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I. WYKAZ STOSOWANYCH SKROTOW

143B
AgNPs
ATCC

AuNPs
AuNPs-GSH
AuNPs-GSH-CTA

AuNPs-GSH-DOX

AuNPs-GSH-GEM

b-SOMPs

Bax
Bcl-2
BrdU
c-SOMPs

C2C12
CTA
DCF-DA
DNA
DOX
ECDCC

GEM
GPX4
GSH
HA-NPs
HDF

linia komorkowa kostniakomigsaka

nanoczastki srebra

(ang. American Type Cell Culture), Amerykanska Kolekcja
Hodowli Komoérkowych

nanoczastki ztota

nanoczastki zlota stabilizowane glutationem

nanoczastki zlota stabilizowane glutationem 1 sprzgzone
z cytarabing

nanoczastki zlota stabilizowane glutationem 1 sprzgzone
z doksorubicyna

nanoczastki zlota stabilizowane glutationem 1 sprzgzone
z gemcytabing

(ang. branched silver orthophosphate microparticles),
mikroczastki fosforanu (V) srebra w ksztalcie rozgat¢zionym
biatko proapoptotyczne

biatko antyapoptotyczne

5-bromo-2-deoksyurydyna

(ang. cubic silver orthophosphate microparticles), mikroczastki
fosforanu (V) srebra w ksztalcie szeSciennym

linia komorkowa mysich mioblastow

cytarabina

dioctan 2,7’-dichlorodihydrofluoresceiny

kwas deoksyrybonukleinowy

doksorubicyna

(ang. European Collection of Authenticated Cell Culture),
Europejska Kolekcja Hodowli Komérkowych

gemcytabina

peroksydaza glutationowa 4

glutation

nanoczastki hydroksyapatytu

linia komorkowa fibroblastow skory



hTERT-HPNE

1Cso
TUPAC

MBEC

MC3T3-El
MG-63
MIC

MMP1
MMP3
MPs

MRSA

MTT
NF-«B

NPs
NR
pl6-ARC

PANCI
PEG

PI
rd-SOMPs

ROS
s-SOMPs

Saos-2

linia komorkowa nietransformowanych nowotworowo komorek
przewodu trzustkowego

stezenie inhibitora hamujace w 50%

(ang. International Union of Pure and Applied Chemistry),
Migdzynarodowa Unia Chemii Czystej i Stosowane;j

(ang. minimal biofilm eradication concentration), minimalne
stezenie eradykujace biofilm

linia komoérkowa mysich preosteoblastow

linia komorkowa kostniakomigsaka

(ang. minimal inhibitory concentration), minimalne stezenie
hamujace

metaloproteinaza 1

metaloproteinaza 3

mikroczastki

(ang. methicyllin-resistant Staphylococcus aureus), gronkowiec
ztocisty (Staphylococcus aureus) oporny na metycyline

bromek 3-(4,5-dimetyltiazol-2-ilo)-2,5-difenyloterazoliowy
(ang. nuclear factor kappa-light-chain-enhancer of activated B
cells), jadrowy czynnik transkrypcyjny kB

nanoczastki

(ang. neutral red) czerwien oboj¢tna

(ang. actin-related protein 2/3 complex subunit 5), bialtko
kompleksu zwigzanego z aktyna

linia komorkowa nowotworu trzustki

(ang. poli (ethylene glycol)), poli (tlenek etylenu)

jodek propidyny

(ang.  rhombic  dodecahedral  silver  orthophosphate
microparticles), mikroczastki fosforanu (V) srebra w ksztalcie
dwunasto$ciennym

(ang. reactive oxygen species), reaktywne formy tlenu

(ang.  spherical silver  orthophosphate  microparticles)
mikroczastki fosforanu (V) srebra w ksztalcie sferycznym

linia komorkowa kostniakomigsaka



SOD1

SOD2
SOD3

SOMPs

t-SOMPs

TEM
th-SOMPs

cytoplazmatyczna dysmutaza ponadtlenkowa, cynkowo -
miedziowa

mitochondrialna dysmutaza ponadtlenkowa, manganowa
zewnatrzkomérkowa dysmutaza ponadtlenkowa, cynkowo -
miedziowa

(ang. silver orthophosphate microparticles), mikroczastki
fosforanu (V) srebra

(ang. tetrapod  silver  orthophosphate  microparticles)
mikroczastki fosforanu (V) srebra w ksztalcie tertrapodalnym
transmisyjny mikroskop elektronowy

(ang. tetrahedral silver orthophosphate microparticles)

mikroczastki fosforanu (V) srebra w ksztalcie czworosciennym



II. WPROWADZENIE

Nowoczesne biomateriaty takie jak mikroczastki (MPs) i nanoczastki (NPs) dzigki
swoim unikalnym wiasciwo$ciom mogg by¢ wykorzystywane w profilaktyce
1 leczeniu choréb czlowieka. Badania na temat MPs i NPs sg nowa, preznie rozwijajaca
si¢ dziedzing nauki, na co wskazuje rosnaca liczba doniesien literaturowych. Do konca
2019 roku w bazie PubMed indeksowano ponad 230 000 artykutéw o tej tematyce,
z wyraznym wzrostem ich liczby w ostatnim dziesigcioleciu. Obserwuje si¢ réwniez
znaczny wzrost liczby produktow z dodatkiem NPs, co przeklada si¢ rowniez na wzrost
warto$ci tej galezi gospodarki [1,2]. Nalezy pokreslic, ze wlasciwosci NPs
sa zdecydowanie lepiej poznane niz wtasciwosci MPs. Jednakze, podzial na mikroczastki
i nanoczastki ma charakter umowny, a w terminologii naukowej nie ma jasnych kryteriow
rozdzialu migdzy nimi. Celem ujednolicenia nazewnictwa stosowalem wytyczne
Migdzynarodowej Unii Chemii Czystej 1 Stosowanej (IUPAC), zgodnie z ktorymi
mikroczgstkami nazywamy struktury, ktorych rozmiar mieéci si¢ w zakresie od 107 m
do 10 m, a nanoczastkami takie, ktorych rozmiar mie$ci w zakresie od 10 m do 10" m
[3]. Natomiast wedlug Komisji Europejskiej (zalecenie 2011/696/UE), nanomaterialy
to takie produkty, w ktoérych 50% rozktadu liczbowego wielkosci czastek ma jeden
lub wigcej wymiaréw w zakresie 1 nm. - 100 nm. [4]. Jednakze, od powyzszej definicji
sa pewne wyjatki takie jak fulereny, ptytki grafenowe oraz jedno$cienne nanorurki
weglowe, 0 co najmniej jednym wymiarze ponizej 1 nm. [4]. Zatem MPs i NPs sg wigksze
od czasteczek organicznych (takich jak DNA czy biatka), ale mniejsze od wirusow,
bakterii czy komorek eukariotycznych. Niewielkie rozmiary w sposob znaczacy
wptywaja na zmiang ich wlasciwosci fizyko-chemicznych, w odniesieniu
do odpowiednikow w skali makro. Mikroczastki 1 nanoczastki wykazuja szereg
korzystnych wlasciwosci, m.in.: wysoki stosunek pola powierzchni do objetosci,
zdolno$¢ penetrowania przez btony komorkowe i bariery biologiczne oraz wysoka
reaktywno$¢ [5]. Nalezy réwniez wspomnie¢ o wielokierunkowych mozliwos$ciach
funkcjonalizacji MPs 1 NPs, co znacznie zwigksza mozliwosci zastosowania
ich w aspekcie biomedycznym [5]. MPs i NPs znajduja zastosowanie w biologii, chemii,
medycynie, ochronie $rodowiska, genetyce, biotechnologii czy przemysle [5-8]

(Rycina 1.).
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Rycina 1. Zastosowanie praktyczne mikroczgstek i nanoczgstek [9]
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W badaniach wchodzacych w sktad mojej pracy doktorskiej wykorzystalem
mikroczastki 1 nanoczastki metali szlachetnych i ich zwigzkow. Nanoczastki srebra
(AgNPs) wykazuja silne wlasciwosci przeciwdrobnoustrojowe, przeciwnowotworowe,
antyagregacyjne i fibrynolityczne [10-12]. Warto podkresli¢, ze AgNPs charakteryzuje
aktywno$¢ przeciwbakteryjna réwniez przeciwko biofilmowi 1  szczepom
wielolekoopornym [6, 13]. Korzystne cechy warunkuja wielokierunkowe zastosowanie
nanoczastek, czego dowodem jest fakt, ze AgNPs stanowig 30% NPs produkowanych
w celach komercyjnych [14]. Nanoczastki ztota (AuNPs) rowniez charakteryzuja
si¢  wlasciwo$ciami  przeciwnowotworowymi, ponadto s3  wykorzystywane
w immunoterapii, diagnostyce obrazowej oraz jako biosensory [15-19].
AuNPs dodatkowo znalazty zastosowanie w diagnostyce choréb, np. gruzlicy [20].
AuNPs i AgNPs sg réwniez wykorzystywane jako platformy dostarczania lekow [21, 22].
Mikroczastki, np. fosforanu (V) srebra, tlenku miedzi (II) czy tlenku srebra réwniez
wykazuja wlasciwosci przeciwdrobnoustrojowe 1 przeciwnowotworowe [23-26].
Zaréwno MPs, jak 1 NPs posiadajg szereg korzystnych wlasciwosci biologicznych

co przeklada si¢ na mozliwo$¢ ich biomedycznego wykorzystania (rycina 2).

11
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Niestety, nie do konca poznane dziatanie toksyczne i trudne do przewidzenia
zagrozenia dla zdrowia czlowieka ogranicza zastosowanie kliniczne MPs i NPs.
Dotychczasowe badania dowodza, ze zaréwno AgNPs, jak i AuNPs moga by¢
cytotoksyczne wzgledem ludzkich osteoblastow, komorek fibroblastow dzigsel,
progenitorowych komorek neuronalnych czy makrofagdéw [27-31]. Indukowanie stresu
oksydacyjnego jest jednym z gldéwnych mechanizméw cytotoksycznosci NPs metali,
jednakze dziatanie prozapalne czy powodowanie zaburzen w wewnatrzkomorkowej puli
wapnia jest rowniez opisywane [28, 29, 32]. W efekcie ekspozycja na dziatanie NPs moze
prowadzi¢ do $mierci komodrki na drodze apoptozy, nekroptozy, nekrozy lub autofagii
[33-39]. Mechanizmy cytotoksycznosci MPs nie sg dobrze poznane.
Wykazano, ze mikroczastki hydroksyapatytu sa cytotoksyczne wzgledem ludzkich
makrofagdéw, a mikroczastki krzemionki wzgledem komoérek nowotworu piersi [40, 41].
Jednym z opisanych mechanizméw cytotoksycznosci mikroczastek jest indukcja stresu
oksydacyjnego i wplyw na regulacje cyklu komorkowego [42, 43]. Podsumowanie
wybranych mechanizméw cytotoksycznosci MPs i NPs na poziomie molekularnym

1 komorkowym przedstawitem na rycinie 3.

12
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Rycina 3. Wybrane mechanizmy cytotoksycznosci mikroczgstek i nanoczgstek

na poziomie komorkowym i molekularnym

Zardéwno korzystne wtasciwosci jak i toksycznos¢ MPs i NPs zaleza od wielu
czynnikow. Funkcjonalizacja MPs i NPs moze wptynag¢ na poprawe ich profilu
bezpieczenstwa jednocze$nie nie uposledzajac ich korzystnych wilasciwosci. Szereg
czynnikow moduluje wtasciwosci MPs 1 NPs, a do najlepiej poznanych naleza ich: rodzaj,
wielkos¢, ksztalt, czas inkubacji, st¢zenie, pH srodowiska oraz wiasciwos$ci powierzchni.
Ponadto wtlasciwosci biologiczne MPs 1 NPs zaleza od rodzaju narazonych
na ich dziatanie komorek. Podsumowanie czynnikéw wptywajacych na wtasciwosci MPs
1 NPs przedstawitem na rycinie 4. Wielu autoréw wskazuje, ze im mniejsze MPs i NPs
tym wicksza jest ich cytotoksyczno$¢ [30, 42, 44]. Jednakze, pojawiaja si¢ prace
wykazujace wyzsza cytotoksycznos¢ MPs i NPs o wigkszych rozmiarach [45]. Podobnie,
wraz ze wzrostem stezenia i czasu inkubacji, obserwowany jest wzrost cytotoksycznosci
[46—48]. Rowniez ksztalt wplywa na cytotoksyczno$¢ NPs i MPs, aczkolwiek ze wzgledu
na mozliwos¢ przylaczenia substancji biologicznie czynnych do powierzchni MPs i NPs
o ksztalcie sferycznym, s3 one obecnie coraz czg$ciej wykorzystywane [49].

Do powierzchni biomateriatow kowalencyjnie lub niekowalencyjnie mozna przylaczy¢

13



mi¢dzy innymi fluorofory, leki, przeciwciata, kwasy nukleinowe, biatka, wodoroweglany
czy substancje organiczne takie jak poli(tlenek etylenu), (PEG) lub zredukowany
glutation (GSH) [50, 51]. Funkcjonalizacja MPs i NPs za pomoca GSHa lub PEGu
znacznie zwigksza ich biokompatybilno$¢. Ponadto, PEG poprawia rozpuszczalno$é
w wodzie i zapobiega oplaszczaniu przez biatka, co wydluza czas poéltrwania
w krwioobiegu [30]. Natomiast GSH ma silne wlasciwosci antyoksydacyjne,
co zmniejsza cytotoksyczno$¢ wynikajaca z indukcji stresu oksydacyjnego przez MPs
i NPs [30, 52]. Sugeruje si¢, ze przytaczenie chemioterapeutykow do nanoczastek
pozwala  na  stworzenie  biomaterialow o lepszych  wlasciwosciach
przeciwnowotworowych niz same leki (lepsza zdolno$¢ penetrowania guza
nowotworowego, przelamywanie mechanizméw lekoopornosci) [53—-55]. Podobnie
polaczenie nanoczastek z antybiotykami pozwala na osiggniecie synergistycznego efektu

przeciwdrobnoustrojowego [56, 57].

KSZTALT ROZMIAR

CZAS INKUBACII STEZENIE

FUNKCJONALIZACIA

wodoroweglany [T ﬁ

*

Rycina 4. Podsumowanie wybranych czynnikow wplywajgcych

na wiasciwosci biologiczne mikroczgstek i nanoczgstek
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Mimo niezaprzeczalnego rozwoju medycyny jaki dokonal si¢ w ostatnich
dekadach, wciaz nie znaleziono efektywnego sposobu leczenia wielu chordb. Dzigki
swoim unikalnym witasciwosciom, MPs i NPs moga znalez¢ zastosowanie kliniczne.
Ponadto, zastosowanie farmaceutykow w skali mikro i nano pozwala na zmniejszenie
dawek leku, co przektada si¢ na obnizenie kosztow terapii jak i jej skutkow ubocznych
[58, 59]. Choroby nowotworowe i zakazenia, ktére zwigzane s3 z postgpem
cywilizacyjnym i wydtuzaniem si¢ $redniej dtugosci zycia czltowieka, sa3 ogromnym
wyzwaniem wspoétczesnej medycyny. W ramach badan wchodzacych w sktad mojej
rozprawy doktorskiej, podjatem probe odpowiedzi na pytanie jak funkcjonalizacja
mikroczastek 1 nanoczastek wpltywa na ich wlasciwosci przeciwbakteryjne
i cytotoksyczne wzgledem komodrek nowotworowych. W Polsce i innych krajach
rozwini¢tych nowotwory stanowig druga, po chorobach uktadu sercowo-naczyniowego,
przyczyne zgondéw [60]. Badania prowadzitem z uzyciem modeli komérkowych trzech
nowotworow: raka piersi, raka trzustki oraz kostniakomigsaka. Choroby te sa waznymi
problem zaréwno z epidemiologicznego, jak i ekonomicznego punktu widzenia.
Nowotwor piersi jest najczestsza chorobg nowotworowa kobiet [60]. Nowotwor trzustki
charakteryzuje si¢ niskim odsetkiem 5-cio letnich przezycia (ok 6%), a jego leczenie jest
kosztowne (>65 tys. USD/pacjenta) [61, 62]. Natomiast kostniakomigsak to trzeci
najczestszy nowotwor populacji pediatrycznej, jednakze moze on wystapi¢ w kazdym
wieku [63]. Leczenie chemiczne tych nowotworéw rzadko pozwala na catkowite
wyleczenie, za$ leczenie chirurgiczne jest okaleczajace. Ponadto kazda z tych metod
obarczona jest powiklaniami, ktore znaczaco obnizajg jako$¢ Zycia pacjenta.

Infekcje stanowig czesty problem medyczny, szacuje si¢ ze 3-5% pacjentéw
poddanych operacjom ortopedycznym i nawet 40% pacjentdw z wszczepionymi
sztucznymi materiatami do uktadu krazenia boryka si¢ z zakazeniami zwigzanymi
z implantami, a tylko w USA roczne koszty leczenia powiklan zwigzanych
z implantacjami szacuje si¢ na 3,3 miliarda USD [64, 65].

Dotychczasowe dane literaturowe nie pozwalaja w sposob jednoznaczny okresli¢
wptywu modyfikacji mikroczastek i nanoczastek na ich wlasciwosci biologiczne.
W zwiazku z tym, konieczne sg szczegdlowe badania na temat wplywu wiasciwosci
fizykochemicznych MPs i NPs na ich aktywno$¢ wzgledem komorek prokariotycznych
i eukariotycznych (zarowno nowotworowych, jak 1 nietransformowanych

Nnowotworowo).
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III. CELE PRACY

Cel gléwny:

Ocena wplywu modyfikacji (ksztattu, rozmiaru, funkcjonalizacji)
nanoczastek 1 mikroczastek na ich wlasciwosci biologiczne: cytotoksycznos$¢,
wiasciwosci przeciwdrobnoustrojowe oraz potencjalng aktywno$¢ przeciwnowotworowg

w badaniach in vitro.

Cele szczegodlowe:

1) Ocena wplywu ksztaltu nanoczastek zlota na ich selektywna aktywnos$é
cytotoksyczng wzgledem komodrek nowotworowych w poréwnaniu
z komorkami nietransformowanymi nowotworowo.

2) Ocena potencjalnych wlasciwosci przeciwnowotworowych sferycznych
nanoczastek zlota sprz¢zonych z glutationem 1 funkcjonalizowanych
chemioterapeutykami (doksorubicyna, gemcytabing, cytarabing).

3) Ocena wptywu ksztaltu mikroczastek fosforanu (V) srebra na ich wtasciwosci
przeciwdrobnoustrojowe i cytotoksycznos¢.

4) Ocena cytotoksycznych efektéw oddziatywania nanoczastek i mikroczastek

z nietransformowanymi nowotworowo i nowotworowymi komorkami kosci.

16



IV. MATERIALY I METODY

Mikroczgstki i nanoczgstki

Nanoczastki ztota w ksztalcie gwiazd, pretow 1 sfer zostaly zsyntezowane przez
zespot chemikéw z Uniwersytetu Gdanskiego pod kierunkiem prof. dr hab. Adriany
Zaleskiej-Medynskie;j.

Mikroczastki fosforanu (V) srebra w ksztalcie: tetrapodalnym, sferycznym,
czworo$ciennym, szeSciennym, rozgalezionym oraz dwunastosciennym zostaly
zsyntezowane przez zespol chemikow z Uniwersytetu Gdanskiego pod kierunkiem
prof. dr hab. Adriany Zaleskiej-Medynskiej.

Nanoczastki ztota stabilizowane glutationem i sprz¢zone z chemioterapeutykami
(doksorubicyng, gemcytabing lub cytarabing) zostaly zsyntezowane przez zespot

chemikoéw z Uniwersytetu Warszawskiego pod kierunkiem dr. Michata W¢jcika.

Hodowle komdrkowe

W badaniach wykorzystano linie komorkowe: ludzkich ptodowych osteoblastow
(hFOB1.19), mysich preosteoblastow (MC3T3-El), trzy linie komoérkowe
kostniakomigsaka (143B, MG63, Saos-2), fibroblastow skory (HDF), mysich mioblastow
(C2C12), ludzkiego raka epitelioidalnego komorek trzustkowych (PANC-1), komoérek
przewodu trzustkowego (hTERT-HPNE), gruczolakoraka piersi (MCF7) oraz komorek
nabtonkowych gruczotu piersiowego (MCF10A). Linie komoérkowe hFOBI1.19,
MC3T3-El, 143B, MG63, Saos-2, HDF, PANC-1, hTERT-HPNE, MCF7,
oraz MCF10A pochodzity z American Type Culture Collection (ATCC), a linia C2C12
z European Collection of Authenticated Cell Cultures (ECACC). Hodowla komoérkowa

byta prowadzona w standardowych warunkach [66—-68].

Ocena cytotoksycznego dzialania mikroczgstek i nanoczgstek

Do oceny cytotoksycznego wplywu mikroczastek i nanoczastek na linie
komoérkowe wykorzystano testy kolorymetryczne oparte na: (1) pomiarze aktywnos$ci
metabolicznej komorek (MTT), (2) iloSciowym pomiarze syntezy DNA w komorce
(BrdU) oraz (3) ocenie zdolnosci gromadzenia czerwieni obojetnej w lizosomach

komorki 1 integralnosci bton komoérkowych (NR) [69-71].
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Ocena internalizacji mikroczgstek i nanoczgstek oraz indukowania zmian
na poziomie ultrastruktury komorki

Zdolno$¢ przenikania przez bton¢ komorkowa, lokalizacj¢ na poziomie
komérkowym oraz indukowanie zmian na poziomie ultrastrukturalnym przez
mikroczastki 1 nanoczastki okreslono za pomoca Transmisyjnej Mikroskopii
Elektronowej (TEM). Morfologia komoérek byta réwniez oceniana za pomocag

mikroskopii kontrastowo-fazowe;.

Ocena poziomu wewngtrzkomorkowych reaktywnych form tlenu
Poziom wewnatrzkomorkowych reaktywnych form tlenu (ROS) oceniono
przy uzyciu cytometrii przeptywowej z dwuoctananem 2,7 — dichlorofluoresceiny

(DCF-DA) i analizowano przy uzyciu programu CellQuest Pro.

Analiza cyklu komoérkowego
Wplyw mikroczastek fosforanu (V) srebra na regulacje cyklu komoérkowego
oceniono za pomocg cytometrii przeptywowej z barwieniem jodkiem propidyny (PI)

1 analizowano przy uzyciu programu CellQuest Pro.

Oznaczenie catkowitego poziomu bialka
Oznaczenie catkowitej zwartosci biatka w probkach zostalo wykonane metoda

Bradforda [72].

Oznaczenie poziomu wybranych biatek

Metoda Western-blot okreslono poziomy biatek markeréw: apoptozy
(Bax, Bcl-2) i stanu zapalnego (MMP1, MMP3, NF-kB), systemu antyoksydacyjnego
komorki (SODI1, SOD2, SOD3, GPX4) oraz bialek zwigzanych z tworzeniem
cytoszkieletu (p16-ARC).

Analiza statystyczna

Analiza statystyczna zostala przeprowadzona przy uzyciu jednoczynnikowej analizy
wariancji (one-way ANOVA) i testu post-hoc Tukey’a. Warto$§¢ 1Cso wyznaczono
za pomocg analizy nieliniowej regresji log(inhibitor) vs znormalizowana odpowiedz.
Analize  statystyczng  przeprowadzono w  programie = GraphPad  Prism

(przedziat utnosci = 95%, a=0,05).
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V. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKLAD
ROZPRAWY DOKTORSKIEJ

W sktad mojej pracy doktorskiej wchodza cztery prace (trzy oryginalne i jedna
pogladowa) opublikowane w miedzynarodowych czasopismach indeksowanych
na Liscie Filadelfijskiej. Artykuly skupiaja si¢ na tematyce wpltywu modyfikacji
na wilasciwosci cytotoksyczne 1 przeciwbakteryjne nanoczastek i1 mikroczastek,

ze szczegbdlnym uwzglednieniem komorek kosci.

Publikacja 1.
Steckiewicz KP, Inkielewicz-Stepniak I.: Modified nanoparticles as potential agents in

bone diseases: cancer and implant-related complications; Nanomaterials. 2020; 10:658

Problemy choréb  koséca  dotycza znacznego odsetka  populacji,
a wraz ze wzrastajaca Srednia dhugoscia zycia, liczba 0so6b dotknigtych tymi schorzeniami
bedzie rosngé. W pracy dokonaliSmy przegladu literatury na temat potencjalnej roli
nanoczastek w profilaktyce i leczeniu wybranych probleméw wspodtczesnej ortopedii:
nowotworow oraz powiklan zwigzanych z alloplastykami stawow. Szczegdélny nacisk
potozylismy na wptyw modyfikacji nanobiomateriatéw na ich korzystne wtasciwosci
i cytotoksyczno§¢. UwzgledniliSmy réwniez wplyw NPs na nietransformowane
nowotworowo komorki kosci, w celu okreslenia ich bezpieczenstwa w zastosowaniu
klinicznym.

Publikacje rozpoczelismy od krotkiego wprowadzenia do tematyki, ktora zajmuje
si¢ nanotechnologia, zdefiniowali$my czym s3a nanoczastki, a takze porownalismy
ich rozmiar do innych obiektow. Nastgpnie przyblizyliSmy histori¢ nanotechnologii
oraz jej wspotczesne zastosowania.

W gtownej czgséci pracy omowilismy tematyke nowotwordéw kosci i1 potencjalng
role NPs w ich leczeniu. Nanoczastki moga by¢ bezposrednio cytotoksyczne wzgledem
linii komorkowych kostniakomigsaka, wykazano réwniez ich skuteczno$¢ w leczeniu
tej choroby w warunkach in vivo. Zaréwno nieorganiczne jak i organiczne NPs wykazuja
aktywno$¢ przeciwnowotworowa, ktora zalezy od rodzaju NPs, ich ksztattu, steZenia,
a takze pH S$rodowiska. NPs moga wykazywac rowniez aktywno$¢ cytotoksyczng

wzgledem innych nowotwordéw kosci jakimi sg chrzestniakomigsak, widkniakomigsak,
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czy migsak Ewinga. Warto podkresli¢, ze nowotworowe linie komérkowe sg zazwyczaj
bardziej wrazliwe na NPs niz linie nietransformowane nowotworowo. Poza bezposrednig
cytotoksycznoscia wzgledem komodrek nowotworowych, nanoczastki moga by¢
wykorzystane jako no$niki lekow, co jest szczegélnie istotne, gdy wiasciwosci
fizykochemiczne chemioterapeutykéw (np. rozpuszczalno$¢ w wodzie) utrudniaja
ich wykorzystanie praktyczne. Zdolnos¢ NPs do akumulacji w mikro$rodowisku guza
pozwala zmniejszy¢ toksycznos$¢ i zwigkszy¢ efektywnos¢ leczenia. Nanoczastki moga
by¢ sprzegane z ,klasycznymi” chemioterapeutykami (doksorubicyna, etopozyd,
cytarabina, gemcytabina i inne), substancjami obecnie nieuzywanymi w leczeniu
(kurkumina) jak i z kwasami nukleinowymi. Ponadto magnetyczne nanoczastki, dzigki
swoim unikatowym wlasciwosciom, moga by¢ wykorzystane w termoterapii
kostniakomigsaka. Warto podkresli¢, ze skuteczno$¢ NPs zostala wykazana zarowno
w badaniach in vitro jak i in vivo.

W drugiej czgsci publikacji podjelismy tematyke problemoéow, jakie stwarza
wprowadzenie implantu do wukladu szkieletowego, czyli zakazen 1 niskiej
biokompatybilno$ci. Omowilismy fizjologiczne podstawy, ktore powoduja pojawienie
si¢ tych problemdéw, a nast¢pnie opisaliSmy jakie nanoczastki moglyby im potencjalnie
zapobiegaé. Szereg nanoczastek zwigksza biokompatybilnos$¢ implantow. Naleza do nich
migdzy innymi nanoczastki srebra (AgNPs), tytanu, tlenku cynku czy hydroksyapatytu
(HA-NPs). NPs moga by¢ rowniez wykorzystane w medycynie regeneracyjnej
do roéznicowania komoérek kosci z komodrek macierzystych. Wiasciwosci te posiadaja
migdzy innymi HA-NPs, AgNPs czy AuNPs. Ponadto NPs moga wykazywad
wlasciwosci przeciwbakteryjne, przeciwgrzybicze, przeciwwirusowe
orazprzeciwpasozytnicze. Najlepiej przebadane sg pod tym wzgledem AgNPs, ale takie
wlasciwosci posiadaja migdzy innymi AuNPs, NPs miedzi, NPs tlenkow metali,
NPs organiczne. Wlasciwosci przeciwdrobnoustrojowe NPs zaleza od ich rodzaju,
rozmiaru, ksztaltu oraz funkcjonalizacji.

Publikacje zakonczyliSmy podsumowaniem danych na temat bezpieczenstwa
klinicznego zastosowania nanoczastek. OmowiliSmy ich cytotoksycznos¢ wzgledem
nietransformowanych nowotworowo linii komoérkowych kosSci, a takze zestawiliSmy
te informacje z toksycznos$cig obecnie uzywanych lekow. Opisali§my réwniez zdobycze
nanotechnologii, ktore sg obecnie dopuszczone do stosowania w medycynie.

Podsumowujac, praca stanowi wstgp do dalszych rozwazan na temat wplywu

modyfikacji biomateriatbw na ich wlasciwosci biologiczne, ze szczegdlnym
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uwzglednieniem komoérek kosci. Wykazalismy, ze NPs wykazuja wiele korzystnych
wiasciwosci, ktore moga by¢ wykorzystane w chorobach kosci. Ponadto opisaliSmy
szereg czynnikow modyfikujacych wlasciwosci farmakologiczne i toksykologiczne NPs
(rodzaj NPs, ksztalt NPs, stezenie, czas inkubacji, pH $rodowiska, funkcjonalizacja,
rodzaj substancji stabilizujacych 1 inne). Zgodnie z nasza najlepsza wiedza,

jest to pierwsza publikacja, ktora w tak szczegdélowy sposob omawia niniejszg tematyke.

Publikacja 2.

