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STRESZCZENIE

Zwickszajaca si¢ od wielu lat $wiatowa skala produkcji tworzyw sztucznych
wraz z nieprawidlowa gospodarka odpadami i niskim poziomem recyklingu prowadzi
do zanieczyszczenia Srodowiska plastikiem. Tworzywa sztuczne pod wptywem czynnikow
fizyko-chemicznych  (np.  promieniowania UV), biodegradacji  mikrobiologicznej
czy degradacji chemicznej rozktadajg si¢ do mniejszych mikroplastikow o srednicy <5000 um,
a w dalszej konsekwencji nanoczastek, ktorych s$rednica wynosi ponizej 0,100 pum.
Skala zanieczyszczenia S$rodowiska mikro- 1 nanoplastikami prowadzi do narazenia
na te zwiagzKi organizmow zywych, o czym $§wiadcza oznaczenia poziomu tych czastek
w réznych tkankach cztowieka, w tym réwniez we krwi. Jednym z najczesciej produkowanych
tworzyw sztucznych, jest polistyren, ktory znalazt wykorzystanie m.in. jako materiat izolacyjny
tzw. styropian. Material ten znajdowatl si¢ nawet w probkach pochodzacych z organizmu
czlowieka. Przewlekte narazenie ludzi na czastki plastiku oraz ich wykrycie w tkankach
cztowieka, a zwlaszcza we krwi, sklania do oceny wplywu nanoczastek polistyrenu
na poszczegolne elementy morfotyczne, w tym erytrocyty bedace najliczniejszymi komérkami
nie tylko krwi, ale takze organizmu czlowicka. W zwigzku z powyzszym celem badan
przedstawionych w niniejszej pracy doktorskiej byta ocena wptywu niefunkcjonalizowanych
nanoczastek polistyrenu (PS-NPs) o roéznych $rednicach (~30 nm, ~45 nm i ~70 nm)
na strukture 1 funkcje erytrocytow czlowieka. Ponadto ze wzgledu na obecnos¢ we krwi
licznych bialek, ktére moga wchodzi¢ w interakcje z PS-NPs, w badaniach uwzgledniono takze
wplyw nanoczastek na najobficiej wystepujace we krwi cztowieka biatko, albuming ludzka.
W pracy analizowano potencjal hemolityczny PS-NPs, ich wplyw na plynnos¢ blony
komorkowej erytrocytow oraz na ksztatt badanych komorek. Okreslono takze oddziatywanie
tych nanoczastek z bialkiem modelowym albuming oraz biatkami erytrocytarnymi.
Ponadto poddano ocenie wptyw nanoczastek polistyrenu na generowanie reaktywnych form
tlenu 1 utlenianie lipidow oraz oznaczono parametry zwigzane z wystepowaniem eryptozy
w krwinkach czerwonych. W badaniach wykorzystano nastepujace techniki: elektronowy
rezonans paramagnetyczny, spektrofluorymetrie, cytofluorymetri¢, spektrofotometrie,
metode dichroizmu kotowego (CD), metode dynamicznego rozpraszania $wiatta (DLS)
oraz mikroskopi¢ optyczng. Poczatkowo oceniono potencjal hemolityczny nanoczastek
polistyrenu, przy czym wykazano, ze PS-NPs w wysokich st¢zeniach indukuja zalezna
od s$rednicy hemolize erytrocytow. W dalszej kolejnosci przeprowadzone eksperymenty

dowiodly, ze PS-NPs prowadza do usztywnienia regionow hydrofobowych btony komadrkowe;j



erytrocytow oraz indukujg zmiany reologiczne krwinek czerwonych. W kolejnym etapie badan
okre$lono wptyw nanoczgstek polistyrenu na biatko modelowe albuming cztowieka (HSA)
oraz biatka erytrocytarne. W przypadku wplywu PS-NPs na albumin¢ wykazano tworzenie si¢
stabilnej korony biatkowej na nanoczastkach, ktéra moze mie¢ wplyw in vivo na interakcje
PS-NPs z komoérkami krwi. Z kolei w przypadku oddzialywania tych samych nanoczastek
na bialka erytrocytarne zaobserwowano zmian¢ mikrolepko$ci wnetrza krwinek czerwonych,
a takze utlenianie bialek blonowych. Stwierdzony wzrost poziomu grup karbonylowych mogt
wynikaé¢ z mechanicznych oddziatywan PS-NPs z btong komorkowsa i wykazanych pod ich
wplywem zmian reologicznych krwinek czerwonych. Nie stwierdzono natomiast utleniania
hemoglobiny przez PS-NPs ani zmian w aktywnosci acetylocholinoesterazy. Przeprowadzone
w ostatnim etapie eksperymenty wykazaty, ze PS-NPs nie indukuja tworzenia si¢ reaktywnych
form tlenu, w wysokim stg¢zeniu powoduja natomiast utlenianie lipidow. Nie obserwowano
zmian w aktywnosci kaspazy-3. Eksternalizacj¢ fosfatydyloseryny oraz wzrost poziomu
wewnatrzkomorkowych jonéw wapnia zaobserwowano jedynie w najwyzszym z badanych
stezen, ktore jest stezeniem hemolitycznym. Z  kolei aktywacj¢  kalpain,
zaobserwowano juz przy stg¢zeniach przedhemolitycznych PS-NPs (od 1 do 50 pg/ml) co moze
mie¢ zwigzek ze zmianami mechanicznymi wywolywanymi przez te nanoczastki.
Zatem analiza wszystkich zbadanych parametrow eryptotycznych wskazuje na brak indukcji
programowanej $mierci krwinek czerwonych pod wptywem PS-NPs.

Podsumowujac wszystkie wyniki uzyskane w pracy doktorskiej niefunkcjonalizowane
PS-NPs wywieraty niewielki szkodliwy wptyw na erytrocyty cztowieka zalezny od wielkosci
PS-NPs. Prowadzity do zmian we wtasciwosciach mechanicznych btony komorkowej, takich
jak jej usztywnienie 1 zaburzenia reologiczne, co ostatecznie skutkowato hemolizg erytrocytow
przy wysokich st¢zeniach PS-NPs (100-250 pg/ml). Stwierdzono, ze PS-NPs nie wykazywaty
bezposrednich wiasciwosci prooksydacyjnych wobec hemoglobiny ani nie zwigkszaty poziomu
reaktywnych form tlenu, jedynie przy wysokich stgezeniach (100 pg/ml) indukowaty
peroksydacj¢ lipidow oraz wzrost poziomu grup karbonylowych w biatkach blonowych.
Wykazano, ze PS-NPs, niezaleznie od wielkosci, nie inicjuja eryptozy w stezeniach
przedhemolitycznych, lecz wywotujg subtelne zmiany strukturalne btony, prawdopodobnie
o charakterze mechanicznym, co potwierdza zwigkszona aktywnos$¢ kalpain juz przy niskich
stezeniach nanoczastek. Ponadto udowodniono, ze PS-NPs tworzg stabilng korong biatkowa
z albuming, ktéra ulega modyfikacjom strukturalnym pod wpltywem interakcji z tymi
czastkami, a modyfikacja ta moze prawdopodobnie wpltywac na prawidlowe funkcjonowanie

erytrocytow w uktadzie in vivo.



ABSTRACT

The increasing global production of plastics over many years, combined with improper
waste management and low recycling rates, has led to widespread plastic pollution.
Under the influence of various physico-chemical factors (e.g., UV radiation),
as well as microbiological biodegradation and chemical degradation, plastics break down into
smaller microplastics (<5,000 um) and, subsequently, into nanoparticles with diameters below
0.1 um. The extent of environmental contamination with micro- and nanoplastics results
in exposure of living organisms to these particles, as evidenced by their detection in various
human tissues, including blood. One of the most commonly produced plastics is polystyrene,
used, among other applications, as an insulating material known as Styrofoam.
This material has also been detected in human-derived samples. Chronic human exposure
to plastic particles, together with their presence in human tissues, particularly in blood,
highlights the need to examine the effects of polystyrene nanoparticles on individual morphotic
elements, including erythrocytes, which are the most abundant cells not only in the blood but
also in the entire human body. Accordingly, this doctoral thesis aimed to assess the impact
of non-functionalized polystyrene nanoparticles (PS-NPs) of different diameters (~30 nm,
~45 nm, and ~70 nm) on the structure and function of human erythrocytes.
Moreover, given the presence in blood of numerous proteins capable of interacting
with PS-NPs, the study also included an evaluation of the effects of these nanoparticles
on the most abundant human blood protein, human serum albumin (HSA).
Specifically, the haemolytic potential of PS-NPs was assessed, together with their effects
on erythrocyte membrane fluidity and cell morphology. The interactions of PS-NPs
with the model protein albumin and with erythrocyte proteins were also examined.
In addition, the research evaluated the effects of PS-NPs on reactive oxygen species (ROS)
generation and lipid oxidation, as well as parameters associated with the occurrence of eryptosis
in red blood cells. The following techniques were employed: electron paramagnetic resonance,
flow cytometry, spectrofluorometry, spectrophotometry, circular dichroism (CD), dynamic light
scattering (DLS), and optical microscopy. Initial analyses demonstrated that PS-NPs at high
concentrations induce diameter-dependent haemolysis of erythrocytes. Subsequent experiments
showed that PS-NPs stiffen the hydrophobic regions of the erythrocyte membrane and induce
rheological changes in red blood cells. Further studies revealed that PS-NPs interact with both

HSA and erythrocyte proteins.



With respect to HSA, PS-NPs were shown to induce the formation of a stable protein
corona, which may influence in vivo interactions of PS-NPs with blood cells. In erythrocyte
proteins, exposure was associated with altered intracellular microviscosity and oxidation
of membrane proteins. The observed increase in carbonyl group levels may result
from mechanical interactions between PS-NPs and the membrane, as well as
from the rheological alterations induced by these nanoparticles. No oxidation of haemoglobin
or changes in acetylcholinesterase activity were detected. Experiments carried out in the final
stage of the study demonstrated that PS-NPs do not induce ROS generation, although at high
concentrations they do cause lipid oxidation. No changes in caspase-3 activity were observed.
Phosphatidylserine externalization and increased intracellular calcium levels were detected
only at the highest concentration tested, which was haemolytic. In contrast, calpain activation
was already observed at pre-haemolytic concentrations (1-50 pg/ml), which may be associated
with mechanically induced alterations caused by PS-NPs. Overall, analysis of all proeryptotic
erythrocyte parameters examined indicates that PS-NPs do not induce programmed red blood
cell death. In summary, non-functionalized PS-NPs exert a relatively mild, size-dependent
detrimental effect on human erythrocytes. Exposure led to alterations in erythrocyte membrane
mechanical properties, such as membrane stiffening and rheological disturbances,
which ultimately resulted in haemolysis at high concentrations (100-250 pg/ml).
PS-NPs did not exhibit direct pro-oxidative effects on haemoglobin and did not increase ROS
levels; however, at high concentrations (100 pg/ml) they induced lipid peroxidation
and increased carbonyl groups in membrane proteins. PS-NPs, regardless of size, did not initiate
eryptosis at pre-haemolytic concentrations but caused subtle structural membrane changes,
likely mechanical in nature, as supported by calpain activation already at low concentrations.
Furthermore, the study demonstrated that PS-NPs form a stable protein corona with albumin,
which undergoes structural modifications upon interaction with the nanoparticles;

such modifications may potentially affect proper erythrocyte function in vivo.
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WPROWADZENIE

Tworzywa sztuczne, ze wzgledu na szerokie zastosowanie w licznych galeziach
przemyshu oraz istotny wpltyw na poprawe¢ komfortu zycia codziennego, sa wytwarzane
na masowg skalg. Obecnie ich roczna produkcja wynosi okoto 460 milionow ton rocznie
(Zrodto internetowe 1; Li and Liu, 2024). Szacuije si¢ ze do 2060 roku produkcja plastiku moze
wzrosngé trzykrotnie (Yates et al., 2025). Jednak tylko okoto 9% tworzyw sztucznych
poddawanych jest recyklingowi, a wigcej niz 60% $wiatowej produkcji plastiku trafia
do s$rodowiska powodujac  trwale  zanieczyszczenie (Anwar et al.,, 2025).
Plastik zanieczyszczajacy srodowisko, pod wptywem czynnikéw fizycznych, chemicznych
I biologicznych, takich jak promieniowanie UV, degradacja termiczna czy biodegradacja, ulega
rozktadowi do mikroczastek (MP <5000 pum), a w dalszej kolejnosci do nanoczastek
(NP <1 um) (Li and Liu, 2024; Shen et al., 2019). Czastki plastiku produkowane sg takze
komercyjnie i wykorzystywane w wielu gal¢ziach przemystu. Mikroplastik znalazt
zastosowanie w przemysle kosmetycznym (dodatki do mydet, past do zg¢bow i srodkow
zluszczajacych), z kolei nanoplastik w przemysle elektronicznym oraz budowlanym (farby,
kleje), a takze jako nosnik lekéow (Koelmans et al., 2015; Wright and Kelly, 2017).
Ze wzgledu na pochodzenie czastki plastiku dzieli si¢ na wtorne powstajace w srodowisku
w wyniku degradacji wigkszych fragmentow tworzyw oraz pierwotne, ktére sg celowo
produkowane do zastosowan komercyjnych (Kik et al., 2020). Czastki plastiku sa powszechnie
obecne w srodowisku. Wystepuja w wodzie, glebie i powietrzu co sprzyja ich przenikaniu
do tancucha pokarmowego, w tym do zywnosci, w ktorej rowniez sa wykrywane (Bhat et al.,
2023; Gondal et al., 2023). W produktach spozywczych czastki plastiku zostaty wykryte m.in.:
w owocach morza, migsie drobiowym, mleku, soli kuchennej, wodzie butelkowanej
oraz kranowej i piwie (Li and Liu, 2024).

Powszechnos$¢ czastek plastiku w §rodowisku oraz w produktach spozywczych i wodzie
sprawia, ze ludzie sg na nie stale narazeni. Zarowno mikro- jak i nanoczastki plastiku moga
przedostawa¢ si¢ do organizmu czltowieka. Gléwng drogg wnikania czgstek jest droga
pokarmowa za pomoca, ktorej moga przedostawac si¢ czastki zanieczyszczajace zywno$é
oraz wode. Innymi drogami przedostawania si¢ czastek plastiku sg droga oddechowa, skorna
oraz dozylna. Ta ostatnia jest istotna w przypadku procedur medycznych (Kik et al., 2020;
Li and Liu, 2024). Badania przeprowadzone w ostatnich latach wskazuja na obecno$¢ tych
czastek w wielu tkankach ludzi. Udokumentowano ich wystepowanie w wydalinach cztowieka:

kal (Schwabl et al., 2019), mocz (Pironti et al., 2022), wydzielinach: nasienie (Zhao et al.,
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2023), mleko kobiece (Ragusa et al., 2022), a takze tkankach i narzadach ludzi: tozysko (Ragusa
et al., 2021), pluca (Amato-Lourengo et al., 2021; Jenner et al., 2022), jelito grube
(Ibrahim et al., 2021), mozg (Nihart et al., 2025), serce (Yang et al., 2023), zyty (Jenner et al.,
2022) i krew (Lee et al., 2024; Leslie et al., 2022; Salvia et al., 2023; V. L. Leonard et al., 2024).
Ze wzgledu na ograniczenia metodyczne jedynie nieliczne badania wskazujg na obecnos¢
nanoczastek plastiku w organizmie cztowieka. Nanoczastki plastiku zostaty wykryte we krwi
ludzi u wszystkich 196 badanych ochotnikow (Salvia et al., 2023). Badania, w ktorych wykryto
mikroplastik we krwi czlowieka, wskazuja na obecno$¢ tworzyw sztucznych w organizmach
wickszosci ludzi. Czgstki plastiku stwierdzono $rednio u 85% badanych ochotnikow (Lee et al.,
2024; Leslie et al., 2022; V. L. Leonard et al., 2024).

Wykrycie czastek plastiku w organizmie czlowieka wskazuje na konieczno$é
doktadnego okreslenia ich wptywu na zdrowie i zycie ludzi. Dotychczas przeprowadzone
badania, zar6wno in vivo na modelach zwierzecych, jak i in vitro na ludzkich tkankach
1 komoérkach wykazaly, ze czastki plastiku mogg wywolywaé negatywne skutki zdrowotne,
dziatajac zardwno posrednio, jak i bezposrednio. Posrednio, tworzywa sztuczne moga petni¢
role no$nikéw drobnoustrojow, takich jak bakterie, grzyby czy pierwotniaki,
a takze zanieczyszczen, w tym metali cig¢zkich, pestycydow, lekoéw oraz uniepalniaczy.
Bezposrednia toksyczno$¢ czastek zalezy natomiast od rodzaju tworzywa, jego rozmiaru,
ksztaltu oraz dodatkow stosowanych podczas przetworstwa (Ptuciennik et al., 2024).

