mitochondrialnych w odpowiedzi na obecnos¢ badanych zwigzkow
analizowano za pomocg testu z wykorzystaniem barwnika JC-1.

Integralnos¢ modelu bariery krew-mdzg po podaniu badanych zwigzkéw analizowano przez
pomiar srodbtonkowego oporu elektrycznego (TEER), impedancji oraz w testem
przepuszczalnosci dekstranu znakowanego fluoresceing.

Za pomocg testow opartych na systemie MAGPIX okreslono poziom wybranych cytokin
wytwarzanych przez komérki PBMC jako odpowiedZ na obecnos¢ nanoczastek ztota i ich

kompleksdw z siRNA.
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Omowienie wynikéw

W pierwszej pracy wchodzacej w skfad rozprawy doktorskiej pt. ,,Pegylated Gold
Nanoparticles Conjugated with siRNA: Complexes Formation and Cytotoxicity” celem byto
okreslenie optymalnych stezen, w ktérych nanoczastki AuNP14a i AuNP14b tworzg kompleksy
z siRNA, a nastepnie scharakteryzowanie wtfasciwosci biofizycznych i biologicznych powstatych
komplekséw. W pierwszym etapie wykonano pomiary srednicy hydrodynamicznej oraz fadunku
powierzchniowego siRNA, a nastepnie przeprowadzono jego miareczkowanie badanymi
nanoczgstkami. Zaobserwowano, ze ujemnie natadowany siRNA zmienia swdj tadunek na dodatni
w obecnosci nanoczgstki AuNP14a w stezeniu 30 pug/mL oraz przy prawie dwukrotnie wyzszym
stezeniu (55 pug/mL) nanoczgstki AuNP14b. Efekt ten byt zgodny z oczekiwaniami, gdyz AuNP14a
posiada wiekszy stosunek dodatnio natadowanych dendronéw karbokrzemowych do czasteczki
PEG niz AuNP14b. Jednoczesnie okreslono rozmiar tworzgcych sie komplekséw, a pomiar indeksu
rozproszenia (PDI, ang. polydispersity index) wykazat, ze mierzone prébki mozna uznaé za

monodyspersyjne.

W kolejnym etapie pracy wykonano pomiar polaryzacji fluorescencji oraz elektroforeze
w zelu agarozowym. Pomiary pozwolity zaobserwowac spadek fluorescencji siRNA znakowanego
fluoresceing (siRNA-FL) przy jednoczesnym wzroscie polaryzacji fluorescencji. Osiggniecie fazy
plateau uznano za punkt wysycenia znakowanego siRNA miareczkowanym zwigzkiem. Taki efekt
obserwowano po dodaniu 25 pg/mL AuNP14a oraz 60 pg/mL AuNP14b do siRNA-FL, co jest
zgodne z wynikami otrzymanymi w pierwszym etapie badan. Elektroforeza zelowa pozwala na
analize tworzenia komplekséw siRNA z nanoczgstkami. Stezenie AuNPl14a przy ktorym
zaobserwowano zanik fluorescencji znakowanego siRNA byto zgodne z wczesniej opisanymi
wynikami uzyskanymi innymi metodami. Natomiast AuNP14b nie wptywata na fluorescencje
siRNA nawet przy stezeniu przekraczajgcym 80 pg/mL. Mozliwe, ze przyczyng tego jest
stosunkowo niewielki rozmiar nanoczastki ograniczajgcy lub uniemozliwiajacy jej kompleksacje

z SiRNA.

Sprawdzono takze, w jakim stopniu obecnos¢ nanoczastek ztota wptynie na strukture
przestrzenng siRNA. Zaobserwowano, ze AuNP14a zmienia strukture siRNA w wiekszym stopniu
niz AuNP14b, a dodatkowo w stezeniach >50 ug/mL powoduje lekkie przesuniecie widma w strone
wyzszych dtugosci fal. Ponadto, eliptycznosc siRNA przy dtugosci fali 265 nm, nie ulegata istotnym
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zmianom w przypadku obu nanoczastek, co pozwala wnioskowaé, ze badane AuNPs nie zaburzaja

funkcjonalnosci siRNA.

Ostatni etap badan zawartych w tej publikacji miat na celu okreslenie cytotoksycznosci
nanoczgstek ztota i ich kompleksoéw z siRNA. W celu sprawdzenia wptywu badanych zwigzkéw na
zywotnos$é komorek wykonano testy MTT, LDH oraz Alamar Blue. Réznorodnos$¢é zastosowanych
metod umozliwita sprawdzenia wptywu AuNP na rézne procesy metaboliczne komérek. Testy MTT
oraz LDH wykonano na adherentnej linii komodrkowej HBEC-5i, natomiast test Alamar Blue na
zawiesinowych komérkach PBMC. W tescie MTT wykazano, ze nanoczastki ztota nie wykazujg
cytotoksycznosci w stezaniach, w ktdrych tworzg kompleksy z siRNA. Inny efekt zaobserwowano
po zastosowaniu komplekséw AuNP/siRNA. Kompleks AuNP14a/siRNA wykazat umiarkowany
efekt cytotoksyczny (ok. 60% zywotnosci) juz w stezeniu 50 pg/mL, natomiast nanoczastka
AuNP14b skompleksowana z siRNA byta niecytotoksyczna, nawet w stezeniu 200 pug/mL. Wyniki
te byly zgodne z wynikami otrzymanymi za pomocg testow LDH i redukcji resazuryny.
Podsumowujac, nanoczastki ztota i ich kompleksy z siRNA w wybranych stezeniach byty bezpieczne

dla badanych komérek, co dato podstawe do kontynuacji badan.

Druga publikacja wchodzgca w sktad pracy doktorskiej, zatytutowana ,,Pegylated gold
nanoparticles interact with lipid bilayer and human serum albumin and transferrin”, skupia sie na
interakcjach badanych nanoczgstek z wybranymi biatkami surowicy ludzkiej oraz btonami
lipidowymi. Nanoczastki, ze wzgledu na swojg budowe, po podaniu do krwioobiegu przyciggaja
do siebie liczne molekuty, gtéwnie biatka, a te tworzg tzw. , korone biatkowa” [19]. Biatka te
oddziatujg z nanoczastka, wptywajac na jej tadunek powierzchniowy, powinowactwo do innych
struktur biologicznych czy wydajnos¢. W przedstawionej pracy wykorzystano albumine (HSA) oraz
transferyne (Tf) surowicy ludzkiej jako biatka modelowe. Badania rozpoczeto od pomiaréw
Srednicy hydrodynamicznej oraz potencjatu zeta obu biatek, a nastepnie obserwowano, jak
parametry te zmieniajg sie wraz z rosngcym stezeniem nanoczgstek AuNP14a i AuNP14b
w prébce. Obecnos$¢ nanoczgstek ztota spowodowata wzrost potencjatu zeta HSA oraz Tf, ktére
w pH = 7,4 posiadaty tadunek ujemny. W przypadku transferyny zaobserwowano catkowitg zmiane
fadunku na dodatni. Rozmiar utworzonych kompleksdw zmierzono za pomoca technik DLS
i transmisyjnej mikroskopii elektronowej. Obie metody wykazaty, ze biatka fgczg sie
z nanoczastkami, jednak efekt ten byt najbardziej zauwazalny w przypadku HSA skoniugowanego

z AuNP14a.
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W nastepnym etapie pracy sprawdzono, jak obecno$é¢ nanoczastek wptynie na
drugorzedowg strukture badanych biatek. W tym celu zastosowano technike spektroskopii
dichroizmu kotowego (CD). Wykazano, ze obie nanoczagstki powodujg znaczne zmniejszenie
zawartosci helisy alfa obu biatek jedynie w najwyzszych stosowanych stezeniach (>100 pg/mL),
natomiast nieistotnie wptywajg na zmiany struktury drugorzedowej w nizszych stezeniach.
Dodatkowo za pomocy spektroskopii fluorescencyjnej przeprowadzono test wygaszania
fluorescencji tryptofanu (Trp) pod wptywem rosngcego stezenia AuNP. W badaniu tym
obserwowano, czy dodanie nanoczgstek bedzie powodowato przesuniecie widma w kierunku
dtuzszych fal (red shift) lub krétszych (blue shift), co réwniez mogtoby swiadczy¢ o zmianach
konformacyjnych HSA i Tf. Dany efekt zauwazono w przypadku traktowania albuminy nanoczastka
AuNP14a w wysokim stezeniu. Obecnos¢ nanoczastki spowodowata delikatne przesuniecie
maksimum fluorescencji w kierunku fal czerwonych, z czego wywnioskowaé mozna, ze struktura

HSA ulegta pewnemu rozluznieniu, powodujac wiekszg ekspozycje tryptofanu.

Wspodtpraca z Wydziatem Chemii Uniwersytetu tddzkiego pozwolita na zbadanie
powinowactwa biatek do nanoczastek ztota oraz okreslenie efektéw ich wigzania. W tym celu
wykorzystano metode izotermicznej kalorymetrii miareczkowej (ITC). Stwierdzono, ze wszystkie
reakcje obserwowane pomiedzy biatkami, a nanoczgstkami byly endotermiczne, a zatem
tworzenie wigzan wymagato pobrania energii z otoczenia. Réwniez w tym przypadku najsilniejsze
oddziatywanie obserwowano pomiedzy albuming, a AuNP14a, natomiast najstabsze efekty

zanotowano w przypadku transferyny i AuNP14b.

W kolejnym etapie pracy zbadano oddziatywanie AuNP z modelowymi btonami
lipidowymi. Liposomy zostaty przygotowane z wykorzystaniem syntetycznego lipidu DMPC
metodg ekstruzji. Analiza zdjeé otrzymanych za pomoca transmisyjnej mikroskopii elektronowej
(TEM) udowodnita, ze liposomy DMPC w obecnosci nanoczgstek ztota zachowujg swojg forme i nie
ulegaja degradacji. Pomiar tadunku powierzchniowego liposomdéw wykazat, ze obecnos¢
nanoczgstek ztota powoduje jego zmiane z neutralnego na dodatni. Dodatkowo zbadano wptyw
nanoczastek na ptynnos¢ bton lipidowych. W tym celu zmierzono anizotropie fluorescencji
znacznikdw TMA-DPH oraz DPH wbudowanych w dwuwarstwe lipidowa. Pierwszy z wymienionych
znacznikow lokalizuje sie w polarnej, zewnetrznej czesci btony, natomiast drugi zakotwicza sie w
niepolarnej, wewnetrznej czesci dwuwarstwy. Zaobserwowano, ze obie badane nanoczastki

powodowaty wzrost anizotropii fluorescencji zaréwno w przypadku sondy DPH, jak i TMA-DPH.
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Wyniki te wskazujg, ze AuNP14a i AuNP14b powodujg usztywnienie btony i zmniejszenie jej

ptynnosci, a zatem wchodzg one w interakcje z dwuwarstwg lipidowa.

Celem ostatniej pracy wchodzacej w sktad rozprawy zatytutowanej ,,Crossing Barriers:
PEGylated Gold Nanoparticles as Promising Delivery Vehicles for siRNA Delivery in Alzheimer’s
Disease” byta ocena zdolnosci utworzonych komplekséw AuNP/siRNA do wnikania do komédrek
srédbtonka oraz okreslenie efektéw biologicznych wywotanych przez nanoczastki. W pierwszym
etapie pracy z wykorzystaniem metody cytometrii przeptywowej zostata oceniona wydajnos¢
whnikania badanych komplekséw do komorek linii HBEC-5i. Obecno$é komplekséow w komadrkach
obserwowano juz po 3 godzinach inkubacji, jednak procent internalizacji wynosit okoto 40%
w przypadku komplekséw AuNP14a/siRNA i zaledwie ok. 10% w przypadku AuNP14b/siRNA. Po
24 godzinnej inkubacji komérek z kompleksami AuNP/siRNA zaobserwowano 80% internalizacje
w przypadku obu badanych komplekséw. Dodatkowo wykazano, Zze internalizacja
nieskompleksowanego siRNA utrzymywata sie na poziomie okoto 5% po 3 i 24 godzinach inkubacji.
Za pomocg techniki mikroskopii konfokalnej zobrazowano obecnos¢ znakowanego siRNA
bedgcego sktadnikiem kompleksu AuNP/siRNA wewnatrz komodrek. Analiza obrazéw z uzyskanych
zdje¢ pozwolita zaobserwowad, ze kompleksy AuNPs/siRNA lokujg sie gtéwnie w cytoplazmie

badanych komdrek.

W kolejnym etapie pracy sprawdzono czy nanoczastki i ich kompleksy z siRNA wykazuja
dziatanie genotoksyczne w komédrkach srédbtonka. W tym celu wykonano test kometowy.
Wykazano, ze po 24 godzinnej inkubacji nanoczgstka AuNPl4a powodowata nieznaczne
uszkodzenia DNA na poziomie 10%, jednak efekt ten zostat zniesiony po skompleksowaniu z siRNA.
Nanoczgstka AuNP14b nie wywotywata efektu genotoksycznego zardwno podana w stanie

wolnym, jak i w kompleksie z siRNA.

Nastepnie zbadano poziom reaktywnych form tlenu (RFT) w komdrkach srédbtonka oraz
zmiany potencjatu mitochondrialnego w réznych odstepach czasowych po podaniu nanoczgstek
ztota i ich komplekséw z siRNA. Sprawdzenie tych parametréw pozwolito na okreslenie czy
organelle komérkowe i ich metabolizm nie ulegty uszkodzeniu po podaniu badanych zwigzkéw. Do
pomiaru RFT wykorzystano fluorescencyjny znacznik H2DCF-DA, natomiast zmiany potencjatu
mitochondrialnego zostaty okreslone za pomocg sondy JC-1. Wyniki pomiaréw wskazaty, ze po 30
minutach komorki reagowaty gwattownym wzrostem poziomu reaktywnych form tlenu, a efekt

ten byt najbardziej zauwazalny w obecnosci kompleksu AuNP14b/siRNA. Jednoczesnie
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obserwowano, ze po 3 oraz 24 godzinach po podaniu zwigzkéw poziom RFT stabilizowat sie
i wracat do poziomu fizjologicznego. Zmiany potencjatu mitochondrialnego byty najbardziej
widoczne po 3 godzinach inkubacji komérek z badanymi zwigzkami. Btony mitochondrialne
w zaleznosci od podanego zwigzku ulegaty depolaryzacji lub hiperpolaryzacji, przy czym po 24

godzinach obserwowano tendencje do stabilizacji i powrotu do wartosci wyjsciowych.

Ostatnim etapem trzeciej pracy byto sprawdzenie cytotoksycznosci badanych
komplekséw wobec dwdch dodatkowych linii komdrkowych: astrocytéow (HA) i perycytéw (HBVP).
Komoérki te, wraz ze zbadanymi juz wczesniej komdrkami $rédbtonka, wykorzystywane sg do
tworzeniu modeli bariery krew-mdzg w warunkach in vitro. Planujgc rozszerzenie badan na tym
modelu, w pracy skupiono sie na sprawdzeniu, czy nanoczgstki i ich kompleksy wywotujg efekt
cytotoksyczny w monohodowlach. W przeprowadzonym tescie MTT po 24 godzinnej inkubacji
komérek z AuNP i AuNP/siRNA stwierdzono, ze wolne nanoczastki sg bardziej cytotoksyczne niz
ich kompleksy z siRNA w stosunku do obu linii komdrkowych. AuNP14a wywotywaty zalezny od
stezenia efekt cytotoksyczny, ktéry byt tagodzony przez kompleksacje z siRNA. Nanoczastki
AuNP14b wydawaty sie bardziej cytotoksyczne w matych dawkach, szczegélnie dla komérek HBVP.
Z kolei wyzsze stezenia zaréwno AuNP14b, jak i jego kompleksu z siRNA nie wykazaty istotnej

cytotoksycznosci wzgledem badanych komérek.
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Wyniki nieopublikowane

Materiaty i metody

Hodowla komdrek tworzgcych model bariery krew-mozg in vitro

W celu stworzenia modelu bariery krew-mézg prowadzono hodowle komérkowe
z wykorzystaniem wktadéw membranowych o $rednicy poréw 1 um (ThinCert Cell Culture Inserts,
Greiner Bio-One, NC, USA) umieszczanych na 24-dotkowych ptytkach polistyrenowych. Wktady
pokryte poli-L-lizyng (PLL) (ScienCell Research Laboratories, CA, USA) w stezeniu 2 pg/cm?
pozostawiano w inkubatorze (37°C, 5 % CO32) na minimum godzine. Nastepnie usuwano nadmiar
PLL, na wktadke wysiewano astrocyty (HA) w gestosci 2 x 10* kom/cm?, a do dotkdéw ptytki
wlewano medium dedykowane do hodowli astrocytéw (Astrocyte Medium, ScienCell Research
Laboratories, CA, USA). Po 48 godzinach hodowli wysiewano perycyty (HBVP) w gestosci 2 x 10*
kom/cm? wymieniajgc medium na dedykowane do hodowli perycytéw (Pericyte Medium,
ScienCell Research Laboratories, CA, USA). Po kolejnej 48-godzinnej inkubacji usuwano medium,
wysiewano komorki srédbtonka (HBEC-5i) w gestosci 8 x 10* kom/cm? i inkubowano przez kolejne

9 dni w medium przeznaczonym do hodowli komoérek srédbtonka (DMEM-F12, Biowest, Nuaille,

France), wymieniajgc je co 48 godzin [20]. Nastepnie dodawano badane zwigzki.