Steckiewicz KP, Barcinska E, Malankowska A, Zauszkiewicz-Pawlak A, Nowaczyk G,
Zaleska-Medynska A, Inkielewicz-Stepniak I.: Impact of gold nanoparticles shape
on their cytotoxicity against human osteoblast and osteosarcoma in in vitro model:

evaluation of the safety of use and anti-cancer potential; ] Mater Sci Mater Med.

2019;30(2):22

Mimo dynamicznego rozwoju medycyny, leczenie onkologiczne jest wcigz
obarczone powaznymi powiktaniami i duzym odsetkiem niepowodzen terapeutycznych.
Dlatego zdecydowaliSmy si¢ zaja¢ problematyka wplywu modyfikacji NPs
na ich potencjalne wtasciwos$ci przeciwnowotworowe.

W pracy postanowiliSmy oceni¢ wplyw ksztaltu nanoczastek zlota
na ich aktywno$¢ cytotoksyczng wzgledem komorek kostniakomigsaka. ZbadaliSmy
réwniez wplyw AuNPs w réznych ksztaltach na nietransformowane nowotworowo linie
komérkowe kosci.

W publikacji scharakteryzowano 1 wykorzystano trzy ksztalty nanoczastek ztota:
gwiazdy (170 - 260 nm.), prety (dlugos¢ ok. 45 nm., szeroko§¢ 16 nm.) oraz sfery
(Srednica 6 - 22 nm.). Badania biologiczne przeprowadziliémy na liniach komoérkowych
kostniakomigsaka (143B 1 MG63) oraz nietransformowanej nowotworowo linii
komorkowej ludzkich ptodowych osteoblastow (hFOBI1.19). ZdecydowaliSmy
si¢ na wykorzystanie w eksperymentach dwoch nowotworowych linii komérkowych,
ze wzgledu na roznice w ich charakterystyce molekularnej. Linia komorkowa 143B
szybciej dokonuje podziatow komorkowych oraz ma wigksza zdolno$¢ do migracji
niz linia komorkowa MG63. Ponadto, komorki linii 143B majg wigksza zdolno$¢
do generowania przerzutow odleglych. Podsumowujac, charakterystyka komorek linii

143B wskazuje, ze fenotypowo sg one bardziej agresywne.
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Po 24 - godzinnej inkubacji komoérek z AuNPs, przy uzyciu testow MTT i NR,
wykazaliSmy zalezng od ksztattu, stezenia i rodzaju linii komérkowej cytotoksycznosé
AuNPs. AuNPs w ksztalcie gwiazd byly najbardziej cytotoksyczne, a sferyczne
wywieraly najmniejszy efekt na Zywotno$§¢ komorek. Ponadto linie komodrkowe
wykazaly r6ézng wrazliwo$§¢ na badane AuNPs. Linia komodrkowa hFOBI1.19
byta najbardziej oporna na dziatanie cytotoksyczne AuNPs, a linia komérkowa 143B
najmniej. DowiedliSmy, ze obie linie nowotworowe byly bardziej wrazliwe
na nanoczastki w poréwnaniu z liniag nietransformowang nowotworowo.
Warto podkresli¢, ze komorki ,,bardziej agresywnej” linii 143B byly rowniez bardziej
wrazliwe na NPs. Ponadto metoda Western-blot wykazaliSmy, ze AuNPs w ksztalcie
gwiazd 1 pretow powoduja zwigkszong produkcje proapoptotycznego biatka Bax i spadek
poziomu antyapoptotycznego biatka Bcl-2 w komoérkach. Analiza zdjg¢ TEM wykazata,
ze AuNPs gwiazdy (w st¢zeniu 10 pg/mL) ulegaja internalizacji 1 lokalizuja
si¢ w cytoplazmie i jadrze komorkowym, a takze powoduja zwigkszong wakuolizacje
komorki. Ponadto nanoczastki te w wyzszych stezeniach (50 pg/mL) powoduja
degradacje komorki i1 przerwanie ciggtosci blony komoérkowej. Natomiast AuNPs prety
(w stezeniu 10 pg/mL) ulegaja internalizacji i lokalizujg si¢ w endosomach, a w wysokich
stezeniach (50 pg/mL) powoduja degradacje komorki.

Podsumowujac, wykazaliSmy, ze efekty biologiczne AuNPs zaleza
od ich ksztaltu. Efekt dziatania nanoczastek zalezy réwniez od stezenia i rodzaju linii
komoérkowych  przy  wyraznej roznicy miedzy liniami  nowotworowymi
1 nietransformowanymi nowotworowo. AuNPs obnizaja zywotno$¢ komodrek i moga
powodowac ich apoptozg. AuNPs, w ksztalcie gwiazd maja najwigksza aktywno$¢
przeciwnowotworowa, a sferyczne AuNPs wykazuja najlepszy profil bezpieczenstwa
w badaniach in vitro. Jako pierwszy zespot na $wiecie okresliliSmy wplyw nanoczastek

ztota w roznych ksztattach na ludzkie ptodowe osteoblasty i komorki kostniakomigsaka.

Publikacja 3.
Steckiewicz KP, Barcinska E, Sobczak K, Tomczyk E, Wojcik M, Inkielewicz-Stgpniak
L.: Assessment of anti-tumor potential and safety of application of glutathione stabilized

gold nanoparticles conjugated with chemotherapeutics; Int J Med Sci. 2020;17(6)
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Na podstawie badan wstepnych oraz wnioskow ptynacych z omowionej wyzej
publikacji [68] na temat roli ksztaltow AuNPs na ich aktywno$¢ przeciwnowotworowa
in vitro 1 profil bezpieczenstwa, do dalszych badan wybraliSémy sferyczne nanoczastki
ztota. Podj¢lismy probe oceny mozliwosci wykorzystania AuNPs jako no$nikéw lekow.
Potacznie leku z nanoczastka miato na celu poprawe skuteczno$¢ terapii, tagodzenie
dziatah niepozadanych i tym samym obnizenie kosztow leczenia. Dodatkowo
zdecydowali§my si¢ ustabilizowa¢ nanoczastki za pomoca GSH, co miato zapewnié
stabilniejsze polacznie nanoczastka - lek jak 1 wplyng¢ na poprawe profilu
bezpieczenstwa, poprzez zmniejszenie cytotoksycznosci wzgledem komorek
nietransformowanych nowotworowo.

W pracy oceniliSmy potencjat sferycznych AuNPs stabilizowanych GSH jako
platform dostarczania chemioterapeutykdéw. OkresliliSmy wptyw badanych nanoczastek
na nowotworowe 1 nietransformowane nowotworowo linie komorkowe.

W publikacji scharakteryzowano cztery rodzaje sferycznych AuNPs. Sferyczne
AuNPs stabilizowane GSH (AuNPs-GSH), sferyczne AuNPs stabilizowane GSH
1 sprzgzone odpowiednio z doksorubicyng (AuNPs-GSH-DOX) cytarabing
(AuNPs-GSH-CTA) oraz z gemcytabing (AuNPs-GSH-GEM). Bylismy pierwszym
zespotem, na $wiecie ktory zsyntetyzowal i zbadal wiasciwosci biologiczne
AuNPs-GSH-CTA. Badania biologiczne prowadziliSmy na modelach komoérkowych:
kostniakomigsaka (143B), nowotworu trzustki (PANC1) i nowotworu piersi (MCF7)
oraz na liniach komorkowych bedacych nietransformowanymi nowotworowo
odpowiednikami tych tkanek (hFOB1.19, hTERT-HPNE, MCF10A). Poréwnali$my
réwniez skuteczno$¢ uzyskanych koniugatow nanoczastek i chemioterapeutykow
do samych lekow. ZdecydowaliSmy si¢ uzy¢ az sze$ciu linii komérkowych o rdznej
charakterystyce molekularnej, co dostarczylo nam informacji na temat wpltywu
NPs na r6zne rodzaje komorek i zwigkszyto wiarygodno$¢ uzyskanych wynikow.

Po 24-godzinnej inkubacji koniugatow NPs 1 lekéw wykazalismy,
ze ich wiasciwosci biologiczne zaleza od: rodzaju chemioterapeutyku, st¢zenia,
oraz typu linii komoérkowej. NPs sprzgzone z lekami byty bardziej cytotoksyczne
od AuNPs-GSH, a nowotworowe linie komoérkowe byty bardziej wrazliwe na dziatanie
NPs w poréwnaniu z liniami nietransformowanymi nowotworowo. Wykazalismy,
ze w wybranych warunkach NPs moga by¢ selektywnie cytotoksyczne jedynie wobec

komorek nowotworowych, a takze by¢ skuteczniejsze od samych chemioterapeutykow.
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Uzyskane wyniki sugeruja, ze potacznie NPs - lek moze zmniejszy¢ toksyczno$¢
leczenia, koszty i jednocze$nie poprawi¢ skuteczno$¢ terapii.

Podsumowujac wykazalismy, ze AuNPs moga by¢ wykorzystane jako skuteczne
nos$niki lekow przeciwnowotworowych. Ich wiasciwosci zaleza od modyfikacji:

stabilizacji za pomocg GSH, obecno$¢ i rodzaju przytaczanego chemioterapeutyku.

Publikacja 4.

Steckiewicz KP, Zwara J, Jaskiewicz M, Kowalski S, Kamysz W, Zaleska-Medynska A,
Inkielewicz-Stepniak 1.:  Shape-depended  biological properties of Ag3PO4
microparticles evaluation of antimicrobial properties and cytotoxicity in in vitro model -

safety assessment of potential clinical usage; Oxid Med Cell Longev. 2019;
2019:6740325.

Na podstawie naszych wczesniejszych doswiadczen, podjeliSmy probe
odpowiedzi na pytanie, czy MPs wykorzystane do opracowania nowoczesnych
biomateriatbw moga pomoc w rozwigzaniu jednego z wazniejszych problemow
nowoczesnej ortopedii — powiktan infekcyjnych zwigzanych z alloplastykami stawow.
Ponownie postawilismy pytanie, jak modyfikacja MPs (ksztalt) wplynie
na ich wlasciwosci biologiczne. W badaniach wykorzystalismy MPs fosforanu (V)
srebra; ich budowa miata zwickszy¢ biokompatybilno$¢ (dzigki obecnosci fosforu,
ktéry jest waznym elementem budulcowym kosci) oraz zapewni¢ wlasciwosci
przeciwdrobnoustrojowe (dzigki obecnosci srebra, o udowodnionym dziataniu
przeciwbakteryjnym). ZdecydowaliSmy si¢ zaprojektowaé¢ MPs, gdyz dzigki swoim
nieco wigkszym rozmiarom powinny by¢ mniej cytotoksyczne. Wigkszy rozmiar miat
réwniez ograniczy¢ ich przenikanie do krwiobiegu i powodowanie odlegtej narzadowej
toksycznos$ci przy wprowadzaniu do organizmu zZywego.

W pracy ocenili§my wplyw ksztattu MPs fosforanu (V) srebra na ich wtasciwosci
przeciwdrobnoustrojowe oraz cytotoksyczno$¢ wzgledem komoérek  ssakow,
ze szczegdlnym uwzglednieniem komorek kosci. ZaproponowaliSmy réwniez
mechanizmy cytotoksycznosci MPs fosforanu (V) srebra.

W publikacji opisano metodyke syntezy i scharakteryzowano pod wzgledem
fizykochemicznym sze$¢ ksztaltéw MPs fosforanu (V) srebra (SOMPs): sferyczne
(s-SOMPs), szescienne (c-SOMPs), czworosciennie (th-SOMPs); dwunastoscienne

(rd-SOMPs), rozgalezione (b-SOMPs) oraz tetrapodalne (t-SOPMs).
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Badania mikrobiologiczne wykonano na szczepach Staphylococcus —aureus,
Staphylococcus aureus (MRSA), Candida albicans oraz Aspergillus niger. Do oceny
cytotoksycznos¢ SOMPs wykorzystano linie komoérkowe kosci (hWFOB1.19, MC3T3-El,
Saos-2), migsni (C2C12) oraz skory (HDF).

Wykazalis§my, ze wlasciwosci przeciwdrobnoustrojowe SOMPs zaleza
od ich ksztaltu oraz rodzaju patogenu. Szczepy grzybicze byly bardziej wrazliwe
na SOMPs niz bakteryjne. c-SOMPs oraz s-SOMPs wykazywaty najwigksza aktywno$¢
przeciwdrobnoustrojowa. Co wazne, SOMPs byly skuteczne zaréwno wzgledem
planktonicznych form drobnoustrojow jaki i wzglgdem biofilmu, jednakze wartosci MIC
byt mniejsze od MBEC.

Cytotoksyczno$¢ SOMPs (mierzona testami MTT 1 BrdU) zalezata
od ich stezenia, ksztattu i rodzaju badanej linii komérkowe;j. c-SOMPs byly najbardziej,
a t-SOMPs - najmniej cytotoksyczne. Linia komorkowa hFOB1.19 byta najbardziej,
a linia C2CI12 - najmniej oporna na dziatanie SOMPs. Warto podkresli¢, ze SOMPs
wykazuja aktywnos¢ przeciwdrobnoustrojowg w stezeniach nietoksycznych dla komorek
ssakow. Na podstawie wstepnych wynikow badan do dalszych eksperymentéw
wytypowalismy c-SOMPs, s-SOMPs, oraz b-SOMPs. Wykazalismy, ze SOMPs moga
indukowa¢ wewnatrzkomérkowa produkcje ROS, a takze wplywaé na poziom biatek
systemu antyoksydacyjnego (SODI1, SOD2, SOD3, GPX4), zwigzanych ze stanem
zapalnym (MMP1, MMP3, NF-kB) oraz zwigzanych z cytoszkieletem (pl16-ARC).
Jedynie c-SOMPs miaty wptyw na regulacj¢ cyklu komorkowego zmniejszajac liczbe
komoérek w fazie GO/Gl. Pomimo wplywu na poziom biatka zwigzanego
z cytoszkieletem, analiza zdj¢¢ TEM nie wykazata zmian w ultrastrukturze komorki.
SOMPs nie ulegaty réwniez internalizacji.

Podsumowujac, wtasciwosci przeciwdrobnoustrojowe i cytotoksyczno$s¢ SOMPs
zaleza od ich ksztattu. Wykazalismy, Ze cytotoksyczno$¢ SOMPs wynika z indukcji
stresu oksydacyjnego i1 stanu zapalnego. Nasze badania dowodza, ze s-SOMPs maja
najkorzystniejsze ~ wlasciwosci  przeciwdrobnoustrojowe 1 najlepszy  profil
bezpieczenstwa w warunkach in vitro. ByliSmy pierwszym zespolem na S$wiecie,

ktéry zbadal wptyw SOMPs na komorki ssakow.
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V. PODSUMOWANIE

Dzigki ogromnemu postepowi jaki dokonal si¢ w nauce, zdobycze nanotechnologii
moga znalez¢ zastosowanie w wielu dziedzinach medycyny miedzy innymi w onkologii
1 ortopedii. Mikroczastki i nanoczastki, z uwagi na korzystne spektrum aktywnosci
biologicznej, s3 wykorzystywane w profilaktyce, diagnostyce i terapii chorob cztowieka.
Niestety, jak kazde inne substancje terapeutyczne i biomaterialy, moga wykazywac
dzialania niepozadane. Pomimo unikalnych wlasciwosci, ze wzgledu na potwierdzong
cytotoksycznos¢ w eksperymentach in vitro 1 in vivo, zastosowanie kliniczne
mikroczastek i nanoczastek pozostaje nadal ograniczone.

Badania przeprowadzone w ramach mojej pracy doktorskiej wykazaty,
ze whasciwosci farmakologiczne oraz cytotoksyczno$¢ mikroczastek 1 nanoczastek
w warunkach in vitro zaleza od wielu czynnikdw: rodzaju, ksztaltu, st¢zenia, rozmiaru
oraz funkcjonalizacji. Dowiedli§my, ze aktywnos$¢ biologiczna jest nierozerwalnie
zwigzana z ich wilasciwoséciami fizykochemicznymi. Dlatego tak wazne jest dokladne
okreslenie mechanizmow cytotoksyczno$ci MPs i NPs, a takze zdefiniowanie czynnikoéw
determinujacych te wlasciwosci. W naszych badaniach skupili$my si¢ na ocenie wptywu
modyfikacji MPs i NPs na dziatanie przeciwdrobnoustrojowe i cytotoksyczne,
ze szczegblnym uwzglednieniem problematyki schorzen ortopedycznych, co w sposob
istotny uzupeknito istniejacg luk¢ w aktualnej wiedzy. W artykule przegladowym,
uwzgledniajac najnowsze osiagniecia naukowe, szczegblowo omowiliSmy znaczenie
nanoczastek w rozwigzywaniu problemow wspodlczesnej ortopedii. Natomiast
w badaniach eksperymentalnych jako pierwsi na §wiecie okresliliSmy wptyw ksztattu
nanoczastek ztota na ich cytotoksyczno$¢ wzgledem linii  komodrkowych
kostniakomigsaka, ocenili§my potencjat nanoczastek zlota stabilizowanych glutationem
jako nosnika cytarabiny oraz zbadali§my interakcj¢ mikroczastek fosforanu (V) srebra
z liniami komorkowymi w badaniach in vitro. Wykazali§my, ze dzigki unikalnym cechom
mikroczastki 1 nanoczastki moga by¢ potencjalnymi substancjami terapeutycznymi
lub tez stuzy¢ do opracowania biomateriatdéw. Uzyskane przez nas wyniki oraz zebrane
dane literaturowe moga okaza¢ si¢ pomocne w zaprojektowaniu mikroczastek
1 nanoczastek zmodyfikowanych w taki sposob, aby zmaksymalizowa¢ ich korzystne

dziatania biologiczne i jednocze$nie poprawi¢ profil bezpieczenstwa. Mamy nadzieje,
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ze zdobyta przez nas wiedza umozliwi praktyczne zastosowanie mikroczastek
1 nanoczastek metali w leczeniu schorzen ortopedycznych i onkologicznych cztowieka.

Wykorzystanie mikroczastek i nanoczastek w medycynie moze przyczyni¢
si¢ do rozwigzania kluczowych problemow, z ktérymi boryka si¢ ta dziedzina wiedzy.
Odpowiednia modyfikacja mikroczastek i nanoczastek moze wptyna¢ na poprawe
ich profilu bezpieczenstwa i maksymalizacj¢ korzystnych wtasciwosci biologicznych
(farmakologicznych). Duza nadzieje wiagze si¢ z wykorzystaniem mikroczastek
i nanoczastek w chorobach ko$ci: nowotworach 1 powiklaniach zwigzanych
z alloplastykami stawoéw. Dlatego, przyszte badania powinny skupi¢ sie¢

przede wszystkim na ich modyfikacji, w celu optymalnego wykorzystania w medycynie.
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I. LIST OF ABBREVIATIONS

143B

AgNPs

ATCC

AuNPs
AuNPs-GSH
AuNPs-GSH-CTA

AuNPs-GSH-DOX

AuNPs-GSH-GEM

b-SOMPs
Bax
Bcl-2
BrdU
c-SOMPs
C2C12
CTA
DCF-DA
DNA
DOX
ECDCC
GEM
GPX4
GSH
HA-NPs
HDF
hTERT-HPNE
ICso
IUPAC
MBEC

osteosarcoma cell line

silver nanoparticles

American Type Cell Culture

gold nanoparticles

gold nanoparticles stabilized with glutathione

gold nanoparticles stabilized with glutathione and conjugated
with cytarabine

gold nanoparticles stabilized with glutathione and conjugated
with doxorubicin

gold nanoparticles stabilized with glutathione and conjugated
with gemcitabine

branched silver orthophosphate microparticles

proapoptotic protein

antiapoptotic protein

5-bromo-2-deoxyuridine

cubic silver orthophosphate microparticles

murine myoblast cell line

cytarabine

2’,7’- dichlorodihydrofluorescein diacetate

deoxyribonucleic acid

doxorubicin

European Collection of Authenticated Cell Culture

gemcitabine

glutathione peroxidase 4

glutathione

hydroxyapatite nanoparticles

dermal fibroblast cell line

human immortalized pancreas ductal cell line

half maximal inhibitory concentration

International Union of Pure and Applied Chemistry

minimal biofilm eradication concentration
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MC3T3-El
MG-63
MIC
MMP1
MMP3
MPs
MRSA
MTT
NF-xB
NPs

NR
pl6-ARC
PANCI1
PEG

PI
rd-SOMPs
ROS
s-SOMPs
Saos-2
SOD1
SOD2
SOD3
SOMPs
t-SOMPs
TEM
th-SOMPs

mouse preosteoblast cell line

osteosarcoma cell line

minimal inhibitory concentration

metalloproteinase 1

metalloproteinase 3

microparticles

methicillin-resistant Staphylococcus aureus
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nuclear factor kappa-light-chain-enhancer of activated B cells
nanoparticles

neutral red

actin-related protein 2/3 complex subunit 5

pancreatic ductal adenocarcinoma cell line

poli (ethylene glycol)

propionium iodine

rhombic dodecahedral silver orthophosphate microparticles
reactive oxygen species

spherical silver orthophosphate microparticles
osteosarcoma cell line

cytoplasmatic superoxide dismutase [Cu-Zn]
mitochondrial superoxide dismutase [Mn]

extracellular superoxide dismutase [Cu-Zn]

silver orthophosphate microparticles

tetrapod silver orthophosphate microparticles

transmission electron microscope

tetrahedral silver orthophosphate microparticles
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II. INTRODUCTION

Modern biomaterials such as microparticles (MPs) and nanoparticles (NPs),
due to their unique properties, can be used in the prevention and treatment of human
diseases. Research on MPs and NPs is a novel but dynamically developing field
of science, as indicated by the growing number of scientific reports. By the end of 2019,
over 230,000 field-related articles have been indexed in by PubMed, with a significant
increase in their number in the last decade. There is also a significant rise in the number
of products with the addition of nanoparticles, which also increases the value
of this branch of the industry [1,2]. It should be emphasized that the properties of NPs
are much better known than the properties of MPs. However, the differentiation between
microparticles and nanoparticles is arbitrary and there is no consensus in scientific
terminology. In order to standardize the nomenclature, 1 used the guidelines
of the International Union of Pure and Applied Chemistry (IUPAC), according to which
microparticles are structures which size is in the range 107 - 10% m,
and that of nanoparticles is in the range of 10° - 107 m [3]. However, according
to the European Commission (Recommendation 2011/696/EU), nanomaterials are those
products in which 50% of the numerical particle size distribution has one
or more dimensions in the range 1 nm - 100 nm [4]. Nonetheless, there are some
exceptions to the above definition such as fullerenes, graphene plates and single-walled
carbon nanotubes with at least one dimension below 1 nm [4]. Thus, MPs and NPs
are larger than organic molecules (such as DNA and proteins) but smaller than viruses,
bacteria, and eukaryotic cells. The small size significantly changes their physicochemical
properties in  relation to  their equivalents in the macro scale.
Microparticles and nanoparticles possess favorable properties such as: high surface
to volume ratio, ability to penetrate cell membranes and biological barriers,
as well as high reactivity [5]. The multidirectional possibilities of NPs’ and MPs’
functionalization possibilities are also worth mentioning as they significantly amplify
their potential for biomedical applications [5]. MPs and NPs are used in biology,
chemistry, medicine, environmental protection, genetics, biotechnology and industry

[5-8] (Figure 1.).
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Figure 1. Practical application of microparticles and nanoparticles [9]
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In the research included in my doctoral dissertation, I used microparticles
and nanoparticles of noble metals and their compounds. Silver nanoparticles (AgNPs)
exhibit strong antimicrobial, anticancer, anti-aggregating and fibrinolytic properties
[9-11]. It is worth emphasizing that AgNPs also show antibacterial activity against
biofilm and multi-drug resistant bacterial strains [6,13]. These beneficial features allow
for a multidirectional application of nanoparticles, thus AgNPs constitute
30% of NPs produced for commercial purposes [14]. Gold nanoparticles (AuNPs)
also have anti-cancer properties and are used in immunotherapy, imaging diagnostics
and as biosensors [15-19]. Additionally, AuNPs are used in the diagnosis of diseases,
such as tuberculosis [20]. Moreover, AuNPs and AgNPs are widely used as drug delivery
platforms [21,22]. Microparticles such as silver phosphate, copper (II) oxide
or silver oxide, also exhibit antimicrobial and anticancer properties [23-26].
Both MPs and NPs show a number of favorable biological properties which translates

into the possibility of their biomedical use (Figure 2).
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Figure 2. Potential application of microparticles and nanoparticles in biomedical sciences
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Unfortunately, the clinical application of MPs and NPs is limited due to their
not fully explored toxicity and resulting unpredictable risks to human health.
Previous studies have shown that both AgNPs and AuNPs can be cytotoxic to human
osteoblasts, gingival fibroblast cells, neuronal progenitor cells and macrophages [27-31].
Induction of oxidative stress is one of the main mechanisms of the cytotoxicity
of metal NPs, however, pro-inflammatory effects or disturbances in the intracellular
calcium levels have also been described [28, 29, 32]. Exposure to NPs may therefore lead
to cell death through apoptosis, necroptosis, necrosis or autophagy [33-39].
The mechanisms of the cytotoxicity of MPs are not well understood. Hydroxyapatite
microparticles have been shown to be cytotoxic to human macrophages, while silica
microparticles to affect breast cancer cells [40,41]. One of the described mechanisms
of microparticle cytotoxicity is the induction of oxidative stress and the effect
on the regulation of the cell cycle [42,43]. A summary of selected mechanisms of MPs

and NPs cytotoxicity at the molecular and cellular level is presented in figure 3.
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Figure 3. Selected cytotoxicity mechanisms of microparticles and nanoparticles

at the cellular and molecular level

The beneficial properties and toxicity of MPs and NPs depend on multiple factors.
Functionalization of MPs and NPs aims at improving their safety profile without
compromising their properties. A number of variables modulate the properties
of MPs and NPs: type, size, shape, incubation time, concentration, pH of the environment
or surface properties. In addition, the biological properties of MPs and NPs depend
on the type of cells exposed to them. A summary of the factors influencing the properties
of MPs and NPs is presented in figure 4. Many authors indicate that the smaller MPs
and NPs are, the greater their cytotoxicity is [30,42,44]. However, there are studies
reporting higher cytotoxicity of MPs and NPs of larger sizes [45]. Similarly,
with increasing concentration and incubation time, an increase in cytotoxicity is observed
[46—48]. The shape also influences the cytotoxicity of NPs and MPs. Nowadays, the use
of MPs and NPs of spherical shape is becoming more prevalent, because it allows
for biologically active substances to be attached to their surface [49]. Fluorophores, drugs,
antibodies, nucleic acids, proteins, bicarbonates or organic substances such

as polyethylene oxide (PEG) or reduced glutathione (GSH) can be attached to the surface

34



of biomaterials either covalently or non-covalently [50,51]. Functionalization of MPs
and NPs with GSH or PEG significantly increases their biocompatibility. In addition,
PEG improves water solubility and prevents protein coating, increasing their bloodstream
half-life [30]. GSH has strong antioxidant properties, which reduces the oxidative stress
related cytotoxicity of MPs and NPs. [30,52]. It has been suggested
that the functionalization of NPs with chemotherapeutic agents will allow the creation
of biomaterials with better anti-cancer properties than the drugs themselves
(in terms of their ability to penetrate tumors and to overcome drug resistance
mechanisms) [53-55]. Similarly, the nanoparticles functionalization with antibiotics

allows for a synergistic antimicrobial effect [56,57].

INCUBATION TIME CONCENTRATION
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FUNCTIONALIZATION

antibodies
nucleic acids

\/

carbohydrates
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fluorophores

Figure 4. Summary of selected factors influencing biological properties

of microparticles and nanoparticles
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Despite the recent advances in medicine, there is still no effective way to treat
many diseases. Thanks to their unique properties, MPs and NPs have the potential
for clinical application. Moreover, the use of pharmaceuticals in the micro and nano scale
allows the reduction of drugs doses, which reduces the cost and toxicity of the treatment
[58, 59]. Due to the development of civilization and the increased life expectancy, cancers
and drug-resistant infections are a serious challenge in modern medicine.
As part of the research included in my doctoral dissertation, I explored the issue
of the functionalization of microparticles, and nanoparticles impact on their antibacterial
and cytotoxic properties towards cancer cells. In Poland and other developed countries,
cancer is the second cause of death, after cardiovascular diseases. [60] In my research
I used cellular models of three cancers: breast cancer, pancreatic cancer,
and osteosarcoma. These diseases are important from both an epidemiological
and economic point of view. Breast cancer is the most common female neoplasm [60].
Pancreatic cancer has a low 5-year survival rate (about 6%), and its treatment is expensive
(> $ 65,000 / patient) [61,62]. Osteosarcoma is the third most common pediatric cancer;
nonetheless, it can occur at any age [63]. Chemotherapy rarely allows for a radical
treatment of those cancers, and the surgical options are often mutilating. Moreover, each
of these methods has complications that significantly reduce the patient's quality of life.
Infections are a common medical problem; it is estimated that 3 to 5% of patients after
an orthopedic surgery and up to 40% of patients with artificial materials implanted into
the circulatory system suffer from implant-related infections. Only in the USA, the annual
cost of treating complications related to implantation is estimated at $ 3.3 billion [64,65].

The data from scientific research in this field is still insufficient to clearly determine
the influence of modification of microparticles and nanoparticles on their biological
properties. Therefore, detailed studies on the influence of the physicochemical properties
of MPs and NPs on their activity against prokaryotic and eukaryotic cells (both cancerous

and non-cancerous) are necessary.
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I11.

Main aim:

AIM OF THE STUDY

Assessment of the influence of modification (shape, size, functionalization)

of nanoparticles and microparticles on their biological properties: cytotoxicity,

antimicrobial properties, potential antitumor activity in in vitro model.

Specific aims:

1)

2)

3)

4)

Assessment of the influence of the shape of gold nanoparticles on their
selective cytotoxic activity towards neoplastic cells in comparison
to non-transformed cells.

Evaluation of the potential anticancer properties of spherical gold
nanoparticles  stabilized  with  glutathione  and  functionalized
with chemotherapeutics (doxorubicin, gemcitabine, cytarabine).

