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Wykaz skrotow
AFM (ang. Atomic Force Microscopy) - mikroskopia sit atomowych

ATM (ang. Ataxia-Telangiectasia Mutated) - kinaza serynowo-treoninowa

aktywowana przez przerwania obu nici DNA

ATR (ang. Ataxia Telangiectasia and Rad3-Related) - kinaza serynowo-treoninowa

aktywowana przez stres replikacyjny i uszkodzenia pojedynczej nici DNA
AgNPs (ang. Silver Nanoparticles) - nanoczastki srebra

AgPtNPs (ang. Silver and Platinum Nanoparticles) - nanoczastki srebra i platyny
AuNPs (ang. Gold Nanopatrticles) - nanoczgstki ztota

CDDP (ang. Cisplatin) - cisplatyna

AH (ang. enthalpy change) - zmiana entalpii

DDR (ang. DNA Damage Response) - odpowiedz na uszkodzenia DNA

DDS (ang. Drug Delivery Systems) - systemy dostarczania lekéw

DLS (ang. Dynamic Light Scattering) - dynamiczne rozpraszanie Swiatta

DOX (ang. Doxorubicin) - doksorubicyna

DSC (ang. Differential Scanning Calorimetry) - skaningowa kalorymetria r6znicowa

EMT (ang. Epithelial-To-Mesenchymal Transition) - przejscie nabtonkowo-

mezenchymalne
EPI (ang. Epirubicin) - epirubicyna

EPR (ang. Enhanced Permeability and Retention) - efekt wzmocnionej

przepuszczalnosci i retenciji
FCeo(ang. Fullerene C60) - fuleren C60

FTIR (ang. Fourier Transform Infrared Spectroscopy) - spektroskopia w podczerwieni

z transformacja Fouriera



GO-PtNPs (ang. Graphene Oxide and Platinum Nanoparticles) - nanoczastki tlenku

grafenu i platyny

HaCaT (ang. immortalized human keratinocyte cell line) - unieSmiertleniona ludzka

linia komorek keratynocytow

HEK293 (ang. human embryonic kidney cell line) - ludzka linia komodrkowa

embrionalnych komorek z nerki
HepG-2 (ang. human liver cancer cell line) - ludzka linia komoérkowa raka watroby

HL-60 (ang. human acute promyelocytic leukemia cell line) - ludzka linia

komodrkowa ostrej biataczki promielocytowej

ICR-191 (ang. acridine mutagen ICR-197) - modelowy mutagen akrydynowy

ITC (ang. Isothermal Titration Calorimetry) - izotermiczna kalorymetria miareczkowa
LLC (ang. Lewis Lung Carcinoma) - nowotwor ptuc myszy

LSPR (ang. Localized Surface Plasmon Resonance) - zlokalizowany powierzchniowy

rezonans plazmonowy

MCF-7 (ang. human breast cancer cell line of luminal type) - ludzka linia komdrkowa

raka piersi o charakterze luminalnym

MCF-7/ADR (ang. MCF-7 Adriamycin-resistant breast cancer cell line) - linia

komoérkowa raka piersi oporna na adriamycyne (doksorubicyne)

MDA-MB-231 (ang. human triple negative breast cancer cell line) - ludzka linia

komorkowa potrdjnie ujemnego gruczolakoraka piersi
MelUuSo (ang. human melanoma cell line) - ludzka linia komdérkowa czerniaka skory

MTT (ang. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) - bromek

3-(4,5-dimetylotiazol-2-ylo)-2,5-difenylotetrazoliowy
NER (ang. Nucleotide Excision Repair) - naprawa przez wycinanie nukleotydu
NIR (ang. Near Infrared Spectroscopy) - spektroskopia w bliskiej podczerwieni

NPs (ang. Nanoparticles) - nanoczastki



PEG (ang. Polyethylene Glycol) - glikol polietylenowy

PPTT (ang. Plasmonic Photothermal Therapy) - fototermalna terapia plazmonowa
PtNPs (ang. Platinum Nanopatrticles) - nanoczgstki platyny

PTX (ang. Pentoxifylline) - pentoksyfilina

RA (ang. Retinoic Acid) - kwas retinowy

ROS (ang. Reactive Oxygen Species) - reaktywne formy tlenu

SiHa (ang. human cervical cancer cell line) - ludzka linia komdérkowa raka szyjki

macicy

SKBR-3 (ang. human breast cancer cell line overexpressing HERZ2 receptor) - ludzka

linia komorkowa raka piersi z nadekspresja receptora HER2



Streszczenie

W 2022 roku na swiecie odnotowano prawie 10 milionéw zgonéw bedacych
nastepstwem choroby nowotworowej. Pomimo znacznego postepu w dziedzinie
terapii przeciwnowotworowych, chemioterapia nadal pozostaje jedng z najczesciegj
stosowanych, jak réwniez najskuteczniejszych metod leczenia. Niestety,
przyjmowanie lekdow cytostatycznych wigze sie z wystepowaniem czesto
powaznych skutkéw ubocznych obejmujacych m.in. toksycznos¢ wielonarzadowa,
a takze z powstawaniem opornosci w komadrkach nowotworowych, co znacznie
obniza jakos$é zycia pacjentéw i ogranicza mozliwosci leczenia. W zwigzku z tym
poszukiwanie modyfikacji terapii stanowi jedno z kluczowych wyzwan wspotczesnej
medycyny. Jedng z obiecujgcych dziedzin mogacych przyczyni¢ sie do poprawy
wydajnosci terapii przeciwnowotworowych jest nanotechnologia, w tym
wykorzystanie nanoczastek (NPs). Dzieki unikalnym wtasciwosciom wynikajacym
przede wszystkim z niewielkich rozmiaréw przy wysokim stosunku powierzchni do
objetosci, NPs moga by¢ wykorzystywane jako systemy dostarczania lekéw (DDS)
w celu precyzyjnego, kontrolowanego oraz selektywnego wnikania do komorki
nowotworowej, co minimalizuje narazenie komadrek zdrowych na dziatanie leku. Co
wazne, wielkosé nanoczgstek moze mieé¢ znaczenie przede wszystkim w kontekscie
penetracji bton komoérkowych jak i toksycznosci. Nanoczgstki platyny (PtNPs),
nalezace do nanoczgstek metalicznych, ze wzgledu na szczegbélne wtasciwosci
takie jak dziatanie przeciwbakteryjne, przeciwgrzybicze, ale rdéwniez
przeciwnowotworowe moga stanowi¢ bardzo obiecujgce narzedzie w obszarze

medycyny.

W 2zwigzku z tym celem niniejszej pracy doktorskiej byto zweryfikowanie
wystepowania bezposrednich interakcji pomiedzy nanoczastkami platyny
a wybranymi lekami przeciwnowotworowymi takimi jak cisplatyna (CDDP),
doksorubicyna (DOX) oraz epirubicyna (EPI). Ponadto, sprawdzono czy wspomniane
oddziatywania majg wptyw na aktywnos¢ biologiczng, w tym mutagennosc¢ oraz
cytotoksycznos$é, badanych zwigzkéw. Badania zrealizowano w kontekscie
potencjalnych réznic wynikajacych z zastosowania nanoczgstek o zréznicowane;j

wielkosci. W projekcie przeprowadzono analize agregacji PtNPs pod wptywem



wybranych chemioterapeutykdow przeciwnowotworowych. Wykorzystano szereg
analiz fizykochemicznych w tym metody spektroskopowe, fluorymetryczne oraz
kalorymetryczne, aby potwierdzi¢ wystepowanie bezposrednich oddziatywan
miedzy badanymi nanoczastkami a wymienionymi lekami. W czesci biologicznej
oceniono jak PiNPs oddziatujg na aktywnos¢ mutagenng wybranych lekéw
przeciwnowotworowych z wykorzystaniem bakterii Salmonella enterica serowar
Typhimurium. Ponadto, przeprowadzono badania cytotoksycznosci zaréwno
samych nanoczgstek jak i ich wptywu na dziatanie wybranych cytostatykéw
wykorzystujgc ludzkie linie komorkowe raka piersi MDA-MB-231 i SKBR-3 (PtNPs
- CDDP), czerniaka MelUuSo (PtNPs - DOX i PtNPs - EPI) oraz uniesmiertelnionag
ludzka linie komoérek keratynocytéw HaCaT (PtNPs - DOX i PtNPs - EPI).

Uzyskane wyniki wskazujg na niewatpliwy potencjat zastosowania w przysztosci
nanoczastek platyny zaréwno w celu zwiekszenia efektywnosci istniejgcych, jak
i opracowania nowych schematéw chemioterapii przeciwnowotworowych. Jednym
z kluczowych aspektéw ich zastosowania moze by¢ obnizenie efektow ubocznych
chemioterapeutykdw przeciwnowotworowych wobec zdrowych tkanek i komérek.
Ponadto, stosowanie nanoczgstek o rdoznej wielkosci moze przyczyni¢ sie do
modulacji aktywnosci lekéw przeciwnowotworowych, co jest szczegdélnie istotne
zaréwno w przypadku terapii nowotworéw dotychczas opornych na leczenie jak

i rozwijajgcych opornosé w trakcie terapii.



Abstract

In 2022, almost 10 million cancer-related deaths were recorded worldwide. Despite
significant progress in anticancer therapies, chemotherapy still remains one of the
most commonly employed and most effective treatment methods. Unfortunately,
administration of cytostatic drugs is associated with the occurrence of serious side
effects, including multi-organ toxicity, as well as the development of resistance in
cancer cells, which significantly reduces the quality of patients’ life and limits
treatment options. Therefore, the search for therapy modifications is one of the key
challenges of modern medicine. One of the promising areas that can contribute to
improving the efficiency of anticancer therapies is nanotechnology, including the
use of nanoparticles (NPs). Due to their unique properties, primarily their small size
with a high surface-to-volume ratio, NPs can be used as drug delivery systems (DDS)
for precise, controlled, and selective penetration into cancer cells, which minimizes
the exposure of healthy cells to the chemotherapeutic agent itself. Importantly, the
size of nanoparticles may be particularly relevant in the context of cell membrane
penetration and toxicity. Platinum nanoparticles (PtNPs), which belong to metallic
nanoparticles, due to their specific properties such as antibacterial, antifungal, but

also anticancer activity, may be a very promising tool in the field of medicine.

Therefore, the aim of this doctoral thesis was to investigate the occurrence of direct
interactions between platinum nanoparticles and selected anticancer drugs such
as cisplatin (CDDP), doxorubicin (DOX) and epirubicin (EPI). In addition, it was
examined whether these interactions affect the biological activity, including
mutagenicity and cytotoxicity, of the tested compounds. The research was
conducted in the context of potential differences resulting from the use of
nanoparticles of diverse sizes. The project included analysis of PtNPs aggregation
under the influence of selected chemotherapeutic agents. A number of
physicochemical analyses, including spectroscopic, fluorometric, and calorimetric
methods were employed to confirm the occurrence of direct interactions between
the tested nanoparticles and the mentioned drugs. In the biological part, the effect
of PtNPs on the mutagenic activity of selected anticancer drugs was assessed using

Salmonella enterica serovar Typhimurium. Additionally, cytotoxicity studies of both
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the nanoparticles themselves and their effect on the activity of selected cytostatics
were performed using human breast cancer cell lines MDA-MB-231 and SKBR-3
(PtNPs - CDDP), melanoma MelUuSo (PtNPs - DOX and PtNPs - EPI), and

a non-cancerous keratinocyte cell line HaCaT (PtNPs - DOX and PtNPs - EPI).

The obtained results indicate the considerable potential of using platinum
nanoparticles in the future, both to increase the effectiveness of existing and to
develop new anticancer chemotherapy regimens. One of the key aspects of their
application may be to reduce the side effects of anticancer chemotherapeutics on
healthy tissues and cells. Moreover, employing nanoparticles of different sizes may
contribute to the modulation of anticancer drugs’ activity, which is particularly
significant in the case of the therapy of cancers that are either initially resistant to

treatment or acquire resistance during therapy.
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1. Wstep
1.1. Choroby nowotworowe - aktualny stan wiedzy

Choroby nowotworowe stanowig jedno z najwiekszych wyzwan wspoétczesnej
medycyny. Badania przeprowadzone przez Global Cancer Observatory, wskazuja,
ze w 2022 roku na swiecie odnotowano okoto 20 milionéw nowych przypadkéw
zachorowania na raka oraz 9,7 miliona zgondéw. Najczesciej diagnozowanym
nowotworem byt rak ptuc, a nastepnie rak piersi u kobiet, rak jelita grubego oraz rak
prostaty u mezczyzn. Wedtug przewidywan Swiatowej Organizacji Zdrowia (ang.
World Health Organization; WHO), do 2050 roku liczba diagnozowanych
zachorowan na nowotwory moze wzrosng¢ nawet do 35 milionéw rocznie. Taka
sytuacja wynika m.in. z globalnego starzenia sie spoteczenstw, jak réwniez
narazenia na czynniki ryzyka np. zanieczyszczenie srodowiska, palenie tytoniu czy
otytos¢. Statystyki sg alarmujgce i podkreslajg pilna potrzebe poszukiwania

nowych, skutecznych terapii przeciwnowotworowych [1].
1.1.1. Terapie przeciwnowotworowe

Pomimo niewatpliwego rozwoju terapii przeciwnowotworowych i stosowaniu
nowych podejs¢ w leczeniu obejmujacych m.in. immunoterapie, terapie celowang
czy wykorzystanie komodrek macierzystych, klasyczne metody, w tym
chemioterapia, radioterapia i chirurgia, nadal pozostajg standardem w leczeniu
nowotworéw [2-4]. Sposréd wymienionych, chemioterapia jest uwazana za
najszerzej stosowang oraz najbardziej skuteczng metode leczenia nowotwordow w

réznych stadiach [4,5].
Chemioterapia

Chemioterapia opiera sie na podaniu pacjentowi lekow zaburzajgcych prawidtowe
procesy komaérkowe, prowadzgc do $mierci komorki. Poczatki tej metody leczenia
nowotwordw siegajg 1942 roku, kiedy udokumentowano wptyw pochodnej iperytu
azotowego na szpik kostny. W efekcie, stat sie on pierwszym lekiem stosowanym w
leczeniu chtoniaka. W nastepnych dekadach wynaleziono skuteczne
antymetabolity takie jak 5-fluorouracyl, cytarabina czy metotreksat. Z kolei lata 60 i

70 XX wieku to czas, w ktérym odkryto naturalnie pozyskiwane antybiotyki
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przeciwnowotworowe takie jak doksorubicyna, jak rowniez wprowadzono

cisplatyne, ktora zrewolucjonizowata leczenie m.in. raka jadra [2,6,7].

Niestety, pomimo niewatpliwej skutecznosci przeciwnowotworowej, leki
przeciwnowotworowe nie wykazujg selektywnego dziatania, przez co oddziatuja nie
tylko na komérki nowotworowe, ale takze na komorki zdrowe, co skutkuje
wystepowaniem licznych, czesto powaznych skutkéw ubocznych [2,8]. Ponadto,
komoérki nowotworowe wykorzystujg szereg mechanizmoéw, takich jak zwiekszona
aktywnos¢ pomp efflux, uruchamianie proceséw naprawy DNA, hamowanie
apoptozy, interakcje z komdrkami odpornosciowymi czy przejscie nabtonkowo-
mezenchymalne (Epithelial-To-Mesenchymal Transition; EMT), prowadzacych do
wystepowania lekoopornosci, a w konsekwencji ograniczenia skutecznosci terapii

[9,10].

1.1.2. Charakterystyka wybranych chemioterapeutykow

przeciwnowotworowych

Chemioterapeutyki przeciwnowotworowe mozna podzieli¢ ze wzgledu na ich
sposob dziatania na kilka grup: cytostatyki alkilujgce (w tym pochodne platyny),
antymetabolity, antybiotyki przeciwnowotworowe oraz inhibitory mikrotubul i
topoizomeraz [11]. W niniejszym projekcie badawczym wybrano trzy leki nalezace
do dwdch grup: cytostatykow alkilujacych oraz antybiotykéow

przeciwnowotworowych.
1.1.2.1. Cisplatyna

Cisplatyna (CDDP, cis-diaminodichloroplatyna) jest szeroko stosowanym lekiem
przeciwnowotworowym z grupy cytostatykow alkilujgcych, zatwierdzonym przez
Agencje Zywnosci i Lekéw (ang. Food and Drug Administration; FDA) w 1978 roku
jako pierwszy analog platyny i jednoczesnie pierwszy lek zawierajgcy metal ciezki
[3,12-14]. CDDP posiadaw swojej strukturze platyne nall stopniu utlenienia, a takze
dwa atomy chloru oraz dwie czasteczki amoniaku utozone w konfiguracji cis,
niezbednej do wykazywania aktywnosci nowotworowej (Ryc. 1.) [14]. Jest uzywana
w leczeniu wielu nowotwordéw, miedzy innymi pecherza moczowego, piersi, gtowy i

szyi, jajnika czy jader [12,13].
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Ryc. 1. Struktura chemiczna cisplatyny (CDDP).

Mechanizm dziatania

Mechanizm dziatania cisplatyny opiera sie na tworzeniu wigzan krzyzowych w
obrebie jednej lub pomiedzy sasiadujacymi nicmi DNA. Czasteczka cisplatyny po
wniknieciu do komérki traci jeden lub oba ligandy chlorowe, co umozliwia
utworzenie kowalencyjnych wigzan pomiedzy atomem platyny a, najczesciej,
pozycja N7 zasad purynowych. W ten sposdb dochodzi do powstania
wspomnianych wczesniej wigzan krzyzowych, z ktérych za kluczowe uwaza sie te
miedzy sgsiadujacymi resztami guaniny [13,15,16]. Powstate addukty CDDP-DNA
powoduja zmiany konformacyjne w strukturze DNA, zaktdcaja procesy replikacji
oraz transkrypcji, co w konsekwencji prowadzi do zatrzymania cyklu komoérkowego i

Smierci komaorki [16].
Wyzwania

Zmiany w obrebie DNA wywotane przez cisplatyne uruchamiajg, takze odpowiedz
na uszkodzenia DNA (DDR), aktywujac wiele szlakéow sygnatowych. Jednymi z
najwazniejszych sg ATM (Ataxia-Telangiectasia Mutated) i ATR (Ataxia Telangiectasia
and Rad3-Related), ktére m.in. aktywuja naprawe przez wycinanie nukleotydu
(NER), oraz szlak PI3K/Akt wptywajacy na proliferacje komodrek oraz zwiekszajgcy
ekspresje transporterow odpowiedzialnych za wypompowywanie CDDP z komorki,
co jest jednym z mechanizméw prowadzacych do opornosci lekowej. Do innych
mechanizmoéw ograniczajacych skutecznosé¢ terapii z uzyciem cisplatyny naleza
m.in. zmniejszone wchtanianie leku poprzez mutacje w receptorach lub

transporterach btonowych oraz inaktywacja CDDP zwigzana z tworzeniem
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nieaktywnych koniugatow z glutationem [10,17,18]. Opornos¢ lekowa nie jest
jednak jedynym wyzwaniem zwigzanym z terapig cisplatyng. Pomimo swojej
skutecznosci, stosowanie CDDP powoduje powazne skutki uboczne, z ktérych
najwazniejszym jest nefrotoksycznosé. Objawia sie ona na rdézne sposoby, m.in.
ostrym uszkodzeniem nerek oraz zaburzeniami elektrolitowymi, takimi jak
hipomagnezemia i hipokalcemia, co znaczaco ogranicza mozliwos¢ leczenia
poprzez koniecznos$é zmniejszania dawek leku [14]. Ponadto, cisplatyna wptywa na
funkcjonowanie innych narzadow takich jak watroba, ptuca, a nawet na uszkodzenie

stuchu [16].
1.1.2.2. Doksorubicynai epirubicyna

Doksorubicyna (DOX) oraz epirubicyna (EPl) naleza do grupy antybiotykéw
cytostatycznych, doktadnie antracyklin. DOX zostata po raz pierwszy wyizolowana z
bakterii Streptomyces peucetius var. caesius w 1969 roku, a w 1974 roku zostata
oficjalnie zatwierdzona przez FDA [19,20]. EPI, syntetyczng pochodng DOX,
natomiast dopuszczono do stosowania w 1999 roku jako terapie adjuwantowg w
leczeniu raka piersi [21]. Zarowno czagsteczki DOX jak i EPI sktadajg sie z dwdch

gtéwnych czesci - aglikonu oraz aminocukru (Ryc. 2).

NH;

Doksorubicyna (DOX) Epirubicyna (EPI)

Ryc. 2. Struktury chemiczne wybranych antybiotykéw antracyklinowych.

Roéznice strukturalng stanowi stechiometryczne utozenie grupy hydroksylowej przy
pozycji 4 daunozaminy (aminocukru) w czgsteczce epirubicyny, co czyni jg 4’

epimerem doksorubicyny [21]. Ta zmiana powoduje, ze EPI jest bardziej lipofilna,
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szybciej przenika do komaorek, a takze jest mniej toksyczna, dzieki czemu moze byc¢

stosowana w wyzszych dawkach [21,22].

Mechanizm dziatania

Oba leki dziatajg poprzez trzy gtowne mechanizmy: interkalacje do DNA,
hamowanie topoizomerazy Il oraz generowanie wolnych rodnikéow [19,23-26].
Czteropierscieniowy chromofor obecny w czasteczce antracykliny, wnika pomiedzy
sgsiednie pary zasad DNA. Interkalacja wptywa na topologie DNA, co moze
zaktocaé aktywnosé enzymow zaangazowanych w replikacje i transkrypcje. Samo
wigzanie czesto nie jest kluczowe dla cytotoksycznosci leku —wazniejsze moga byé
miejsce i sposéb wigzania prowadzace do zahamowania konkretnych funkcji DNA
[23-25,27]. Antracykliny wykazujg réwniez zdolnos$é wigzania z topoizomeraza ll,
enzymem niezbednym do przecinania nici DNA podczas proceséw komorkowych
takich jak replikacja czy transkrypcja. Tworzenie kompleksu topoizomeraza Il -
antracyklina — DNA uniemozliwia ponowne taczenie przecietych nici DNA
prowadzac do uruchomienia procesu apoptozy [23,24,26,28]. Trzecim
mechanizmem dziatania antracyklin jest generowanie reaktywnych form tlenu
(ROS) podczas wewnatrzkomoérkowych cykli utleniania i redukcji. Powstate wolne
rodniki tlenowe narazajg jadrowe i mitochondrialne DNA na stres oksydacyjny oraz
prowadzg do proceséw takich jak peroksydacja lipidéw, ktére uszkadzajg btony

komodrkowe, a w konsekwencji doprowadzajg do Smierci komarki [23,24].
Wyzwania

Podobnie jak w przypadku cisplatyny, stosowanie zaréwno doksorubicyny, jak i
epirubicyny czesto wigze sie z wystepowaniem lekoopornosci. Przyczyng moga byc¢
mechanizmy zwigzane m.in. z wypompowywaniem (ang. efflux) leku, wzmozonag
autofagia, zmniejszeniem interakcji leku z komodrka, na przyktad wskutek mutaciji
genu topoizomerazy Il, a takze zmiany w odpowiedzi komdrkowej na uszkodzenia
DNA [23,27]. Udowodniono takze, ze doksorubicyna moze wzbudzaé mechanizm
EMT zwigzany z przejsciem komérek nabtonkowych do fenotypu mezenchymalnego,
co zwieksza ruchliwos$é i inwazyjnos¢ komdérek nowotworowych, a takze wigze sie z

aktywacjg szlakéw hamujgcych apoptoze sprzyjajac przezywaniu komorek
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[10,27,29]. Ponadto stosowanie wymienionych antracyklin wigze sie z
wystepowaniem powaznych dziatan niepozgdanych. Terapia doksorubicyng czesto
prowadzi do ostrej, kardiotoksycznosci zaleznej od dawki, ktéra objawia sie przede
wszystkim kardiomiopatig oraz zastoinowg niewydolnoscig serca. Ponadto mogag
wystgpi¢ skutki uboczne takie jak supresja szpiku kostnego czy nefrotoksycznosé
[30-32]. W przypadku epirubicyny, dawki analogiczne do DOX wywotujg mniejsze
skutki zaréwno kardiotoksyczne jak i mielosupresyjne przy utrzymaniu efektywnosci

terapeutycznej[21].