Z kolei obecnos¢ czastek plastiku we krwi czlowieka jest waznym sygnatem do
przeprowadzenia szczegdtowych badan nad ich oddzialywaniem na komorki krwi, ktore nie
tylko transportuja czastki tworzyw sztucznych do réznych tkanek i1 narzadow, ale takze same
moga ulec negatywnym zmianom pod ich wptywem. To z kolei moze mie¢ dalekosiezne
konsekwencje dla catego organizmu i zdrowia ludzi.

O ile istniejg juz liczne badania dotyczace wplywu czastek nanoplastiku
na jednojadrzaste komorki krwi obwodowej (PBMCs), ktore wykazaty wzrost poziomu
reaktywnych form tlenu, uszkodzenia oksydacyjne biatek i lipidow (Kik et al., 2021),
uszkodzenia DNA (Malinowska et al., 2025), a takze indukcj¢ apoptozy (Malinowska et al.,
2023) oraz niewielkie zmiany epigenetyczne (Malinowska et al., 2024), to brakuje
wystarczajgcych danych dotyczacych wptywu nanoczastek plastiku na erytrocyty cztowieka
(Ptuciennik et al., 2023a). Erytrocyty odgrywaja kluczowa role w organizmie cztowieka,
odpowiadajac za transport gazéw oddechowych i sktadnikow odzywczych, a takze uczestniczac

w utrzymaniu homeostazy uktadu sercowo-naczyniowego m.in. poprzez udziat w kaskadzie
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krzepnigcia 1 procesie tworzenia skrzepOw, co ma szczegdlne znaczenie w kontekscie
zakrzepicy zylnej (Byrnes and Wolberg, 2017).

Nieliczne badania wykazaly, ze czastki plastiku moga by¢ toksyczne takze dla
erytrocytow cztowieka. Najwigcej informacji dotyczy hemolizy, ktora moga indukowaé
zaro6wno niefunkcjonalizowane PS-NPs jak i te posiadajace grupe funkcyjng (Barshtein et al.,
2011; Gopinath et al., 2019; Kim et al., 2022). Czastki plastiku wptywaja takze na agregacje
tych komorek i adhezj¢ do komorek srodbtonka (Barshtein et al., 2016; Kim et al., 2022; Tian
etal., 2021).

W zwigzku z powyzszym konieczne byto przeprowadzenie dalszych badan dotyczacych
wpltywu czgstek réznych tworzyw sztucznych na erytrocyty cztowieka, w tym polistyrenu
produkowanego na szeroka skale. Tworzywo to jest wykorzystywane m.in. w formie styropianu
do izolacji termicznej opakowania do zywnosci, a takze w oprawkach okularowych i sprzecie
elektrycznym (Anwar et al., 2025). Roczna produkcja polistyrenu wynosi obecnie okoto 16 min
ton, z czego ok. 45% stanowi jego forma spieniona (Zrodlo internetowe 2).
Udziat tego materialu w odpadach z tworzyw sztucznych dochodzi do 10%, co stanowi
ogromne ilosci i wskazuje na polistyren jako plastik najrzadziej recyklingowany (Hidalgo-
Crespo et al., 2022).

Nalezy podkresli¢, ze polistyren zostal wykryty we krwi ludzi w wiekszosci
dotychczasowych badan toksykologicznych skierowanych na nanoczastki plastiku.
W badaniach Lee i1 wsp. byto to najczesciej oznaczane tworzywo sztuczne, ktore stanowito
az 58,3% wykrytych czastek, z kolei badania Leslie i wsp., wykazaly stezenie polistyrenu
wynoszgce Srednio 1,6 ug/ml krwi, a w 1 przypadku osiggajace wartos¢ nawet 4,8 ug/ml krwi
(Lee et al., 2024; Leslie et al., 2022; V. L. Leonard et al., 2024).

W zwiagzku z powyzszym w niniejszej pracy doktorskiej podjeto si¢ analizy wplywu
niefunkcjonalizowanych nanoczastek polistyrenu o réznych $rednicach ~30 nm, ~45 nm
1 ~70 nm na erytrocyty czltowieka. Ze wzgledu na obecno$¢ we krwi licznych bialek,
ktoére moga ulegac interakcjom z tymi nanoczgstkami, w badaniach uwzgledniono takze wptyw
nanoczastek na najobficiej wystepujace we krwi czlowieka bialko, albuming czlowieka.
W badaniach okre§lono hemolize erytrocytow pod wptywem nanoczastek, a nastepnie zbadano
oddzialywania nanoczastek z blong komorkowa erytrocytow. W dalszej czesci badan okreslono
oddzialywania tych samych nanoczastek z biatkami erytrocytarnymi i biatkiem modelowym
albuming. Ostatni etap mial z kolei na celu ustalenie czy niefunkcjonalizowane PS-NPs moga
wywotywaé programowang $mieré erytrocytoOw czyli eryptozg¢ oraz ustalenie ewentualnego

aktywowanego szlaku w tym procesie.
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ZALOZENIA I CELE PRACY

Wykrycie czastek polistyrenu w komoérkach krwi ludzi oraz brak wystarczajacych danych
dotyczacych ich potencjalnej szkodliwosci sktania do podjecia badan ich wptywu na strukturg
i funkcje tych komorek. W zwigzku z powyzszym, celem rozprawy doktorskiej byto okreslenie
potencjalnych zmian w strukturze i funkcji erytrocytow cztowieka narazonych na nanoczastki
polistyrenu (PS-NPSs) o réznych srednicach. Zbadano takze rolg albuminy ludzkiej, najobficiej
wystepujacego biatka osocza w potencjalnych interakcjach z tymi nanoczgstkami.
Aspekt ten jest roOwniez bardzo istotny, poniewaz modyfikacja albuminy przez PS-NPs moze

wplywac¢ na prawidtowe funkcjonowanie erytrocytow w uktadzie in vivo.
Badania szczegotowe przeprowadzone w niniejszej rozprawie doktorskiej miaty na celu:

1. Analiz¢ wptywu badanych PS-NPs na indukcje hemolizy.

2. Okreslenie oddzialywania PS-NPs na ptynnos$¢ btony erytrocytarnej oraz morfologi¢
badanych komorek.

3. Oceng¢ zmian powodowanych przez nanoczastki polistyrenu w wybranych biatkach
erytrocytarnych oraz albuminie, w tym: analiz¢ poziomu utleniania bialek blonowych
i hemoglobiny, zmian w aktywno$ci acetylocholinoesterazy, a takze zaburzen
w strukturze przestrzennej oraz utlenianiu tryptofanu w albuminie.

4. Zbadanie wplywu PS-NPs na proces eryptozy oraz okreslenie mechanizmu tego

procesu.
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MATERIALY I METODY
Material badawczy

e Materiat badawczy stanowily erytrocyty czlowieka wyizolowane z kozuszkow
leukocytarno-ptytkowych zakupionych w Regionalnym Centrum Krwiodawstwa
i Krwiolecznictwa w Lodzi, ktére posiada odpowiednig akredytacje Ministerstwa
Zdrowia (BA/2/2004). Badania zrealizowane w niniejszej pracy posiadaly zgode
komisji bioetycznej Uniwersytetu L.odzkiego Uchwata Nr 1/KEBN-UL/1/2022-23 .

e Niefunkcjonalizowane czastki polistyrenu o okreslonych przez producenta firm¢ Bangs
Laboratories (skad) $rednicach ~ 30 nm, ~ 45nm, ~ 70 nm, zakupiono w firmie
Polysciences Europe GmbH.

e Albumina surowicy czlowiecka (HSA) (czystos¢ >98%) zakupiono w firmie Sigma-
Aldrich (Saint Louis, Michigan, USA).

Przygotowanie prob

Kazdorazowo przed rozpoczegciem eksperymentu przeprowadzano izolacje erytrocytow
z kozuszka leukocytarno-ptytkowego. Erytrocyty doprowadzano do hematokrytu 5%,
a nastepniec dodawano PS-NPs o réznych $rednicach do odpowiedniego st¢zenia.
Nanoczastki byty analizowane w zakresie stgzen od 0,001 do 200 pg/ml w zaleznosci
od stosowanej metody i1 jej uwarunkowan (np. szereg metod analizowano w stezeniach

przedhemolitycznych). Schemat badan zaprezentowano na rysunku 1.

15



J

=
Z 24 godz
Dodanie do zawiesiny erytrocytow

nanoczastek polistyrenu (PS-NPs) w Inkubacja
odpowiednich stezeniach

Izolacja erytrocytow z kozuszkow leukocytarno-
plytkowych

—

—_— .

. . - Przygotowanie préb do pomiaru Wirowanie zawiesiny erytrocytéw w celu
Analiza statystyczna Pomiar préb Y9 p P usunigcia nanoczastek

Rys. 1. Schemat przygotowania eksperymentow realizowanych w pracy doktorskiej
Metody badawcze

A) Zastosowane w badaniach erytrocytow:

» Okreslenie potencjatu zeta PS-NPs w buforze Ringera pH = 7,4.

» Zbadanie stopnia  hemolizy  erytrocytow z  wykorzystaniem  metody
spektrofotometryczej.

» Ocena ptynnosci btony komorkowej erytrocytow:

e Metoda -elektronowego rezonansu paramagnetycznego z zastosowaniem
nastgpujacych  znacznikow  spinowych kwasu 5-doksylostearynowego
i 16-doksylostearynowego.

e Metodg fluorymetryczng z zastosowaniem znacznikow 1-(4-trimetyloamono-
fenylo)-6-fenylo-1,3,5-heksatrien p-toluenosulfonianu (TMA-DPH) i
1,6-difenylo-1,3,5-heksatrienu (DPH).

» Analiza ksztattu erytrocytéw za pomoca mikroskopii $wietlne;j.
» Oznaczenie lepkosci wewnatrzkomorkowej erytrocytow metoda elektronowego

rezonansu paramagnetycznego z zastosowaniem znacznika tempoaminy.
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B)

Wyznaczenie aktywnosci acetylocholinoesterazy  erytrocytarne;j metoda
spektrofotometryczng Ellmana.

Izolacja blon komorkowych erytrocytow zmodyfikowang metoda Dodge’a.

Ocena poziomu grup karbonylowych w biatkach btony erytrocytarnej za pomoca testu
fluorometrycznego (Cayman Chemical Company, Ml, USA).

Okreslenie poziomu reaktywnych form tlenu za pomoca sondy fluorescencyjnej
dioctanu 2’,7’-dichlorodihydrofluoresceiny (DCFH2-DA).

Ocena peroksydacji lipidoéw za pomoca sondy fluorecencyjnej BODIPY 581/591 C11.

Ocena eksternalizacji fosfatydyloseryny z uzyciem aneksyny V wyznakowanej
izotiocyjanianiem fluoresceiny (FITC).

Oznaczenie poziomu wewnatrzkomoérkowego wapnia za pomoca znacznika
fluorescencyjnego tj. estru fluoro-3-acetoksymetylowego (Fluo3-AM).

Okreslenie aktywnosci kaspazy-3 z wykorzystaniem substratu DEVD-FMK
sprzgzonego z izotiocyjanianem fluoresceiny (FITC).

Oznaczenie aktywnosci kalpain przy pomocy komercyjnego zestawu QIA 120.
Zastosowane w badaniach albuminy czlowieka (HSA)

Ocena wptywu roznych stezen albuminy na tworzenie si¢ korony biatkowej na PS-NPs
metoda dynamicznego rozpraszania §wiatta (DLS).

Okreslenie wplywu PS-NPs na konformacj¢ albuminy ludzkiej (HSA) metoda
dichroizmu kotowego (CD).

Analiza widm fluorescencji tryptofanowej albuminy cztowieka poddanej
oddziatywaniu PS-NPs.

Analiza kinetyki zaniku fluorescencji tryptofanowej albuminy po dziataniu PS-NPs.
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OMOWIENIE PRAC WCHODZACYCH W SKLAD
ROZPRAWY DOKTORSKIEJ

Cykl publikacji wchodzacych w sktad niniejszej rozprawy doktorskiej otwiera praca
przegladowa ,,Important Factors Affecting Induction of Cell Death, Oxidative Stress and DNA
Damage by Nano- and Microplastic Particles In Vitro” opublikowana w czasopismie Cells.
W pracy tej omowiono czynniki zwigkszajace toksyczno$¢ mikro i nanoplastikow w badaniach
in vitro, w odniesieniu do zywotnosci komoérek, réznych rodzajow $mierci komorkowe;,
indukcji reaktywnych form tlenu (ROS) oraz genotoksycznosci. Dokonujac przegladu literatury
skupiono si¢ na szeregu czynnikow, do ktorych naleza te zwigzane z czastkami plastiku:
rozmiar czgstek, ich stezenie, czas ekspozycji, wartos¢ potencjatu zeta, a takze obecnos$¢ grup
funkcyjnych, czy czynniki srodowiskowe, jak i te zwigzane z rodzajem komoérek uzywanych
w badaniach (linie komérkowe nowotworowe lub pierwotne, komorki krwi).

Powyzsze czynniki zostaly omowione w aspekcie ich wptywu na indukcj¢ réznych
rodzajow $mierci komoérkowej tj. zardGwno nieprogramowanej $mierci komoérkowej (nekrozy
I hemolizy) jak i programowanej $mieré¢ komorkowej (autofagii, apoptozy i ferroptozy).
Przeanalizowano takze wplyw réznych czynnikéw zmieniajacych toksycznos$¢ nanoczastek
w odniesieniu do indukcji stresu oksydacyjnego poprzez wzrost poziomu reaktywnych form
tlenu oraz zmiany aktywnosci enzymow antyoksydacyjnych i poziomu niskoczgsteczkowych
antyoksydantow w komorkach. Analiza przegladowa dotyczyla roéwniez ich dziatania
genotoksycznego obejmujacego jedno- i dwuniciowe uszkodzenia DNA oraz oksydacyjne
zmiany zasad purynowych i pirymidynowych.

Na podstawie przeanalizowanych badan in vitro stwierdzono, Ze najwazniejszym
czynnikiem decydujacym o toksyczno$ci mikro i nanoplastikow jest wielkos$¢ czastek plastiku
(Rys. 2). Wptywa ona na szybsze przenikanie do komorek czastek mniejszych, a takze na ich
zwigkszong reaktywno$¢, ktéra zwigzana jest z wigkszym stosunkiem powierzchni
do objetosci. Na wzrost toksycznosci nanoczastek polistyrenu wptywa zardwno czas narazenia
komorek jak i stezenie zastosowanych nanoczastek, a takze obecno$¢ grup funkcyjnych
nadajacych nanoczastkom tadunek powierzchniowy decydujacy o oddzialtywaniu z blong
komorkowg. Nanoczastki o dodatnim potencjale zeta s3 bardziej -cytotoksyczne
niz te o ujemnym potencjale zeta, poniewaz btony komoérkowe majg tadunek ujemny, a to
decyduje o rodzaju oddzialywania. Stwierdzono rowniez, ze wystepowanie korony biatkowe;j
na nanoczastkach istotnie nasila hemolize erytrocytow. Toksyczno$¢ nanoczastek wzrasta takze

po naswietleniu ich promieniowaniem UV, ktore powoduje zmniejszenie wielko$ci nanoczgstek
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plastiku  oraz  tworzenie réznych grup funkcyjnych na ich  powierzchni.
Wykazano réwniez, ze komorki prawidtowe sg bardziej wrazliwe na czastki plastiku niz
komorki nowotworowe. Co wigcej czastki plastiku pokryte korong biatkowa np. biatkami

osocza charakteryzujg si¢ wigksza cytotoksycznoscia.
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Rys. 2. Czynniki wplywajace na toksycznos$¢ nano- i mikroczastek plastiku w badaniach
in vitro (na podstawie Pluciennik i wsp., 2024).

W zwiagzku z tym, ze wielko$¢ czastek jest gtdéwnym czynnikiem odpowiadajacym
za ich toksyczno$¢ w badaniach in vitro, do realizacji czgéci eksperymentalnej pracy doktorskiej
wybrano PS-NPs w trzech réznych rozmiarach: ~30 nm, ~45 nm i ~70 nm,
co pozwolito na ocene zaleznosci pomigdzy rozmiarem a toksyczno$cig w obrgbie nanoskali.
Czg$¢ eksperymentalna prezentowanej rozprawy doktorskiej zostala opisana w dwoch
opublikowanych pracach doswiadczalnych i trzeciej wystanej do czasopisma Nanotoxicology.