Assessment of the influence of the shape of silver phosphate (V)
microparticles on their antimicrobial properties and cytotoxicity.

Evaluation of the cytotoxic effects of interaction of nanoparticles

and microparticles with non-transformed and cancer bone cells.
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IV. MATERIALS AND METHODS

Microparticles and nanoparticles

Gold nanoparticles in the shape of stars, rods and spheres were synthesized
by a team of chemists from the University of Gdansk under the supervision
of prof. dr hab. Adriana Zaleska-Medynska.

Silver phosphate (V) microparticles in the following shapes: tetrapodal, spherical,
tetrahedral, cubic, branched and dodecahedron were synthesized by a team of chemists
from the University of Gdansk under the supervision of prof. dr hab. Adriana Zaleska-
Medynska.

Gold  nanoparticles  stabilized  with  glutathione and  conjugated
with chemotherapeutic agents (doxorubicin, gemcitabine and cytarabine) were
synthesized by a team of chemists from the University of Warsaw under the supervision

of dr Michal Wojcik.

Cell culture

The following cell lines were used in the studies: human fetal osteoblasts
(hFOB1.19), mouse preosteoblasts (MC3T3-El), three osteosarcoma cell lines
(143B, MG63, Saos-2), skin fibroblasts (HDF), murine myoblasts (C2C12),
human pancreatic ductal adenocarcinoma (PANC-1), pancreatic duct cells
(hTERT-HPNE), breast adenocarcinoma (MCF7), and breast epithelial cells (MCF10A).
hFOB1.19, MC3T3-El, 143B, MG63, Saos-2, HDF, PANC-1, hTERT-HPNE, MCF7,
and MCF10A cell lines were purchased form American Type Culture Collection (ATCC),
whereas C2C12 cell line originated form the European Collection of Authenticated Cell
Cultures (ECACC). Cell culture was performed under standard conditions [66—68].

Assessment of the cytotoxic effect of microparticles and nanoparticles

To assess the cytotoxic effect of microparticles and nanoparticles on cell lines,
colorimetric tests were used, based on: (1) measurement of the metabolic activity of cells
(MTT), (2) quantitative measurement of DNA synthesis in the cell (BrdU)
and (3) assessment of the ability to accumulate neutral red in lysosomes and cell

membrane integrity (NR) [69-71].
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Assessment of the internalization of microparticles and nanoparticles and induction
of changes in the cell ultrastructure

The ability to penetrate the cell membrane, localization in the cells and induction
of changes in the cellular ultrastructure by microparticles and nanoparticles were
determined by Transmission Electron Microscopy (TEM). Cell morphology was also

assessed by phase-contrast microscopy.

Assessment of intracellular reactive oxygen species levels
Intracellular reactive oxygen species (ROS) levels were assessed with
2,7-dichlorofluorescein diacetate (DCF-DA) staining and measured by flow cytometry.

Data were analyzed using the CellQuest Pro software.

Cell cycle analysis
The effect of silver phosphate microparticles on the regulation of the cell cycle
was assessed with propidium iodide (PI) staining by flow cytometry and analyzed using

the CellQuest Pro software.

Total protein level determination

Bradford method was used to determine total protein level in the samples [72].

Determination of selected proteins levels

The Western-blot method was used to determine the levels of selected proteins;
markers of apoptosis (Bax, Bcl-2) and inflammation (MMP1, MMP3, NF-kB), proteins
of the antioxidant system of the cell (SOD1, SOD2, SOD3, GPX4), and proteins
associated with the formation of the cytoskeleton (p16- ARC).

Statistical analysis

Statistical analysis was performed using one-way ANOVA and Tukey's post-hoc test.
The ICso value was determined by log(inhibitor) vs normalized response nonlinear
regression analysis. Statistical analysis was performed in GraphPad Prism

(confidence interval = 95%, o = 0.05).
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V. DESCRIPTION OF THE PUBLICATIONS INCLUDED
IN THE DOCTORAL THESIS

My doctoral thesis consists of four papers (three original and one review) published
in international journals indexed on the ISI Master List. The articles focus on the impact
of modification on the cytotoxic and antibacterial properties of nanoparticles

and microparticles, with particular emphasis on bone cells.

Publication 1
Steckiewicz KP, Inkielewicz-Stepniak I.: Modified nanoparticles as potential agents in

bone diseases: cancer and implant-related complications; Nanomaterials. 2020; 10:658

Skeletal system problems affect a significant percentage of the population,
and with increasing life expectancy, the number of people affected by these diseases will
only increase. In this work, we reviewed the literature on the potential role
of nanoparticles in the prevention and treatment of selected problems of modern
orthopedics: cancer and arthroplasty related complications. We put particular emphasis
on the influence of nanobiomaterials modification on their beneficial properties
and cytotoxicity. We also considered the impact of NPs on non-transformed bone cells
to determine their safety for potential clinical use.

The publication started with an introduction to the subject of nanotechnology,
we defined what nanoparticles are, and we compared their size to other objects.
Then we presented the history of nanotechnology and its modern applications.

In the main part of the work, we discussed bone cancers and the potential role
of NPs in their treatment. Nanoparticles may be directly cytotoxic to osteosarcoma cell
lines and have been shown to be effective in disease treatment in in vivo model.
Both inorganic and organic NPs exert antitumor activity, which depends
on the type of NPs, their shape, concentration, and the pH of the environment.
NPs can also show cytotoxic activity against other bone cancers such as chondrosarcoma,
fibrosarcoma or Ewing's sarcoma. It is worth noting that tumor cell lines are usually more
sensitive to NPs than non-transformed lines. Apart from the direct cytotoxicity
to neoplastic cells, nanoparticles can be used as drug carriers, which is particularly

important when the physicochemical properties of chemotherapeutic agents
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(e.g. water solubility) make their application in clinical practice difficult.
The ability of NPs to accumulate in the tumor microenvironment reduces toxicity
and increases the effectiveness of treatment. Nanoparticles can be conjugated
with "classic" chemotherapeutic agents (doxorubicin, etoposide, cytarabine, gemcitabine,
and others), substances currently not used in treatment (curcumin) and with nucleic acids.
Moreover, magnetic nanoparticles, owing to their unique properties, can be used
in the thermotherapy of osteosarcoma. It is worth noting that the effectiveness of NPs has
been demonstrated both in vitro and in vivo.

In the second part of the publication, we examined issues related to bone implants,
i.e. infections and low biocompatibility. We discussed the physiological basis of these
problems, and then described how nanoparticles could potentially prevent them.
A number of nanoparticles increase the biocompatibility of implants. These include silver
nanoparticles (AgNPs), titanium, zinc oxide and hydroxyapatite (HA-NPs). NPs can also
be used in regenerative medicine to differentiate bone cells from stem cells.
These properties are exhibited by i.a. HA-NPs, AgNPs and AuNPs. Moreover, NPs can
present  antibacterial,  antifungal, antiviral and antiparasitic = properties.
Properties of AgNPs are most widely documented, but AuNPs, copper NPs, metal oxide
NPs, organic NPs, and others also have such properties. The antimicrobial properties
of NPs depend on their type, size, shape, and functionalization.

We concluded the publication with a summary of the safety of potential clinical
application of nanoparticles. We discussed their cytotoxicity to non-transformed bone
cell lines, and we compared this information with the toxicity of currently used drugs.
We have also provided information on which nanoproducts are currently approved
for use in a clinical setting.

To sum up, the paper is an introduction to further studies on the influence
of modification of biomaterials on their biological properties, with particular emphasis
on bone cells. We have shown that NPs have a number of beneficial properties
that can be used in bone diseases. Moreover, we described numerous factors modifying
the pharmacological and toxicological properties of NPs (type of NPs, shape of NPs,
concentration, incubation time, environment pH, functionalization, type of stabilizing
agent, and others). To the best of our knowledge, this is the first publication that discusses

this subject in such a detailed way.
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Publication 2

Steckiewicz KP, Barcinska E, Malankowska A, Zauszkiewicz-Pawlak A, Nowaczyk G,
Zaleska-Medynska A, Inkielewicz-Stepniak I.: Impact of gold nanoparticles shape
on their cytotoxicity against human osteoblast and osteosarcoma in in vitro model:
evaluation of the safety of use and anti-cancer potential; ] Mater Sci Mater Med.

2019;30(2):22

Despite the recent advances in the medicine, oncological treatment is still
connected with serious complications and a high percentage of therapeutic failures.
Therefore, we decided to address the issue of the influence of NPs modification on their
potential anti-cancer properties.

In this work, we decided to assess the influence of the shape of gold nanoparticles
on their cytotoxicity towards osteosarcoma cells. We also investigated the effect
of AuNPs in various shapes on non-transformed bone cell lines.

Three shapes of gold nanoparticles: stars (170 - 260 nm), rods
(Iength approx. 45 nm, width 16 nm) and spheres (diameter 6 - 22 nm) were synthesized
and characterized. In biological studies, we used two osteosarcoma cell lines (143B
and MG63) and a non-transformed cell line - human fetal osteoblast cell line
(hFOB1.19). We decided to use two cancer cell lines due to the differences in their
molecular characteristics. The 143B cell line divides more quickly and migrates faster
than the MG63 cell line. Moreover, cells of the 143B cell line have a greater ability
to cause distant metastases. In all, the characteristics of the 143B cell line indicate
that the cell are phenotypically more aggressive.

We demonstrated the shape-, concentration- and type-dependent cytotoxicity
of AuNPs after incubation cells with AuNPs for 24 hours, using MTT and NR assays.
AuNPs stars were the most cytotoxic and the spherical ones had the smallest effect
on cell viability. Moreover, cell lines show different sensitivity to the tested AuNPs.
The hFOBI.19 cell line was the most resistant to the cytotoxic effect of AuNPs,
and the 143B cell line was the least resistant one. We found that both tumor cell lines
were more sensitive to nanoparticles than the non-transformed cells. It is worth noting
that the cells of the "more aggressive" cell line 143B were also more sensitive to NPs.
Moreover, we showed via the Western-blot method that the star and rod-shaped AuNPs
cause increased production of the pro-apoptotic protein Bax and a decrease in the level

of the anti-apoptotic protein Bcl-2 in the cells. The analysis of TEM images showed
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that the AuNPs stars (concentration of 10 pg/mL) were internalized and localized in both
the cytoplasm and cell nucleus, they also caused increased cell vacuolization. Moreover,
higher concentrations (50 pg/mL) of these nanoparticles caused cell degradation
and disruption of the cell membrane. On the other hand, AuNPs rods
(concentration of 10 pg/mL) were internalized and localized in endosomes, and high
concentrations (50 pg/mL) caused cell degradation.

To conclude, we reported that the biological effects of gold nanoparticles
are shape dependent. The effect of nanoparticles also depends on their concentration
and which type of cell lines is exposed to them, with a clear difference between neoplastic
and non-transformed cell lines. AuNPs reduced the viability of cells and could cause their
apoptosis. The AuNPs stars had the highest anti-tumor activity, and the AuNPs spheres
had the best safety profile in in vitro studies. We were the first to describe the effects
of gold nanoparticles in various shapes on human fetal osteoblasts and osteosarcoma

cells.

Publication 3
Steckiewicz KP, Barcinska E, Sobczak K, Tomczyk E, Wojcik M, Inkielewicz-Stgpniak
L.: Assessment of anti-tumor potential and safety of application of glutathione stabilized

gold nanoparticles conjugated with chemotherapeutics; Int J Med Sci. 2020;17(6)

Based on the preliminary research and above-mentioned publication [67]
on the role of AuNPs shapes on their in vitro anti-tumor activity and safety profile,
we chose spherical gold nanoparticles for further research. We have made an attempt
to evaluate the possibility of using AuNPs as drug carriers. Conjugating NPs with a drug
was supposed to increase the effectiveness of the therapy while reducing its adverse
effects and costs. In addition, we decided to stabilize nanoparticles with GSH, to ensure
a more stable nanoparticle-drug connection and improve their safety profile by reducing
cytotoxicity in non-cancerous cells.

In the study, we assessed the potential of GSH-stabilized spherical AuNPs
as delivery platforms for chemotherapeutic agents. We assessed the influence of tested
nanoparticles on neoplastic and non-transformed cell lines.

Four types of spherical AuNPs were characterized in the publication. AuNPs
stabilized with GSH (AuNPs-GSH), AuNPs stabilized with GSH and conjugated
with doxorubicin (AuNPs-GSH-DOX), cytarabine (AuNPs-GSH-CTA) and gemcitabine
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(AuNPs-GSH-GEM) respectively. We were the first to synthesize and study
the biological properties of AuNPs-GSH-CTA. We conducted biological studies
on cellular models of osteosarcoma (143B cell line), pancreatic cancer (PANCI cell line)
and breast cancer (MCF7 cell line), as well as on non-transformed cells (hFOB1.19,
hTERT-HPNE, MCF10A cell lines). We also compared the effectiveness of the obtained
conjugates of nanoparticles and chemotherapeutic agents to that of doxorubicin,
cytarabine, and gemcitabine alone. We decided to use as many as six cell lines
with different molecular characteristics, which provided us with information
on the influence of NPs on different types of cells and increased the reliability
of the obtained results.

The results after 24 hours of incubation of NPs conjugates with cells showed that
biological properties of NPs depend on the type of chemotherapeutic agent,
concentration, and the type of cell line. NPs conjugated with drugs were more cytotoxic
than AuNPs-GSH, and tumor cell lines were more sensitive to the NPs than
non-transformed cell lines. We showed that, in selected conditions,
NPs may be selectively cytotoxic to cancer cells, and be more -effective
than chemotherapeutic agents alone. This suggests that conjugating NPs with drugs can
reduce the toxicity of the treatment and its cost while improving its effectiveness.

To conclude, we showed that AuNPs can be used as effective carriers
of anti-cancer drugs. NPs properties depend on the modification: GSH stabilization,

the presence and the type of chemotherapeutic agent.

Publication 4

Steckiewicz KP, Zwara J, Jaskiewicz M, Kowalski S, Kamysz W, Zaleska-Medynska A,
Inkielewicz-Stepniak 1.:  Shape-depended  biological properties of Ag3POs
microparticles: evaluation of antimicrobial properties and cytotoxicity in in vitro model
- safety assessment of potential clinical usage; Oxid Med Cell Longev. 2019;
2019:6740325.

Based on our previous research, we attempted to answer the question of whether
MPs used to develop modern biomaterials can help solve one of the most important
problems of modern orthopedics — infections as a surgery-related complication after
arthroplasty. Again, we tried to determine whether the modification of MPs regarding

their shape would affect their biological properties. In the research, we used silver
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orthophosphate MPs in order to maximize their biocompatibility (the presence
of phosphorus, which is an important compound of bones) and provide antimicrobial
properties (the presence of silver). We decided to use the shape of MPs as a variable
because larger particles should be less cytotoxic, and more limited in their ability
to penetrate into the bloodstream and therefore express distant toxicity when introduced
into a living organism.

In the study, we assessed the influence of the shape of silver orthophosphate MPs
on their antimicrobial properties and cytotoxicity against mammalian cells,
with particular emphasis on bone cells. We also suggested the mechanisms of cytotoxicity
of silver orthophosphate microparticles.

The publication describes the methodology of synthesis and physicochemical
characteristics of six shapes of silver orthophosphate MPs (SOMPs): spherical
(s-SOMPs), cubic (c-SOMPs), tetrahedral (th-SOMPs); dodecahedrons (rd-SOMPs),
branched (b-SOMPs), and tetrapodal (t-SOPMs). Microbiological analyses were
performed on Staphylococcus aureus, Staphylococcus aureus (MRSA), Candida albicans
and Aspergillus niger strains. Bone (hFOB1.19, MC3T3-El, Saos-2), muscle (C2C12)
and skin (HDF) cell lines were used to assess the cytotoxicity of SOMPs.

We showed that the antimicrobial properties of SOMPs depend on their shape
and the type of pathogen. The fungal strains were more sensitive to SOMPs than the
bacterial ones. c-SOMPs and s-SOMPs showed the highest antimicrobial activity.
Importantly, SOMPs were effective against both planktonic forms of microbes and
biofilm, however, the MIC values were lower than MBEC.

Cytotoxicity of SOMPs (measured by MTT and BrdU tests) depended on their
concentration, shape, and type of the tested cell line. c-SOMPs were the most cytotoxic
and t-SOMPs the least. The hFOB1.19 cell line was the most and C2C12 cell line was
the least resistant to the SOMPs. It is worth emphasizing that SOMPs exhibit
antimicrobial activity at concentrations that are non-toxic to mammalian cells.
Based on the preliminary results, we selected c-SOMPs, s-SOMPs, and b-SOMPs
for further experiments. We showed that SOMPs can increase intracellular
ROS production as well as affect the levels of antioxidant system proteins (SOD1, SOD2,
SOD3, GPX4), inflammation related (MMP1, MMP3, NF-kB) and cytoskeleton
(p16-ARC) proteins. The regulation of the cell cycle was only influenced by c-SOMPs,
which reduced the number of cells in the GO/G1 phase. Despite the effect on cytoskeleton-
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related proteins, the analysis of TEM images showed no changes in cell ultrastructure;
SOMPs were not internalized either.

To sum up, the antimicrobial properties and cytotoxicity of SOMPs depend on their
functionalization (shape). We showed that the cytotoxicity of SOMPs was related
to the induction of oxidative stress and inflammation. Our research showed that s-SOMPs
had the best antimicrobial properties and the best safety profile in in vitro conditions. We

were the first team in the world to investigate the effects of SOMPs on mammalian cells.
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VI. CONCLUSION

Thanks to the enormous progress that has been made in science, the achievements
of nanotechnology can be applied in many fields of medicine, including oncology
and orthopedics. Microparticles and nanoparticles, thanks to their spectrum
of beneficial biological activity, are used in the prevention, diagnostics and therapy
of human diseases. Unfortunately, like any other therapeutic agents and biomaterials,
microparticles and nanoparticles exhibit adverse effects. Despite their unique
advantageous properties, their cytotoxicity confirmed by in vitro and in vivo tests severely
limits the clinical application of microparticles and nanoparticles.

Research included in my PhD dissertation has shown that the properties
of microparticles and nanoparticles depend on many factors: their type, shape,
concentration, size, and functionalization. Therefore, we proved that the biological
activity of microparticles and nanoparticles is inextricably linked with their
physicochemical properties Thus, it is important to precisely define the mechanisms
of cytotoxicity of examined microparticles and nanoparticles and to define the factors
modifying their properties. In our research, we focused on the assessment of the influence
of their modification on the antimicrobial and cytotoxic properties, with particular
emphasis on orthopedic diseases, which significantly reduced the existing gap
in the current knowledge. In the review article, taking into account the latest scientific
achievements, we discussed in detail the potential role of nanoparticles in solving
problems of modern orthopedics. In experimental research we were the first to: determine
the influence of the shape of gold nanoparticles on their cytotoxicity against osteosarcoma
cell lines, investigate the potential of glutathione stabilized gold nanoparticles
as a carriers of cytarabine and examined interaction of silver phosphate (V) microparticles
with cell lines in vitro. We showed that thanks to their unique properties,
the microparticles and nanoparticles can potentially be therapeutic substances.
The results and knowledge we gained will enable us to create microparticles and
nanoparticles modified to maximize their beneficial biological effects while improving
their safety profile. We hope that this knowledge will facilitate the practical application
of metal microparticles and nanoparticles and their compounds in the future treatment

of orthopedic and oncological diseases.
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The use of microparticles and nanoparticles in medicine can contribute to solving
the key problems faced by this field of knowledge. Appropriate modification
of microparticles and nanoparticles may improve their safety profile and maximize their
beneficial biological (pharmacological) properties. There are high hopes for the use
of microparticles and nanoparticles in bone diseases: cancer and alloplastic joint
complications. Therefore, future research should primarily focus on finding their optimal

modifications for medical application.
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Abstract: Materials sized 1-100 nm are the nanotechnology’s field of interest. Because of the unique
properties such as the ability to penetrate biological barriers and a high surface to volume ratio,
nanoparticles (NPs) are a powerful tool to be used in medicine and industry. This review discusses
the role of nanotechnology in bone-related issues: osteosarcoma (bone cancer), the biocompatibility
of the implants and implant-related infections. In cancer therapy, NPs can be used as (I) cytotoxic
agents, (II) drug delivery platforms and (III) in thermotherapy. In implant-related issues, NPs can
be used as (I) antimicrobial agents and (II) adjuvants to increase the biocompatibility of implant
surface. Properties of NPs depend on (I) the type of NPs, (II) their size, (III) shape, (IV) concentration,
(V) incubation time, (VI) functionalization and (VII) capping agent type.

Keywords: nanotechnology; nanoparticles; osteosarcoma; antimicrobial properties; nanotoxicology;
biocompatibility; bone diseases; implant-related infections

1. Introduction

Miniaturisation affects every aspect of human life; medicine and science are no exceptions.
Nanotechnology is interested in particles within the 1-100 nm size range [1]. For a better understanding
of the size range in Figure 1 we compare nano size to other objects. Although it was Richard
Zsigmondy who used the term ‘nanometre” as early as in 1925, Richard Feynman is the indisputable
father of nanotechnology [1]. In 1959 he gave a lecture entitled ‘There’s Plenty Room at the Bottom’
and suggested that manipulation on the atomic level would soon be possible. However, the term
‘nanotechnology” was unknown until the seventies. Norio Taniguchi is thought to be the first to
use it [1]. Almost a century after its beginning, nanotechnology is a rapidly developing branch of
science. In 2015, nontechnology industry employed 7 million people and was worth $1 billion [2,3].
Nanoscale, because of quantum effects, causes nanoparticles (NPs) to have different properties than
macromolecules. NPs have a large surface to volume ratio, and the ability to penetrate cellular
membranes and structural barriers, which greatly expand its potential applications [4]. NPs are used
in biology, genetic engineering, medicine, biotechnology and industry (Figure 2) [4-6]. Moreover, the
ability to modify NPs (size, shape, surface functionalisation, capping agent) increases their potential [4].
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In this review, we discuss the role of nanotechnology in the novel treatment of bone diseases.
The human body has over 206 bones, which serve a variety of functions: locomotion, protection of
internal organs, ion homeostasis and blood cells production [7-9]. Unfortunately, every bone can suffer
from diseases and be the cause of health-related issues. Implantation-related issues and bone neoplasm
have been taken in concerns.

2. Cancer

Cancer is one of the leading causes of death in developed countries. Just in 2018 more than
18 million new cancer cases were diagnosed worldwide. Furthermore, cancer was the cause of death
for more than 9.5 million people [10]. Between 1987 and 2005 cancer treatment costs have doubled
and reached almost $50 billion in the United States alone [11]. Although primary bone cancers are
relatively rare (7% of new neoplasm cases in adolescents), bone metastases happen often and by
causing excruciating pain severely decrease the patients” quality of life in end-stage disease [12,13].

2.1. Osteosarcoma

Although osteosarcoma (OS) is a primary mesenchymal bone neoplasm characteristic for the
paediatric population, it can occur at any age [14]. Unfortunately, in the elderly the survival rate is
roughly 2-8 times lower than in adolescents [15]. Even though OS is objectively rare (3.5-4 cases/million
population/year), it is the third most common cancer in children [15]. OS is typically located in
expeditiously growing long bones (femur, tibia, humerus) [15]. Less typical locations such as skull,
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chest or pelvis are unfavourable prognostic factors [15]. As OS quickly gives distant metastases,
the disease is often already advanced at diagnosis. Lungs are the most common location of OS
metastases [14]. Apart from therapeutic radiation (as treatment of previous cancer), no other risk
factors of OS are known and neither are prevention methods [15]. Interestingly, OS occurs more
frequently in some genetic diseases (Li-Fraumeni Syndrome, Retinoblastoma, Werner Syndrome,
Bloom Syndrome, etc.,) [15]. OS treatment consists of chemo and/or radiotherapy followed by surgery.
In chemotherapy methotrexate (MTX), doxorubicin (DOX), cisplatin (CDDP) and ifosfamide (IFO) are
used [14]. Unfortunately up to 40-50% of OS tumours are chemo-resistant [16]. Several mechanisms are
known to cause multidrug resistance (MDR) in cancer cells, i.e., enhanced detoxification, efflux pumps,
decreased drug uptake and up-regulation of DNA repair mechanism [17]. Therefore, the outcome of the
treatment is often poor with a 5-year survival rate of 55% (5.7-86.8% as it is localisation-dependent) [15].
Tumour recurrence due to incomplete resection and lung metastases are noted as the leading reasons
for treatment failure [18]. It is worth emphasising that the current treatment protocols severely impair
patients” quality of life. Therefore, novel approaches to OS are searched.

2.2. Nanoparticles Cytotoxicity to Osteosarcoma Cells

In literature, several papers suggest the anticancer activity of NPs. Rahim et al. have shown
that 24.3 nm gold nanoparticles (AulNPs) capped with advance glycation products can decrease cell
viability and trigger apoptosis in Saos-2 (osteosarcoma) cells [19]. Interestingly, other studies suggested
that the anticancer activity of AuNPs is shape dependent. 143b and MG63 osteosarcoma cells were
sensitive to AuNPs rods and stars but not to AuNPs spheres [20]. AuNPs are not the only NPs
with anticancer activity. AgNPs can decrease the viability of the MG63 (osteosarcoma) cells [21].
The question is whether the observed effect is nano-size-related or due to the presence of silver. It was
shown that 15-34 nm AgNPs are more cytotoxic than AgNOj to the A-431 (osteosarcoma) cells [22].
Likewise, Kovacs et al. have shown that 5 nm and 35 nm citrate-AgNPs influenced the viability of two
osteosarcoma cell lines U20S and Saos-2 [23]. They have shown that cytotoxicity is size-dependent:
the smaller the AgNPs were, the stronger their cytotoxic abilities. Moreover, AgNPs also inhibited
cell proliferation and were more effective than cisplatin in the same concentration. AgNPs act by
triggering mitochondrial stress and eventually, apoptosis [23]. Another metal with anticancer activity in
nano-form is copper. Copper nanoparticles (CuNPs) embedded in alginial hydrogel in a concentration
of >0.5% wt. decreased viability of the Saos-2 cells [24]. Unfortunately, there is no literature data on
the mechanism of CuNPs cytotoxicity in osteosarcoma cells. We were unable to find any data about
the impact of iron or aluminium nanoparticles on osteosarcoma cells either.

Additionally, metal oxide nanoparticles can have anticancer activity. It has been shown that
3.8 nm titanium oxide nanoparticles (TiO,NPs) in the concentration of >0.5 ug/mL were cytotoxic
against the U20S cells in a time- and concentration-dependent manner. TiO,NPs induced excessive
ROS production and depletion of glutathione (GSH), triggering oxidative stress [25]. In another study,
cytotoxicity of TiO,NPs was also confirmed. Di Virgil et al. examined the anticancer activity of 15 nm
TiO;NPs and 50 nm aluminium oxide nanoparticles (Al,O3NPs) [26]. Both NPs types were cytotoxic
against the UMR-106 cells in the concentration of >50 pg/mL (MTT assay) [26]. Among others, pH is
one of the factors influencing cancer cells response to NPs. It was reported that 3-4 nm dextran-coated
cerium oxide nanoparticles (CeO,NPs) were more effective against osteosarcoma cells in acid pH
(pH = 6) than other pH levels (pH = 7, pH = 9). Interestingly, in the same condition, cytotoxicity of
CeO,NPs to non-cancerous bone cells was minimal. The study suggested increased ROS production as
a mechanism of CeO,NPs cytotoxicity [27]. This observation was confirmed in another study which
proved that zinc oxide nanoparticles (ZnONPs) could be harmful to MG63 as they triggered ROS
production [28].

Not only metal nanoparticles can be used against osteosarcoma. Kimura et al. showed that
fucoidan nanoparticles (100 nm) in the concentration of 1-8 mg/mL decreased the viability of the
143B cells by triggering apoptosis [29]. In the study, fucoidan NPs had higher anticancer activity
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than macro-size fucoidan in CH3 mice in vivo osteosarcoma model. Interestingly, as in the in vitro
model, fucoidan NPs triggered apoptosis in osteosarcoma in vivo as well. Moreover, fucoidan NPs
did not affect the bodyweight of the animals, therefore they should not have severe side effects [29].
Also, hydroxyapatite nanoparticles (HA-NPs) were shown to have beneficial properties. HA-NPs
are especially interesting because of the similarity of their composition and crystal structure to the
microarchitecture of a bone [30]. Interestingly, it was shown that HA-NPs can induce apoptosis in the
MG63 cells and promote the viability of healthy osteoblasts [30]. Beside selective cytotoxicity only to
cancer cells, HA-NPs also caused ultrastructure changes. Swollen mitochondria, ribosome detachment
from rough endoplasmic reticulum, and changes in nuclear morphology were observed [30].

For better understanding of NPs biological activity, it is essential to know whether NPs are being
internalised or not. It has been shown that different nanoparticles can be uptaken and accumulated by
osteosarcoma cells. Azarami et al. have proven that the uptake of 112-303 nm gelatine nanoparticles
by the 143B cells is size-dependent. The larger the nanoparticles were, the less efficiently they were
internalised [31]. Similarly, it was shown that 100 nm PGLA NPs can be internalised by the MG63 cells.
PLGA NPs were internalised by endocytosis and accumulated in the cytoplasmic region [32].

To sum up, different nanoparticles (metal, metal oxide, HA) can have anticancer activity, typically
mediated by increased ROS production. Modification of NPs such as size, shape, type of NPs and/or
capping agent can affect their anticancer activity of NPs. The summary of NPs anti-osteosarcoma
activity is presented in Table 1.

Table 1. Summary of nanoparticles (NPs) effects in in vitro model of osteosarcoma.