Pomiar srodbtonkowego oporu elektrycznego (TEER, ang. transendothelial electrical resistance)

Pomiary TEER przeprowadzono w celu okreslenia integralnosci modelu bariery, przed
a nastepnie po dodaniu badanych zwigzkéw (Rycina 4.). W tym celu wykorzystano aparat
epitelialny Volto-Ohmomierz EVOM3 (World Precision Instruments, FL, USA) z komorg EndOhm
posiadajgcg dwie okraggte elektrody. Pomiary rozpoczeto po 24 godzinach od dodania ostatnie;j linii
komérkowej do hodowli, a nastepnie opdr elektryczny modelowej bariery mierzono codziennie
przez 12 dni od dodania zwigzkéw. Wyniki przedstawiono jako wartos¢ oporu R [Q] po odjeciu tfa,
ktére stanowit wktad z czystym medium, bez komdrek. Otrzymang wartos¢ przeliczano na
powierzchnie wktadu wedtug wzoru:

Re=(R1-R2 ) x A

gdzie, Rk — op6r koricowy, R1 — opér kohodowli, R, — opdr tta, A — powierzchnia wktadu w cm?.
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Rycina 4. Schemat hodowli astrocytéow (HA), perycytéow (HBVP) i komérek srédbtonka (HBEC-5i)

odpowiadajgcej modelowi bariery krew-mézg warunkach in vitro

Test przepuszczalnosci bariery krew-mézg z wykorzystaniem dekstranu znakowanego

fluoresceing

W kolejnym etapie sprawdzono, jak badane nanoczastki ztota i ich kompleksy wptywajg na
przepuszczalnos¢ modelowej bariery krew-mézg. W tym celu do hodowli komdrek na wktadzie
dodano znakowany fluoresceing dekstran 40 kDa (Invitrogen, MA, USA) o kor\cowym stezeniu 400
pug/mL. Wktady przetozono na czarne ptytki 24-dotkowe, w ktérych umieszczono medium
hodowlane. llos¢ dekstranu, ktory przeptynat z wktadu do dotka ptytki mierzono przez 2 godziny
w dwdch odstepach czasowych, 3 dni po dodaniu zwigzkéw oraz 5 dni po dodaniu zwigzkéw do
hodowli komérek. Pomiary fluorescencji wykonano na czytniku ptytek Biotek (BioTek Instruments
Inc., VT, USA), ustawiajgc dtugos¢ fali wzbudzenia na 485 nm, a dtugos$¢ fali emisji na 530 nm.
Uzyskane wyniki przeliczono na procent przepuszczalnosci wzgledem komarek nietraktowanych

wedtug wzoru:

P=F,/Fxx 100%

gdzie: P — przepuszczalno$é, F, — fluorescencja badanej préby, Fx — fluorescencja préby

kontrolne;.
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Okreslenie cytotoksycznosci badanych zwigzkéw na podstawie pomiaréw impedancji mierzone;j

W czasie rzeczywistym

W celu zbadania cytotoksycznosci AuNP i AuNP/siRNA wzgledem komodrek tworzgcych
model bariery krew-mdzg zmierzono impedancje. Wykorzystano do tego aparat xCELLigence RTCA
eSight (Agilent Technologies, CA, USA). Komérki wysiano na dedykowane do aparatu ptytki 96-
dotkowe z mikroelektrodami (E-plate) zgodnie z wyzej opisang metod3. Przezywalnos¢ komérek
przedstawiono jako Cell Index. Dodatkowo do komdrek dodano znacznik elive (Agilent
Technologies, CA, USA), ktéry zwigzany z DNA daje sygnat fluorescencyjny. Razem z kamerg
zintegrowang z aparatem umozliwito to rejestracje proliferacji w czasie rzeczywistym. Efekty

przedstawiono na zdjeciach w wybranych odstepach czasowych.

Analiza odpowiedzi immunologicznej komérek z wykorzystaniem systemu MAGPIX

W koricowym etapie badan oceniono wptyw nanoczastek ztota i ich komplekséow z siRNA
na odpowiedZz immunologiczng monojadrzastych komérek krwi obwodowej (PBMC), poprzez
oznaczenie poziomu wybranych cytokin. W tym celu wykorzystano system MAGPIX (Luminex, TX,
USA) oparty na zasadzie testu immunoenzymatycznego ELISA. System wykorzystuje technologie
mikrosfer paramagnetycznych optaszczonych przeciwciatami i jest w stanie wykrywaé wiele
metabolitéw jednoczesnie. W celu przeprowadzenia badania wyizolowano komérki PBMC (ang.
peripherial blood mononuclear cells) z kozucha leukocytarno-ptytkowego pozyskanego
z Regionalnego Centrum Krwiodawstwa i Krwiolecznictwa w todzi. Czes¢ zawartosci kozucha
zachowywano w celu pozyskania osocza. Komoérki PBMC wyizolowano metoda wirowania na
gradiencie Histopaque-1077 (Merck, Darmstadt, Niemcy) przez 30 min, 1600 obr/min. Osocze
otrzymywano poprzez odwirowanie kozucha przez 15 min, 4200 obr/min. Komarki PBMC wysiano
w dwdch rodzajach podtdz: 1) medium hodowlane RPMI (Biowest, Nuaillé, Francja) z 10% FBS
(Sigma-Aldrich, MA, USA) oraz 2) medium hodowlane RPMI z 45% osoczem od tego samego
dawcy. Badane zwigzki rodwniez zostaty przygotowane w dwodch uktadach, 1) zawieszone
w standardowym buforze PBS oraz 2) zawieszone w roztworze PBS z 45 % osoczem. Po 45
minutach inkubacji zwigzkdéw w badanych ukfadach, dodawano je do wczes$niej wysianych
komdrek. Kontrole pozytywng w uktadzie stanowit LPS E.coli 055:B5 (Merck, Darmstadt, Niemcy)
w stezeniu korncowym 1 pug/mL. Po 48 godzinach inkubacji zebrano supernatanty z hodowli,
a nastepnie oznaczono w nich poziom IFN-a2, IL-6, IL-8, IL-10, 1L-12p40 oraz TNF-a. Analiza
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poziomu cytokin z wykorzystaniem systemu MAGPIX zostata przeprowadzona w komercyjnej
wspotpracy z  Uniwersyteckim Laboratorium Komdrkowym Corelab dziatajagcym przy
Uniwersytecie Medycznym w todzi. Do analizy otrzymanych danych wykorzystano program Belysa
Immunoassasy Curve Fitting (Merck Darmstadt, Niemcy). Wyniki przedstawiono jako srednia

+ standardowy btad sredniej z 6 powtdrzen.

Analiza statystyczna

Analiza statystyczna zostata przeprowadzona z wykorzystaniem programu GraphPad Prism
8 (GraphPad Software, MA, USA). Do obliczenn wykorzystano nieparametryczny test Kruskalla-

Wallisa. Wyniki uznawano za statystycznie istotne przy wartosci p<0.05.

WyniKki

Integralno$¢ komorek tworzacych model bariery krew-maézg okreslona na podstawie pomiaréw

TEER i testu przepuszczalno$ci dekstranu

W pierwszym etapie badan oceniono zmiany oporu elektrycznego modelowej bariery
krew-mdzg utworzonej z komérek HA, HBVP i HBEC-5i, rejestrowane pod wptywem badanych
nanoczgstek ztota. Pomiar TEER prowadzono codziennie od 2 doby po wysianiu komorek, przez
kolejne 9 dni, po czym do hodowli dodawano badane zwigzki i przez kolejne 12 dni wykonywano
dalsze pomiary. Zaobserwowano, ze opor elektryczny komarek rést w czasie, a obecnos$é badanych
zwigzkdw wptyneta na ten efekt w niewielkim stopniu (Rycina 5). Po 5 dniach inkubacji
zaobserwowano niewielki wzrost oporu elektrycznego po dodaniu nieskompleksowanej
nanoczgstki AuNP14a w stezeniu 50 pg/mL oraz niewielki spadek w stezeniu 25 ug/mL. Obecnosé
AuNP14b w stezeniu 75 pg/mL zaréwno w stanie nieskompleksowanym, jak i skompleksowanym
z siRNA powodowata nieznaczny wzrost oporu elektrycznego. Odnotowane zmiany nie byty jednak
istotne statystycznie zardwno w porownaniu do czasu ,,0” oznaczajgcego pomiar przed dodaniem

badanych zwigzkéw, jak i wzgledem wartosci uzyskanych dla komérek nietraktowanych.
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Rycina 5. Wptyw nanoczgstek ztota i ich komplekséw z siRNA na zmiany oporu elektrycznego
(TEER) modelu bariery krew-mézg in vitro. A) Zmiany wartosci TEER mierzone od 2 doby po
wysianiu komoérek HBEC-5i. Zielona strzatka wskazuje dzien dodania zwigzkéw do hodowli.
B) Wartosci TEER monitorowane w czasie inkubacji z badanymi zwigzkami. Dane przedstawiajg

$rednig £ SD (n = 3).
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Rycina 6. Wptyw nanoczastek ztota oraz ich komplekséw z siRNA na przepuszczalnos¢ modelowej
bariery krew—mdzg utworzonej z komérek HA, HBVP i HBEC-5i, oceniany w 3 dniu (A) i 5 dniu (B)
po aplikacji zwigzkdw. Wartosci zostaty znormalizowane wzgledem komodrek nietraktowanych

(kontrola). Wyniki zaprezentowane na wykresach stanowig $rednig z trzech préb.
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W kolejnym etapie oceniono integralnos¢ modelu bariery krew-mdzg z wykorzystaniem
fluorescencyjnie znakowanego dekstranu. Hodowle komérek prowadzono w identyczny sposdb
jak przy pomiarach TEER. Test z dekstranem wykonano trzeciego i pigtego dnia inkubacji
z badanymi zwigzkami. W obu odstepach czasowych najwiekszy wzrost przepuszczalnosci bariery
obserwowano w ciggu 30 minut od dodania znakowanego dekstranu (Rycina 6). W trzecim dniu
w obecnosci AuNP14a w stezeniu 25 ug/mL odnotowano uszczelnienie bariery. Mimo, ze w pigtym
dniu zaobserwowano wzrost przepuszczalnosci bariery, jej wartos¢ nadal pozostawata zblizona do
poziomu obserwowanego w prébach kontrolnych.

Zblizony poziom niskiej przepuszczalnosci zaobserwowano po zastosowaniu kompleksu
AuNP14a/siRNA. Jednakze ta sama nanoczgstka w wyiszym stezeniu znaczgco zaburzata
integralnosc¢ bariery, prowadzgc do ok. 50% wzrostu przepuszczalnosci, zaréwno w postaci wolnej,
jaki i w formie kompleksu z siRNA. Efekty obserwowane po zastosowaniu nanoczgstki AuNP14b
byty bardziej fagodne i w obu odstepach czasowych powodowaty wzrost przepuszczalnosci o 20-
25%. Jedynie zastosowanie AuNP14b w wyzszym stezeniu (100 pug/mL) w trzecim dniu inkubacji
istotnie obnizato integralnos$¢ bariery, powodujgc zwiekszenie przepuszczalnosci dla dekstranu

o okoto 50% w poréwnaniu z komdérkami nietraktowanymi.

Ocena wptywu nanoczgstek ztota na przezywalnos¢ komérek w modelu bariery krew-mézg

Zywotno$é i integralnoéé komérek zostata sprawdzona przed i po dodaniu badanych
zwigzkdéw z wykorzystaniem systemu RTCA (analiza komdrek w czasie rzeczywistym, ang. real-time
cell analysis), ktéry umozliwia pomiar impedancji komoérek. Aparat wyposazony jest w mikroskop
fluorescencyjny z kamerg, umozliwiajgcy rejestrowanie obrazéw w wybranych interwatach
czasowych. Obserwacje prowadzono od dnia wysiania komdrek pierwszej linii przez nastepne 27
dni. Po 9 dniach od wysiania komorek ostatniej linii dodano testowane zwigzki oraz znacznik
fluorescencyjny elive, barwigcy zywe komorki. Intensywnos¢ fluorescencji zostata przeliczona na
wartosci liczcbowe umozliwiajgc ilosciowg ocene przezywalnosci komdrek. Zaobserwowano, ze
dodanie nanoczgstek oraz ich kompleksow z siRNA do hodowli komérek spowodowato spadek
impedancji zalezny zaréwno od rodzaju uzytej nanoczastki oraz tego czy nanoczastka byta
skompleksowana z siRNA (Rycina 7). Zastosowanie nanoczastki AuNP14a w stezeniu 50 pg/mL
spowodowato znaczgcy spadek impedancji, jednak efekt ten byt tagodzony w przypadku obecnosci

siRNA. Podobng zaleznos¢ zaobserwowano w wynikach zywotnosci komarek (Rycina 8).
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Rycina 7 Wptyw nanoczastek ztota i ich komplekséw z siRNA na zmiany impedancji komorek HA,
HBVP i HBEC-5i modelowej bariery krew-mézg znormalizowane] wzgledem komoérek
nietraktowanych. Zielona strzatka wskazuje czas dodania do komérek badanych zwigzkéw.
W kwadracie po prawej stronie wykresu powiekszono czas od 24 godzin przed traktowaniem do

piatego dnia inkubacji ze zwigzkami. Krzywe przedstawiajg wyniki usrednione (n = 6).
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Rycina 8. Catkowita zintegrowana intensywnos¢ barwy czerwonej sygnatu fluorescencyjnego (RRI,

ang. red total integrated intensity) dla komodrek traktowanych nanoczgstkami ztota i ich
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kompleksami z sSiRNA w odniesieniu do kontroli negatywnej. Znacznik fluorescencyjny emitowat

sygnat w komédrkach zywych. Krzywe przedstawiajg wartosci srednie (n = 6).

AuNP14a w stezeniu 25 pg/mL w kompleksie z siRNA nie wptywato na integralnos¢ bariery
od 1 do 10 dnia inkubacji (Rycina 9 i 10). Nanoczastka AuNP14b zaréwno w formie wolnej, jak
i skompleksowanej z siRNA niezaleznie od zastosowanego stezenia nie spowodowata zmian
impedancji ani nie wptywata na przezywalnos¢ komdrek w hodowli. Najmniejszy wptyw na zmiany
morfologiczne bariery obserwowane pod mikroskopem fluorescencyjnym wykazywat kompleks
AuNP14b/siRNA w stezeniu 100 pug/mL, gdzie do ostatniego dnia eksperymentu obserwowano

jedynie czeSciowe uszkodzenie struktury bariery oraz utrzymujaca sie wysoka zywotnos¢ komérek.
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Rycina 9. Zdjecia komdrek modelu bariery krew-mdzg po dodaniu nanoczgstek ztota i ich
komplekséw z siRNA. Czerwony sygnat pochodzi od znacznika fluorescencyjnego, wigzgcego sie
z DNA. Obrazy przedstawiajg hodowle komérek bezposrednio po dodaniu nanoczastek (czas ,,0”)

oraz po 24, 72 i 120 godzinach inkubaciji.
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Rycina 10. Zdjecia komdrek modelu bariery krew-modzg przedstawiajace zakres uszkodzen

w czasie, indywidualnie dla kazdego badanego zwigzku. W lewym gérnym rogu kazdego zdjecia

podano czas inkubacji od momentu aplikacji nanoczastek.
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Odpowiedz immunologiczna komadrek na badane nanoczastki ztota

W kolejnym etapie badan sprawdzono jak nanoczastki ztota i ich kompleksy z siRNA
wptywajg na odpowiedZ immunologiczng komdrek PBMC. Oceniono poziom sze$ciu wybranych
cytokin w dwdch uktadach badawczych opisanych w sekcji ,Materiaty i metody”. Zaobserwowano,
ze wyniki otrzymane dla nanoczgstek inkubowanych w obecnosci osocza w wiekszosci przypadkow

byty bardziej zréznicowane, niz te dla nanoczastek inkubowanych w obecnosci FBS (Rycina 11).
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Rycina 11. Poziom cytokin wydzielanych przez komorki PBMC w obecnosci nanoczastek ztota i ich
kompleksdw z siRNA. Komorki kontrolne opisano skrétem NT (nietraktowane). Jako kontrole
pozytywng wykorzystano prébki zawierajgce lipopolisacharyd E. coli (LPS). Na rycinie
przedstawiono skrécone nazwy stosowanych zwigzkéw wedtug legendy: AuNP14a 25 pg/mL —
A25, AuNP14a 50 pg/mL — A50, AuNP14a 25 pg/mL + siRNA — A25 + siRNA, AuNP14a 50 pg/mL +
siRNA — A50 + siRNA; AuNP14b 75 pg/mL — B75, AuNP14b 100 pg/mL—B100, AuNP14b 75 pg/mL
+ siRNA — B75 + siRNA, AuNP14b 100 pg/mL + siRNA —B100 + siRNA. Wykresy przedstawiajg dane

indywidualne w postaci kropek oraz wartosci srednie £ SEM w postaci stupkéw (n = min. 3).
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Zarowno podczas inkubacji z osoczem, jak i z FBS, nanoczastki indukowaty wydzielanie IL-
8 na stosunkowo wysokim i poréwnywalnym poziomie. Podobng tendencje obserwowano takze
dla IL-12p40, jednak w tym przypadku poziom wydzielanych cytokin byt wyzszy w obecnosci
osocza. Poziomy TNF-a i IL-6 réwniez byly wyzsze po zastosowaniu nanoczastek inkubowanych
wosoczu w poréwnaniu do tych inkubowanych w FBS. Wyjatek stanowity kompleksy
AuNP14a/siRNA, ktore wywotaty silniejszg odpowiedz cytokinowa w warunkach pozbawionych
osocza. Stezenia IL-10 i INF-a2 byty istotnie nizsze i bardziej stabilne, w przypadku zastosowania

nanoczgstek inkubowanych z FBS w poréwnaniu do tych inkubowanych z osoczem.

Poziom badanych cytokin byt zauwazalnie wyzszy po zastosowaniu nanoczgstek AuNP14a,
w porownaniu do AuNP14b. Dodatkowo, w wiekszosci przypadkdw, kompleksacja AuNP14a
z siRNA potegowata odpowiedZz immunologiczng prowadzac do zwiekszenia produkcji cytokin.
Jednak jedynga statystycznie istotng réznice w poziomie wydzielanych cytokin w poréwnaniu do

komorek nietraktowanych odnotowano dla IL-8 w uktadzie z FBS.