Pierwsza z publikacji pt. ,, The effects of non-functionalized polystyrene nanoparticles
with different diameters on human erythrocyte membrane and morphology ” opublikowana
w czasopismie Toxicology in vitro miata na celu okreslenie wptywu PS-NPs na hemolize

erytrocytow, ich morfologie¢ oraz ptynnos¢ btony komorkowe;.
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Do badan wybrano niefunkcjonalizowane komercyjnie produkowane do celéw naukowych
czastki polistyrenu o $rednicach ~30 nm, ~45 nm i ~70 nm. Poczatkowym etapem badan byto
okreslenie stopnia hemolizy erytrocytow po 24 godzinnej inkubacji komoérek z nanoczastkami.
Aktywnos$¢ hemolityczng czastek plastiku badano w szerokim zakresie stezen od 0,001 do 200
ug/ml obejmujgcym takze maksymalne stezenie wykryte we krwi cztowieka wynoszace 4,8
ug/ml (Leslie et al., 2022). Statystycznie istotny wzrost stopnia hemolizy zaobserwowano dla
nanoczastek we wszystkich badanych $rednicach, ale tylko przy najwigkszych st¢zeniach tj.
100 pg/ml i 200 pg/ml. Wykazano istotne statystycznie réznice pomigdzy hemoliza
indukowang przez nanoczastki 0 réznych s$rednicach. Stwierdzono, ze najwicksza hemolizg
powodowaty najmniejsze z badanych nanoczastek polistyrenu o $rednicy wynoszacej ~30 nm.
Dane uzyskane z badania hemolizy pozwolily
na okreslenie st¢zen przedhemolitycznych, ktore zostaly uzyte w kolejnych eksperymentach.
Stosujac metode elektronowego rezonansu paramagnetycznego (EPR) oraz metode
fluorymetryczng dokonano analizy ptynnosci roznych regionow dwuwarstwy fosfolipidowe;j
blony komorkowej erytrocytow czlowieka po 24-godzinnej inkubacji z PS-NPs.
Badania te prowadzono w zakresie przedhemolitycznych stezen od 0,001 do 10 ug/ml.
W metodzie EPR wykorzystano dwa znaczniki lokujgce si¢ na réznych glebokosciach blony
komorkowej, kwas 5-doksylostearynowy (5-DSA) oraz kwas 16-doksylostearynowy.
Natomiast w przypadku metody fluorymetrycznej wykorzystano znaczniki TMA-DPH i DPH,
lokujace si¢ w zblizonych rejonach btony komdérkowej erytrocytéw do tych uzytych w metodzie

EPR (rys. 3).

TMA-DPH
DPH
5-DSA

Q™
O~
O™~

Rys. 3. Miejsce lokowania si¢ poszczegolnych znacznikow fluorymetrycznych i spinowych
w blonie komorkowej erytrocytow (opracowano na podstawie Pluciennik i wsp., 2023).

W ptytkich regionach dwuwarstwy fosfolipidowej jakimi sg szkielet glicerolowy i gérne

segmenty lancuchow acylowych fosfolipidow zaobserwowano istotny statystycznie wzrost
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parametru S wyznaczonego dla znacznika 5-DSA (kwas 5-doksylostearynowy), lokujacego
si¢ na poziomie 5 atomu wegla tancucha kwaséw thuszczowych. Roéznice byty istotne
statystycznie dla nanoczastek o $rednicy ~30 nm i ~45 nm od stezenia 0,1 pg/ml,
zas dla najwigkszych badanych czastek (~70 nm) od stezenia 0,001 pg/ml.
W badaniach wykonanych metodg fluorymetryczng nie zaobserwowano jednak zmian
anizotropii fluorescencji dla znacznika TMA-DPH. Z kolei w przypadku glebokich regionéw
hydrofobowych blony komorkowej erytrocytoéw zaobserwowano zmiany w przypadku
zastosowania ~ zarowno  znacznika spinowego jak i sondy fluorescencyjnej.
Dla znacznika spinowego, kwasu 16-doksylostearynowego, ktory lokuje si¢ na poziomie 16-
atomu wegla lancucha kwasow tluszczowych wyznaczono czasy korelacji: 18 |1 1c,
ktérych wydtuzenie, $wiadczace o usztywnieniu btony komérkowej w rdzeniu hydrofobowym
erytrocytow zaobserwowano w przypadku narazenia na wszystkie badane nanoczasteki
polistyrenu. Istotne statystycznie zmiany wartosci czasu korelacji 8 wystepowaty odpowiednio
dla PS-NPs o érednicy ~30 nm od stezenia 0,001 pg/ml, dla ~45 nm od st¢zenia 0,01 pg/ml
i ~70 nm od stgzenia 0,1 pg/ml. Natomiast w przypadku czasu korelacji tc dla czastek
o $rednicy ~30 nm i ~45 nm od stezenia 1 pug/ml, a dla najwigckszych badanych czastek
w stezeniach 0,001 i 0,1 ug/ml. Z kolei w przypadku metody fluorymetrycznej dla znacznika
DPH, istotny statystycznie wzrost anizotropii fluorescencji wykazano dla czgstek o srednicy
~30 i ~70 nm od stezenia 0,01 pg/ml. W przypadku czastek o $rednicy ~45 nm istotny
statystycznie wzrost anizotropii fluorescencji zaobserwowano juz od st¢zenia 0,1pg/ml.

W ostatnim etapie pracy za pomoca mikroskopii optycznej oceniono réwniez wpltyw
PS-NPs na ksztalt erytrocytow. Zaobserwowano istotny statystycznie spadek procentowy
dyskocytow.  Towarzyszyt temu  jednoczesny  wzrost odsetka  stomatocytow.
Zmiany te wystepowaty dla nanoczastek o $rednicy ~70 nm juz od najnizszego badanego
stezenia 0,001 ug/ml. Z kolei dla mniejszych PS-NPs o $rednicy ~45 nm odpowiednio
od stezenia 0,01 pg/ml i 0,1 pg/ml, zas dla najmniejszych nanoczastek (~30 nm).
Powstawanie stomatocytow pod wplywem nanoczastek plastiku wskazuje na zmiany
w wewnetrznej monowarstwie btony komorkowej erytrocytéw przy bardzo matych stezeniach
badanych nanoczastek. Przy niskich stezeniach nanoczastek, dzigki wigkszej mobilnosci
1 mniejszej] agregacji, moga oddzialywa¢ z wewnetrzng monowarstwa, co prowadzi
do wzglednego zwigkszenia powierzchni tej monowarstwy i powstawania stomatocytow.
Zjawisko to odzwierciedla klasyczny mechanizm bilayer-coupling wyjasniajacy,
jak réznice w powierzchni dwoch monowarstw btony komoérkowej prowadza do zmiany

ksztattu komorki.
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Kolejny etap badan, ktory zostat zwienczony praca pt. ,, The interactions of non-
functionalized polystyrene nanoparticles with human albumin and erythrocyte proteins:
implications and potential consequences” opublikowanej w czasopismie Scientific Reports
miat na celu zbadanie wptywu nanoczastek polistyrenu na albumine surowicy cztowieka (HSA)
bedaca gldownym biatkiem osocza oraz na biatka erytrocytow w uktadzie in vitro, co pozwolito
na tgczng analiz¢ dwoch uzupehiajgcych sie systemoéw biologicznych. Albumina odgrywa
kluczowa role w utrzymaniu integralnosci strukturalnej i funkcjonalnej erytrocytow,
szczegblnie w ich bezposrednim srodowisku, czyli osoczu. Jest to najliczniej wystepujace
biatko w osoczu, niezbedne do zachowania dwuwklestego ksztattu czerwonych krwinek,
co jest kluczowe dla zachowania ich odksztalcalnoS$ci i przenikania przez naczynia wlosowate
wlosowate (Kamada et al., 1988; Van De Wouw and Joles, 2022). Stwierdzono, ze krystaliczna
albumina surowicy bydlecej zwigksza odpornos$¢ erytrocytow na uszkodzenia mechaniczne
i chroni przed hemoliza oksydacyjna lub fizycznag (Williams, 1973).

Ze wzgledu na to, ze biatka adsorbujace si¢ na powierzchni czastek plastiku zmieniajg
ich wlasciwosci biologiczne, utatwiajac translokacje tych czastek z krwioobiegu do narzadéw
oraz wydhuzajac czas ich utrzymywania si¢ w krazeniu, oceniono proces tworzenia si¢ korony
biatkowej HSA na nanoczastkach polistyrenu. W tym celu zostaly wykorzystane metody:
dynamicznego rozpraszania §wiatlta, dichroizmu kotowego i spektroskopii fluorescencyjne;.

Metoda dynamicznego rozpraszania swiatta (DLS) wykazano tworzenie si¢ korony
biatkowej HSA na nanoczastkach polistyrenu. Dla nanoczastek o $rednicy ~45 nm w obecnosci
albuminy ludzkiej w stezeniu 50 pg/ml $rednica hydrodynamiczna wynosita 52 = 20 nm,
a przy stezeniu HSA 150 pg/ml $rednica wzrosta do 136 £ 40 nm. Natomiast $rednica tych
nanoczastek oznaczona bez albuminy jak i z albuming w stgzeniu 10 pug/ml wynosita
33 + 6 nm. W przypadku najwigkszych z badanych nanoczastek o $rednicy deklarowanej przez
producenta wynoszacej ~70 nm, pomiar $rednicy hydrodynamicznej czastek bez albuminy
wskazat §rednice 60 = 10 nm, z kolei z albuming w stezeniu 10 pg/ml bylo to 74 £ 16 nm.
Natomiast przy stgzeniu albuminy 50 pg/ml obserwowano dwie populacje nanoczastek
o rozktadzie wielkosci 70 = 10 nm i 228 £ 50 nm. Pomiar $rednicy hydrodynamicznej
dla stezenia 150 pg/ml nie byl mozliwy ze wzgledu na tworzace si¢ agregaty.
Zaobserwowany w tym badaniu wzrost srednicy hydrodynamicznej §wiadczy o tworzeniu si¢
korony biatkowej z HSA na nanoczastkach polistyrenu o $rednicy ~45 nm i ~70 nm, co jest
zwigzane z wigksza powierzchnig catkowita oraz wieksza krzywizng tych nanoczastek

w stosunku do nanoczastek o srednicy ~30 nm. Wynika¢ to moze takze z korzystniejszej energii
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adsorpcji na wigkszych PS-NPs, co umozliwia skuteczniejsze przytaczanie si¢ biatek do tych
nanoczastek plastiku.

W zwigzku z tym w kolejnym etapie badan przy wykorzystaniu metody dichroizmu
kotowego okre$lono zmiany w strukturze przestrzennej albuminy po inkubacji
z nanoczastkami. Zaobserwowano zmiany struktury drugorzedowej tego biatka pod wplywem
nanoczastek we wszystkich testowanych srednicach (~30 nm, ~45 nm i1 ~70 nm) w dwdéch
najwyzszych badanych stezeniach, 50 pg/ml i 100 pg/ml. Okre$lenie sktadu struktury
drugorzgdowej wykazato, ze PS-NPs powodowaty spadek zawartosci a-helisy, nieznaczny
wzrost zawartosCi  PB-harmonijki, a takze wzrost zawartosci zwojow losowych.
Powyzsze zmiany w strukturze drugorzedowej zgodnie z danymi literaturowymi (Kihara et al.,
2019) wskazuja na tworzenie si¢ twardej korony biatkowej na nanoczastkach polistyrenu.

Oddziatywanie niefunkcjonalizowanych PS-NPs z albuming ludzka (HSA) okreslono
takze za pomocg metod fluorescencyjnych. Wykonano widma emisji fluorescencji HSA oraz
dokonano analizy kinetyki zaniku fluorescencji, co pozwolito zaobserwowac zarowno wzrost
fluorescencji pochodzacej od tyrozyny i tryptofanu w albuminie ludzkiej, jak i wydtuzenie
czasOw zycia stanow wzbudzonych tych aminokwaséow aromatycznych w albuminie
inkubowanej z nanoczgstkami polistyrenu. Oba efekty zostaly zaobserwowane dla nanoczgstek
polistyrenu o $rednicach ~30 nm i ~45 nm, przy czym wigksze oddziatywanie zostato
zaobserwowane dla najmniejszych z badanych nanoczastek.

Zatem uzyskane wyniki wskazuja na zmiany w strukturze albuminy w uktadzie in vitro
pod wptywem PS-NPs, ktore w przeniesieniu na uktad in vivo mogg mie¢ istotne znaczenie
prowadzace do ograniczenia funkcji ochronnych tego biatka wobec erytrocytow.
Prawdopodobnie PS-NPs poprzez modyfikacje struktury albuminy moga posrednio nasila¢
uszkodzenia erytrocytow wywolane przez nanoplastik in vivo. Zmiany w strukturze biatka
moga bowiem prowadzi¢ do jego denaturacji 1 w konsekwencji do destabilizacji blony
komorkowej erytrocytow.

W drugiej czesci pracy okreslono wptyw PS-NPs na biatka erytrocytarne. Okre§lono
mikrolepko§¢  wnetrza  erytrocytow,  utlenianie  hemoglobiny i aktywno$¢
acetylocholinoesterazy erytrocytarnej, oraz zbadano poziom grup karbonylowych w biatkach
btony erytrocytarnej. Ocena mikrolepkosci wewnetrznej erytrocytow wykazata, ze wszystkie
badane PS-NPs po 24-godzinnej inkubacji z erytrocytami powoduja wzrost wzglednej
mikrolepko$ci. Zmiany mikrolepkosci wnetrza erytrocytéw dla najmniejszych z badanych
nanoczastek (~30 nm) zaobserwowano juz od stezenia 0,1 pg/ml, z kolei dla pozostatych

badanych NPs od stezenia 1 pg/ml. Moze $wiadczy¢ to o interakcji PS-NPs z gtownym biatkiem
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tych komorek, ktéorym jest hemoglobina, co w rezultacie prowadzi do reorganizacji
cytoszkieletu, czego konsekwencja jest tworzenie si¢ stomatocytow, obserwowanych
w pierwszej pracy. Dokonano rowniez analizy utleniania hemoglobiny do methemoglobiny,
w erytrocytach wystawionych na dziatanie PS-NPs w zakresie stgzen 0,001-100 pg/mi
przez 24 godziny. Nie stwierdzono utleniania tego bialka co przyczyniatoby si¢ do usuwania
erytrocytow z krwioobiegu. Po 24 godzinnej inkubacji erytrocytow z PS-NPs w zakresie stezen
0,001-100 pg/ml nie zaobserwowano z kolei zmian aktywnos$ci acetylocholinoesterazy
erytrocytarnej bedacej biomarkerem integralnosci blony komoérkowej erytrocytéw
oraz starzenia si¢ tych komorek. Zaobserwowano z kolei zalezne zaréwno od st¢zenia,
jak 1 $rednicy PS-NPs zwigkszenie zawartosci grup karbonylowych w biatkach btony
erytrocytarnej po 24 godzinnej inkubacji z nanoczastkami polistyrenu. Stwierdzono ze PS-NPs
o najmniejszej $rednicy (~ 30 nm) indukowaly zmiany istotne statystycznie w stgzeniach
10 pg/ml 1 100 pg/ml, natomiast nanoczastki o Srednicach ~45 nm i1 ~70 nm tylko
W najwyzszym st¢zeniu wynoszacym 100 pug/ml. Prawdopodobny wzrost zawarto$ci grup
karbonylowych w biatkach blony erytrocytarnej zwiazany jest z naciskiem czastek na blong
komorkowa erytrocytow, co wigze si¢ takze ze zmiang pltynnosci ich blony komorkowej
jak i zmianami morfologii tych komorek.

Dotychczasowe badania sugeruja, ze wybrane ksenobiotyki oraz dodatki do tworzyw
sztucznych mogg indukowaé eryptozg¢ czyli programowang $mier¢ krwinek czerwonych.
Zjawisko to ma szczegoOlne znaczenie toksykologiczne, poniewaz zmiany W podatno$ci
na utlenianie, rownowadze jonowej i integralnosci btony erytrocytow moga przyczyniac si¢
do dysfunkcji krazeniowych, przewleklego stanu zapalnego 1 zaburzen mikrokrazenia.
Z tego wzgledu w niniejszej rozprawie podjeto si¢ okreslenia wptywu PS-NPs na ten proces,
a uzyskane wyniki przedstawiono w manuskrypcie pracy: Polystyrene nanoparticles and death
of erythrocytes: does exposure induce eryptosis? wystanej do recenzji w czasopismie
Nanotoxicology.