W zwigzku z tym tak wazne jest poszukiwanie metod modyfikacji terapii, ktére
pozwolg zniwelowa¢ skutki uboczne i przezwyciezy¢é opornos¢ lekows,
jednoczesnie utrzymujac lub poprawiajac efektywnosc¢ dziatania
chemioterapeutykdéw przeciwnowotworowych, aby pozytywnie wptyna¢ na jakosc¢
zycia pacjentéw onkologicznych. Jednym z obszaréw modyfikacji dziatania stata sie

szerokorozumiana dziedzina nanotechnologii.
1.2. Nanotechnologia
1.2.1. Wprowadzenie do nanomateriatow

Nanotechnologia, jako dziedzina interdyscyplinarna z pogranicza zaréwno fizyki,
chemii, biologii jak i medycyny czy inzynierii, zyskata szczegélne zainteresowanie
badaczy w ciggu ostatnich dwdch dekad. Jej oficjalne poczatki siegajg jednak
potowy XX wieku i stynnego wystapienia Richarda Feynmana “There’s Plenty of
Room at the Bottom”. Laureat Nagrody Nobla przedstawit wtedy wizje, w ktérej
mozliwa bytaby manipulacja na poziomie atomowym i molekularnym, co otworzyto
perspektywy tworzenia nowych narzedzi i maszyn w nanoskali [33-35]. Jakwida¢ po
latach, Richard Feynman nie mylit sie, a nanotechnologia stata sie nie tylko

popularng, ale i niezwykle atrakcyjng i dynamicznie rozwijajgca sie dziedzing nauki.

Nanomateriaty definiuje sie jako struktury, w ktdrych przynajmniej jeden wymiar jest
mniejszy niz 100 nm. Ws$rdd nich wyrdznia sie m.in. nanoczgstki (NPs), materiaty
zero-wymiarowe, ktérych wszystkie trzy wymiary mieszczg sie w zakresie nanoskali.
NPs moga rézni¢ sie ksztattem, rozmiarem, funkcjonalizacja powierzchni oraz

sktadem, co sprawia, ze mogg wykazywac rozmaite wtasciwosci fizygkochemiczne
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[35,36]. Istnieje kilka podziatdw nanomateriatow, jednak bazujgc na sktadzie mozna
wyrozni¢ trzy gtéwne grupy: organiczne (np. dendrymery), nieorganiczne (np.

nanoczastki metaliczne) oraz weglowe (np. fuleren) [35,37-39] (Ryc. 3).
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Ryc. 3. Klasyfikacja nanomateriatdow z przyktadami.

Nanoczgstki metaliczne, do ktérych nalezg m.in. nanoczgstki platyny (PtNPs),
srebra (AgNPs), czy ztota (AuNPs), wykazuja wyjgtkowe wtasciwosci optyczne,
elektryczne, katalityczne, termiczne, magnetyczne czy mechaniczne [35]. Ze
wzgledu na wykazywanie zjawiska zwanego lokalnym rezonansem plazmonowym
powierzchni (LSPR) znajdujg zastosowanie w biosensorach czy fototermalnej terapii
plazmonowej (PPTT) jak réwniez w tworzeniu urzgdzen optoelektronicznych
[35,36,40-42]. Ponadto, nanoczastki metaliczne moga by¢ stosowane w technikach
obrazowania np. metodg rezonansu magnetycznego (MRI) poprawiajac jakosc¢

obrazowania [35,36].
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1.2.2. Nanoczastki platyny (PtNPs)

Nanoczagstki platyny, poza wymienionymi wyzej cechami, wykazujg réwniez
wtasciwosci przeciwbakteryjne i przeciwgrzybicze [43-49]. W badaniu Nishantiiin.
[48] potwierdzono, ze nanoczagstki platyny nie tylko wykazujg aktywnosc¢
przeciwbakteryjng, ale takze wzmacniajg dziatanie antybiotykow. Szczegdlnie
istotny efekt obserwowano w przypadku bakterii Bacillus sp. opornej nha
streptomycyne, gdzie nanoczgstki spowodowaty uwrazliwienie bakterii na ten
antybiotyk. Ponadto PtNPs wykazywaty silng aktywnos¢ antybakteryjng wobec
szczepu Escherichia coli cechujgcego sie wielolekoopornoscig [46]. Podobnie,
grupa badawcza Chwalibog i in. [47] potwierdzita, iz PtNPs dziatajg toksycznie
wzgledem bakterii Staphylococcus aureus oraz grzyboéw Candida albicans
uszkadzajgc Sciane komoérkows, a w konsekwencji powodujgc wyciek substanciji
komorkowych i Smieré mikroorganzmoéw. Aktywnosé przeciwgrzybicza nanoczgstek
platyny zostata rowniez potwierdzona dla innych gatunkéw m.in. Aspergillus
parasiticus i Aspergillus flavus [45] jak réwniez Colletotrichum acutatum czy
Cladosporium  fulvum [44]. Jednak wtasciwosci przeciwbakteryjne i
przeciwgrzybicze to nie jedyne pozytywne aspekty wykorzystania PtNPs w

medycynie.

1.2.2.1. Wtasciwosci przeciwnowotworowe PtNPs

Nanoczgstki platyny to niezwykle obiecujgce struktury w kontekscie terapii
przeciwnowotworowych. Mogag by¢ wykorzystywane m.in. jako nosniki lekow, ale
same réwniez wykazujg aktywnos$¢é przeciwnowotworows, co zostato potwierdzone
w wielu interesujgcych doniesieniach. W badaniu prowadzonym przez Kutwin i in.
[50] poréwnywano aktywnos$é¢ nanoczastek platyny, o sSrednicachod 2nmdo 19 nm,
z lekiem przeciwnowotworowym cisplatyng wzgledem linii komérkowej glejaka
wielopostaciowego U87, jak réwniez ich wptyw na tkanke guza w modelu in ovo.
Potwierdzono, ze PtNPs znaczaco obnizajg zywotnos¢ komoérek glejaka wywotujgc
efekty podobne do cisplatyny, przy jednoczesnie nizszym poziomie nekrozy.
Ponadto, nanoczgstki wptynety znaczgco na zmniejszenie wagi i objetosci guza, a
efekty byty silniejsze niz w przypadku cisplatyny, co czyni je niezwykle obiecujgcymi

kandydatami w terapii nowotworéw modzgu. Innym ciekawym badaniem byto
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wykorzystanie nanoczastek srebra i platyny (AgPtNPs), w ktérym wykazano, ze
nanoczagstki w wybranym zakresie stezen obnizajg zywotnos$é komoérek czerniaka
oraz glejaka wielopostaciowego przy jednoczesnym braku wptywu na zdrowe
komoérki ludzkie fibroblastéw, co prawdopodobnie ma zwigzek z wyzsza
przepuszczalnoscig tkanki nowotworowej [51]. W innych pracach naukowych
udowodniono, ze zardbwno same nanoczastki platyny o wielkosci okoto 34 nm [52]
jak i PtNPs w potaczeniu z tlenkiem grafenu (GO-PtNPs) [53] wykazujg znacznag
cytotoksycznosé wzgledem linii komérkowych raka piersi MCF-7 oraz raka watroby
HepG-2.Z kolei badanie PtNPs o rozmiarach od 30 nm do 60 hm, wytworzonych przy
pomocy zielonej syntezy z wykorzystaniem polifenoli, potwierdzito ich zdolnos¢ do
zatrzymania cyklu komérkowego w fazie G2/M, zahamowania proliferacji komérek

oraz indukcji apoptozy w ludzkiej linii komorkowej raka szyjki macicy SiHa [54].

Przytoczone przyktady wskazujg nie tylko na niewatpliwy potencjat nanoczastek
platyny w terapii przeciwnowotworowej, lecz takze na ich szerokie spektrum

dziatania przeciwko nowotworom o réznym pochodzeniu.

1.2.3. Systemy dostarczania lekoéw (DDS) na bazie nanoczastek

metalicznych

W ostatnich latach systemy dostarczania lekow (DDS) zyskaty na znaczeniu jako
obiecujgce narzedzie w terapiach przeciwnowotworowych. Stosowanie DDS
pozwala na zwiekszenie skutecznosci terapii poprzez precyzyjne dostarczanie leku
przy jednoczesnej minimalizacji toksycznosci wobec zdrowych komaérek. Ponadto,
mozliwe jest dostosowanie wtasciwosci uwalnianego leku, takich jak
rozpuszczalnosé, biodostepnosé czy czas pottrwania substancji. W tym kontekscie
zjawisko Enhanced Permeability and Retention (EPR) odgrywa znaczaca role. Efekt
EPR polega na tym, ze niewielkie struktury, takie jak nanoczastki, kumulujg sie w
tkance nowotworowej przede wszystkim w wyniku nieprawidtowej budowy naczyn
krwionosnych nowotworu. Dzieki temu zjawisku nanoczgstki moga nie tylko tatwiej
przenika¢ do srodowiska nowotworu, ale rowniez pozostawac¢ tam przez dtuzszy
czas co przedtuza efekt cytotoksyczny leku przy jednoczesnym ograniczeniu jego

dziatania na zdrowe komorki [55-58].
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DDS moga wykorzystywac réznorodne nosniki, zarowno organiczne, nieorganiczne
czy tez hybrydowe, w tym nanoczastki metaliczne [59-61]. Najwiecej doniesien w
tym kontekscie mozna znalez¢ na temat nanoczastek ztota i srebra, jednak istnieja

takze badania wykorzystujgce gtdwnie modyfikowane nanoczagstki platyny.

Przyktady modyfikowanych nanoczastek

Jednym z przyktadow wykorzystania PtNPs w DDS byto zastosowanie
mezoporowatych nanoczastek platyny modyfikowanych glikolem polietylenowym
(PEG) i zatadowanych doksorubicyng [62], ktére umozliwity kontrolowane
uwalnianie leku poprzez obnizone pH, analogiczne do warunkéw panujgcych w
srodowisku guza. Dzieki takiemu rozwigzaniu lek moze by¢ uwalniany przede
wszystkim w miejscu nowotworu, co zwieksza jego skutecznos¢ oraz ogranicza
toksycznos$é wzgledem zdrowych tkanek. Ponadto, w badaniu zastosowano linie
komorkowa raka piersi opornag na doksorubicyne MCF-7/ADR, wykazujacg fenotyp
opornosci wielolekowej, przede wszystkim poprzez podwyzszong ekspresje
transporteréw btonowych, takich jak P-glikoproteina, ktéra wypompowuje lek z
komorek, jak rowniez przez zmniejszone wchtanianie leku [62,63]. Zaobserwowano,
ze nanoczastki wnikaty do opornych komérek umozliwiajgc przedtuzone dziatanie
leku [62]. Podobny system na bazie PtNPs modyfikowanych przy pomocy PEG i
potaczonych z DOX zaproponowano jak terapie o potencjalnym zastosowaniu w
leczeniu czerniaka. W badaniach wykorzystano linie komodrkowsg czerniaka
pochodzacg z myszy B16F10 jak rowniez model zarodka kury. Zaobserwowano
skuteczne zahamowanie proliferacji komoérek czerniaka oraz indukcje apoptozy, jak
rOwniez znaczgce zmniejszenie wzrostu guza w poréwnaniu do kontroli z sama
doksorubicyna, co wskazuje na wysokg skutecznos¢ stosowania DDS [64]. Winnym
badaniu skonstruowano réwniez system tgczacy nanoczastki platyny oraz ztota
funkcjonalizowany czgstka opartg na chinazolinie, ktéra wykazuje toksycznos$é
wzgledem komorek glejaka. Testy cytotoksycznosci metodag MTT z wykorzystaniem
zaréwno linii zdrowych komdérek HEK293 oraz kilku linii komérkowych glejaka,
wykazaty, ze powstaty system nie hamuje proliferacji komadrek zdrowych, jednak jest

toksyczny wzgledem komaérek nowotworowych [65].
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Z kolei w badaniu Brown i in. [66] wykorzystano sfunkcjonalizowane nanoczgstki
ztota (AuNPs) jako nosnik oksaliplatyny - leku na bazie platyny. Badania
przeprowadzono na linii komadrkowej raka ptuc oraz kilku liniach komorkowych raka
jelita grubego. W kazdej z badanych linii nowotworowych wykazano, ze skutecznos$¢
zastosowanego konstruktu byta poréwnywalna lub nawet kilkukrotnie wyzsza w
poréwnaniu do zastosowania samej oksaliplatyny. Ponadto, nanoczastki
wykazywaty zdolnos¢ do penetracji jadra komodrkowego w komadrkach raka ptuc, co

nie jest obserwowane w przypadku stosowanego leku [66].

W innym badaniu wykorzystano biosyntetyzowane nanoczgstki ztota oraz srebra
optaszczone glikolem polietylenowym jako systemy dostarczania doksorubicyny. W
obu przypadkach zaobserwowano wzmochione dziatanie cytotoksyczne, w
poréwnaniu do efektéw samego leku, na liniach komdrkowych czerniaka myszy
B16F10 oraz raka piersi MCF-7. Same nanoczastki nie wykazywaty toksycznosci

wzgledem zdrowych komdérek sréodbtonka [67].

Oddziatywania niekowalencyjne

Nanoczgstki, ze wzgledu na swoje unikatowe wtasciwosci, takie jak duza
powierzchnia wtasciwa przy niewielkich rozmiarach struktur, mogag wchodzi¢ w
niekowalencyjne interakcje z lekami, miedzy innymi odziatywania hydrofobowe,
elektrostatyczne, wigzania wodorowe czy sity van der Waalsa. Wspomniane
interakcje moga réwnie efektywnie wptywa¢ na zwiekszenie efektywnosci

dostarczania zwigzkéw do komadrek nowotworowych [58,68,69].

Dziatalnos¢ badawcza zespotu dr. hab. Jacka Piosika, prof. UG, od wielu lat opiera
sie na identyfikacji potencjalnych oddziatywan pomiedzy substancjami
modulujgcymi, np. metyloksantynami, a zwigzkami biologicznie czynnymi [70-75].
Opracowano model statystyczno - termodynamiczny, ktéry pozwolit na analize
biologicznie czynnego zwigzku — pentoksyfiliny (PTX) jako modulatora DOX [73].
Nastepnie wykonano badania biologiczne, ktdre potwierdzity, ze PTX wykazuje efekt
ochronny zmniejszajgc efekty cytotoksyczne DOX w zdrowych komdrkach
keratynocytow HaCal, jednoczesnie nie wptywajac na dziatanie leku w komaorkach

nowotworowych [72]. Otrzymane wyniki wskazywaty, ze modyfikacje DOX moga
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wptyna¢ na zmniejszong toksycznos¢ leku przy utrzymaniu jej potencjatu
terapeutycznego. Dzieki otrzymanym wynikom potwierdzajgcym, ze modulacja
aktywnosci zwigzkéw biologicznie czynnych moze przyczyni¢ sie do poprawy

efektywnosci ich dziatania, zespo6t skupit sie na wykorzystaniu nanostruktur.

Jedng z najlepiej przebadanych nanoczgstek zostat fuleren C60 (FCe). Badanie
dotyczace interakcji FCs i mutagenu akrydynowego ICR-191 [76] wykazato, iz
fuleren tworzy agregaty pod wptywem mutagenu. Pozostate analizy
fizykochemiczne, w tym modelowanie molekularne, potwierdzity, ze za
odziatywania, w tym heteroagregacje, odpowiadajg przede wszystkim
oddziatywania stakingowe typu -1t oraz elektrostatyczne. W efekcie potwierdzono,
iz FCeowptywa na obnizenie aktywnosci mutagennej ICR-191. Ponadto stwierdzono,
ze fuleren wykazuje silne powinowactwo do komorek bakterii Salmonella enterica
serowar Typhimurium TA98, co moze utatwia¢ dostarczanie mutagenu na
powierzchnie komarki. Inne badania dotyczagce fulerenu Ce oraz cisplatyny [77,78]
rowniez potwierdzity wystepowanie bezposrednich oddziatywan, prawdopodobnie
opierajgcych sie na sitach hydrofobowych oraz oddziatywaniach van der Waalsa. Co
ciekawe, wspomniane interakcje miaty znaczacy wptyw na cytotoksycznosc¢
kompleksu. Podobnie jak w poprzednim badaniu, fuleren obnizat mutagennosc¢
badanej substancji. Ponadto, wykazano, ze w poréwnaniu do dziatania samej
cisplatyny, kompleks FC¢ — CDDP wywotuje znaczgco silniejszy efekt toksyczny
wobec roznych linii komoérkowych, w tym raka okreznicy, szyjki macicy oraz
biataczki. Najwieksza, dwukrotnie wyzszg réznice w toksycznosci, zaobserwowano
dla ludzkiej linia komodrkowej ostrej biataczki promielocytowej (HL-60). Co wiecej,
badanie przeprowadzone na modelu mysim guza LLC (ang. Lewis Lung Carcinoma)
wykazato, ze zastosowanie kompleksu FCgs — CDDP spowodowato dwukrotnie
wieksze zahamowanie wzrostu guza w poréwnaniu do dziatania samej cisplatyny

oraz fulerenu [77].

Innymi, badanymi przez Pracownie Biofizyki nanostrukturami byty nanoczgstki
srebra (AgNPs). W publikacji dotyczacej wptywu AgNPs na interakcje z
doksorubicyng poréwnano nanoczastki o roznych srednicach 5 nm oraz 50 nm [79].

Wykazano m.in., ze nhanoczgstki obnizaja fluorescencje DOX oraz ulegajg agregacji
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(zwtaszcza wieksze NPs) po wptywem leku. Ponadto, testy cytotoksycznosci MTT na
liniach komodrkowych raka piersi wykazaty, iz AgNPs wspomagajg dziatanie
toksyczne DOX wobec linii SKBR-3, podczas gdy nie wptywajg na efekty w linii MDA-
MB-231. W badaniu zastosowano réwniez model 3D Matrigel, aby ocenié¢ wptyw
nanoczagstek w warunkach lepiej odzwierciedlajacych mikrosrodowisko guza. W
obu zastosowanych liniach komérkowych kompleks AgNPs - DOX wykazywat
wyzszg cytotoksycznos¢ w poréwnaniu do dziatania samego leku, jednak, podobnie

jak w tescie MTT, efekty byty wyrazniejsze dla linii SKBR-3.

Inne doniesienia literaturowe potwierdzajg, ze niemodyfikowane i nieprzytaczane
chemicznie nanoczastki srebra wspomagajg toksycznos¢ paklitakselu wzgledem
komorek nowotworowych m.in. MCF-7, natomiast efekt ten nie jest obserwowany
dla komoérek zdrowych [80,81]. Z kolei wyniki badania zespotu Gurunathaniin. [82]
wykazaty, ze potaczenie nanoczastek platyny, zsyntetyzowanych przy pomocy
tangeretyny, oraz doksorubicyny znaczgco hamowato przezywalnos$é i proliferacje
komorek osteosarcomy — ztosliwego guza kosci. Zaobserwowano réwniez m.in.
generacje ROS, dysfunkcje mitochondriow oraz zwiekszong ekspresje gendw
proapoptotycznych. W innym badaniu [83] dotyczgcym leczenia neuroblastomy,
ztosliwego nowotworu uktadu nerwowego, wykazano, ze nanoczastki platyny w
potaczeniu z kwasem retinowym (RA) znaczgco wzmacniajg cytotoksycznosé, w
tym powodujg zwiekszong dysfunkcje mitochondridow oraz stres oksydacyjny, w

poréwnaniu do dziatania samego kwasu.

Przedstawione przyktady jasno wskazuja, ze systemy oparte na nanoczastkach
metalicznych, majg ogromy potencjat, aby znaczaco usprawni¢ terapie
przeciwnowotworowe, przede wszystkim dzieki selektywnemu dostarczaniu leku do
komoérek nowotworowych przy jednoczesnej ochronie komoérek zdrowych, co ma
potencjat w kontekscie ograniczania skutkdéw ubocznych terapii przy utrzymanej lub

wzmochnionej efektywnosci.
1.2.4. Wielko$é nanoczastek
Wielkos¢ nanoczastek moze odgrywac¢ kluczowg role w ich efektywnosci

biologicznej i farmakokinetycznej. Mniejsze nanoczastki, poprzez wieksza
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powierzchnie wtasciwg w stosunku do ich objetosci, wykazujg lepszg penetracje do
wnetrza komorek. Dzieki temu moga efektywniej przenika¢ przez btony komérkowe,
co moze przektada¢ sie na wiekszy potencjat terapeutyczny. Z drugiej strony,
zwiekszona penetracja moze prowadzi¢ do wyzszej toksycznosci, co oddziatuje na
ogoélnosystemowe uszkodzenia DNA czy stres oksydacyjny. Z kolei, wieksze
nanoczgstki mogg mieé wptyw na bardziej kontrolowane oraz stopniowe uwalnianie
przenoszonej substancji, co moze by¢ kluczowe w kontekscie terapii
nowotworowych i dostarczania lekéw. Ponadto, wieksze nanoczastki czesto
wykazujg mniejszg toksycznosc, takze wobec zdrowych tkanek, co daje potencjalne

korzysci w zmniejszaniu efektdw ubocznych terapii [84-91].

Badanie nanoczgstek srebra pod katem wptywu na ludzkie komoérki ptucne
wykazato toksycznos¢ jedynie dla AgNPs o srednicy 10 nm, natomiast wieksze
nanoczastki o srednicach 40 nm i 75 nm nie byty szkodliwe [92]. W innym badaniu
in vitro wykorzystano AgNPs o wielkosciach 20 nm, 80 nm i 130 nm i sprawdzano
m.in. ich cytotoksycznos¢, genotoksycznosé¢ czy zdolnosé do wywotywania stanu
zapalnego. We wszystkich analizowanych aspektach toksycznosci, potwierdzono,
ze najmniejsze AgNPs wykazywaty najwiekszg aktywnos¢, a najbardziej wyrazne
efekty dotyczyty obnizenia aktywnosci metabolicznej komodrek oraz uszkodzen
btony komodrkowej [93]. Z kolei Lebedova i in. [94] sprawdzili genotoksycznosé
nanoczastek platyny, srebra i ztota o rozmiarach 5 nm i 50 nm. Co ciekawe, dla
kazdego typu NPs uzyskano odmienne wyniki. AgNPs powodowaty znaczne
uszkodzenia DNA niezaleznie od rozmiaru, AUNPs wykazywaty toksycznos¢ tylko w
przypadku mniejszych, 5 nm czagstek, natomiast PtNPs wykazywaty odwrotny trend

— uszkodzenia pojawiaty sie tylko poprzez dziatanie wiekszych nanoczgstek.

Przytoczone przyktady podkreslajg wptyw samych nanomateriatéw na toksycznos¢
wobec komoérek, jednak w literaturze brakuje doniesien wskazujgcych czy rozmiar
nanoczgstek moze mieé znaczenie w kontek$cie modulacji wydajnosci zwigzkdéw

biologicznie czynnych.
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2. Celpracy

Choroby nowotworowe stanowia jedno z najwiekszych wyzwan wspoétczesnej
medycyny. Pomimo znacznych postepdw w terapii przeciwnowotworowej, leczenie
nowotwordw jest wcigz utrudnione. Chemioterapia, cho¢ nadal powszechnie
stosowana jako jedna z podstawowych i efektywnych metod, jest ograniczona ze
wzgledu na wystepowanie powaznych dziatan niepozgdanych, w tym ciezkigj
toksycznosci narzadowej, a takze rozwéj lekoopornosci komérek nowotworowych.
W zwigzku z tym poszukiwanie nowych strategii terapeutycznych, ktére pozwola na
zmniejszenie skutkéw ubocznych przy jednoczesnym zachowaniu lub zwiekszeniu
skutecznosci leczenia, jest niezwykle istotne. Doniesienia literaturowe
przedstawione we wstepie jednoznacznie podkreslajg duzy potencjat wykorzystania
nanoczagstek w celu usprawnienia terapii przeciwnowotworowych. Nanoczastki
(NPs) moga stuzy¢ jako nosniki lekow, co zwieksza selektywnos¢ dostarczania
substancji do komoérek przeciwnowotworowych. Z kolei rozmiar NPs moze wptywad
ich na wnikanie do komdrek oraz biodystrybucje, co ma kluczowe znaczenie w
kontekscie efektywnosci terapeutycznej. WsSréd nanoczgstek nieorganicznych
nanoczastki platyny (PtNPs) zyskuja na znaczeniu, dzieki unikalnym
wtasciwosciom, w tym aktywnosci przeciwbakteryjnej, przeciwgrzybiczej, a takze

przeciwnowotworowe;j.

Dlatego gtownym celem niniejszej pracy doktorskiej byto zweryfikowanie czy
nanoczastki platyny oddziatujg bezposrednio z wybranymi chemioterapeutykami, w
konsekwencji wptywajac na ich aktywnos$é biologiczng, ze szczegdélnym
uwzglednieniem rdznic wynikajgcych z rozmiaru nanoczgstek. W badaniach
wykorzystano komercyjnie dostepne PtNPs o srednicach 5 nm, 30 nm, 50 nm i 70
nm oraz leki przeciwnowotworowe z dwéch grup - cytostatykéw alkilujgcych
(cisplatyna - CDDP) oraz antybiotykow antracyklinowych (doksorubicyna — DOX i

epirubicyna - EPI).