Osteosarcoma

Nanoparticles Type Cell Line Effect Additional Comment Reference
Gold NPs
24.3 nm capped with -
advance glycation Saos-2 Cytotoxicity [19]
products
Gold NPs rods 143B Cytotoxicity Cytotoxicity was
Gold NPs stars MG63 Apoptosis induction shape-dependent [201
Gold NPs spheres POptosis induct pe-dep
Cytotoxicity Cytotoxicity was
Citrate silver NPs U20S Proliferation inhibition size-dependent [23]
5 nm and 35 nm Saos-2 Mitochondrial stress and . )
. . NPs were more effective
apoptosis induction . .
than cisplatin
CO}i)g:‘nll\IPs Saos-2 Cytotoxicity [24]
Cytotoxicity
Titanium oxide NPs U205 Increased .ROS [25]
3.8 nm production
Depletion of GSH
Cytotoxicity
Titanium oxide NPs UMR-106 NPs were Preser}t in [26]
15 nm phagocytic vesicle
within the cells
Aluminium b Cytotoxicity g
oxide NPs UMR-106 S Were preseiv 1 [26]
50 nm phagocytic vesicle
within the cells
Cytotoxicity was
Dextran coated cerium Cytotoxicity pH-dependent
oxide NPs MG63 Increased ROS Cells were more [27]
34 nm production W

susceptible to NPs in an
acidic environment
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Table 1. Cont.
. Osteosarcoma s
Nanoparticles Type Cell Line Effect Additional Comment Reference
Cytotoxicity
Zinc oxide NPs MG63 Increased‘ROS 28]
22 nm production
Apoptosis induction
Cytotoxicity
Cerium oxide NPs MG63 Increased‘ROS 28]
26 nm production
Apoptosis induction
. .. Fucoidan in NPs were
Fucoidan NPs C3H Cyto.to.x1c1ty . more effective than [29]
100 nm Apoptosis induction . .
fucoidan itself
Selective cytotoxicity HA-NPs were cytotoxic
Hydroxyapatite NPs MG63 only to cancer cells to osteosarcoma cells and [30]
40 nm stimulated the growth of .

Ultrastructure changes

healthy osteoblast

2.3. Nanoparticles Cytotoxicity to Other Bone Cancer Types

Chondrosarcoma, Ewing’s sarcoma and fibrosarcoma are other types of cancers, however they are
far less common than OS. Unfortunately, data about NPs cytotoxicity against them is limited. Sha et al.
examined the effect of 3.8 nm TiO,NPs on the SW1353 chondrosarcoma cells [25]. They observed
time- and concentration-dependent cytotoxicity of TIO,NPs. Interestingly, the chondrosarcoma cells
in the study were more susceptible to NPs than the osteosarcoma cells (U20S). Authors suggested
the induction of oxidative stress as TiO,NPs cytotoxicity mechanism [25]. NPs were also used as a
strategy to treat Ewing’s sarcoma. Elhamess et al. used genetically modified NIH/3T3 cells as Ewing
sarcoma model in which they have shown that oligonucleotides-chitosan nanospheres may be an
efficient gene delivery platform [33]. A summary of NP’s effect on fibrosarcoma in vitro model is

presented in Table 2.

Table 2. Summary of NPs effects in in vitro model of fibrosarcoma.

Nanoparticles F1brosar.coma Effect Additional Comment Reference
Type Cell Line
NPs did not affect cells
viability
Gold NPs Anti-metastatic AuNPs interfered
127 nm HT-1080 effect actin-polymerisation pathway (341
AuNPs inhabited cells
migration
Sllze;nl\lws WEHI164 Cytotoxicity ~ ICs of AgNPs was 2.6 ug/mL [35]
ron (II, IIT) oxide NPs had magnetic properties
11(;Irl:rsn HT-1080 Cytotoxicity NPs may be used as drug [36]

delivery platform
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Table 2. Cont.

Nanoparticles Fibrosarcoma

Type Cell Line Effect Additional Comment Reference

NPs were coated with:
-OH, -NH,, -TEOS, -AMPTS or
TEOS/AMPTS functional
groups

Cytotoxicity and genotoxicity
were function group -
dependent [37]

Iron (II, IIT) oxide
NPs HT-1080
10 nm, 100 nm

Cytotoxicity
Genotoxicity

AMPTS coated NPs were the
most cytotoxic

Positively charged NPs were
more genotoxic than
negatively charged

Cerium oxide NPs

25 nm HT-1080 Non-cytotoxic [38]

Cancer cells were more
susceptible to NPs than
non-transformed ones
WEHI164 Cytotoxicity [39]
NPs triggered oxidative stress

Cerium oxide NPs
30 nm

NPs caused apoptosis

NPs triggered oxidative stress
L929 Cytotoxicity [40]
NPs caused apoptosis

Chromium oxide
NPs

2.4. Nanoparticles as Drug Delivery Platforms

NPs as drug delivery platforms have a lot of advantages: improved efficiency, reduced toxicity,
smaller cost of therapy, potential effectiveness in MDR cancers [31]. It has been shown that NPs
can accumulate in the cancer microenvironment because of the improper structure and function of
endothelial cells in the tumour vasculature (wider junctions, fenestration, incomplete basal membrane)
which makes it easier to penetrate [41]. This observation was called enhanced permeability and
retention effect, and it is probably the basis of NPs anticancer effect [42]. The summary of all NPs as
drug delivery platforms is presented in Table 3.

Dhule et al. have shown that liposomal NPs can be used as curcumin drug delivery platforms [43].
Curcumin is not yet being used in clinical practice, however, its anticancer effect is well established and
cancer cells are more susceptible to curcumin than non-transformed ones [43]. Moreover, liposomal NPs
with curcumin trigger apoptotic death of KHOS (osteosarcoma) cells, whereas curcumin alone induces
autophagy [43]. It proves that wisely used drug delivery platforms can change compound properties
to more favourable ones. Also, Shu-Fen et al. have shown the effectiveness of curcumin. Their 250 nm
curcumin-loaded PGLA NPs significantly decreased the viability of U20S cells [16]. In that study,
curcumin in NPs induced apoptotic osteosarcoma cell death by triggering mitochondria-dependent
apoptosis [16]. Curcumin was not the only drug to be conjugated with NPs. Ni et al. designed
150 nm spherical, salinomycin-loaded PEG nanoparticles with aptamer to target osteosarcoma stem
cells [18]. Salinomycin is an old chemotherapeutic drug with high anticancer stem cells activity [18].
Unfortunately, its potential is greatly reduced by its water insolubility [18]. Salinomycin loaded PEG
NPs were effective against Saos-2, U20S and MG63 cells and even more effective against cancer
stem cells (CD133 positive) [18]. Moreover, in Saos-2 population, cancer stem cells were greatly
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reduced by adding an aptamer to salinomycin PEG-NPs treatment [18]. Those findings were also
confirmed in in vivo model. In Balb/c mice with an osteosarcoma tumour (from Saos-2 cells) treated
with NPs had their tumour weight, number of mammospheres formed and amount of cancer stem
cells reduced compared to control [18]. NPs loaded with two different cytostatic were also studied.
Wang et al. created complex NPs. They encapsulated paclitaxel (PTX) and etoposide (ETP) in 100 nm
PEG-ylated PLGA nanoparticles (PTX-ETP/PLGANPs). Plain NPs (without PTX or ETP) were not
cytotoxic, which proves the safety of application [32]. The nanoparticles were more effective against
MG63 and Saos-2 cancer cells than PTX or ETP in combination, which demonstrated that nano form
significantly changes the properties of NPs. In a more detailed analysis it was demonstrated that
PTX-ETP/PLGANPs are more effective in inducing MG63 cell apoptosis than drugs without carrier [32].
Some scientists went further and combined chemotherapy with gene therapy to overcome drug
resistance. Sun et al. prepared 200 nm dextran-g-PEI NPs (DEX-PEI NPs) to be an adriamycin
(ADM) and plasmid transporter. They have shown that DEX-PEI-ADM NPs were more cytotoxic
against the MG63 and Saos-2 osteosarcoma than ADM or DEX-PEI NPs [41]. Next, they examined
properties of DEX-PEI-ADM NPs as a plasmid carrier. They tried to express a green fluorescent
protein (GFP) in the MG63 and Saos-2 cells. GFP was chosen, as it is easy to determine whether the
transfection was effective or not. DEX-ADM-PEI NPs with GFP pcDNA turned out to be an effective
transfection reagent [41]. However, NPs were less effective than Lipofectamine 2000, a typically
used transfection reagent (transfection effectiveness for NPs were 18.6% and 15.3% for MG63 and
Saos-2 cells respectively, whereas for Lipofectamine 2000 it was 26.6% and 21.8%). Also, Susa et al.
established DEX-containing NPs. They created 112.4 nm stearylamine-dextran nanoparticles loaded
with DOX (STE-DEX-DOXNPs) [17]. They examined STE-DEX-DOXNPs on the U20S, KHOS and
MDR osteosarcoma cell lines. Interestingly, after treatment with NPs DOX were more accumulated
in the drug-resistant cancer cell lines than in the regular KHOS or U20S cells. Moreover DOX in a
free form accumulated in osteosarcoma cells cytoplasm, whereas STE-DEX-DOXNPs were trafficked
to the nucleus of the cells [17]. Also, STE-DEX-DOXNPs have an antiproliferative effect and caused
apoptosis of OS cells. This effect was more prominent than in cells treated only with DOX.

Table 3. Summary of NPs properties as drug delivery treatment.

Nanoparticle Type Cell Line Drug Comment Reference
NPs triggered
PGLA NPs U20S Curcumin mitochondria-dependent [16]
apoptosis

The drug was more
accumulated in

KHOS . .
U208 drug-resistant cell lines
Streamline-dextran . Doxorubicin Antiproliferative effect and [17]
NPs Drug-resistant . .
apoptosis induction
osteosarcoma
cells DOX in NPs were more
effective than free drug
PEG NPs with Saos-2 . . NPS were more ef.fectlve
stem-cell aptamer U205 Sialomycin against cancer cell line than [18]
p MG63 non-cancerous cell
NPs were more effective
than PTX and ETP in
PEGylated PLGA MG63 Paclitaxel combination 2]
NPs Saos-2 Etoposide :

Apoptosis induction

G2/M arrest
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Table 3. Cont.

Nanoparticle Type Cell Line Drug Comment Reference

Anticancer activity

MG63 Adriamycin

Dextran-g-PEI NPs Saos-2 Plasmid DNA

NPs were almost as good as [41]
typically used transfection

reagent

Cancer cell lines were more
susceptible to NPs than

.. non-transformed ones
Doxorubicin

143B Gemcitabine . . [44]
Cytarabine NPs conjugated with

chemotherapeutic may be
more effective than
chemotherapeutic alone

Glutathione coated
gold NPs

Liposomal NPs with
curcumin triggers apoptotic
death whereas curcumin
alone induces autophagy

Liposomal NPs KHOS Curcumin [43]

2.5. Magnetic Nanoparticles

Hyperthermia defined as the treatment of cancer with heat is a well-established practice. It is
proven that cancer cells are more susceptible to heat and in the temperature > 43 °C they undergo
necrosis [45]. The main problem of this approach is the impossibility to provide heat only to the tumour
and avoid healthy tissues. The use of magnetic nanoparticles that can be directed to the tumour and
then heated could enable overcoming that issue [46]. The most clinically promising method of NPs
heating is capacitive heating using a radiofrequency electric field [47]. Makridis et al. have suggested
26 nm Mn-Fe,O4 NPs in cancer treatment. They have proven that Mn-Fe,O4 NPs were internalised by
Saos-2 cells in energy-dependent endocytosis, also the cancer cells were more susceptible to heating
than the non-transformed ones. The magnetic field used to heat nanoparticles was not harmful
to the cells [46]. Hyperthermic treatment’s effectiveness was also proven in vivo. Matsuoka et al.
created magnetic cationic liposomes (MCL) based on supramagnetic iron oxide nanoparticles [48].
They injected MCL directly into an osteosarcoma tumour in a female Syrian hamster. Next, tumour
was heated to above 42 °C. They observed >15 days regression in all tested animals (75% animals
had complete regression). Moreover, tumour mass in treated animals was 0.1% (1/1000) of tumour
mass in control subjects [48]. A similar observation was made by Shido et al. [47]. They also used
MCL and heated the tumour to above 43 °C. They used C2/He mice model. They were able to achieve
suppression of tumour growth in all treated animals, with complete regression in 43% of treated
animals, whereas in control animals tumour volume was increasing over time [47]. The group which
underwent treatment also presented less metastases in comparison to control animals (mean number
of lung metastasis 56.8 versus 17.6) [47]. Interestingly, However, magnetic NPs are used not only
in hyperthermic treatment. Xeu-Song et al. created poly-lactic acid arsenic trioxide nanoparticles
(ATONPs) [49]. Arsenic trioxide is a compound used in the treatment of acute promyelocytic leukaemia.
In the study, they created 60-70 nm magnetic ATONPs and examined their anticancer abilities. They
have shown that with the usage of a magnetic field, ATONPs can be directed to a specific place. They
observed 40% higher concentrations of ATONPs in the kidneys of a New Zealand white rabbit if
magnetic field was used [49]. Moreover, the ATONPs were effective against osteosarcoma in in vivo
model (BALB/c nude mice). Also, Kubo et al. used magnetic liposomes in drug delivery. They created
146 nm magnetic liposomes incorporated with adriamycin (MLA) [50]. In vivo assessment (Syrian
hamster) have shown that only MLA under magnetic force were able to suppress tumour growth [50].
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To summarise, magnetic NPs in OS treatment can be used two-fold: as hyperthermic agents or delivery
platforms. In both approaches, NPs are effective both in vitro and in vivo.

3. Nanoparticles in Orthopaedic Implants

Because medical advancement societies are aging, it brings forward new health issues such as
osteoarthritis for which conservative treatment is often not sufficient and joint replacement surgery is
needed. Unfortunately, epidemiological data are terrifying. Ten percent of >15 years old Canadians
suffer from osteoarthritis. Almost half of the population at the age of 65 or older has osteoarthritis of
at least one joint [51]. Pain and movement impairment are the most prominent symptoms, severely
decreasing patient’s quality of life. It is the obligation of the scientific community to address main
issues regarding joint replacement surgery: implant-related infections and poor biocompatibility. NPs
may both increase biocompatibility of the implants and be the prophylaxis of the implant-related
infections [52,53]. This knowledge can be also used in other orthopaedic implantable devices such as
artificial ligaments or tendons, bone nails or screws.

3.1. Implant-Related Infections

In total, half of all nosocomial infections are related to implantable devices [54]. Although not very
common among orthopaedic patients (2-5%), this complication is costly ($1.86 billion annually only in
the United States) [54,55], especially if we consider that 500,000 people have a hip or knee replacement
in the United States alone [56]. Infections related to orthopaedic devices are often a cause of their failure,
leading to another surgery [54]. They can also be a facilitator for other serious complications and even
death, as they increase the risk of cardiac arrest, pulmonary embolism, myocardial infection and acute
renal failure [57]. Age, obesity and comorbidities are the main risk factors of serious complications [57].
Moreover, the diagnosis of implant-related infection is complicated and the symptoms may occur many
months after surgery [56]. Treatment typically consists of broad-spectrum systemic antibiotic treatment
and removal of the infected implant [54]. Typically infection is caused by aerobic Gram-positive
bacteria such as Staphylococcus aureus (34%), Streptococcus epidermidis (32%) and other coagulases
negative streptococci (13%) [54]. However, Gram-negative pathogens (Pseudomonas spp., Enterococcus
spp., Escherichia spp.) and fungi (Candida spp., Aspergillus spp.) also may cause the infection [54,56,58].
Planktonic bacteria are far less dangerous than the ones forming a biofilm. A biofilm is defined as
a complex structure made of bacterial cells and extracellular matrix, which allows cells to exchange
virulence factors via plasmids [59]. Importantly pathogens in the biofilm are more resistant to treatment
than planktonic form, typically 100-1000 times [60]. Moreover, neither antibiotics nor immune cells
can penetrate a biofilm easily, which makes the treatment challenging. It can occur on any surface that
bacterial cells can adhere to, orthopaedic devices included [59].

3.2. Biocompatibility

Bone is a metabolically active tissue with a great remodelling potential [7]. Therefore, it is
important that the implant or any other device is incorporated into the surrounding tissue. Titanium
is one of the most popular implant materials, so naturally, the modification of titanium surface to
increase its biocompatibility is the most popular choice. Ren et al. proposed titanium-AgNPs-titanium
nanostructure [61]. Such nanostructures have good antimicrobial properties; moreover, the MC3T3-E1
cells (mouse preosteoblast) attached and proliferated on the nanostructure easily. Preosteoblast had
proper morphology and appropriate amount of alkaline phosphatase (ALP) activity which is a marker
of osteogenesis [61]. Unfortunately, high concentration of nanostructure and prolonging incubation
impacted the cellular proliferation and morphology [61]. A strategy to enhance antimicrobial properties
of the implants was also used by Xiang et al. They used poly(lactic-co-glycolic acid)/ZnO nanorods/Ag
nanoparticles hybrid coating on Ti implants (PLGA-ZnO-AgNPs) [62]. Their coating had antimicrobial
activity against both Gram-positive and Gram-negative bacteria (Staphylococcus aureus, Escherichia
coli). A biocompatibility assessment showed that PLGA-ZnO-AgNPs were less cytotoxic than ZnO
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or ZnO-Ti against MC3T3-E1 cells [62]. They also used ALP as a marker of osteogenesis and an
increased level of that enzyme in cells on the PLGA-ZnO-AgNPs surface was noted [62]. As further
confirmation they observed the proper formation of cytoskeleton within the MC3T3-E1 cells [62].
Also, Neupane et al. modified titanium nanotubes with AuNPs (TiO,-AuNPs). They compared
TiO,-AuNPs to polished Ti (Tip) and TiO, nanotubes (TiO,NPs). In comparison to other materials,
the MC3T3-E1 cells on the surface of TiOp-AuNPs had more visible nuclei and more filopodia, and
therefore higher osteoblast activity [53]. It was further confirmed by MTT assay that the MC3T3-E1
cells were more viable when treated with TiO,-AuNPs than Ti, or TiO,NPs [53]. In another paper,
titanite nanotubes were modified with AgNPs [63]. The created material was expected to have
antibacterial properties against Escherichia coli [63]. In comparison to the titanium control the proposed
coating did not affect MC3T3-E1 proliferation, moreover, it promoted cells adhesion and migration [63].
Hydroxyapatite (HA) may promote the proliferation of healthy bone cells [30], and thus several
attempts were made to functionalise the implants with HA. Fomin et al. functionalised titanium surface
with hydroxyapatite nanoparticles (HA-NPs). They have found that this modification improved
fibroblast fixation to the surface [64]. Salaie et al. modified medical titanium alloy with AgNPs and
HA-NPs [65]. Unfortunately, their coating was slightly toxic (cell viability was decreased by around
30%), however, in a morphological analysis cells showed no signs of distress and filopodia formed
well [65]. Those findings have proven that the modifications of implants surface with NPs may increase
their biocompatibility and act as an antimicrobial agent. They had shown so much promise that some
of the modifications were even patented [66].

3.3. Nanoparticles in Bone Regenerative Strategies

Because of their unique properties, some NPs may promote osteogenesis. Wei et al. reported that
AgNPs promoted osteogenesis by inducing autophagy [67]. AgNPs assessed in human mesenchymal stem
cells model in a non-toxic concentration were internalised, promoted osteogenesis (increased mineralisation
and alkaline phosphatases activity) and matrix protein synthesis [67]. 53-nm AuNPs modified with
advanced-platelet-rich-plasma were non-cytotoxic and promoted osteogenesis (by increasing alkaline
phosphates activity and calcium content) [68]. Patel et al. have created hydroxyapatite NPs (HA-NPs)
and examined their effect on bone marrow-delivered mesenchymal stem cells (BMSCs) [69]. They have
proven that HA-NPs were non-toxic to BMSCs and promoted osteogenesis (increased level of calcium and
gene expression of osteoblast markers) [69]. NPs made of hydroxyapatite and gold (HA-Au-NPs) had
particularly beneficial properties. Liang et al. have shown that HA-Au-NPs were internalised by endocytic
pathway and promoted osteogenesis, [70]. Increased alkaline phosphatase activity and expression
of osteogenic genes were reported. Authors suggested that the observed effect was Wnt/3-catenin
pathway-dependent [70]. In another study HA-NPs were enriched in Li* ions [71]. The created
biomaterial promoted osteogenesis and mitochondrial dynamic and inhibited apoptosis in adipose
tissue-derived mesenchymal stem cells model [71]. Also, calcium polyphosphate NPs (polyP-NPs) can
stimulate osteogenesis. Hatt et al. have proven that polyP-NPs can be a source of phosphate for matrix
mineralisation and increased osteogenesis marker levels [72]. Graphene oxide may be an interesting
biomaterial too. Several studies have shown that it has the abilities to promote osteogenesis and it can
also be effective against Staphylococcus aureus [73,74]. Pro-osteogenic properties of NPs have also been
proven in in vivo model. Wang et al. have reported that aptamer-functionalised NPs (AP-NPs) may
increase the osteogenesis markers level (osteopontin, osteocalcin, alkaline phosphatase) and improve the
femur bone regeneration [75]. Moreover, AP-NPs were non-toxic in in vitro BMSCs model. Also, sinopic
acid-loaded chitosan NPs (SA-CH-NPs) promoted osteogenesis in vivo (observed as better regeneration
of cervical bone) [76]. Those results corresponded with in vitro assessment, where NPs were non-toxic
and promoted osteoblast formations from BMSCs through activation of the TGF-£31/BMP/Smads/Runx2
pathway [76]. Study designed by Kuang et al. is especially interesting because they created an injectable
material containing nanocomposite hydrogel and CaPNPs [77]. The injectable material was potentially
convenient to use and its effectiveness in promoting osteogenesis was proven both in vitro and in vivo [77].
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To summarise, both organic and inorganic NPs can promote osteogenesis and be non-toxic to mammalian
cells. These abilities may be used in regenerative medicine.

3.4. Antimicrobial Properties of Nanoparticles

AgNPs are the ones with the best-described antimicrobial activity. Baker et al. have shown that
75 nm AgNPs can be effective against Escherichia coli [52]. However, the antibacterial properties of silver
are size-dependent. The study has proven that the smaller AgNPs (7 nm) were more effective than
the bigger ones (29 nm, 89 nm). That observation was made by a comparison of minimal inhibitory
concentration (MIC) of two bacterial strains E. coli and Staphylococcus aureus [78]. Another paper
showed that AgNPs are more effective against Gram-negative bacteria than against Gram-positive
ones [79]. Moreover, AgNPs can also act against drug-resistant bacteria (ampicillin-resistant Escherichia
coli and multi-drug resistant Salmonella typhi) [79]. In other studies, AgNPs inhibited the growth of
Bacillus subtilis, Klebsiella mobilis, Vibrio cholera, Pseudomonas aeruginosa, Shigella flexneri, Mycobacterium
smegmatis and Mycobacterium tuberculosis [5,80,81]. It was only the size that influenced the antimicrobial
properties of AgNPs. Niska et al. examined the role of the capping agent on antimicrobial properties of
AgNPs [82]. They examined uncapped AgNPs, AgNPs capped with lipolic acid (LA), tannic acid (TA)
or PEG. UC-AgNPs and LA-AgNPs had the strongest antimicrobial activity, whereas TA-AgNPs the
smallest. Their AgNPs had also an antibiofilm activity. In their study, Gram-positive strains were more
susceptible to AgNPs which is contrary to the findings of Shrivastava et al. [79,82]. Several mechanisms
of AgNPs antimicrobial properties are suggested (Figure 3); the inhibition of transduction of signalling
pathways, lytic effect on the cellular membrane, increased ROS production, inhibition of enzymes,
inactivation of nucleic acids are worth mentioning [79,83-85]. AgNPs can also have an antifungal
activity [84]. It was reported that 25-nm AgNPs inhibited the growth of four strains of Candida spp.,
AgNPs were used in concentrations non-cytotoxic for mammalian cells [86]. Moreover, stabilisation
with surfactants or polymers improved the antifungal activity of AgNPs [86]. This observation was
in accordance with other studies, and also found that 3-nm AgNPs are effective against Trichophyton
mentagrophytes [87]. AgNPs were more effective than commonly used medication: amphotericin b and
fluconazole [87]. AgNPs possibly have antiviral and antiprotozoal activity as well, however viruses
and protozoa almost never cause bone infections [88,89].

@ silver nanoparticles
Inhibition

> METABOLISM BI.OCKAGE
eollular "7 '

Figure 3. Schematic summary of AgNPs antibacterial activity mechanism.
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Also, AuNPs can be an interesting antimicrobial agent. Cui et al. reported the antibacterial
activity of AuNPs against E. coli [90]. AuNPs inhibited the growth of both planktonic form and
biofilm [90]. AuNPs impacted the expression of 359 genes, decreased ATP concentration within the
bacterial cells and triggered ROS production [90]. Also, Gram-positive bacteria may be susceptible
to AuNPs. The same paper has shown that 11-22 nm AuNPs can be an antifungal agent against
Candida spp. and Aspergillus spp. [91]. Transmission electron microscopy (TEM) has shown that AuNPs
attached themselves to bacterial cells and caused improper respiration and permeability [91]. Other
papers also supported that AuNPs can be an antibacterial agent [92]. Unfortunately, some studies did
not prove the antibacterial properties of AuNPs [93,94]. NPs types such as copper, zinc oxide, titanium
oxide and others can also have antimicrobial properties [95-99]. A more detailed description of those
NPs antimicrobial properties is presented in Table 4. NPs may be potentially used as antimicrobial
agents for bacteria and fungi in planktonic form or biofilm. Their properties depend on: type of NPs,
size, shape and capping agent type [78,82,86,98,99].

Table 4. Summary of antimicrobial activity of nanoparticles.

Nanoparticles Type Microorganism Comment Reference
Sﬂ;’; iﬂps Escherichia coli NPs had antibacterial activity. [52]

MIC values were size-dependent.
Bigger nanoparticles were less [78]
effective than smaller ones

Silver NPs Escherichia coli
7 nm, 29 nm and 89 nm Staphylococcus aureus

Lo Gram-negative bacteria are more
Escherichia coli

Staphylococcus aureus susceptible to NPs
Silver NPs Amp ZCZHZ,” resistant NPs were effective against [79]
10-15 nm Escherichia coli drue-resistant bacteria
Multi drug resistant &
Salmonella typhi NPs inhibited signal transduction
Staphylococcus aureus
Silver NPs Pseudomonas aeruginosa
Starch stabilised Shigella flexneri NPs had antibacterial activity. [80]
20-40 nm * Salmonella typhi
Mycobacterium smegmatis
Lipolic acid- silver NPs 9.5 nm Antimicrobial activity was capping
PEG- silver NPs 17 different agent dependent
9.8 nm gram-negative strains
Tannic acid - silver NPs Gram-positive bacteria were more [82]
10 nm 9 different gram-positive susceptible to NPs
Silver NPs strains
11.2 nm NPs had antibiofilm activity
Silver NPs Escherichia coli NPs had antibacterial and antifungal
Staphylococcus aureus - [84]
13,5 nm activity
Yeast
NPs stabilised with surfactants or
. Candida albicans polymers had hlgher antifungal
Silver NPs . o activity
25 nm Candida parapsilosis [86]
Candida tropicalis The antifungal effect was present in
non-cytotoxic concentrations
Candida albicans
Candida tropicalis
Silver NPs Candzda‘p arap sthsm NPs were more effective than
Candida krusei S [87]
3nm . amphotericin B and fluconazole
Candida glabrata
Trichophyton

mentagrophytes
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Nanoparticles Type Microorganism Comment Reference
NPs impacted expression of 359 genes
Gold NPs — . NPs inhibited ATP synthesis and
(No size info) Escherichia coli dissipated membrane potential [90]
NPs increased ROS production
Listeria monocytogenes
Bacillus cereus NPs were effective against
Staphylococcus aureus e .
L Gram-positive and Gram-negative
Escherichia coli .
Gold NPs . bacteria
Pseudomonas aeruginosa [91]
11-22 nm . .
Salmonella typhimurium .
. . NPs were more effective than
Candida albicans . . . .
A . . ciprofloxacin against bacteria
spergillus niger
Aspergillus flavus
Gold NPs Staphylococcus aureus . . ..
18.32 nm Pseudomonas aeruginosa NPs had antibacterial activity. [92]
NPs caused dissipation of cell
Copper NPs o membrane, generation of ROS, lipid
62.5nm Escherichia coli peroxidation, protein and DNA 93]
degradation in bacterial cells
Micrococcus luteus
Staphylococcus aureits
Copper NPs Klebsiella p nemoniae NPs had antibacterial and antifungal
. Pseudomonas aerugionsa . [96]
(No size info) . activity
Aspergillus flavus
Aspergillus niger
Candida albicans
Zinc oxide NPs . Es'cherzchm coli NPs had antibacterial activity. [97]
200 nm Listeria monocytogenes
NPs antifungal activity was
. . size-dependent
10 iiml%)gi?ans m Candida albicans [98]
! ok NPs antifungal action is ROS
mediated
Copper oxide NPs NPs antibacterial properties were
Titanium oxide NPs material dependent (CuONPs >
Zinc oxide NPs TiO,NPS > ZnONPs > Al,O3NPs >
Alupr}lmum 9x1de NPs Escherichia coli SiO,NPs > Fe,O3NPs > CeO,NPs) [99]
Silicon oxide NPs

Iron oxide NPs
Cerium oxide NPs

NPs antimicrobial activity was
correlated with increased ROS

25-50 nm production
COEE?HI:TPS Escherichia coli NPs had antibacterial activity. [100]

4. Safety Concerns

* No detailed size information.

NPs have beneficial properties discussed in the previous sections of this article. But as any potential
treatment, they will have side effects if used in clinical practice. Unfortunately, data on cytotoxicity of
NPs against healthy bone cells is insufficient; only a few papers examined this aspect. Albers et al. have
reported that 50 nm AgNPs can decrease the viability and proliferation rate of primary osteoblast and
primary osteoclast [101]. Another study has shown that 15-nm AgNPs can trigger hFOB1.19 (human
foetal osteoblast) apoptosis and necrosis via increased production of nitric oxide [102]. Also, AuNPs
can influence the bone cell viability. AuNPs in the shape of rods and stars decreased the viability of
hFBOL1.19 cells, whereas the spherical-shaped ones did not [20]. Also, TiO,NPs may be harmful to the
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bone cells. TiO,NPs (10-15 nm) were internalised by hFOB1.19 cells and decreased their viability in a
concentration-dependent manner by triggering oxidative stress [103]. We are unable to find any other
data about in vitro cytotoxicity of NPs to healthy bone cells. Unfortunately, there was only one animal
study regarding that matter. In in vivo (Wistar rats) assay, neither 20 nm AgNPs nor 21 nm TiO,NPs
were toxic to red and white cells in the bone marrow [104]. Unfortunately, reticulocytes and leucocytes
in the bone marrow responded negatively to AgNPs and TiO,NPs [104].