Programowana $mier¢ komorkowa w przypadku erytrocytow, ktore sg komodrkami
nie posiadajagcymi jadra i innych organelli komérkowych, nie moze przebiega¢ na skutek
apoptozy. Komorki te wyksztatcity wiasny rodzaj smierci komérkowej jakim jest eryptoza.
Proces ten charakteryzuje si¢ przede wszystkim wzrostem wewngtrzkomorkowego poziomu
jondw wapnia, co przyczynia sie¢ do wycieku jonow K* z erytrocytow, a takze eksternalizacji
fosfatydyloseryny. Od poziomu jonéw Ca?* zalezna jest takze aktywacja proteazy cysteinowej-

kalpainy-1, ktora w procesie eryptozy moze przyczynia¢ si¢ do rozpadu cytoszkieletu.
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Proces ten niezalezne od jonow wapnia moze zosta¢ uruchomiony takze przez ROS,
ktore aktywujg kaspaze-3, a to prowadzi do eksternalizacji fosfatydyloseryny (Tkachenko et

al., 2025) (rys. 4).

*s *e Kurczenie sie komorek
Fagocytoza Fagocytoza K*
@
o © @
1) @ % ® ®
@ @ @
Eksternalizacja e Eksternalizacja )
fosfatydyloseryny fosfatydyloseryny
Qa0 " 000

© E ] g
-] 3 cox 1] g
= z & 3
E ] (e B
000 000 -
sol | 1

] ]

@
I__T o (m) P0® ®
O] — e ® @
ca2+ CaZi-

L

Rys. 4. Szlaki eryptozy (w oparciu o prace Tkachenko et al., 2025).
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W celu okreslenia czy eryptoza jest indukowana przez PS-NPS oznaczano wcze$niej
omawiane parametry wykorzystujagc odpowiednie znaczniki fluorescencyjne. Poziom
reaktywnych form tlenu zbadano za pomoca sondy fluorescencyjnej dioctanu
2°,7’-dichlorodihydrofluoresceiny (H2DCF-DA), peroksydacj¢ lipidow oceniono przy uzyciu
znacznika BODIPY 581/591 C11, oceniono eksternalizacj¢ fosfatydyloseryny przy uzyciu
aneksyny V wyznakowanej izotiocyjanianiem fluoresceiny (FITC), z kolei poziom wapnia
wewnagtrzkomorkowego 0znaczono stosujac znacznik fluorescencyjny Fluo3-AM, natomiast
aktywnos$¢ kaspazy-3 zbadano przy uzyciu testu z substratem specyficznym dla kaspazy-3
— DEVD-FMK sprzgzonym z izotiocyjanianem fluoresceiny (FITC), a aktywnos¢ kalpain
oznaczono przy pomocy komercyjnego zestawu QIA 120 z wykorzystaniem znacznika
fluorescencyjnego 7-amino-4-metylokumaryny (AMC).

Uzyskane wyniki wskazuja, ze 24-godzinna inkubacja erytrocytow z PS-NPs
o $rednicach ~30 nm, ~45 nm i ~70 nm nie powodowatla istotnych statystycznie zmian
w poziomie reaktywnych form tlenu wzgledem kontroli, co moze by¢ zwigzane z budowa tych
komorek, ktore pozbawione sg mitochondriéow, 1 w zwigzku z tym mogg by¢ mniej podatne

na mechanizmy oksydacyjnych uszkodzen niz komorki jadrzaste. Mimo braku zmian
w poziomie ROS, zaobserwowano istotny statystycznie wzrost peroksydacji lipidow

pod wplywem nanoczastek o $rednicach ~30 nm 1 ~70 nm w st¢zeniach 50 i 100 pg/ml,
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a dla nanoczastek o $rednicy ~45 nm przy najwyzszym badanym stgzeniu, przy czym
najmniejsze nanoczastki najbardziej zwigkszaty peroksydacje lipidow.

Jednym ze wskaznikow eryptozy jest ecksternalizacja  fosfatydyloseryny.
Wzrost tego parametru moze by¢ obserwowany zaréwno w zwigzku z podwyzszeniem poziomu
wewnatrzkomoérkowych jonéw Ca?* jak i aktywacja kaspazy-3. W niniejszej pracy istotny
statystycznie wzrost tego wskaznika zaobserwowano jedynie w przypadku PS-NPs o $rednicy
~30 nm przy najwyzszym stezeniu 100 pg/ml, w zwigzku z czym zmiany te moga by¢ zwigzane
z hemolityczng dezintegracja blony komodrkowej a nie bezposrednio z procesem eryptozy.
Przy tym stezeniu obserwowano juz ponad 10% hemolizy (Pluciennik et al., 2023).
Zaobserwowano takze wzrost poziomu wewnatrzkomorkowych jonéw wapnia Ca?*,
ktory wystepowal w hemolitycznym stezeniu 100 pg/ml w przypadku nanoczastek o srednicy
~30 nm i ~45 nm. Podobnie jak w przypadku eksternalizacji fosfatydyloseryny zmiany te mogty
by¢ zwigzane z hemoliza. Nie wykazano aktywacji kaspazy-3. Przedstawione wyniki wskazuja
na brak indukcji eryptozy przez PS-NPs we wszystkich badanych $rednicach w zakresie
przedhemolitycznych stezen. Zaobserwowano natomiast wzrost aktywnosci kalpainy-1,
w niskich przedhemolitycznych stezeniach PS-NPs tj. od 1 do 50 pg/ml, co moze wigzac si¢
z zaburzeniami strukturalnymi w blonie erytrocytow powodowanymi przez te nanoczastki
(praca pierwsza do$wiadczalna). W literaturze takze podkresla sie, ze PS-NPs moga fizycznie
oddzialywa¢ z blong poprzez adsorpcje, cze¢sciowe wnikanie w dwuwarstwe lipidowa
lub generowanie lokalnych naprezen (Holloczki and Gehrke, 2019; Lazarski et al., 2025).
Tego typu mechaniczna interakcja moze prowadzi¢ do mikrodefektow cytoszkieletu erytrocytu.
Natomiast kalpainy jako proteazy o wysokiej wrazliwo$ci na zaburzenia organizacji
cytoszkieletu prawdopodobnie moga by¢ uwrazliwione na aktywacj¢ w warunkach
odksztalcenia btony (np. reorganizacje¢ ankiryny lub spektryny), co obniza prog aktywacji
wapniowej (Suzuki and Sorimachi, 1998; Von Reyn et al., 2012; Wieschhaus et al., 2012).

Podsumowujac brak zmian w parametrach charakteryzujacych indukcje eryptozy
tj. poziomu reaktywnych form tlenu (ROS) i Ca?', aktywnosci kaspazy-3 i eksternalizacji
fosfatydyloseryny (PS) sugeruje brak zachodzenia eryptozy w stezeniach przedhemolitycznych
niezaleznie od ich stgzenia i $rednicy. Natomiast wzrost aktywnosci kalpain dotyczy

prawdopodobnie mikromechanicznej odpowiedzi cytoszkieletu na oddzialywanie nanoczastek.
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PODSUMOWANIE

e Badane nanoczastki polistyrenu (PS-NPs) o $rednicach ~30 nm, ~45 nm i ~70 nm powoduja

wzrost hemolizy erytrocytow cztowieka zalezny od wielko$ci czastek.

e PS-NPs przyczyniaja si¢ do usztywnienia blony komodrkowej erytrocytéw w regionach

hydrofobowych dwuwarstwy lipidowej.

e Obserwowano powstawanie stomatocytéw, co wskazuje na wpltyw PS-NPs na wlasciwosci

reologiczne krwinek czerwonych.

e PS-NPs nie indukujg wzrostu poziomu reaktywnych form tlenu ani utleniania hemoglobiny

wewnatrz erytrocytow.

e PS-NPs powoduja utlenianie biatek i lipidow bton erytrocytarnych w bardzo wysokich

stezeniach natomiast nie wplywajg na aktywnos$¢ btonowej acetylocholinoesterazy.
e PS-NPs w stezeniach przedhemolitycznych nie indukujg eryptozy.

e Prawdopodobnie PS-NPs dzialaja mechanicznie na btong erytrocytu, prowadzac do zmian
w cytoszkielecie manifestujacych si¢ zwiekszong aktywnoscia kalpain juz przy stezeniu

PS-NPs 1 pg/mL.

e (Oddziatywanie PS-NPs z albuming manifestuje si¢ zmiang struktury drugorzgdowej biatka
oraz wydtuzeniem czasow zycia fluoresencji HSA, ktore sg zalezne od wielkosci PS-NPs.
Zmieniona albumina przez PS-NPs moze prawdopodobnie wptywaé na prawidlowe

funkcjonowanie erytrocytow w uktadzie in vivo.
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WNIOSKI

1. Niefunkcjonalizowane PS-NPs wywieraja szkodliwy wptyw na erytrocyty czlowieka,
prowadzac do hemolizy =zaleznej od wielkosci nanoczastek oraz do zmian
we wlasciwosciach mechanicznych blony komorkowej, takich jak jej usztywnienie

i zaburzenia reologiczne.

2. PS-NPs nie wykazuja bezposrednich wlasciwosci prooksydacyjnych wobec hemoglobiny
ani nie zwigkszaja poziomu reaktywnych form tlenu, jednak przy wysokich stezeniach

indukujg peroksydacje lipidéw oraz utlenianie biatek btonowych.

3. Nanoczastki polistyrenu nie inicjuja eryptozy w stezeniach przedhemolitycznych,
lecz wywoluja subtelne zmiany strukturalne blony, prawdopodobnie o charakterze
mechanicznym, co potwierdza zwigkszona aktywnos$¢ kalpain juz przy niskich st¢zeniach

ekspozyciji.

4. Na niefunkcjonalizowanych PS-NPs tworzy si¢ stabilna korona biatkowa z albuminy, ktora
ulega modyfikacjom strukturalnym pod wplywem interakcji z PS-NPs, co potwierdzaja
zmiany w strukturze drugorzedowej albuminy oraz w czasie Zycia fluorescencji jej

aminokwasow aromatycznych.
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Abstract: We have described the influence of selected factors that increase the toxicity of nanoplastics
(NPs) and microplastics (MPs) with regard to cell viability, various types of cell death, reactive oxygen
species (ROS) induction, and genotoxicity. These factors include plastic particle size (NPs/MPs), zeta
potential, exposure time, concentration, functionalization, and the influence of environmental factors
and cell type. Studies have unequivocally shown that smaller plastic particles are more cytotoxic,
penetrate cells more easily, increase ROS formation, and induce oxidative damage to proteins, lipids,
and DNA. The toxic effects also increase with concentration and incubation time. NPs with positive
zeta potential are also more toxic than those with a negative zeta potential because the cells are
negatively charged, inducing stronger interactions. The deleterious effects of NPs and MPs are
increased by functionalization with anionic or carboxyl groups, due to greater interaction with cell
membrane components. Cationic NPs/MPs are particularly toxic due to their greater cellular uptake
and/or their effects on cells and lysosomal membranes. The effects of polystyrene (PS) vary from one
cell type to another, and normal cells are more sensitive to NPs than cancerous ones. The toxicity
of NPs/MPs can be enhanced by environmental factors, including UV radiation, as they cause the
particles to shrink and change their shape, which is a particularly important consideration when
working with environmentally-changed NPs/MPs. In summary, the cytotoxicity, oxidative properties,
and genotoxicity of plastic particles depends on their concentration, duration of action, and cell type.
Also, NPs/MPs with a smaller diameter and positive zeta potential, and those exposed to UV and
functionalized with amino groups, demonstrate higher toxicity than larger, non-functionalized and
environmentally-unchanged particles with a negative zeta potential.

Keywords: cytotoxic; DNA damage; functionalization; oxidative stress; UV radiation; zeta potential

1. Introduction

Plastic production has remained at a high level since 2000, with a global production of
400.3 million tons in 2022 [1]. As waste management is currently insufficient, with only 9%
of material being recycled and 12% incinerated, most plastics end up as waste in the natural
environment [2], where they are exposed to inter alia UV radiation, mechanical abrasion,
temperature or biological agents. As a result, the plastics are degraded to microparticles
(MPs) smaller than <5000 pm, and then to nanoparticles (NPs) smaller than 1 um [2,3].
Approximately 90% of the total amount of plastics consists of high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polyvinyl chloride (PCV), polystyrene (PS),
polypropylene (PP), and polyethylene terephthalate (PET) [4]. Of these, polystyrene parti-
cles are the most commonly used in in vitro studie because they are commercially available
from various manufacturers, such as Bangs Laboratories (Fishers, IN, USA), Kisker Biotech
(Steinfurt, Germany), and Alpha Nanotech Inc. (Vancouver, BC, Canada) [5].
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MPs and NPs are widespread throughout the environment and pose a potential threat
to living organisms. They have been found to enter living organisms and accumulate in the
trophic chain [6-8]. Due to their persistent nature, MPs and NPs can accumulate in various
organs and tissues and may induce the long-term development of various diseases. Clearly,
the toxic effects of NPs/MPs require further research, especially in regard to human health.

A number of studies have indicated the presence of MPs in humans, but unfortunately,
little data have been acquired regarding NPs. Nevertheless, MPs have been detected in
human stool [9], urine [10], sputum [11], and lung sections [12]. They have also been
found in the male reproductive system [13] and in human blood [14]. Other reports
have mentioned a higher number of MPs in the tumor tissue of patients with colorectal
adenocarcinoma [15].

Only one study to date has assessed the level of NPs in the human body. Blood samples
from 196 subjects, a mixture of healthy donors and patients, were found to contain NPs [16].
The mean NP concentration was 667 events/uL in healthy donors (n = 37). Among
the patients, the highest level was found in those with acute lymphoblastic leukemia
(n = 46, m = 648.3 events/uL) and the lowest in patients with type 1 diabetes (n = 10,
m = 368.2 events/uL).

Studies have shown that due to their accumulation in cells and tissues, NPs/MPs
can induce cytotoxicity [17], oxidative stress [18], genotoxicity [19], inflammation [20],
and neurotoxicity [21], among others [22,23]. Hence, the aim of the present work was to
describe the factors that increase the cytotoxicity of plastic NPs/MPs in vitro, with regard
to cell viability, cell death, reactive oxygen species (ROS) induction, and genotoxicity. It
focuses on the size, zeta potential, exposure time, concentration, and functionalization of
the particles, as well as the influence of environmental factors and target cell type. Most of
the reviewed studies were published from 2019 to 2024. They were identified by searches
of Elsevier, Frontiers, PubMed, and Springer databases, as well as Google Scholar.

2. Effects of Plastic Particles on Cells
2.1. Plastic Particles Penetrate Cells

Numerous studies have indicated that NPs/MPs have cytotoxic effects against various
cell types. These particles have been found to penetrate the cell, and this correlates with
their cytotoxic effects. Studies based on fluorescent polystyrene NPs found that their
penetration into the cells depended on their concentration; particles with a diameter of
0.04-0.09 pm penetrated 59% of Caco-2 cells at a concentration of 25 pug/mL, and 86% of
cells at a concentration of 100 pg/mL [24].

Other studies have identified effective cellular uptake of fluorescent NPs/MPs with
diameters ranging from 200 nm to 6 um. Schmidt et al. [25] found a higher relative accu-
mulation of smaller particles compared to larger particles, and polystyrene NPs (PS-NPs)
accumulated mainly in the cytoplasm around the cell nucleus. Microscope observation [26]
found the lysosomal membrane in HT29 cells to be more permeable to smaller MPs, i.e.,
with a diameter of 3 um, than those with a diameter of 10 um. In contrast, another study
showed that PS-NPs with a size of 50 nm were internalized by human HepG2 cells and
localized intracellularly, especially in the lysosomal compartment [27].

Annangi et al. [28] reported the uptake and intracellular localization of 50 nm and
500 nm diameter PS-NPs at 100 pug/mL after 24 h incubation in primary human nasal
epithelial cells. Confocal microscopy identified a greater internalization of PS of 50 nm
compared to PS of 500 nm, indicating that the effect was dependent on particle size.
The authors indicate that the process of internalization was similar to phagocytosis, and
that the PS particles entered the nucleus, inhibiting cell proliferation and inducing cell
apoptosis [28].
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2.2. Cytotoxicity—Plastic Particles Decreased Cell Viability and Their Metabolic Activity

Cytotoxicity is the ability of a specific agent to disturb the functioning of cells, i.e., to
damage or destroy them, by disturbing the continuity of cell membranes or the cytoskeleton,
or by disturbing the processes of metabolism and cell division, among others [29].