Omowienie wynikow nieopublikowanych

Nanoczgstki ztota sg intensywnie badane jako nosniki lekow oraz kwasédw nukleinowych.
W literaturze opisano réwniez wykorzystanie pegylowanych nanoczgstek ztota do dostarczania
czynnikéw terapeutycznych do komérek. Jednak wiele dotychczasowych badan koncentruje sie
wytgcznie na tworzeniu komplekséw nanoczgstek z biomolekutami, pomijajac istotne czynniki,
ktdre moga ograniczac skutecznos$é transportu przenoszonego materiatu do komaérek docelowych.
W ramach niniejszej pracy doktorskiej pegylowane nanoczastki ztota zostaty przebadane pod
katem ich potencjatu do przenoszenia terapeutycznego siRNA oraz zdolnosci przekroczenia
modelowej bariery krew-mdzg, utworzonej z trzech réznych typéw komoérek, w tym komorek
Srédbtonka. Sprawdzono wptyw nanoczgstek na integralno$é utworzonej bariery oraz
przezywalnos¢ zastosowanych komérek w hodowli in vitro. W tym celu zastosowano szereg metod
takich jak pomiar s$rdodbtonkowego oporu elektrycznego (TEER), analiza przepuszczalnosci
z wykorzystaniem dekstranu znakowanego fluoresceing oraz pomiary impedancji i zywotnosci

komérek w czasie rzeczywistym (RTCA). Technika TEER umozliwia ilosciowy pomiar oporu
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elektrycznego [21], a uzyskane w wybranych odstepach czasowych dane odzwierciedlity
integralnosc strukturalng bariery. Metoda RTCA zostata wykorzystana do analizy zmian impedanciji
w czasie rzeczywistym na podstawie adhezji komoérek do pokrytego elektrodami dna ptytki [22].
Zebrane dane umozliwity przeprowadzenie oceny potaczen miedzykomodrkowych oraz analize
zywotnosci komérek. Wyniki pomiaréw TEER nie wykazaty istotnych zmian oporu elektrycznego
komodrek tworzgcych model bariery krew-mézg pod wptywem badanych nanoczastek oraz ich
komplekséw z siRNA w poréwnaniu do grupy kontrolnej ktdrg stanowity komérki nietraktowane.
Jedynie kompleks AuNP14a/siRNA (25 pg/mL) powodowat nieznaczny spadek oporu
elektrycznego. Wartosci rezystencji dla pozostatych zwigzkéw byty zblizone lub niewiele wieksze

niz dla komérek kontrolnych.

W pomiarach impedancji oraz zywotnosci komdrek nanoczastka AuNP14a w stezeniu
50 ug/mL wykazywata najwyziszg cytotoksycznos¢, gdy byta stosowana w stanie
nieskompleksowanym. Kompleksacja z siRNA tagodzita efekt cytotoksyczny. Pozostate badane
formulacje powodowaty odklejanie komérek od dna ptytki/elektrod po 6-10 dniach od ich
dodania, przy czym szybkos¢ tego procesu byta rézna dla roznych zwigzkéw. Zaréwno w pomiarach
RTCA jak i TEER, obserwowano, ze nanoczastka AuNP14b wptywata w mniejszym stopniu na
integralnosc bariery niz AuNP14a. Wyniki testu na przepuszczalno$é bariery z wykorzystaniem
dekstranu w wiekszym stopniu pokrywaty sie z wynikami uzyskanymi metoda pomiaru impedancji
niz z wynikami TEER. WyraZnie obserwuje sie, ze spadek impedancji spowodowany obecnoscig
AuNP14a w wyzszym stezeniu (Rycina 7) koreluje ze wzrostem przepuszczalnosci bariery (Rycina
6). Podobnie, powolny spadek impedancji w czasie wywotany przez kompleks AuNP14a/siRNA
(25 pg/mL) zostat odnotowany jako znikomy wptyw na przepuszczalnos$¢ bariery w pierwszych
dniach po podaniu zwigzku. Otrzymane wyniki dajg podstawy do przypuszczen, ze podanie
kompleksdw AuNP/siRNA w warunkach in vivo nie powinno negatywnie wptywa¢ na
funkcjonalnos¢ bariery. Jednak zastosowane metody, cho¢ miarodajne, posiadajg swoje
ograniczenia i warto zaznaczy¢, ze sg punktem wyjsciowym dla bardziej ztozonych analiz. Biorgc
pod uwage, ze bariera krew-mazg jest narazona na nacisk spowodowany ci$nieniem krazgcej krwi
[23], w przysztosci warto przeprowadzi¢ pomiary TEER w odpowiednich warunkach przeptywu

(ang. shear stress).

Wprowadzenie nowego zwigzku do organizmu wigze sie z ryzykiem wystgpienia mniej lub

bardziej nasilonej reakcji odpornosciowej. Nanoczgstki ztota mogg wywotywac szereg odpowiedzi
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immunologicznych, poczawszy od fagodnej eliminacji przez makrofagi, az po silng reakcje
przeciwzapalng. Reakcja odpornosciowa komdrek moze zadecydowac czy zwigzek bedzie w stanie
dotrze¢ do miejsca docelowego, czy zostanie zniszczony przez komérki uktadu immunologicznego
[24]. W niniejszej pracy doktorskiej sprawdzono charakter odpowiedzi immunologiczne;j
wywotanej przez badane nanoczastki w komodrkach monojadrzastych krwi obwodowej na
przyktadzie okreslenia produkowanych przez komérki wybranych cytokin. Modyfikacja
nanoczgstek czgsteczkami PEG zwieksza ich hydrofilno$é¢ oraz zmniejsza podatnosc na interakcje
z biatkami maskujgc nanoczastke przed rozpoznaniem przez komoérki uktadu odpornosciowego.
Z drugiej strony PEG moze rowniez by¢ czynnikiem wywotujgcym reakcje nadwrazliwosci. Na
odpowiedz uktadu odpornosciowego wobec nanoczastek wptywa szereg czynnikéw, w tym ich
ksztatt, rozmiar czy tadunek, a takze rodzaj i stezenie zastosowanego PEG [25]. Pomimo, ze
pegylowane nanoczgstki ztota czesto opisywane sg jako zwigzki ignorowane przez uktad
odpornosciowy [25,26], ich wfasciwosci powinny by¢ oceniane indywidualnie w kazdym

przypadku.

W niniejszej pracy analize odpowiedzi immunologicznej wywotanej przez nanoczastki ztota
oraz ich kompleksy z siRNA przeprowadzono w dwéch uktadach: standardowym, w ktérym zwigzki
zawieszano w buforze i dodawano do medium zawierajgcym surowice bydlecg oraz
alternatywnym, w ktérym nanoczastki byty preinkubowane i hodowane w obecnosci osocza.
Osocze zastosowano w celu stworzenia warunkédw mozliwie najbardziej zblizonych do warunkéw
in vivo oraz w celu oceny czy opsonizacja nanoczgstek biatkami osocza wptywa na odpowiedz
immunologiczng komédrek. OdpowiedZz immunologiczng oceniano na podstawie analizy stezen
sze$ciu wybranych cytokin, tj. IL-6, IL-8, IL-10, IL-12p40, TNF-a i IFN-a2. Zaobserwowano, ze
zastosowanie badanych zwigzkdw silnie indukowato wydzielanie cytokiny IL-8, ktdra petni funkcje
chemokiny. Jest ona jednym z najsilniejszych czynnikdw przyciggajacych neutrofile i odgrywa
istotng role w odpowiedzi na infekcje [27]. W warunkach inkubacji z FBS wykazano, ze zaréwno
wolna forma AuNP14a, jak i jej kompleks z siRNA istotnie zwieksza poziom IL-8 w porédwnaniu do
komdérek nietraktowanych. Dla nanoczgstki AuNP14b podobng zaleznos¢ zaobserwowano dla
kompleksu z siRNA w stezeniu 75 pug/mL. Nalezy podkresli¢, ze neutrofile przyciggane przez IL-8
uczestniczg w eliminacji martwych komérek, dlatego obserwowany wzrost poziomu tej cytokiny
po 48-godzinnej inkubacji z nanoczgstkami moze byé czesciowo zwigzany z ich potencjalng

cytotoksycznoscig. Ponadto, mimo braku istotnosci statystycznej, nanoczgstka AuNP14a
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wykazywata silniejsze dziatanie indukujgce wydzielanie IL-12p40, TNF-a oraz IL-10 w poréwnaniu
do AuNP14b, szczegdlnie w warunkach inkubacji z osoczem. Zaobserwowany efekt ten moze

wynikac z rézni¢ w wielkosci nanoczgstek.

Nanoczastki o mniejszej $rednicy, takie jak AuNP14b (23.3 nm) mogag posiadac
powierzchnie niewystarczajagcg do skutecznego wigzania biatek uktadu dopetniacza ktére
odgrywajg kluczowa role w mechanizmach nieswoistej odpowiedzi odpornosciowej [24].
Wydzielanie cytokin prozapalnych, takich jak IL-6 czy TNF-a, moze wskazywac na aktywacje uktadu
dopetniacza [28]. Otrzymane wyniki wskazujg, ze cytokiny te wytwarzane sg na niewielkim
poziomie po inkubacji komdrek z wiekszg nanoczastka AuNP14a (34 nm) i jej kompleksami z siRNA,
podczas gdy traktowanie ich AuNP14b o mniejszej srednicy nie wywotuje widocznego efektu. Po
48 godzinach inkubacji nanoczastki wykazywaty zdolno$¢é do aktywacji chemokin. Zaobserwowano
przewage indukcji cytokin prozapalnych, w poréwnaniu do cytokin przeciwzapalnych, takich jak IL-
10. Nanoczastki AuNP14a w niewielkim stopniu stymulowaty produkcje cytokin prozapalnych,
zwtaszcza, gdy byty inkubowane w obecnosci osocza. Nanoczgstki AuNP14b wywieraty minimalny
wptyw na poziom badanych cytokin, co moze wskazywac, ze pozostaty nierozpoznane przez
komérki uktadu odpornosciowego. Silniejsza odpowiedz immunologiczna obserwowana
w przypadku uktadu z nanoczgstkami inkubowanymi w obecnosci osocza moze by¢ zwigzana
z obecnoscig w badanych prébkach przeciwciat anty-PEG, ktére wykrywane sg u ok. 20 % ludzi

[29].

Podsumowujgc wyniki przeprowadzonych badan mozna wnioskowaé, ze pegylowane
karbokrzemowe nanoczgstki ztota AuNP14a i AuNP14b skoniugowane z siRNA nie zaburzajg
integralnosci modelowej bariery krew-mézg i nie wywotujg istotnych efektéw cytotoksycznych.
Nanoczgstka AuNP14a i jej kompleksy z siRNA indukujg wyraZniejszg odpowiedZz immunologiczng
w porownaniu z nanoczastkg AuNP14b. Otrzymane wyniki mogg stanowi¢ podstawe do dalszych
etapdw badan, w celu opracowania skutecznych systemoéw dostarczania siRNA przez bariere krew-

mozg.
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WhniosKki

1. Pegylowane nanoczastki ztota AuNP14a i AuNP14b tworzg stabilne kompleksy z siRNA.

2. Nanoczastki ztota wchodzg w interakcje z modelowymi i biologicznymi btonami lipidowymi,

a takze z albuming i transferyng, nie zmieniajgc w sposéb znaczacy ich struktury.

3. Nanoczastki ztota wykazujg niskg cytotoksycznosé wobec komérek srédbtonka, astrocytow

i perycytow wchodzgcych w sktad modelu bariery krew-mozg.

4. Kompleksy AuNP/siRNA wnikajg do komérek s$rédbtonka, lokalizujgc sie gtéwnie

w cytoplazmie i nie wywotujg istotnych efektéow genotoksycznych.

5. Kompleksy nanoczgstek ztota z siRNA nie zaburzajg integralnosci komédrek hodowli

stanowigcej model bariery krew-mazg in vitro.
6. Nanoczastka ztota AuNP14a, w porédwnaniu do AuNP14b, cechuje sie wyzszg skutecznoscia

w dostarczaniu siRNA oraz wyrazniejszym potencjatem immunomodulujgcym, co czyni ja

bardziej obiecujgcym nosnikiem terapeutycznym.
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Streszczenie w jezyku polskim

Nosniki lekéw to zwigzki, ktérych celem jest dostarczenie substancji bioaktywnych do
docelowego miejsca dziatania. Mogg by¢ wykorzystywane do przenoszenia lekdw oraz materiatu
genetycznego przez bariery biologiczne. W poszukiwaniu potencjalnych kandydatéw na nosniki
lekéw czesto bierze sie pod uwage réznego rodzaju nanoczastki, wsrdd ktérych szczegdlne miejsce
zajmujg nanoczastki ztota (AuNP). Nanoczastki ztota charakteryzujg sie szerokim zakresem
wtasciwosci biofizycznych, dzieki ktédrym znajdujg zastosowanie w biomedycynie. Wyrdzniajg sie
wysokg biokompatybilnoscia, niskg cytotoksycznoscig oraz tatwoscig modyfikacji powierzchni.

Jedng z obiecujacych strategii funkcjonalizacji AuNP jest ich pegylacja (koniugacja
z glikolem polietylenowym), postrzegana jako obiecujgca strategia dla przenoszenia lekéw
i kwaséw nukleinowych, zwitaszcza w kontekscie dostarczania leczniczych siRNA do tkanek
i komorek chronionych przez bariere krew-maozg.

Celem niniejszej pracy byto zbadanie, czy optaszczone PEG nanoczastki ztota, AuNP14a
i AuNP14b, réznigce sie stosunkiem dendronéw karbokrzemowych do PEG, beda zdolne do
tworzenia kompleksow z siRNA i wnikania do komoérek modelu bariery krew-mdzg. Badany siRNA
by ukierunkowany na wyciszenie genu apoE, ktérego allel €4 jest zwigzany ze zwiekszonym
ryzykiem wystgpienia u nosiciela choroby Alzheimera.

Uzyskane wyniki potwierdzity mozliwos¢ kompleksowania AuNP z siRNA (siApoE), przy
czym w przypadku AuNP14a kompleksy z siRNA powstawaty w nizszych stezeniach niz w obecnosci
AuNP14b. Wykazano réwniez, ze badane nanoczastki oddziatujg z biatkami osocza bez istotnych
zaburzen ich struktury drugorzedowej oraz wchodzg w interakcje z btonami lipidowymi.
Zaobserwowano efektywnie wnikanie komplekséw AuNPs/siRNA do komérek srédbtonka oraz ich
akumulacje w komoérkach, gtéwnie w cytoplazmie. Odnotowano réwniez niskg cytotoksycznos$é
badanych nanoczgstek wobec komérek srédbtonka, astrocytéw i perycytow, przy czym obecnosc
siRNA dodatkowo obnizata cytotoksycznos¢ nanoczgstek. Genotoksycznos¢ AuNP i ich
kompleksdw z siRNA bytfa stosunkowo niska, a obserwowane zmiany poziomu reaktywnych form
tlenu i potencjatu btony mitochondrialnej ulegaty normalizacji w ciggu 24 godzin.

Zebrane dane wskazujg, ze pegylowane nanoczgstki ztota AuNP14a i AuNP14b spetniajg
kluczowe kryteria kandydatéw na nosniki terapeutycznego siRNA, a sposrod dwdch badanych

formulacji bardziej obiecujgca wydaje sie AuNP14a niz AuNp14b.
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Streszczenie w jezyku angielskim

Drug carriers are substances designed to improve bioactive substances delivery to specific
target sites within the body. They can be used to transport both drugs and genetic material across
biological barriers. In the search for potential drug carriers, various types of nanoparticles are
often considered, among which gold nanoparticles (AuNPs) have attracted significant attention.
Gold nanoparticles possess a wide range of biophysical properties that make them suitable for
biomedical applications. They exhibit high biocompatibility, low cytotoxicity, and can be readily
surface-modified. PEGylation of gold nanoparticles (i.e., their conjugation with polyethylene
glycol) is regarded as a promising strategy for the delivery of drugs and nucleic acids, particularly
for transporting therapeutic siRNA to tissues and cells protected by the blood-brain barrier.

The aim of this study was to investigate whether PEG-coated gold nanoparticles, AuNP14a
and AuNP14b, differing in the ratio of carbosilane dendrons to PEG chains, are capable of forming
complexes with siRNA and of being internalized by cells in a blood-brain barrier (BBB) model. The
selected siRNA targets the apoE gene, specifically the €4 risk allele, which is associated with the
development of Alzheimer’s disease. Obtained results confirmed the feasibility of conjugating
AuNPs with siRNA (siApoE). It has been shown that AuNP14a formed stable complexes with siRNA
at lower concentrations than AuNP14b. The nanoparticles interacted with plasma proteins
without significantly disrupting their secondary structure and interacted with lipid membranes.
Efficient cellular uptake of the AuNP/siRNA complexes was observed in endothelial cells, along
with their intracellular accumulation, primarily in the cytoplasm. The tested nanoparticles
exhibited low cytotoxicity toward endothelial cells, astrocytes, and pericytes, and the presence of
siRNA further reduced their cytotoxic potential. The genotoxicity of both AuNPs and their siRNA
complexes was relatively low. Additionally, observed changes in reactive oxygen species level and
mitochondrial membrane potential normalized within 24 hours.

The obtained data indicate that PEGylated gold nanoparticles AuNP14a and AuNP14b
meet key criteria for therapeutic siRNA carriers. Among the two considered formulations,

AuNP14a appears to be more promising than AuNP14b.
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Abstract: Drug delivery systems such as dendrimers, liposomes, polymers or gold/silver nanoparti-
cles could be used to advance modern medicine. One significant pharmacological problem is crossing
biological barriers by commonly used drugs, e.g., in the treatment of neurodegenerative diseases,
which have a problem of the blood-brain barrier (BBB) restricting drug delivery. Numerous studies
have been conducted to find appropriate drug carriers that are safe, biocompatible and efficient. In
this work, we evaluate pegylated gold nanoparticles AuNP14a and AuNP14b after their conjugation
with therapeutic siRNA directed against APOE4. This genetic risk factor remains the strongest
predictor for late-onset Alzheimer’s disease. The study aimed to assess the biophysical properties
of AuNPs/siAPOE complexes and to check their biological safety on healthy cells using human
brain endothelial cells (HBEC-5i). Techniques such as fluorescence polarization, circular dichroism,
dynamic light scattering, (-potential measurements and gel retardation assay showed that AuNPs
form stable complexes with siRNA. Subsequently, cytotoxicity assays proved the biological safety
of formed conjugates. Obtained results enabled us to find effective concentrations of AuNPs when
complexes are formed and non-toxic for healthy cells. One of the studied nanoparticles, AuNP14b
complexed with siRNA, displayed lower cytotoxicity (MTT assay, cells viability —74.8 £ 3.1%) than
free nanoparticles (44.7 & 3.6%). This may be promising for further investigations in nucleic acid
delivery and could have practical use in treating neurodegenerative diseases.