Although the available data are scarce, it is clear that NPs can be harmful. However, we should
keep in mind that it is true for any other drug as well. Many commonly used antimicrobial agents
(polymyxin B, amphotericin B, colistin M, cefazolin, ciprofloxacin, tetracycline, rifampicin, clindamycin,
azithromycin, chloramphenicol, linezolid) can affect cell viability and/or proliferation [105-107].
Moreover, commonly used chemotherapeutics have numerous side effects; for example gemcitabine
causes myelosuppression, hearing loss and liver failure, cytarabine damages the brain, heart and
gastrointestinal tract and is also myelotoxic, and doxorubicin destroys bone marrow and causes
nausea [108-110].

5. Clinical Usage

More than 51 products with nanotechnology developments are FDA approved [111]. Several
products with hydroxyapatite or calcium phosphate in nanocrystal form were approved as bone
substitutes (Vitoss®, Ostim®, OsSarura®, NanoOss®, EquivaBone®) [111]. Regarding matters
discussed in this review the usage of carbon NPs and supramagnetic iron oxide NPs in lymph node
biopsy [112,113] or medical imaging [111] is especially interesting. In all mentioned studies there were
no information concerning side effects after application of NPs.

6. Conclusions

Despite the recent advancements in orthopaedics bone cancers and implant-related infections are
still unsolved problems. However, in the future, NPs may be applied as therapeutic agents. Because of
their unique properties, both organic and inorganic NPs could potentially be used. In cancer therapy,
NPs can be (I) directly cytotoxic to cancer cells, (II) drug delivery platforms or (IIl) hyperthermic agents.
Moreover, NPs can be more effective than the drugs currently used in the clinic. As an adjuvant to the
implant, NPs can (I) increase their biocompatibility by promoting osteogenesis and (II) be antimicrobial
agents. Unfortunately, NPs can be also harmful to healthy cells. Several factors influence the biological
properties of NPs (I) type of NPs, (II) concentration, (III) size, (IV) shape, (V) pH of environment,
(VI) capping agents, (VII) functionalisation.

In future research, there is a need for a better understanding of the mechanisms of NPs biological
properties, especially the antimicrobial ones. While focusing on the positive aspect of NPs in bioscience,
we should also peruse nanotoxicological studies—the better we understand the NPs harmful effect
the better we can avoid the side effects. Detailed knowledge about interaction between NPs and
living cells in terms of cytotoxicity, anticancer and antimicrobial properties will allow designing
nanoparticles-based drugs and biomaterials with highly favourable pharmacological/toxicological
profile. Indisputably, NPs are a powerful tool, however there is still a lot to be done before we
acknowledge that they can be used without any unknown risks.
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Abstract

Due to development of nanotechnology and gold nanoparticles (AuNPs) increasing use in different areas of medicine,
especially in oncology, better understanding of their potential cytotoxicity is necessary to protect patients safety. Shape and
size of AuNPs is an important modulator of their cytotoxicity. Therefore, we investigated the cytotoxicity of AuNPs rods
(=39 nm length, 18 nm width), AuNPs stars (= 215 nm) and AuNPs spheres (= 6.3 nm) against human fetal osteoblast (hFOB
1.19), osteosarcoma (143B, MG63) and pancreatic duct cell (hnTERT-HPNE) lines by MTT and neutral-red uptake assay.
Moreover, influence of AuNPs on level of proapoptotic protein (Bax) and anti-apoptotic protein (Bcl-2) was measured by
western blot. Cellular uptake of nanoparticles and ultrastructure changes were examined by transmission electron
microscopy (TEM). In the present study we have proven that AuNPs stars are the most cytotoxic against human cells. We
observed that cancer cells are more susceptible to AuNPs cytotoxic effect. Furthermore, AuNPs rods and AuNPs stars
caused increased expression of Bax and decreased expression of Bcl-2 protein in osteosarcoma cells. We found that AuNPs
penetrated through the cell membrane and caused ultrastructural changes. Our results clearly demonstrated that the
cytotoxicity of AuNPs was shape-dependent. AuNPs stars with the highest anti-cancer potential were also the most cytotoxic
type of tested NPs, whereas AuNPs spheres which appears to be the safest one had small anti-cancer potential.
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1 Introduction

In 21st century nanotechnology is rapidly developing and
its achievements may be used in biology and medicine.
Nobel metals nanoparticles seem to be particularly inter-
esting in biomedical application. Gold nanoparticles
(AuNPs) due to small size, high surface area to volume ratio
and good biocompatibility have great potential for a wide
range of applications in medicine [1]. Furthermore, there are
many different shapes of AuNPs, they can have one, two or
even three dimension which also expand variety of potential
usages [2]. It is also important that AuNPs can penetrate
through biological barriers and cellular membranes. [3]. The
unique properties causes that AuNPs are widely applied in
diagnostic and therapy, from medical imaging [4] to bac-
teria and viruses detection [5, 6]. They are also component
of thermal ablation [7] and cancer immunotherapy [8].
Moreover, AuNPs may be part of drug delivery systems [9].
Unfortunately, it has been shown that AuNPs can accu-
mulate in vacuoles and induce cell death [4, 10]. In addi-
tion, AuNPs may cause increased synthesis of
proapoptotoic proteins [3].

There are not enough studies which compare different
shapes of AuNPs on the same cell lines using identical
methodology and because of variety of potential bioappli-
cation of AuNPs, we decided to assess the impact of shape
and size of AuNPs on human cells in in vitro model.
Cytotoxicity of different concentration of AuNPs rods,
AuNPs stars and AuNPs spheres were tested on four cell
lines: hFOB 1.19, 143B, MG63 and hTERT-HPNE.
According to our knowledge it is the first study, which
compares impact of shape of AuNPs on their cytotoxicity
against human osteoblast, osteosarcoma and pancreatic duct
cells. The main purpose of this research was to assess the
cytotoxic activity against cancer cells as well as the safety
of use.

@ Springer
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2 Materials and methods
2.1 Chemical reagents

Cetyltrimethylammonium bromide (99%, CTAB), sodium
borohydrate (>98%), L-ascorbic acid (99%, AA), silver
nitrate (99%), tannic acid were purchased from Sigma
Aldrich. Gold (IIT) chloride trihydrate was purchased from
Alfa Aesar.

2.2 Synthesis of AuNPs

The AuNPs spheres, rods and stars were prepared and
characterized as described in our previous articles [11, 12],
with some modification indicated below.

2.2.1 Au nanospheres

AuNPs spheres were obtained by mixing solution of tannic
acid (3 ml, 6 x 107> M) and hot solution of HAuCl, (50 ml,
1.3 x 107 M) for 1 min.

2.2.2 Au nanostars

Firstly, an aqueous solution of gold precursor (0.2 mL, 0.01
M) was added to the 0.1 M CTAB. After that 0.01 M
AgNOj; solution and 0.1 M AA solution were added. In the
next step, 20 uL of AuNPs stars solution was added. The
obtained solution was kept for 20 h at 28-30 °C. The color
of the solution became blue indicating the formation of
AuNPs stars. The products were isolated and washing with
water.

2.2.3 Au nanorods
Firstly, seed solution was obtained by stirring 0.2 M

CTAB solution with 0.5 mM gold precursor and 0.6 ml of
0.01 M NaBH,. The solution was kept at 30 °C for 4 h.
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Then, AuNPs rods were prepared by mixing 5 mL CTAB,
40 mM AgNOj; solution, 5 mL HAuCly solution followed
by the addition of 70 uL. AA. The final step was the
addition of 12puL of the seed solution to the growth
solution at 30 °C. The AuNPs rods were isolated and
washed with water.

2.3 Characterization of synthesized AuNPs

UV-Vis absorption spectra were obtained using a spectro-
photometer Thermo Scientific Evolution 220 (Waltham,
MA, USA) in the range of 200—1400 nm. The morphology
and distribution size of obtained particles were observed
using SEM Jeol 7001TTLS microscope operated at 12kV
and HR-TEM (ARM 200 F) operating at 200 kV. For HR-
TEM sample preparation, a drop of a aqueous gold dis-
persion was deposited on cooper grid covered with a
formal-carbon membrane. For SEM analysis aqueous
solution of AuNPs was deposited on cleaned silicon wafer
substrates.

2.4 Cell culture

Cell lines were obtained from the American Type Culture
Collection (ATCC). Human fetal osteoblast cell line (hFOB
1.19, ATCC CRL-11372), was cultured in 1:1 mixture of
Ham’s F12 Medium and Dulbecco’s Modified Eagle’s
Medium (PanBiotech, Germany), by supplemented 2.5 mM
L-glutamine, 10% fetal bovine serum (FBS) and 1% of
penicillin/streptomycin (P/S). Human bone osteosarcoma
cell line (143B, ATCC CRL 8303) was cultured
in Minimum Essential Medium (Eagle) in Earle’s BSS
(PanBiotech, Germany) with 0.015 mg/mL 5-bromo-2'-
deoxyuridine, 2.5 mM L-glutamine, with an addition of
10% FBS and 1% of P/S. Human osteosarcoma cell line
(MG-63, ATCC CRL-1427) was cultured in Eagle’s Mini-
mum Essential Medium (PanBiotech, Germany) supple-
mented by 10% FBS and 1% of P/S. hnTERT-HPNE cell line
(pancreatic duct cells) (ATCC CRL-4023) was cultured in
medium which consist of 75% Dulbecco’s Modified Eagle’s
Medium without glucose (Sigma Aldrich), 25% of M3 Base
(Sigma Aldrich, USA), 5% of FBS, 1% of antibiotics, 5.5
mM D-glucose, 2mM of L-glutamine, 1.5 g/L sodium
bicarbonate and 10 ng/mL human recombinant EGF. All
cells were cultured under standard conditions. All cell cul-
tures were cultured at 37 °C in a humidified atmosphere of
5% CO,. Cells were maintained in 75 cm? tissue culture
flask. The medium was replaced every 48 h. When con-
fluent cells were detached with trypsin-EDTA solution and
subcultured into a newer flask. Subcultivation ratio was 1:4
for hFOB 1.19, 143B, and MG-63 cells and 1:8 for hTERT-
HPNE cells.

2.5 Treatments

hFOB 1.19, MG-63, 143B and hTERT-HPNE cells were
treated using AuNPs in the three different shapes rods, stars,
and roods for 24h. Concentrations used in experiments
were determined by preliminary studies (in range of 0.3-5
pg/mL). Each time, just before, experiment AuNPs were
diluted in FBS-free media and shaken well to ensure equal
dispersion of AuNPs in solution. AuNPs solutions were
shaken before use to avoid agglomeration of nanoparticles.
Control samples were treated with AuNPs-free, FBS-free
culture media. The medium was not change during the
incubation process.

2.6 MTT viability assay

MTT assay was used to determine cell viability. Cells were
seeded in 96 plates at a density of 1x 10* cell per well.
After 24 h cells were treated as described in Treatments
section. For rods, stars and spheres concentration 0.3, 0.6,
1.2, 2.5 and 5 pg/mL were examined. After 24 h incubation
the media was supplemented of water-soluble tetrazolium
salt  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (final concentration 0,45 mg/mL). Next, micro-
plates were incubated at 37 °C in 5% CO, for 2h. After
incubation media was replaced and formazan crystals were
diluted in 100 pL of dimethyl sulfoxide (DMSO). After 15
min, cell viability was assessed by measuring absorbance at
540 nm (reference 630 nm) using microplate reader. Viabi-
lity was determined as a percentage of control (viability of
control cells was set as 100%). Absorbance values were
corrected with blank NPs.

2.7 Neutral red uptake viability assay

The assay is based on the ability of viable, uninjured cells to
accumulate neutral red dye solution in lysosomes. Cells
were seeded in 96 plates at a density of 1x 10* cell/well.
After 24 h cells were treated as described in treatments section.
For rods, stars and spheres concentration 0.3, 0.6, 1.2, 2.5 and
5 pg/mL were examined. Next, to each wall, the neutral red
dye was added to final concentration of 100 ug/mL. Then,
microplates were incubated at 37 °C in 5% CO, for 2h and
medium was removed, cells washed with phosphate buffered
saline (PBS) (NaCl 0.138M, KCl 0.0027M, pH=174,
without Ca>" and Mg?") and fixated with neutral red fixa-
tive solution (0.5% formaldehyde, 0.1% CaCl,). Subse-
quently, the dye was dissolved in neutral red solubilization
solution (50% ethanol, 1% acetic acid) and gentle shaking
for 10 min. Cell viability was assessed by measuring of
absorbance at 540 nm (reference 630 nm) using microplate
reader. Viability was determined as a percentage of control
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(viability of control cells was set as 100%). Absorbance
values were corrected with blank NPs.

2.8 Western blotting

Western blotting was used to examining the influence of
AuNPs on pro and anti-apoptotic proteins levels. Briefly,
MG-63 and 143B cells were treated with nanoparticles in
FBS-free media as described in Treatments section. For
AuNPs rods concentrations of NPs were 1 and 2 ug/mL, for
AuNPs stars concentrations were 0.1, 0.3, 0.6, 1 pg/mL.
Cells were seeded in 10 cm? Petri dish. When confluence
was about 80-90% cells were treated with AuNPs for 24 h
and Western blotting analysis was performed according to
protocol previously established by our team [13]. Before
electrophoresis protein level was measured by Bradford
method [14]. Rabbit polyclonal anti-Bcl-2 and anti-Bax IgG
antibodies and anti-rabbit secondary antibodies were used
(Santa Cruz, USA). Dilution of antibodies according to
manufacturer protocol was 1:250 for Bax; 1:100 for Bcl-2
and 1:20000 for anti-rabbit secondary antibodies. B-actin
was used as loading control. Immunoactive proteins level
were examined by chemiluminescence (ECL) Western-
blotting kit.. Proteins levels were quantified using densito-
metry software (ImageQuant Software, GE Healthcare,
UK).

2.9 TEM analysis

Cellular uptake of nanoparticles and ultrastructure changes
were examined by transmission electron microscopy
(TEM). Briefly, hTERT-HPNE cells were cultured in 10
cm? Petri-dish. When 80-90% confluent cells were treated
with AuNPs rods and stars in concentration 10 and 50 pg/
mL as described in Treatment section. After 24 h of incu-
bation cells were fixated with 2.5% glutaraldehyde in 0.1
mM sodium-cocodylate buffer. Then cells were detached
and centrifuged. Cells plates was postfixaited in 2% osmium
tetroxide. Next dehydration in graded solution of ethanol
was applied. Cell were infiltrated with propylen dioxide,
eopn mixture and pure eopn. Then cell were settled to
polymerise. Prior to TEM examination at 100kV (JEM
1200EX 11, Jeol, Japan), ultra-thin section (Reichert OmU3
ultramicrotome, Austria), were contrasted by uranyl acetate
and lead citrate.

2.10 Statistical analysis

All statistical analysis was performed with GraphPad Prism
5 software (GraphPad Software, Inc, USA). All data on
graphs are presented as the mean + standard error of 3-4
independent experiments. Statistical analysis was deter-
mined by one-way analysis of variance (ANOVA) and

@ Springer

Tukey’s posthoc test. The ICsy was calculated by analyzing
of non-linear regression log(inhibitor) vs normalized
response.

3 Results and discussion
3.1 Morphology of AuNPs

The morphology of prepared samples was studied by SEM
and TEM microscopy. The average gold size was calculated
from average size of 100 AuNPs using ImageJ Analysis
Software. As clearly shown (Fig. la—c), the AuNPs stars
have well-developed with the tip-to-tip diameter in range
170-260 nm with various numbers of tips. The major
fraction of AuNPs stars appears with an average size of ~
200 nm. SEM analysis also showed that all of AuNPs stars
particles have a branched structure. The fractions in dia-
meter about 170 nm and 260 nm represented a small part in
the test sample. The AuNPs rods with narrow size dis-
tribution of ~ 45nm in length and ~16 nm diameter are
shown in Fig. 1d—-f. The major fraction of AuNPs rods
appears with an average length size ~ 45 nm. Moreover,
observation at high magnification shows that the surface of
the AuNPs rods is smooth. The TEM results also confirmed
that small fraction of the formed particles have a spherical
shape. Nikoobakht et al. showed that formation of a large
fraction of spherical particles can be overcome by use of a
(CTAB)-capped seed instead of a citrate-capped one [15].
After reduction of gold precursor by tannic acid, the gold
AuNPs spheres with diameters in the range from 6 to
approximately 22nm were formed (Fig. 1g—i). AuNPs
spheres were rather uniform in shape. The major fraction of
AuNPs spheres appears with an average size equaled to 14
nm.

3.2 UV-Vis properties of gold nanoparticles

The UV-Vis properties of prepared gold nanoparticles were
characterized by UV-Vis spectroscopy in range 200—1400
nm (Fig. 2). The AuNPs exhibit a distinct optical feature
commonly referred to as localized surface plasmon reso-
nance (LSPR). The position and intensity of the LSPR band
depends on the size and surface morphology of gold par-
ticles (a—b). For AuNPs spheres, the plasmon peak shifts to
higher wavelengths with increasing particle size, from the
visible to the IR light [16]. The absorption band at 530 nm
was observed for AuNPs spheres and this peak position
comes from small particles, which is also confirmed by
TEM results. According to the literature, the one plasmon
band around 527 nm is corresponding to the spherical gold
with size about 20 nm [17]. For AuNPs stars a plasmon
band ranging from 500 to 1400nm was observed.
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Fig. 1 Morphology (TEM/SEM images) and average size distribution of a—¢ AuNPs stars, d—f AuNPs rods, g-i AuNPs spheres

According to the literature, the absorption peak in the IR
region depends on the number of tips of gold nanoparticles
[18]. It is know that the shape of the branches and their each
other interaction of AuNPs stars determine the absorption
ranges [16]. For AuNPs rods, typically two plasmon reso-
nances are observed. The transverse and longitudinal LSPR
extinction peaks located around 520 and 680 nm respec-
tively, was observed for AuNPs rods prepared using seed-
mediated synthesis. Appearance of transverse and long-
itudinal plasmon resonances is evident of the formation of
AuNPs rods. Further, the presence of two characteristic
peaks suggests that the sample was homogenous.

3.3 Determination of cell viability

Analysis of MTT assay and NR assay results have shown
that shape and concentration of nanoparticles has an impact
on their cytotoxicity (Fig. 3)

The highest impact on cells survival had AuNPs stars
and decreased cells viability in a concentration-dependent
manner. MTT assay has shown that AuNPs stars sig-
nificantly decreased the viability of hFOB 1.19 in con-
centration range 1.2-5pug/mL, MG-63 in concentration
1.2-5 ug/mL, and 143B in concentration range 0.3-5 pg/mL,
whereas NR assay did not prove the cytotoxic effect of
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Fig. 2 UV-Vis spectra of AuNPs
spheres, AuNPs rods and AuNPs
stars
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AuNPs stars in the lowest concentration (0.3 ug/mL). The
most susceptible to cytotoxic effect of AuNPs stars were
143B cells. For the high concentration of AuNPs stars (2.5
and 5 ug/mL) hFOB 1.19 cells were the most resistant one.
After exposure to the low concentrations of AuNPs stars
(0.3 and 0.6 ug/mL) hFOB 1.19 and MG-63 cells had
similar viability.

In MTT assay AuNPs rods significantly decreased the
viability of hFOB 1.19, MG-63 and 143B cells. However,
other assay (NR assay) has proven that hFOB 1.19 are
resistant to cytotoxic effect of AuNP rods in concentration
between 0.3-2.5 ug/mL, MG-63 in concentration range 0.3—
0.6 ug/mL and 143B cells were resistant to AuNPs rods in
concentration range of 0.3—1.2 pug/mL.

AuNPs spheres exerted the smallest cytotoxic effect
compared to other analysed nanoparticles. AuNPs spheres
did not decrease the viability of hFOB1.19 and MG-63 cells,
examined by MTT assay. AuNPs spheres, in concentration
5 pg/mL, decreased the viability of 143B cells but the effect
was lower in comparison to other shapes. In NR assay
AuNPs spheres did not have any statistically significant
effect on the viability of hFOB1.19, MG63 and 143B cells
in the analysed range of concentration. Non-linear regression
analysis: log(inhibitor) vs. normalized response has been
performed to calculate log ICs, values (online resource 1).
ICs5y values for AuNPs stars are presented in Table 1. In
order to show higher cytotoxicity of AuNPs stars against
cancer cell lines compered to non-cancer cells.

3.4 Protein level of Bax and Bcl-2

We determined the impact of AuNPs rods and AuNPs stars
on apoptosis-related protein. Level of proapoptotic protein

@ Springer

Wavelength [nm]

(Bax) and anti-apoptotic protein (Bcl-2) in MG-63 and
143B cells was demonstrated (Fig. 4). Due to lack cyto-
toxicity showed in NR assay and small cytotoxic effect
(only in concentration 5 pg/mL) against 143B cells only
showed by MTT assay, we did not determine the influence
of AuNPs spheres on the level of protein, which are crucial
regulators of cell death. AuNPs rods significantly increased
the protein level of Bax in both cell lines, however,
decreased the level of Bcl-2 was observed only in MG-63
cells. AuNPs stars significantly increased level of Bax and
decreased level of Bcl-2 in all tested cell lines. For MG-63
cells AuNPs stars increased level of Bax protein in con-
centration between 0.1-1 ug/mL and decreased level of Bcl-
2 protein in concentration of 1pug/mL. AuNPs rods in
concentration between 1-2 ug/mL increased level of Bax
protein and in concentration of 2 ug/mL decreased level of
Bcl-2 protein in MG-63 cells. AuNPs stars in concentration
of 1 pg/mL increased level of Bax protein and decreased
level of Bcl-2 protein on 143B cells. In 143B cells AuNPs
rods in concentration of 2 ug/mL increased level of Bax
protein, however AuNPs rods in tested range of con-
centration did not, statistically significant, influence level of
Bcl-2 protein in 143B cells.

3.5 TEM analysis

TEM analysis have shown that AuNPs rods and AuNPs
stars can be internalized by hTERT-HPNE cells and caused
ultrastructure changes. AuNPs stars in concentration of 10
pg/mL were internalized in the cytoplasm (Fig. 5¢ as well as
in the nucleus of the cell (Fig. 5a). Additionally, we
observed intensive vacuolization of the cytoplasm, and
numerous autophagic vacuoles (Fig. 5a, b). In hTERT-
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HPNE cells after treatment with high (50 ug/mL) con-
centrations of AuNPs stars, we have observed major

Table 1 Icso for AuNPs stars

impairment of the cells such as cell membrane rupture,
cytoplasm vacuolization and general degeneration. AuNPs
stars were present within cell debris (Fig. 6a—d). AuNPs
rods in concentration of 10 pg/mL were found outside the
cell along the cell membrane as well as internalized inside a

HFOBI1.19 MG-63 143B small dense vesicles (endosomes) (Fig. 7a—f). Morphology
MTT ASSAY 1,241 pg/mL. 1.760 ug/mL. 0.4266 pg/mL of t}llle cel(;s treatﬁd W(lith ]rods.of Atl.lNll')S revee(liled normal/
nchan r n mic reticulum and numer
NR ASSAY 3961 pg/mL 1841 pg/mL  1396pg/ml  Unenanged rough endoplasmic reficulum and numerous
autophagosomes. After treatment with higher concentra-
tions of AuNPs rods (50 pug/mL) cells underwent major
143B MG63
(a) (d)
Control| AuNPs rods AuNPs stars Controll AuNPs rods AuNPs stars
0 1 2 0,1 0,3 0,6 ug/mL 0 2 0,1 0,3 0.6 1 pg/mL
Bax |s— -P— 23kDa Bax 23kDa
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Fig. 4 Western-blot analysis of apoptosis-related protein level in 143B
and MG-63 cells after 24 h of incubation with AgNPs. Representative
Western blot analysis of Bax and Bcl-2 in a) 143Bcells and d MG-63.
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500nm |

-~
Fig. 5 Ultrastructure changes in hTERT-HPNE cells after 24 h incu-
bation with 10 ug/mL AuNPs stars. AuNPs stars are indicated by

arrows, N nulceus, NU nucleous, V vaculoes, *-authophagic vacuoles.
The scale bar is present on the left side of each picture

degeneration. AuNPs rods have been observed along the
cell membranes or cell debris (Fig. 8a—c). Some internalized
of AuNPs rods have been found near the nuclear membrane
(Fig. 8a). Despite the fact that the majority of cells have
been seriously damaged, some cells remained normal.
However, internalized AuNPs rods have been found in the

cell perikaryon (Fig. 8d). The cell showed prominent rough
endoplasmic reticulum as well as autophagic vacuole.

4 Discussion

The aim of our research was to determine the dependence of
shape and concentration on the cytotoxicity of AuNPs
against human fetal osteoblast and osteosarcoma cells. We
also were focused on determining the type of programmed
cell death induced by AuNPs We found that, AuNPs
exerted their cytotoxic effect in a shape- and concentration-
dependent manner. AuNPs stars were the most cytotoxic,
whereas AuNPs spheres were the less cytotoxic ones. NR
assay has shown that hFOB1.19 cells were the most resis-
tant and 143B cells were the most susceptible to all
examined AuNPs. In general, the NR assay has shown the
higher viability of the cells than MTT test in the same
condition. Our study has proven that both cytotoxicity of
AuNPs and anti-cancer potential is shape-dependent. Thus,
it should be taken in concern when designing NPs for
biomedical usage, in order to increase safety of NPs
application.

Osteosarcoma is highly metastatic mesenchymal cells
carcinoma [19]. It is the third most common cancer in
youth, so osteosarcoma is substantial epidemiological pro-
blem [19]. Typical treatment of this neoplasm consists of
surgery, chemotherapy and radiotherapy, so therapy is
crippling and the outcome is poor [19]. There is strong
requirement for improved treatment, it has been demon-
started that nanoparticles may be interesting alternative for
the ‘classical’ treatment [20]. Rahim et al., demonstrated
that 24.3 nm spherical AuNPs capped with glication pro-
ducts (Schiff’s base, Heyns products, fructosylamine etc.)
inhibit growth of SaoS-2 (human osteosarcoma cell line)
[21]. Similarly, Cebrain et al. have shown that 6 nm poly
(ethylenimine) coated AuNPs decreased viability of SaoS-2
cells [22]. However, there was no study compering cyto-
toxicity of different shapes of AuNPs against osteosarcoma
cells. In our study, we decided to use four cell lines
hFOB1.19, hTERT-HPNE, MG-63 and 143B, because it
has been proven that response to AuNPs exposure is very
cell line dependent. [23]. We have chosen two osteo-
sarcoma cell lines (MG-63 and 143B) because of their
different characteristics. 143B cells proliferate and migrate
more intensively than MG-63 cells, also 143B cells have
higher tumorigenicity and colony forming ability [24, 25].
Taken together,143B cell line is more aggressive one. We
used non-transformed and cancer cell lines, as studies
suggest that cancer cells are more vulnerable to xenobiotics,
due to faster and bigger uptake caused by hyper metabolism
[26]. Non-transformed cells (hnFOB1.19 and hTERT-HPNE)
were used to assess the safety of potential in vivo
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Fig. 6 Ultrastructure changes in h\TERT-HPNE cells after 24 h incubation with 50 ug/mL AuNPs stars. AuNPs stars are indicated by arrows. The

scale bar is present on the left side of each picture

application of AuNPs of different shapes. In other studies
hTERT-HPNE cells were used as a comparison for selective
cytotoxicity of tested compound against cancer cells. For
example, Ramalho et al. compared the cytotoxicity of
functionalized nanoparticles (PLGA-AuNPs) with potential
anti-cancer activity against A549 cells (human lung carci-
noma) and hTERT-HPNE [27]. Wada et al., also compered
cytotoxicity of tested compunds on different cell lines
CHO-K1 (chinese hamster ovary), HeLa (cervix cancer
cells) and SH-SYSY (neuroblast cells) [28].

4.1 Cytotoxicity of AuNPs

In order to provide the most reliable results, we decided to
use two test: MTT and NR. NR assay is based on the ability
of viable cells to uptake and accumulate dye in lysosomes
and measured cellular membrane integrity [29]. MTT assay
measured the activity of cellular NAD(P)H dependent oxi-
doreductase [29]. Decreased cell viability measured by
MTT may indicate the cells underwent apoptosis [29, 30].
Because of different characteristic of both assays, they do
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not give equal results [31]. MTT test, as well as NR assay,
are commonly used to assess the cytotoxicity of nano-
particles [32-34].

Recently, several groups have focused their attention on
the cytotoxic activity of AuNPs [35, 36]. Size, shape,
concentration, incubation time, synthesis method, surface
functionalization, type of cells are thought to have an
impact of cytotoxicity of AuNPs [37]. It has been proven
that AuNPs can reduce the viability of human hepatocellular
carcinoma [38] and human breast adenocarcinoma [39]. On
the other hand, Gannon et al. have found that AuNPs in
concentration between 1 and 67 pM/L are not cytotoxic to
Hep3B (hepatocellular carcinoma) and Panc-1 (pancreatic
epithelioid carcinoma) cells [40]. Patra et al., demonstrated
that 33 nm AuNPs were toxic to human carcinoma lung cell
line (A549 cells), and did not decrease viability of human
hepatocellular carcinoma cells (Hepg-2) cells [41]. In other
study it has been shown that 10 and 50 nm citrate coated
AuNPs were not toxic to embryonic fibroblast [42].