2.2.1. Plastic Particles with Smaller Size, Higher Concentration, and Longer Exposure Time
Are More Cytotoxic

Studies indicate that the cytotoxicity of plastic NPs is associated with their size,
concentration, and time of action, irrespective of target cell type.

Visalli et al. [26] assessed the effect of 3 pm and 10 um diameter PS particles on the
viability of HT-29 intestinal epithelial cells after 24 h of incubation using the MTT assay. At
concentrations of 100~1600 particles mL ™!, the microparticles showed moderate cytotoxicity.
Smaller particles were shown to be more cytotoxic. At the tested concentrations, cell
mortality rates were between 6.7% and 21.6% for the 10 um PS, and between 6.1% and
29.6% for the 3 um PS. Yan et al. [30] evaluated the effect of 20 nm and 1 pm PS-NPs on
the viability of AGS gastric adenocarcinoma cells after 24 h of incubation. The MTT test
confirmed that at 10 pg/mL, the NP treatment resulted in lower cell viability, while the MP
treatment did not. Clearly, the cytotoxicity of NPs/MPs depends on their size.

Another study [31] examined the effects of polystyrene (PS) MPs measuring 3 pm and
PS-NPs of 20 nm and 80 nm, at a concentration range of 0.001-100 ug/mL, on CT26.WT
mouse colon cancer cells using the Cell Counting Kit-8 (CCK-8) assay. The smallest NPs
(20 nm) showed a cytotoxic effect from a concentration of 0.1 ug/mlL, the 80 nm particles
from a concentration of 50 ug/mlL, and the 3 um microparticles of from 100 pg/mL.

Malinowska et al. [19] examined the impact of non-functionalized PS-NPs (29 nm,
44 nm, and 72 nm in diameter) on the metabolic activity (MTT assay) of human peripheral
blood mononuclear cells (PBMCs) at concentrations from 100 to 1000 png/mL. It was
found that the smallest 29 nm NPs demonstrated the greatest decrease in metabolic
activity relative to controls, which was significant from 300 pg/mL. However, the NPs
(44 nm and 72 nm) caused a significant decrease in activity from 500 pg/mL. Kik et al. [17]
reported various reductions of PBMC viability following exposure to NPs. Propidium
iodide and calcein AM staining, and flow cytometry measurement, indicated that the
29 nm and 44 nm NPs decreased cell viability at 500 ug/mL, and the largest NPs (72 nm)
at 1000 pg/mL.

The literature data also suggest that NP/MP cytotoxicity depends on the duration of
their action. In one study, colon epithelial HRT-18 (human) and rectal epithelial CMT-93
(mouse) cells were treated with the same concentration of MPs, i.e., 1 mg/mL, for 6, 24, or
48 h. The results indicate that the MPs exhibited a time-dependent cytotoxic effect on the
tested cell lines; 18.4% at 6 h, 24.9% at 24 h, and 42.8% at 48 h [32].

Steckiewicz et al. [33] found that amino group-modified PS-NPs with a diameter of
100 nm caused time-dependent cytotoxicity in HT-29 colon cancer cell lines. A cytotoxic
effect was noted at NP concentrations of 250 ug/mL and 500 pug/mL after 48 h of incubation,
and the effect was greater after 24 h.

In conclusion, NPs definitely demonstrate greater cytotoxicity than MPs. In both
cases, the cytotoxicity also increases with decreasing diameter, so smaller NPs demon-
strate greater toxic effects. Although the cytotoxicity also depends on the concentra-
tion of the NPs/MPs and the time of their action, particle size seems to be the most
crucial factor.

2.2.2. Functionalized Plastics Particles Are More Cytotoxic

The presence of a functional group in plastic NPs affects cell penetration and cyto-
toxicity. Nanoparticle surface functionalization was found to facilitate internalization of
PS-NPs by HepG2 cells. Indeed, HepG2 cells exposed to PS-COOH and PSNH, particles
demonstrated significantly more intense fluorescence compared to non-functionalized
PS-NPs [27]. This study determined the cytotoxic effect of PS-NPs of about 50 nm in
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diameter against HepG2 liver cancer cell lines using the MTT assay. It was shown that
both non-functionalized PS-NPs and those containing a functional group (PS-COOH, PS-
NHo;) induced a cytotoxic effect after 24 h incubation, but the effect depended on particle
concentration and the presence of the functional group. For non-functionalized NPs, the
reduction in cell viability was 2.94% at 10 ug/mL, 16.44% at 50 pg/mL, and 24.82% at
100 pg/mL. The cytotoxicity was higher for PS-COOH and PS-NH, functionalized parti-
cles. PS-COOH particles at 10, 50, and 100 pg/mL reduced HepG2 cell viability by 2.79,
2.11, and 1.83 times, respectively, compared to non-functionalized PS and by 2.42, 1.50, and
1.86 times, respectively, in PS-NH, particles [27].

Chen et al. [34] also evaluated the impact of non-functionalized PS-NPs, and positively
(PS-NH;) and negatively (PS-COOH) charged PS-NPs on RAW 264.7 macrophage cells
after 24 h incubation. The PS particles had no cytotoxic effect at concentrations of 0.5
to 100 pg/mL, while PS-COOH particles caused a 6% decrease in viability, and PS-NH,
particles as much as 70% at 20 pg/mL. Positively-charged particles caused greater cell
cytotoxicity, most likely because they had the ability to penetrate the phospholipid bilayer
and could cause greater damage to the cytoplasmic membrane.

The absorption coefficient of positively-charged NPs is much higher than that of
negatively-charged particles [35]. Cationic NPs are generally more toxic than anionic NPs,
partly due to their greater cellular uptake and/or their deleterious effects on cells and
lysosomal membranes [36]. Positively-charged NPs can affect cell membranes by changing
the orientation of phospholipid groups, reducing lipid density, thus increasing membrane
permeability [37]. This may promote passive diffusion of NPs and membrane bending
associated with endocytosis and phagocytosis, while encouraging cells to rapidly absorb
positively-charged PS-NH,.

According to Wang et al. [38], processes such as cytotoxicity and apoptosis induced
by cationic particles are mainly due to the positive cationic charge on the particle surface
and interference with the proton pump. Cationic NPs exert a toxic effect via their strong
electrostatic attraction to negatively-charged cell membrane bilayers, which enhances their
interaction with the cell membrane [34,39,40]. Shao et al. [41] suggested that negatively-
charged NPs have relatively weak interactions with negatively-charged biomembranes,
thus induce low cytotoxicity.

2.2.3. Plastic Particles with Positive Zeta Potentials Are More Cytotoxic

The zeta potential, which depends on the surface charge, is a very important parameter
for the initial adsorption of NPs on the cell membrane [42]. It is known that the rate of
endocytotic uptake also depends on particle size [43]. Thus, zeta potential and size affect
the toxicity of NPs [44].

Shao et al. [41] investigated how zeta potential affected the cytotoxicity of poly-
mer NPs. They used four types of NPs with similar sizes and zeta potential gradients.
MTT assay against mouse L929 fibroblasts was carried out using nanoparticles (poly-3-
hydroxybutyrate-co-3-hydroxyhexanoate biopolymer) (PHBHHXx) with a zeta potential
gradient ranging from —30 mV to +40 mV. NPs with positive zeta potentials were found to
be more toxic than those with negative potentials. Such particles react more strongly with
the negatively-charged cell membrane.

Malinowska et al. [19] found the smallest NPs (29 nm), suspended in RPMI medium to
exhibit the strongest cytotoxicity against human PBMCs, had the lowest absolute negative
zeta potential (—40.86 &+ 2.77 mV). In contrast, the largest particles were characterized
by the highest absolute negative zeta potential (—56 £ 2 mV) and the lowest cytotoxicity.
The zeta potential is important in the interaction of NPs with cells, due to the fact that
cell membranes are negatively charged. It is possible that the lower absolute value of the
zeta potential of the smallest NPs may indirectly induce stronger electrostatic interactions
between these particles and the negatively-charged membrane.

In summary, among plastic NPs of the same diameter, cytotoxicity is significantly
affected by their zeta potential. Certainly, NPs with a positive zeta potential exhibit
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stronger toxicity than those with a negative zeta potential, which is due to a stronger
interaction with the negatively-charged cell membrane and easier penetration of the
particles into the cell.

2.2.4. Plastic Particles Are More Toxic to Normal Cells than Cancer Cells

An interesting study was published by Xu et al. [45]. Their findings, based on direct
cell counting, indicate that at concentrations of 1 to 100 pug/mL, plastic NPs had a greater
cytotoxic effect on normal HIEC-6 cells than human intestinal cancer cells (RKO, HT-29,
HCT-116 lines). Exposure to PS-NPs 100 nm in diameter resulted in a reduction in the cell
growth of colon cancer cells at 100 ng/mL, and of normal cells from 10 pg/mL.

2.2.5. The Toxicity of Plastic Particles Is Different for Different Cell Types

Rubio et al. [46] investigated the effects of 50 nm PS-NPs on the immune cell population
using three human leukocyte lines: Raji-B (B lymphocytes), TK6 (lymphoblasts), and
THP-1 (monocytes). It was shown that although monocytic THP-1 cells revealed the
highest internalization of the particles, no adverse effects were noticed in this cell type.
In contrast, Raji-B and TK6 cells showed lower uptake of PS-NPs, but also weak toxicity,
ROS production, and genotoxic effects. These results underscore the importance of cell
line selection when evaluating the biological effects of PS-NPs; the effects of PS can vary
between cell lines, even among the three leukocyte cell line types.

2.2.6. UV Radjiation Increases the Toxicity of Plastic Particles

As reported by Lins et al. [47], the toxicity of nanoplastics to organisms varies signifi-
cantly over ecologically relevant ranges of temperature and salinity. Hence, environmental
conditions have a strong influence on the toxicity of these particles.

An important environmental factor affecting plastic properties and performance is
UV radiation. In in vitro studies, non-functionalized PS-NPs (50 nm) were exposed to
ultraviolet radiation for one or two months. Unlike the initial spherical-shaped nanopar-
ticles, those exposed to UV radiation were irregularly shaped and smaller, and their size
decreased with exposure time. The study also showed that with UV exposure time, the ratio
of oxygen atoms to carbon atoms increased, as did the absolute value of the zeta potential,
indicating exposure of the carbonyl group [48]. It was observed that unlike the untreated
NPs, UV-exposed PS-NPs decreased the viability of the A549 alveolar adenocarcinoma
line at a concentration of 100 ng/mL after a 24 h incubation. Cytotoxicity assays were
performed using a colorimetric assay to count CCK-8 cells [49].

In summary, the aged plastic NPs exhibited greater cytotoxicity than the untreated
NPs and this toxicity increased with treatment time.

2.2.7. Cytotoxicity Induced of Plastic Particles—Summary

It can be concluded that the cytotoxicity of NPs/MPs depends on their size, i.e., with
size being inversely related to cytotoxicity and functionalization, with positively-charged
NPs having greater harmful effects. It also depends on time and concentration, with greater
cytotoxicity observed at longer incubation times and higher NP/MP concentration. It is
also influenced by cell type, with normal intestinal cells being more sensitive to plastic
particles than cancer cells, and the effect of UV radiation, which causes the breakdown of
NPs/MPs into smaller irregular shapes and more toxic particles (Table 1).

The plastic particles may exert their cytotoxic activity by escaping from the endosome
and interfering with cellular processes, such as mitosis. They may also cross the membrane
in a passive manner, damaging the phospholipid bilayer and impairing transport signals.
In addition, MPs and NPs that have entered the cytoplasm may also make direct contact
with cell organelles [50].
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Table 1. Cytotoxicity of NPs/MPs depending on their size, zeta potential, time of incubation,
concentration, functionalization, type of cell line, and the effect of UV radiation.

Cells/Exposure Time Type of Partlcle. Cytotoxic Concentration = Decrease in Cell Viability =~ References
/Factors/Concentration
Size
Caco-2 cells PS-NPs
24h 20 nm 500 pg/mL 90% [30]
1000 nm 500 pg/mL No changes
HT-29 PS-MPs 200 particles/mL
3 um 15.99 [26]
10 pm 6.31
PBMCs PS-NPs 500 png/mL
24h 29 nm 53% [19]
(test MTT) 44 nm 17%
72 nm 14%
Zeta potential
1929 fibroblasts 20 nm PHBHHx 100 pg/mL
24h NP-1 (—21 mV) 31%
NP-2 (—28 mV) 33% [41]
NP-3 (+20 mV) 46%
NP-4 (+44.9 mV) 52%
PBMCs PS-NPs 700 pg/mL
24 h 29 nm (—41 mV) 41% [17]
(PI/calcein AM) 44 nm (—45 mV) 24%
72 nm (—56 mV) 17%
Time of incubation
CMT 93
6h 4.8-5.8 um mixture of 1mg/mL 16% [32]
24 h PS-MPs 23%
48h 25%
TK6 . 100 pg/mL
2% h 40-90 rl;m mlljxture of e 15% [46]
48h S-NPs 26%
HT-29 250 pg/mL 7%
48 h 500 pg/mL 41%
100 nm PS-NPs 250 pg/mL 15% [33]
72h 500 pg/mL 45%
Concentration
Caco-2 cells 10 ug/mL 16%
24h 50 pg/mL 80%
(test MTT) 20 nm PS-NPs 100 pg/mL 93% [30]
500 pg/mL 90%
RAW 264.7 10 pg/mL 21%
24 h 100 nm PS-NH, 20 pg/mL 70% [34]
50 pg/mL 96%
L929 fibroblasts 12.5 pg/mL 28%
24 h 20 nm PHBHHx 50 pg/mL 39% [41]
NP-4 (+44.9 mV) 100 pg/mL 47%
200 pg/mL 52%
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. Type of Particle . . . s
Cells/Exposure Time . Cytotoxic Concentration = Decrease in Cell Viability =~ References
/Factors/Concentration
PBMCs 300 pg/mL 11%
24 h PS-NPs 500 pg/mL 17% [17]
(PI/calcein AM) 29 nm 700 pg/mL 41%
1000 pg/mL 54%
Functionalization
HepG2 50 nm PS-NPs 100 pg/mL 24.82%
24 h 50 nm PS-COOH 100 pg/mL 45.42% [27]
50 nm PS-NH, 100 pg/mL 46.16%
Raw 264.7 100 nm PS-COOH 20 pg/mL 6% [35]
24 h 100 nm PS-NH, 20 pug/mL 70% -
A 549 80 nm PS-NPs 100 pg/mL 16.1%
24 h 80 nm PS-COOH 100 pg/mL 26.89% [49]
80 nm PS-NH, 100 pg/mL 33.97%
RAW 264.7 100 nm PS-NPs No changes
24 h 100 nm PS-COOH 20 pg/mL 8% [34]
100 nm PS-NH, 70%
Type of cell line
CaCo-2 500 pg/mL 56%
CCD 841 CoN 100 nm PS-NH, [33]
72h 500 pg/mL 33%
Raji-B/24 h . 100 pg/mL 19%
TK6 40-90 B E‘Iﬂxmre of 100 pg/mL 15% [46]
THP-1 NS - No changes
CMT 93
HRT-18 4.8-5.8 um mixture of 1 mg/mL 23% [32]
24 h/(test MTT) PS-MPs 4%
HIEC 6—normal cells
RKO, HCT116, 17% decrease in cell growth
HT-29—cancer cells 100 nm PS-NPs 10 ug/mlL. No changes 451
48 h
UV radiation
A549 50 nm PS-NPs - No changes
it UVPs1 100 pg/mL 17.19% [49]
UVPS1 100 pg/mL 21.12%

3. Type of Cell Death

Cell death is generally divided into two types: accidental cell death (ACD), which is
a biologically uncontrolled process, and regulated cell death (RCD) or programmed cell
death (PCD), which involve precise signaling cascades and molecularly-defined effector
mechanisms. ACD involves hemolysis in anucleated erythrocytes and necrosis in nucleated
cells. In turn, PCD concerns various other types of cell death, such as autophagy, apoptosis,
and ferroptosis [51]. As the induction of cell death by plastic particles has been broadly
covered in previous studies, the subsequent chapters will examine the effects of plastic
particle size, concentration, duration of action, and functionalization on the types of cell
death and DNA damage (Figure 1).
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Figure 1. Plastic particles induce various kinds of cell death. Created with BioRender.com. Agreement
number WY260LGRVX on 10 April 2024.