26



W projekcie doktorskim zrealizowano nastepujace cele:

VI.

VII.

Analiza agregacji PtNPs oraz wybranych lekéw przeciwnowotworowych.
Ocena termodynamiki oddziatywan pomiedzy PtNPs a wybranymi lekami.
Analizy spektroskopowe zmian wynikajgcych z interakcji pomiedzy PtNPs a
lekami.

Ocena wptywu PtNPs na wtasciwosci fluorescencyjne antracyklin.

Badania wptywu nanoczgstek na aktywnos¢ mutagenng wybranych
chemioterapeutykdw.

Badania cytotoksycznosci PtNPs, a takze ich wptywu na cytotoksycznos$é
cisplatyny, doksorubicyny oraz epirubicyny wobec wybranych linii
komorkowych.

Obrazowanie wptywu PtNPs oraz DOX na hodowle komaérek wybranych linii.
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3. Publikacje naukowe bedace podstawa niniejszej rozprawy

Publikacja nr 1: Betdzinska, P., Galikowska-Bogut, B., Zakrzewski, M., Bury, K.,
Jamrégiewicz, M., Wyrzykowski, D., Gotunski, G., Sadej, R., Piosik, J., 2025. Platinum
as both a drug and its modulator — Do platinum nanoparticles influence cisplatin
activity? Chemico-Biological Interactions, 407, 111365.
https://doi.org/10.1016/).CBI.2024.111365. 1F2023 4.7, MNiSW2024 100

Publikacja nr 2: Betdzinska, P., Zakrzewski, M., Mruk, l., Bogustawski, M.,
Derewonko, N., Bury K., Wyrzykowski, D., Gotunski, G., Rychtowski, M., Piosik, J.
2025. Size dependent impact of platinum nanoparticles on doxorubicin activity.
European Journal of Pharmaceutical Sciences, 209: 107094.

doi:10.1016/).EJPS.2025.107094. I1F2023 4.3, MNiSW3024 100

Publikacja nr 3 (manuskrypt): Betdzinska, P., Zakrzewski, M., Grzyb, K., Hauer, A.,
Jamrégiewicz, M., Wyrzykowski, D., Bury, K., Gotuniski, G., Piosik, J. 2025. Platinum
nanoparticles interact with epirubicin in size dependent manner and affect its
biological activity. - gotowy manuskrypt; w procesie recenzji w czasopismie z listy

JCR
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4. Wktad doktorantki w publikacje bedace podstawa niniejszej rozprawy
Publikacja nr 1:

Moj wktad w niniejszg publikacje polegat na zaprojektowaniu koncepcji badan,
przeprowadzeniu pomiaréw dynamicznego rozpraszania Swiatta (DLS),
przygotowaniu prébek oraz interpretacji obrazowania przy pomocy mikroskopii sit
atomowych (AFM), przygotowaniu probek, opracowaniu surowych danych oraz
analizie danych z uzyciem izotermicznej kalorymetrii miareczkowej (ITC),
przygotowaniu probek oraz pomocy w interpretacji wynikéw spektrometrii w
podczerwieni (FTIR i NIR) oraz skaningowej kalorymetrii réznicowej (DSC),
wykonaniu, analizie i interpretacji wynikdw testéw mutagennosci Amesa, z
wykorzystaniem bakterii Salmonella enterica, dla samych nanoczastek oraz
mieszanin nanoczastek z lekiem, a takze wykonaniu testow MTT z uzyciem linii
komorkowych MDA-MB-231 oraz SKBR3 oraz pomocy w analizie wynikéw i ich
interpretacji. Ponadto, przygotowatam ryciny, opracowatam manuskrypt oraz

wykonatam korekty po poprawkach wspétautorow.
Publikacja nr 2:

Mdj wktad w niniejszg publikacje polegat na zaprojektowaniu koncepcji badan,
przeprowadzeniu pomiarow i opracowaniu wynikow spektrometrii fluorescencyjnej
oraz UV-Vis, przygotowaniu prébek, opracowaniu surowych danych oraz analizie
danych z uzyciem izotermicznej kalorymetrii miareczkowej (ITC), przeprowadzeniu
pomiarow i opracowaniu wynikdw dynamicznego rozpraszania Swiatta (DLS),
przygotowaniu prébek oraz interpretacji obrazowania przy pomocy mikroskopii sit
atomowych (AFM), wykonaniu, analizie i interpretacji wynikow testéw
mutagennosci Amesa, z wykorzystaniem bakterii Salmonella enterica,
przygotowaniu probek i interpretacji wynikow testéw cytotoksycznosci z
wykorzystaniem linii komdérkowych MelJuSo i HaCaT, a takze przygotowaniu prébek
i pomocy w interpretacji obrazowania z wykorzystaniem mikroskopii konfokalnej.
Ponadto, przygotowatam ryciny, opracowatam manuskrypt oraz wykonatam korekty

po poprawkach wspdtautoréw.
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Publikacja nr 3 (manuskrypt):

Moj wktad w niniejsza publikacje polegat na zaprojektowaniu koncepcji badan,
przeprowadzeniu pomiaréw i opracowaniu wynikdw spektrometrii fluorescencyjnej,
przygotowaniu prdobek, opracowaniu surowych danych oraz analizie danych z
uzyciem izotermicznej kalorymetrii miareczkowej (ITC), przygotowaniu prébek oraz
pomocy w interpretacji wynikow spektrometrii w podczerwieni (FTIR i NIR) oraz
skaningowej kalorymetrii réznicowej (DSC), przeprowadzeniu pomiarow
dynamicznego rozpraszania swiatta (DLS), przygotowaniu prébek oraz interpretaciji
obrazowania przy pomocy mikroskopii sit atomowych (AFM), przygotowaniu préobek
i interpretacji wynikdw pomiaréw potencjatu zeta, wykonaniu, analizie i interpretacji
wynikéw testdw mutagennosci Amesa, z wykorzystaniem bakterii Salmonella
enterica, przygotowaniu préobek, opracowaniu danych oraz interpretacji wynikéw
testow cytotoksycznosci z wykorzystaniem linii komérkowych MelUuSo i HaCal.
Ponadto, przygotowatam ryciny, opracowatam manuskrypt oraz wykonatam korekty

po poprawkach wspaotautoréw.
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5. Wyniki

5.1. Publikacja nr 1: Platyna jako lek oraz jego modulator - czy

nanoczastki platyny wptywaja na aktywnosé¢ cisplatyny?

W pierwszym etapie badan wykorzystano cisplatyne, pochodng platyny z grupy
cytostatykow alkilujgcych, oraz komercyjnie dostepne nanoczgstki platyny o

Srednicach 5 nm i 50 nm.

Na poczatku przy pomocy dynamicznego rozpraszania sSwiatta (DLS) oraz
mikroskopii sit atomowych (AFM) wykonano analize potencjalnej agregaciji
nanoczastek pod wptywem uzytego leku. W przypadku wiekszych nanoczgstek 50
nm nie zaobserwowano réznic w srednicach przed i po dodaniu cisplatyny. Pomiary
dla 5 nm PtNPs stanowity wyzwanie, ze wzgledu na tendencje do samoagregaciji
matych czgstek. Pomiary przy pomocy DLS wykazaty zwiekszenie s$rednic
hydrodynamicznych po dodaniu leku, jednak mikroskopia AFM nie wykazata takich
zmian (Zatacznik 1, Fig. 1). Moze to wynikac¢ z réznic w srodowiskach badanych
probek — DLS prébka ptynna, AFM probka osuszona na mice, jednak ze wzgledu na
widoczne agregaty w pomiarze srednicy hydrodynamiczej dla samych nanoczastek,
whnioski o agregacji pod wptywem leku sg niejednoznaczne. W celu pogtebienia
analizy w kolejnych etapach wykonano szczegétowe pomiary termodynamiczne z
uzyciem izotermicznej kalorymetrii miareczkowej (ITC). Wykazano, ze zmiany
entalpii (AH) dla obu rozmiaréw PtNPs wynoszg okoto -0,5 kcal/mol co wskazuje na
spontaniczny, egzotermiczny charakter reakcji spowodowany prawdopodobnie
wystepowaniem wigzan niekowalencyjnych np. van der Waalsa czy wigzan
wodorowych (Zatgcznik 1, Fig. 2). Nastepnie, aby lepiej zrozumieé charakter
zachodzgcych interakcji wykorzystano spektroskopie w podczerwieni z
transformacjg Fouriera (FTIR) oraz spektroskopie w bliskiej podczerwieni (NIR). Obie
zastosowane metody potwierdzity wystepowanie zmian strukturalnych,
swiadczacych o powstawaniu kompleksow pomiedzy PtNPs a CDDP, a takze
wystepowaniu oddziatywan w postaci wigzan wodorowych (Zatgcznik 1, Fig. 3).
Dodatkowo, wyniki skaningowej kalorymetrii réznicowej (DSC) wykazaty zmiany
termiczne potwierdzajagce modyfikacje strukturalne wynikajagce z tworzenia
agregatow. (Zatgcznik 1, Fig. 4).
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Po niejednoznacznych wynikach w czesci fizykochemicznej, przeprowadzono testy
mutagennosci z wykorzystaniem szczepu bakterii Salmonella enterica serowar
Typhimurium TA102. Wyniki wskazywaty, iz PtNPs wptywajg na obnizenie poziomu
mutagennosci cisplatyny zaleznie od stezenia nanoczastek —im wyzsze ich stezenie
tym mniejsza mutagennosc leku (Zatacznik 1, Fig. 5). Co wazne, same nanoczastki
nie wykazaty oznak aktywnosci mutagennej w badanym zakresie stezen. W ostatniej
czesci badan wybrano dwie linie nowotworowe raka piersi: MDA-MB-231 (potrdjnie
ujemna, wykazujgca opornos¢ na cisplatyne) oraz SKBR3 (HER2+), aby wykonac¢
testy cytotoksycznosci MTT. Przeprowadzone badania zaréwno dla 5 nm jak i 50 nm
PtNPs wykazaty, ze nanoczastki wzmacniajg cytotoksycznosé w poréwnaniu do
dziatania samego leku, a rdéznica przy najwyzszych zastosowanych stezeniach
nanoczastek wynosita odpowiednio, okoto 14 - 17 % dla linii MDA-MB-231 oraz 9 -
12 % dla linii SKBR3 (Zatacznik 1, Fig. 6).

Podsumowujgc, pomimo niejednoznacznych wynikéw oznaczen agregacji PtNPs
pod wptywem cisplatyny, pozostate metody potwierdzity wystepowanie
oddziatywan miedzy badanymi czynnikami. Ponadto, stwierdzono wptyw obu
rozmiardw nanoczgstek na mutagennosé leku, jak réwniez niewielkie wzmocnienie

efektow cytotoksycznych na wybranych liniach raka piersi.

5.2. Publikacja nr 2: Wptyw rozmiaru nanoczgstek platyny na aktywnos$é

doksorubicyny.

Ze wzgledu na niejednoznaczne wyniki otrzymane w toku badan nad nanoczastkami
platyny i cisplatyna, w kolejnym etapie postanowiono zajac sie lekiem z innej grupy,
mianowicie doksorubicyng - antybiotykiem nalezgagcym do grupy antracyklin. W
badaniu wykorzystano komercyjnie dostepne nanoczgstki platyny o srednicach 5

nm, 30 nm, 50 nmi 70 nm.

W pierwszym etapie wykonano pomiary za pomocag spektroskopii fluorescencyjnej,
aby oceni¢ czy PtNPs bedga miaty wptyw na wtasciwosci fluorescencyjne
doksorubicyny. Dla kazdego z badanych rozmiaréw nanoczastek zaobserwowano
wygaszanie fluorescencji leku w poréwnaniu do pomiaréw kontrolnych

sprawdzajgcych wptyw rozciennczania DOX na jej fluorescencje (Zatgcznik 2, Fig. 1).
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Co wiecej, efekt byt zalezny od srednicy PtNPs, wskazujac, ze spadek poziomu
fluorescenciji byt wiekszy wraz ze spadkiem srednicy nanoczastek. Taki efekt moze
by¢ zwigzany z przeniesieniem energii obserwowanym dla metalicznych
nanoczgstek, gdyz moga dziata¢ jako akceptory energii dla wzbudzonej czgstki
doksorubicyny. Nastepnie, w celu szczegétowego sprawdzenia termodynamiki
oddziatywan pomiedzy nanoczgstkami platyny a doksorubicyng przeprowadzono
analize metoda ITC. Zmiany entalpii zarejestrowane dla DOXz 5 nm, 30 nm i 50 nm
PtNPs wynosity okoto -3 do -4 kcal/mol co wskazuje egzotermiczny charakter i
prawdopodobne wystepowanie oddziatywan takich jak wigzania wodorowe, sity
elektrostatyczne lub van der Waalsa (Zatacznik 2, Fig. 2). W przypadku 70 nm PtNPs
zmiana entalpii wynosita okoto 0,88 kcal/mol, co wskazuje na endotermiczny efekt,
jednak przypuszczalnie mogto to by¢ zwigzane z zastosowaniem innego buforu dla
najwiekszych nanoczgstek. W kolejnym kroku zastosowano metody DLS oraz AFM
w celu analizy potencjalnej agregacji nanoczastek pod wptywem leku.
Przeprowadzone analizy pozwolity potwierdzi¢, iz DOX jest czynnikiem
wywotujgcym agregacje nanoczgstek w kazdym rozmiarze (Zatacznik 2, Fig. 3).
Whyniki dla obu metod nie sg identyczne ze wzgledu na rézne srodowiska pomiarow

(DLS probki badane w roztworze, AFM probki osuszone na mice).

W zwigzku z potwierdzeniem wystepowania interakcji pomiedzy nanoczgstkami
platyny a doksorubicyna w kolejnych etapach sprawdzono jaki jest ich wptyw na
aktywnos¢ biologiczng badanej substancji. Najpierw wykorzystano bakterie
Salmonella enterica serowar Typhimurium TA98, aby zbada¢ wptyw PtNPs na
wtasciwosci mutagenne leku. Badanie wykazato, iznanoczgstki w kazdym badanym
rozmiarze wptywaja istotnie na obnizenie mutagennosci DOX (Zatacznik 2, Fig. 4).
Taki efekt moze wynikac¢ z obserwowanej wczesniej agregacji PtNPs pod wptywem
leku, w zwigzku z czym czes¢ leku zostaje zwigzana w agregatach lub/oraz na ich
powierzchni i prawdopodobnie staje sie nieaktywna. Ponadto, same nanoczastki w
badanych stezeniach nie wykazaty potencjatu mutagennego. Aby poréwnac wptyw
nanoczgstek platyny zardwno na komoérki nowotworowe jak i komorki zdrowe
wybrano dwie linie komodrkowe: MeluSo - ludzka linia komdrkowa czerniaka skory

oraz HaCar - unieSmiertleniona ludzka linia komérek keratynocytéw, do wykonania
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testow zywotnosci komorek z wykorzystaniem resazuryny (AlamarBlue). Wyniki
otrzymane dla samych nanoczagstek wykazaty, iz w linii nienowotworowej,
wzrastajgce stezenia 5 nm i 30 nm PtNPs nieznacznie wspomagajg wzrost komorek,
natomiast wieksze nanoczastki nie wptywaja na wzrost komorek. W linii
nowotworowej, jedynie najmniejsze nanoczagstki zmniejszaty przezywalnosé
komodrek. Mimo to, warto zaznaczyé, ze dla 70 nm PtNPs efekty réznity sie znaczaco
od pozostatych nanoczgstek, gdyz we wszystkich stezeniach przezywalnosc¢
komorek linii HaCaT byta wyzsza niz MelJuSo, podczas gdy dla 30 nm i 50 nm efekt
byt odwrotny, a dla 5 nm zalezat od stezenia (Zatacznik 2, Fig. 5). Nastepnie
wykonano testy dla samej doksorubicyny oraz ze wzrastajagcymi stezeniami
nanoczastek platyny. Dla linii nienowotworowej w przypadku kazdego rozmiaru
nanoczastek zaobserwowano spadek cytotoksycznosci zalezny od stezenia PtNPs
w poréwnaniu do dziatania samej doksorybicyny. W przypadku nowotworowej linii
MeluSo, nie zaobserwowano réznic w cytotoksycznoscidla5 nm, 30 nmoraz 50 nm
PtNPs, jednak wieksze nanoczastki 70 nm wzmocnity istotnie efekty cytotoksyczne
leku (Zatgcznik 2, Fig. 6). Na podstawie wynikow testu cytotoksycznosci ustalono,
ze 70 nm PtNPs sag najbardziej obiecujgce w kontekscie wzmocnienia efektéw w
komdérkach nowotworowych przy jednoczesnym efekcie ochronnym komorek
nienowotworowych, dlatego w kolejnym etapie zobrazowano wptyw jedynie
najwiekszych nanoczgstek. Na podstawie zdje¢ wykonanych przy pomocy
mikroskopu konfokalnego nie zaobserwowano zmian w morfologii komdérek HaCaT
oraz MelUuSo pod wptywem réznych stezen 70 nm nanoczgstek platyny w
poréwnaniu do hodowli kontrolnych (Zatgcznik 2, Fig. 7A). Nastepnie, poréwnano
dziatanie samej doksorubicyny oraz nanoczgstek we wzrastajgcych stezeniach. Dla
linii komérkowej HaCal, potwierdzono pozytywny wptyw PiNPs zaréwno na
morfologie jak i zageszczenie hodowli komadrek keratynocytéw w poréwnaniu do
komoérek traktowanych samym lekiem. Co wiecej, przy najwyzszym stezeniu
nanoczastek zaobserwowano wygaszanie fluorescencji doksorubicyny. Odwrotne
wyniki otrzymano w przypadku nowotworowej linii MelUuSo, gdzie dodanie
nanoczgstek platyny spowodowato zmniejszenie gestosci hodowli jak i znaczace

zmiany w morfologii — im wyzsze stezenie nanoczagstek tym bardziej zaokraglone
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komorki z widocznymi pecherzykami btonowymi charakterystycznymi dla procesu

apoptozy (Zatagcznik 2, Fig. 7B).

Podsumowujac, badania  fizykochemiczne potwierdzity = wystepowanie
bezposrednich oddziatywan pomiedzy PtNPs a doksorubicyng, w tym
wystepowanie efektu agregacji nanoczgstek pod wptywem leku oraz obnizanie
fluorescencji DOX przez nanoczgstki. W czesci biologicznej potwierdzono, iz PtNPs
wptywajg na obnizenie aktywnosci mutagennej leku wzgledem bakterii Salmonella
enterica serowar Typhimurium TA98. Ponadto, w poréwnaniu do efektéw
cytotoksycznych samej doksorubicyny, dodanie nanoczgstek we wszystkich
badanych rozmiarach wspomogto metabolizm zdrowych komdrek linii HaCaT,
natomiast najwieksze nanoczgstki o S$rednicy 70 nm znaczgco zmniejszaty
przezywalnos¢ komérek nowotworowych MeluSo. Wyniki zostaty potwierdzone za
pomoca obrazowania fluorescencyjnego, w ktérym zaobserwowano, ze obecnosé
70 nm PtNPs powoduje drastyczne zmiany w morfologii oraz zmniejszenie gestosci

komorek nowotworowych, a w przypadku komoérek zdrowych efekt jest odwrotny.

5.3. Publikacja nr 3 (manuskrypt): Nanoczastki platyny oddziatuja z
epirubicyna zaleznie od ich rozmiaru i wptywaja na jej aktywnos$é

biologiczna.

Niezwykle obiecujgace wyniki potwierdzajgce wptyw nanoczgstek platyny na
aktywnos¢ doksorubicyny sprawity, ze w kolejnej czesci badan postanowiono
wykorzystaé inny lek z grupy antracyklin — epirubicyne. Podobnie jak w przypadku
DOX, w badaniu zastosowano komercyjnie dostepne nanoczastki platyny o

$rednicach 5 nm, 30 nm, 50 nmi 70 nm.

W pierwszym etapie zastosowano spektroskopie fluorescencyjng, ktérej wyniki
potwierdzity wygaszanie fluorescencji epirubicyny pod wptywem PtNPs réznigcych
sie rozmiarem. Ponadto, wygaszenie fluorescencji byto zalezne od $rednicy
nanoczastki, gdzie im mniejsza srednica tym silniejszy efekt byt obserwowany
(Zatacznik 3, Fig. 1). Nastepnie zastosowano techniki spektroskopowe, FTIR oraz
NIR, ktére wykazaty niewielkie zmiany wibracyjne, szczegélnie w probkach z50 nm i

70 nm PtNPs, wskazujace na silniejsze interakcje leku z wiekszymi nanoczastkami
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(Zatacznik 3, Fig. 2). W kolejnym etapie zastosowano pomiary kalorymetryczne z
uzyciem DSC oraz ITC. Wyniki otrzymane dla pierwszej z metod wskazaty na
najsilniejsze oddziatywania z najwiekszymi nanoczastkami o srednicy 70 nm
(Zatacznik 3, Fig. 3I-11l). Zmiany entalpii wyznaczone dzigki pomiarom ITC, podobnie
jak w przypadku oddziatywan z doksorubicyng, wskazaty na wystepowanie reakcji
egzotermicznych dla 5 nm, 30 nm i 50 nm PtNPs, podczas gdy dla 70 nm PtNPs efekt
byt odwrotny (Zatgcznik 3, Fig. 3IV-VII). Po potwierdzeniu oddziatywan miedzy PtNPs
a EPI, przeprowadzono analize agregacji z wykorzystaniem DLS oraz AFM. Obie
metody potwierdzity formowanie agregatow nanoczastek pod wptywem leku. W
przypadku samych 5 nm PtNPs, ktére wykazywaty polidyspersyjnos¢ z powodu
niewielkich rozmiaréw, zaobserwowano wystepowanie 3 populacji nanoczgstek o
réznej srednicy hydrodynamicznej. Jednak po dodaniu EPI liczba populacji ulegta
redukcji do jednego rozmiaru, a wskaznik Pdl spadt z 0,49 do 0,24 (Zatgcznik 3, Fig.
4; Tabela 1). Nastepnie zbadano potencjat zeta dla nanoczastek przed i po dodaniu
epirubicyny. Wyniki dla samych nanoczastek o srednicach 30 nm, 50 nmi 70 nm, na
poziomie okoto -30 do -50 mV, wskazywaty na dobrg stabilnos¢ uktadu. Dodanie
leku spowodowato zmiane potencjatu w kierunku wartosci dodatnich okoto 2 do 5
mV, co potwierdza wystepowanie zjawiska agregacji. W przypadku 5 nm PtNPs
sytuacja, podobnie jak przy pomiarach dynamicznego rozpraszania Swiatta, byta
inna, gdyz same nanoczgstki posiadaty potencjat na poziomie -0,5 mV, co oznacza
stabg stabilnos$¢ i prawdopodobng agregacje w uktadzie. Dodanie leku réwniez
spowodowato przesuniecie potencjatu w kierunku dodatnim, co potwierdza zmiane

w tadunku na powierzchni nanoczagstek (Zatacznik 3, Tabela 2).

Badanie biologiczne obejmujgce test mutagennosci Amesa przeprowadzony z
uzyciem bakterii Salmonella enterica serowar Typhimurium TA98 wykazato, iz
nanoczagstki we wszystkich rozmiarach wptywajg na obnizenie mutagennosci
epirubicyny, jednak tylko w przypadku najwiekszych nanoczgstek o srednicy 70 nm
zmiana byta zalezna od stezenia PtNPs (Zatacznik 3, Fig. 5). W ostatnim etapie
przeprowadzono testy cytotoksycznosci z uzyciem resazuryny (AlamarBlue). W celu
poréwnania wptywu nanoczastek na komorki nowotworowe oraz zdrowe

zastosowano dwie linie komérkowe: MelUuSo - ludzka linia komdérkowa czerniaka
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skory oraz HaCarT - uniesmiertelniona ludzka linia komoérek keratynocytow. Wyniki
otrzymane dla linii nowotworowej potwierdzity, iZ nanoczgstki platyny we wszystkich
badanych rozmiarach znaczgco wspomagajg cytotoksycznos¢ leku, w poréwnaniu
do dziatania samej EPI, a najwieksze efekty zarejestrowano w przypadku wiekszych
nanoczgstek o srednicach 50 nm i 70 nm (Zatacznik 3, Fig. 6B). Ponadto, w linii
zdrowych komoérek, dla wiekszosci zastosowanych stezenh epirubicyny, odnotowano
istotny wzrost widocznosci komérek w stosunku do dziatania samego leku. W
przypadku najnizszego zastosowanego stezenia epirubicyny nie zaobserwowano
zmian w przypadku nanoczastek o srednicach od 30 nm do 70 nm, natomiast dla 5
nm PtNPs zauwazono niewielki spadek przezywalnosci komérek (Zatgcznik 3, Fig.