Size of nanoparticles is important if considering their
cytotoxicity. Generally, it seems that the larger the size of
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Fig. 7 Ultrastructure changes in hTERT-HPNE cells after 24 h incubation with 10 pg/mL. AuNPs rods. AuNPs rods are indicated by arrows.
Endosomes are circled, RER rough endoplasmatic reticulum, * authophagosomes. The scale bar is present on the left side of each picture

nanoparticles is the less cytotoxic they exerted [43]. Indeed,
Coradeghini et al. have proven that 5 nm AuNPs were more
cytotoxic in comparison to 15nm AuNPs on Balb/3T3
(mouse fibroblast) cells. [44]. Similarly, Senut et al. have
proven that 1.5nm AuNPs are more cytotoxic to hESC
(human embryonic stem cells) cells than 4 and 15nm
AuNPs [45]. However, Vetten et al., demonstrated that 20

nm AuNPs were more cytotoxic than 14 nm on BEAS-2B
cells [46].

Although extensive knowledge about AuNPs cytotoxi-
city there is only few publication which has taken in con-
cern shape of NPs as an important modulator of
cytotoxicity. Our results suggest that AuNPs exerted
their cytotoxicity mainly by influencing mitochondria
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¢ 200 nm

Fig. 8 Ultrastructure changes in hTERT-HPNE cells after 24 h incu-
bation with 50 ug/mL AuNPs rods. AuNPs rods are indicated by
arrows. AuNPs rods were founded near the nuclear membrane
(boxed), RER rough endoplasmatic reticulum, AV authophagic
vacuoles. The scale bar is present on the left side or at the bottom of
each picture

functioning (MTT assay). However, the decreased viability
of cells in NR assay suggested that NPs affected integrity of
cellular membranes. It has been found that AuNPs rods
exerted cytotoxic effect against canine MDCK (canine
kidney epithelial cells) and HEp-2 (human HeLa con-
taminant epithelial cells) cell lines in a concentration-
dependent manner (viability of cells was measured by MTT
assay) [47]. In in vitro study, Favi et. al examined the
impact of AuNPs rods (length 534 +38 nm, width 65+8
nm) on the viability of human dermal fibroblast. They
observed that viability of the cells measured by MTS assay
was decreased by 10-15% by AuNPs rods at concentration
of 400 pg/mL [48]. In our study, AuNPs rods in con-
centration of 5pg/mL decreased MG-63 cells viability
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(measured by MTT assay) by approximately 34% and 143B
cells by 46%. There are significant differences between our
results and results presented by Favi et al. Firstly, they
examined AuNPs rods in bigger size, and it has been proven
that the bigger nanoparticles are the smaller effect on cells
viability they have [43]. Furthermore, MTT and MTS test
give similar but not equal results [49]. Other studies have
proven that AuNPs rods decreased the viability of A549
cells (human lung adenocarcinoma cells) in a concentration-
dependent manner. Further, it has been observed, consistent
with our results, that AuNPs rods (length 40 nm) are more
cytotoxic than AuNPs spheres [47]. In several studies, it has
demonstrated that AuNPs spheres did not have cytotoxic
activity [43, 50].

4.2 AuNPs-induced programmed cell death

Choudhury et al., observed decreased level of Bcl-2 (anti-
apoptotic protein) and increased level of Bax (proapoptotic
protein) in A549 cells after incubation with 40 nm AuNPs
[51]. Selim et al., have reported that AuNPs may increase
mRNA level of proapoptotic protein Bax, and decreased the
level of a protein Bcl-2 in MCF-7 cells (human mammary
adenocarcinoma) [39]. Similar results were presented for
Hepg-2 cells incubated with 14.5 nm spherical AuNPs [52].
AuNPs rods are thought to induce apoptosis [30, 47]. Fur-
thermore, Chueh et al.,, have proven that AuNPs rods
(Iength 10-40nm) induce apoptosis and autophagy in
NIH3T3 cells (mouse fibroblast) [23]. Ding et al., have
observed that spherical AuNPs (5, 13 nm) caused autophagy
in HK2 cells (human renal proximal tubular cells) [53].
Tang et al., have ascertained that AuNPs rods (width 23-26
nm, length 35-58 nm) may cause necrosis of A549 cells.
Furthermore, necrotic cells ratio increases in presence of
high concentration of AuNPs rods (in concentration > 10
pg/mL) [54]. Our results suggest that AuNPs rods and
AuNPs stars may induced apoptosis in MG-63 and 143B
cells, which is similar to observations made by several other
authors [30, 47, 52].

4.3 Cellular uptake and ultrastructure changes

AuNPs may be internalized into cells and caused ultra-
structural changes. Generally, molecules with positively
charger surfaces have higher uptake ratio but lower intracel-
lular stability in comparison to neutral or negatively charged
molecules [55]. Furthermore, size of nanoparticles influence
effectivity of their internalization [56]. There are two main
mechanisms of AuNPs internalisation by membrane-bound
vesicles [35] and endosomes [57]. Receptor-mediated endo-
cytosis and fluid-phase endocytosis are the additional way of
AuNPs internalisation [58]. Mironava et al., have demon-
strated that way of AuNPs internalisation depends on diameter



Journal of Materials Science: Materials in Medicine (2019) 30:22

Page 13 of 15 22

of AuNPs [10]. 45 nm AuNPs penetrate into human dermal
fibroblast by clathrin-mediated endocytosis, while for 13 nm
AuNPs phagocytosis is main way of internalisation [59]. It has
been proven that AuNPs rods may be internalised by endo-
somes and vesicular bodies into human dermal fibroblasts
(AuNPs rods: width 11.2-12.8 nm length 58—62 nm), colon
adenocarcinoma and other cells [60, 61]. Other studies have
shown that AuNPs are internalised by phagocytosis in A549
(AuNPs rods: width 23-26 nm, length: 35-58 nm) and HBL-
100 cells (AuNPs spheres 2045 nm) [54, 58]. Furthermore,
AuNPs can be found in the cytosol, lysosomes and perinuclear
region either in form of aggregates or single NPs [53, 54, 58].
Exposition of A549 cells to AuNPs rods (width 23-26 nm,
length 35-58 nm) caused an increased number of lysosomes
and swallowing of mitochondria [54]. The nucleus of A549
cells was not affected by AuNPs rods [54]. The data about
uptake and cytotoxicity of AuNPs are inconsistent. Connor
et al., have proven that AuNPs spheres may be taken up by
K562 (chronic myelogenous leukemia) cells, but they are not
cytotoxic [62]. Gannon et al. proved that AuNPs can be
internalized by Panc-1 cells, however, TEM analysis has
shown that AuNPs do not harm cellular organelles [40].

To the our knowledge this is the first study to compare
shape- and size-dependent cytotoxic against human fetal
osteoblast and osteosarcoma cells including the type of cell
death and ultrastructure alterations caused by AuNPs.

5 Conclusions

In the present study we demonstrated that cytotoxicity of
AuNPs is depended on the shape. We found that AuNPs stars
are the most cytotoxic ones. Furthermore, we observed that
cancer cells are more susceptible to AuNPs. For AuNPs in all
investigated shapes, ICs values were the lowest for 143B cell
line in comparison to hFOB 1.19 and MG-63 cell lines. We
proved that AuNPs induced apoptosis in human osteosarcoma
cells, both in 143B and MG-63. Moreover, AuNPs penetrated
through the cell membrane and caused ultrastructural changes.
Our study has proven that shape is important modulator of
AuNPs cytotoxicity. Both anti-cancer potential and cytotoxi-
city of AuNPs is shape-dependent. It should be concerned in
order to provide the highest efficiency with the highest safety
of AuNPs application.
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Abstract

Due to the high toxicity of currently used chemotherapeutics, novel methods of cancer treatment are
needed. Gold nanoparticles (AuNPs) seem to be an interesting alternative due to penetration through
biological membranes and systemic barriers. AuNPs as carriers of chemotherapeutics allow for reduced
concentrations whilst maintaining the expected effect, and thus reducing the costs of therapy and adverse
effects. We synthesized AuNPs stabilized with reduced glutathione (GSH) and conjugated with
doxorubicin (DOX), gemcitabine (GEM) or cytarabine (CTA). This is the first study in which
cytarabine-AuNPs were synthesized and characterized. Transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), nuclear magnetic resonance spectroscopy (NMR) and high-
performance liquid chromatography (HPLC) were used to chemically characterize obtained
nanoparticles. Antitumor activity and safety of application were assessed by MTT assay in in vitro model
(human osteosarcoma cells -143B, human osteoblast- hFOBI.19, breast cancer cells - MCF7, breast
epithelial cells - MCF10A, pancreatic cancer cells — PANC-1, and pancreatic cells - hTERT-HPNE cells).
We have shown that cellular response varies according to the type and concentration of AuNPs. At some
concentrations, we were able to show selective cytotoxicity of our AuNPs conjugates only to cancer cell
lines. Synthesized nanoparticles were more cytotoxic to tumor cell lines than chemotherapeutics alone.

Key words: Gold nanoparticles; Cancer; Drug deliver platform; Gold nanoparticles conjugate; Chemotherapeutic

Introduction

Cancer is one of the leading causes of death and
emerging epidemiological problem in clinical practice
furthermore cancer treatment is expensive [1,2].
AulNPs, that have established a role in
nanotechnology, may be a possible answer to that
matter. It has been proven that AuNPs may be used in
cancer diagnostic and therapy [3,4]. They can
penetrate through cellular membranes, which is
crucial for biomedical applications [5]. Furthermore,
AuNPs as drug delivery platforms can accumulate in
the cancer microenvironment, which protects healthy
tissue [6]. Importantly, AuNPs can be efficient in
drug-resistant neoplasm [7]. Another advantage of the

usage of AuNPs is a variety of sizes and possible
surface modifications, which greatly expands their
clinical application [8-10]. AuNPs have also good
safety-profile [11]. Furthermore, it has been shown
that GSH  stabilized AuNPs have good
biocompatibility profile and low immunogenicity
[12]. Moreover, GSH as a peptide present in each cell
can increase the biocompatibility of possessed
AuNPs, which will be beneficial for potential
applications [13].

Pancreatic cancer, osteosarcoma, and breast
cancer are types of cancer were different oncological
approaches may be wused. Pancreatic cancer is

http://www.medsci.org
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associated with poor prognosis (6% of 5-years
survival rate) [14]. There are several treatment options
for this cancer: surgery, radiotherapy, chemotherapy
or combination of those [14]. Among the others,
gemcitabine (GEM) is used in chemotherapy for
pancreatic cancer [14]. Unfortunately, GEM has severe
side-effects, among the others: nausea,
mielosuppression, liver damage or heart failure which
may decrease patient quality of life [15]. Pancreatic
cancer is thought to become the second most popular
type of cancer in 2030 and the average cost of lifetime
treatment per patient is as high as $65335 [16,17].
Another cancer considered with poor outcome is
osteosarcoma, which is one of the most common
cancers of the youth [18]. In general treatment options
are similar to pancreatic cancer (surgery,
chemotherapy, radiotherapy) [18]. Treatment of
osteosarcoma in many cases requires amputation,
which severely decreased the patient’s quality of life.
One of the agents used in osteosarcoma therapy is
doxorubicin (DOX) [18]. Also, it has been proven that
AuNPs may be cytotoxic to osteosarcoma cell lines
[19]. For breast cancer apart from the “classical”
treatment, we can use hormone-blocking therapy and
monoclonal antibodies against described molecular
targets. DOX and cytarabine (CTA) are effective drugs
in breast cancer therapy [20,21]. Unfortunately, both
drugs have serious aftereffects. For DOX it will be
mielosuppression, cardiotoxicity hair loos and others
[22]. Usage of CTA can lead to brain damage,
mielosuppression, gastrointestinal tract disturbances
and others [23]. Surgery with healthy tissue margin
typically gives the best treatment outcome; however,
it is limited only to small tumors. Thus, chemotherapy
still is one of the main treatment strategies in
oncology. However, due to multidrug resistance of
cancer and poor penetration of active agents through
the tumor, its effectiveness is limited. Thus, novel
drug delivery platforms, such as AuNPs, may be an
interesting solution to this problem.

In this research we assessed the anti-tumor
potential of GSH stabilized AuNPs conjugated with
chemotherapeutics (DOX, CTA, GEM). As
chemotherapeutics have severe side effects and
limited effectiveness we tried to overcome their
disadvantages by using AuNPs as drug delivery
platforms. Our modification allows using a smaller
concentration (dose) of a drug, which will increase
patients” comfort, also better penetration may
upsurge the efficiency of treatment.

Effectiveness against pancreatic
adenocarcinoma, breast cancer, and osteosarcoma cell
lines was evaluated. We also assessed the safety of
AuNPs application by in vitro cytotoxicity assay on
non-transformed cell lines.

Materials and methods

Synthesis

Synthesis of AuNPs stabilized with GSH

93.5 pL (0.135 mmol) of 30% chloroauric acid
solution (HAuCly) was diluted using 26 mL of
distilled water. The reaction mixture was placed in a
water/ice bath and then 162 mg (0.537 mmol) of
reduced glutathione was added slowly in small
portions. The solution turned from light yellow
through brown into transparent with white
suspension. After 1.5 hours a few drops of a saturated
solution of sodium bicarbonate was added, which
caused an increase of pH and consequently
disappearance of the precipitate. Next, 50 mg (1.322
mmol) of NaBHj, dissolved in 6.5 mL of water was
added quickly with high-speed magnetic stirring. The
solution turned brown and the reaction mixture was
stirred an additional 2 hours. Then, 20 mL of
methanol was added to precipitate nanoparticles. The
precipitate was centrifuged (5000 rpm, 10 min)
washed with methanol: water 1:1 mixture and
dissolved in 1 mL of distilled water. The significant
concentration of nanoparticles left in supernatant and
was subjected to additional precipitation. The
obtained supernatant was mixed with 55 mL of
methanol and was centrifuged (10000 rpm, 15 min.)
yielding brown sediments. The precipitate was
washed with methanol: water 4:1 mixture and was
dried. The additional precipitate was used in this
study. Then nanoparticles were precipitated an
additional two times. Resulted precipitates were left
to dry in the air.

Synthesis of AuNPs stabilized with GSH and DOX

4 mg of AuNPs stabilized with GSH were
dissolved in 0.4 mL of distilled water. Then, 2 mL of
prepared DOX water solution (1 mg/mL) was added
slowly. The reaction mixture was stirred 12 hours and
then nanoparticles were purified using centrifugal
filters (Amicon® Ultra 0.5 mL) in a centrifuge (10000
rpm, 5 min) and washed two times with PBS.

AuNPs stabilized with GSH and GEM

20 mg of AuNPs stabilized with GSH were
dissolved in 2 mL of distilled water. Then, 1 mg (0.003
mmol) of GEM dissolved in 1 ml of water was added
and the reaction was mixed for 12 hours. Next,
nanoparticles were purified using centrifugal filters
(Amicon® Ultra 0.5 mL) in a centrifuge (10000 rpm, 5
min).

AuNPs stabilized with GSH and CTA

20 mg of AuNPs stabilized with GSH were
dissolved in 2 mL of distilled water. Then 1 mg (0.004
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mmol) of CTA dissolved in 1 mL of water was
introduced and the reaction was mixed for 12 hours.
Next, nanoparticles were purified using centrifugal
filters (Amicon® Ultra 0.5 mL) in a centrifuge (10000
rpm, 5 min).

Cell culture

143B (ATCC CRL-8303) were cultured in
Minimum essential medium (Eagle) with 0.015
mg/mL  5-bromo-2'-deoxyuridine. = Media was
supplemented with 10% of heat-inactivated fetal
bovine serum (FBS) and 1% of penicillin and
streptomycin (P/S) hFOB 1.19 (ATCC CRL-11372)
were cultured in 1:1 mixture of Ham's F12 Medium
and Dulbecco's Modified Eagle's Medium (DMEM/
F12) with 2,5 mM of L-glutamine. The media was
supplemented with 10% of FBS and 1% of P/S.
hTERT-HPNE (ATCC CRL-4023) were cultured in
DMEM with 2 mM of L-glutamine and Medium M3
base in ratio 3:1. Media was supplemented with 5% of
FBS, 10 ng/mL of EGF, 1g/L of D-glucose, 750 ng/mL
of puromycin and 1% of P/S. MCF 10A (ATCC HTB-2
2) were cultured in DMEM/F12 media supplemented
with 5% of horse serum, 20 ng/mL of EGF, 0,5 mg/
mL of hydrocortisone, 100 ng/mL of cholera toxin, 10
g/mL of insulin and 1% of P/S. MCF 7 (ATCC CRL-
10317) were cultured in DMEM (4mM L-glutamine
and 4500 mg/L of glucose). The media was
supplemented with 10% of FBS and 1% of P/S. PANC
1 (ATCC CRL-1496) were cultured in DMEM (4mM
L-glutamine and 4500 mg/L of glucose). The media
was supplemented with 10% of FBS and 1% of P/S.
All cells were possessed from the American Type
Culture Collection. Cells were kept in T-75 flask under
the sterile condition at 37°C in a humidified
atmosphere of 5% of CO, (medium renewal every 2
days). When confluent cells were detached with a
trypsin-EDTA solution and subcultivated according
to ATCC guidelines.

Treatments

Each time just before experiment new dilutions
of synthesized AuNPs in FBS-free media were
prepared. The stock solution was shaken well to
ensure an equal dispersion of AuNPs. Cells were
incubated with 1, 10, 25, 50 and 100 pg/mL of all
synthesized nanoparticles (AuNPs-GSH, AuNPs-
GSH-GEM, AuNPs-GSH-DOX, AuNPs-GSH-CTA).
Prior to incubation solutions were shaken in order to
prevent agglomeration of investigated AuNDPs.
Control cells were kept in FBS-free media without
AuNPs addition. Cells were incubated in 37°C, 5%
CO; for 24h.

MTT assay
Cell viability was measured by MTT assay with a

previously established method [19,24]. Briefly, cells
were seeded into a 96-well dish (density 1x10* cells/
well). After 24h cells were incubated with synthesized
AuNPs and chemotherapeutics as described in the
“Treatments” section. After 24h solution water-
soluble tetrazolium salt was added to a final
concentration of 0.5 mg/mL. Next, the plate was
incubated for 2h in standard condition. Formazan
crystals were diluted in dimethyl sulfoxide. Cell
viability was assessed by absorbance measurements.
Absorbance values were adjusted with blank NPs.
The viability of control cells was set to 100%.

Statistical analysis

All statistical analysis was performed with
GraphPad Prism 5 software (GraphPad Software, Inc.,
USA). Statistical analysis was determined by a
one-way analysis of variance (ANOVA) and Tukey’s
posthoc test.

Results
AuNPs characteristic

AuNPs stabilized with GSH (AuNPs-GSH)

To determine the size and monodispersity of
obtained nanoparticles we conducted TEM
measurements. Figure 1 shows the TEM image of
AuNPs (Figure 1la) and histograms of the size
distribution (Figure 1b). The obtained nanoparticles
have an average diameter of about 2.1 +/- 0.3 nm.

The presence of GSH on the surface of
nanoparticles has been confirmed by
thermogravimetric analysis. The given thermogram
(Figure 2) shows the weight loss of the sample during
heating (red line). The first derivative of TGA curve
(blue line) shows a single sharp peak in the
temperature range 220-250°C. It corresponds to the
rapid decomposition of nanoparticles as a result of the
loss of GSH from the surface of nanoparticles. This
analysis showed that GSH is ~24% of the mass of
AuNPs.

The presence of GSH on the surface of the
nanoparticles was also confirmed by TH NMR spectra
(Figure 3a), for comparison spectra of GSH is shown
in Figure 3b. In Figure 3a there are clearly visible four
signals characteristic for GSH (strong signal 3.42 ppm
arises from methanol). All signals are broadened
which is characteristic for NMR spectra protons from
molecules conjugated to the surface of nanoparticles
(no sharp signals indicate that sample was purified
properly and there is no unbounded GSH). Signals at
230 ppm, 2.69 ppm, and 3.89 ppm are assigned
respectively to protons from carbons 3, 4 and 9. The
broad signal at 3.89 ppm is probably a screening
signal from proton from carbon 2, which should

http://www.medsci.org
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appear at 3.84 ppm. Protons from carbons 6 and 7 are  in direct neighborhood to gold atoms, which cannot
in B and a position to a thiol group, which is located  be analyzed by 1D spectra.
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Figure 1. (2) AuNPs-GSH TEM image and (b) AuNPs-GSH histogram of size distribution. Scale bar corresponds to 50 nm.
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AuNPs stabilized with GSH and DOX
(AuNPs-GSH-DOX)

Figure 4 shows the TEM image (Figure 4a) and
the histogram of the size distribution (Figure 4b) of
nanoparticles. AuNPs-GSH-DOX have an average
diameter of about 1.9+/- 0.3 nm after the surface
modification. The lower diameter value of these
nanoparticles is related to lower contrast
characteristics for samples with higher organic
fraction concentration.

Sample of these nanoparticles was treated with
iodine in order to break bonds between nanoparticles
and ligands. Ligands solution was separated from
nanoparticles aggregates and HPLC measurement
was performed. The mobile phase consisted of 10 mM
KH>PO4 and 0.1% (v/v) trifluoroacetic acid in water
and acetonitrile as the organic phase. A gradient
method was used in which the mobile phase started
as 75% aqueous phase and 25% of the organic phase
and changed in a linear manner to 60/40 within 7
minutes. Peaks were monitored using a UV-VIS
detector. Figure 5 shows a strong signal (2.385 min),
which is characteristic of DOX.

AuNPs stabilized with GSH and GEM
(AuNPs-GSH-GEM)

Figure 6 shows the TEM image (Figure 6a) and
the histogram of the size distribution (Figure 6b). The
obtained nanoparticles have an average diameter of
about 2.11+/-0.33 nm.

AuNPs stabilized with GSH and CTA
(AuNPs-GSH-CTA)

Figure 7 shows the TEM image (Figure 7a) and
the histogram of the size distribution (Figure 7b).
AuNPs-GSH-CTA have an average diameter of about
2.10+/- 0.35 nm. The lower diameter value of these
nanoparticles is related to lower contrast
characteristics for samples with higher organic faction
concentration.

AuNPs decreased the viability of the cells in a
concentration-dependent manner

AuNPs-GSH-DOX and AuNPs-GSH-GEM and
all AuNPs-GSH-CTA decreased the viability of 143B
cells. All tested AuNPs decreased the viability of
hFOB 1.19 cells. The highest impact on 143B cells
viability had AuNPs-GSH-CTA; this AuNPs in the
concentration of 100 pg/mL  demonstrated
approximately 45% decreased viability of 143B cells.
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In contrast, the highest impact on the viability of
hFOB 1.19 cells had AuNPs-GSH-GEM (in the
concentration of 100 pg/mL). Interestingly, in lower
concentrations (1, 10 pg/mL) hFOB 1.19 were more
susceptible to AuNPs than 143B cells (Figure 8).

All tested AuNPs decreased the viability of
PNAC-1 and hTERT-HPNE cells in a concentration-
dependent manner. Importantly, hTERT-HPNE cells
were more resistant to AuNPs than PANC-1 cells. The
highest impact on PANC-1 viability had AuNPs-
GSH-GEM. AuNPs-GSH-CTA to around 30% and
AuNPs-GSH-GEM decreased the viability of the cells
to around 25%. Similarly for hTERT-HPNE AuNPs-
GSH-CTA and AuNPs-GSH-GEM decreased the
viability of the cells to around 45% (Figure 8).

All tested AuNPs decreased the viability of
MCEF7 cells and all tested AuNPs apart from
AuNPs-GSH decreased viability of MCF10A cells.
MCF10A were more resistant to AuNPs than MCF7
cells. The highest impact on MCF7 cells viability had
AuNPs-GSH-GEM (decreased viability to around
25%). AuNPs-GSH-DOX and AuNPs-GSH-GEM in
100 pg/mL concentrations decreased viability of
MCF10A cells to 50% (Figure 8).

We have proven that AuNPs-GSH-DOX in
concentration 1 pg/mL, AuNPs-GSH-CTA in

Number of particles

20

concentration 1 pg/mL and AuNPs-GSH-GEM in
concentration 10 pg/mL are selectively cytotoxic to
osteosarcoma cell line (143B) in comparison to
non-transformed  cells. ~ AuNPs-GSH-GEM  in
concentration 1 ug/mL is selectively cytotoxic against
pancreatic ductal adenocarcinoma cells (PANC-1).
AuNPs-GSH-CTA in concentration 1 and 10 pg/mL is
selectively =~ cytotoxic  to  epithelial  breast
adenocarcinoma cells (MCF?7).

Generally, cancer cell lines (143B, PANCI,
MCEF7) were more susceptible to our conjugates that
non-transformed cell lines (hFOB1.19, hTERT-HPNE,
MCF10A). In Figure 8 red boxes indicate selective
cytotoxicity of AuNPs only to cancer cells (in
comparison to non-transformed cells).

As a reference, we assessed the impact of
chemotherapeutics on the viability of cancer cell lines
(Figure 9). DOX in a concentration equal or higher
0.49 pg/mL decreased the viability of 143B and MCF7
cells and in a concentration equal or higher 0.99
pg/mL of PANCI cells. CTA decreased the viability
of 143B, PANC-1 and MCF7 cells in concentrations
equal to or higher than 247 pg/mL. GEM
significantly decreased the viability of 143B cells in a
concentration equal or higher 0.49 ng/mL, PANC-1
2.47 pg/mL and MCF7 0.99 pg/mL.
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Figure 6. (a) TEM image and (b) histogram of NPs size distribution for AUNPs-GSH-GEM. Scale bar corresponds to 50 nm.
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Figure 7. (a) TEM image and (b) histogram of NPs size distribution for AuNPs-GSH-CTA. Scale bar corresponds to 50 nm.
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In the conditions listed below, our AuNPs-
chemotherapeutic conjugates significantly decreased
the viability of cancer cells, whereas corresponding
chemotherapeutic concentrations did not.
AuNPs-GSH-DOX (1 pg/mL), AuNPs-GSH-CTA (1,
10, 20, 50 pg/mL) on 143B cells; AuNPs-GSH-CTA
(10, 20, 50 pg/mL), AuNPs-GSH-GEM (1, 10, 20
pg/mL) on PANC-1 cells; AuNPs-GSH-CTA (1, 10,
20, 50 pg/mL) and AuNPs-GSH-GEM (1, 10 pg/mL)
on MCF7cells, respectively.

Importantly, tested AuNPs had anti-cancer
potential. Nanoparticles coated only with GSH had
the smallest impact on the viability of the cells.
Furthermore, tumor cells line were more susceptible
to tested AuNPs that non-transformed cell lines. As
mentioned above AuNPs conjugated with
chemotherapeutics exerted selective cytotoxicity.

Discussion

In 2018, more than 18 million people were
diagnosed with cancer and 9.5 million people died of
it [25]. Among cancers: breast cancer (>2 088 000 new
cases, >626 000 deaths in 2018), pancreatic cancer
(>458 000 new cases, 432 000 deaths in 2018) and
osteosarcoma (morbidity rate of 4 cases/million
people yearly), are emerging clinical problems [25,26].
Unfortunately, prognosis in those cancers is poor.
Only 60% of patients with osteosarcoma and breast
cancer survive at least 5 years from diagnosis,
whereas almost no patients with pancreatic cancer
survive 5 years (median survival 5.5 months) [26-28].
Moreover, the treatment of cancer: chemotherapy,
radiotherapy, hormonotherapy, and surgery severely
decrease patients” quality of life. Among the others:
myelosuppression, hepatotoxicity, renal failure, heart
failure, gastrointestinal tract damage, nausea and hair
loss are the most important side effect of
chemotherapy [15,22,23]. Therefore, novel approaches
with better effectiveness and less severe side effects
are needed.

The main aim of the study was to evaluate the
anti-tumor and safety of AuNPs stabilized with GSH
and conjugated with chemotherapeutics under in vitro
condition. We decided to use AuNPs as it had been
proven that they have a good safety profile and
established a role as a drug delivery platform [29,30].
Furthermore, our nanoparticles are coated with GSH
in order to increase biocompatibility [13]. Indeed, we
have shown that AuNPs-GSH had small effects on the
viability of mammalian cells. Importantly, typically
AuNPs conjugated with chemotherapeutics have a
higher impact on the viability of cancer cell lines than
non-transformed ones. Furthermore, in some
concentrations of AuNPs-chemotherapeutics, we
were able to show selective cytotoxicity. Differences

in effects exerted by AuNPs-chemotherapeutic and
chemotherapeutic alone may be due to a different
way of internalization. The drug can be internalized
by passive diffusion whereas when conjugated with
AuNPs internalization mechanism is endocytosis or
other active transport mechanisms [31]. More
importantly AuNPs-chemotherapeutic conjugate, in
some cases, were more effective than
chemotherapeutic alone. We compared the
cytotoxicity of chemotherapeutics on cell lines used in
this study (143B, PANC-1, MCF7) with literature data,
and generally, we had similar results [31,32,41,42,33-
40]. For DOX, Kamba et al., reported that ICsp was
around 0.5ng/mL (MG63, osteosarcoma cells), Yui et
al, showed that ICso was approximately equal 2
pg/mL (PANCI1 cells).

Data on cytotoxicity of AuNPs-GSH or AuNPs
conjugated with chemotherapeutics are limited.
However, several studies have proven the safety of
AuNPs. Leite et al, have demonstrated that 4.5 nm
PEG-AuNPs in concentration up to 5 x 1013
particles/mL did not influence the viability of mouse
myoblastoma (C2C12 cells) measured by MTT assay
[43]. Similarly, ICsoof HeLa cells treated with 1.4 nm
GSH-coated AuNPs was 3130 uM. In our study, which
was similar to already published data, AuNPs-
GSH had the lowest cytotoxicity potential, which have
proven that functionalization of AuNPs with GSH
ensures good safety-profile of synthesized AuNPs.
Size of AuNDPs is one of the main factors impacting
AuNPs cytotoxicity [44]. Pan et al have examined the
cytotoxicity of spherical AuNPs against human cell
lines (fibroblast, melanoma, epithelial cells, and
macrophages). They have chosen AuNPs in size range
between 0.8 and 15 nm [44]. 1.4 nm AuNPs were the
most cytotoxic whereas 15 nm AuNPs were 60-100
times less toxic [44].

Manivasagan et al. assessed potential anti-cancer
AuNPs-fucoidan-DOX on human breast
adenocarcinoma cells (MDA-MB-231). Similarly to
our results they have shown that AuNPs coated with
DOX had a higher impact on cancer cells viability
than  AulNPs-fucoidan or DOX alone [45].
Correspondingly, Venkatourwar et al., assessed the
impact of porphyrin-coated AuNPs conjugated with
DOX as a potential drug delivery platform. They also
showed that conjugated DOX and AuNPs are more
cytotoxic against human glioma cells (LN-299) than
any of the compounds alone [46].