3.1. Accidental Cell Death (ACD)
3.1.1. Necrosis Accidental Death in Nucleated Cells

Necrosis is a type of premature cell death resulting from autolytic processes. Necrosis
is caused by the effect of various external factors, such as infection, trauma, or xenobiotics.
Studies have examined the effect of PS-NPs on epidermal growth factor (EGF) in the human
epithelial carcinoma cell line A431. The tested cells lost viability after treatment with PS-
NPs or a combination of PS-NPs and EGF, which was attributed to PS-NP-induced cell
death. The results also suggest that when used alone, PS-NPs became internalized in the
cells and induced cell death by necrosis (Figure 1). In contrast, EGF accelerated the uptake
ratio of PS-NPs, and PS-NPs in the cytoplasm, as well as with EGF-EGFR complexes; this
may have inhibited the recycling of receptors, thus triggering apoptosis [52]. Without EGF,
PS-NPs internalized to the cells by caveolin-mediated endocytosis, resulting in cell death
by necrosis. Xia et al. [53] showed that NHj-labeled PS nanospheres 60 nm in diameter
were toxic to macrophage (RAW 264.7) and epithelial (BEAS-2B) cells. Whereas the death
pathway in RAW 264.7 cells involved caspase activation, so the cytotoxic response in
BEAS-2B cells was more necrotic. NH,-PS in BEAS-2B were taken up by caveolae and their
toxicity could be disrupted by cholesterol extraction from the surface membrane.

In summary, different cell-specific uptake mechanisms and pathways may increase
sensitivity or resistance to particle toxicity.

3.1.2. Hemolysis, Accidental Death in Anucleated Cells

Hemolysis involves the rupture (lysis) of red blood cells (erythrocytes) and the release
of their contents (cytoplasm) into the surrounding fluid (e.g., blood plasma).

Pluciennik et al. [54] reported that in vitro hemolysis of human erythrocytes induced
by non-functionalized PS-NPs was influenced by NP size (Figure 1). It was noticed that
the smallest NPs (30 nm) triggered the greatest alterations in the integrity of the cell
membrane, i.e., the largest degree of hemolysis, which was likely related to their easy
penetration into the tested cells. They also showed that particles with a higher absolute
negative zeta potential (—42 mV) and larger size (~70 nm) demonstrated a lower cytotoxic
effect (i.e., lower hemolysis) compared to smaller NPs (30 nm) with a lower negative zeta
potential (—29.68 mV). It is likely that the smaller particles triggered greater hemolysis due
to a higher number of unitary interactions with erythrocyte membranes.


BioRender.com

Cells 2024, 13, 768

90f21

Sarma et al. [55] studied the effect of 50 nm PS-NPs at concentrations from 500 to
2000 pg/mL on hemolysis in human erythrocytes. The highest level of hemolysis (93%) was
observed at 2000 pug/mL, compared to 1000 ng/mL (15.3%), and 500 pg/mL (6.5%). In turn,
Gopinath et al. [56] studied the effect of virgin, coronated and environmentally-released
PS-NPs with a diameter of 100 nm in a slightly lower concentration range (1 to 25 pg/mL).
They found that coronated NPs (with protein) at 5 ug/mL caused the highest rate of
hemolysis (91%), followed by isolated NPs from facial peels (40%), and virgin NPs (22%).
Hence, the coronation of the protein significantly affects the hemolytic activity of NPs, and
isolated NPs may be contaminated with chemical additives that increase their toxicity.

Therefore, the induction of hemolysis increased with the concentration of the tested
particles and was inversely proportional to their diameter. Additionally, the smallest PS-
NPs, with the smallest absolute negative zeta potential, caused the strongest hemolysis.
Moreover, the presence of proteins and impurities may increase the hemolytic effect of the
particles (Table 2).

Table 2. Hemolysis in human erythrocytes incubated for 24 h with NPs/MPs, with regard to particle
size, concentration, and zeta potential.

Type Particle/Size/Zeta Hemolytic o
P Potential mV Concentre):tions Hemolysis [%] References
PS-NPs in Ringer buffer
~30 nm (—29.68 mV) 100 ug/mL 13.50% [54]
~45 nm (—35.03 mV) 200 pug/mL 10.42%
~70 nm (—42.00 mV) 200 pg/mL 9.31%
PS-NPs in culture medium 500 pg/mL 6.5% [55]
50 nm 1000 pg/mL 15.3%
2000 pg/mL 93%
PS-NPs in PBS 5 ug/mL 22%
7.5 ug/mL 36%
PS-NPs with protein 5 ug/mL 91% [56]
7.5 ug/mL 83%
Isolated-NPs from face scrubs 5 ug/mL 40%
100 nm 25 pg/mL 70%

3.2. Programmed Cell Death (PCD)
3.2.1. Induction of Autophagy

Autophagy is a process activated in all cells in response to stress conditions, with
the aim of maintaining the homeostasis of the cytoplasm, organelles, and proteins. The
mechanism is based on the degradation of damaged or redundant cytoplasmic proteins
or the elimination of the entire organelles. Although the process is designed to allow
the cell to survive, it leads to cell death when pathological changes occur [57]. Studies
on mammalian cell lines have found that the autophagy-lysosome pathway plays an
important role in toxicity induced by NPs/MPs [28] (Figure 1). PS-NPs have been shown
to cause accumulation of intracellular autophagosomes.

To detect autophagy in vitro, it is important to determine the expression of the LC3
protein, whose conjugated form, LC3-11, is involved in the formation of the autophagosomal
membrane and/or disruption of autophagic flow. Indeed, several studies have examined
effect of PS-NPs on the expression of this protein in mammalian cells. Annangi et al. [28] found
an increase in the level of LC3-II protein in the presence of 50 nm and 500 nm PS-NPs, with
the 50 nm particles being slightly more responsive than 500 nm, and chloroquine, an inhibitor
of autophagosomal and lysosomal fusion. Xu et al. [45] observed an increase in LC3-II protein
expression in both the RKO colon cancer cell line and normal intestinal epithelial cells (HIEC-6)
exposed to 100 nm diameter PS-NPs; these findings, similarly to Annangi et al. [28], confirm
that NPs that enter cells induce autophagy and autophagosome formation. Both studies found
p62 protein to be degraded in the process of autophagy, but also that the level increased in
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cells exposed to PS-NPs, indicating that autophagic flow was disrupted. Therefore, it can be
concluded that PS-NPs have the potential to trigger autophagy.

Furthermore, studies on human bronchial epithelial BEAS-2B cells found three differ-
ently charged PS-MPs to induce autophagy by increasing the expression of the p62 and
LC-3 proteins. The amount of autophagosome was also noted to increase as MPs entered
the lysosome. The results also depended on particle charge; only positively-charged par-
ticles (NH,-PS-MPs) triggered mechanisms that led to the initiation of different types of
cell death. The results demonstrated that NH;-PS-MPs induced autophagic cell death in
bronchial epithelial cells, leading to inflammatory responses in the lungs [58].

A study by Lu et al. [59] examined the effects of NPs/MPs on human umbilical vein
endothelial cells (HUVECs). The HUVECs were treated with unmodified NPs/MPs with
diameters of 100 nm and 500 nm. Both sets of PS particles caused damage to the cell
membrane, as indicated, among other things, by increased LDH release. However, the
smaller particles also induced autophagosome formation, confirmed by the detection of
LC3-I to LC3-II conversion. Lentivirus infection assay also showed impaired autophagic
flow, as indicated by altered expression of the LAMP-2 and CTSB proteins.

Seca et al. [60] evaluated the impact of functionalized PS-NH; PS-NPs (30 nm) on
OVCAR3 and OAW42 ovarian cancer cell lines. The results demonstrate progressive toxicity
with incubation time, resulting in autophagy. The effect of these NPs on the autophagy
process varied according to the cell line tested. Autophagy was observed in the OVCAR3
line, as evidenced by inter alia increased expression of LC3 and ATG4, and decreased
levels of p62/SQSTM1, which was also confirmed by the conversion of LC3-I to LC3-II,
as determined by Western blot. However, the process was inhibited in the OAW42 line,
as indicated by a decrease in LC3 expression and the accumulation of undegraded p62,
indicating impaired autophagosome formation.

In conclusion, the effect of the particles on autophagy depends on their size, with
smaller particles causing a greater effect, as well as the degree of functionalization, with
the amine group increasing autophagy. The type of target cell line also plays a role, with
treatment inducing or inhibiting autophagy.

3.2.2. Induction of Apoptosis

Apoptosis is a crucial process implicated in hormone-dependent atrophy, embryonic
development, the cell cycle, normal immune function, and cell death induced by xenobi-
otics [61]. Some research works indicate that PS-NPs interact with cell membranes, causing
changes in their integrity, disrupting ion transport and signal transduction [54,62,63].

Several studies have found the effects of plastic NPs on apoptosis to depend on the
size of the NPs and their concentration (Figure 1). Steckiewicz et al. [33] noted an increase
in the expression of phosphatidylserine (a marker of apoptotic changes) on the surface
of HT-29 colon adenocarcinoma cell lines incubated with PS-NPs-NH2 nanoparticles at
500 pg/mL. In contrast, Wang et al. [31] found smaller particles to induce apoptosis more
effectively in CT26.WT colon cancer cells, noting a rise in apoptosis after treatment with
small NPs (20 nm) at a concentration of 0.1 pg/mL, by larger NPs (80 nm) at 50 ug/mL,
and by MPs (3 pm) at 100 pg/mL.

Similarly, Malinowska et al. [63] examined the impact of non-functionalized PS-NPs of
29 nm, 44 nm, and 72 nm in diameter on induction of apoptosis in PBMCs. All studied PS-NPs
triggered apoptosis by the intrinsic pathway via a rise in cytosolic Ca?* level, and a reduction
in transmembrane mitochondrial potential and caspase-9 and -3 activation. Moreover, the
smallest NPs (29 nm), activated caspase-8, confirming the induction of the extrinsic apoptotic
pathway. The authors suggest that the smallest particles demonstrated the greatest potential
to induce ROS generation. However, all tested PS-NPs increased ROS levels, induced protein
damage and lipid peroxidation [17], and promoted damage to DNA [19]. It is probable that
tested NPs triggered apoptosis by driving an increase in p53 levels, which is a DNA damage
response (DDR) protein. DDR promotes apoptosis and prevents proliferation of abnormal
cells. Indeed, p53 is a tumor suppressor protein that is crucial for controlling DNA damage.
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P53 is able to trigger apoptosis by interacting with the apoptotic protein Bax, and block
this process by the anti-apoptotic factor BCL2. Baran et al. [64] and Schmidst et al. [25] have
revealed that acute exposure to PS nanoplastics and microplastics elevated the expression of
the tumor suppressor protein p53 in mouse skin cells.

Hence, it appears that NPs/MPs activate both intrinsic (mitochondrial) and extrinsic
apoptotic pathways. Smaller particles have a stronger apoptotic potential and activate both
apoptotic pathways, which is probably due to the induction of ROS formation and p53
protein activation. This process also associated with the increase of NP/MP concentrations.

3.2.3. Induction of Ferroptosis

Ferroptosis is a type of iron-dependent planned cell death, characterized by lipid
peroxidation, and is genetically and biochemically different from other forms of regulated
cell death types [65]. It is caused by the failure of the glutathione-dependent antioxidant
defense, leading to uncontrolled lipid peroxidation and cell death [66].

A study investigated ferroptosis in the BEAS-2B human lung bronchial epithelial cell
line. Cells were treated for 24 h with 100 nm and 200 nm PS-NPs at concentrations from
100 pg/mL to 400 pg/mL [67]. It was observed that malondialdehyde, FeZ*, and ROS
levels were elevated, while the glutathione level decreased. Moreover, it was found that
ferroptotic protein expression levels were substantially changed. The findings indicate that
exposure to PS-NPs caused cell damage by ferroptosis (Figure 1).

Sun et al. [68] found that NPs of 44 nm in diameter entered microglial cells (BV2) and
induced oxidative stress and inflammation reactions at 25-100 pg/mL. Based on ROS level,
SOD activity and the levels of GSH, cell iron, and ferroptosis-related proteins, it was found
that NPs compromised the antioxidative mechanisms of microglial (BV2) cells, increased
intracellular lipid peroxidation and Fe?* concentration, triggering inflammation reactions
and ferroptosis. These changes were exacerbated at higher NP concentrations. Pretreatment
with N-acetylcysteine, an ROS inhibitor, alleviated the induction of inflammatory reactions
and cell ferroptosis. Furthermore, ¢ Jun N terminal kinase (JNK) inhibition increased the
expression of heme oxygenase (HOL1), resulting in a reduction in ferroptosis, indicating that
the signal pathway of JNK/HO1 was involved in the effects NPs induced on ferroptosis in
BV2 cells.

Microplastic particles can also function as heavy metal (HMs) carriers, and this is
accompanied by considerable health risk. Heavy metals and NPs/MPs are known to play
important roles in ferroptosis. In recent years, cadmium (Cd), iron (Fe), arsenic (As), and
copper (Cu), among others, have been proven to induce ferroptosis. MPs can function as
carriers of HMs to aggravate damage to the body [69].

In summary, NPs/MPs appear to induce ferroptosis, and the process is intensified
with the concentration of NPs/MPs.

4. Induction of Oxidative Stress by Plastic Particles

Most studies have shown that the deleterious effects of NPs/MPs are associated with
ROS formation and oxidative stress induction. It is believed that the particles stimulate
the production of ROS through an oxidative burst, and that the particles activate various
cytokines. These, in turn, activate nicotinamide dinucleotide oxidase, resulting in changes
in mitochondrial membrane potential and hence, alterations in mitochondrial function [50].

ROS are involved in many pathological processes, such as cellular aging and the
immune response. A number of studies conducted on mammalian cell lines have found
NPs/MPs to cause excessive production of intracellular ROS. This is most likely related to
the effect of NPs/MPs on mitochondrial membrane potential. Annangi et al. [28] showed
an increase in intracellular ROS production by PS-NPs of 50 nm and 500 nm in diameter
in a nasal epithelial cell line (HNEpCs). Cells treated with PS-50 had a slightly elevated
ROS level compared to those induced by PS-500, which could probably be attributed to
greater cellular internalization and localization to different intracellular areas of the smaller
particles. Also, Chen et al. [34] determined the effects of 10-100 ug/mL PS, PS-COOH, and



Cells 2024, 13, 768

12 of 21

PS-NH; nanoparticles on a RAW 264.7 cell line. At the highest concentration, the negatively-
charged NPs demonstrated a 1.3-fold increase in ROS level after six hours of incubation,
relative to non-functionalized NPs. In contrast, the positively-charged PS-NH, particles
exhibited 23-times greater ROS formation against non-functionalized particles at the same
concentration (100 pg/mL). These studies show that functionalized NPs, especially the
positivel-charged ones, have a much greater oxidative effect, probably resulting from the
intensification of interactions occurring between their functional group and the cell and
mitochondrial membrane.

In contrast, Shi et al. [48] examined the effects of a six-hour incubation with 80 nm and
2 um NPs/MPs on A549 cells, at concentrations of 100, 200, and 400 pug/mL. The treatment
with 80 nm NPs resulted in increased ROS production at each concentration; the production
itself also increases with increasing concentration, being 1.64, 1.79, and 2.10-times greater
than control values, depending on concentration. Incubation with 2 pm MPs increased to
about 1.6-fold greater ROS production, but no correlation with concentration was noted.
In the same study, using the fluorescence method, PS-NPs containing the amine group
at 100 pg/mL were found to cause the strongest oxidative damage compared to non-
functionalized PS-NPs and NPs containing the carboxyl group (PS-NP-COOH).

Poma et al. [70] examined the effect of NPs of 100 nm on induction of ROS in cells of the
HS27 human fibroblast line. Depending on the incubation time, a concentration-dependent
increase in ROS level was observed. A statistically significant increase in ROS level was
noted after 15 min of incubation at 5 ug/mlL, as well as after 30 min at 25 ug/mlL, and after
one hour at 50 ug/mL. However, ROS production was depleted to control values after 24 h,
for which detoxification processes were responsible.

The effect of both NPs/MPs on ROS formation was also evaluated by Wang et al. [31].
The findings indicate that ROS production was inversely proportional to particle size,
i.e., smaller particles caused greater ROS induction.

Rubio et al. [46] examined the induction of oxidative stress in various human hematopoi-
etic cell lines using 50 nm PS-NPs at concentrations of 5-50 ug/mL after 3 h and 24 h of
incubation. The results indicate that the time of exposure to the particles played an im-
portant role, as an increase in ROS level was associated with incubation time. After three
hours, an increase in ROS was observed in TK-6i Raji-B cells at the highest concentration of
tested NPs. In contrast, for the TK-6 line, an increase in ROS production was observed at
all tested concentrations after 24 h. A differential response was also observed, depending
on the cell line.