BA).

Podsumowujgc, zastosowane metody fizykochemiczne pozwolity zaobserwowad
wystepowanie bezposrednich oddziatywahn pomiedzy nanoczgstkami platyny a
epirubicyng. Obrazowanie AFM jak réwniez pomiary DLS i zeta potencjatu
potwierdzity zachodzenie procesu agregacji PtNPs pod wptywem EPI. Ponadto,
wykazano, ze PtNPs obnizajg fluorescencje EPI, a sita efektu zalezy od wielkosci
nanoczastek. Metody kalorymetryczne potwierdzity wystepowanie interakcji miedzy
badanymi nanoczgstkami a lekiem, z czego wyniki DSC wskazaty na silniejsze
oddziatywania z wiekszymi NPs. Badania biologiczne z uzyciem bakterii Salmonella
enterica pozwolity stwierdzié, ze nanoczgstki platyny wptywajga na obnizenie
mutagennosci EPIl. Ponadto, PtNPs, szczegdlnie o Srednicach 50 nm i 70 nm
wptywaty znaczgco na wzmocnienie cytotoksycznosci epirubicyny wobec linii
komodrek nowotworowych MelUuSo. Jednoczesnie, nanoczagstki w wigekszosci
zastosowanych konfiguracji, wspomagaty wzrost komadrek zdrowych HaCal w

poréwnaniu do zastosowania samej EPI.
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6. Whnioski

Przeprowadzone badania obejmujgce identyfikacje wystepowania potencjalnych

interakcji pomiedzy nanoczagstkami platyny, o réznych wielkosciach (5 nm, 30 nm,

50 nm, i 70 nm), a wybranymi lekami przeciwnowotworowymi, jak réwniez

zweryfikowanie ich wptywu na aktywnos$¢ biologiczng badanych zwigzkéw

doprowadzity do nastepujacych wnioskow.

VI.

VII.

VIII.

Badane antracykliny (DOX i EPI) powodujg agregacje nanoczastek platyny,
jednak efekt ten nie jest jednoznacznie zaobserwowany w przypadku
cisplatyny.

Nanoczgstki platyny powodujg wygaszanie fluorescencji (ang. quenching)
doksorubicyny oraz epirubicyny, a intensywnos¢ obserwowanego efektu
ro$nie wraz ze zmniejszaniem wielkosci nanoczastek.

Badania fizykochemiczne z zakresu spektrometrii i kalorymetrii wykazaty, iz
nanoczastki platyny oddziatujg bezposrednio z badanymi lekami.
Nanoczgstki platyny nie sg mutagenne wzgledem szczepdw bakterii
Salmonella enterica serowar Typhimurium TA98 oraz TA102.

Nanoczgstki platyny wptywaja na obnizenie potencjatu mutagennego
cisplatyny, doksorubicyny oraz epirubicyny.

Nanoczgstki platyny o srednicach 5 nm i 50 nm wptywajg nieznacznie na
wzmocnienie cytotoksycznosci cisplatyny wobec linii komérkowych raka
piersi MDA-MB-231 oraz SBKR-3.

Nanoczgstki platyny o srednicy 70 nm wptywajg istotnie na wzmocnienie
cytotoksycznosci doksorubicyny wobec komaérek nowotworowych czerniaka
skéry MelJuSo, natomiast 5 nm, 30 nm i 50 nm NPs nie wykazujg widocznego
wptywu.

Wszystkie badane wielkosci nanoczgstek platyny wptywajg istotnie na
obnizenie cytotoksycznosci doksorubicyny w ludzkich komdrkach
keratynocytow linii HaCal.

Nanoczgstki platyny o srednicach 5 nm, 30 nm, 50 nm, 70 nm wptywajg
istotnie wptywaja na wzmocnienie cytotoksycznosci epirubicyny wobec

komodrek nowotworowych czerniaka skéry MelJuSo.
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X.  Jednoczesnie badane nanoczastki wykazujg dziatanie ochronne na komaorki
zdrowe keratynocytéw HaCaTl w wiekszos$ci badanych konfiguracji stezen

wspomagajac wzrost komorek w stosunku do dziatania samej epirubicyny.

Uzyskane wyniki niewatpliwie wskazujg na ogromny potencjat nanoczastek platyny,
szczegblnie tych o wiekszych rozmiarach, jako potencjalnych czynnikéw do
modyfikacji terapii przeciwnowotworowych, zwtaszcza z uzyciem antracyklin, w
celu zwiekszenia skutecznosci leczenia przy jednoczesnej ochronie komodrek
zdrowych. Przeprowadzone badania uzupetniajg dotychczasowy stan wiedzy w
zakresie zastosowania nanoczgstek platyny, zwracajgc szczegdlng uwage na
réoznice wynikajgce z ich rozmiarow oraz podkreslajgc role oddziatywan

niekowalencyjnych w optymalizacji efektéw cytotoksycznych.
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ARTICLE INFO ABSTRACT

Keywords: Breast cancer was the most frequent cause of cancer death in females in 2022. Despite the development of
Platinum nanoparticles p lized therapies, ch herapy frequently remains the only available treatment method. However, the
Ci'splatfﬂ ) d ion of classic anti lastic drugs, like cisplatin (CDDP), often causes severe side effects and may lead
Z‘:‘c;tt‘c::“acm"s to drug resistance making the therapy inefficient. Therefore, there is a great need for new, effective treatment
Mutagenicity regimens development. For this reason, we applied platinum nanoparticles (PtNPs) to verify if they can influence
Cytotoxicity the CDDP activity with particular emphasis on the differences due to nanoparticles’ sizes.

We employed a broad spectrum of physi Dynamic Light Scattering, Atomic
Force Microscopy, Isothermal Titration Calorimetry, Fourier Transform Infrared Spectroscopy, and Near Infrared
Spectroscopy and also Differential Scanning Calorimetry, to characterize the possible interactions between
nanoparticles and CDDP. Moreover, the impact of PtNPs on CDDP biological activity was investigated using the
Ames mutagenicity test on Salmonella enterica serovar Typhimurium TA102 and MTT assay on two breast cancer
cell lines MDA-MB-231 and SKBR3.

The obtained results revealed PtNPs direct interactions with CDDP dependent on the nanoparticles’ size.
Despite the lack of explicit confirmation of PtNPs aggregation by AFM imaging and DLS, further physicochemical
methods indicated structural changes between nanoparticles alone and PtNPs-CDDP mixtures. Moreover, the
biological assays confirmed that PtNPs decrease CDDP mutagenicity and also slightly increase its cytotoxicity on
the chosen cell lines. The latter effects are ambiguous, nevertheless, provide a valuable basis for further research.

1. Introduction and, additionally, these cases are usually associated with greater

aggressiveness and worse prognosis [2,3]. All these reasons make the

Breast cancer, the leading type of cancer in women, is, unfortunately,
also associated with high mortality representing the most frequent cause
of cancer death in females in 2022 [1]. Breast carcinomas are subtyped
based on the presence of estrogen, progesterone, and human epidermal
growth factor receptors (HER) on the cells’ surface [2]. Cancers over-
expressing any of these receptors are routinely treated with targeted
therapy. However, there is a vast number of cases where cancer cells are
triple-negative, which means they have none of these receptors. Their
therapy is restricted to surgical intervention and classic chemotherapy,

* Corresponding author.
E-mail address: jacek.piosik@ug.edu.pl (J. Piosik).
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search for a more efficacious therapy a matter of utmost importance.
Cisplatin (CDDP; cis-diammineplatinum (II) dichloride) is one of the
most effective and commonly used chemotherapeutics which belongs to
the group of alkylating agents [4,5]. CDDP is still used as a first-line
therapy for many cancers such as breast, ovarian, testicular, head and
neck, bladder, or lung cancers [4,6-8]. As a coordination complex, its
structure consists of divalent platinum atom with two chloride groups
and two amine ligands [4]. What is important, the cis configuration of its
substituents is required to exhibit the antitumor activity [9]. After
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entering the cell, the chloride ligands from CDDP are displaced by water
molecules, and the platinum complex can form covalent bonds with the
N-7 position of guanine. That results are the creation of crosslinks, either
inter- or intrastrand, the latter believed to be crucial for CDDP cyto-
toxicity. As aresult, the crosslinks disrupt the DNA structure which leads
to cell cycle arrest and apoptosis [4-7,10]. Unfortunately, the DNA
damage induced by CDDP is recognized by repair proteins, and, in
consequence, enhanced repair is one of the mechanisms leading to drug
resistance [4,7,11]. Moreover, there are other mechanisms of the
resistance such as the increased drug efflux [12], intracellular accu-
mulation of the drug, or the cytosolic inactivation [7]. Furthermore,
despite its efficiency, CDDP triggers severe side effects beginning with
the most common nausea, vomiting, and acute nephrotoxicity up to
neuro-, cardio-, or hepatotoxicity leading to the limitations of CDDP
usage [4,6-8]. Hence, the researchers try to analyze other approaches
such as the combination therapies with other chemotherapeutics or
different substances to overcome the resistance and improve the effi-
ciency of the drugs [13-15].

Over the last decades, nanotechnology, as a multidisciplinary field,
has attracted more attention in many areas i.e. broadly defined tech-
nology, envirc 1 sci , chemistry but also in medicine [16]. For
over 20 years nanoparticles research has been aimed at developing

dicines, delivery sy , and diagnostics tools against condi-
tions such as cancer, cardiovascular diseases, diabetes, or human im-
munodeficiency virus [16-21]. Noble-metal nanoparticles, including
platinum nanoparticles (PtNPs) based on the platinum atoms in oxida-
tion state O (Pt%), are in the spotlight due to their distinct features. They
are characterized by a large surface to mass ratio [22,23] and high
reactivity, but also catalytic and enzymatic activity [11,17]. Interest-
ingly, they can transform radio frequencies into heat, a mechanism that
can be exploited in cancer diagnosis via imaging [24]. Furthermore,
PtNPs can be used as nanodelivery devices which can provide several
benefits such as delivering the drug to the specific targeted area,
improving the drug’s anticancer efficiency associated with lower
toxicity in healthy tissues, and/or accumulation at the tumor site [11,
17]. Entering the cancerous cells by nanoparticles leads to the inhibition
of replication, cell cycle arrest, and apoptosis. Moreover, some re-
searchers show the anticancer effect of PtNPs but no toxicity against
healthy tissue [20,25-28]. Furthermore, PtNPs generate hydroxyl radi-
cals and may inhibit cell metabolic activity [17,29]. What is important,
the size of nanoparticles not only influences their active surface but has
also an impact on their solubility and bioavailability [17,30]. Addi-
tionally, a few research groups confirmed that nanoparticles’ size can be
crucial for their mutagenicity, cytotoxicity, or genotoxicity [22,30-32].

As mentioned above, current studies are focused on drug nano-
delivery systems or diagnostics applications, however, the possible
modulation of chemotherapeutics by nanoparticles via direct in-
teractions and nanoformulations arrangement assessing differences
arising from nanoparticles’ sizes have not been investigated yet.
Therefore, research into the possible PtNPs size influence on chemo-
therapeutics locates itself in the existing gap, bridging chemothera-
peutics and nanoparticles research, which should be filled to fully utilize
nanoparticles’ potential in cancer treatment.

Elucidation of the phenomenon of how the size of nanoparticles can
influence their heteroaggregation with model anticancer drug - CDDP,
appears as an important challenge that may help understand such
complex interactions. To achieve this goal, we employed a broad range
of physicochemical methods. Moreover, we conducted biological in vitro
assays using pro- and eukaryotic cells to assess the influence of hetero-
aggregation between PtNPs and CDDP on the biological activity of
investigated compounds.

Chemico-Biological Interactions 407 (2025) 111365
2. Materials and methods
2.1. Materials

Cisplatin (CDDP) was purchased from Merck KGaA (Darmstadt,
Germany). Stock solutions were prepared by dissolving CDDP weight
amounts in 2 mM sodium citrate (Sigma Aldrich Chemical Company, St.
Louis, Missouri, USA) for physicochemical methods, and in distilled
water for biological methods. Platinum nanoparticles (PtNPs) in two
dimensions 5 nm and 50 nm in concentration 0.05 mg/mL (NanoXact)
for physicochemical methods and PtNPs in concentration 1 mg/mL
(BioPure) for biological assays, both in 2 mM sodium citrate, were ac-
quired from nanoComposix (San Diego, California, USA). Samples were
lyophilized by using freeze dryer Christ ALPHA 1-2 LD Plus apparatus
(Christ, Martin Gmbh & CG Kg) at a temperature of —56 °C. The vacuum
was maintained at 0.180 mbar. Mixtures and nanoparticles were sub-
sequently placed in vacuum-controlled lyophilizing tubes. The lyophi-
lized nanoparticles were eluted from sodium citrate solution after 24 h,
then pooled, and stored at 4 °C for further analysis. Cysteamine hy-
drochloride used in AFM imaging was purchased from Sigma Aldrich
Chemical Company (St. Louis, Missouri, USA). Salmonella enterica
serovar Typhimurium TA102 strain was purchased from Xenometrics
AG (Allschwil, Switzerland). Nutrient Agar, Nutrient Broth and Biolog-
ical Agar media were purchased from BioMaxima S.A. (Gdansk, Poland).
Histidine, biotin, ampicillin and tetracycline used in Ames mutagenicity
test were acquired from Sigma Aldrich Chemical Company (St. Louis,
Missouri, USA). MDA-MB-231 and SKBR3 cell lines were purchased from
the ATCC (Manassas, Virginia, USA) collection. Media and substrates for
cell culture were purchased as follows: Dulbecco’s Modified Eagle Me-
dium (DMEM) from Biowest (Nuaille, France), Fetal Bovine Serum
(FBS), antibiotics (penicillin and streptomycin), and trypsin from Sigma
Aldrich Chemical Company. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT bromide) was purchased from Sigma
Aldrich Chemical Company (St. Louis, Missouri, USA).

2.2. Dynamic Light Scattering (DLS)

The examination of the hydrodynamic diameters for PtNPs alone and
PtNPs with CDDP (PtNPs initial concentration 2.38 pg/mL; CDDP con-
centration 0.08 mM) were performed on Zetasizer Nano ZS (Malvern,
Worcestershire, UK) by measuring the intensity of the scattered light.
Measurements were conducted in polystyrene cuvettes at 25 °C with a
He-Ne laser (633 nm, 4 mW), at a 173° scattering angle. All measure-
ments were conducted in 2 Mm sodium citrate.

2.3. Atomic Force Microscopy (AFM)

Atomic force microscopy visualization of the PtNPs nanoparticles
and PtNPs-CDDP mixtures was performed at 23 °C in air, in PeakForce
Tapping mode, using BioScope Resolve AFM (Bruker, Bremen, Ger-
many). PtNPs-CDDP mixtures were obtained via the reaction of 0.05
mg/mL PtNPs with 158.6 uM CDDP at room temperature. Subsequently,
100 mM cysteamine was deposited onto a freshly cleaned mica surface
for 5 min and afterwards the solution was aspirated. Then samples were
added on mica and incubated for 5 min at room temperature, followed
by washing with deionized water and drying with streams of nitrogen
gas prior to AFM imaging. The ScanAsyst-Fluid + probe (Bruker) was
used for PtNPs and PtNPs-CDDP mixtures imaging (resonant frequency
fo = 150 kHz; spring constant k = 0.7 N/m). Images were registered at
512 x 512 pixels with a PeakForce Tapping frequency of 1 kHz and
amplitude of 150 nm. A height sensor signal was used to display the
image using NanoScope Analysis v1.9.

2.4. Isothermal Titration Calorimetry (ITC)

The ITC measurements were performed in 2 mM sodium citrate
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solution at 25 °C using AutoITC isothermal titration calorimeter
(MicroCal Inc. GE Healthcare, Northampton, USA). The volumes of the
sample and reference cells were 1.4491 mL. The experiment consists of
multiple injections of 10.02 pL (15 injections, 2 pL for the first injection
only) of CDDP solution (concentration range 0.002-0.029 mM) into the
sample cell containing PtNPs (initial concentration 0.05 mg/mL).
Background titrations were performed by injecting CDDP to 2 mM so-
dium citrate solution and 2 mM sodium citrate solution to PtNPs. The
results of the background titrations were subtracted from each experi-
mental result to account for the heat of dilution. Each injection lasted 20
s. To reach a homogenous mixing in the sample cell, the stirrer speed
was kept constant at 300 rpm.

2.5. Fourier Transform Infrared Spectroscopy (FTIR) and Near Infrared
Spectroscopy (NIR)

FTIR and NIR spectra of complexes formed between cisplatin and
platinum nanoparticles were recorded on Jasco-4700 instrument (IR:
4000400 cm ™! NIR: 8200-4000 cm™") with 32 scans, 4 cm™! resolu-
tion; Jasco Company, Tokyo, Japan). NIR Transmission technique was
applied using dry salt KBr and dry samples of cisplatin and other com-
ponents obtained by evaporation of water. The materials were com-
pressed with potassium bromide to form a disc. All spectra were
recorded as a background and analysis of spectra was performed using
Spectra Analysis software (Jasco Company, Tokyo, Japan).

2.6. Differential Scanning Calorimetry (DSC), the constant pressure heat
capacities

For performing the DSC analysis, 1-5 mg of samples were weighed
into aluminum pans. DSC curves were recorded and analyzed by the
STAR-1 System (Mettler Toledo, Switzerland) combined with the
intercooler system. Samples were heated in the temperature range of
20 °C-300 °C, at the heating rate of 10 °C/min. Nitrogen was used as a
drying gas, with a flow rate of 60 mL/min, and the reference material
was indium. All tests were standardized to each sample size.

2.7. Ames mutagenicity test

The Ames mutagenicity test was performed with Salmonella enterica
serovar Typhimurium TA102, in accordance with the procedure
described by Woziwodzka et al. [33]. A mixture containing 300 pL of the
overnight bacteria culture, 150 pL of 3 % NaCl, and 300 pL of the tested
solution (or sterile distilled water as a negative control) was incubated
for 4 h in darkness at 37 °C and 220 rpm. Afterwards, the mixture was
centrifuged at 11840 g, the bacterial pellet was washed with 0.75 %
NaCl, and resuspended in 300 pL of 0.75 % NacCl solution containing 0.1
pmol histidine and 0.1 pmol biotin. The bacterial suspension was spread
on a glucose minimal agar plate and incubated at 37 °C in darkness.
After 48h incubation, the number of revertant colonies was calculated.
All experiments were performed in triplicate. The optimal concentration
for CDDP (200 ng per plate) was selected after testing CDDP mutagenic
activity in a broad concentration range.

2.8. Cell culture

Cell lines MDA-MB-231 and SKBR3 were cultured in DMEM medium
with 10 % FBS and antibiotics - penicillin (100 U/ml) and streptomycin
(100 pg/ml). The cultures were incubated at 37 °C.

2.9. MTT proliferation assay

Cells were seeded into a 96-well plate in triplicates and on the
following day treated with cisplatin and platinum nanoparticles (con-
centration ranges: MDA-MB-231 CDDP 0-20 pM, 5 nm PtNPs 0-20 pg/
mL, 50 nm PtNPs 0-1 pg/mL; SKBR3 CDDP 0-10 puM, 5 nm PtNPs 0-20
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pg/mL, 50 nm PtNPs 0-1 pg/mL). After 72 h, the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) was
added into each well (0.6 mg/mL) and incubated for 2 h at 37 °C. The
medium was discarded and formazan crystals were dissolved in DMSO.
The absorbance was measured at 590 nm.

2.10. Statistical analysis

Ames mutagenicity test results were evaluated statistically with
Statistica 14.0 (StatSoft) software. One-way variance analysis (ANOVA)
followed by the post-hoc RIR Tukey’s test was applied. The significance
level was established at @ = 0.05.

3. Results

To determine the hydrodynamic diameters of platinum nanoparticles
and mixtures of PtNPs with CDDP, Dynamic Light Scattering (DLS) was
performed. In the case of 5 nm PtNPs, two different peaks 12.37 nm and
431.40 nm were observed. The addition of CDDP to the solution resulted
in the appearance of three peaks with average diameters 16.81 nm,
1208.67 nm and 5266.67 nm (Fig. 1A.). Unfortunately, the poly-
dispersity index (PdI) of 5 nm PtNPs alone was high and equaled 0.67,
while the introduction of CDDP resulted in the increase of Pdl, reaching
0.855 (Table 1) which is characteristic of suspensions of great hetero-
geneity. This phenomenon is responsible for the lack of Z-average values
for 5 nm PtNPs and the mixture of 5 nm PtNPs and CDDP, as this
parameter is non-informative for heterogeneous solutions. On the other
hand, in the case of 50 nm PtNPs, the addition of CDDP did not alter both
the hydrodynamic diameters (Fig. 1B) and the PdI (Table 1). Moreover,
to confirm the DLS results images from Atomic Force Microscope (AFM)
were recorded. In the case of nanoparticles alone, the sample was
dominated by the nanoparticles’ populations in size 32.6 + 13.9 nm for
5 nm PtNPs (Figs. 1C) and 117.7 + 67.9 nm for 50 nm PtNPs (Fig. 1D).
The addition of CDDP to the nanoparticles did not change the aggre-
gation pattern of both 5 nm and 50 nm PtNPs (Fig. 1E and F) - observed
nanoparticles had 29.1 + 10.9 nm and 119.3 + 62.9 nm on average,
respectively.

To investigate the thermal effects of PtNPs with CDDP, the
Isothermal Titration Calorimetry (ITC) was performed. Fig. 2 demon-
strates the thermograms and enthalpy changes for PtNPs — CDDP, so-
dium citrate - CDDP and PtNPs - sodium citrate titrations. The heat for
control samples were subtracted from the heat of PtNPs — CDDP titra-
tions and the enthalpy change (AH) values were calculated by the linear
regression of experimental points for CDDP concentration tending to
zero. The values obtained for the interactions of CDDP with 5 nm PtNPs
(Fig. 2C) and CDDP with 50 nm PtNPs (Fig. 2D) were equal to —0.538 +
0.06 (+SE) kcal/mol and —0.478 + 0.07 (+SE) kcal/mol, respectively.

Fourier Transform Infrared Spectroscopy (FTIR) and Near Infrared
Spectroscopy (NIR) were used as invaluable tools for studying inter-
molecular interactions [34]. The FTIR spectra of the studied complexes
of CDDP with PtNPs are shown in Fig. 3 together with the pure PtNPs
sample spectrum. The region of particular interest, marked as “A1” and
“A2” (Fig. 3A), corresponds to the amine stretching mode of CDDP at
3286 and 3206 cm™! and is distinctly sensitive to hydrogen bonding.
Sodium citrate specific O-H (-COOH) stretching vibration band is
observed at 3419 ecm ™! (Fig. 3 A, band “B”). CDDP bands assigned with
“C”, “D” are shown as asymmetric amine bending mode at 1624 and
1540 cm ! respectively, while the symmetric amine bending mode,
shown at 1300 cm ! (Fig. 3A, band “E”) corresponds with nanoparticles
solution with sodium citrate and strong C-O stretching. The red spec-
trum in Fig. 3 shows the characteristic vibration band of platinum and
chloride bond characteristic for CDDP at 798 cm ™ (Fi 2. 3A, band “F”).
Hydrogen bond interactions and the shift of its vibration peak at 1438
em ! and 1405 cm ! corr ding to O-H stretching (COOH) (Fig. 3A,
“G”-“G" shift) are specific for sodium citrate (from buffer solution). The
NIR results, presented in Fig. 3B, letters “K”, “K’” indicate bands
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Fig. 1. Aggregation of platinum nanoparticles (PtNPs) in different sizes with cisplatin (CDDP). (A) Hydrodynamic diameters of 5 nm PtNPs (solid line) and 5
nm PtNPs — CDDP mixtures (dashed line). Peaks’ sizes: PtNPs 12.37 + 1.38 and 431.40 + 49.36; mixture 16.81 nm + 0.4 and 1208.67 nm =+ 465.1 and 5266.67 nm
+ 300.4. (B) Hydrodynamic diameters of 50 nm PtNPs (solid line) and 50 nm PtNPs — CDDP mixtures (dashed line). Peaks’ sizes: 56.30 nm + 1.7; mixture 55.77 nm
=+ 0.9. CDDP concentration 0.08 mM; PtNPs initial concentration 2.38 pg/ml. Results are reported as the average hydrodynamic diameter. (C) AFM image of 5 nm
PtNPs alone. (D) AFM image of 50 nm PtNPs alone. (E) AFM image of 5 nm PtNPs with CDDP. (F) AFM image of 50 nm PtNPs with CDDP.

characteristic for asymmetric amine bending mode of cisplatin at 4808
and 4567 cm ! respectively. Platinum and chloride bond was observed
at 4077 cm™! (Fig. 3B,band “L”) which proves the formation of the ag-
gregates, and what is interesting it is observed in the spectrum of
complex with 50 nm PtNPs. Both O-H and N-H bending or their inter-
action effect at 5156 and 4347 cm ! are denoted by “M” and “N” in
Fig. 3B.