According to best of our knowledge, it is the first
study to examine the impact of CTA conjugated metal
nanoparticles on mammalian cells in which we
indicated that AuNPs stabilized with GSH and
conjugated with CTA can be more effective in
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inducing cell death that CTA alone on osteosarcoma,
pancreatic cancer cells breast cancer cells.

We have found that AuNPs may be an
interesting drug delivery platform. AuNPs-
chemotherapeutic conjugates may be more effective
than the drug alone and can have a selective effect
only on cancer cells. AuNPs-chemotherapeutic
conjugates allow using lesser concentration (dose) of
the drug, which decreases the severity of side effects
and reduces the treatment cost.

Conclusions

In the presented study, we demonstrated the
anti-cancer potential of AuNPs stabilized with GSH
and conjugated with chemotherapeutics. We have
shown that our nanoparticles can be selectively
cytotoxic to cancer cell lines (in comparison to
non-transformed ones). Furthermore, in some cases,
synthesized AuNPs conjugates were more effective
than the drug alone. Modern methods of chemical
synthesis of nanoparticles conjugated with
chemotherapeutics may increase the effectiveness of
anti-cancer therapy. At the same time, it allows for a
significant reduction of treatment costs and relieves of
side effects.
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Implant-related infections are an emerging clinical and economic problem. Therefore, we decided to assess potential clinical
usefulness and safety of silver orthophosphate microparticles (SOMPs) regarding their shape. We synthesized and then
assessed antimicrobial properties and potential cytotoxicity of six shapes of SOMPs (tetrapod, cubes, spheres, tetrahedrons,
branched, and rhombic dodecahedron). We found that SOMPs had a high antimicrobial effect; they were more efficient
against fungi than bacteria. SOMPs exerted an antimicrobial effect in concentrations not toxic to mammalian cells: human
fetal osteoblast (hFOB1.19), osteosarcoma (Saos-2), mouse preosteoblasts (MC3T3-E1), skin fibroblast (HDF), and mouse
myoblast (C2C12). At higher concentration SOMPs, induced shape- and concentration-dependent cytotoxicity (according to
MTT and BrdU assays). Tetrapod SOMPs had the smallest effect, whereas cubical SOMPs, the highest on cell viability.
hFOBI1.19 were the most resistant cells and C2Cl12, the most susceptible ones. We have proven that the induction of
oxidative stress and inflammation is involved in the cytotoxic mechanism of SOMPs. After treatment with microparticles,
we observed changes in levels of reactive oxygen species, first-line defense antioxidants-superoxide dismutase (SODI,
SOD3), and glutathione peroxidase (GPX4), metalloproteinase (MMP1, MMP3), and NF-«B protein. Neither cell cycle
distribution nor ultrastructure was altered as determined by flow cytometry and transmission electron microscopy,
respectively. In conclusion, silver orthophosphate may be a safe and effective antimicrobial agent on the implant surface.
Spherical-shaped SOMPs are the most promising for biomedical application.

1. Introduction

Nowadays, due to the development of medicine, life span and
quality increased. Unfortunately, to achieve that goal, the
patient sometimes needs to undergo surgery with implanta-
tion of a foreign body (e.g., valve or joint replacement and
bone fracture treatment). These procedures are not
complication-free and among many others, the infections
may appear. Implant-related infections are a severe clinical
and epidemiological problem, which can occur up to 3-5%

of orthopedic patients and can affect even up to 40% of
patients with cardiovascular implants (regardless of prophy-
laxis) [1, 2]. Among several etiological factors of those infec-
tions, Staphylococcus aureus, especially methicillin-resistant
strains (MRSA) and fungi like Candida albicans and Asper-
gillus niger are the most common [2, 3]. As a matter of fact,
in foreign bodies, there is no microcirculation, which is cru-
cial for host defense and drug delivery [3]. Furthermore,
medical devices (implants, bone nails, vascular grafts, artifi-
cial valves, etc.) can be easily colonized by pathogens and lead



to biofilm formation. Biofilm can be described as a complex
structure consisting of high-concentration tightly attached
bacterial cells and extracellular matrix; therefore, antibodies
or drugs poorly penetrate it [4]. Furthermore, biofilm can
produce substances which will deactivate antimicrobial
agents, which makes treatment less likely to succeed [2, 4].
This should be noted that planktonic forms of bacteria can
be 100-1000 times more susceptible to antimicrobial sub-
stances compared to those in biofilm form [5]. Implant-
related infections are treated by either antibiotic therapy,
surgery, or both. Unfortunately, this medical condition is
fatal even in 30% of patients with prosthetic valve endocar-
ditis [2, 5]. Moreover, only in the US treatment of all
implant-related infection costs around 3.3 billion USD
annually (1.86 billion USD, orthopedic implants-related
infection alone) [2]. Thus, it is also a major economic issue.
However, apart from emphasizing the importance of asep-
tic surgery techniques, any new solution to that matter
has not been recently proposed [6].

Thus, novel approaches are being searched. Recently Zhang
et al. reported that nanohydroxyapatite/polyurethane/silver
composite may be successfully used to treat osteomyelitis in
rabbits [7]. Also Jinag et al. suggested nanohydroxyapatite/po-
lyurethane/silver phosphate composite as an antibacterial
agent [8]. In another study, calcium phosphate/silver bioma-
terial has been proposed as antibacterial implant coating [9].
Similarly, calcium phosphate/silver phosphate particles may
be used in dentistry as an antibacterial and remineralising
factor [10].

Silver orthophosphate microparticles (SOMPs) may be
an interesting solution to implant-related infections but
their usefulness is yet to be examined. Antimicrobial prop-
erties of silver are well known, and the presence of phos-
phorus in the compound may increase biocompatibility
[11-13]. Firstly discovered by Yi et al., SOMPs currently
are studied as photocatalysts [14]. Their photocatalytic
activity under visible light is used to remove pollution
from the natural environment [15]. In this study, we aim
to determine whether antimicrobial properties and cyto-
toxicity of silver phosphate microparticles are shape-
dependent. It has been proven that chemical properties
of SOMPs are shape-dependent. Their photocatalytic activ-
ity is reliant on surface morphology and properties [16].
Therefore, we hypothesize that the difference in surface
properties of shapes of SOPMs will have an impact on
their characteristics in in vitro systems. We synthesized
six shapes of SOMPs (tetrapod, cubes, spheres, branches,
tetrahedrons, and rhombic dodecahedrons) and examined
them in in vitro model. Potential clinical usefulness and
safety of application were taken into concern. According
to our best knowledge, it is the first study in which either
silver phosphate nanoparticles (SONPs) or SOMPs were
studied in mammalian cell lines.

2. Materials and Methods

2.1. Materials and Instruments. The silver nitrate (98%,
Sigma-Aldrich) was used as a precursor for the synthesis of
Ag,PO, powder. PVP (Mw =300,000), sodium dihydrogen
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phosphate dihydrate (NaH,PO,-2H,0, 99%), sodium phos-
phate decahydrate (Na,PO,-10H,0, 99%), N,N-dimethylfor-
mamide (DMF), hexamethylenetetramine (HMT), and urea
(CO(NH,),) were purchased from Sigma-Aldrich. Phospho-
ric acid (HyPO,, 85%), ammonia (NH;-H,O, 10%), and
ethanol (CH,CH,OH, 96%) were purchased from POCH
S.A., Poland. All chemicals were used without further
purification. The morphology of Ag,PO, semiconductors
was measured by scanning electron microscope (SEM,
JEOL JSM-7610F) working in high vacuum mode. DRS
UV-Vis spectra of the synthesized samples were recorded
in the scan range 300-700 nm using UV-Vis spectropho-
tometer (Evolution 220, Thermo Scientific) and BaSO, as
the reference.

2.2. Synthesis of Different Shapes of SOMPs. The spherical
SOMPs (s-SOMPs) were obtained by a chemical precipita-
tion method [17]. In the first step, 7.9416 g of polyvinylpyr-
rolidone (PVP) was dissolved in 200 mL of deionized water.
Then, 0.4246 g of AgNO, was dissolved in 100 mL of deion-
ized water and added to the PVP solution. Aqueous
Na,HPO, solution (0.5678 g in 200 mL) was added dropwise
and stirred until the solution turned yellow. The resulting
yellow precipitate was separated by centrifugation, washed
3 times with deionized water and ethanol, and then dried in
a vacuum oven at 60°C until the liquid completely evapo-
rated. The cubic SOMPs (c-SOMPs) were obtained by the
ion exchange method [15]. 0.5096 g AgNO, was dissolved
in 90mL of deionized water under stirring. A solution of
aqueous ammonia was added to the solution thus prepared
to obtain a brown solid completely dissolved in the solution.
The next step was to add 0.1639 g of Na,PO, dissolved in
30 mL of deionized water. After stirring for 5 minutes, the
precipitate was collected, washed several times with deion-
ized water, and dried in a desiccator. The tetrahedral SOMPs
(th-SOMPs) were obtained by the soft chemical method [18].
First, 10 mL of N,N-dimethylformamide (DMF) with 10 mL
of deionized water were mixed. 0.5096 g AgNO, was added
to the above transparent solution and then 1mL H;PO,
was added dropwise. The resulting mixture was sonicated
for 2h. Ag,PO, microcrystals were collected, washed several
times with distilled water and ethanol to remove DMF resi-
dues, and dried in a vacuum oven overnight at 80°C. Rhom-
bic dodecahedral SOMPs (rd-SOPMs) were obtained by the
hydrothermal method [19]. In the first step, 1.34 g of AgNO,
was dissolved in 10mL of deionized water. Then, 0.92g
(0.0006 mol) NaH,PO,-2H,O was dissolved in 6mL of
deionized water and added dropwise to the AgNO; solution.
The solution was allowed to stir for 5 minutes. After this
time, an aqueous solution of ammonia was added until the
pH was adjusted to 7. The resulting mixture was transferred
into a Teflon-lined stainless steel autoclave and treated at
160°C for 6 h. After cooling to room temperature, the yellow
precipitate was separated by centrifugation, washed three
times with deionized water and methanol, and dried over-
night at 60°C. Branched SOMPs (b-SOMPs) were obtained
by a chemical precipitation method [20]. 0.318 g of AgNO,
was dissolved in 40 mL of deionized water, and then 41 uL
of 85wt.% H,PO, was added dropwise. In the next step,
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0.197 g of hexamethylenetetramine was added to the solution
and mixed for 5 minutes to change color to yellow. The
resulting precipitate was collected, washed with deionized
water3 times, and dried in a vacuum oven at 60°C. Tetrapod
SOMPs (t-SOMPs) were obtained by the hydrothermal
method [21]. In the first step, 3mmol of 85wt.% H,PO,
and 2.5mmol AgNO, were dissolved in 80 mL of deionized
water. 37.5mmol of urea was added to the above solution
and mixed for 5 minutes until complete dissolution. Immedi-
ately afterward, the resulting mixture was transferred into a
Teflon-lined stainless steel autoclave and kept at 80°C for
24h. The yellow powder was separated by centrifugation,
washed 3 times with deionized water and ethanol, and then
dried overnight at 60°C.

2.3. Reference Strains of Microorganisms. Reference strains of
staphylococci, namely Staphylococcus aureus ATCC 25923
and MRSA ATCC 33591, before the tests were cultivated in
Mueller-Hinton Broth (BioMaxima, Lublin, Poland) for 24
hours with shaking. For fungi, Candida albicans ATCC
10231 and Aspergillus niger ATCC 16404, the cultivation
was held in the RPMI 1640 medium (Sigma-Aldrich, Stein-
heim, Germany) for 24 hours and 5 days, respectively.

2.4. Determination of Antimicrobial Activity. The minimal
inhibitory concentrations (MICs) for bacteria and fungi
were determined by the broth microdilution method
according to the Clinical and Laboratory Standards Insti-
tute (CLSI) recommendation [22, 23]. For this purpose,
the initial inoculums of bacteria (5% 10° CFU/mL) in
Mueller-Hinton Broth were exposed to the ranging concen-
trations of the test compounds (1-512ug/mL) and incu-
bated for 18h at 37°C. For fungi, the initial inoculums of
2x10° CFU/mL in RPMI 1640 were exposed to the rang-
ing concentrations of the test compounds (1-256 pg/mL)
and incubated at 37°C for 24h and 48h, respectively. The
experiments were conducted on 96-well microtiter plates,
with the final volume of 100uL. Cell densities were
adjusted spectrophotometrically (Multiskan™ GO Micro-
plate Spectrophotometer, Thermo Scientific) at the wave-
lengths of 600 nm for bacteria and 530nm for fungi. The
MIC was taken as the lowest drug concentration at which
a noticeable growth of microorganisms was inhibited.
Minimum biofilm eradication concentrations (MBECs)
were determined as previously described [11, 24, 25]. For this
purpose, 96-well polystyrene flat-bottom plates and a resa-
zurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) as a cell
viability reagent were used. In this assay, a specific feature
of resazurin is utilized, which upon the contact with living
cells is metabolized and reduced from the basic blue form
to pink resorufin. Briefly, the preprepared cultures of micro-
organisms were diluted to obtain the final density of 5 x 10°
CFU/mL in Mueller-Hinton Broth for bacteria and 2 x 10°
CFU/mL in RPMI-1640 for fungi per well (100 uL). After
24 h of incubation at 37°C, the wells of the plates were rinsed
three times with phosphate buffer saline (PBS) to remove
nonadherent cells. Subsequently, 100 uL of tested com-
pounds in a concentration range (diluted in appropriate
media) was added to each well. After 24h of incubation at

37°C, 20uL of the resazurin (4mg/mL) was added. The
MBEC was read after 1h. MBECs were determined as the
lowest concentration at which the reduction of resazurin
was lower or equal (10% + 0.5%) as compared to positive
(100%) and negative (0%) controls. All experiments were
performed in triplicate using Multiskan™ GO Microplate
Spectrophotometer.

2.5. Cell Culture. hFOB 1.19 (human fetal osteoblast),
MC3T3-El1 (mouse preosteoblast), SaoS-2 (human osteo-
sarcoma), C2C12 (mouse myoblast), and HDF (human
dermal fibroblasts) cells were used in the study. hFOB
1.19 (ATCC CRL-11372) were cultured in a 1:1 mixture
of Ham’s F12 Medium Dulbecco’s Modified Eagle’s
Medium supplemented with 2.5mM L-glutamine, 10%
fetal bovine serum (FBS), and 1% of penicillin/streptomy-
cin (P/S). MC3T3-El subclone 4 (ATCC CRL-2593) were
cultured in the Alpha Minimum Essential Medium with
ribonucleosides, deoxyribonucleosides, 2mM L-glutamine,
and 1 mM sodium pyruvate, 10% of FBS, and 1% of P/S,
but without ascorbic acid. Saos-2 (ATCC HTB-85) were
cultured in McCoy’s 5a Medium Modified supplemented
with 15% of FBS and 1% of P/S. C2C12 (ECACC no.
91031101) were cultured in high-glucose Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 10% of
FBS and 1% of P/S. HDF cells were cultured in high-
glucose DMEM supplemented with 10% of FBS and 1%
of P/S. All cells were cultured under sterile condition. Cells
were kept at 37°C in a humidified atmosphere of 5% CO,.
Cells were maintained in 75cm” tissue culture flask. The
medium was replaced every 48h. When confluent, cells
were detached with a trypsin-EDTA solution and subcul-
tured into a newer flask.

2.6. Treatments. hFOB1.19, MC3T3-El, Saos-2, C2C12, and
HDF cells were treated with different shapes of SOMPs
for 24 h. Concentrations used in experiments were deter-
mined by preliminary studies. Each time, just before,
experiment SOMPs were diluted in FBS-free media and
shaken well to ensure equal dispersion of SOMPs in solu-
tion. Control samples were treated with SOMPs-free and
FBS-free culture media. During the incubation process,
the medium was not changed.

2.7. MTT Viability Assay. hFOB1.19, MC3T3-E1, Saos-2,
C2C12, and HDF cells were used in the assay. Cells were
seeded in 96-well plates. After 24 h of incubation, media were
changed and cells were treated with microparticles in the
concentration range of 0.01-10 yg/mL as described in Treat-
ments. After 24h, media were supplemented with water-
soluble tetrazolium salt (final concentration 0.5mg/mL)
and incubated for 2h. Next, media were removed and
crystals were dissolved in DMSO. After 15 min, cell viabil-
ity was assessed by measuring absorbance at 540 nm (ref-
erence 630nm) using a microplate reader. Viability was
determined as a percentage of control (viability of control
cells was set as 100%). Absorbance values were corrected
with blank microparticles.



2.8. BrdU Proliferation Assay. BrdU proliferation Elisa kit
(Roche) was used to measure cell proliferation. hFOB1.19,
MC3T3-El, SaoS-2, C2C12, and HDF-1 cells were used in
the assay. Cells were seeded in 96-well dish and treated with
microparticles, in a concentration range 0.01-10 yg/mL as
described in Treatments. Next, the antiproliferative activity
of microparticles was measured by BrdU incorporation
according to the manufacturer protocol. Data are shown as
a percentage of control (proliferation rate of control cells
was set as 100%). Absorbance values were corrected with
blank microparticles.

For ROS detection, flow cytometry, and Western blot-
ting, we decide to use two cell lines. hFOB1.19 and C2C12
cells had been chosen due to their different molecular charac-
teristic and response to SOMPs in the preliminary study.
Based on the antimicrobial assay and preliminary cytotoxic-
ity studies for those assays, we decided to use three shapes
(c-SOMPs, s-SOMPs, and b-SOPMs).

2.9. Detection of Reactive Oxygen Species. hFOB1.19 and C2C12
were seeded into 6-well plates; the next day, the medium was
replaced and cells were treated with selected shapes as
described in Treatments. Cells were treated with microparticles
in 1, 3, and 5ug/mL concentrations. After the incubation,
media were discarded and replaced with a new solution supple-
mented with 10 uM 2,7-dichlorofluorescein diacetate (DCEF-
DA). After 30 min, fluorescence of oxidized DCF was measured
by flow cytometry (excitation wavelength: 480 nm; an emission
wavelength: 525 nm). Data were expressed as a percentage of
untreated cells (which was set as 100%).

2.10. Cell Cycle Analysis. hFOB1.19 and C2Cl12 were
seeded into 6-well plates and treated with SOMPs in 3
and 5 ug/mL concentrations for 24h as described in Treat-
ments. After incubation, cells were washed, harvested, and
fixed (70% ethanol, 4°C). Next, cells were centrifuged and
suspended in PBS with RNAse A (50 ug/mL) and propi-
dium iodide (50 ug/mL). After 30 min, samples were ana-
lyzed by flow cytometry (BD FACSCalibur™, CellQuest
Pro software). FSC/SSC and FL2-A/FL2-W plots were
gated to avoid doublets and debris. The number of cells
in each cell cycle phase was determined by software usage
(sample size of at least 15,000 cells).

2.11. Western Blotting. Western blot analysis was performed
to determine the impact of SOMPs on SOD1 (superoxide dis-
mutase [Cu-Zn]), SOD2 (mitochondrial superoxide dismut-
ase), SOD3 (extracellular superoxide dismutase [Cu-Zn]),
GPX4 (glutathione peroxidase 4), NF-«B (nuclear factor
kappa-light-chance-enhancer of activated B cells), MMP-1
(matrix metalloproteinase 1), MMP-3 (matrix metallopro-
teinase 3), and p16-ARC (human p16 actin-related complex)
expressions. The method was previously established and
described [26]. Briefly, hFOB1.19 and C2CI12 cells were
seeded into 100mm Petri dishes. When the confluent
medium was changed and cells were treated with c-SOMPs,
s-SOMPs, or b-SOPMs in 3 and 5 ug/mL concentrations as
described in Treatments. After 24h, the medium was
removed and cells were washed, detached, and lysed. Next,
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protein levels were measured by the Bradford method [27],
samples prepared, and electrophoresis performed. After elec-
trophoresis, proteins were transferred onto nitrocellulose
membranes (Protran®, Schleicher and Schuell BioScience)
and detected using antibodies. -Actin was used as a loading
control. The immunoactive proteins were detected using an
enhanced chemiluminescence Western blotting detection
kit (Amersham Biosciences, Piscataway, NJ, USA). Protein
levels were quantified using densitometry software (Image-
Lab, Bio-Rad).

2.12. Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was used to determine SOMP
uptake and ultrastructure changes in the cells. C2C12 cells
were used for TEM analysis. As previously described [26],
cells were plated into 100 mm Petri dishes. After 24 h, cells
were treated with c-SOMPs, s-SOMPs, or b-SOPMs in a
concentration of 3pug/mL as described in Treatments.
Next, cells were fixed (2.5% glutaraldehyde in 0.1 mM
sodium-cacodylate buffer), detached, and centered. The
cell pellets were postfixed (2% osmium tetroxide) and
dehydrated (graded series of ethanol). After infiltration
(propylene dioxide: epon mixture, pure epon), pelleted
cells were embedded to polymerize. Finally, the ultrathin
sections (Reichert OmU3 Ultramicrotome, Austria) were
contrasted (uranyl acetate, lead citrate) prior to examina-
tion in transmission electron microscope at 100kV (JEM
1200EX II, Jeol, Japan).

2.13. Statistical Analysis. Data are shown as the mean +
standarderror of 4 independent experiments. Statistical
analysis was determined by one-way analysis of variance
(ANOVA) and Tukey’s post hoc test. The IC,, was calculated
by analyzing a nonlinear regression log(inhibitor) vs. nor-
malized response. Statistical analysis was made with Graph-
Pad5 software.

3. Results

3.1. Morphology of Silver Phosphate Microparticles. The SEM
images of the samples obtained are shown in Figure 1. s-
SOMPs (Figure 1(a)) are characterized by an irregular shape
with a particle diameter of approximately 500 nm. s-SOMPs
also show a tendency to rapid nucleation and particle growth,
which leads to their agglomeration. In this case, the geomet-
rical shape and size of the particles are responsible for PVP,
which is added at the stage of synthesis [17]. c-SOMPs are
shown in Figure 1(b). The structure is characterized by a
smooth surface ending with sharp edges with an average
length of 1-1.5 ym. In this case, the addition of ammonia dur-
ing the synthesis led to the formation of c-SOMPs [28]. The
characteristic morphology of th-SOMPs are demonstrated
in Figure 1(c). The SEM image shows the high efficiency of
forming structures with sharp corners, edges, and smooth
surfaces. Furthermore, a polyhedron with four triangular
walls has side lengths from 4 to 0.5 ygm. Dong et al. also syn-
thesized Ag,PO, particles; however, their length was from 0.5
to 1 ym, and the lateral edges and vertices were rounded [29].
Wan et al. received crystals with an average size of 740 nm
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Fi1GUre 1: SEM images of Ag,PO, at different shapes: (a) s-SOMPs, (b) c-SOMPs, (c) th-SOMPs, (d) rd-SOMPs, (e) b-SOMPs, and (f)

t-SOMPs particles.

[30]. Figure 1(d) shows the rd-SOMPs consisting of 12 walls,
which are congruent rhombuses. The obtained structure has
also a smooth surface with a diameter of 5-17 ym. Dong et al.
also synthesized rhombic dodecahedral crystals with a diam-
eter of 200-600 nm, while Bi et al. with a size between 4 and
7um [31, 32]. Typical b-SOMPs obtained under static
conditions are presented in Figure 1(e). The resulting
multiarmed dendrites with developed subbranches are
characterized by a shoulder length of approximately
25 um. Wang et al. explained that it is impossible to obtain
Ag,PO, without addition of HMT during the synthesis
because silver orthophosphate is soluble at low pH values
[33]. Dong et al. obtained branched structures using a reac-
tion solvent during the synthesis consisting of H,O and
DMEF. The length of the branches obtained was between 5

and 10 ym [18]. The SEM image in Figure 1(f) shows the
morphology of the t-SOMPs. t-SOMPs obtained in the
presence of urea have four arms in the form of cylindrical
microrods with an average diameter of 2.5 ym and a length
of 11-30 yum. Dong et al. received silver orthophosphate in
the form of a dendritic long tetrapod with a shoulder length
of about 20-30 ym. t-SOMPs with longer dendritic arms
arose when glacial acetic acid was added to the system, act-
ing as shape-controlling agents [29]. Based on the obtained
morphology, it can be concluded that obtaining different
shapes of Ag,PO, depends on the adjustment of external
experimental conditions (mixing, ultrasonic treatment), as
well as through pH control or the addition of appropriate
structure-controlling agents (PVP, ammonia, and HMT).
The crystal structure of different Ag,PO, shapes was
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FIGUure 2: UV-Vis/DRS spectrum of Ag,PO, photocatalysts in
different shapes. Determination of the bandgap is shown in inset.

characterized by pXRD in a previous work prepared by
Zwara et al. [16]. The obtained results indicated the success
of the experiment and obtaining Ag,PO, crystallites. More-
over, it confirms the high purity of the samples. Addition-
ally, pXRD reflections are sharp which suggest high
crystallinity of the material.

3.2. Absorption Properties. Figure 2 shows the UV-Vis/DRS
absorption spectra and the Kubelka-Munk function trans-
formation plot vs. photon energy for all as-prepared SOMPs.
Analysis by UV-Vis/DRS spectroscopy has shown that
SOMPs absorb irradiation in the range of around 510-
590 nm. s-SOMPs and th-SOMPs absorb visible light at a
wavelength less than 590 nm, while in the form of c-SOMPs
at 575nm. The spectra presented by Dong et al. show that
Ag,PO, with the structure of irregular spheres and tetrahe-
drons absorbs visible light with the same wavelength at
525nm. In contrast, absorption for ankles was estimated by
Bi et al. and had an edge at 520nm [31]. t-SOMPs, rd-
SOMPs, and b-SOMPs have an absorption edge at 550, 540,
and 535nm, respectively. Dong et al. also estimated the
absorption edge for tetrapod and branched form at 525 nm,
while absorption at wavelengths shorter than 550 nm was
determined by Bi et al [31, 34]. Bandgaps of the obtained
Ag,PO, shapes are shown in Figure 2 (inset). The lowest
value of the energy gap was observed for the spheres and
the highest for the branched structure and was calculated to
be 1.86 eV and 2.37 eV, respectively. Tetrahedrons, cubes, tet-
rapods, and rhombic dodecahedrals were characterized by
energy bands of 2.24eV, 2.31eV, 2.33 ¢V, and 2.35eV. The
difference in the obtained values indicates the multifaceted
morphology on nanoparticles. In addition, the different
shapes of absorption bands, in particular Ag,PO, spheres,
may result from the content and distribution on the surface
of reduced Ag metallic particles.
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TaBLE 1: Minimal inhibitory concentrations of SOMPs against
reference strains of microorganism.

MIC (ug/mL)

Staphylococcus Stap :z); i(;zzccus Candida  Aspergillus
aureus (MRSA) albicans niger
t-SOMPs 64 16 8 8
c-SOMPs 8 8 4 1
s-SOMPs 8 8 4 8
th-SOMPs 16 16 8 8
b-SOMPs 32 32 8 4
rd-SOMPs 64 64 16 8

TaBLE 2: Minimal biofilm eradication concentrations of SOMPs
against reference strains of microorganism.

MBEC (pg/mL)

Staphylococcus Stap :1); }lz;(;ccus Candida  Aspergillus
aureus (MRSA) albicans niger

t-SOMPs 128 32

c-SOMPs 32 16

s-SOMPs 64 16 16

th-SOMPs 128 16 16 16
b-SOMPs 256 32 64 16
rd-SOMPs 512 64 63 32

3.3. Antimicrobial Activity. All of the examined SOMPs
shapes exhibited antimicrobial activity against tested staphy-
lococci and fungi (Tables 1 and 2). Among them, the most
active were c-SOMPs with the lowest minimal inhibitory
concentrations of 8 yg/mL against reference S. aureus ATCC
25923 and MRSA ATCC 33591 and 4 yg/mL and 1 pug/mL
against C. albicans and A. niger, respectively. Interestingly,
the antibiofilm activity of c-SOMPs was 1- to 2-fold dilu-
tion lower than in the case of MICs. Moreover, the same
relation was found for other SOMPs with an exception
of S. aureus ATCC 25923 strain for which MBECs of th-
SOMPs, b-SOMPs, and r-SOMPs were 8 times higher than
MICs. In Supplementary Table 1, we provide MIC values
for clinically used antimicrobial agents as reference.

3.4. Cytotoxicity of SOMPs. Figure 3 illustrates changes in the
viability of the cells measured by MTT assay after treatment
with different shapes of SOMPs. In Table 3, we presented
IC,, values for SOMPs. All tested shapes decreased the viabil-
ity of the cells in a concentration-dependent manner. It is
clear that shape is an important modulator of SOMPs cyto-
toxicity. ¢-SOMPs were the most cytotoxic shape. In the
highest tested concentration (10 ug/mL), they decreased the
viability of hFOB1.19 cells to around 40%, MC3T3-E1 cells
to around 30%, Saos-2 and C2C12 cells to around 20%, and
HDF cells to around 10%. t-SOMPs had the smallest effect
on cells viability. In the highest tested concentration
(10 ug/mL), they decreased the viability of hFOB1.19 cells
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F1GURE 3: Impact of SOMPs on cell viability. Viability, measured by MTT assay of (a) hFOB1.19 cells, (b) MC3T3-El, (c) Saos-2, (d) C2C12,
and (e) HDF cells exposed to different shapes of SOMPs after 24 h. Color bars indicate shapes of SOMPs selected for further analysis. Data are
presented as mean + SD. *p < 0.05, **p <0.01, ***p < 0.001.

to around 75%, MC3T3-El, and HDF cells to around 60%,  resistant and C2C12 cells were the most susceptible to tested
Saos-2 cells to around 55%, and C2C12 cells to around ~ SOMPs. Importantly, SOMPs can be selectively cytotoxic
25%. It can be deducted that hFOB1.19 cells were the most ~ only to bacteria and fungi and not harmful to mammalian
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TaBLE 3: IC,, values for different shapes of SOMPs (MTT assay). The values are approximated to decimal parts.
IC,, (ug/mL) (MTT assay)

hFOBI1.19 MC3T3-E1 Saos-2 C2C12 HDF
t-SOMPs >10 >10 >10 7.34 >10
c-SOMPs 5.97 4.94 4.79 3.73 4.93
s-SOMPs >10 7.60 8.01 4.84 8.17
th-SOMPs >10 6.62 5.19 4.50 5.00
b-SOMPs >10 >10 8.34 9.08 8.36
rd-SOMPs >10 >10 >10 >10 >10

cell lines. For example, c-SOMPs in MIC and MBEC con-
centration for Aspergillus niger are not cytotoxic to all cell
lines apart from C2C12 cells. Moreover, there is no doubt
that bacteria and fungi are more susceptible to SOMPs than
mammalian cells.