Shi et al. [49] also showed an increase in ROS production in cells exposed to PS-
NPs and to UV radiation. Unaltered PS particles with regular shapes and a diameter of
100 nm induced lower ROS formation (1.68 and 1.91 times lower, respectively), compared
to particles aged by UV for one month (UVPS1) and two months (UVPS2) at a concentration
of 100 ug/mL. Compared to the untreated particles, the UV-treated particles had irregular
shapes and smaller diameters.

Kik et al. [17] reported a significant increase in ROS level in PBMCs, as well as highly-
reactive forms such as hydroxyl radicals, after incubation with 29 nm, 44 nm, and 72 nm
PS-NPs. The smaller NPs increased ROS generation at 0.01 ng/mL and the largest (72 nm)
at 0.1 pg/mL. The smallest NPs (29 nm) induced the formation of highly reactive species
from a concentration of 1 ug/mL, and the other particles from a concentration of 10 pug/mL.
Thus, the smallest NPs were able to induce the formation of ROS and highly reactive ROS
at lower concentrations.

Since the increase in ROS level is accompanied by damage to cellular macromolecules,
this research also assessed oxidative damage to proteins and lipids. They found that
the particles enhanced lipid peroxidation and protein oxidation, again with the strongest
changes detected in cells incubated with the smallest NPs (29 nm) [17].

Oxidative stress was also studied by Domenech et al. [71]. The study examined
the effect of eight-week incubation with 50 nm NPs on human CaCo-2 intestinal cells,
at concentrations of 0.0006, 0.26, 1.3 and 6.5 ug/mL. Another set of analyses were also
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performed after 24 h incubation. The study examined the expression of antioxidant enzyme
genes, i.e.,, HO1 encoding heme oxygenase, SOD2 encoding superoxide dismutase, GSTP1
encoding glutathione S-transferase, and HSP70 encoding heat shock proteins. No significant
changes were observed after one day, but after eight weeks, significant abnormalities
associated with increased expression of HO1 and SOD2 were shown. No differences
were observed for the two other tested genes. These results showed that under long-term
exposure, NPs were able to significantly alter the expression of genes associated with
oxidative stress. Interestingly, this study showed no statistically significant changes in ROS
production or oxidative DNA damage (Table 3).

Table 3. Oxidative effects of plastic particles in selected cell lines.

Type, Particle Concentration at Which
Cells/Time Incubation Functionalization the Statistically Significant Literature
Effect of UV Changes in ROS Level Begin
Size
PBMCs 29 nm PS-NPs 0.01 pg/mL
44 nm PS-NPs 0.01 ug/mL [17]
24 h 72 nm PS-NPs 0.1 ug/mL
HNEpCs 100 pug/mL
24 h 50 nm PS-NPs Increase by 30% [28]
500 nm PSNPs Increase by 22%
Time incubation
HCT116
15 min 100 nm PS-NPs 400 ug/mL [72]
1h 100 pug/mL
Hs27
15 min 5 ug/mL
30 min 100 nm PS-NPs 5/25 ug/mL [69]
45 min No changes
Concentration
RAW 264.7 100 nm PS-NH,
24 h 10 ug/mL Increase by 51%
20 pg/mL Increase by 135% [34]
50 pg/mL Increase by 276%
100 pg/mL Increase by 2610%
PBMCs 29 nm PS-NPs
24h 0.1 pg/mL Increase by 27% [17]
1 pg/mL Increase by 37%
10 ug/mL Increase by 46%
Functionalization
80 nm PS-NPs 100 pug/mL
Lung Cancgiceus A549 80 nm PS-COOH 200 pg/mL 48]
80 nm PS-NH, 400 pug/mL
RAW 264.7 100 pug/mL
24h 100 nm PS -NPs Increase by 22% [34]
100 nm PS-COOH Increase by 45% -
100 nm PS-NH, Increase by 2610%
Cell type
THP-1 No effects
Raji-B/TK6 50 pg/mL
3h
THP-1/Raji-B 50 nm PS-NPs No effects 461
TK6 5 pg/mL
24h
UV radiation
A549 50 nm PS-NPs No effects
24h UVPS1 100 pug/mL [49]
UVPS1 50 pg/mL
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He et al. [27] examined antioxidant enzyme activity in HepG2 cells after 48 h in-
cubation with 50 nm PS-NPs at concentrations of 10-100 pug/mL. The NPs used in this
study were both non-functionalized (PS-NPs), and those containing an amine (PS-NHy)
or carboxyl (PS-COOH) group. The cells exposed to the NPs at 10 ug/mL demonstrated
1.68 times greater SOD activity compared to control for non-functionalized nanoparticles,
and 1.8 times for PS-COOH nanoparticles, but no such effect was observed for PS-NH,
particles. However, for all particles, SOD activity decreased as the concentration of PS-NPs
increased. In addition, reduced glutathione (GSH) levels increased in cells exposed to
all tested NPs at concentrations of 10-50 ug/mL; however, no increase in GSH level was
noted at 100 ug/mL, which may indicate inhibition of detoxification processes. The largest
decrease was observed for PS-NH,.

Vecchiotti et al. [72] determined the level of ROS in cells of the colon cancer line HCT-
116 exposed to 100 nm PS-NPs at concentrations of 100-1200 pg/mL. The greatest increase
in ROS production was observed at 400 pg/mL and 800 pg/mL after 45 min of incubation;
however, at lower concentrations (100 ug/mL and 200 ug/mL), an increase was noticed
only after 60 min exposure, Thus, ROS induction was dependent on the concentration and
incubation time of the cells with PS particles.

In summary, smaller plastic particles elicited greater oxidative changes in the cells.
Also, oxidation processes generally increased with the applied concentration, as well as
incubation time and exposure to UV radiation. However, the levels of ROS and some
antioxidant markers may decrease due to the activation of detoxification processes. The
presence of an amino group (positively charged) and then a carboxyl group intensifies the
oxidative properties of NPs/MPs compared to those of non-functionalized NPs.

5. Genotoxic Effects of Plastic Particles

As DNA damage is a key marker of the toxic effects of xenobiotics, the review will also
examine the genotoxic effects of NPs/MPs observed in in vitro studies. DNA is the storage
site for genetic information. However, DNA is constantly exposed to damage through
various endogenous and exogenous sources, presenting a major threat to genome stability
and human health [73]. Exposure to carcinogens is associated with various forms of DNA
damage, such as single-stand breaks, double-strand breaks, covalently-bound chemical
DNA adducts, oxidative-induced lesions, and DNA-DNA or DNA—protein cross-links [74].
Our findings indicate that exposure to NPs/MPs can induce various changes in DNA
(Figure 2). An increase in the level of micronuclei (MN) was also observed in various cell
lines incubated with PS-NPs [70-72].
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Figure 2. Plastic particles induce various forms of DNA damage. Created with BioRender.com.
Agreement number I026L11V2Z on 16 March 2024.

5.1. Single- and Double-Stranded DNA Breaks Induced by Plastic Particles

The most common type of damage is the occurrence of DNA single-strand breaks
(SSBs) [73]. More than 10,000 such breaks occur in each mammalian cell every day. They
involve disconnection of one of the DNA double strands, accompanied by damage or
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mismatching of the 5’ or 3’ ends of the DNA or loss of single nucleotides [75]. SSBs can
arise from oxidized nucleotides/nitrogen bases, disrupted cellular enzyme activity, and
as intermediates of DNA repair pathways. They can also be promoted by oxidative stress,
which arises from an imbalance in the production of ROS, including hydroxyl radical and
hydrogen peroxide and antioxidants [73].

Unrepaired SSBs can cause DNA replication stress and inhibit transcription [75],
induce chromosomal mutations, chromosomal aberrations, genome instability [75], and cell
death [73]. When SSBs are not repaired, they can develop into double-strand breaks (DSBs),
which are more harmful [75]. This type of damage can be induced by endogenous factors,
including replication processes, e.g., when replication forks are blocked or halted, or the
repair of oxidized DNA nitrogen bases is incorrect [76]. Damage to DNA also proceeds as a
result of action of exogenous factors, such as various chemicals [76,77]. DSBs often become
terminal lesions caused by various genotoxic agents, which, when not repaired, become
the basis for genomic instability [76].

One study examined the effect of 24 h exposure to 29 nm, 44 nm, and 72 nm PS-NPs
on DNA breakage in human PBMCs at concentrations of 0.0001 to 100 pug/mL. It was
found that all PS-NPs induced DNA damage. The 29 nm NPs caused significant changes in
DNA integrity from a concentration of 0.01 ug/mL, the 44 nm NPs from a concentration of
0.1 pg/mL, and the 72 nm NPs from 10 mg/mL. However, only the 29 nm and 44 nm NPs
induced DNA DSB formation, the largest NPs did not cause such changes. It is noteworthy
that the observed damage caused by the 44 nm and 72 nm NPs was completely repaired
after 120 min, while the repair was not fully effective for the smaller particles (29 nm) [19].
The results indicate that the smallest tested non-functionalized PS-NPs, i.e., with a diameter
of 29 nm, were the most genotoxic.

The effects of NPs on human white blood cells present in whole blood were also inves-
tigated. Whole blood from healthy donors was exposed for 72 h to NPs with diameters of
40-100 nm and at concentrations of 50 ug/mL and 100 pg/mL. Different groups of leuko-
cytes demonstrated genotoxic effects: lymphocytes did not suffer DNA damage, monocytes
showed a significant increase in DNA breaks (100 ug/mL of NPs), while granulocytes
showed a significantly increase in DNA damage at both tested NP concentrations [78]
(Table 2).

5.2. DNA Bases Damage Induced by Plastic Particles

The detection of oxidative DNA damage (ODD) involves oxidation of purines and
pyrimidines; as such, the most important biomarkers of DNA oxidation are oxidized
deoxyguanosine and guanine products. One such product is 8-oxo-2'-deoxyguanosine (8-
oxodG), a highly-mutagenic and widely-studied compound formed by ODD. It erroneously
binds to adenine during DNA replication, resulting in a spontaneous mutation from the
guanine—cytosine pair to adenine—-thymine [19].

Malinowska et al. [19] examined the formation of oxidized purine bases in PBMCs
after treatment with PS-NPs. The highest degree of oxidation was achieved by the smallest
particles (29 nm) at the lowest concentrations (0.1 pg/mL and above), while the 44 nm
and 72 nm particles increased oxidation at concentrations of 10 pg/mL and 100 pg/mL,
respectively. The levels of oxidized pyrimidines also increased at higher NP concentrations.
The treatment also increased 8-oxodG levels, but only after exposure to the smallest (29 nm)
particles. Purines demonstrated significantly greater damage than pyrimidines, with the
most significant changes observed in purines exposed to the smallest NPs, which correlated
with the production of 8-oxodG and DSBs (Table 4).
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Table 4. Genotoxic effects of plastic particles in selected cell lines.
Cells/Incubation Time Type an(-i Size of Genotox?c Observed Changes Literature
Particles Concentrations
Hs-27/48 h 100 nm PS 25-75 pg/mL Increase in MIN [70]
Caco-2/8 weeks 50 nm PS 800-1200 pg/mL Increase in MN [71]
HCT116/48 h 100 nm PS 800-1200 pug/mL Increase in MN [72]
AZLZ nm Irig 06011__110000 ) //m]} SSBs and DSBs formation,
PBMCs/24 h m . HE/m oxidation of pyrimidine and [19]
72nm PS 10-100 pg/mL urine bases, 8-oxodG formation
29 nm PS 0.1-100 pg/mL P ’
Raji-B/24 h 25-50 pg/mL Genotoxicity
50 pg/mL Oxidative DNA damage
TK6 50 nm PS 5-50 pg/mL Oxidative DNA damage 461
THP1 No effects No effects
Monocytes/72 h 100 pg/mL
Granulocytes 40-100 nm PS 50-100 pg/mL DNA damage [78]
Lymphocytes No effects

Rubio et al. [46] reported general genotoxic damage, as well as specific oxidative
damage to DNA, in TK-6 human lymphoblastic cells (lymphoblasts), RajiB (B lymphocytes),
and THP-1 (monocytes) exposed to 50 nm PS particles at concentrations of 5-50 pg/mL. The
RajiB line demonstrated general genotoxicity at 25 ug/mL and 50 pg/mL, and oxidative
DNA damage after 24 h incubation at 50 pg/mL. Oxidative DNA damage was also noted
for the TK-6 line at all tested concentrations.

Soto-Bielicka et al. [79] studied the effect of combined exposure to NPs and tetra-
bromobisphenol A (TBBPA), a flame-retardant additive, on fish cell lines. Within 24 h, a
significant increase in oxidative DNA damage was noted after joint exposure to 10 pg/mL
NPs and 25 pM TBBPA, but not after exposure to TBBPA alone. Thus, it can be concluded
that NPs/MPs can enhance the harmful effects of xenobiotics.

The studies presented above indicate that NPs can induce ROS production in cells and
living organisms, and that this may result in oxidative damage to DNA.

Hence, it can be concluded that genotoxic effects of NPs/MPs on cellular models
depend on the same factors as the oxidative and cytotoxic effects. Smaller plastic particles
elicit greater changes in DNA damage, and NPs/MPs cause significantly higher DNA
damage when administered at higher concentrations with longer incubation times, and
when the particles have functional groups (Table 4).

6. Conclusions

Concerns about the possible negative effects of chronic human exposure to NPs/MPs
continue to grow, particularly the potential threat from NPs [72]. A number of studies have
shown that NPs/MPs can be toxic to cells and, consequently, living organisms.

The toxicity of MPs and NPs depends on their size, concentration, zeta potential,
exposure time, functionalization, the influence of environmental factors, and the target
cell type (Figure 3). In vitro studies have shown that smaller particles are more toxic
to cells than those of larger sizes [80]. Smaller NPs can penetrate cells more easily and
have a larger surface area relative to their volume, which has a significant impact on
their reactivity. Indeed, smaller particles are more cytotoxic, cause ROS formation, and
induce oxidative damage to lipids, proteins, and DNA. The toxic effect of particles is
also enhanced by their functionalization. In such cases, cationic particles are generally
more toxic than anionic NPs, probably because of their greater cellular uptake and their
deleterious effects on cells and lysosomal membranes. Also, NPs with positive zeta
potential are more toxic than those with a negative zeta potential, probably due to their
stronger interaction with the cell membrane.
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Figure 3. The influence of various factors on the toxicity of plastic particles. Created with BioRender.
com. Agreement number AO26L13F22 on 16 March 2024.

The cytotoxic effect of NPs/MPs also increases with their concentration and duration
of action. In addition, UV radiation can enhance toxicity by shrinking NPs/MPs and
altering their shape; this is an important consideration in in vitro studies, which generally
use commercial particles that are spherical, thus they do not reflect the irregular shape of
particles found in the environment.

Studies conducted on three leukocyte cell lines indicate that the harmful effects of
PS vary from cell line to cell line. Also, the toxicity of NPs/MPs varies between normal
and cancer cells. Exposure to plastic particles, widespread in the environment, can pose a
potential health risk. Many of these factors can intensify the toxic and potential genotoxic
effects of NPs/MPs.

In vitro toxicity tests allowed the mechanism of action of plastic particles to be de-
termined at the cellular level, which is an important indication of their potential harmful
effects on human health. In vitro studies offer controlled laboratory conditions, speed, and
relatively low cost, as well as ease of repetition and elimination of animal suffering, in
accordance with the 3R principle and alternative methods. They can also indicate starting
points for assessing toxicity in animal tests and determining safe exposure levels for people.
However, such studies fail to consider cellular interactions and system-wide metabolism,
and it can be difficult to extrapolate the results to in vivo systems.

The in vitro testing described herein clearly indicates that size, zeta potential, exposure
time, concentration, functionalization, environmental factors, and target cell type should
be taken into account when assessing the toxicity of plastic particles. The findings can be
used in epidemiological studies.

Future studies of the effects of plastic particles in human tissues should therefore
concern not only their concentration, but also their size, shape and, if possible, their
functionalization. Only such holistic assessment can allow a reliable estimate of the risk of
exposure to these particles.

The in vitro test results indicated that exposure may also result in DNA damage, with
the effects also modulated by the above factors. These should be taken into account in fur-
ther epidemiological studies, to assess their impact on human health (e.g., carcinogenicity).
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Exposure to MPs/NPs is commonly associated with a decrease in metabolic activity
and changes in mitochondrial potential [63], characteristic of mitochondrial damage. It is
widely believed that this is the route by which NP/MP particles can induce ROS production
and DNA damage. As such, it would worth conducting more in-depth research on the
changes in the functioning of mitochondria and its proteins after exposure to plastic
particles, as well as the formation of ATP.