After confirming the formation of the complex formation, we used
the Differential Scanning Calorimetry (DSC) technique, which is essen-
tial for observing the phase transition temperature of materials. CDDP
with PtNPs and their thermal properties were investigated to measure
the melting temperature of bulk and mixed components. DSC thermo-
grams (Fig. 4) demonstrated that describing the substrates, pure sodium
citrate is characterized by a crystallization peak at t = 164 °C, CDDP’s
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Table 1

Parameters for platinum nanoparticles (PtNPs) with cisplatin (CDDP) ag-
gregation in DLS experiment. CDDP concentration 0.08 mM; PtNPs concen-
tration 2.5 pg/ml. SD - standard deviation; PdI - polydispersity index.

Z-average, nm = Peak Mean,nm +SD  PdI

SD average
5 nm PtNPs - 12.37 +1.38 0.67
431.40 + 49.36
CDDP +5nmPtNPs - 16.81 + 0.4 0.855
1208.67 £ 465.1
5266.67 + 300.4
56.30 + 1.7 60.14 £ 1.2 0.047
50 nm PtNPs
55.77 +£ 0.9 59.89 + 1.0 0.048
CDDP + 50 nm
PtNPs

melting peak is observed at 280 °C (red curve) and identified as slightly
deformed and not specific in both samples with PtNPs’ complexes: 5 nm
(black curve) and 50 nm (green curve). The melting peak is also well
visible for PtNPs at 65—70 °C.

In the next step, after confirmation of direct CDDP-PtNPs in-
teractions and structural changes, we used the prokaryotic model to
investigate whether these interactions could influence the biological
activity of the tested compounds. To analyze the possible impact of
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PtNPs on CDDP mutagenic activity, the Ames Mutagenicity Assay was
performed. The data recorded for both sizes of PtNPs, 5 nm and 50 nm,
revealed the reduction of CDDP mutagenic activity by PtNPs with the
increasing concentration of nanoparticles (0.001-1 pg per plate). PtNPs
alone showed no mutagenic activity in all analyzed concentrations (data
not shown).

To get further insight into the biological effects of PtNPs on CDDP,
the cytotoxicity MTT assays were performed on two breast cancer cell
lines MDA-MB-231 and SKBR3 isolated from triple-negative and HER2-
positive breast cancer, respectively, i.e. subtypes treated with chemo-
therapeutics. PtNPs alone reduced cells viability by approx. 15 % and
the effect did not depend on its size or concentration. Importantly, the
results show a consistent additive effect of both 5 nm and 50 nm PtNPs
on CDDP-reduced cell viability. The combination of CDDP with 5 nm
and 50 nm PtNPs in the highest concentrations impaired the cell
viability to 46 % and 45 %, in MDA-MB-231 cell line, while CDDP alone
reduced the viability to 62 % (Fig. 6A-B). In the case of SKBR3 cells, the
reduction was up to 46 % and 47 % regarding the CDDP combination
with 5 nm and 50 nm PtNPs respectively, whereas for CDDP alone it was
up to 60 % (Fig. 6C-D).

4. Discussion

Cisplatin (CDDP), as one of the most commonly used anticancer

0,02
0,00
-0,02

-0,04

Heat, pcal /s

-0,06

-0,08 T T "
1000 1500 3000

2000

2500
Time, s

AH, keal mol™!

-0.7 1
0 5 10 15 20 25 30 35

Cisplatin, pM

Fig. 2. Determination of enthalpy change (AH) values for platinum nanoparticles (PtNPs) - cisplatin (CDDP) interactions. (A) Thermograms presenting
microcalorimetric titrations of 5 nm PtNPs with CDDP (solid line), sodium citrate solution with CDDP (dotted line) and 5 nm PtNPs with sodium citrate solution
(dashed line), shown as heat released in time. (B) Thermograms presenting microcalorimetric titrations of 50 nm PtNPs with CDDP (solid line), sodium citrate
solution with CDDP (dotted line) and 50 nm PtNPs with sodium citrate solution (dashed line), shown as heat released in time. (C) AH of 5 nm PtNPs-CDDP in-
teractions, calculated by the linear regression of experimental points tending to zero, is equal to —0.538 + 0.06 (+SE) kcal/mol of injected cisplatin. (D) AH of 50 nm
PtNPs-CDDP interactions, calculated by the linear regression of experimental points tending to zero, is equal to —0.478 =+ 0.07 (+SE) kcal/mol of injected cisplatin.

CDDP concentration range: 0.002-0.029 mM.
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curves. Sodium citrate pure - blue, 50 nm PtNPs — CDDP complex — green, 5 nm PtNPs — CDDP complex — black, 5 nm PtNPs solution lyophilized — yellow, 50 nm

PtNPs solution lyophilized — pink, CDDP pure - red.

drugs, is highly effective but toxic at the same time. Serious side effects,
especially nephrotoxicity, make the treatment difficult and may account
for a substantial additional health burden. Moreover, the administration
of CDDP often leads to drug resistance and, in consequence, the in-
efficiency of the chemotherapy. Therefore, looking for new approaches
for existing drugs applications of nanotechnology appears to be truly
required. Current studies about nanoparticles in cancer treatment are
focused on drug transport, mostly by loading the biologically active
substances into the particles [35-38] or other nanoparticles’ modifica-
tions [16,20]. Despite this approach, the possible interactions between
nanoparticles and CDDP have not been investigated yet. Therefore, in
this study, we focused on the possible modulation of CDDP activity by
platinum nanoparticles (PtNPs) and, importantly, the alterations arising

from different nanoparticles’ sizes.

Firstly, to verify the possible aggregates formation, we employed
Dynamic Light Scattering (DLS). Depending on the nanoparticles’ size,
we observed different patterns. In the case of 50 nm PtNPs, there was no
change in nanoparticles diameter after adding CDDP, which could sug-
gest the lack of interactions. However, both 5 nm PtNPs alone and after
adding CDDP, were polydisperse so the comparison of diameter change
was hardly possible. Instead of the two peaks visible for the nano-
particles at 12 nm and 431 nm, after adding the drug we observed three
peaks at approximately 17 nm, 1209 nm, and 5267 nm, with the third
peak potentially being an artifact of solvent fluctuation. The literature
data is contradictory, some reports show the increase of the hydrody-
namic diameter after adding CDDP to C60 fullerene [39], acridine
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Fig. 5. Influence of platinum nanoparticles (PtNPs) on cisplatin (CDDP) mutagenic activity in Salmonella enterica serovar Typhimurium TA102 Ames
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negative control (sterile water; white color), C + - positive control (CDDP 200 ng per plate; black color), CDDP — PtNPs mixtures (CDDP 200 ng per plate constantly,
PtNPs range: 0.001-1 pg per plate; grey color). Results are reported as the average number of revertants =+ SD. * - values significantly different from negative control;

# - values significantly different from positive control (p < & & = 0.05).

mutagen ICR-191 to PtNPs [25] or anthracycline antibiotics to gold
nanoparticles (AuNPs) [40]. However, Wroblewska et al. [41] did not
observe any significant changes in the hydrodynamic diameter
following the addition of CDDP to AuNPs. The results for 50 nm PtNPs
were consistent with AFM data (Fig. 1D and F), where the average
nanoparticle’s size was similar before and after the addition of CDDP.
What is important, compared to DLS, employing this method we did not
observe 5 nm PtNPs aggregates above 400 nm for both PtNPs alone and
with the addition of the drug which may result from the conditions of
both experiments (Fig. 1C and E). Prylutskyy’s research group investi-
gated another nanostructure, C60 fullerene, alone [42] and with doxo-
rubicin (DOX) addition [43]. The results reported the formation of new
island-like objects in C60-DOX mixtures at 20-fold dilution [43]
compared to C60 alone [42]. The first results forced us to apply more
detailed methods, therefore, in the next step we performed Isothermal
Titration Calorimetry (ITC) to verify the thermal changes induced by
potential interactions. The results for both PtNPs diameters suggest
spontaneous, exothermic reactions for both PtNPs diameters. Obtained
enthalpy changes were low, which could be attributed to interactions
masking by water. A similar phenomenon was observed for C60
fullerene with CDDP, where the thermal effect was also low [44].
Similarly, the interactions of DOX with C60, which were not shown
clearly with any method employed, were confirmed after careful anal-
ysis of data obtained using various physicochemical methods [43].
However, Borowik et al. observed higher enthalpy change values for
interactions between PtNPs and ICR-191 [25]. In light of ambiguous
prior results and to provide reliable evidence of the possible direct in-
teractions between PtNPs and CDDP, we performed Fourier Transform
Infrared Spectroscopy (FTIR) and Near Infrared Spectroscopy (NIR) to
compare the spectral changes for CDDP and PtNPs alone and in mix-
tures. The infrared spectroscopy characteristic of CDDP was previously
described in great detail [45-47]. The obtained results partially corre-
spond with these data, however CDDP vibration is hidden and not
directly observed due to aggregation with PtNPs. The results of FTIR are
further confirmed with NIR analysis, which is currently the
fastest-growing analytical method in pharmaceutical sciences as well as
a versatile technique with wide applications also in the industry. What is
highly important, molecular interactions of ground solids using NIR
were estimated and studied previously [48]. The DSC analysis was
performed to check the crystalline/amorphous nature of the CDDP
molecule in the formulations as well as to describe some important in-
teractions between cisplatin and the nanoparticles. CDDP’s melting peak
was observed at 280 °C (red curve) and detected in both samples with

PtNPs’ complexes: 5 nm (black curve) and 50 nm (green curve) and
some deformation was observed at the range of temperature between
260 and 300 °C. It is better visualized in Fig. 4B where the first de-
rivatives of these curves are presented. The green curve containing 50
nm PtNPs is less influenced and the deformation is smaller, which might
be explained by more amorphous state of this sample [49]. Nevertheless,
there was no sharp endothermic peak of CDDP in the nanoparticle
formulation, attributable to a loss of its crystalline nature in the hybrid
nanoparticle formulation, as reported in a previous study [50].
Literature shows the usage of Ames assay as an indicator of biolog-
ically active compounds’ impact. For instance, Woziwodzka et al.
showed that caffeine decreases the mutagenicity of IQ-type heterocyclic
amines [33]. That is why, the mutagenicity Ames tests on Salmonella
enterica serovar Typhimurium TA102 were performed. The results pre-
sented in Fig. 5 confirmed that both 5 nm and 50 nm PtNPs decrease the
mutagenic activity of CDDP. The detected pattern corresponds to the
results obtained by Borowik et al. [25], where the increasing concen-
trations of PtNPs decrease the mutagenicity of acridine mutagen
ICR-191. Importantly, the mutagenic activity of the 5 nm and 50 nm
PtNPs alone was not observed in the tested concentrations range to-
wards Salmonella enterica serovar Typhimurium TA102 (data not
shown). Other results confirmed the lack of mutagenic activity of PtNPs
on Salmonella enterica serovar Typhimurium TA98 [25], or
iron-platinum nanoparticles on TA98 and TA100 [51]. As mentioned
above, despite the efficiency of antineoplastic drugs, conventional
chemotherapy is non-specific and, in consequence, highly toxic not only
for cancer tissue but also for healthy cells. PtNPs application can influ-
ence the precision of drug delivery and the accumulation in the tumor
site making the treatment more effective and less harmful [17,52].
Moreover, the literature reports indicate that PtNPs have anticancer
abilities on their own [53-55]. Therefore, in the last step, we decided to
perform MTT assay on two different human breast cancer cell lines. The
overall pattern for both nanoparticles’ diameters was similar, where the
cell viability was decreasing with the increasing amount of PtNPs. The
average reduction in cell viability between CDDP alone and in combi-
nation with the highest nanoparticles concentration was up to 17 % and
14 % in MDA-MB-231 cell line and 12 % and 9 % in SKBR3 cell line for 5
nm and 50 nm PtNPs, respectively. The results are in conformity with
research for mesoporous PtNPs modified with polyethylene glycol (PEG)
with DOX, where the cell viability of MCF-7/ADR cells was lower in the
case of DOX with modified PtNPs than with DOX alone [21]. Moreover,
Bhatt et al. [56] studied the cytotoxicity of raloxifene
hydrochloride-loaded poly (I-lactic-co-glycolic acid) nanoparticles and

57



P. Betdziniska et al.

A
100 ¢
*
2
E
@©
>
©
O
50 -
40 A
30 T T T )
0 5 10 15 20
5 nm PtNPs, pg/mL
X
2
E
@©
>
©
O
30 T r T )
0 5 10 15 20

5 nm PtNPs, pg/mL

Cell viability, %

Chemico-Biological Interactions 407 (2025) 111365

110 1
100
90
80

70

60
50 -

40 -

0.0 0.2 0.4 0.6 0.8 1.0
50 nm PtNPs, pg/mL

30

110
100
90
80
70

60

Cell viability, %

50

40

30 + T T T T !
00 02 04 06 08 1.0

50 nm PtNPs, pg/mL

Fig. 6. Influence of platinum nanoparticles (PtNPs) on cisplatin (CDDP) cytotoxicity towards selected breast cancer cell lines. (A) Viability of MDA-MB-231
cells treated with 5 nm PtNPs with CDDP (0 pM - filled circles, 1 pM - empty circles, 10 pM - filled triangles, 20 pM - empty triangles). (B) Viability of MDA-MB-231
cells treated with 50 nm PtNPs with CDDP (0 pM - filled circles, 1 pM — empty circles, 10 pM - filled triangles, 20 M - empty triangles). (C) Viability of SKBR3 cells
treated with 5 nm PtNPs with CDDP (0 uM — filled circles, 1 pM — empty circles, 5 pM — filled triangles, 10 pM - empty triangles). (D) Viability of SKBR3 cells treated

with 50 nm PtNPs with CDDP (0 pM - filled circles, 1 pM — empty circles, 5 pM —

0-20 pg/mL; 50 nm PtNPs 0-1 pg/mL.

confirmed that the drug-loaded nanoparticles are more cytotoxic than
the pure drug against MCF-7 cell line. Other researchers demonstrated
that CDDP with curcumin-coated silver nanoparticles decreases the cell

filled triangles, 10 uM - empty triangles). PtNPs concentration ranges: 5 nm PtNPs

aggregation in DLS and AFM results, further methods indicated struc-
tural changes between samples of PtNPs and CDDP alone and in the
mixtures. Moreover, the biological tests confirmed PtNPs’ influence on
CDDP ity and cytotoxicity based on chosen cell lines. The

viability significantly better than CDDP alone on A2780, r
ovarian cancer cells [57].

5. Conclusion
To conclude, the presented results show a significant influence of

PtNPs size on observed direct interactions of PtNPs with CDDP. Inter-
estingly, despite the lack of strong evidence of nanoparticles’

latter, despite being ambiguous, provides a valuable basis for further
research which should be conducted to provide conclusive evidence for
the impact of PtNPs on CDDP cytotoxic activity.
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ARTICLE INFO ABSTRACT

Keywords: Cancer is a leading cause of death worldwide, with nearly 10 million fatalities yearly. Consequently, despite the
Plﬂtin"m‘ l}ampaﬂicles search for new therapeutic approaches, the use of classical chemotherapy, remains one of the main treatment
Doxorubicin regimens. Therefore, we evaluate the use of platinum nanoparticles (PtNPs) of different sizes as potential
i'g’:::g:‘i':mons modulators of doxorubicin (DOX) activity.

Mutagenicity In the presented research, we utilized a wide range of methods, including- Spectroscopic maastlf'e‘me{\ts‘,

Isothermal Titration Calorimetry, Dynamic Light Scattering, and Atomic Force Py, as well as
assays such as the Ames mutagenicity test on Salmonella enterica serovar Typhimurium TA98 and the alamarBlue
cytotoxicity assay with Fl Confocal py on non-cancerous HaCaT and cancerous MelJuSo cell
lines, to investigate the interactions between PtNPs and DOX and the effect of diverse-sized nanoparticles on DOX
activity.

The obtained results indicate the presence of direct interactions, particularly highlighting differences related
to particles size. We confirmed that DOX affects the aggregation of nanoparticles, while the nanoparticles induce
DOX fluorescence quenching. In terms of biological aspects, PtNPs reduced the mutagenicity of DOX, and
increased the survival of non-cancerous HaCaT cells. Furthermore, 70 nm PtNPs significantly increased DOX
effects on cancerous MelJuSo cells by negauvely affecting their morphology and culture density.

To our luable insights into the interactions between PtNPs and DOX with
particular emphasis on the nanopamcles size influence highlighting nanoparticles’ impact on DOX cytotoxicity
providing a base for further research on the potential future modi

Cytotoxicity

ion in t

1. Introduction chemotherapy, despite its effectiveness, is associated with a range of

side effects that significantly worsen the patient’s life quality(Anand

According to the WHO, in 2022, there were approximately 20 million
new cancer cases, and 9.7 million cancer related deaths (Global cancer
burden growing, amidst mounting need for services, n.d.). Despite the
ongoing search for new therapies, chemotherapy still remains a major
component in the treatment of cancer, particularly in the advanced
stages of malignancies(Anand et al., 2022). Unfortunately, classical
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et al., 2022). Therefore, it is essential to explore strategies that enhance
the efficacy of this type of treatment while minimizing adverse effects
and the emergence of drug resistance(Rivankar, 2014).

Recently, nanotechnology has advanced in various fields of medicine
including drug delivery, diagnostics, imaging and even direct diseases
treatment(Czubacka and Czerczak, 2019; Kutwin et al., 2016; Porcel
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et al., 2010; Shi et al., 2010; Wang et al., 2017; Yezhelyev et al., 2006).
In the latter, the usage of nanotechnology, including metallic nano-
particles, offers many advantages, such as the enhancement of drug
bioavailability, prolonging drug half-life, targeted release at tumor sites,
and the subsequent protection of healthy tissues(Liu et al., 2024; Shi
et al., 2010). What is more, there are reports indicating that nano-
particles may assist in overcoming multidrug resistance, thus enhancing
therapeutic outcomes(Kankala et al., 2020; Yoo et al., 2024; Zhi et al.,
2023). Building on these findings we decided to evaluate the influence of
the nanoparticles size on their potential applications in the field. In our
research, we utilized platinum nanoparticles (PtNPs) as the agents
characterized by small size, large surface, or catalytic applications
(Czubacka and Czerczak, 2019; Jeyaraj et al., 2019). PtNPs arouse much
interest due to their broad antibacterial, antioxidant, and anticancer
properties(Jeyaraj et al., 2019). Moreover, PtNPs can induce oxidative
stress which triggers the reactive oxygen species (ROS) generation and
in consequence DNA damage(Faderin et al., 2025; Gurunathan et al.,
2020; Shiny et al., 2016).

Doxorubicin (DOX), an anthracycline discovered in 1969 and iso-
lated from Streptomnyces peucetius, is widely used in therapies for various
malignancies such as breast, lung, ovaries cancers but also leukemia or
Hodkin’s lymphoma (Kciuk et al., 2023; Linders et al., 2024; Rivankar,
2014) . The mode of DOX action is diverse and includes the formation of
DOX - DNA adducts and DNA intercalation, topoisomerase trapping, and
ROS generation(Gajewski et al., 2007; Kciuk et al., 2023; Mizutani et al.,
2005). Unfortunately, the use of DOX is also associated with several
drawbacks, among which the most significant are major side effects
which primarily include cardiotoxicity but also nephrotoxicity and
damage to other organs(Al-malky et al., 2019; Linders et al., 2024;
Rivankar, 2014). Another issue related to doxorubicin treatment is the
devel of drug r e, associated with enhanced drug efflux,
alteration of topoisomerase II activity, or antioxidant defense which
significantly limits the therapy’s effectiveness(Al-malky et al., 2019; Cox
and Weinman, 2016). Despite the undeniable disadvantages, DOX re-
mains in use as an extremely effective drug with significant therapeutic
potential(Al-malky et al., 2019; Kciuk et al., 2023; Linders et al., 2024).

Therefore, we focus on the investigation whether the interactions
between PtNPs and DOX can influence the biological activity of the
drug. Additionally, we concentrate closely on the potential differences
arising from the sizes of nanoparticles. We employ a wide range of
methods, both physicochemical and biological, with particular emphasis
on comparing effects in healthy and cancerous cells. Obtained results
constitute important and valuable knowledge regarding the interactions
between nanoparticles and the drug, as well as the potential application
of nanoparticles in cancer therapy.

2. Materials and methods
2.1. Materials

Doxorubicin hydrochloride (DOX) was purchased from Sigma
Aldrich Chemical Company (St.Louis, Missouri, USA, 98-102 % HPLC
purity). Stock solution was prepared by dissolving DOX in distilled water
and its concentration was determined spectrometrically. Platinum
nanoparticles (PtNPs), in concentration 0.05 mg/mL (NanoXact) for
physicochemical methods and in concentration 1 mg/mL (BioPure) for
biological assays were suspended in 2 mM trisodium citrate dihydrate (5
nm, 30 nm, 50 nm) and in 4 mM trisodium citrate dihydrate (70 nm),
were acquired from nanoComposix (San Diego, California, USA, 99.99 %
purity). Cysteamine hydrochloride used in AFM imaging was purchased
from Sigma Aldrich Chemical Company (St. Louis, Missouri, USA). Sal-
monella enterica serovar Typhimurium TA98 strain was purchased from
Xenometrics AG (Allschwil, Switzerland). Nutrient Agar, Nutrient Broth
and Biological Agar media were purchased from BioMaxima S.A.
(Gdansk, Poland). Histidine, biotin, and ampicillin used in Ames
mutagenicity test were acquired from Sigma Aldrich Chemical Company
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(St. Louis, Missouri, USA). Human keratinocyte cell line (HaCaT) and the
human melanoma cell line (MelJuSo) were obtained from the Depart-
ment of Microbiology, Tumor and Cell Biology, Karolinska Institute
(Stockholm, Sweden) and the Department of Medicinal Microbiology,
Leiden University Medical Center (Leiden, The Netherlands), respec-
tively. Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park
Memorial Institute (RPMI) 1640 Medium, and 10 % fetal bovine serum
(FBS), 4 mM L-glutamine, glucose, antibiotic-antimycotic solution,
HEPES, and sodium pyruvate were purchased from ThermoFisher Sci-
entific (Waltham, Massachusetts, USA).

2.2. Spectroscopic measurements

2.2.1. UV-Vis spectroscopy

All measurements were conducted at the 300 to 800 nm wavelength
range, with 0.5 nm intervals, in quartz cuvettes (1 cm light path), at a
temperature of 25 + 0.1 °C. The measurements were performed in tri-
sodium citrate dihydrate, at concentrations of 2 mM for 5, 30 and 50 nm
PtNPs and 4 mM for 70 nm PtNPs, using a Specord 50 Plus (Analytik
Jena, Jena, Germany) spectrophotometer with a Peltier thermostat. DOX
initial concentration 40.91 uM; PtNPs concentration range 0.24 - 13.41
pg/mL. Data is visualized in the form of a molar extinction coefficient.

2.2.2. Fluorescence spectroscopy

All were cc d at the 400 to 800 nm wavelength
range, with an excitation wavelength of 480 nm, in quartz cuvettes at a
temperature of 25 + 0.1 °C. The measurements were performed in tri-
sodium citrate dihydrate, at concentrations of 2 mM for 5 nm, 30 nm and
50 nm PtNPs and 4 mM for 70 nm PtNPs, using a Jasco FP-8500 (Jasco,
Easton, Maryland, USA) spectrofluorometer with a Peltier thermostat.
DOX (initial concentration 40.01 uM) was titrated with PtNPs in the
concentration range 0.24 — 10.62 pg/mL or trisodium citrate dihydrate
to investigate the dilution effect.