3.5. Impact of SOMPs on Cell Proliferation. Figure 4 illustrates
changes in the proliferation of the cells measured by BrdU
assay after treatment with different shapes of SOMPs. In
Table 4, we presented IC,, values for the test. All SOMPs
influenced cell proliferation in a concentration-dependent
manner. Similar to MTT assay, t-SOMPs had the smallest effect,
whereas c-SOMPs, the highest on BrdU assay results. Also,
hFOB1.19 were the most resistant cellsand C2C12 the most sus-
ceptible ones. Generally, SOMPs statistically significantly
decreased cell proliferation (BrdU assay) inlower concentration
than needed to reduce cell viability (MTT assay).

Based on antimicrobial and cytotoxicity screening, we
decided to further examine three shapes of SOMPs (c-
SOMPs, s-SOMPs, and b-SOPMs). They are highlighted by
color bars on plots throughout Figures 3 and 4.

3.6. Impact of SOMPs on ROS and Oxidative Stress-Related
Proteins Levels. Increased ROS production was seen in
C2C12 and absent in hFOBI.19 cells (Figures 5(a) and
6(a)). Only c-SOMPs and s-SOMPs, both in 5 pug/mL concen-
tration, statistically significant increased level of ROS in
C2C12 cells. We also examined levels of oxidative stress-
related proteins. SOD1 levels in hFOB1.19 cells were not sig-
nificantly changed (Figure 6(c)). SOD1 levels were only
increased when C2Cl12 cells were treated with c-SOMPs
(3 ug/mL). Interestingly, the same shape of silver orthophos-
phate in higher concentration (5 ug/mL) decreased levels of
SODL1 (Figure 5(c)). Our SOMPs did not impact SOD2 levels
(Figures 5(d) and 6(d)). All tested shapes (c-SOMPs, s-
SOMPs, b-SOPMs) in all concentrations increased the levels
of SOD3 in hFOBI.19 cells (Figure 6(e)). c-SOMPs (in
3 ug/mL concentration) and b-SOMPs (in 5 yg/mL concen-
tration) increased levels of SOD3 in C2C12 cells
(Figure 5(e)). In hFOB1.19 cells, GPX4 levels were increased
after incubation with s-SOMPs (3 and 5 ug/mL), whereas in
C2C12 cells after treatment with 3 and 5 pg/mL c-SOMPs
(Figures 5(f) and 6(f)).

3.7. Impact of SOMPs on MMP1, MMP3, p16-ARC, and NF-
kB Levels. Figure 7 presents the impact of SOMPs on MMP1,
MMP3, pl6-ARC, and NF-xB levels. Our microparticles

increased levels of MMP1 and MMP3 proteins. MMP1 levels
were elevated when hFOBI1.19 cells were treated with
5 ug/mL of b-SOMPs and when C2C12 cells were incubated
with 3ug/mL of ¢c-SOMPs or 5ug/mL of b-SOMPs
(Figures 7(b) and 7(g)). c-SOMPs (3 and 5pug/mL) and s-
SOMPs (3 and 5 ug/mL) increased levels of MMP3 in both
cell lines (Figures 7(c) and 7(h)). Moreover, b-SOMPs
(3 ug/mL) increased levels MMP3 on C2C12 cells. NF-xB
levels were elevated in C2C12 cells were treated with 5 yg/mL
of c-SOMPs or s-SOMPs (Figures 7(d) and 7(i)). p16ARC
levels were decreased in C2C12 cells after incubation with
c-SOMPs, s-SOMPs, or b-SOMPs in 5 ug/mL concentration
(Figures 7(e) and 7(j)).

3.8. Analysis of Cell Cycle. c-SOMPs statistically significantly
decreased percentage of hFOB 1.19 cells in GO/G1 phase, in 3
and 5 ug/mL concentrations (Figure 8). Moreover, c-SOMPs
in a concentration of 5ug/mL statistically significantly
decreased percentage of C2Cl2 cells in GO/G1l phase
(Figure 9). Other changes in cell cycle distribution were not
observed (Figures 8 and 9). s-SOMPs and b-SOMPs have
no impact on the cell cycle distribution of hFOB1.19 and
C2C12 cells.

3.9. TEM Analysis. TEM analysis (Figure 10) has shown
that c-SOMPs, s-SOMPs, and b-SOPMs in 3 yg/mL con-
centration are not internalized by the C2C12 cells. Fur-
thermore, we did not observe any ultrastructure changes
within the cells.

4. Discussion

In the study, we synthesized and assessed SOMPs as a poten-
tial biomaterial. Antimicrobial properties and safety of
potential application were taken into concern. We have
shown that cytotoxicity and antimicrobial properties were
shape- and concentration-dependent. Furthermore, SOMPs
can be harmful to bacteria and fungi in concentrations safe
for mammalian cell lines. It is the first study in which SOMPs
or SONPs were examined in mammalian cells an in vitro
model. Also, data about the cytotoxicity of other MPs are
very limited.

4.1. Antimicrobial Properties. Antibacterial agents can be sep-
arated into two groups: semiconductors and metal-based
ones. SOMPs belong to both, which greatly expand their anti-
bacterial potential [35]. Thus, we hypothesized that SOMPs
synthesized by our group will exhibit antimicrobial activity,
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TaBLE 4: IC,, values for different shapes of SOMPs (BrdU assay). The values are approximated to decimal parts.
IC;, (ug/mL) (BrdU assay)

hFOBI1.19 MC3T3-E1 Saos-2 C2C12 HDF
t-SOMPs >10 >10 >10 7.12 >10
c-SOMPs 7.88 6.60 6.67 2.50 4.82
s-SOMPs 8.14 6.24 7.27 3.19 8.48
th-SOMPs 7.64 8.13 7.69 4.59 8.44
b-SOMPs 8.29 7.17 8.55 8.39 7.54
rd-SOMPs >10 5.88 7.06 7.58 >10

which was confirmed experimentally. Moreover, shape-
dependent antimicrobial properties of SOMPs were revealed.
Among tested ones, c-SOMPs and s-SOPMPs were charac-
terized by the highest activity. This should be emphasized
that the tested SOMPs acted against both planktonic and bio-
film forms of pathogens. Biofilm is a complex structure built
from cells and extracellular matrix. It is known that patho-
gens in a biofilm are more resistant to treatment than plank-
tonic forms [5]. Biofilm is poorly penetrated by antibiotics
and immunological cells which makes its treatment a daunt-
ing challenge [2, 4, 5]. Furthermore, biofilm can easily be
formed on foreign bodies that intruded into the human body,
so it is clear that it is a major clinical problem [4]. Therefore,
we decided to measure MBEC in addition to MIC. We
focused on four pathogens: S. aureus, MRSA, C. albicans,
and A. niger. Selected pathogens are well known as an etio-
logical factor of bone- and/or implant-related infections [2,
3, 36, 37]. As a matter of fact, only a few studies have exam-
ined the antibacterial properties of SOMP, while antifun-
gal and antibiofilm effects have not been previously
reported.

Panthi et al. have shown that 200nm SOMPs can be
effective against S. aureus, Escherichia coli, Klebsiella pneu-
moniae, and Pseudomonas aeruginosa [38]. Also, Chudobova
et al. have shown that 200-300 nm silver orthophosphate par-
ticles can be effective against S. aureus with the half-
maximal inhibitory concentration equals 268.2uM [39].
While Liu et al. have reported the effectiveness of SOMPs
against E. coli (DH-5«) [40]. However, the tested SOMPs
decreased the viability of E. coli only at a concentration
range of 10-100 yug/mL, which means they are less effective
than SOMPs described in this study. On the other hand,
Yeo et al. have shown that c-SOMPs are more effective than
rd-SOMPs against E. coli which is consistent with our data
[41]. That phenomenon was explained by the fact that c-
SOMPs are able to release more Ag" ions than rd-SOMPs
[41]. Furthermore, they found that SOMPs exhibit better
antibacterial activity compared to similar structures made
from Ag,0 or CuO [41]. In fact, several mechanisms of
the antimicrobial properties of SOMPs are described
(Table 5). It should be highlighted that Ag,PO, itself in a
concentration of 5pug/mL can inhibit the growth of S.
aureus as well [42].

4.2. Cytotoxicity Screening. In the study, we decided to use
three cell lines as a bone model. Apart from human fetal oste-

oblasts (hFOB1.19) and mouse preosteoblast (MC3T3-E1),
osteosarcoma cells were also used (Saos-2). Although derived
from cancer often, Saos-2 cells are used as a bone cell model
[43, 44]. Skin and muscle cells (HDF and C2C12 cells) were
also used in cytotoxicity screening, as models of tissues which
can potentially come in contact with SOMP-coated implant.
We decide to use as many as 5 different cell lines and two dif-
ferent assays (MTT and BrdU), as it is proven to increase the
quality and reliability of cytotoxicity screening [45, 46]. MTT
assays estimate cell viability by measuring mitochondrial
metabolism, whereas BrdU assays assess cell proliferation
and DNA synthesis by determining 5-bromo-2'-deoxyuridine
incorporation [45,47]. Both MTT and BrdU have shown similar
results. Generally, in the same conditions, cytotoxicity assessed
by BrdU was higher than that assessed by MTT assay, which is
consistent with literature data comparing those assays [48].

We clearly have shown that the cytotoxicity of our
SOMPs was shape-dependent. c-SOMPs were the most cyto-
toxic ones, whereas t-SOMPs had the smallest effect on cell
viability. Also, the response of different cell lines varies.
SOMPs had the highest effect on the viability of C2C12 cells
and the smallest on hFOB1.19 (based on IC;, comparison).
Motskin et al. have examined the impact of 2-3 ym hydroxy-
apatite MPs on human monocytes-macrophages (HMM), as
they used MTT assay. They have shown concentration- and
size-dependent cytotoxicity of MPs. The bigger the MPs
were, the less cytotoxic they were [49]. He et al. have made
a similar conclusion; however, they used spherical mesopo-
rous silica MPs [50]. In our study, the biggest t-SOMPs were
also the least cytotoxic. However, their nanoparticles have
shown a significant decrease in cell viability in >250 ug/mL
concentration [49].

4.3. Oxidative Stress Induction. SOMPs are known to
release free electrons, therefore, inducing ROS productions
and oxidative stress [40]. ROS are the byproduct of metab-
olism and also can be used by cells as signalling molecules.
However, the increased level of ROS can be lethal [51].
Excess of ROS can disturb cellular homeostasis and that
condition is commonly called oxidative stress [51]. Several
protein levels can be changed when oxidative stress occurs.
NF-«B (nuclear factor kappa-light-chance-enhancer of
activated B cells) is a transcriptional factor involved in
physiological regulations as well as in response to injury.
Moreover, NF-«kB can be activated by ROS [52]. SODI,
SOD2, SOD3, and GPX4 are part of an antioxidative
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FiGure 5: Impact of SOMPs on oxidative stress in C2C12 cells. (a) ROS levels, (b) representative Western blots, (c) quantification of SOD1
levels, (d) quantification of SOD2 levels, (e) quantification of SOD3 levels, and (f) quantification of GPX4 levels in C2C12 cells after
incubation with c-SOMPs, s-SOMPs, or b-SOPMs for 24 h. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

system of the cells [52]. Hence, we decided to examine the
impact of selected SOMPs on ROS, levels, and expression
on selected oxidative-stress response proteins: SODI,
SOD2, SOD3, GPX4, and NF-«B. Our SOMPs increased
ROS production. Also, we observed changes in SODI,
SOD3, GPX4, and NF-xB. SOD2 levels were not affected.
Mainly levels of mentioned proteins were elevated, with
one exception. Interestingly, SOD1 levels in C2C12 could
be either increased or decreased with regard to c-SOMPs

concentration (more detailed description in sections 3.6
and 3.7 of the manuscript). We suggest that when oxida-
tive stress is mild and not prolonged antioxidative protein
levels will be increased (upregulation in order to fight
danger). However, prolonged or intensive oxidative stress
can impair the functioning of the cells, causing a decrease
in protein levels. Our hypothesis is consistent with litera-
ture data [53]. Therefore, we suggest that SOMPs in
some condition can trigger oxidative stress. A similar
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observation had been made for other MPs. Santos et al. duction in human colon carcinoma (Caco-2) cells [54].
have shown that different sizes of porous silica micropar-  Also, AgNPs could increase ROS production in a shape-
ticles in >1mg/mL concentration can trigger ROS pro-  dependent manner [55]. The highest amount of ROS
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were produced by human fibroblast cells after treatment
with 12.8 nm triangular AgNPs [55].

4.4. Impact at Proinflammatory Proteins. An implant as any
foreign body may cause inflammation [56]. In order to
examine if our SOMPs can trigger inflammation, we
examined three proteins: NF-«B, MMP-1, and MMP-3.
NF-«B was mentioned above as its levels can be changed
in response to the excess of ROS [52]. However, this tran-
scription factor has several roles and it is crucial for the
inflammatory response [57]. MMP-1 and MMP-3 are col-
lagen destruction enzymes which are elevated when
inflammation occurs [58]. We have shown that some
SOMPs increased levels of NF-«B, MMP-1, and MMP-3.
It may suggest that they act as proinflammatory agents.
Similar to our findings, literature data suggest that Ag,PO,
in 50 ug/mL concentration in human non-small-cell lung
carcinoma cells (H1299) can increase levels of IL-8, which
is a proinflammatory cytokine [42].

4.5. Impact on Cell Cycle. Cell division is crucial for proper
wound healing, so possible antimicrobial agents to be used
on implant should interfere with the cell cycle. In our study,
only c-SOMPs decreased the percentage of cells in G0/G1
phase. Other MPs also can cause changes in the cell cycle.
Chinde et al. have shown that tungsten oxide MPs can
increase percentages of cells in G2/M phases in human lung
carcinoma cells (A549) [59].

4.6. Internalization, Ultrastructure Changes, and Impact on
the Cytoskeleton. We performed TEM analysis in order to
assess whether SOMPs are internalized or caused any
changes in cell ultrastructure. We saw deletion in p16-ARC
levels; however, any visible changes in cells morphology were
observed. p16-ARC is protein involved in actin polymeri-
zation, thus cytoskeleton formation. SOMPs were also
not internalized by C2C12 cells. Motskin et al. have shown
that HMM cells can internalize 2-3um hydroxyapatite
MPs. However, their study was performed on macro-
phages, which biological functions are based on ability to
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phagocytosis; so, they are more likely to uptake large par-
ticles [49]. They also used much greater concentration
(125 ug/mL) compared to our experiments. Similarly, He
et al. have shown that mesoporous silica microparticles
can be internalized into lysosomes. They conducted a
study on mammary gland adenocarcinoma cells (MDA-
MB-468). Again, they used a higher concentration than
that used in our study [50].

4.7. Safety of Potential Applications. Our SOMPs have
antimicrobial properties. Importantly, they can be selec-
tively cytotoxic to bacteria and fungi and still be not
harmful to mammalian cells. However, like any medica-
tion, they have also a side effect. In a higher concentra-
tion, they are cytotoxic to a mammalian cell. Also, they
can induce inflammation and oxidative stress. Silver itself
also can be noxious to mammalian cells. Unfortunately,
there are no international standards regarding safe silver
nano- or microparticle concentrations for humans.
According to the U.S. Environmental Protection Agency,
National Center for Environmental Assessments, an oral
dose of 0.014mg/kg/24h of silver can be harmful and
cause argyria [60]. However, due to much smaller doses

and only local administration, it is highly unlikely that
silver-coated implants can cause any adverse effect due
to silver overdose. Moreover, nowadays, silver is com-
monly used in dressings with only one cause of argyria
being reported (in an individual with 30% skin burnt)
[61], which further support the safety of local application
of silver. Commonly used antimicrobial agents also can
decrease cell viability. For example, broad-spectrum antibi-
otic polymyxin B in 50 ug/mL concentration reduces the
viability of human erythroleukemia cells (K562) by one-
fifth [62]. Wang et al. have shown that amphotericin B,
colistin-M, and amikacin can decrease viability, measured
by MTT assay, of pig corneal epithelial cells [63]. Duewel-
henke et al. have shown that other clinically used drugs
(cefazolin, ciprofloxacin, tetracycline, rifampicin, clindamy-
cin, azithromycin, chloramphenicol, linezolid) can be cyto-
toxic to primary human osteoblasts (PHO), MG63
osteosarcoma (MG-63) and cervical cancer (HeLa) cells
[64]. They observed decreased viability (MTT assay) and
cell proliferation (BrdU assay) [64]. Their results are espe-
cially relevant for us because in the study they used a sim-
ilar methodology and in vitro model; moreover, they also
examined antibiotics used in treating bone infections.
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F1gure 10: Morphology of C2Cl12 cells examined by TEM. (a) control cells, (b) cells treated with c-SOMPs (3 ug/mL), (c) cells treated
with s-SOMPs (3 ug/mL), and (d) cells treated with b-SOMPs (3 ug/mL). Scale bar is present on the bottom right side of each picture.

TaBLE 5: Possible mechanism underlying antibacterial properties of SOMPs.

Mechanism Reference
Due to large surface and high surface energy, SOMPs can absorb bacteria [38, 40]
SOMPs may release Ag” ions which themselves are antibacterial agents [38, 40, 41]
SOPMs under visible light can generate free electrons, therefore generating ROS which can lead to DNA damage [38, 40]
PO,* ions can be released from SOMPs and interfere with ATP < — ADP conversion, which will impair bacterial metabolism  [38, 40]
5. Conclusion Abbreviations

We synthesized and characterized six shapes of silver ~ SOMPs:  Silver orthophosphate microparticles

orthophosphate microparticles (tetrapod, cubes, spheres,
tetrahedrons, branched, and rhombic dodecahedrons).
SOPMs had antimicrobial properties (both on planktonic
and biofilm forms of pathogens), they were more efficient
against fungi than bacteria. c-SOMPs and s-SOMPs had
the best antimicrobial properties. Cytotoxicity of SOMPs
was shape- and concentration-dependent. hFOB1.19 cells
were the most resistant and C2C12 cells were the most
susceptible to tested SOMPs. c¢-SOMPs were the most
cytotoxic and t-SOMPs the least. Some of SOMPs can
induce oxidative stress and increased levels of proinflam-
matory markers in the cells. SOMPs did not cause ultra-
structure changes in C2C12 cells.

Based on good antimicrobial properties, mild cytotox-
icity, no impact on cell cycle, and ultrastructure of the
cells, we gather that spheres are the best shape of the silver
orthophosphate microparticles for potential biomedical
usage.

t-SOMPs:  Tetrapod silver orthophosphate microparticles
c-SOMPs:  Cubical silver orthophosphate microparticles
s-SOMPs:  Spherical silver orthophosphate microparticles

th-SOMPs: Tetrahedral silver orthophosphate microparticles

b-SOMPs: Branched silver orthophosphate microparticles

rd-SOMPs: Rhombic dodecahedral silver orthophosphate
microparticles.
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zbioru artykutow opublikowanych w czasopismach naukowych.

Oswiadczam. iz samodzielna 1 mozliwa do wyodrgbnienia czgsS¢ ww. pracy
wykazuje indywidualny wktad Karola Pawta Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czgsci eksperymentalnej. opracowaniu i interpretacji wynikow tej pracy. Udzial

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 50%.

2020 -08- 21

(podpis wspotautorki)



r O OQ Mo
Poznan, dma(;(f\)ij4u

Dr Grzegorz Nowaczyk

(tytut zawodowy, imig¢ i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. Impact of gold nanoparticles shape on their cytotoxicity
against human osteoblast and osteosarcoma in in vitro model: evaluation of the safety of use
and anti-cancer potential (J Mater Sci Mater Med. 2019; 30(2):22), o$wiadczam, iz méj
wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

wykonanie analiz przy uzyciu Transmisyjnego Mikroskopu Elektronowego i Skaningowego
Mikroskopu Elektronowego dla nanoczgstek.

Jednoczesnie ~ wyrazam  zgod¢ na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czgs¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg$¢ ww. pracy
wykazuje indywidualny wkiad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 50 %.

(podpis wspdtautora)




Prof. dr hab. inz. Adriana Zaleska — Medynska

(tytul zawodowy, imi¢ 1 nazwisko)

OSWIADCZENIE

Jako wspdtautorka pracy pt. Impact of gold nanoparticles shape on their cytotoxicity
against human osteoblast and osteosarcoma in in vitro model: evaluation of the safety of use
and anti-cancer potential (J Mater Sci Mater Med. 2019; 30(2):22), o$wiadczam, iz mdj
wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad syntezq i charakteryzacjg nanoczgstek zlota w réznych ksztattach.

Jednoczesnie ~ wyrazam  zgode na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutow opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcii,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 50 %.

(podpis wspdtautorki)



9 R 27 LA
Gdatisk: A ot0 )= EOBEAA.

Prof. dr hab. Iwona Inkielewicz — Stepniak

(tytut zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako wspotautorka pracy pt. Impact of gold nanoparticles shape on their cytotoxicity
against human osteoblast and osteosarcoma in in vitro model: evaluation of the safety of use
and anti-cancer potential (J Mater Sci Mater Med. 2019; 30(2):22), o$wiadczam, iz moj
wilasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad badaniami biologicznymi i przygotowaniem publikacji.

Jednoczesnie  wyrazam  zgode na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykuldw opublikowanych w czasopismach naukowych.

O$wiadczam, iz samodzielna i1 mozliwa do wyodrgbnienia czg§¢ ww. pracy
wykazuje indywidualny wktad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 50 %.

(podpis wspotautorki)



Gdansk, dnia 24.09.2020

Karol Pawel Steckiewicz

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Assessment of anti-tumor potential and safety of application
of glutathione stabilized gold nanoparticles conjugated with chemotherapeutics (Int J Med
Sci. 2020;17(6)). o$wiadczam. iz moj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:
udzial w opracowywaniu koncepcji pracy, wykonanie badan eksperymentalnych, opracowanie

i interpretacja wynikow. przygotowanie manuskryptu.

Jednoczesnie  wyrazam  zgode na  przedlozenie = w/w  pracy  przez
Karola Pawla Steckiewicza jako cze$é rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgS¢ ww. pracy
wykazuje indywidualny wkiad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

Ndiad B et B (L,

(podpis wspotautora)



Dr Ewelina Barcinska

(tytut zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako wspolautorka pracy pt. Assessment of anti-tumor potential and safety of
application of  glutathione  stabilized gold nanoparticles conjugated  with
chemotherapeutics (Int J Med Sci. 2020;17(6)), oswiadczam, iz méj wilasny wklad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to:

udzial w opracowywaniu koncepcji pracy, udzial w czesci eksperymentalnej.

Jednoczesnie  wyrazam zgod¢ na przedlozenie w/w pracy przez
Karola Pawla Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat
procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspotautorki)



(7 N0 A
Warszawa, dma//Ll(/fij"l\'/

Mgr Ewelina Tomcezyk

(tytul zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako wspotautorka pracy pt. Assessment of anti-tumor potential and safety of
application ~ of  glutathione  stabilized gold nanoparticles conjugated  with
chemotherapeutics (Int J Med Sci. 2020;17(6)), o$wiadczam, iz mdj wihasny wklad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to:

synteza oraz charakterystyka nanoczgstek ztota.

Jednoczesnie  wyrazam  zgode na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czes¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(padpis wspdtautarki)



Warszawa, dnia 11.09.2020

Dr Michat Wojcik
mwojcik@chem.uw.edu.pl

Wydzial Chemii, Uniwersytet Warszawski
ul. Pasteura 1, Warszawa

(tytut zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Assessment of anti-tumor potential and safety of application
of glutathione stabilized gold nanoparticles conjugated with chemotherapeutics (Int J Med
Sci. 2020;17(6)), oswiadczam, iz mdj wihasny wkilad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad syntezq i charakterystykg nanoczgstek zlota.

Jednoczesnie  wyrazam  zgode na  przedlozenie  w/w  pracy  przez
Karola Pawta Steckiewicza jako czes$¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgs¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

VNL(\-T /rQL

(podpis wspotapitora)




Gdansk, dnla....(.'..('l....(f..s....ff.(.’...é‘/ K

Prof. dr hab. Iwona Inkielewicz — Stegpniak

(tytul zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspotautorka pracy pt. Assessment of anti-tumor potential and safety of
application  of  glutathione  stabilized gold  nanoparticles  conjugated  with
chemotherapeutics (Int J Med Sci. 2020;17(6)), o$wiadczam, iz moj wilasny wklad
merytoryczny W przygotowanie, przeprowadzenie i opracowanie badaf oraz przedstawienie
pracy w formie publikacji to:

nadzor merytoryczny nad badaniami biologicznymi i przygotowaniem publikacji.

Jednoczesnie  wyrazam zgod¢ na  przediozenie  w/w pracy  przez
Karola Pawta Steckiewicza jako czgs¢ rozprawy doktorskiej w formie spOjnego tematycznie
zbioru artykutow opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§é ww. pracy
wykazuje indywidualny wkiad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 55 %.

............... ) 7.2.. ZI—

(podpls wspotautorki)



Gdansk . dnia 24.09.2020

Karol Pawel Steckiewicz

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako  wspolautor  pracy pt.  Shape-depended  biological  properties of
Ags;POy microparticles: evaluation of antimicrobial properties and cytotoxicity inin
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), oswiadczam, iz moj wlasny wklad merytoryczny w  przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:
udzial w opracowywaniu koncepcji pracy, wykonanie badan eksperymentalnych, opracowanie

i interpretacja wynikow, przygotowanie manuskryptu.

Jednoczesnie  wyrazam  zgode na  przedlozenie =~ w/w  pracy  przez
Karola Pawla Steckiewicza jako czes¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia c¢zgs¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspdtautora)



Gdatisk, dnia... 4:OF. 2000

mgr Julia Zwara

(tytut zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako  wspotautorka pracy pt. Shape-depended biological properties of
Ag3PO4 microparticles: evaluation of antimicrobial properties and cytotoxicity in in
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), os$wiadczam, iz mdj wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

synteza i charakterystyka mikroczgstek fosforanu (V) srebra w réznych ksztattach.

Jednoczesnie  wyrazam  zgod¢ na  przedlozenie w/w  pracy  przez
Karola Pawta Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czg§¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy. Udzial

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

BN /21723 ...

(podpis wspotautorki)



.{’ QN0 2O
Edansk. dma’?”ysw =

dr Maciej Jaskiewicz

(tytul zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako  wspdtautor pracy pt. Shape-depended  biological properties of
Ag3PO4 microparticles: evaluation of antimicrobial properties and cytotoxicity in in
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), oswiadczam, iz mdj wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

wykonanie analiz mikrobiologicznych.

Jednoczesnie  wyrazam  zgode na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgs¢ ww. pracy
wykazuje indywidualny wklad Karola Pawta Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 55 %.

C:»o’»é; Crer

/C//(é‘» C1 C,[

(podpis wspodtautora)



mgr inz. Szymon Kowalski

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako  wspotautor  pracy pt.  Shape-depended  biological  properties  of
Ag3PO4 microparticles: evaluation of antimicrobial properties and cytotoxicity inin
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), os$wiadczam, iz moj wlasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

nadzor nad analizami cytometrycznymi.

Jednoczesnie  wyrazam  zgode na  przedlozenie  w/w  pracy  przez
Karola Pawla Steckiewicza jako czes$¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykulow opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czg¢$¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej. opracowaniu i interpretacji wynikéw tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspotautora)



Prof. dr hab. Wojciech Kamysz

(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako  wspdtautor pracy pt. Shape-depended  biological properties  of
AgsPO4 microparticles: evaluation of antimicrobial properties and cytotoxicity inin
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), oswiadczam, iz mo¢j wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad badaniami mikrobiologicznymi.

Jednoczesnie  wyrazam  zgode na  przedlozenie @ w/w  pracy  przez
Karola Pawla Steckiewicza jako cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czgs¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepciji,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawla Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspotautora)



1 0
Gdansk, dnia......... R DR

Prof. dr hab. inz. Adriana Zaleska Medynska

(tytul zawodowy, imie 1 nazwisko)

OSWIADCZENIE

Jako  wspoétautorka pracy pt. Shape-depended biological properties of
AgzPO4 microparticles: evaluation of antimicrobial properties and cytotoxicity in in
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), oswiadczam, iz moj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad syntezq i charakteryzacjq
mikroczgstek fosforanu (V) srebra w réznych ksztaltach.

Jednoczesnie  wyrazam  zgod¢ na  przedlozenie w/w  pracy  przez
Karola Pawta Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

OSwiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wktad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspotautorki)



Prof. dr hab. Iwona Inkielewicz - Stgpniak

(tytut zawodowy, imie¢ i nazwisko)

OSWIADCZENIE

Jako  wspoétautorka pracy pt.  Shape-depended biological properties of
AgsPO4 microparticles: evaluation of antimicrobial properties and cytotoxicity in in
vitro model - safety assessment of potential clinical usage (Oxid Med Cell Longev. 2019;
2019:6740325), oswiadczam, iz mdj wilasny wkiad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji to:

nadzor merytoryczny nad badaniami biologicznymi i przygotowaniem publikacji.

Jednoczesnie  wyrazam  zgod¢ na  przedlozenie w/w  pracy  przez
Karola Pawla Steckiewicza jako czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie
zbioru artykutow opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy
wykazuje indywidualny wklad Karola Pawla Steckiewicz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy. Udziat

procentowy Karola Pawta Steckiewicza w powstanie w/w pracy oceniam na 55 %.

(podpis wspotautorki)