Keywords: gold nanoparticles; siRNA; complex formation; biophysical interaction; cytotoxicity

1. Introduction

Nanotechnology is a branch of science that finds many applications in many fields of
study, such as biomedicine, engineering, chemistry, and physics. For example, nanoparticles
can be used as antibacterial agents, biosensors, pollution removals, and immunostimu-
latoros in vaccines and drug delivery systems [1,2]. Furthermore, modern biomedical
nanosystems can deliver drugs by passive or self-delivery. The first relies on the hydropho-
bic effect and drug encapsulation into nanoparticle cavities, and the second consists of the
direct conjugation of the targeted molecule [3,4]. Also, the targeting of delivered structures
can be divided into active and passive. Active targeting has a more elaborate mechanism
of action, where administrated complex binds to specific receptors in the site of action. On
the other hand, complex affinity to the binding site or its biophysical properties is used in
passive targeting, where nanostructure with drug adrift in the bloodstream [3].
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Gold Nanoparticles (AuNPs) are promising carriers for different biomolecules such as
drugs, therapeutic proteins, DNA or RNA. AuNPs’ size-to-volume ratio, positive charge
and ability to protect the payload molecule from degradation or undesired immunological
reaction could play a key role in biomedicine [5]. They can also be metabolized in lysosomes,
where they dissolute ROS activity [6]. Modifications such as the formation of silica shells,
protein attachments and pegylation have been studied to make these nanoparticles stable,
safe and efficient [7]. AuNPs covered with PEG (polyethylene glycol) are more durable
because PEG prevents them from aggregation.

Moreover, the presence of PEG increases solubility in water and cellular uptake and
avoids adverse immunological responses. However, the outer layer of PEG can impact
the AuNP positive charge leading to the obstruction of complexation [8,9]. Therefore, it is
essential to establish the best protocol and crucial PEG concentration [10-12]. Furthermore,
adding PEG into the gold nanoparticle structure can facilitate the passage of nanoparticles
through different biological barriers such as mucus (e.g., in the airways or vagina) or
the extracellular matrix in the brain tissue after crossing the blood-brain barrier [13-15].
PEG-nanoparticles’ ability to impact the brain tissue makes them worthy of study in brain
delivery systems.

This study focused on pegylated gold nanoparticles as the potential carriers for thera-
peutical small interfering RNA (siRNA) directed towards the apolipoprotein E gene (ApoE).
One of the alleles of this gene, ApoE4, is related to the onset of Alzheimer’s disease. This
mechanism is connected to an excessive 3-amyloid deposition with simultaneous poor
clearance of these peptides [16]. However, siRNA alone is very unstable, has unsatisfactory
pharmacokinetic properties and can have non-intentional effects [17]. To make it more sta-
ble, siRNA was submitted to some chemical modifications where the siRNA complexation
with cationic nanoparticles, such as AuNPs, presents a wide range of benefits. The siRNA
sealed by the nanoparticle was more likely to arrive at its target and not be destroyed by
the external environment or detected by the immunological system. Moreover, the outer
positive charge facilitated the cellular uptake of the complex [18]. AuNPs can also support
the siRNA escape from endosomes [19,20].

To assess AuNP/siRNA-APOE4 complexation, we chose 2 gold nanoparticles, AuNP14a
and AuNP14b, characterized in previous publications [21-23]. Both of these compounds
are cationic dendronized gold nanoparticles coated with PEG. However, they differ in the
dendron/PEG ratio, which for AuNP14a is higher (3:1) than for AuNP14b (1:1). Because a
different amount of PEG on the particle surface may change its characteristics and mode
of action, [24] it was decided to check which nanoparticle would have better effects as a
potential carrier. The aim of this study is the examination of the biophysical characteri-
zation of the AuNP/siRNA complexes and whether they are safe and efficient to further
investigation for the application in the treatment of neurodegenerative diseases. The pre-
liminary data displayed below focuses on determining the AuNP/siRNA complexation
ratio, nanoparticle impact on siRNA structure, and cytotoxicity assessment of the tested
complexes. Low cytotoxicity and affinity to nucleic acid suggest that tested nanoparticles
can be investigated as potential carriers of therapeutical siRNA. This research is the first
that presents these specific AuNPs conjugated with siAPOE4, playing an essential role in
the onset of neurodegenerative diseases, proving that these kinds of complexes could be
safe for healthy cells.

2. Results and Discussion
2.1. Zeta Potential and Hydrodynamic Diameter

The zeta potential of AuNP/siRNA complexes was measured in a constant siRNA
concentration (1 umol/L) with different nanoparticle concentrations ranging from 20 to
80 nug/mL (Figure 1A). This study assessed the AuNP concentration needed for the complex
saturation. {-potential curves crossed “0” toward positive values when the nanoparticle
concentrations reached 30 pg/mL (AuNP14a) and 55 pg/mL (AuNP14b). This difference
can be explained by the higher positive charge of nanoparticle AuNP14a. The positive
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Zeta potential, [nm]

charge of a compound facilitates cell uptake but also increases nanoparticle cytotoxicity [25].
Therefore, finding the optimal concentration for efficient complexation with siRNA and
safe application is essential.
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Figure 1. Zeta potential (A), hydrodynamic diameter (B) and polydispersity index (C) of siRNA
alone and in the presence of increasing amounts of studied gold nanoparticles. Measurements were
performed by the titration method. siRN concentration, 1 pM. The results represent mean values
with standard deviation (n = 3).

Dynamic light scattering (DLS) measurements were performed to assess the AuNPs/siRNA
hydrodynamic diameter in relation to increasing nanoparticle concentration. In the case of
AuNP14a, the hydrodynamic diameter was around 250 nm, while for AuNP14b it was
150 nm (Figure 1B). DLS data for free siRNA shows relatively large sizes, in line with
other reports [25-27], and can be explained by the formation of higher-sized aggregates
by noncomplexed siRNA [28]. Accordingly, the PDI of measured complexes increased
with higher amounts of AuNPs (Figure 1C), showing that bigger complexes become less
monodispersed and have a higher tendency for aggregation [29].

2.2. Fluorescence Polarization

The fluorescence polarization technique was used to confirm the ability of the tested
gold nanoparticles to complex with siRNA. When a complex is formed, the fluorescently
labelled siRNA movement in solvent slows, fluorescence intensity drops, and polarization
increases [30]. Polarization results indicate that the complexation ratios are compatible
with those established by zeta potential measurements. The measurement benchmark was
a polarization obtained for 1 umol/L of siRNA-FL in phosphate buffer, presented as 100%.
The plateau phase was reached at 23-25 pg/mL concentration for AuNP14b (Figure 2A)
and 54-60 ug/mL for AuNP14b (Figure 2B). Results confirm the hypothesis that a greater
amount of AuNP14b than AuNP14a is needed to form a complex. Comparing the results for
both nanoparticles, it could be seen that AuNP14a, used in smaller concentrations, induced
higher polarization values than AuNP14b. The molecular weight of ligands is one of the fac-
tors that can influence the degree of siRNA fluorescence polarization change [31]. AuNP14a,
bigger with a higher dendron/PEG ratio, presented higher fluorescence polarization values
in the plateau phase than the smaller AuNP14b.

2.3. Agarose Gel Electrophoresis

Gel electrophoresis is another simple but precise method, which helps to determine
the character of interaction between siRNA and AuNPs and establish the appropriate con-
centrations of ligand needed to form a fully saturated complex with siRNA. Fluorescence
decay can indicate that nonlabelled nanoparticles bind to siRNA molecules and slow down
the movement of the negatively charged siRNA through the gel. When concentrations of
the nanoparticle are high enough to saturate the complex, siRNA cannot migrate towards
the anode due to the loss of negative charge by the complexes and the increased size [32].
In the case of AuNP14a, it was observed that the fluorescence band disappeared between
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the concentrations of 20 and 30 pug/mL, with this result matching other applied methods
(Figure 3A). The electrophoregram of AuNP14b (Figure 3B) shows that the nanoparticle
could not saturate the complex in the same concentrations and quenched the fluorescence
signal in concentrations above 60 pg/mL. This effect might have been caused by the smaller
size and lower molecular weight of AuNP14b, similar to the impact of other nanoparticles
reported in [26,33]. As the concentration of AuNP14b increases, the siRNA band starts

to decline.
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Figure 2. Changes in siRNA-FL fluorescence polarization after titration with (A) AuNP14a and
(B) AuNP14b. Results of samples containing AuNPs presented as [%] of siRNA values without
nanoparticles. siRNA concentration 1 pumol/L in sodium phosphate buffer 10 mmol/L, pH 7.4. Aexc
=485 nm, Aem = 516 nm. Results are mean + standard deviation (SD), n = 3.
A AuNP14a/siRNA B AuNP14b/siRNA

siRNA 14b
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Figure 3. 3% Agarose gel electropherograms of ApoE4 siRNA complexed with gold nanoparticles,
(A) AuNP14a and (B) AuNP14b. Samples containing 1 umol/L siRNA per line and nanoparticles
applied in the corresponding concentrations were prepared in sodium phosphate buffer 10 mmol /L
in the presence of GelRed stain. Gels were visualized upon transillumination at 525 nm.

Gel retardation assay was also applied to analyze the time stability of studied com-
plexes. AuNP14a/siRNA complexes were prepared 48 h, 24 h and 1 h before electrophoresis
in the conditions described above. Results show that studied nanoconjugates are stable in
time (Figure S1).

2.4. Circular Dichroism

Measurements of circular dichroism (CD) were performed to investigate the changes
in the secondary structure of siRNA. The complexation of siRNA with the nanoparticle
changes with the siRNA secondary structure. A CD technique enables an investigation of
the binding of tested molecules to siRNA without using any probes [34,35]. The titration of
nanoparticles led to decreases in siRNA ellipticity yield. This effect showed the complexa-
tion between AuNP and siRNA molecules [36]. In the case of tested gold nanoparticles,
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we observed that the ellipticity decreases specifically for siRNA peaks at A = 265 nm and
increases at A = 210 nm (Figure 4A,B). The spectra shift to the right visible on graphs may
represent slight structural changes in the siRNA secondary structure. Obtained results
showed that AuNP14a generated a more visible shift and possibly caused bigger structural
changes in nucleic acid than AuNP14b. In addition, AuNP14b in higher concentrations
seemed to form more stable complexes with the siRNA than AuNP14a, maintaining a
constant level of ellipticity and spectra shifting. The CD results, expressed as molar el-
lipticity 0 (deg x cm? x dmol '), confirmed that both gold nanoparticles interacted with
siRNA due to the changes in the ellipticity. However, the interaction had a small impact on
the secondary structure of nucleic acid and did not modify its biological activity, as con-
firmed by the data presented in Figure 4C. representing the changes in mean ellipticity at
A =265 nm.

— siRNA

AuUNP14a/siRNA A AuNP 14b/siRNA B
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2 ug/mil

5 pg/ml
— 10 ug/ml
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Figure 4. Effect of gold nanoparticles on siRNA's secondary structure (6—ellipticity). (A) Spectra CD of
siRNA at the presence of AuNP14a, and (B) AuNP14b. (C) Changes in mean ellipticity at A = 265 nm.
Measurements were conducted in A = 200-320 nm in phosphate buffer, pH = 7.4. The concentration of
siRNA 1 umol/L. The values are the mean =+ standard error of the mean (SEM), n = 3.

2.5. Cytotoxicity

Nanoparticles used as drug carriers and especially for gene delivery through the Blood
Brain Barrier (BBB) must be non-toxic to human cells. Since AuNPs and their complexes
with siRNA could be involved in treating brain diseases, human brain endothelial cells
(HBEC-5i) were chosen to determine their toxicity. The HBEC-5i cell line was selected for
this experiment because these cells can express the ApoE gene [37]. It was important to find
the nontoxic or low toxic AuNP concentration for cells of the BBB and crucial in the case
of tested AuNPs when considering their further testing in terms of potential delivery of
siRNA to the brain. In addition, the viability of peripheral blood mononuclear cells (PBMC)
in the presence of AuNP/siRNA complexes was assessed. PBMC cells can be used when
the cytotoxicity of ligands is analyzed. In this study, MTT and LDH assays were performed
for HBEC-5i cells (Figure 5). PBMC cell viability was tested with the Alamar Blue test
(Figure 6) as with the previously described method [17]. This technique represents the
ability of PBMC cells to metabolize resazurin after incubating with the tested compounds.
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Figure 5. Cytotoxicity effect of AuNPs alone and their complexes with siRNA toward HBEC-5i
cells, MTT assay. (A) The viability of HBEC-5i cells in the presence of AuNPs at the concentrations
varied from 1.56 to 200 ug/mL. Statistical significance showed when compared with the control,
non-treated cells. (B) Calculated from the results shown on panel A, ICsg, values of noncomplexed
nanoparticles vs. control (100% viability). (C) The viability of HBEC-5i cells in the presence of
AuNPs/siRNA complexes. Significant differences compared to the negative control. (D) Comparison
of the cytotoxic effects of naked AuNPs and their complexes with siRNA. Statistical significance
was marked for the same concentrations between AuNPs alone and in the complex with siRNA.
To form the AuNP/siRNA complex, the concentration of siRNA was always 1 umol/L, whereas
the concentration of nanoparticles was varied—incubation time for all samples 24 h. Data points
represent means £ SD obtained from min. 3 separate experiments. Statistical significance was
assessed using a two-way ANOVA test (n =3, * p < 0.05; ** p < 0.01, *** p < 0.0001).

2.5.1. Viability of HBEC-5i Cells by MTT Test

Our studies revealed that nanoparticles had no toxic effect on human brain endothelial
cells at concentrations less than 12.5 pg/mL. According to studies, the cytotoxic effect is
considered a >30% reduction of cells [38]. Only higher concentrations of nanoparticles
(>200 pg/mL) exhibited a strong cytotoxic effect (Figure 5A) showing a viability level of
55.4 £+ 11.5% for AuNP14a and 44.7 £ 3.6% for AuNP14b. Compared with non-treated
cells (negative controls), statistically significant effects were observed for AuNP14a in
concentrations of 50 pg/mL and with a viability value of 70.3 £ 1.8%. For AuNP14b,
all concentrations above 25 pg/mL (viability 73.6 + 1.3%) were statistically significant
and presented a cytotoxic effect at the highest concentration (44.7 &+ 3.6%). For both
nanoparticles, IC50 was defined (Figure 5B). The IC50 value for AuNP14a was higher than
for AuNP14b, 241.5 £ 38 pug/mL and 187.3 £ 10.5 pug/mL, respectively. These proportions
drastically changed, especially in the case of AuNP14a, when nanoparticles were complexed
with siRNA (Figure 5C).



Int. J. Mol. Sci. 2023, 24, 6638

7 of 13

In the highest tested concentration of AuNP14a/siRNA, the complex was strongly
destructive for cells, while AuNP14b conjugated with siRNA showed only mild cytotoxicity
(10.4 £ 1% and 74.8 £ 3.1% respectively). The statistical analysis showed that complexation
with siRNA decreases the toxicity of AuNP14b towards HBEC-5i but not for AuNP14a
(Figure 5D).

80
AuNP14a

[=1]
o
1

AuNP14a + siRNA
AuNP14b

AUNP14b + siRNA

cytotoxicity [%]
-
o
1

N
o
1

50 100 200

AuNPs concentration [pg/mL]

Figure 6. Cytotoxicity effect of AuNPs alone and complexes with siRNA toward HBEC-5i cells, LDH
assay. The nanoparticles concentrations varied from 50 to 200 pg/mL. All results were compared to
positive control with Triton X-100: incubation time, 24 h. Data points represent means 4 SD obtained
from min. 3 separate experiments.

2.5.2. Viability of HBEC-5i Cells by LDH Assay

To confirm the results obtained by MTT assay, the additional viability tests were
performed by LDH assay. The data presented in Figure 6 indicate that the presence of gold
nanoparticles or AuNPs/siRNA complexes reduces the HBEC-5i viability. In addition, the
results obtained in both tests showed a higher cytotoxicity of AuNP14a than AuNP14b,
for which statistically significant changes in the case of the LDH test were determined for
concentration 200 pg/mL. However, AuNP14b did not show any significant changes in
cytotoxicity after complexation with siRNA.

2.5.3. Viability of PBMCs Cells by Alamar Blue Assay

The viability of PBMC cells tested using Alamar Blue assay after their incubation with
AuNP/siRNA complexes showed lower cytotoxicity in comparison to previously described
results. It was noticed that PBMC after treatment with 50 ng/mL of AuNP14a/siRNA
showed a viability of 75.4 £ 5% and for AuNP14b/siRNA of 85.7 &+ 5.7% (Figure 7).

Because AuNPs can interact with peripheral blood mononuclear cells (the major cells in
the human body’s immunity) and change their response to the ligand action, it is crucial to
maintain the high level of these cells after AuNPs administration [21,39].

Results obtained in this study confirm our hypothesis that studied gold nanoparticles
could be considered in further investigations as a possible delivery platform for siRNA.
Furthermore, the complexation and cytotoxicity tests indicate the optimum AuNP con-
centration that can be applied to form the AuNP/siRNA complexes is 50 pg/mL. These
findings agree with previously published results that characterized gold nanoparticles as
possible nanocarriers for nucleic acids [40-42].