2.3. Isothermal titration calorimetry (ITC)

The ITC measurements were performed in 2 mM (for 5 nm, 30 nm, 50
nm PtNPs) and 4 mM (for 70 nm PtNPs) trisodium citrate dihydrate
solution at 25 °C using AutoITC isothermal titration calorimeter
(MicroCal Inc. GE Healthcare, Northampton, USA). The volumes of the
sample and reference cells were 1.4491 mL. The experiment consisted of
multiple injections of 10.02 pL (15 injections, 2 pL for the first injection
only) of DOX solution (concentration range 2.48 — 29.87 uM) into the
sample cell containing PtNPs (initial concentration 0.05 mg/mL).
Background titrations were performed by injecting DOX into trisodium
citrate dihydrate solution and trisodium citrate dihydrate solution into
PtNPs. The results of the background titrations were subtracted from
each experi 1 result to for the heat of dilution. Each in-
jection lasted 20 s. To reach a homogenous mixing in the sample cell, the
stirrer speed was kept constant at 300 rpm.

2.4. Dynamic light scattering (DLS)

The examination of the hydrodynamic diameters for PtNPs alone and
PtNPs with DOX (PtNPs initial concentration 2.38 pug/ml; DOX concen-
tration 40.91 uM) were performed on Zetasizer Nano ZS (Malvern
Panalytical, Malvern, Worcestershire, UK) by measuring the intensity of
the scattered light. Measurements were conducted in polystyrene cu-
vettes at 25 °C with a He-Ne laser (633 nm, 4 mW), at a 173° scattering
angle in trisodium citrate dihydrate, 2 mM for 5 nm, 30 nm, and 50 nm
PtNPs and 4 mM for 70 nm PtNPs.

2.5. Atomic force microscopy (AFM)

Atomic force microscopy visualization of the PtNPs nanoparticles
and PtNPs-DOX mixtures was performed at 23 °C in air, in PeakForce
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Fig. 1. Fluorescence of doxorubicin (DOX) titrated with platinum nanoparticles (PtNPs), measured at 593 nm. (A) DOX titrated with 5 nm PtNPs (filled circle; R? =
0.998) and 2 mM sodium citrate (empty circle; R” = 0.969). (B) DOX titrated with 30 nm PtNPs (filled circle; R* = 0.997) and 2 mM sodium citrate (empty circle; R*
= 0.969). (C) DOX titrated with 50 nm PtNPs (filled circle; R? = 0.994) and 2 mM sodium citrate (empty circle; R? = 0.968). (D) DOX titrated with 70 nm PtNPs
(filled circle; R? = 0.996) and 4 mM sodium citrate (empty circle; R? = 0.980). DOX initial concentration 40.91 uM, PtNPs concentration range 0.24 — 10.62 pg/mL.
Results are reported as the percentage of the control fluorescence (DOX alone, 40.91 puM).

Tapping mode, using BioScope Resolve AFM (Bruker, Bremen, Ger-
many). PtNPs-DOX mixtures were obtained via the reaction of 0.05 mg/
mL PtNPs with 81.9 pM DOX at room temperature. Sub 1y, 100

revertant colonies was calculated. All experiments were performed in
triplicate. The optimal concentration of DOX (100 ng/plate) was
lected after testing DOX mutagenic activity in a broad concentration

mM cysteamine was deposited onto a freshly cleaned mica surface for 5
min and afterwards the solution was aspirated. Then samples were
added on mica and incubated for 5 min at room temperature, followed
by washing with deionized water and drying with streams of nitrogen
gas prior to AFM imaging. The ScanAsyst-Fluid+ probe (Bruker) was
used for PtNPs and PtNPs-DOX mixtures imaging (resonant frequency
fo= 150 kHz; spring constant k = 0.7 N/m). Images were registered at
512 x 512 pixels with a PeakForce Tapping frequency of 1 kHz and
amplitude of 150 nm. A height sensor signal was used to display the
image using NanoScope Analysis v1.9.

2.6. Ames mutagenicity test

The Ames mutagenicity test was performed with Salmonella enterica
serovar Typhimurium TA98, in accordance with the procedure
described by Woziwodzka et al.(Woziwodzka et al., 2011). A mixture
containing 100 pL of the overnight bacteria culture, 50 pL of 3 % NaCl,
and 100 pL of the tested solution (or sterile distilled water as a negative
control) was incubated for 4 h in darkness at 37 °C and 220 rpm. Af-
terwards, the mixture was centrifuged at 11,840 g, the bacterial pellet
was washed with 0.75 % NaCl, and resuspended in 300 pL of 0.75 %
NaCl solution containing 0.1 pM histidine and 0.1 pM biotin. The bac-
terial suspension was spread on a glucose minimal agar plate and
incubated at 37 °C in darkness. After 48 h incubation, the number of

range.

2.7. Cytotoxicity and imaging

2.7.1. Cell culture

The HaCaT cell line was cultivated in DMEM containing 4500 mg/L
glucose, supplemented with 10 % fetal bovine serum, 4 mM t-glutamine,
100 units/mL penicillin, 100 mg/mL streptomycin, and 0.25 pg/mL
amphotericin B. The MelJuSo cell line was cultured in RPMI 1640 Me-
dium supplemented with 10 % fetal bovine serum, 4 mM r-glutamine,
100 units/mL penicillin, 100 mg/mL streptomycin, and 0.25 pg/mL
amphotericin B. Both cell lines were maintained in a humidified atmo-
sphere containing 5 % CO; at 37 °C.

2.7.2. Cytotoxicity assay

HaCaT and MelJuSo cells were seeded on a 96-well plate (~2 x 10%/
well) and incubated in humidified atmosphere containing 5 % COg, at 37
°C, overnight. Next, cells were washed three times in media devoid of
FBS. Then, PtNPs or PtNPs with DOX in different dilutions were added to
cell cultures (90 pL/well) in three replicates and incubated for 24 h.
After 20 h of incubation, 10 pL of alamarBlue (BioRad) was added to
cells on each well and incubated for the next 4 h, in humidified atmo-
sphere containing 5 % COg, at 37 °C. The absorbance was measured at
570 nm and 600 nm. Percentage of the alamarBlue reduction was
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Fig. 2. Platinum nanoparticles (PtNPs) — doxorubicin (DOX) interactions determined by enthalpy change (AH) values. (A) AH of 5 nm PtNPs-DOX interactions,
calculated by the linear regression of experimental points tending to zero, is equal to —3.935 + 0.17 (£SE) keal/mol of injected doxorubicin. (B) AH of 30 nm PtNPs-
DOX interactions, calculated by the linear regression of experimental points tending to zero, is equal to ~3.399 =+ 0.18 (+SE) kcal/mol of injected doxorubicin. (C)
AH of 50 nm PtNPs-DOX interactions, calculated by the linear regression of experimental points tending to zero, is equal to —3.124 + 0.13 (=SE) kcal/mol of injected

doxorubicin. (D) AH of 70 nm PtNPs-DOX interactions, calculated by the linear

of experimental points tending to zero, is equal to 0.877 =+ 0.21 (+SE)

keal/mol of injected doxorubicin. DOX concentration range: 2.48 — 29.87 uM.

calculated as a difference between treated and control cells, according to
the protocol provided by the manufacturer.

2.7.3. Fluorescent confocal microscopy

HaCaT as well as MelJuSo cells were seeded on cover slips inserted to
12-well plates (~10°/well) and grown overnight. Afterwards, cells were
washed three times with DMEM or RPMI medium devoid of FBS. Then,
cells were incubated for 24 h with DOX (20 pM), 70 nm PtNPs, or the
mixture of DOX and PtNPs diluted in the FBS-free medium at 37 °C, in a
humidified atmosphere containing 5 % CO,. Doxorubicin intracellular
localization and intensity of fluorescence was analyzed in confocal mi-
croscopy using Leica SP8X confocal laser scanning microscope system
(Leica, Wetzlar, Germany), at Ex/Em = 488/549-604 nm. The
morphology of cells treated with PtNPs, or PtNPs with DOX were
analyzed in a bright field using the same microscope system.

2.8. Statistical analysis

Statistical analysis was conducted using Statistica 14.0 (TIBCO
Software Inc., Palo Alto, California, USA) software. For the Ames
mutagenicity test, one-way variance analysis (ANOVA) followed by the
post-hoc RIR Tukey’s test was applied. For the cytotoxicity assay U-
Mann Whitney test was used. The significance level for all the analyses
was established at a = 0.05.

3. Results
3.1. Interactions identification

Firstly, we investigated the fluorescence of doxorubicin (DOX)
titrated with increasing concentrations of platinum nanoparticles
(PtNPs) in four sizes. Obtained data allowed us to both reveal the
possible interactions between PtNPs and DOX and assess the influence of
the nanoparticles’ size on the potential aggregates formation. The PtNPs
addition decreased DOX fluorescence (registered at 593 nm) to 63 % for
5 nm PtNPs, 66 % for 30 nm PtNPs, 69 % for 50 nm PtNPs, and 72 % for
70 nm PtNPs (Fig. 1). Moreover, to avoid the error caused by DOX
dilution, we performed control measurements with 2 mM sodium citrate
(controls for 5 nm, 30 nm and 50 nm PtNPs) and 4 mM sodium citrate
(control for 70 nm PtNPs) where we observed that the dilution effects
were substantially smaller (83 % with 2 mM sodium citrate and 87 %
with 4 mM sodium citrate) than the effects caused by nanoparticles
addition (Fig. 1) (the recorded fluorescence spectra - Supplementary
material, Figure S1). On this basis, further supported and verified
quantitatively by spectrophotometric analysis (see Supplementary ma-
terial, Figure S2), we can confirm the presence of DOX - PtNPs in-
teractions as well as differences in these interactions attributed to
changes in PtNPs size.

In the next step, we decided to investigate the thermal effects of the
observed interactions using Isothermal Titration Calorimetry analysis.
The enthalpy change (AH) values obtained for PtNPs-DOX interactions
were equal to —3.935 + 0.17 (< SE) kcal/mol for 5 nm PtNPs, —3.399 +
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Fig. 3. Aggregation analysis of platinum nanoparticles (PtNPs) in different sizes with doxorubicin (DOX). (A) Hydrodynamic diameters of 5 nm PtNPs (solid line) and
5 nm PtNPs — DOX mixtures (dashed line). (B) Hydrodynamic diameters of 30 nm PtNPs (solid line) and 30 nm PtNPs — DOX mixtures (dashed line). (C) Hydro-
dynamic diameters of 50 nm PtNPs (solid line) and 50 nm PtNPs — DOX mixtures (dashed line). (D) Hydrodynamic diameters of 70 nm PtNPs (solid line) and 70 nm
PtNPs — DOX mixtures (dashed line). DOX concentration 40.91 pM; PtNPs initial concentration 2.38 ug/mL. Results are reported as the average hydrodynamic
diameter. (E) AFM image of 5 nm PtNPs alone. (F) AFM image of 30 nm PtNPs alone. (G) AFM image of 50 nm PtNPs alone. (H) AFM image of 70 nm PtNPs alone. (I)
AFM image of 5 nm PtNPs with DOX. (J) AFM image of 30 nm PtNPs with DOX. (K) AFM image of 50 nm PtNPs with DOX. (L) AFM image of 70 nm PtNPs with DOX.

DOX concentration 81.9 uM, PtNPs concentration 0.05 mg/mL.

Table 1

y and poly ity indices (PdI) for platinum nano-
particles (PtNPs) in different sizes and PtNPs — doxorubicin (DOX) mixtures.
DOX concentration 40.91 pM, PtNPs initial concentration 2.38 pug/mL.

Hyd;

PtNPs PtNPs + DOX
Average Average Average Average
diameter, nm Pdl diameter, nm pdl
5 nm 129 0.70 341.6 0.20
PtNPs 262.7
30 nm 36.4 0.06 129.2 0.12
PtNPs
50 nm 49.0 0.06 119.6 0.12
PtNPs
70 nm 76.2 0.02 120.0 0.09
PtNPs

0.18 (& SE) kcal/mol for 30 nm PtNPs, —3.124 + 0.13 (& SE) kcal/mol
for 50 nm PtNPs, and 0.877 + 0.21 (& SE) kcal/mol for 70 nm PtNPs
(Fig. 2) (the recorded thermograms - Supplementary material,
Figure $3).

3.2. Aggregation analysis

To determine the possible nanoparticles’ aggregation pattern before

and after the addition of DOX, Dynamic Light Scattering analysis was
performed. It is important to note that 5 nm PtNPs alone showed two
different peaks - 12.9 nm and 262.7 nm with polydispersity index (PdI)
equal to 0.70 (Fig. 3A, Table 1). However, the addition of DOX changed
the hydrodynamic diameter to 341.6 nm and PdI to 0.20 (Fig. 3A,
Table 1). The increase in the diameter after adding DOX was observed
for all the remaining PtNPs’ sizes (Fig. 3). Analogously, Atomic Force
Microscopy images confirmed the occurrence of aggregation of all the
PtNPs’ dimensions with DOX. The average nanoparticles’ population
size was 13.4 + 4.7 for 5 nm PtNPs, 29.3 + 4.7 for 30 nm PtNPs, 57.4 +
10.3 for 50 nm PtNPs and 136.8 + 9.9 for 70 nm PtNPs (Fig. 3). The
addition of DOX to PtNPs samples influenced the nanoparticles’ aggre-
gation independently of the nanoparticles’ size. The observed aggre-
gates average sizes were 619.0 + 69.2 for 5 nm PtNPs, 884.2 + 322 for
30 nm PtNPs, 295.2 + 37.0 for 50 nm PtNPs, and 1240 + 440.8 for 70
nm PtNPs (Fig. 3).

3.3. M 1 il
TA98

ic activity in

enterica serovar Typhimurium

7 a1,

Subsequently, we conducted Ames genicity tests on
enterica to investigate the possible nanoparticles’ influence on DOX
mutagenicity. The addition of PtNPs, in all tested sizes, resulted in a
significant decrease in the number of revertant colonies compared with
the positive control with DOX, with the effect being dependent on the
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Fig. 4. Platinum nanoparticles (PtNPs) influence doxorubicin (DOX) mutagenic activity towards Salmonella enterica serovar Typhi ium TA98. (A) icity of

DOX and 5 nm PtNPs — DOX mixtures. (B) Mutagenicity of DOX and 30 nm PtNPs — DOX mixtures. (C) Mutagenicity of DOX and 50 nm PtNPs — DOX mixtures. (D)
Mutagenicity of DOX and 70 nm PtNPs — DOX mixtures. C- negative control (sterile, distilled water; white color), C+ positive control (DOX 100 ng/plate; black color),
PtNPs - DOX mixtures (PtNPs concentration range: 0.008 - 5 pg/plate, DOX 100 ng/plate; grey color). Results are reported as the average number of revertants + SD.

* significant difference from the negative control (p < a; @ = 0.05); * significant difference from the positive control (p < a; & = 0.05).

increasing PtNPs concentrations (Fig. 4). What is important, PtNPs
alone, in all the analyzed concentrations (0.008 - 5 pg/plate) revealed
no mutagenic activity in the tested bacteria strain (data not shown).

3.4. Cytotoxic effects in non-cancerous and cancerous cell lines

Finally, we analyzed PtNPs and their effects on DOX activity in the
eucaryotic model. First, we examined the cytotoxicity of all PtNPs sizes
in non-cancerous HaCaT and cancerous MelJuSo cell cultures. As we
could observe, in HaCat cells 5 nm and 30 nm PtNPs slightly increased
the cell viability, while 50 nm and 70 nm PtNPs did not alter the cell
growth (Fig. 5). In MelJuSo cell culture, only 5 nm PtNPs (Fig. 5A)
minimally reduced the cell survival from 103 % to 92 %. However, in all
the tested nanoparticles’ sizes a significant difference between the tested
cell lines was observed. Interestingly, the effects of 70 nm PtNPs differed
significantly from other sizes of PtNPs. Namely, in the case of the largest
PtNPs, the survivability of the HaCaT cell line was higher than the
MelJuSo cell line in all tested concentrations. In the case of 30 and 50 nm
PtNPs, the effects were opposite, while the influence of 5 nm PtNPs
varied depending on the concentration.

In the next step, we wanted to compare the effect of PtNPs — DOX
interactions with the effect of DOX alone. In the non-cancerous HaCaT
cell line, we observed that the % of alamarBlue reduction was increasing
from 46 % for DOX alone to 55 % for 5 nm PtNPs, 58 % for 30 nm PtNPs,
57 % for 50 nm PtNPs, and 61 % for 70 nm PtNPs in the highest PtNPs
concentrations (Fig. 6). In the cancerous MelJuSo cell line in the case of
the smaller 5 nm and 30 nm PtNPs, % of the reduction was similar to the

control with DOX, but for larger nanoparticles it decreased from 84 % to
76 % and 58 % for 50 nm and 70 nm PtNPs, respectively (Fig. 6).

3.5. Cell morphology and doxorubicin accumulation in HaCaT and
MelJuSo cell cultures

Based on cytotoxicity assay results we decided to investigate the cell
morphology using Fluorescent Confocal Microscopy using 70 nm PtNPs,
which brought the most promising effects. Different concentrations of
70 nm PtNPs to both HaCaT and MelJuSo cell cultures did not affect cell
morphology in comparison to untreated control. The dark spots visible
in 0.2 - 5 pg/well 70 nm PtNPs were aggregates formed by nanoparticles.
When PtNPs were administered with DOX we observed a dramatic
change in the morphology of MelJuSo cells and density of the culture. In
cells treated with DOX + PtNPs at nanoparticles’ concentrations of 1 g/
well, or 5 pg/well most of the cells were circular with approximately 1/3
of them showing visible signs of membrane blebbing. The intensity and
cytoplasmatic localization of DOX were the same for cells treated with
DOX alone and in the mixture with PtNPS. On the contrary to MelJuSo,
increasing the concentration of PtNPs mixed with DOX had a positive
impact on both morphology and density of HaCaT cell culture in com-
parison to cells treated with DOX alone. Namely, the density of the cells
treated with PtNPs-DOX mixture increased and the morphology of the
cells in the sample remained physiological. Moreover, there were no
signs of DOX induced apoptosis or necrosis, which were present in the
sample treated with DOX alone. Moreover, the addition of DOX mixed
with PtNPs in nanoparticles’ concentration 5 pg/well resulted in
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fluorescence quenching (Fig. 7).
4. Discussion

Despite the undeniable development in cancer therapies, chemo-
therapy still remains one of the primary treatment method. However,
despite its effectiveness, it is associated with numerous serious side ef-
fects, and treatment is often limited by drug resistance. In light of this,
the search for new treatment solutions is crucial. The utilization of
nanomaterials, such as metallic nanoparticles, may offer significant
benefits. In the presented research, we characterized the direct in-
teractions between platinum nanoparticles (PtNPs) and anticancer
antibiotic doxorubicin (DOX) with a special focus on the differences
arising from nanoparticles’ sizes. Moreover, we emphasize the influence
of PtNPs on DOX biological activity in both procaryotic and eukaryotic
models.

In the first step, we focused on the interactions between nano-
particles and DOX. In fluorescence spectroscopy analysis, we observed
fluorescence quenching with all the tested nanoparticles’ sizes depen-
dent on PtNPs concentration. The ph of fluor
quenching has been described for many metallic nanoparticles involves
energy transfer as responsible for the process(Ghosh and Chatto-
padhyay, 2015; Pustovit and Shahbazyan, 2012). The effect of DOX
fluorescence quenching was also observed by Nigam et al.(Nigam et al.,
2011) for Fe304 magnetic nanoparticles. Furthermore, in our previous
research PtNPs decrease ICR-191 fluorescence(Borowik et al., 2019a).
What is important, we observed differences due to nanoparticles’ sizes -

the smaller PtNPs size, the more the DOX fluorescence decreased.
Interestingly, in the case of silver nanoparticles with DOX, the differ-
ences arising from nanoparticles’ size were negligible(Gotunski et al.,
2024). After the primary, qualitative confirmation of PtNPs — DOX in-
teractions, we performed Isothermal Titration Calorimetry (ITC) anal-
ysis. The enthalpy change values ranged from approximately —3 to
nearly —4 kcal/mol for 5 nm, 30 nm and 50 nm PtNPs, while for 70 nm
PtNPs it was 0.88 kcal/mol. Considering ITC high sensitivity, such dif-
ference may arise from a different concentration of sodium citrate for
the largest nanoparticles. Nevertheless, the thermodynamic analysis
indicates the presence of direct interactions between nanoparticles and
DOX. Literature reports present varying results, enthalpy change values
around —3 kcal/mol have been recorded for silver nanoparticles with
ICR-191 (Borowik et al., 2019b), while values oscillating around zero
have been observed for fullerene C60 with doxorubicin(Prylutskyy et al.,
2014). In the next steps, we performed Dynamic Light Scattering (DLS)
and Atomic Force Microscopy (AFM) to characterize the possible
nanoparticles aggregation triggered by DOX. In all the tested sizes, the
increase in hydrodynamic diameter was noticeable. It is worth noting
that the suspension of 5 nm PtNPs alone is polydisperse (polydispersity
index PdI 0.70), making it more challenging to draw conclusions based
on them. However, for nanoparticles alone, we observed two peaks
around 13 nm and 263 nm while after DOX addition the diameter
changed to 342 nm and the PdI to 0.20, indicating aggregation com-
bined with homogeneity increase caused by the addition of the drug. The
reduction of PdI after DOX addition to 5 nm nanoparticles was also
observed in our previous research with silver nanoparticles(Gotunski
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et al.,, 2024). Furthermore, for the other nanoparticles’ sizes, from 30 to
70 nm, we observed that the smaller the nanoparticles, the greater the
difference in diameter. AFM imaging results confirmed the aggregates
formation triggered by DOX addition for all analyzed nanoparticles’
sizes. However, the obtained aggregates were significantly larger than
those observed using DLS. It is worth noting that the scale for 70 nm
PtNPs with DOX (Fig. 3L) differs due to the greater size of the formed
aggregate in comparison to the others. Importantly, the differences in
specific values obtained in DLS and AFM analyses may arise from the
conditions of both experiments: measurements in liquid and analysis of
the dry sample. However, the results of both methods confirmed the
aggregates formation, indicating the presence of interactions. Similar
patterns were noted for silver nanoparticles with DOX(Gotuniski et al.,
2024) or PtNPs with ICR-191(Borowik et al., 2019a).

All employed methods confirmed the presence of interactions,
therefore, in the next stage, we decided to use a prokaryotic model
Salmonella enterica serovar Typhimurium TA98 to investigate the effect
of nanoparticles on DOX mutagenic activity. The results confirmed that
PtNPs in all four tested sizes decrease the mutagenicity of DOX. More-
over, in all tested PtNPs concentrations the number of revertants was
always lower than the positive control. According to the literature, a
similar effect of PtNPs on ICR-191(Borowik et al., 2019a) and cisplatin
(Beldziniska et al., 2025) mutagenicity was observed. Importantly, PtNPs
alone were non-mutagenic in the entire concentration range. Results of
our physicochemical research indicate DOX-PtNPs aggregation induced
by the addition of the drug. Observed dependency may have significant

influence on the DOX mutagenic activity. DOX molecules may be se-
questrated in the complexes with nanoparticles, which, in consequence,
may reduce the DOX concentration in the free, mutagenic form. Similar
phenomenon was observed for DOX and pentoxifylline where corre-
sponding mechanism was proposed(Goturniski et al., 2016). In the next
step, we decided to test the effect of nanoparticles on DOX activity in the
eukaryotic model. To compare the impact of PtNPs on DOX cytotoxicity
against healthy and cancerous cells, we have selected HaCaT - immor-
talized human keratinocytes, and MelJuSo - human melanoma cell lines.
The results for nanoparticles alone indicated that 5 nm PtNPs have a
slight effect on increasing cell viability (from 96 % to 102 %) in
non-cancerous HaCaT cells and on decreasing cell viability (from 103 %
to 92 %) in cancerous MelJuSo cell line. Moreover, 30 nm PtNPs also
minimally supported the cell growth from 94 % to 98 % in the HaCaT
cell line. In the remaining cases, PtNPs did not change the cells viability
in both cell cultures. Furthermore, it is worth noting that the impact of
the largest 70 nm PtNPs was distinct from the other nanoparticles’ sizes,
as the survival rate of non-cancerous cells was higher than that of
cancerous cells in all the tested concentrations. For 30 nm and 50 nm
PtNPs, the trend was reversed, particularly with the smallest 5 nm PNPs
where the effect was concentration-dependent. Similarly, Akhtar et al.
showed that platinum-coated gold nanoparticles (Pt-Au NPs) indicated a
higher quantity of nanoparticles was taken up by cancerous MCF-7 cells
at half of the concentration needed to achieve the same toxicity level in
non-cancerous HUVE cells(Akhtar et al., 2023). In the case of nano-
particles’ influence on DOX cytotoxicity, it's worth noting that, in the

78



P. Betdziniska et al.

PtNPs 0.2 pgiwell

]
£
3
(%]
=
©
(8]
©
==
@
2
3
Q
]
(2]
3
=2
[}
=
B DOX + PtNPs 0.2 pg/well
[}
£
3
o
-
©
o
©
’ . .
Q
£
3
o
[=]
(72}
=
=3
Q
=

European Journal of Pharmaceutical Sciences 209 (2025) 107094

PtNPs 1 pg/well PtNPs 5 pg/well

DOX + PtNPs 1 ug/well

DOX + PtNPs 5 pg/well
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on cell morphology. (B) Impact of 70 nm PtNPs on doxorubicin cytotoxic effects. DOX concentration 20 pM, PtNPs concentration range 0.2 — 5 pg/well.

non-cancerous HaCaT cell line the cell viability reduction by DOX is
decreased by PtNPs in all sizes, and in cancerous MelJuSo cell line the
viability reduction by DOX is stable for smaller 5 nm and 30 nm PtNPs,
but it is enhanced for larger 50 nm and, especially, 70 nm PtNPs. The
previous data published by Augustin et al.(Augustin et al., 2016) also
showed a higher toxicity level for DOX conjugated with iron-oxide
nanoparticles against the HT29 colon cancer cell line. Interestingly,
these nanoparticles alone were non-cytotoxic, similar to PtNPs.
Furthermore, our previous research revealed the additive cytotoxic ef-
fect of silver nanoparticles with DOX in the SKBR3 breast cancer cell
line, with no significant influence of nanoparticles in MDA-MB-231

breast cancer cells(Goluriski et al., 2024). Based on the cytotoxicity re-
sults, we decided to perform microscopic imaging of the cell cultures for
the most promising 70 nm PtNPs. Importantly, in the HaCaT cell line,
increasing concentrations of 70 nm PtNPs mixed with DOX improved
both the morphology and density of the cell culture compared to the
control (DOX alone). Additionally, PtNPs in 5 pg/well concentration led
to the DOX fluorescence quenching. In the MelJuSo cell line, we noted a
significant change in the cell’s morphology — the cells were rounded and
a part of them showed signs of membrane blebbing, which may suggest
apoptosis. Moreover, the density of the cell culture decreased in com-
parison to the control. The fluorescence intensity and localization within
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the cytoplasm remained consistent. These findings are in conformity
with research on the modulatory effects of pentoxifylline (PTX) on DOX,
where PTX also significantly reduced DOX fluorescence in HaCaT cells
(Gotunski et al., 2016). Moreover, in other research, cells preincubation
with PtNPs reduced ICR-191 fluorescence signal in non-cancerous cells,
while it was maintained in the cancerous ones(Borowik et al., 2019a).
All the results obtained by Fluorescent Confocal Microscopy were
coherent with cytotoxicity assay, which showed the increase of meta-
bolic activity of HaCaT cells observed with increasing concentration of
PtNPs aggregating with DOX. At the same time, the bolism of
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cancerous MelJuSo cells was dropping gradually with the increased
concentration of PtNPs.