Int. . Mol. Sci. 2023, 24, 6638 8of 13

PBMC

100

80
S o0 B AUNP14a/SiRNA
2 B3 AUNP14b/siRNA
§ 40
S

20

Control 50 100 200

Concentration, [pg/mL]

Figure 7. Viability of PBMC cells after incubating with AuNPs/siRNA complexes, Alamar Blue assay.
Statistical effects showed in comparison to control cells. The concentration of siRNA is 1 umol/L,
incubation time 24 h. Data points represent means + SD obtained from min. 3 separate experiments.
Statistical significance was assessed using a two-way ANOVA test (n = 3, *** p < 0.0001).

3. Materials and Methods
3.1. Pegylated Gold Nanoparticles of the Second Generation

The biochemical characteristics and synthesis steps of gold nanoparticles contain-
ing polyethylene-glycol (PEG) and named AuNP14a and AuNP14b are described previ-
ously [21-23]. The AuNPs structure and characterization are present in Figure 8 and Table 1.
The weight concentration (ng/mL) of AuNPs was used to study their biological effects,
complexation characteristics and cytotoxic effects.

e AuNP14a, dendron/PEG molar ratio = 3:1
e AuNP14b, dendron/PEG molar ratio = 1:1

— S_@,(f\,s\/\ NMes"),. HSG,,(_S-NMeE*)m/HS-PEG
( \AQ n=2m=4
\ CH3 3:1 (AuNP14a)
S/\’q\/\O')n 1:1 (AuNP14b)
Figure 8. Structure of tested dendronized AuNPs modified with PEG. AuNPs were synthesized in
water by the reaction of HAuCly -3H,O with a mixture of two ligands containing a thiol moiety: (1) the
cationic dendrons HS5G,(SNMe3 "), and (2) commercial PEG ligand CH30(CH,CH,0),CH,CH,SH,
HS-PEG. In addition, NaBH,; was used as a reducing agent [21].

Table 1. Characterization of gold nanoparticles considered in this work [21].

Nanoparticle Solubility Dendron/PEG Molar Ratio 17P, (mV) 2d, (nm)
AuNP14a water 3/1 449 34.00
AuNP14b water 1/1 41.1 23.3

1 Zeta potential; ? zeta average size (DLS).

3.2. siRNA

Gold nanoparticles were complexed with non-fluorescent or FITC-labelled siRNA cod-
ing ApoE4 (Sense: 5'G.A.UUAC.CUGCG.CUGGGUG.CUU. Antisense:
5-P.G.C.A.C.C.C.A.G.C.G.C.A.G.G.U.A.AU.C.U.U.). siRNA was purchased from Dharma-
con Inc., Lafayette, CO, USA. siRNA was dissolved in 1xsiRNA buffer (Dharmacon Inc.,
Lafayette, CO, USA).
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3.3. Materials

HBEC-5i cell line was purchased from ATCC (Manassas, VA, USA). DMEM-F12 and
RPMI-1640 were acquired from Biowest, Nuaillé, France. Other reagents used in cell
cultures (ECGS, 1% Penicillin-Streptomycin, FBS, MTT, Resazurin, Triton X-100) were
purchased from Sigma-Aldrich, Saint Louis, MO, USA. DMSO used in the MTT assay was
purchased from Avantor, Radnor, PA, USA. CyQUANT™ LDH Cytotoxicity Assay kit
was acquired from InvitrogenTM Thermo Fisher Scientific, Waltham, MA, USA. Gelatin
was obtained from Serva, Heidelberg, Germany. PBS used in experiments was prepared
from tablets acquired from GibcoTM, Thermo Fisher Scientific, Waltham, MA, USA. While
preparing gel electrophoresis, agarose from Maximus, £6dz, Poland and GelRed stain
purchased from Biotium, Inc., Fremont, CA, USA, was used.

3.4. AuNp:siRNA Complex Formation

AuNps/siRNA complexes were formed using a previously reported protocol [43]
with minor modifications. Appropriate volumes of siRNA and AuNPs dissolved in sodium
phosphate buffer 10 mmol/L, pH 7.4 were mixed at the concentrations giving desired
AuNP/siRNA molar ratios. The mixture was gently vortexed and incubated for 20 min at
room temperature. Mixtures used for complex characterization or in vitro experiments were
made in the same conditions (buffer, temperature, etc.). Complexes were prepared with
autoclaved buffer and components. Solutions were kept in sterile conditions in the dark.

3.5. ¢-Potential and Hydrodynamic Diameter

Measurements of the potential and size of the particles were performed on a Malvern
Zetasizer Nano ZS, Worcestershire (UK). Solutions of siRNA (1 uM) in PBS were prepared
and titrated with AuNPs, up to 80 pg/mL. Zeta potential was estimated with Helmholtz—
Smoluchowski’s equation. Results were collected from 5 measurements, 7 runs each and
provided information about the complexation ratio. Any changes in the zeta potential of
complexes in time (relative value estimated to incubation time, 15 min) were measured
during 240 min to estimate the time stability of formed complexes. The zeta potential of
AuNP/siRNA complexes was measured to assess the stability of the obtained complexes
over time. The measurement was carried out for complexes formed by siRNA (constant con-
centration 1 umol/L) and concentrations of nanoparticles, corresponding to the saturated
complex Caynpi4a = 60 ug/mL, Caynpiap = 130 ug/mL.

The size of gold nanoparticles was measured by the dynamic light scattering method.
Backscatter was set for 173°, Abs = 720 nm, and refractive index (RI) was 0.28. The number
of the performed measurements was 5, 3 runs each.

3.6. Fluorescence Polarization

As an alternate method to confirm the complexation ratio, 1 uM of siRNA-FL in a
phosphate buffer (10 mmol/L, pH = 7.4) was prepared and measured in a PerkinElmer
LS-50B spectrofluorometer (excitation: A = 485 nm, emission: A = 516 nm). siRNA was then
titrated with increasing concentrations of the tested AuNPs.

3.7. Gel Retardation Assay

To check the appropriate concentrations of the components for the AuNP/siRNA
complex formation, 3% agarose gel electrophoresis was performed. Complexes were
prepared in PBS and incubated for 15 min at room temperature. The concentration of
siRNA was constant (1 pmol/L). The negative control used a non-complexed nanoparticle
in its highest applied concentration. Electrophoresis was run for 45 min (90 V, 35 mA) with
GelRed stain (0.05 p1g/1 mL). Results were analyzed using ChemiDoc-It> Imager (UVP,
Cambridge, UK).
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3.8. Circular Dichroism (CD)

The circular dichroism technique was applied to analyze the changes in the siRNA
secondary structure involved in the presence of tested gold nanoparticles. siRNA was
titrated with the AuNDPs in a concentration range 2-150 ug/mL. Changes in the ellipticity of
the nucleic acid were checked using a Jasco J-815 CD spectrometer (Jasco International Co.,
Ltd., Tokyo, Japan). Baseline and probes were measured in phosphate buffer (10 mmol/L,
pH = 7.4) at a wavelength set from 200 to 320 nm.

3.9. Cell Culture

In vitro experiments were conducted on human brain endothelial cells (HBEC-5i) and
peripheral blood mononuclear cells (PBMC). HBEC-5i was purchased from ATCC and
cultured in 10% FBS, 1% Penicillin-Streptomycin and DMEM-12F media enriched with
40 ug/mL endothelial cell growth supplement (ECGS). Culture flasks were covered with
1% gelatin. PBMCs were isolated from the buffy coat fraction from healthy blood donors
obtained from Central Blood Bank and cultured in RPMI-1640 medium with 10% FBS with
the addition of 1% antibiotic. Both cell lines were incubated under standard conditions
(87 °C, 5% CO»).

3.10. Cytotoxicity

MTT test. The cytotoxicity of AuNPs and their complexes with siRNA towards
the HBEC-5i cell line was tested using an MTT assay. Cells were seeded on 96-well
plates in density 1 x 10* cells/well and incubated under standard conditions. AuNPs or
AuNP/siRNA complexes at 1-400 pg/mL concentration range were added to the cells and
incubated for 24 h. MTT solution at the concentration 0.5 mg/mL in PBS was added for
3 h, 100 uL DMSO was added to the samples to dissolve the formazan crystals. Sample
absorbance was measured at the wavelengths A = 580 nm and A = 720 nm using a multiwell
plate reader (BioTek PowerWave HT, BioTek Instruments, Inc. Winooski, VT, USA). The
cell viability percentage was calculated by the formula:

% viability = (As/Ac) x 100% 1)

where: Ags—absorbance of treated cells, Ac—absorbance of control cells.

Alamar blue assay. The cytotoxicity of AuNP complexes with siRNA was tested
on PBMCs. Cells were seeded on 96-well black plates in density 1 x 10* cells/well and
incubated under standard conditions. Next, auNPs/siRINA in selected concentrations were
added to the cells and incubated 24 h. After this time, resazurin solution in PBS was added
to cells to obtain a final concentration of 0.125 mg/mL per well. After 2 h incubation,
fluorescence was read at a multiwell plate reader with wavelengths set at Aex = 530 nm
and Aem = 590 nm. The cell viability percentage was calculated by the same formula as
presented in the MTT assay.

LDH assay. The cytotoxicity of AuNPs and their complexes with siRNA towards the
HBEC-5i cell line was additionally tested using an LDH assay. Cells were seeded on 96-well
plates in a 1 x 10* cells/well density and incubated under standard conditions. AuNPs
or AuNP/siRNA complexes at 50-200 pg/mL concentrations were added to the cells and
incubated for 24 h. The colorimetric test quantified lactate dehydrogenase, an enzyme
released from damaged cells where lactate dehydrogenase reduces NAD+ to NADH, and
NADH reduces tetrazole salts to a colored product—formazan. Absorbance measurement
at A = 490 nm was used to assess the amount of formazan formed. Cells were incubated for
24 h. After the time had elapsed, 10 pL of the test substance was added per well, and 50 pL
of the medium was transferred to a new 96-well plate. A reaction mixture with CyQUANT
LDH Cytotoxicity Assay Kit Substrate Mixture was prepared by dissolving it in 11.4 mL of
distilled water, followed by the addition of 600 uL. Assay Buffer Stock Solution. 50 uL of
the reaction mixture was added to each well, and the plate was left for 30 min in the dark.
Sample absorbance was measured at the wavelengths A = 580 nm and A = 720 nm using
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a multiwell plate reader (BioTek PowerWave HT, BioTek Instruments, Inc. Winooski, VT,
USA). The cell viability percentage was calculated by the formula:

% viability = (As/Ac) x 100% 2)
where: Ags—absorbance of treated cells, A.—absorbance of control cells

3.11. Statistical Analysis

The results are presented as mean values & standard deviation (SD) of 3 independent
experiments (n = 3). For CD results standard error of the mean (SEM) instead of SD was
shown. The stability of complexes in time is presented as mean values + standard deviation
(SD) of 6 independent experiments (n = 6). To analyze the data Two-way Anova and a
Mixed-effects analysis were applied. Statistical significance was taken as p-values that were
considered statistically significant as follows: * p < 0.05, ** p < 0.01, *** p < 0.0001.

4. Conclusions

This work describes the biophysical properties and cytotoxicity profiles of 2 gold
nanoparticles (AuNP14a and AulNP14b) conjugated with therapeutical siRNA directed
toward the apolipoprotein E gene (ApoE). Both compounds were analysed and compared.
The tested AuNPs were able to form complexes with anti-ApoE siRNA. Obtained results in-
dicate that nanocomplexes formed by AuNP14b (1:1 dendron/PEG ratio) are more suitable
as siRNA carriers when compared to the systems formed by AuNP14a (3:1 dendron/PEG
ratio). The AuNP14b/siRNA system had an appropriate size, and PDI index desired for
drug carriers and was less toxic towards human brain endothelial (HBEC-5i) and peripheral
blood mononuclear cells (PBMC). The complexation of positive AuNPs with anionic nucleic
acid positively impacted the nanoparticle toxicity against studied normal cells. Therefore,
the compound AuNP14b should be further examined for its effective internalization, drug
protection, release kinetic and reduced toxicity.
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Figure S1. AuNP14a/siRNA complex stability in time (1 h, 24 h and 48 h).
3% Agarose gel electrophoregrams of ApoE4 siRNA alone or complexed
with gold nanoparticle. Samples containing 1 umol/L siRNA per line and
nanoparticles applied in the corresponding concentrations were prepared
in sodium phosphate buffer 10 mmol/L in the presence of GelRed stain.

Gels were visualized upon transillumination at 525 nm.
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Gold nanoparticles (AuNPs) are potentially applicable in drug/nucleic acid delivery systems. Low
toxicity, high stability, and bioavailability are crucial for the therapeutic use of AUNPs and they are
mainly determined by their interactions with proteins and lipids on their route to the target cells.

In this work, we investigated the interaction of two pegylated gold nanoparticles, AuNP14a and
AuNP14b, with human serum proteins albumin (HSA) and transferrin (Tf) as well as dimyristoyl-
phosphatidylcholine (DMPC) liposomes, which can be a representative of biomembranes. We showed
that AuNP14a/b interacted with HSA and Tf changing their electrical, thermodynamic, and structural
properties as evidenced by dynamic light scattering, zeta potential, transmission electron microscopy,
circular dichroism, fluorescence quenching, and isothermal titration calorimetry. These nanoparticles
penetrated the DMPC membrane suggesting their ability to reach a target inside the cell. In most of
the effects, AuNP14b was more effective than AuNP14a, which might result from its more positive
charge. Further studies are needed to evaluate whether the interaction of AuNP14a/b with HSA and Tf
is safe for the cell/organism and whether they may safely penetrate natural membranes.

Keywords Pegylated gold nanoparticles, Serum human albumin, Transferrin, Protein corona, DMPC lipid
membranes, Liposomes
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TEM transmission electron microscopy
ITC isothermal titration calorimetry
HSA human serum albumin

PEG polyethylene glycol

CD circular dichroism

Colloidal gold nanoparticles (AuNPs) are considered non-toxic therapeutic drug/nucleic acid carriers and
therefore it is important to assess their interaction with biomolecules that can be encountered on their way
to the target site!. In a biological environment, AuNPs can induce a cascade of different mechanisms and
interactions, depending on their size, shape, charge, and cargo Xu®. In this work, we investigated two pegylated
gold nanoparticles, AuNP14a and AuNP14b, with the dendron: polyethylene glycol (PEG) ratio 3:1 and 1:1,
respectively, and their interaction with human serum albumin (HSA), transferrin (Tf) and lipid membranes that
may impede the transit of nanoparticles and induce unwanted side effects. The synthesis, biophysical properties,
and cytotoxic effects of these AuNPs were shown in our previous works*7. We showed that those AuNPs
could be considered carriers of siApoE4 (anti-ApoE4 siRNA), a siRNA targeting a major genetic risk factor for
Alzheimer disease”?.

We chose HSA as it is the major plasma protein, may effectively bind diverse ligands and so is widely used
in biological studies of nanomaterials®!!. Transferrin is a blood glycoprotein essential in iron transport and
the maintenance of the blood-brain barrier (BBB), and therefore involved in the pathogenesis of many human
disorders'>13. Therefore, disturbance in the structure and functions of these proteins by nanoparticles may lead
to their toxic effects.

The small size and high surface-to-volume ratio of nanoparticles facilitate their binding to biomolecules
and the formation of “protein corona”!®!'4, Covering NPs with proteins depends on the characteristics of
nanomaterial (shape, size, curvature, surface area) and is driven by various forces, including Van der Waals
interactions, hydrogen bonds, or electrostatic interactions'®. However, some NPs can inhibit protein secondary
structure conversion and consequently the inflammatory reaction'®. It was shown that pre-coating of NPs by
proteins prevented their removal by the immune system before cellular uptake and facilitated reaching the target
site!”. This phenomenon occurs in the case of transferrin-coated nanoparticles'®. Since Tf receptors are present
in the BBB cells, Tf is a common choice of protein corona to improve drug delivery to the brain!8-%.

Nanoparticles can also interact with biomembranes containing lipid bilayers with hydrophilic and
hydrophobic parts essential for the uptake of nanoparticles!. Cationic AuNPs can penetrate the lipid bilayer
through the hydrophobic tail region??. However, in vivo NPs interact with membranes as a nanoparticle-protein
agglomerate. This can decrease the adhesion of NPs to the cell membrane and their cytotoxic effect?*?%. The
modification of lipid structure after interaction with nanoparticles depends on the charge of NPs but also its other
physicochemical features, including size and shape as well as membrane complexity and its surface tension®.
Moreover, the adhesion forces alter the elastic lipid membrane, so it can wrap around a nanoparticle. The energy
of adhesion determines whether the nanoparticle will be wrapped partly or wholly and consequently, it will
be internalized and anchored in the lipid membrane or completely engulfed through endocytosis®®. Therefore,
studying the nanoparticle-membrane interaction is important in the understanding of NPs bioactivity and
biodistribution.

In this work, we investigated the interaction of AuNP14a/b with HSA, Tf, and lipid membranes using dynamic
light scattering, zeta potential, transmission electron microscopy, circular dichroism, fluorescence quenching,
and isothermal titration calorimetry.

Materials and methods

Materials

Two pegylated gold nanoparticles, AuNP14a and AuNP14b, with carbosilane dendrons were synthesized at
the University of Alcala (Alcala de Henares, Spain) as described previously [5]. AuNP14a and AuNP14b have
the same gold core and the dendron to PEG ratio 3:1 and 1:1, respectively (Fig. 1). Either AuNP was taken
from its stock (1 mg/mL) phosphate buffer solution, pH 7.4, and added to the working sample to give a final
concentration in the range of 5-90 ug/mL. Control samples received buffer only. Human serum albumin was
purchased from Sigma Aldrich (St. Louis, MO, USA) and human transferrin from Biorbyt Ltd (Cambridge, UK).
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was obtained from Fluka (Buchs, Switzerland).

/S@VS\/\NMe3*)4 HSG,(S-NMe;*),/ HS-PEG

Au CH AuNP14a - 3:1
~s™~Op) AuNP14b - 1:1

Figure 1. Structure of pegylated gold nanoparticles of second generation (G,) with carbosilane dendron (left
panel). The cationic dendron, HSG2(SNMe**) , and commercial PEG ligand CH,0(CH,CH,0)nCH,CH,SH,
HS-PEG with the presentation of dendron/PEG ratio (right panel).
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Zeta potential and dynamic light scattering

Zeta potential and hydrodynamic diameter of proteins titrated with AuNP14a/b (5-60 pug/mL) were measured
in phosphate buffer (10 mM, pH7.4) on Zetasizer Nano ZS analyzer (Malvern Instrument Ltd., Malver, UK).
The concentration of proteins was 0.25 uM. The results of zeta potential were calculated with the Helmholtz-
Smoluchowski equation. Results were collected from 3 measurements, 7 runs each. Dynamic light scattering
(DLS) measurements provided information about the size of proteins and agglomerates they formed with
AuNPs. The backscatter was set for 173°, A, 720 nm and refractive index (RI) was 0.28. The particle size was
determined from 3 independent replicates- the average of 5 cycles each.

Circular dichroism

Circular dichroism (CD) measurements were performed to analyze changes in the secondary structure of
HSA and Tf in the presence of AuNPs. Stock solutions of proteins at a final concentration of 0.5 uM each were
prepared in the phosphate buffer and measured on a Jasco J-815 CD spectrometer (Jasco International Co., Ltd.,
Tokyo, Japan) at a wavelength set from 195 to 260 nm using a 0.5 nm quartz cell.

Fluorescence measurements

All fluorescence measurements were performed with protein solutions at 4 uM on a PerkinElmer LS-50B
spectrofluorometer (PerkinElmer, Inc., Waltham, MA, USA). Quenching of fluorescence emitted by tryptophan
of HSA and Tf upon AuNPs addition was observed at the wavelength emission range 305-445 nm (A 295 nm).
The monochromator slits were set at 2.5 nm for excitation and 10 nm for emission. To assess the interaction
of AuNPs with DMPC liposomes. Two fluorescent probes: DPH (1,6-diphenylhexatriene) and its hydrophilic
derivative TMA-DPH (1-(4-Trimethylammoniophenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate) (Sigma
Aldrich, St. Louis, MO, USA) were separately used to determine whether the gold nanoparticles penetrate
hydrophobic or hydrophilic region of the liposomal lipid bilayer, respectively. Samples were prepared in
phosphate buffer. Both fluorescent probes were used at 2 uM, and DMPC was at 30 pg/mL. The excitation/
emission wavelengths for DPH and TMA-DPH were 348/358 nm and 426/428 nm, respectively. An appropriate
fluorescent probe was mixed with DMPC liposomes and AuNPs before measurements.

Transmission electron microscopy

Transmission electron microscope JEOL-1010 (JEOL, Tokyo, Japan) was used to take a picture of protein corona
forming around AuNPs and to show interactions between tested nanoparticles (AuNP14a, AuNP14b) and
DMPC liposomes. Samples were prepared in the phosphate buffer and incubated (15 min, 37 °C) before placing
them on a copper grid with a carbon surface. Grids with samples were stained with uranyl acetate solution
for 2 min, washed, and dried at room temperature for 5 min. Then samples were examined in a transmission
electron microscope.

Liposomes preparation

10 mg DMPC was dissolved in 400 uL chloroform and dried on a rotary evaporator (30 min, 37 °C). The
obtained residue was dissolved in 3 mL of phosphate buffer to a final concentration of 5 mmol/L and vortexed
until a homogeneous suspension was acquired. The solution was then extruded 21 times by passing the lipids
through the 0.2 um membrane using an Avanti extruder (Avanti Polar Lipids, Alabaster, AL, USA). Liposomes
were stored at 4 °C.

Isothermal calorimetric titration

An isothermal titration calorimeter LV Affinity ITC with gold cells (TA Instruments, New Castle, DE, USA)
was applied to evaluate the thermodynamic properties of complexes of HSA or Tf with AuNP14a/b. The
protein solution (20 umol/L in a 1.4275 mL cell) was titrated by adding 50 x5 ul doses of an 8 mg/mL AuNP
solution from the syringe. The time interval between subsequent injections was 1200 s. Isothermal calorimetric
measurements were carried out at 25 °C and a stirring speed of 410 rpm. The heat effects of AuNP dilution were
determined separately maintaining the same calorimeter parameters. The heat effects of the direct interaction of
protein with AuNP were calculated by subtracting the effects of AuNP alone. The binding isotherms describing
the heat effects q of the direct interaction of the proteins with nanoparticles as a function of the titrated solution
composition expressed as the ratio of AuNP mass per number of protein moles were analyzed for the endpoint
of each titration, determined as the cross point of rectilinear fragments in the range of low and high AuNP
concentrations.

Data analysis

All data were calculated from three independent replications and presented as mean +SD. The normality of
the data distributions was determined with the Shapiro-Wilk test. The statistical differences of tested probes to
control were assessed using the Kruskal-Wallis test and one-way ANOVA with Dunnett’s multiple comparison
test. Mixed-effects analysis was used to compare effects between nanoparticles. All analyses were performed with
GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

Results

Dynamic light scattering and -potential

Measurements of protein hydrodynamic diameter were made to check whether HSA and Tf form agglomerates
with the gold nanoparticles. The mean hydrodynamic diameter of native proteins was 12.03+2.32 nm for HSA
and 12.39+0.84 nm for Tf. Upon addition of both nanoparticles hydrodynamic diameter of HSA changed and
AuNP14a formed larger aggregates than AuNP14b (Fig. 2A). Increasing concentrations of nanoparticles did not
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Figure 2. Influence of pegylated gold nanoparticles AuNPla and AuNP14b on the hydrodynamic diameter
expressed as zeta size of human serum albumin (HSA) (A) and transferrin (Tf) (B), and {-potential of HSA
(C) and Tf (D). Graphs present mean values + SD, * — p <0.05, *** - p <0.001, n=3. Transmission electron
microscopy shows the morphology of the proteins in the presence and the absence of AuNP14a/b: HSA (E),
HSA and AuNP14a (F), HSA and AuNP14b (G), Tf (H) Tf and AuNP14a (J) Tf and AuNP14b (K). Red arrows
point at large and yellow arrows to small nanoparticle/protein complexes.

alter the negative charge of the protein (Fig. 2C). Both nanoparticles aggregated with Tf but the hydrodynamic
diameter of these conglomerates was smaller than those with HSA (Fig. 2B). (-potential of Tf alone was slightly
negative and although dosing nanoparticles changed the charge to positive, the difference was not significant
(Fig. 2D).

Transmission electron microscopy

HSA (Fig. 2E) and Tf (Fig. 2H) after addition AuNPs formed aggregates seen as dense clouds around AuNPs
(Fig. 2E G and J, K). AuNPs tended to associate in a protein cluster and agglomerates with larger AuNP14a
were captured as more dense electron structures than those with smaller AuNP14b. These observations that the
AuNPs interacted with both proteins forming higher-order structures.
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Figure 3. Circular dichroism spectra of human serum albumin (HSA) and transferrin (Tf) incubated with
AuNP14a/b nanoparticles expressed by ellipticity (top panel). Heat maps for the contribution of a-helix,
B-strand, and random coils conformation to the overall structure of the proteins incubated with the AuNPs
(middle panel). Ellipticity of HSA and Tf in the presence of AuNPs at A 208 nm (bottom panels). Mean + SD,
n=3.

0 791.9+48.4
AuNP14a
60 195.3+2.3
HSA
0 839.1+41.2
AuNP14b
60 465.8+23.6
0 663.2+26.4
AuNP14a
60 260.8+£9.6
Tf
0 798.5+35
AuNP14b
60 452.7+24.2

Table 1. Quenching of the fluorescence of tryptophan in human serum albumin (HSA) and transferrin (tf) in
the presence of gold nanoparticles AuNP14a and AuNP14b.

Circular dichroism

Circular dichroism (CD) measurements provided information about changes in the secondary structure of
proteins induced by AuNPs. Both nanoparticles interacted with HSA and Tf changing their spatial structure
(Fig. 3). The most pronounced changes were observed for HSA incubated with AuNP14a, which primarily
affected the a-helix form of the protein. Both NPs induced similar structural changes in Tf. Data obtained
for transferrin was comparable for both tested nanoparticles. Neither AuNP affected the -strand form of the
proteins (Tables S1-S4).

Fluorescence quenching
Quenching of the fluorescence of tryptophan (Trp), which is the source of intrinsic fluorescence of HSA and Tf,
provided information on the binding of AuNPs with these proteins.

Table 1 presents the results of the quenching of fluorescence of HSA and Tf by the AuNP14a/b nanoparticles.
It can be seen that AuNP14a quenched the Trp fluorescence more effectively than AuNP14b.
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Isothermal titration calorimetry

Isothermal titration calorimetry indicated that both gold nanoparticles interacted with both proteins and all
interactions were endothermic (Fig. 4). It can be seen that the most pronounced thermal interaction was for
HSA and AuNP14a effect.

Size, ¢-potential, morphology and fluorescence anisotropy of DMPC liposomes

The addition of the gold nanoparticles did not change the size of DMPC liposomes as evaluated by dynamic
light scattering (Fig. 5A). The (-potential of negatively charged DMPC turned positive in most cases after
adding AuNPs (Fig. 5B). Without the gold nanoparticles, DMPC liposomes were featured by round, low-
density homogenous objects (Fig. 5C). After treatment with AuNP14a/b, the liposomes were characterized by
a higher density and more distinct edges. No changes were observed in the liposome size (Fig. 5D and E). Both
nanoparticles penetrated the outer and inner parts of the liposome membrane, as evidenced by an increase in
anisotropy fluorescence with DPH and TMA-DPH, respectively (Fig. 5F and G).

Discussion

Gold nanoparticles are widely studied as drug/nucleic acid carriers. Pegylated gold nanoparticles were also
investigated as drug carriers. However, many of these studies are limited to the formation of a complex with
the cargo and do not consider several factors that may impede the movement of the complex to the target cell.
Although it was shown that the surface chemistry is responsible for the interaction of gold nanoparticles with
bovine serum albumin, but we extended such study on human albumin and pegylated gold nanoparticles®’.

In this work, we examined the interaction between proteins, represented by HSA and Tf, and model
membranes, represented by DMPC liposomes, with two pegylated gold nanoparticles AuNP14a and AuNp14b
considered as potential drug/nucleic acid delivery systems. Therefore, our work provided some data on the
possible effects induced by the nanoparticles on their way to the target. In the presence of AuNPs {-potential of
HSA increased but remained negative. However, AuNPs induced a shift from negative to positive {-potential in
Tf. These differences may be explained by the differences in the structure of HSA and Tf. Albumin is composed
of three homologous domains, Tf has two domains and its main role is the transport of Fe(III) ions, thus it has
a high affinity to bind positively charged particles'®!1:?82°, These features may, at least in part, contribute to a
greater susceptibility of HSA to form aggregates than Tf, observed in this work. The isoelectric point (pI) of
HSA and Tf is 5.0 and 5.7, respectively. Therefore, the surface charge of both proteins is negative as their pl is
below pH of blood in normal conditions (average 7.4) and so both proteins may electrostatically interact with
positively charged gold nanoparticles. The optimal zeta potential for drug and nucleic acid delivery by gold
nanoparticles depends on several factors, including the cargo properties, the target cells, and their environment,
and the physiological environment, generally, nanoparticles with a zeta potential greater than 425 mV or less
than —25 mV are considered stable in suspension, as the surface charge prevents aggregation®’. However,
for drugs, a slightly negative zeta can help to interact with cell membranes through attractive van der Waals
forces, but a positive charge can help in binding the negatively charged nucleic acids. Although all experiments
were performed in 10 mmol/L phosphate buffer (pH 7.4), whose pH is not exactly physiological, our previous
experience justifies using such buffer as optimal for the biophysical techniques we employed. Transmission
electron microscopy showed aggregate formation by HSA and Tf upon the addition of AuNPs. Similar effects
were observed and associated with protein corona formation in other studies®32,

We applied different HSA and Trf concentrations using different techniques to obtain an optimal output
signal.

Both HSA and Tf displayed specific profiles in the far-UV spectrum observed in circular dichroism
measurements. HSA has two negative peaks at 208 nm and 222 nm and Tf has a negative peak at 209 nm and a
positive peak at 193 nm*>3. Interaction with nanoparticles resulted in changes in these spectra and therefore
alteration in the contribution of a-helix and random coils conformation in the overall structure of both proteins.
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Figure 4. Thermal effects of the interaction between gold nanoparticles AuNP14a/b and human serum
albumin (HSA) or transferrin (Tf) evaluated by the heat (q) in isothermal titration calorimetry (left and middle
panels). The right panel presents the thermal effects of the direct interaction of the proteins with AuNPs after
subtracting the effects of AuNP dilution from their corresponding thermal effects of the titration of the protein
solution with AuNP solution.
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Figure 5. Zeta diameter (A) and zeta potential (B) of DMPC liposomes in the presence of gold nanoparticles
AuNP14a/b. The shape of DMPC liposomes revealed by inverted transmission electron microscopy in the
absence (C) and the presence of AuNP14a (D) and AuNP14b (E). White arrows point at free liposomes, red

at free gold nanoparticles, and yellow at liposome/nanoparticle complexes. The mean relative fluorescence
anisotropy (A/A,) of the DPH and TMA-DPH probes added to DMPC liposomes incubated with AuNP14a (F)
or AuNP14b (G). Error bars denote SD, n=3. * - p<0.05; ** - p<0.01 as compared with free liposomes.

We did not perform functional studies for HSA and Tf in the presence or absence of gold nanoparticles.
Therefore, it is not possible in this work to determine how the binding of these proteins by gold nanoparticles
influenced their functionality. However, as the higher-order structure of a protein is a major determinant of its
functionality, some conclusions can be drawn from the CD experiments. Changes in chirality and loss of the
a-helix structure of protein lead to its denaturation. This is a common effect observed in protein-nanoparticle
interaction®**°. Circular dichroism spectra analysis and alteration in secondary structures help to understand
how the functionality is changing and whether the process of denaturation can be reversible. The greatest loss
of a-helix was observed in HSA after AuNP14a addition (Tables S1-S4). Transferrin was less susceptible to
secondary structure loss upon AuNPs addition. In general, Tf was found to be less susceptible to spectral and
structural changes. Increasing concentrations of gold nanoparticles increased the random coil fraction.
Quenching of intrinsic protein fluorescence by nanoparticles is usually exploited to determine the kinetics of
binding but here we used it to show how AuNPs affected protein conformation. Tryptophan is present in HSA
and Tf in different amounts and accessibility. HSA has one Trp in the hydrophobic pocket of the IIA domain,
while Tfhas eight Trp residues among which 3 are in the N-lobe and 5 in the C-lobe***’. Conformational changes
can be evidenced by quenching spectrum shifts toward smaller wavelengths (blueshifts) or higher wavelengths
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(redshift)®®. In our study, we observed a slight redshift for HSA with both AuNPs. Redshift indicates that Trp
became more exposed during AuNPs titration and therefore HSA structure may become loose. Tf did not display
any shift and strong fluorescence decline at the same time as presented in Table 1. The greater amount of Trp and
its worse accessibility may be the reason for the smaller sensitivity of Tf to AuNPs*. Tested nanoparticles do not
display fluorescence in measured wavelengths. Isothermal titration calorimetry showed that all protein-AuNP
interactions were endothermic, and the strongest endothermic effect was observed for AuNP14a with HSA.
This result provides information about the high affinity of AuNP14a to albumin. The reaction of transferrin
with AuNP14b showed “no end point” of titration and this outcome could be interpreted as the low affinity of
nanoparticle to this protein™®.

Measurements of the zeta diameter and zeta potential of liposomes complexed with AuNPs showed that
DMPC liposomes did not change their zeta size in the presence of AuNPs, but they changed their zeta potential
from negative to positive. These results indicate that AuNPs interacted with lipid membranes, but they did not
disrupt them. TEM images show that liposomes remained spherical after treatment with AuNPs and due to
the density alterations, nanoparticles might penetrate liposomes through the lipid bilayer. The size of DMPC
complexed with AuNPs differed between DLS measurements and TEM micrographs, but this phenomenon
can be explained by differences in sample preparation, high vacuum effect causing sample collapsing into the
desiccated layer in TEM or DLS property to hinder smaller particles by larger ones*0-42.

Membrane fluidity can be directly related to its permeability*’. Measurements of fluorescence anisotropy help
to assess bilayer microviscosity that is inversely related to fluidity?*. Our data suggest that both nanoparticles
increased the microviscosity of the inner and outer parts of the membrane, but AuNP14a caused significant
changes at smaller concentrations than AuNP14b. These results lead to the conclusion that AuNP14a and
AuNP14b interact with a hydrophilic head and can penetrate the hydrophobic tails of phospholipids. This
statement is consistent with {-potential and TEM results showing that the nanoparticles change the charge of the
outer part of the membrane and diffuse through the bilayer of the liposome. Electrostatic interactions of gold
atoms with hydrophilic heads of the membrane were shown suggesting that they might be independent of the
size of gold nanoparticles?>°,

This work showed that the AuNP14a/b nanoparticles may penetrate a lipid membrane, suggesting that they
may reach the cytoplasm of a live cell. Therefore, they may be considered a potential drug/nucleic acid carrier,
but further studies are needed to determine binding constant and the number of binding sites for the drug or
nucleic acid of interest*’.

It is a limitation of our work that we did not check whether the system reached equilibrium and we did not
investigate the kinetics of the interactions and the influence of protein precipitation on fluorescence intensity.

We performed a series of in vitro experiments, but we intended to obtain some data that could be related to
in vivo conditions. The general conclusion is that if the gold nanoparticles we used were applied as drug/nucleic
acid carriers, they would interact with HSA and Tf. However, it is not possible to determine how strong such
interactions would be as it is not possible to determine or even approximate the binding constants for complexes
of the nanoparticles with other blood proteins.