5. Conclusions

To sum up, our research provided new insights into the platinum
nanoparticles (PtNPs) impact on doxorubicin (DOX) activity, with spe-
cial attention to the differences arising from nanoparticles’ sizes. The
physicochemical methods revealed that DOX triggers PtNPs aggrega-
tion, and, in turn, PtNPs influence DOX fluorescence. Importantly, the
intensity of both these effects is dependent on the PtNPs’ size. Further-
more, the change in the enthalpy values, registered using the ITC
method, demonstrated direct interactions between these agents. More-
over, the biological assays showed that PtNPs in all the tested sizes
decreased DOX mutagenicity in Salmonella enterica serovar Typhimu-
rium TA98. Additionally, most of the nanoparticles’ sizes are neutral for
both non-cancerous HaCaT and cancerous MelJuSo cell lines. However,
nanoparticles combined with DOX significantly increase the HaCaT cells
viability in the highest nanoparticles’ concentrations in comparison to
the control with DOX alone. Moreover, 70 nm PtNPs with DOX signifi-
cantly reduced MelJuSo cells viability, whereas the others nano-
particles’ sizes effect r d ligible. The cell i showed that,
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Fig. S1. Fluorescence spectra of platinum nanoparticles (PtNPs) - doxorubicin (DOX)
interactions. (A) DOX titration with increasing concentration of 2 mM sodium citrate —
control for 5 nm, 30 nm and 50 nm PtNPs. (B) DOX titration with increasing concentration
of 4 mM sodium citrate — control for 70 nm PtNPs. (C) DOX titration with increasing
concentration of 5 nm PtNPs. (D) DOX titration with increasing concentration of 30 nm
PtNPs. (E) DOX titration with increasing concentration of 50 nm PtNPs. (F) DOX titration
with increasing concentration of 70 nm PtNPs. The arrow indicates DOX dilution. DOX

initial concentration 40.91 uM (red line); PtNPs concentration range 0.24-10.62 pg/mL.
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Fig. S2. Spectrophotometric analysis of platinum nanoparticles (PtNPs) -
doxorubicin (DOX) interactions. (A) DOX titration with increasing concentration of 2 mM
sodium citrate — control for 5 nm, 30 nm and 50 nm PtNPs. (B) DOX titration with
increasing concentration of 4 mM sodium citrate - control for 70 nm PtNPs. (C) DOX
titration with increasing concentration of 5 nm PtNPs. (D) DOX titration with increasing
concentration of 30 nm PtNPs. (E) DOX titration with increasing concentration of 50 nm
PtNPs. (F) DOX titration with increasing concentration of 70 nm PtNPs. The arrow
indicates DOX dilution. DOX initial concentration 40.91 pM (red line); PtNPs

concentration range 0.24 - 13.41 pg/mL.
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Fig. S3. Thermal effects of platinum nanoparticles (PtNPs) - doxorubicin (DOX)
interactions. Thermograms presenting microcalorimetric titrations of PtNPs with DOX
(solid line), sodium citrate solution with DOX (dash-dotted line), water with PtNPs
(dashed line), and water with sodium citrate solution (dotted line), shown as heat

released in time, for (A) 5 nm PtNPs, (B) 30 nm PtNPs, (C) 50 nm PtNPs, (D) 70 nm PtNPs.
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Abstract

In 2022, nearly 20 million new cancer cases were diagnosed worldwide. Despite
undeniable improvement in cancer treatment, chemotherapy, a frequently used
method, remains limited due to severe side effects. Hence, in this research we
utilized platinum nanoparticles (PtNPs) of varying sizes to investigate their
interactions with epirubicin (EPI), a commonly used anticancer drug, and asses

their impact on its biological activity.

We employed various physicochemical methods, including Fluorescence and
Infrared Spectroscopies, Differential Scanning Calorimetry, Isothermal Titration
Calorimetry, Atomic Force Microscopy and Dynamic Light Scattering with Zeta
Potential measurements, to investigate the interactions and aggregation patterns of
PtNPs with EPI. Moreover, the biological effect of these interactions, with a
particular emphasis on the differences due to nanoparticles’ sizes, was verified in
Ames mutagenicity test on Salmonella enterica serovar Typhimurium TA98 and
through cytotoxicity assays on MelUuSo (cancerous) and HaCaTl (non-cancerous)

cell lines.

The obtained results confirmed the presence of PtNPs-EPI interactions depending
on the nanoparticles’ size. The physicochemical analyses revealed the formation of
EPl-induced aggregates of nanoparticles, which may be of great importance in the
context of the biological effects. Consequently, the biological part indicated that
PtNPs decrease EPI mutagenicity and increase its cytotoxicity in cancerous cell line.
In the contrary, nanoparticles exhibited a protective effect on cells and mostly
increased or maintained the cells viability in non-cancerous cell line. Summing up,
our research provides valuable insights into the PtNPs influence on epirubicin with

special focus on the differences attributed to nanoparticles sizes.

Keywords

platinum nanoparticles, epirubicin, direct interactions, aggregation, mutagenicity,

cytotoxicity
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1. Introduction

According to the International Agency for Research on Cancer, nearly 20 million new
cancer cases were diagnosed globally in 2022, which are projected to increase to
even 35 million by 2050 [1]. Despite undeniable improvement in treatment over the
years, chemotherapy is still a widely used treatment regimen, however, the
anticancer agents affect both cancer and normal cells, which causes a number of
severe side effects [2,3]. Therefore, searching for therapy modifications aimed at
reducing the side effects and, in consequence, improving the quality of patients’ life

is of utmost importance [4,5].

First anthracyclines, one of the most effective anticancer agents, were isolated in
the 1960s from Streptomyces peucetius. This group has many analogues, but the
most commonly used are doxorubicin, daunorubicin, epirubicin and idarubicin.
Epirubicin (EPI) is a doxorubicin epimer, differing in the hydroxyl group in the 4’
position of the daunosamine ring in the structure [6-8]. The mechanism of EPI
activity is based on three main modes of action: the DNA intercalation, the inhibition
of topoisomerase Il activity, and the generation of reactive oxygen species (ROS) [7].
This anthracycline is used in treatment of a wide range of malighances namely,
breast, stomach, lung, or endometrium cancers and many others [7-9]. Despite the
undoubted efficiency, the most severe side effect of EPl is dose-dependent
cardiotoxicity [7,10]. Nevertheless, the risk of cardiological problems is significantly
lower in comparison to doxorubicin, which allows for usage of higher doses and, in

consequence, makes EPI a safer chemotherapeutic agent [7,11].

Nowadays, nanotechnology plays a significant role in medicine, finding its function
especially in diagnosis, drug delivery, implants, radiotherapy, and bioimaging
applications [12-15]. Nanoparticles (NPs), as structures between 1 nmto 100 nmin
diameter, attract much attention due to their diverse properties. NPs can be
classified in three main groups: inorganic (including metals), organic, and carbon-
based nanoparticles [16]. Platinum nanoparticles (PtNPs), noble metal NPs, are
gaining more attention, due to their features, such as large surface to volume ratio,
surface functionalization, size and shape ductility, agglomeration, and

electrocatalytic features [15]. Thereby, PtNPs have shown antimicrobial and
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antifungal activity [15,17-20], but more importantly, they were proven to possess
anticancer properties [18,20-24]. The mechanism of PtNPs action is mainly based
on the ROS generation, but they can also penetrate the cell membrane and cause
damage through the interaction with the intracellular components as well as the
release of platinum ions [15,17]. Interesingly, some findings confirmed that PtNPs
were not cytotoxic to the healthy tissues, and can be used as nanodelivery platforms
for drugs, enabling more specific drug delivery to the targeted tissue, increasing the
treatment effectiveness and also overcoming the drug resistance [25-31]. The size
of nanoparticles and its influence on their cellular interactions are the crucial
aspects that affect the biomedical applications such as drug delivery, cell imaging,

or tumor targeting [32,33].

Therefore, in this research we used platinum nanoparticles (PtNPs) in four sizes to
investigate their potential influence on anticancer drug epirubicin (EPI) with special
focus on the differences arising from various nanoparticles’ diameters. Moreover,
we hypothesized that these potential interactions could influence the biological
activity of EPI. To verify this theory, we conducted a comprehensive array of both
physicochemical and biological methods also using human cell lines. Our results
provide worthwhile background about nanoparticles’ impact on the analyzed

anthracycline and its possible application potential.

2. Materials and Methods

2.1. Materials

Epirubicin hydrochloride (EPI) was purchased from Selleck Chemicals (Houston,
Texas, USA). EPl was dissolved in distilled water and its concentration was
determined by UV-Vis spectroscopy. Platinum nanoparticles (PtNPs), in
concentration 0.05 mg/mL for physicochemical methods and in concentration 1
mg/mL for biological assays in 2 mM trisodium citrate dihydrate (5 nm, 30 nm, 50
nm) and in 4 mM trisodium citrate dihydrate (70 nm), were acquired from
nanoComposix (San Diego, California, USA; 99.99 % purity). Cysteamine
hydrochloride used in AFM imaging was purchased from Sigma Aldrich Chemical
Company (St. Louis, Missouri, USA). Salmonella enterica serovar Typhimurium TA98

strain was purchased from Xenometrics AG (Allschwil, Switzerland). Nutrient Agar,
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Nutrient Broth and Biological Agar media were purchased from BioMaxima S.A.
(Gdansk, Poland). Histidine, biotin, and ampicillin were acquired from Sigma
Aldrich Chemical Company (St. Louis, Missouri, USA). Human keratinocyte cell line
(HaCaT) and human melanoma cell line (MelUuSo) were obtained from the
Department of Microbiology, Tumor and Cell Biology, Karolinska Institute
(Stockholm, Sweden) and the Department of Medicinal Microbiology, Leiden
University Medical Center (Leiden, The Netherlands), respectively. Dulbecco's
modified Eagle's medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640
Medium, 10 % fetal bovine serum (FBS), 4mM L-glutamine, glucose, antibiotic-
antimycotic solution, HEPES, and sodium pyruvate were purchased from

ThermoFisher Scientific (Waltham, Massachusetts, USA).
2.2. Fluorescence spectroscopy

Fluorescence spectroscopy measurements were conducted at the 400 to 800 nm
wavelength range, with an excitation wavelength of 480 nm, in quartz cuvettes at a
temperature of 25 = 0.1 °C. All measurements were performed in trisodium citrate
dihydrate (2 mM for 5 nm, 30 nm and 50 nm PtNPs and 4 mM for 70 nm PtNPs) using
a Jasco FP-8500 (Jasco Company, Tokyo, Japan) spectrofluorometer with a Peltier
thermostat. EPI (initial concentration 21.23 uM) was titrated with PtNPs in the
concentration range 0.24-10.62 pg/mL or trisodium citrate dihydrate in appropriate

concentration to investigate the dilution effect.

2.3. Fourier Transform Infrared Spectroscopy (FTIR) and Near Infrared

Spectroscopy (NIR)

FTIR and NIR spectra of complexes formed between EPI and PtNPs were recorded
onJasco-4700 instrument (IR: 4000-400 cm™ NIR: 8200-4000 cm™) with 32 scans, 4
cm™ resolution (Jasco Company, Tokyo, Japan). NIR transmission technique was
applied using dry salt KBr and dry samples of EPI and other components obtained
by lyophilization using Freeze Dryer (Labconco, Kansas City, Missouri, USA). The
materials were compressed with potassium bromide to form a disc. All spectra were
recorded as a background and analysis of spectra was performed using Spectra

Analysis software (Jasco Company, Tokyo, Japan).
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2.4. Differential Scanning Calorimetry (DSC), the constant pressure heat

capacities

The thermal behavior of the samples was measured and analyzed by the STAR-1
System (Mettler Toledo, Greifensee, Switzerland) calibrated with indium, combined
with the intercooler system. The samples were lyophilized on Freeze Dryer
(Labconco, Kansas City, Missouri, USA). 1-5 mg of the samples were weighted into
aluminum crucibles (40 ul) and the analysis was carried out at the temperature
range from 20 °C to 400 °C. Samples were heated at the heating rate of 10 °C/min

and a nitrogen flow rate 60 mL/min. All tests were standardized to the sample size.
2.5. Isothermal Titration Calorimetry (ITC)

The ITC measurements were performed in 2 mM (for 5 nm, 30 nm, 50 nm PtNPs) and
4 mM (for 70 nm PtNPs) trisodium citrate dihydrate solution at 25 °C using AutolTC
isothermal titration calorimeter (MicroCal Inc. GE Healthcare, Chicago, Illinois,
USA). The volumes of the sample and reference cells were 1.4491 mL. The
experiment consisted of multiple injections of 10.02 pL (15 injections, 2 pL for the
first injection only) of EPI solution (4.13 — 49.79 uM) into the sample cell containing
PtNPs (initial concentration 0.05 mg/mL). Background titrations were performed by
injecting EPl into trisodium citrate dihydrate solution and trisodium citrate dihydrate
solution into PtNPs. The results of the background titrations were subtracted from
each experimental result to account for the heat of dilution. Each injection lasted
20 s. To reach a homogenous mixing in the sample cell, the stirrer speed was kept

constant at 300 rpm.
2.6. Dynamic Light Scattering (DLS)

The hydrodynamic diameter of PtNPs alone and PtNPs with EPl was determined on
Zetasizer Nano ZS (Malvern Panalytical, Malvern, Worcestershire, UK) by measuring
the intensity of the scattered light. Measurements were conducted in polystyrene
cuvettes at 25°C with a He-Ne laser (633 nm, 4 mW), at a 173° scattering angle.
Each measurement was performed in triplicate. EPI initial concentration 8 uM;

PtNPs initial concentration 2.38 pg/mL).
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2.7. Zeta Potential

Zeta potential measurements were conducted in Univette quartz cuvettes at 25 °C
utilizing Litesizer DLS 500 (Anton Paar GmbH, Graz, Austria), with the voltage of 200
V. All measurements were performed in trisodium citrate dihydrate (2 mM for 5 nm,
30 nm, and 50 nm PtNPs and 4 mM for 70 nm PtNPs). EPI concentration 104 pM;

PtNPs initial concentration 0.05 mg/mL).
2.8. Atomic Force Microscopy (AFM)

Atomic force microscopy visualization of the PtNPs alone and PtNPs with EPI
mixtures was performed at 23 °C in air, in PeakForce Tapping mode, using BioScope
Resolve AFM (Bruker, Bremen, Germany). PtNPs (0.05 mg/mL) were mixed with EPI
(81.9 uM) at room temperature. Subsequently, 100 mM cysteamine was deposited
onto a freshly cleaned mica surface for 5 min and afterwards the solution was
aspirated. Then samples were added on mica and incubated for 5 min at room
temperature, followed by washing with deionized water and drying with streams of
nitrogen gas prior to AFM imaging. The ScanAsyst-Fluid+ probe (Bruker) was used
for PtNPs alone and PtNPs-EPI mixtures imaging (resonant frequency fO= 150 kHz;
spring constant k = 0.7 N/m). Images were registered at 512 x 512 pixels with a
PeakForce Tapping frequency of 1 kHz and amplitude of 150 nm. A height sensor

signal was used to display the image using NanoScope Analysis v1.9.
2.9. Amestest

The Ames test was performed with Salmonella enterica serovar Typhimurium TA98,
according to the procedure described by Woziwodzka et al. [34]. A mixture
containing 100 pL of the overnight bacteria culture, 50 uL of 3 % NaCl, and 100 pL of
the tested solution (or sterile distilled water as a negative control) was incubated for
4 h in darkness at 37 °C and 220 rpm. Afterwards, the mixture was centrifuged at
11840 g for 5 min. Then, the bacterial pellet was washed with 0.75 % NaCl and
resuspended in 300 uL of 0.75 % NaCl solution containing 0.1 uM histidine and 0.1
UM biotin. The bacterial suspension was spread on a glucose minimal agar plate
and incubated at 37 °C in darkness. After 48h incubation, the number of revertant

colonies was calculated. All experiments were performed in triplicate. The optimal
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concentration of EPI (1000 ng/plate) was selected after testing EPl mutagenic

activity in a broad concentration range (data not shown).

2.10. Cytotoxicity
2.10.1. Cellculture

The HaCaT cell line was cultivated in DMEM containing 4500 mg/L glucose,
supplemented with 10 % fetal bovine serum, 4 mM L-glutamine, 100 units/mL
penicillin, 100 mg/mL streptomycin. The MelUuSo cell line was cultured in RPMI
1640 Medium supplemented with 10 % fetal bovine serum, 4 mM L-glutamine, 100
units/mL penicillin, 100 mg/mL streptomycin. Both cell lines were maintained in a

humidified atmosphere containing 5 % CO, at 37 °C.
2.10.2. Cytotoxicity assay

HaCaT and MelUuSo cells were seeded on a 96-well plate (~2x10%well) and
incubated in humidified atmosphere containing 5 % CO2, at 37 °C, overnight. Next,
cells were washed three times in media devoid of FBS. Then, EPI or PtNPs with EPI
mixtures in different dilutions were added to cell cultures (90 pL/well) in three
replicates and incubated for 20 h. Afterwards, 10 pL of AlamarBlue (BioRad,
Hercules, California, USA) was added to cells on each well and incubated for the
next 4 h, in humidified atmosphere containing 5 % CO,, at 37 °C. The absorbance
was measured at 570 nm and 600 nm. The percentage of the AlamarBlue reduction
was calculated as a difference between treated and control cells, according to the
manufacturer’s protocol:

(02 x A1) — (01 X Ayp)

dlff(%) = (02 X Pl) — (01 X PZ)

diff — difference between treated and control cells; O; — €570 of oxidized AlamarBlue
(80586 M'cm™); O, — g¢00 Of OXxidized AlamarBlue (117216 M'cm™); A, — absorbance
of the test wells at 570 nm; A, — absorbance of test wells at 600 nm; P, —absorbance

of control wells at 570 nm; P, — absorbance of control wells at 600 nm.
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2.11. Statistical analysis

Statistical analysis was conducted using Statistica 14.0 (TIBCO Software Inc., Palo
Alto, California, USA) software. For the Ames mutagenicity test and cytotoxicity
assay, one-way variance analysis (ANOVA) followed by the post-hoc RIR Tukey’s test

was applied. The significance level for all the analyses was established at a = 0.05.

3. Results

3.1. Directinteractions between platinum nanoparticles and epirubicin

Firstly, the potential interactions between platinum nanoparticles (PtNPs) and
epirubicin (EPI) were verified using spectroscopic analysis. The fluorescence of EPI
titrated with nanoparticles was reduced to 58 %, 63 %, 67 % and 71 % for 5 nm, 30
nm, 50 nm and 70 nm PtNPs, respectively. To exclude the factor of EPI dilution, we
performed control titrations where the fluorescence was reduced to 84 % and 90%
for 2 mM trisodium citrate (control for 5 nm, 30 nm and 50 nm PtNPs) and 4 mM
trisodium citrate (control for 70 nm PtNPs) (Figure 1), respectively. The recorded
fluorescence spectra for all measurements are available in the Supplementary

materials (Figure S1).
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Fig. 1. Fluorescence analysis of epirubicin (EPI) titrated with platinum
nanoparticles (PtNPs). (A) EPI with 5 nm PtNPs (filled circle; R? = 0.999) and 2 mM
sodium citrate (empty circle; R?=0.986). (B) EPI with 30 nm PtNPs (filled circle; R? =
0.998) and 2 mM sodium citrate (empty circle; R>=0.986). (C) EPI with 50 nm PtNPs
(filled circle; R? = 0.998) and 2 mM sodium citrate (empty circle; R?= 0.986). (D) EPI
with 70 nm PtNPs (filled circle; R? = 0.999) and 4 mM sodium citrate (empty circle;
R?=0.988). EPI initial concentration 21.23 uM, PtNPs concentration range 0.24 -
10.62 pg/mL. Results are reported as the percentage of the fluorescence of EPI

alone (21.23 uM). The fluorescence values were registered at 592 nm.

The FTIR analysis revealed subtle changes in the spectra of EPl upon the addition of
different platinum nanoparticles (Figure 2). Firstly, the broad bands at 3435 cm™
that correspond to the O-H stretching vibration of water were observed in all
spectra. The most significant differences between the samples were noticed at
2850 cm™ related to the C-H vibration of aldehydes. In the case of 50 nm and 70 nm
PtNPs a notable shift of this band to 2840 cm™ was observed, while for 5 nm and 30
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nm PtNPs doublets appeared in the derivatives spectra. Some minor differences
were also visible at 1728-1720 cm™” (C=0), and 1614 cm™, attributed to the
simultaneous contribution of C=C and C=0 stretching mode, and 1582 cm™ (N-H).
The band at 1404 cm™ corresponding to the bending vibration of C-H (methyl group)
revealed no changes. Furthermore, the C-O stretching bond was shifted to 1166 cm-
" for EPI, varying in all samples with PtNPs. Complementing the FTIR analysis, we
also used NIR spectroscopy which indicates changes in hydrogen bonding. In the
6000 cm™ and 5700 cm™ range, where C-H vibrations are typically observed, a
weaker, less intensive, band was noted for 50 and 70 nm PtNPs compared to the free
EPI molecule. At 5160 cm™ (Figure 2) band, corresponding to O-H stretching and H-
O-H bending, combination of incorporated water molecules was recorded.
Moreover, we noticed some differences in the vibrations at 4723 cm™ and 4665 cm-
', characteristic for N-H/C-N/C=0 amide deformations. Additionally, there were
deformations in the band shapes between 4500-4200 cm™, with a point at 4367 cm"
"characteristic for C-H aromatic, CHO, CONH, vibrations. The spectra of 5 nm as
well as 30 nm PtNPs with EPI were similar to the free EPI in this range, while the
spectra of 50 and 70 nm PtNPs were slightly different, thinner, more intensive and

similar to each other which may suggest their comparable interactions.
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Figure 2. FTIR and NIR spectra of the investigated complexes of epirubicin (EPI)
and platinum nanoparticles (PtNPs). FTIR spectra at (I) region 4000 - 400 cm™ and
the second derivatives in region (ll1A) 3000 -2800 cm™ and (1IB) 1750 — 1450 cm™. (lll)
NIR spectra in the wavenumber region 7000 - 4000 cm™. EPI with sodium citrate (A,
black), EPI with 5 nm PtNPs (B, blue), EPI with 30 nm PtNPs (C, red), EPl with 50 nm
PtNPs (D, green), EPl with 70 nm PtNPs (E, purple).