Conclusions

Pegylated gold nanoparticles can interact with human serum albumin and transferrin changing their properties,
including their secondary structure. Further studies are needed to determine whether these changes are
associated with the changes in the functionality of HSA and Tf and if they can be harmful to the cell/organism.
These nanoparticles may penetrate DMPC liposomes suggesting that they may also diffuse through natural
membranes and consequently may be considered as drug/nucleic acid carriers in the therapy.

Data availability

The data that support the findings of this study are available from the corresponding authors: Elzbieta Okla,
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Table S1. Changes in secondary structures of HSA upon AuNP14a administration. Data shows mean
values = SD of three independent repeats.

A[::;);T]a a-helix [%] + SD B-strands [%] + SD random coil [%] + SD
0 65.10+5.11 12.07 £ 0.64 12.77 £2.03
5 62.63 £0.84 12.37+£0.15 14.63 £ 0.32
10 56.70 £ 0.10 13.10+£0.00 18.37+0.12
15 52.20+0.26 13.70+0.00 20.90£0.44
30 44,90+ 0.96 14.77 £ 0.15 25.07 £0.55
50 40.07 £0.95 15.50+0.10 27.57 £0.83
80 35.77 £ 0.57 16.23+0.12 29.83 £0.68
100 33.63+0.42 16.60+0.10 31.37+0.72
120 32.27 £0.96 16.87 £+ 0.15 32.23+£0.85
150 29.67 £0.40 17.30+0.00 34.67 £0.97
170 28.07 £0.40 17.60+0.10 36.03 £ 0.97




Table S2. Changes in secondary structures of HSA upon AuNP14b administration. Data shows mean
values = SD of three independent repeats.

pi::;;?]b a-helix [%] £ SD B-strands [%] £SD  random coil [%] £ SD

0 69.45 £ 0.64 11.45+£0.07 11.40x0.14
5 67.53+0.49 11.77 £ 0.06 12.20+0.17
10 66.33+1.75 11.90£0.26 13.03+£0.81
15 64.27 +3.16 12.23+£0.45 13.77 £1.30
30 61.97 +2.80 12.50 £ 0.35 14.87 £1.38
50 59.47 +2.29 12.87 £0.32 15.90+1.13
80 5590+ 2.17 13.37+£0.32 17.63+£1.15
100 53.50+1.93 13.67 £0.32 18.97 £1.02
120 51.63+2.42 13.90+0.35 20.40+£1.42
150 48.47 £1.78 14.37 £0.23 21.67 £1.10
170 46.43£1.79 14.67 £0.23 22.80+1.22

Table S3. Changes in secondary structures of Tf upon AuNP14a administration. Data shows mean
values = SD of three independent repeats.

A[::;::]a a-helix [%] £ SD B-strands [%] £SD random coil [%] £ SD
0 32.27+£2.74 17.07 £0.49 31.90+1.90
5 33.00+1.35 16.90+0.20 31.90+£0.96
10 32.23+2.30 17.03 £0.45 32.67 £1.83
15 31.50+2.09 17.20+£0.35 33.07+£1.72
30 30.70£1.91 17.33+£0.38 33.73+1.65
50 30.43+£0.50 17.37+£0.12 34,13+ 1.05
80 29.60+£0.72 17.50+0.20 35.10 £ 0.66

100 29.50+1.73 17.47 +0.35 35.93+1.65
120 28.17 £ 2.50 17.70 £ 0.53 37.07+£1.40
150 26.87 +£2.70 17.87 £0.70 39.17£0.51
170 26.27 £ 1.95 18.00 £ 0.50 39.63+1.14




Table S4. Changes in secondary structures of Tf upon AuNP14b administration. Data shows mean
values * SD of three independent repeats.

AuNP14b
[ug/ml]

a-helix [%] £ SD

B-strands [%] + SD

random coil [%] £ SD

0

5
10
15
30
50
80

100
120
150
170

31.00+1.15

30.07 £ 2.07
30.03+£1.88
28.87+1.17
28.23£1.00
28.33+£0.87
27.77 £1.00
27.80+£1.49
28.07+1.63
27.07£1.15
27.10+0.80

17.27£0.21

17.43 +0.40
17.40+0.35
17.67 £0.23
17.80+0.20
17.73+0.21
17.83+0.21
17.83+0.29
17.77 £0.32
17.93+0.21
17.93+0.12

33.70+1.25

3450 £1.75
34.70 £1.47
35.53+1.01
36.17£1.36
36.40 £1.08
37.00 £1.06
37.40+£1.37
37.53+1.31
38.13+1.23
38.53+1.36
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Abstract

Background: The proportion of people suffering from neurodegenerative conditions, such
as Alzheimer’s disease (AD), is increasing in the population year on year. Despite the
constant effort of researchers, these conditions remain incurable and can only be managed
by alleviation or delaying of symptoms. The lack of suitable treatment is caused by con-
stricted access to the brain, limited by the brain-blood barrier. The aim of this work was
to investigate two pegylated gold nanoparticles as potential carriers of therapeutic siRNA
and their impact on the cellular functions of Human Brain Endothelial Cells. Methods
and Results: Nanoparticles AuNP14a and AuNP14b complexed with siRNA were internal-
ized by HBEC-5i cells and located in the cytoplasm. The genotoxicity assay proved that
the nucleus was not affected and complexed nanoparticles did not cause DNA damage.
The reactive oxygen species formation and mitochondrial membrane potential changes
were measured and showed an adaptive response of cells after compound administration.
Results obtained in a cytotoxicity assay conducted on astrocytes and pericytes, which are
components of the blood-brain barrier, confirmed the biosafety of tested nanoparticles.
Conclusions: In summary, it was shown that AuNP14a and AuNP14b are promising
candidates as nanocarriers for therapeutic nucleic acids through biological barriers.

Keywords: PEGylated gold nanoparticles; siRNA delivery; Human Brain Endothelial Cells

1. Introduction

Disorders affecting the nervous system include a wide range of conditions that can
prominently impair life quality or preclude independent functioning. According to the 2021
global report, 43% of the world population is affected by neurological conditions [1]. The
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treatment of neurodegenerative diseases is limited by a constricted access to the structures
affected by these conditions. The blood-brain barrier (BBB) and blood—cerebrospinal fluid
barrier (BCB) fulfill their functions by protecting the brain and spinal cord from toxins and
microorganisms and securing a homeostatic environment by simultaneously hindering
drug adsorption and metabolism [2]. All these limitations caused that, despite advanced
biotechnology, Alzheimer’s disease (AD), a disorder of cognitive functions caused by nerve
cell damage, is still incurable. Up to date, only seven drugs that delay or reduce its symp-
toms are available on the market. These include two monoclonal antibodies against specific
forms of 3-amyloid and five drugs with the activity of acetylcholinesterase inhibitors or
NMDA receptor antagonists [2,3]. Moreover, limitation of drug—drug interactions in AD
therapy, caused by patients frequent coexisting conditions such as hypertension, obesity,
or type 2 diabetes mellitus, involves a continuous need for innovative therapeutic ap-
proaches [4]. Alzheimer’s disease onset is correlated to carrying at least one allele of the ¢4
isoform of the apolipoprotein E coding gene [5]. APOE4 is associated with the intraneuronal
accumulation of 3-amyloid and its constricted clearance, and it is also connected with
weaker A3 phagocytosis, tau protein aggregate exacerbation, and impairment of lipid and
glucose metabolism [6]. Therefore, targeting and modulating APOE has been considered
in possible AD therapeutic strategies. This includes the use of the anti-APOE4 short inter-
fering RNA (siRNA) as a silencer of the defective gene. The major advantage of siRNA
therapy is its high specificity, which makes it a promising alternative to small molecule
drugs or proteins [7]. In the case of Alzheimer’s disease, a few molecular targets are aimed
at as therapeutic options, e.g., A levels may be decreased by silencing the presenilin 1 or
BACEI1 gene, and axonal regeneration may be induced by ROCK?2 silencing [8].

However, naked siRNA is not very efficient due to its instability, insufficient cell
uptake, and off-target effects [9]. These limitations could be overcome by introducing
formulation modifications based on viral and non-viral structures. The non-viral structures
include a wide variety of liposomes, polymers, peptides, or inorganic compounds [10]. To
date, six siRNA agents have been approved by the FDA. Five of them are conjugated with
N-acetylgalactosamine (GalNAc), and one, Patisiran, used in polyneuropathy, is formulated
as a lipid nanoparticle (LNP), proving the efficacy of the implemented modifications [11,12].

Among inorganic compounds that could be used as siRNA carriers are nanoparticles
of gold (AulNPs). These cationic structures have a multitude of virtues, such as stability,
low toxicity and size-to-volume ratio, which enable the binding and transporting of the
desired molecules [13]. Their bioavailability, efficacy, and safety can be improved by various
surface modifications, namely by cell-penetrating peptides (CPPs), poly(f3-amino ester), or
polyethylene glycol (PEG) [14].

Our previous research was focused on choosing optimal dendron generation and
dendron/PEG ratio for PEG-modified AuNPs [15]. The aim was to obtain non-toxic and
efficient nanocarriers, which are able to penetrate cells. Two gold nanoparticles, AuNP14a
and AuNP14b with dendron/PEG ratios of 3:1 and 1:1, respectively, were marked as
promising candidates. They were initially verified for their biosafety and ability to complex
siRNA [16]. Their interactions with lipid membranes and selected serum proteins were
also described [17]. In this work we focused on the properties of 14a and 14b as carriers for
siRNA, testing uptake and the effects on internalized cells.

2. Materials and Methods
2.1. AuNPs and siRNA

Two pegylated gold nanoparticles, AuNP14a and AuNP14b, were synthesized and
described in previous work [15]. Both AuNPs were decorated with a second generation
of ammonium-terminated carbosilane dendrons and PEG fragments in different ratios.
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AuNP14a contained a 3:1 ratio dendron/PEG while AulNP14b had a ratio of 1:1. AulNPs
were synthesized in water by the reaction of HAuCl4-3H20 with a mixture of two ligands
containing a thiol moiety: (1) the cationic dendrons HSG,(SNMe3*); and (2) commercial
PEG ligand CH30(CH,CH;0),CH,CH,SH, HS-PEG. NaBH4 was used as a reducing agent.
Their characteristics was described in Table 1.

Table 1. Characterization of tested AuNPs. ! Zeta potential (mV); 2 diameter (nm) obtained by DLS;
3 Polydispersity index (PDI) obtained by DLS; 4 diameter obtained by TEM; ® % organic matter
obtained by TGA, corresponding with dendron and PEG.

. Dendron/PEG 1 2 3 4 50
AuNP Solubility Molar Ratio ZP [mV] d; [nm] PDI dn [nm] %L
AuNP14a water 3/1 +44.9 34.00 0.54 3.7 67.6
AuNP14b water 1/1 +41.1 23.3 0.298 2.8 66.6

Gold nanoparticles were complexed with non-fluorescent or FITC-labeled siRNA cod-
ing ApoE (sense: 5'-GAUUACCUGCGCUGGGUGCUU-3; antisense: 5'-PGCACCCAGCG
CAGGUAAUCUU-3') purchased from Dharmacon Inc. (Lafayette, CO, USA). AuNPs/siRNA
complexes were formed by mixing appropriate volumes of siRNA and AuNPs in PBS. The
mixture was gently vortexed and incubated at room temperature for 20 min. Complex
formation was proved by a series of biophysical experiments, including zeta potential
and DLS measurements, agarose gel electrophoresis, and fluorescence polarization. Main
characteristics are shown in Table 2.

Table 2. Characterization of tested AuNPs/siRNA. ! Concentration of siRNA; 2 minimal concentra-
tion of AuNPs where complexed formation was observed; 3 zeta potential (mV); 4 diameter (nm)
obtained by DLS; ® polydispersity index (PDI) obtained by DLS.

15iRNA 2 AuNP

3 4 5
Complex [uM] [ug/mL] ZP [mV] d, [nm] PDI
AuNP14a/siRNA 1 40 +21.97 227.23 0.57
AuNP14b/siRNA 1 50 +7.97 161.53 0.219

Nanoparticle concentration selected for the complex formation was assessed in pre-
liminary studies by biophysical experiments. A wide concentration range was checked to
choose the optimal amount of AuNPs to form complexes and to see at which point they
may be harmful.

2.2. Cell Lines

Human Brain Endothelial Cell (HBEC-5i) line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured on 1% gelatin-
coated flasks in Dulbecco’s Modified Eagle Medium /Nutrient Mixture F12 (DMEM-F12)
(Biowest, Nuaillé, France) and supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1% penicillin/streptomycin (P/S), Endothelial Cell Growth Supplement (ECGS)
(Sigma-Aldrich, Darmstadt, Germany), and 1 pg/mL hydrocortisone (MP Biomedicals,
Santa Ana, CA, USA) at 37 °C, 5% CO,.

Human Brain Vascular Pericytes (HBVP) line was purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA). The cells were cultured on flasks coated with 2 pg/ cm?
Poly-L-Lisyne (PLL) in a pericyte medium supplemented with FBS, pericyte growth sup-
plement (PGS), and P/S (ScienCell Research Laboratories, Carlsbad, CA, USA) at 37 °C,
5% COs.

Human astrocytes (HA) line was purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA). The cells were cultured on flasks coated with 2 pg/cm? Poly-L-Lysine
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(PLL) in an astrocyte medium supplemented with FBS, astrocyte growth supplement (AGS),
and P/S (ScienCell Research Laboratories, Carlsbad, CA, USA) at 37 °C, 5% CO,.

2.3. Cytotoxicity

The cytotoxic effects of AuNPs and AuNP/siRNA complexes toward astrocytes and
pericytes were assessed with an MTT assay. Cells were seeded on 96-well plates at a
density of 1 x 10* cells/well and incubated under standard conditions. The following
day, cells were treated with the tested compounds. After 24 h, 0.5 mg/mL MTT solution
(3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to the cells and
incubated for 3 h. Formazan crystals formed as a product of tetrazolium dye reduction
were dissolved in DMSO (Avantor Performance Materials Poland S.A., Gliwice, Poland)
and measured for absorbance at the wavelengths A = 580 nm and A = 720 nm on a multiwell
plate reader (BioTek PowerWave HT, BioTek Instruments, Inc., Winooski, VT, USA). The
cell viability was calculated using the following formula:

% viability = (As/Ac) x 100%
where As—absorbance of treated cells, Ac—absorbance of control cells.

2.4. Genotoxicity

The DNA damage induced by the AuNPs/siRNA complexes in HBEC-5i cells was
assessed using the comet assay. The HBEC-5i cell line was seeded on a 24-well plate at
a density of 5 x 10* cells/well and collected after 24 h of incubation with nanoparticles
and their complexes with siRNA. Next, the cells were collected, washed with PBS, and
embedded in a 1% solution of low melting point (LMP) agarose (Sigma-Aldrich, Darmstadt,
Germany). The suspension was set on the top of a microscope slide pre-coated with
a normal melting point (NMP) agarose (Sigma-Aldrich, Darmstadt, Germany) and left
on ice to congeal. Prepared slides were immersed overnight at 4 °C in a lysis buffer
(2.5 mol/L NaCl, 100 mm /L EDTA, 10 mmol/L Tris, and Triton X-100 1%). After 24 h, the
slides were placed in a cold electrophoresis buffer (30 mmol/L NaOH, 1 mmol/L EDTA)
for 20 min to allow DNA unwinding, then electrophoresis was conducted (17 V, 32 mA,
30 min). Slides were then washed 3 x with distilled water and stained with 0.1% DAPI
solution. Fluorescence imaging was conducted using a Zeiss Axio Scope Al fluorescence
microscope (Carl Zeiss, Germany). A total of 50-75 randomly selected cell nuclei per
slide were analyzed using the Lucia-Comet v. 7.6 software (Laboratory Imaging, Praha,
Czech Republic).

2.5. Cellular Uptake

The internalization of AuNPs/siRNA complexes by HBEC-5i cells was evaluated
using confocal microscopy and flow cytometry. The quantification of nanocomplexes was
assessed by measuring fluorescence intensity via flow cytometry. Additionally, confocal
microscopy was employed to verify the intracellular presence of the nanocomplexes.

For the confocal microscopy, cells were incubated with free siRNA and AuNP/siRNA
complexes for 3 h or 24 h. HBEC-5i were seeded in a density of 1.5 x 10* cells/well on
the glass bottom plates (Ibidi GmbH, Grifelfing, Germany) and cultured under standard
conditions. The next day, cells were treated with complexes. The cells were then fixed
with 4% formaldehyde (Avantor Performance Materials Poland S.A., Gliwice, Poland).
The samples were washed with PBS (GibcoTM, ThermoFischer Scientific, Waltham, MA,
USA) and stained with Texas Red-X Phalloidin (40 diluted) (Invitrogen ™, ThermoFis-
cher Scientific, Waltham, MA, USA) for 20 min and DAPI (4’ ,6-diamidino-2-phenylindole)
(Thermo Scientific ™, ThermoFischer Scientific, Waltham, MA, USA) at 0.5 pg/mL for
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5 min. Samples were visualized using a Leica TCS SP8 confocal microscope (Leica Microsys-
tems, Wetzlar, Germany) equipped with a 63x/1.40 objective (HC PL APO CS2, Leica
Microsystems, Germany). The excitation and emission wavelengths were set as follows:
405 nm and 430-470 nm for DAPI, 489 nm and 500-530 nm for FITC ™ 488, and 595 nm
with 610-640 nm for Texas Red-X Phalloidin. Image analysis was performed using Leica
LAS 2.0.215022 software.

Quantitative data was obtained by the flow cytometry technique. HBEC-5i cells were
seeded on a 24-well plate at a density of 5 x 10* cells/well. The next day, cells were
treated with complexes and incubated for 3 h or 24 h. The cells were then washed 2x
with PBS and collected in round-bottom tubes. The fluorescence intensity of FITC-labeled
siRNA was measured using a Becton Dickinson LSRII flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) with excitation/emission wavelength set at 488/530 nm. Data
was analyzed using FCSalyzer 0.9.22-alpha software.

2.6. Reactive Oxygen Species Formation

The level of reactive oxygen species (ROS) formed in HBEC-5i cells after AuNPs and
AuNPs/siRNA treatment was measured using the fluorescence method. In this assay a 2/,
7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) fluorescent probe was used (Thermo
Fisher Scientific, Waltham, MA, USA). H2DCF-DA was internalized to cells by passive
diffusion and degraded by membrane esterases to more polar DCFH. When ROS was
present in the environment, DCFH was oxidated to fluorescent DCE.

HBEC-5i cells were seeded on black 96-well plates at a density of 1.5 x 10* cells/well
and incubated under standard conditions. After 24 h, cells were treated with nanoparticles
or complexes. ROS formation was assessed at 3 different incubation times, after 0.5h, 3 h,
and 24 h. Cells were then washed with PBS and incubated with an H2DCE-DA probe at
the final concentration of 2 pmol/L for 15 min at 37 °C. Using the multiwell plate reader
(BioTek PowerWave HT, BioTek Instruments, Inc., Winooski, VT, USA), fluorescence was
measured at Aex = 485 nm and Aem = 530 nm.

2.7. Mitochondrial Membrane Potential

The measurements of the mitochondrial membrane potential (A'Ym) were made using
fluorescent probe JC-1 (Thermo Fisher Scientific, Waltham, MA, USA). The dye can emit
both green and red fluorescence depending on its form. When mitochondrial functions
were impaired, the JC-1 stayed in the monomeric form, giving green fluorescence (filters
485/540 nm). Red fluorescence (filters 530/590 nm) was emitted by the JC-1 aggregates
created by healthy cells. Thus, a high ratio of red to green fluorescence can be correlated to
high polarization of the mitochondrial membrane.

HBEC-5i cells were seeded on black 96-well plates at a density of 1.5 x 10* cells/well
and incubated under standard conditions. After 24 h, cells were treated with nanoparticles
or complexes. The experiment was conducted at 3 different time points: after 0.5 h,
3h, and 24 h. Cells were washed with PBS and incubated with the JC-1 solution at a
final concentration of 5 umol/L for 20 min at 37 °C. Fluorescence was measured on the
multiwell plate reader (BioTek PowerWave HT, BioTek Instruments, Inc., Winooski, VT,
USA) at Aex =485 nm, Aem = 530 nm for monomers and Aex = 528 nm, Aem = 590 nm
for dimers.

2.8. Statistical Analysis

Statistical data and their graphical representations were prepared using GraphPad
Prism 8.0.2 Software. The Shapiro-Wilk normality test was used to assess the Gaussian
distribution for each experiment. Statistical significance was assumed as « = 0.05, calcu-
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lated with one-way ANOVA (cellular uptake), Kruskal-Wallis (comet assay), or Dunnett’s
multiple comparison tests (ROS and mitochondrial activity assays, cytotoxicity tests).

3. Results
3.1. Complex Cellular Uptake

Complexes of both nanoparticles with siRNA were tested for their internalization
abilities using quantitative flow cytometry. The uptake of AuNPs/siRNA was compared
after 3 h and 24 h incubation with HBEC-5i cells. It was observed that in both time periods,
siRNA was delivered to cells; however, longer incubation was conducive to more abundant
internalization (Figure 1b,c). After 3 h, the uptake of complexes was already noticeable
and fluctuated around 20%, and after 24 h, this value reached around 80%. These results
corresponded to the qualitative confocal microscopy images, where fluorescently labeled
siRNA was visible as a single form in short-time incubation slides and as thickset aggregates
in 24 h slides (Figure 1a).
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Figure 1. Cellular uptake of AuNPs/siRNA complexes. (a) Confocal microscopy images of HBEC-5i
cells treated with tested complexes at 3 h and 24 h incubation times. Images represent one chosen
concentration of nanoparticles (50 pg/mL). Complexes internalization was more visible after 24 in
case of both nanoparticles. (b) Graphs showing mean fluorescence values (MFI) of AuNPs/siRNA
measured with flow cytometry. Results are compared with cells treated with naked siRNA. Obtained
data is consistent with microscopy images. Values represent mean + SD, * p < 0.05, *** p < 0.01.
(c) Flow cytometry histograms rendered using FCSalyzer software.
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3.2. Genotoxicity

The alkaline comet assay was used to assess the cell nucleus damage after AuNPs and
AuNPs/siRNA treatment. DNA disruption was shown as a percentage of the comet tail and
corresponded to the leakage of genetic material outside the nucleus. Data was collected after
24 h incubation with tested compounds, and results were compared with the cells treated
with 50 uM H, O, that represented the positive control. Both tested nanoparticles proved
to be less genotoxic when they were complexed with siRNA, showing a DNA disruption at
levels below 10%, comparable with the negative control (Figure 2). AuNP14a, having more
of a cationic load than AuNP14b (higher positively charged dendron to neutral PEG ratio),
was more likely to cause DNA damage, particularly in higher concentrations. However, at
50 nug/mL, where complexation and internalization both occur, both nanoparticles were
safe for siRNA.

a.
801 ...
70 -
£ £ 60-
g s !
Q o -
10
o_
LI SN o F S & P
o bd}qs\ \QD}QS\ .bb\q_\\ X
S .9"\ &
b. AuNP14a [ug/mL] AuNP14b [pg/mL]
PBS AuNP14a AuNP14b
H,0, 50 uM AuNP14a/siRNA AuNP14b/siRNA

Figure 2. Genotoxic effect caused by AuNPs and AuNPs/siRNA in HBEC-5i cells. (a) Percentage
of DNA damage in treated cells after 24 h incubation with tested compounds. Cells treated with
50 uM HyO; for 15 min at 37 °C were a positive control. Results indicate that genotoxic effect was
observed only when higher concentrations of AuNP14a were applied. Values shown as median =+ CI
95% from at least 50 nucleloids per slide, *** p < 0.01. (b) Images taken with fluorescent microscope
(20x magnification) showing nucleus of cells stained with DAPI after treatment with AuNPs and

AuNPs/siRNA in chosen concentrations.

3.3. Reactive Oxygen Species and Mitochondrial Membranes Potential Changes

Reactive oxygen species (ROS) are formed during normal metabolic processes, but
their production is also linked with cell responses to different substances introduced to
the organism. When this response is the excessive overproduction of ROS, it can lead
to oxidative stress and cell disruption. High levels of ROS can alter the polarization of
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mitochondrial membranes (AYm), causing metabolic dysfunction, or apoptosis. Therefore,
monitoring these two parameters could provide information about the cell response to a
delivered compound.

For better understanding of these processes, ROS production and A¥Ym at different
time intervals (0.5 h, 3 h, and 24 h) were measured. In general, it was observed that the
ROS level increased rapidly after the administration of tested compounds and stabilized
in time (Figure 3). This dependency was notably visible in the case of the treatment with
complexes, where any ROS formation caused by a lower dosage was re-established to basic
levels after 3 h and was stable after 24 h (Figure 3b). A similar pattern applied to changes in
the mitochondrial membrane potential. Alterations in membrane polarization were most
evident after a 3 h incubation but only increased or decreased an insignificant amount after
24 h nanoparticle or complex treatment (Figure 3c,d).
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Figure 3. Changes in reactive oxygen species level (a,b) and mitochondrial membrane polar-
ization (c,d) in HBEC-5i cells after AuNPs and AuNPs/siRNA administration. Graphs show
mean + SD, n=3, *p <0.05, ** p < 0.03, *** p < 0.01. Untreated cells (control) are considered as
100% ROS production.
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3.4. AuNPs Cytotoxicity Towards Human Brain Vascular Pericytes and Astrocytes

The cytotoxic effects of AuNPs and their complexes were previously described for
HBEC-5i cells [13]. However, it was decided to extend the cytotoxicity analysis for further
research concerning BBB interactions. The viability of human astrocytes (HA) and human
brain vascular pericytes (HBVP) after 24 h incubation with AuNPs and AuNPs/siRNA
using the MTT assay was tested (Figure 4). AuNP14a alone caused the most significant cy-
totoxic effect in both cell lines in a concentration-dependent manner, whereas complexation
with siRNA moderated the effect, especially in lower concentrations. AuNP14b seemed to
be more harmful in lower doses, particularly for HBVP cells. Contrastingly, the highest
concentrations of both AuNP14b and its complex were safe for tested cell lines.

HA HBVP
100
I = AuNP14a . .
i » * .I.
100 [ [ B3 AUNP14a/siRNA s I 3
= mm AuNP14b g : 1 r
2 =3 AuNP14b/siRNA 2 504 '
2 504 8 :
> s .
0- - - 0- - L
25 50 100 25 50 100
AuNPs [ug/mL] AuNPs [ug/mL]

Figure 4. Viability of HA and HBVP after 24 h incubation with AuNPs and their complexes with
siRNA. Non-treated cells were taken as a 100% viability control. Graphs show mean &+ SD, n = 3,
*p <0.05,**p <0.03, ***p <0.01.

4. Discussion

The effective delivery of drugs in the management of neurodegenerative diseases,
such as Alzheimer’s disease, still remains a big challenge for researchers and clinicians [18].
The scientists are examining different approaches for finding the safest and most beneficial
solution by analyzing invasive (e.g., intracerebral injections) and non-invasive (e.g., carrier-
drug conjugation) routes of administration [19]. This study focused on pegylated gold
nanoparticles, which are non-invasive colloidal nanocarriers that could be used as delivery
agents of short-interfering RNA targeted at silencing the apolipoprotein Ee4 gene related
to Alzheimer’s disease onset.

In our previous research, complex formation and cytotoxic effects for epithelial cells
were defined. It was proved that lower concentrations of tested AuNPs are safe and may
be further analyzed [16]. In this article the ability of these structures to internalize cells was
shown. Quantitative data obtained with flow cytometry and supported by the visualization
with confocal laser scanning microscopy showed an uptake of AuNPs/siRNA by the HBEC-
5i cell line. While internalization was noticeable after 3 h incubation, the biggest effect was
seen after 24 h, when cells were full of fluorescently labeled siRNA and flow cytometry
analysis indicated around an 80% uptake. Observation of the fluorescence peaks on flow
cytometry diagrams (Figure 1c) supported the chosen complex concentrations, showing
the highest FITC intensity for the lower dose of AuNP14a (50 pg/mL) and the higher
dose of AuNP14b (100 pg/mL). Cationic nanoparticles, due to their biophysical properties,
are, in general, excellent delivery systems and materials that complex negatively charged
nucleic acids. Taschauer et al. compared the uptake of both positively and negatively
charged auropolypexes, proving a significantly lower internalization of the latter [20].
Interestingly, nucleic acid delivery systems with a gold nanoparticle core underwent a
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human phase 0 study with positive effects, where sufficient uptake levels and confirmed
biosafety were fundamental [21]. Analyses of microscopy images suggest that complexes
did not enter the nucleus but accumulated in the cytoplasm, where the actual gene silencing
takes place [22]. Avoiding nucleus internalization is a desirable property of nanoparticles
for their effectiveness but also for minimizing their genotoxic potential [23].

Genotoxicity testing of nanomaterials is highly recommended during uptake studies.
It is important to correlate the obtained data with cytotoxicity results to identify any true
exogenous DNA damage, apart from any low level of DNA disruption occurring in the
early stages of apoptosis [24]. In order to confirm that the tested compounds have no
adverse effects on genetic material and the cell nucleus, the alkaline comet assay was
performed. This method not only allows us to visualize the level of DNA damage but
also to present the data in figures by using dedicated software. After 24 h incubation
of cells with AuNPs, we observed that AuNP14a created some genotoxic effect when
not complexed with siRNA (Figure 2). At the highest concentrations, the level of DNA
damage decreased, but that phenomenon was aligned with the cytotoxicity assay and, as
mentioned above, could have been a sign of early apoptosis [16]. Fraga et al. presumed
that the failure to induce genotoxicity by higher AuNPs concentration may also be the
result of possible nanoparticle aggregation [25]. However, complexation with siRNA
mitigated the genotoxic effect of AuNP14a, and the complex was proven to be safe for
genetic material. AuNP14b caused no significant genotoxic effect when compared to the
control, regardless of whether it was administrated as a complex or not. The genotoxicity
of gold nanoparticles has been previously described as being strongly dependent on
their biophysical properties, mainly size. The size of tested AuNP14a and AuNP14b
is 34 nm and 23.3 nm, respectively. That may be an important advantage compared to
other gold nanoparticles, due to the fact that some researchers have indicated that smaller
NPs are prone to being more genotoxic [26-28]. Bigger AuNP14a particles appeared to
cause more damage in the DNA strands than smaller AuNP14b; therefore, we confronted
obtained results with reactive oxygen species formation. Any triggering of genotoxicity
by nanoparticles could be described by primary and secondary mechanisms. While the
primary mechanism is related to the direct interaction with DNA and ROS formation, the
secondary is associated with evoking innate immunity cells and inflammatory reactions
leading to free radical production [29].

ROS accumulation in HBEC-5i cells was measured using the H2DCF-DA probe at
three different time points: after 0.5 h, 3 h, and 24 h. Since ROS production can cause mito-
chondrial damage, the obtained results were interpreted in juxtaposition to mitochondrial
membrane polarization changes (AYm) [30]. In general, both nanoparticles were less prone
to induce reactive species production when complexed with siRNA, although according
to the literature, AuNPs with PEG or PEI generated oxidative stress at lower levels than
those without functionalization [31]. AuNP14a caused composite ROS formation, with
the results equivocal and difficult to interpret (Figure 3). However, polarization oxidative
stress conditions were verified after comparing the results to changes in mitochondrial
membrane polarization, where AuNP14a prompted a hyperpolarization of mitochondrial
membranes after 0.5 h of incubation and visible membrane depolarization within the next
3 h. The most rapid increase in ROS level was observed for AuNP14b/siRNA, where after
0.5 h the percentage of oxidative forms rose 3—4 x, afterward stabilizing to a neutral level.
Simultaneously, the mitochondrial membrane potential was the nearest to its natural state
shortly after the complex administration and increased in time, suggesting an adaptive
response at first, including SOD enzyme activation dealing with stress conditions, and
subsequently enhanced mitochondrial activity [32]. The AuNP14a/siRNA generated ROS
production in a similar manner as AuNP14b, but the mitochondrial membrane polarization
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alterations were inverted and decreased over time, which could indicate mitochondrial
damage. AuNDPs can cause oxidative stress not only by triggering mitochondrial impairing
or DNA disruption, but it has also been been seen that gold nanoparticles are able to
catalyze electron donors such as antioxidants, consequently leading to ROS formation [33].
This mechanism could be useful while testing AulNPs as antibacterial agents [34]. Taking
everything into consideration, gold nanoparticles described in the literature could cause
oxidative stress with insignificant changes in cell physiology or could be used as radiosen-
sitization in tumors, where redox potential is crucial and the obtained effect is mainly
dependent on the AuNPs coating and their size [35,36].

In our previous work, the cytotoxic effect of tested compounds toward the epithelial
cell line HBEC-5i has been described. Here, we tested whether AuNPs and their complexes
were safe for two other cell lines: human astrocytes (HA) and human brain vascular peri-
cytes (HBVP), as these are used in the standard triculture BBB in vitro model [37,38]. It was
observed that both nanoparticles were less cytotoxic when complexed with siRNA, which
remains consistent with the HBEC-5i results and genotoxicity analysis. This correlation
could have been the effect of surface charge equalization between cationic AuNPs and
negatively charged siRNA [39]. Smaller AuNP14b particles decreased the viability of
both cell lines more noticeably than larger AuNP14a particles when applied in smaller
concentrations. However, this result agreed with the conclusions of other researchers and
could be explained by the smaller particle aggregation in cytoplasm, leading to endosomal
or lysosomal entrapment and pH alteration induced toxicity [40,41].

These results provided the foundation for further analysis of AuNPs as siRNA carriers.
Firstly, they present new information about cells response to tested compounds. Moreover,
oxidative stress, mitochondrial function loss, or impaired cellular uptake play a crucial
role in the pathology of neurodegenerative diseases; thus, it is crucial to check whether
tested nanocarriers will enhance or reduce these effects [42]. Gold nanoparticles are widely
investigated as siRNA delivery vehicles by many researchers. It was proved that their
multiple modification options, size variety, or synthesis techniques may provide new
features of perfect nanocarriers. AuNP14a and AuNP14b described in this work meet the
requirements of high quality gold nanoparticles, such as biocompatibility and effective
cellular uptake, which makes them promising candidates for gene material delivery systems.
However, it is crucial to emphasize that in vitro models, while valuable, cannot fully
replicate the complexity of in vivo conditions. Therefore, any future prospect of research
must include BBB triculture model experiments and in vivo tests, as these methods may
help us to explain the lack of current knowledge.

5. Conclusions

Our studies showed that AuNP14a/siRNA and AuNP14b/siRNA were able to in-
ternalize HBEC-5i cells in a concentration- and time-dependent manner. Additionally,
although an increase in the ROS level after AuNPs administration was observed in both
complexes, there was no DNA damage seen. By correlating free radical production to
changes in the mitochondrial membrane polarization, it was concluded that any stress con-
dition was an adaptive reaction to the nanoparticles and stabilized within 24 h. Despite the
fact that AuNPs/siRNA were found to be safe for endothelial cells, astrocytes, and pericytes
(the cell lines forming the BBB), there is a necessity for more developed models for testing
these complexes, such as triculture experiments and in vivo methods. Future perspectives
of our studies include testing BBB model permeability and immunological response for
AuNPs/siRNA, along with biodistribution in vivo tests, supported by behavior assessment.
It is crucial considering many clinical challenges, such as PEG-induced rapid clearance or
hypersensitivity reactions caused by anti-PEG antibody activation [43]. The questions of
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gold hypothetical accumulation in the tissues or manufacturing reproducibility should also
be addressed to provide high quality of the tested compounds [44]. Comprehensive data
obtained from any next stage will show if AuNP14a and AuNP14b are the efficient and
harmless perfect nanocarriers.
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The following abbreviations are used in this manuscript:

AuNPs  Gold nanoparticles

BACE1  Beta-secretase 1

BBB Blood-brain barrier
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