The thermograms shown in Figure 3, indicate that the samples of free EPl and all EPI
complexes with PtNPs exhibit glass transition (Figure 3, Il) near 45 °C for EPI and
between 50 °C to 51 °C for complexes, respectively. The DSC curves also indicated
the presence of water in nanoparticles’ samples after lyophilization (Figure 3, ). The

peaks at 190.88 °C and 202.53 °C corresponded to the melting process of EPI (curve
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A), while for EPI complexed with PtNPs this process shifted to 215 °C for 5 nm, 30
nm, and 50 nm PtNPs and to 230.15 °C for 70 nm PtNPs. Moreover, in the sample
with the largest nanoparticles, there were strong endothermic peaks near 290-302
°C, which started to decompose above 305 °C (curve F). Next, we examined the
thermodynamics of PtNPs-EPI interactions using Isothermal Titration Calorimetry
(ITC). The enthalpy change (AH) values for the 5 nm, 30 nm and 50 nm PtNPs were
similar, and equated to -1.41 kcal/mol, -0.71 kcal/mol and -1.01 kcal/mol,
respectively. In case of 70 nm PtNPs, the AH value was equal to 0.76 kcal/mol
(Figure 3, IV-VI). The recorded thermograms for all measurements are available in

the Supplementary materials (Figure S2).
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Fig. 3. Thermal analysis of interactions between platinum nanoparticles
(PtNPs) and epirubicin (EPI). (I) Differential scanning calorimetry (DSC) curves. (IA)
Tg region, and (IB) derivatives region. (Il) Curves in Tg region, (l1A) 1st derivatives in Tg
region, and (lll) 1st derivatives of curves from region IB. EPI (A, red), EPl with sodium
citrate (B, yellow), EPI with 5 nm PtNPs (C, black), EPI with 30 nm PtNPs (D, blue),
EPI with 50 nm PtNPs (E, green), EPl with 70 nm PtNPs (F, purple). Enthalpy change
values (AH) calculated from Isothermal Titration Calorimetry (ITC) analysis. (IV) AH
of 5 nm PtNPs-EPI interactions -1.41 £ 0.11 (xSE) kcal/mol of injected EPI. (V) AH of
30 nm PtNPs-EPl interactions -0.71 + 0.13 (£SE) kcal/mol of injected EPI. (VI) AH of
50 nm PtNPs-EPI interactions -1.01 £ 0.12 (+SE) kcal/mol of injected EPI. (VII) AH of
70 nm PtNPs-EPl interactions 0.76 = 0.12 (+SE) kcal/mol of injected EPI. The results
were calculated by the linear regression of experimental points tending to zero. EPI

concentration range: 4.13-49.79 pM.
3.2. Platinum nanoparticles aggregation

To verify whether EPI may trigger PtNPs aggregation, we performed Dynamic Light
Scattering. For 30 nm, 50 nm and 70 nm PtNPs the results were similar—the addition
of EPI induced an increase in PtNPs hydrodynamic diameter (Figure 4, Table 1).
Importantly, in all the measurements the polydispersity index (Pdl) was below 0.2
which indicates a homogenous sample. On the other hand, for 5 nm PtNPs alone we
observed three different peaks around 10 nm, 321 nm and 4303 nm with Pdl 0.49
which can be characteristic for very small particles. However, EPl addition
promoted aggregation, visible as formation of a single peak of 254 nm (8 uM EPI) and
449 nm (40 puM EPI), and, in consequence, the decrease of Pdl indicating increased
samples homogeneity. These results are in conformity with AFM imaging where the
nanoparticles formed aggregates after EPl addition. PtNPs alone were about 27 nm,
56 nm, 67 nm, and 125 nm for 5 nm, 30 nm, 50 nm and 70 nm PtNPs, respectively.
The addition of EPI changed the dimensions to 1064 nm, 428 nm, 823 nm and 1194

nm (Figure 4).
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Table 1. Aggregation analysis of platinum nanoparticles (PtNPs) in different

sizes and PtNPs - epirubicin (EPI) mixtures. PtNPs initial concentration 2.38

pg/mL. Pdl - polydispersity index; SD — standard deviation.

Peak mean size, nm Peak area, % (+ SD) Pdl

10.33 39.57+6.4
PtNPs 321.33 46.67 £ 8.8 0.49

4303.00 12.00£0.5

5 nm PtNPs

+ 8 UM EPI 253.87 100 0.25
+40 uM EPI 449.47 100 0.24
PtNPs 43.46 100 0.06
30 nm PtNPs + 8 uMEPI 101.20 100 0.16
+40 uM EPI 175.93 100 0.18
PtNPs 58.54 100 0.07
50 nm PtNPs + 8 uMEPI 75.39 100 0.14
+40 uM EPI 111.63 100 0.17
PtNPs 85.25 100 0.03
70 nm PtNPs + 8 uMEPI 104.53 100 0.1
+40 uM EPI 152.03 100 0.16
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Figure 4. Aggregation of platinum nanoparticles (PtNPs) in different sizes with
epirubicin (EPI). Hydrodynamic diameters of PtNPs alone (solid line) or in mixtures
with 8 uM EPI (dotted line), and 40 pM EPI (dashed line). (A) 5 nm PtNPs. (B) 30 nm
PtNPs. (C) 50 nm PtNPs. (D) 70 nm PtNPs. PtNPs initial concentration 2.38 pg/mL.
Results are reported as the average hydrodynamic diameter. AFM images of PtNPs
and PtNPs - EPI mixtures. (E) 5 nm PtNPs. (F) 30 nm PtNPs. (G) 50 nm PtNPs. (H) 70
nm PtNPs. (I) 5 nm PtNPs with EPI. (J) 30 nm PtNPs with EPI. (K) 50 nm PtNPs with
EPI. (L) 70 nm PtNPs with EPI. EPI concentration 81.9 uM, PtNPs concentration 0.05
mg/mL.

After the confirmation of aggregates formation, we decided to investigate the
electrical potential for PtNPs alone and in mixture with EPI. All tested nanoparticles
sizes exhibited a negative charge on their surface (Table 2). Unfortunately, according
to the manufacturer, for 5 nm PtNPs the result can be inaccurate. Nevertheless, the
addition of EPI, in all analyzed cases changed the zeta potential to positive values in

the range from 1.6 to 4.8 mV (Table 2).
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Table 2. Zeta potential measurements of platinum nanoparticles (PtNPs) in
different sizes and PtNPs - epirubicin (EPI) mixtures. PtNPs initial concentration

0.05 mg/mL, EPI concentration 104 uM.

Zeta potential, mV

PtNPs PtNPs + EPI
5nm -0.5 3.6
30 nm -28.2 4.8
50 nm -49.1 3.0
70 nm -43.5 1.6

3.3. Platinum nanoparticles influence on EPI mutagenicity

Due to the confirmation of PtNPs — EPI interactions, in the next step we decided to
investigate the nanoparticles’ influence on EPI mutagenic activity in the Salmonella
enterica serovar Typhimurium TA98 Ames assay. Importantly, all nanoparticles’
sizes decreased EPI mutagenicity significantly. In the case of 5 nm, 30 nm and 50
nm PtNPs, the observed influence was similar, irrespectively of the nanoparticles’
concentration, while for 70 nm nanoparticles it was related to the increasing
amount of PtNPs (Figure 5). Moreover, PtNPs alone have shown no mutagenic

activity (see Supplementary materials, Figure S3).
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Figure 5. Influence of platinum nanoparticles (PtNPs) on epirubicin (EPI)
mutagenic activity towards Salmonella enterica serovar Typhimurium TA98.
Mutagenicity of EPI with (A) 5 nm PtNPs, (B) 30 nm PtNPs, (C) 50 nm PtNPs, (D) 70
nm PtNPs. C- negative control (sterile water; white color), C+ positive control (EPI
1000 ng/plate; black color), PtNPs with EPI (PtNPs concentration range 0.008 - 2
pg/plate, EPI 1000 ng/plate; grey color). Results are reported as the average number
of revertants + standard deviation. * significant difference from the negative control

(p < a; a=0.05); asignificant difference from the positive control (p < a; a=0.05).
3.4. Platinum nanoparticles influence on EPI cytotoxicity

In the last step, we investigated whether PtNPs affect EPI cytotoxicity in two
contrasting cell lines: non-cancerous HaCaTl (human keratinocytes) and cancerous
MelUuSo (human melanoma). In non-cancerous cell line, in the case of EPI

concentrations ranging from 25 to 45 yM, the addition of nanoparticles of all tested
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sizes significantly enhanced cell viability compared to the control with the drug
alone. Interestingly, in the lowest EPI concentration, PtNPs sized from 30 nm to 70
nm did not affect the cell growth, but the 5 nm PtNPs increased drug’s cytotoxicity
(Figure 6A). On the other hand, in cancerous MelluSo cell line, the addition of PtNPs
to EPIresultedin a significantenhancement of cytotoxicity in all nanoparticles sizes.
The AlamarBlue reduction percentage increased with the increasing size of PtNPs.
The most considerable difference was observed for 50 nm and 70 nm nanoparticles

at the EPI concentration 45 pM (Figure 6B).
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Figure 6. Influence of platinum nanoparticles (PtNPs) on epirubicin (EPI)
cytotoxicity. (A) HaCaT cell line (non-cancerous). (B) MelJuSo cell line (cancerous).
EPI alone — black, EPI with 5 nm PtNPs - dark grey, EPI with 30 nm PtNPs — grey, EPI
with 50 nm PtNPs - light grey, EPI with 70 nm PtNPs — white. PtNPs concentration 5
pg/well. Results are reported as the percentage of AlamarBlue reduction regarding
untreated cells (negative control, 100%) = standard deviation. * significant

difference from the control with EPI for the given EPIl concentration (p < a; a = 0.05).
4. Discussion

In the presented research, a broad spectrum of both physicochemical and
biological methods was used to analyze the interactions between platinum
nanoparticles (PtNPs) and epirubicin (EPI), and the nanoparticles’ influence on the
mutagenicity and cytotoxicity of the drug. Importantly, we focused on the
differences resulting from various PtNPs sizes from 5 nmto 70 nm.
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In the first part of the research, we used fluorescence spectroscopy to characterize
the possible interactions between PtNPs and EPI. For all the tested nanoparticles’
sizes, we observed fluorescence quenching, described as a process that decreases
the fluorescence intensity of a substance [35]. The EPI fluorescence decreased in a
PtNPs size-dependent manner, where the smallest 5 nm PtNPs caused the greatest
fluorescence reduction. The process of fluorescent quenching near nanoparticles
results from the energy transfer to the metal when a molecule is close to the metal
surface [36], which suggests the interaction between EPI and PtNPs. Similar effect
of platinum nanoparticles was observed for PtNPs with doxorubicin (DOX) [37] and
aromatic mutagen ICR-191 [25]. In the literature, the quenching effect was also
observed for other metal nanoparticles such as silver or gold [38-40]. In the next
research phase, Fourier Transform Infrared Spectroscopy (FTIR) analysis, as a
valuable method for nanoparticles characterization [41], was utilized. The results
revealed differences between the spectra of EPI alone and in mixtures with
nanoparticles in all analyzed sizes. The existing bands were similar indicating the
successful aggregation of EPI with PtNPs. The most notable changes related to
alkane stretching were observed for the larger nanoparticles, namely 50 nm and 70
nm, which points to EPI-PtNPs interactions. In case of the smaller, 5 nm and 30 nm,
PtNPs the sighals were more complicated, as evidenced by doublets visible at the
2850-2840 cm™ band, which can suggest minor interactions of mixed strength.
Moreover, some slight changes caused by EPI-PtNPs interactions related to carbon-
carbon double bonds, carbonyl groups, and nitrogen-hydrogen bonds, were noted
in all samples. However, the bending of CH2 groups revealed no changes, indicating
that this part of the molecule is not significantly affected by the PtNPs. Knowing that
EPI contains hydroxy and amine groups, we also used Near Infrared Spectroscopy
(NIR) to detect changes in hydrogen bonding. The spectra did not show significant
interactions between nanoparticles and epirubicin, however, they revealed some
slight changes in the vibrations. For 50 nm and 70 nm PtNPs, second overtones of
C-H vibrations band were weaker than the one observed for EP| alone. Moreover,
there were some vibrations differences related to amide groups, and other band
shapes deformations particularly noticeable for the 50 nm and 70 nm PtNPs. This

may be attributed to similar and stronger interactions for larger nanoparticles, while
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the smaller ones induced slighter or no interactions. Subsequently, Differential
Scanning Calorimetry (DSC) was used to investigate the thermal properties of
epirubicin with PtNPs providing insights into the state of a drug in its complexes.
Firstly, in comparison to free EPI, the temperature of the glass transition increased
with the nanoparticles addition. The temperature of the EPI melting process was
higher after the nanoparticles addition, especially in case of 70 nm PtNPs. The
endothermic peaks around 300 °C and the decomposition that occurred in the
sample with 70 nm PtNPs could suggest physical mixtures rather than chemical
bonds. Nevertheless, the thermal analysis indicated stronger and more stable
interactions in the complexes with the largest nanoparticles. In the next step, we
employed Isothermal Titration Calorimetry (ITC) to measure the heat released or
absorbed during the PtNPs-EPI interactions. The obtained enthalpy change (AH)
values for 5 nm, 30 nm and 50 nm PtNPs indicated an exothermic reaction with the
AH ranging from -1.4to -0.7 kcal/mol. On the other hand, a value of 0.8 kcal/mol was
obtained for the largest nanoparticles, but this could be attributed to a different
concentration of the buffer solution. Analogously, the exothermic reaction for the
smaller nanoparticles, and the endothermic reaction for the largest were observed
in our previous research assessing DOX interactions with PtNPs [37]. Previous
results confirmed the presence of the interactions, therefore, in the next phase we
decided to perform the aggregation analysis using Dynamic Light Scattering (DLS)
and Atomic Force Microscopy (AFM) imaging. The measured hydrodynamic
diameters confirmed the aggregates formation depending on the EPIl concentration,
where higher concentration led to the formation of larger aggregates. However, the
smallest nanoparticles (5 nm) suspension was polydisperse as evidenced by three
peaks around 10 nm, 320 nm and 4303 nm. What is important, the addition of EPI
decreased the polydispersity index from 0.49 for 5 nm PtNPs alone to around 0.25
for nanoparticles with the drug and caused the formation of one peak instead of
three. The dissimilarity between the AFM imaging and DLS results may be attributed
to the difference in the experimental conditions, dry sample on mica surface and
liquid sample, respectively. Nevertheless, both experiments confirmed the
aggregates formation after the addition of epirubicin, which is crucialin terms of the

biological applications. The results for platinum nanoparticles combined with other
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agents differ, as some studies reported the presence of aggregation, e.g. PtNPs with
DOX[37], orICR-191[25], whereas in case of PtNPs with cisplatin [42] this effect was
not observed. To complete the aggregation analysis, we used the Zeta potential
measurement to assess the stability of the samples. Importantly, the absolute
values between =30 to +60 mV indicate physical stability, while the values around
0-5 mV points to strong agglomeration [43]. In this research, the values for 30 nm,
50 nm and 70 nm were approximately -28 to -49 mV, while the EPI addition changed
the valuesto 1.6 - 4.8 mV, which indicated the aggregates formation. Analogously to
the DLS results, the zeta potential value for 5 nm PtNPs, amounting to -0.5 mV,
suggests that nanoparticles of this size are not homogenous. However, the zeta
potential of PtNPs with EPI also shifted to a positive value, suggesting a change in

the surface charge properties.

Since the physicochemical methods confirmed the presence of interactions
between PtNPs and EPI, we decided to use both prokaryotic and eukaryotic models
to investigate whether these interactions could affect the epirubicin biological
activity. First, we employed Salmonella enterica serovar Typhimurium TA98 to
perform the Ames mutagenicity assay. In accordance with literature reports [25,44],
platinum nanoparticles alone revealed no mutagenic activity in the tested strain
(see Supplementary materials, Figure S3). Moreover, for PtNPs with EPI mixtures in
all the tested cases, the number of revertants decreased significantly with the
nanoparticles addition in comparison to the positive control with EPI alone. In the
case of 70 nm PtNPs, the change in the number of revertants per plate was
concentration-dependent, while for the rest of nanoparticles sizes it was similar,
irrespective of their concentration. As the previous results confirmed, aggregation
between PtNPs and EPI occurs, which may be a critical factor in the mutagenicity
decrease, due to the limited availability of epirubicin. The described phenomenon
was also observed in our previous research with DOX but the effect was more
dependent on the increasing nanoparticles concentration [37]. Also, a similar PtNPs
influence was revealed for the biological activity of ICR-191 [25] in S. enterica TA98
and cisplatin [42] in S. enterica TA102. Due to the undeniable effect of platinum

nanoparticles on EPl mutagenicity, in the next step we performed cytotoxicity

118



analysis. Consequently, we used two cell lines: MelJuSo (melanoma cell line) and
HaCaT (human keratinocyte cell line) to compare the effect in cancerous and non-
cancerous cells. The effects of nanoparticles alone were described in our previous
research [45], where PtNPs did not change the cells viability or slightly promoted the
growth in non-cancerous cell line compared to the cancerous one, dependently on
the nanoparticles’ size. Other research on platinum nanoparticles confirmed the
opposite effects in cancer versus normal cell lines [46,47]. Importantly, this effect
has also been widely described in the context of using platinum nanoparticles as
drug delivery platforms [15,26,29,30]. In this research, in non-cancerous HaCarT cell
line, the effect of all nanoparticles sizes with most of the epirubicin concentrations
(25 — 45 pM) was similar; nanoparticles significantly promoted the cell growth in
comparison to the EPl alone. However, at the lowest EPI concentration, 5 nm PtNPs
decreased the cell viability, but other sizes did not significantly affect the
cytotoxicity. The lowest EPI concentration has the smallest capability of inducing
aggregation with PtNPs, therefore the cumulative effect of drug and 5 nm PtNPs
alone could account for a significant decrease in cell viability. Nevertheless,
considering all the results in non-cancerous cell line, PtNPs mostly promoted the
cell growth, which can be interpreted as a protective effect of nanoparticles in the
healthy tissue. An analogous effect was observed for epirubicin loaded iron oxide
nanoparticles, where the complex demonstrated reduced cytotoxicity in the control
cells while maintaining the efficiency in cancerous cell line [48]. Moreover, in
MeluSo cancerous cell ling, the addition of PtNPs in all the tested sizes enhanced
the EPI cytotoxicity and in consequence the cell viability reduction was higher than
for EPI alone. Also, the observed effect was size-dependent, with larger
nanoparticles inducing a greater decrease in cell viability. The contrasting cytotoxic
effects of nanoparticles observed between non-cancerous and cancerous cell lines
may be attributed to differences in the cellular metabolism and membrane
characteristics of the healthy and cancer cells, as well as variations in nanoparticle
uptake or oxidative stress response [49]. Furthermore, Literature reports indicate
that usage of unmodified or functionalized platinum nanoparticles as delivery
platforms for anthracyclines improve the therapeutic effectiveness and may even

overcome the drug resistance [28,50,51].
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Conclusions

In summary, our research consisted of investigating potential interactions between
platinum nanoparticles (PtNPs) and epirubicin (EPI), that might impact its biological
effects, with particular emphasis on the differences due to nanoparticles size. The
results of spectroscopic and calorimetric analyses revealed direct interactions
between nanoparticles and EPI, with slight differences depending on the
nanoparticles size. Additionally, DLS with Zeta potential measurements and AFM
analysis demonstrated that epirubicin promotes nanoparticles aggregation. The
biological part revealed that PtNPs reduce the mutagenicity of EPI towards
Salmonella enterica serovar Typhimurium TA98. Moreover, in the cancerous
MelUuSo cell line, PtNPs in all the tested sizes enhanced the epirubicin cytotoxic
effect. However, in the non-cancerous HaCarT cell line, nanoparticles, particularly
the larger sizes, either promoted the cell growth or had no significant effect. All
results provided valuable insights into the possible application of platinum

nanoparticles to potentially improve anthracycline-based chemotherapy.
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Figure S1. Fluorescence spectra of epirubicin (EPI) titrated with platinum
nanoparticles (PtNPs). (A) EPI with 2 mM sodium citrate — control for 5 nm, 30 nm
and 50 nm PtNPs. (B) EPI with 4 mM sodium citrate — control for 70 nm PtNPs. (C)
EPIl with 5 nm PtNPs. (D) EPI with 30 nm PtNPs. (E) EPl with 50 nm PtNPs. (F) EPl with
70 nm PtNPs. The arrow indicates EPI dilution. EPI initial concentration 21.23 uM

(red line); PtNPs concentration range 0.24 —10.62 pg/mL.
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Fig. S2. Thermal effects of interactions between platinum nanoparticles
(PtNPs) and epirubicin (EPI). Thermograms presenting microcalorimetric titrations
of PtNPs with EPI (solid line), sodium citrate solution with EPI (dash-dotted line),
water with PtNPs (dashed line), and water with sodium citrate solution (dotted line)

for (A) 5 nm PtNPs, (B) 30 nm PtNPs, (C) 50 nm PtNPs, (D) 70 nm PtNPs, shown as

heat released in time.
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Fig. S3. Mutagenic activity of platinum nanoparticles (PtNPs) towards

Salmonella enterica serovar Typhimurium TA98. (A) 5 nm PtNPs. (B) 30 nm PtNPs.

(C) 50 nm PtNPs. (D) 70 nm PtNPs. C- negative control (sterile water; white color),

C+ positive control (EPI 1000 ng/plate; black color), PtNPs (0.008 - 2 pg/plate; grey

color). Results are reported as the average number of revertants * standard

deviation. * significant difference from the positive control (p < 0.05); 2 ho significant

difference from the negative control (p > 0.05).
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Doniesienia konferencyjne wtasne

Poster — ,,How do platinum nanoparticles affect the biological activity of
doxorubicin?” Patrycja Betdziiska, Marcin Zakrzewski, Inez Mruk,
Natalia Derewonko, Katarzyna Bury, Grzegorz Gotunski, Michat
Rychtowski, Jacek Piosik. 19th Congress of the Polish Biophysical Society
(PTBF2025). 23-26.06.2025
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interacions and biological effects” — Patrycja Betdzinska, Kamila
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16.09.2023
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Poster — “Platinum nanoparticles and cisplatin: interactions and
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Kamila Butowska, Dariusz Wyrzykowski, Jacek Piosik. IXth Intercollegiate
Biotechnology Symposium “Symbioza”. 21-23.05.2021
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modulacja aktywnos$ci chemioterapeutykéw platynowych” - Patrycja
Betdzinska, Kamila Butowska, Dariusz Wyrzykowski, Jacek Piosik.
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biological activity” - Marcin Zakrzewski, Patrycja Betdzinska, Grzegorz
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Prezentacja ustna - ,Photodegradation of API contained within
commercial products for skin” - Marzena Jamrogiewicz, Adam Bray,
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10.5. Kursyiszkolenia

Bioinformatics and Comparative Genomics (George DiCenzo) - 06.03-10.03.2023

Szkolenie z oprogramowania Statistica (Statsoft Polska) - 24.02.2023
Mikroskopia przysztosci - Morze mozliwosci (KAWA.SKA) - 23-24.11.22
Systems biology - computational biology (Marco Fondi) - 08-18.11.22

Zaawansowane szkolenie z zasad dziatania i obstugi analizatora Malvern

NanoSight NS300 - 24.06.2021

Zarzadzanie karierg - projekt ProUG - 06.11.2020
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10.6. Innadziatalnosé
Aktywnos¢ dydaktyczna 2021 - 2025

= Statystyka w biotechnologii

= Zastosowanie wybranych metod analizy statystycznej w biotechnologii

Cztonek Rady Doktorantow Miedzyuczelnianej Szkoty Doktorskiej Biotechnologii

Uniwersytetu Gdanskiego i Gdarnskiego Uniwersytetu Medycznego — 2023 - 2025
Cztonek Polskiego Towarzystwa Biofizycznego (PTBF) - 2021 — obecnie

= wtym Sekretarz Oddziatu Gdanskiego PTBF - 2022 - 2025

=  Prowadzenie seminarium PTBF pt. ,Nanoczastki platyny jako potencjalne
modulatory aktywnosci wybranych lekéw przeciwnowotworowych”
21.03.2023

Cztonek Kota Naukowego BIO-MED -2019 - 2022
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