While numerous studies have examined specific types of cell death in nucleated cells
or the combined decline in viability and metabolic activity under the influence of MPs/NPs,
few have addressed the effect on necrosis. As such, the role of necrosis in cell death induced
by MPs/NPs remains unclear.

Our analysis also highlights the important role played by environmental factors such
as UV radiation in enhancing the toxicity of NPs/MPs. The research carried out so far
indicates an increase in the toxicity of plastic particles exposed to ultraviolet radiation,
including solar radiation.

There is also no comparison of the toxicity to cells and organisms of NPs/MPs from
various plastics, such as HDPE, LDPE, PVC, PS, PP, and PET, with the same physical
parameters, e.g., diameter. Again, such considerations play an important role in the effect
of plastic contamination on organisms following environmental exposure.
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ARTICLE INFO ABSTRACT

Editor: Dr. J Davila

In this study, the potential toxicity of non-functionalized polystyrene nanoparticles (PS-NPs) in human eryth-
rocytes has been assessed. The effect of PS-NPs with different diameters (~30 nm, ~45 nm, ~70 nm) on fluidity

Keywords: of erythrocytes membrane, red blood cells shape, as well as haemolysis of these cells has been investigated.
Erythrocyte Erythrocytes were incubated for 24 h with non-functionalized PS-NPs in concentrations ranging from 0.001 to
Membrane . 200 pg/mL in order to study haemolysis and from 0.001 to 10 pg/mL to determine other parameters. Fluidity was
Membrane fluidity . . . .

Stomatocytes estimated by electron paramagnetic resonance (EPR) and the fluorimetric method. It has been shown that PS-NPs
Cell morphology induced haemolysis, caused changes in the fluidity of red blood cells membrane, and altered their shape. Non-
Haemolysis functionalized PS-NPs increased the membrane stiffness in the hydrophobic region of hydrocarbon chains of fatty

acids. The observed changes in haemolysis and morphology were dependent on the size of the nanoparticles. The
smallest PS-NPs of ~30 nm (with the smallest absolute value of the negative zeta potential —29.68 mV) induced
the greatest haemolysis, while the largest PS-NPs of ~70 nm (with the highest absolute value of the negative zeta

potential —42.00 mV) caused the greatest changes in erythrocyte shape and stomatocytes formation.

1. Introduction

Several dozen types of plastics have been synthesised, including
polystyrene (PS), polyvinyl chloride polyethylene, and terephthalate
polypropylene, and most of which are very popular and used in massive
amounts in the market (Kelpsiene et al., 2022). During the last century,
plastic production has increased up to 390.4 million tons in 2021, while
>40% is used as packaging (Plastics Europe, 2022). Plastics have
numerous applications in the construction industry and medicine
(Klemes et al., 2020). Under the impact of physicochemical factors, such
as biodegradation, UV irradiation, chemical or mechanical degradation,
macroplastics are disintegrated into smaller microparticles (MPs) (<5
mm), and then to nanoparticles (NPs) (from 1 to 100 or 1000nm) (Li
et al., 2020). In the latest reports, the diameter of 1000 nm of NPs has
been assumed as the upper limit (Jiang et al., 2020; Mitrano et al.,
2021). PS is one of the most widely produced plastic, as a product of
polymerization of styrene monomers (vinylbenzene). This polymer is
used in storage: food, cosmetics, and drugs, as well as in toothbrush,

* Corresponding author.
E-mail address: bozena.bukowska@biol.uni.lodz.pl (B. Bukowska).

https://doi.org/10.1016/j.tiv.2023.105634

CDs, toys, but the number of its applications is still increasing (Kik et al.,
2020; Loos et al., 2014).

Small sizes, high surface curves, and large surface areas of PS
nanoplastics can increase the potential risk to the environment and in-
crease the potential for accumulation in organs (Mattsson et al., 2015).
For plastic with surface charge modifications, charge seem to be a
central component in determination of uptake and dispersion into tissue.
Negatively and positively charged nanoplastics of the same type have
been found to have different levels of uptake (Cole and Galloway, 2015),
accumulation (Sun et al., 2020), and toxicity (Bergami et al., 2017), as
well as different sites of accumulation within the organism (Bergami
et al., 2016).

Nanoplastic particle size also plays a role in both rate of uptake and
tissue distribution. Studies showed general smaller particles are inter-
nalized faster and disperse throughout the organism, while larger par-
ticles are taken up more slowly and tend to accumulate in the intestinal
tract (Cole and Galloway, 2015; Lu et al., 2016; Snell and Hicks, 2011).
Nano-sized plastics have a much greater surface area to volume ratio
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than larger particles, which increases their reactivity in aquatic envi-
ronment, making them potentially more toxic (Tallec et al., 2019).

MPs and NPs have been detected in aquatic and terrestrial ecosys-
tems causing pollution of the environment. Pollution with MPs also
concerns food products, including sea food, honey, beer, salt, as well as
tap water (Sana et al., 2020). MPs and NPs can be transferred within
food chain, which was observed by Mattson et al. (Mattsson et al., 2015)
demonstrating (under laboratory conditions) the movement of 53-nm-
diameter PS-NPs from algae to zooplankton and, consequently to fish.

Because of their size, MPs and NPs can enter the human body
through inhalation, dermal contact, and ingestion. They have been
determined in human faeces (O’'Neill and Lawler, 2021; Schwabl et al.,
2019), human placenta (Ragusa et al., 2021), and human lungs after
biopsy (Jenner et al., 2022). Recently Leslie et al. (Leslie et al., 2022)
showed the presence of plastic microparticles in human blood in 17 of 22
tested donors, however, this report seems to be controversial (Kuhlman,
2022). In addition the latest study of 196 cohorts confirmed the exis-
tence of nanoplastics in the peripheral blood of all the patients (Salvia
et al., 2023).

Biological membranes are the first barrier encountered by foreign
particles to the cell. MPs and NPs can cross many biological barriers and
come into direct contact with lipid membranes, the last cell protective
barrier from the environment. Fleury and Baulin ((Fleury and Baulin,
2021) demonstrated that microplastic beads ranging from 1 to 10 pm
attached to lipid membranes. This attachment led to significant
stretching of the lipid bilayer without requiring any oxidative, or bio-
logical, e.g., inflammatory, reactions. This mechanical stretching can
potentially lead to serious dysfunction of the cell machinery. On the
other hand, Rossi et al. (Rossi et al., 2014) used coarse-grained molec-
ular simulations to determine the effect of nanosized PS-NPs on the
properties of model biological membranes. They found that PS-NPs
entered easily into lipid membranes. Dissolved in the membrane core,
the PS chains altered the membrane structure, significantly reduced
molecular diffusion, and softened the membrane. Moreover, PS-NPs
severely affected the lateral organization by stabilizing raft-like
domains.

Because, the effect of non-functionalized PS-NPs on membrane
fluidity and erythrocyte shape is unknown, the effect of PS-NPs on
membrane of erythrocytes, which are the most abundant cells in the
circulatory system, was assessed.

Because the surface functionalization is a major parameter deter-
mining the biological properties of plastics, we chose non-functionalized
nanoparticles devoid of charge, such as those mainly formed in the
environment as a result of plastic degradation, to check how these types
of particles differing mainly in size affect human isolated erythrocytes
(in vitro).

In order to verify the hypothesis that nonfunctionalized PS-NPs
depending on their diameter and the value of zeta potential (deter-
mined in a Ringer buffer in which cells were suspended), may alter
membrane fluidity, which can lead to different alterations in the shape
of the erythrocytes and haemolysis, we have evaluated the impact of
non-functionalized PS-NPs of different diameters (~30 nm, ~45 nm,
~70 nm) at concentrations ranging from 0.001 to 200 pg/mL (24 h of
incubation) on haemolysis of the erythrocytes, and in concentration
ranges of 0.001 to 10 pg/mL on membrane fluidity and morphology of
red blood cells. Erythrocyte membrane fluidity was determined by
means of electron paramagnetic resonance (EPR) and fluorimetry. As
plastic NPs interact with the erythrocyte membrane, they can also alter
the shape of these cells, which has been assessed using the microscopic
technique. Different concentrations of PS-NPs, including those, which
are likely present in the human blood were tested to account for sub-
lethal results.
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2. Materials and methods
2.1. Chemical standards

Standards of non-functionalized PS-NPs were purchased from Bangs
Laboratories (Fishers, Indiana, USA). 1 g of individual nanoparticles con-
tained: 9.24116 x 10'® nanoparticles/g (29 nm); 2.13516 x 10'® parti-
cles/g (44 nm); 5.78515 x 10%° particles/g (72 nm). The fluorescent
probes, such as 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethy-
lammonium-phenyl)-6-phenyl-1,3,5-hexatriene  p-toluene sulfonate
(TMA-DPH) were obtained from Molecular Probes (Eugene, Oregon, USA).
5-Doxylstearic acid (5-DSA) and 16-doxylstearic acid (16-DSA) were pur-
chased from Sigma-Aldrich (Saint Louis, Mi, USA). The remaining reagents
i.e. NaCl, NaOH, TRIS, sodium acetate and HEPES were purchased from
POCh (Poland) and Roth (Germany).

2.2. Physico-chemical characterization of non-functionalized PS-NPs

To obtain comparable results in the study of NP, an in-depth char-
acterization of the material (microplastics) is needed (Ramsperger et al.,
2022), and therefore, we performed physicochemical tests. In our earlier
work, we assessed PS-NP hydrodynamic size in water using the Dynamic
Light Scattering technique (DLS), atomic force microscopy (AFM) and
scanning electron microscope (SEM). The diameters of the particles
indicated by the manufacturer were consistent with the results measured
in water by the three methods (Malinowska et al., 2022).

Now, in this study, we marked the value of the zeta potential in
Ringer buffer, in which red blood cells were incubated.

2.2.1. The zeta potentials ({) of the PS-NPs

The zeta potentials of the PS-NPs were measured using a Malvern
Instruments Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern,
UK). Samples in electric field were prepared in capillary cells
(DTS1061). Measurement was carried out at 37 °C in Ringer buffer at
pH 7.4 with 6 repetitions. The zeta potential value was calculated
directly from the Helmholtz-Smoluchowski equation using Malvern
software (Sze et al., 2003).

2.3. Isolation of erythrocytes

The erythrocytes were obtained from leucocyte buffy-coat (separated
from blood) bought in the Regional Centre of Blood Donation and Blood
Treatment in £6dz, Poland. Blood was collected from 20 volunteers
(aged 18-55) with no symptoms of infectious disease. The investigation
was approved by the Bioethics Committee of the University of Lodz
(Resolution No. 12/KEBN-UL./1/2022-23).

The leukocyte buffy-coat was centrifuged (3000 rpm. For 10 min. at
4 °C) and washed twice with phosphate-buffered saline (NagHoPOj,
NapoHPO4 x 12 Hy0, 0.9% NaCl). The erythrocytes of 5% haematocrit
were suspended in Ringer buffer, and then incubated with PS-NPs from
0.001 to 200 pg/mL for haemolysis determination, and from 0.001 to 10
ng/mL for assessing other tested parameters at 37 °C for 24 h. Negative
control samples contained the erythrocytes incubated with Ringer buffer
consisting of 125 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCly, 10 mM
glucose, 32 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES), 25 mM Tris (pH 7.4).

2.4. Haemolysis

The absorbance of haemoglobin leaking from the erythrocytes was
used as an indicator of haemolysis (Drabkin, 1946). The erythrocytes
were incubated with non-functionalized PS-NPs with different diameters
(~30 nm, ~45 nm, ~70 nm) in concentrations from 0.001 to 200 pg/mL
at 37 °C for 24 h. Then, the absorbance of haemoglobin released into
supernatant was measured at 542 nm in microplate absorbance reader
(BioTek ELx808, BioTek). Determination of haemolysis was described in
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the paper of Jarosiewicz et al. (2017). Haemolysis (100%) was obtained
by diluting sample 12 times with water, and then measured by the
Drabkin method, such as the undiluted test sample.

2.5. Membrane fluidity

2.5.1. Electron paramagnetic resonance (EPR)

To determine red blood cell fluidity, EPR spectroscopy was used
(Brucker 300 Spectrometer, Germany), involving 5-doxylstearic acid (5-
DSA) and 16-doxylstearic acid (16-DSA) spin labels. From the EPR
spectra obtained for the 5-DSA spin label, the ordering parameter S was
calculated, and for 16-DSA spin label correlation times g and t¢ were
determined. These parameters show the inverse correlation with mem-
brane fluidity. Order parameter S and the correlation times 1 and 1¢
were calculated as described in the study of Koter et al. (2004).

2.5.2. Fluorimetry

To study the effect of non-functionalized PS-NPs on erythrocyte
membrane fluidity, the measurement of fluorescent anisotropy using
probes DPH and TMA-DPH, which located in different regions of the
lipid bilayer was conducted (Fig. 5). Anisotropy indicates membrane
fluidity by free rotation of the lipid probe in the lipid bilayer. The in-
crease in fluorescence anisotropy is associated with a decrease in the
mobility of lipid hydrocarbon chains, which shows a decrease in mem-
brane fluidity. For the fluorimetric studies, isolated erythrocytes’
membranes (ghosts erythrocytes) were used according to Dodge method
(1963). Erythrocytes’ membranes were suspended in phosphate-saline
buffer, pH 7.4. The Bradford method was used to determine the con-
tent of membranes in the tested samples Bradford (1976). Fluorescence
intensity was measured for two probes (TMA-DPH, DPH) at the final
concentration in the sample of 1 pM, while non-functionalized PS-NPs
concentration was in the range from 0.001 to 10 pg/mL. Measurements
were made with fluorimeter (Cary Eclipse, Varian, UK) at excitation and
emission wavelength respectively for DPH Lex 360 nm, and Aem 425 nm;
TMA-DPH )ex 358 nm, and Aem 428 nm. Fluorescence anisotropy for
DPH and TMA-DPH probes was calculated by the methods described in
the study of Bonarska-Kujawa et al. (2011). In fluorimetric studies that
used fluorescent probes, additional control tests were performed: auto-
fluorescence of PS-NPs, autofluorescence of suspension of NPs and
erythrocyte membranes, as well as suspension of NPs and fluorescent
markers. Tested NPs did not exhibit autofluorescence, and the signal
from the fluorescent probes in the presence of NPs (except concentration
of 10 pg/mL) was similar to the signal of the probe from phosphate
buffer. Slightly higher control values for NPs concentration of 10 mg/mL
were associated with greater light scattering, as well as possibility of
aggregation of NPs in solution, which was described in the studies of
Barshtein et al. (2016) and Malinowska et al. (2022).

2.6. Evaluation of erythrocytes shape

The effect of non-functionalized PS-NPs on human erythrocytes
shape was determined by optical microscopy. The erythrocytes after 24
h of incubation with PS-NPs (different diameters) in the range of con-
centrations from 0.001 to 10 pg/mL, were washed and fixed with
glutaraldehyde. So prepared erythrocytes were observed under the op-
tical microscope (Zeiss AXIO Scope. Al) equipped with a microscope
camera (AxioCam MR) with magnification 600x (Carl Zeiss Microscopy,
GmbH, Germany). The photos were taken, which made possible to
calculate the percentage of three forms of the erythrocytes, such as
discocytes, stomatocytes and echinocytes.

2.7. Statistical analysis
Data were expressed as the mean and standard deviation (SD) (for

equal numbers of trials) or as median and interquartile range (IQR)
(lower (25%) to upper (75%) quartile for not equal numbers of trials); n
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= 3-9 (3-9 blood donors).

Erythrocyte shapes were analysed from 5 individual experiments.
From each tested erythrocyte sample, 6 images were taken and the
percentage of discocytes, echinocytes and stomatocytes was calculated,
and then the average of these percentages was adopted for statistical
analysis. Average values obtained from 5 series were counted from
about 500 cells. Statistical analysis was performed from 5 averages
assigned to the controls and consecutive concentrations.

Statistical analyses were performed using Statistica v.13.1 (Dell Inc.,
Tulsa, OH, USA). The Shapiro-Wilk test was used to test for normality,
and Brown-Forsythe’a test was used to verify variance homogeneity. All
data demonstrated a normal distribution, therefore parametric tests
were used for further analyses. The statistical significance of differences
between homogenous groups was tested using two-way ANOVA (one-
way ANOVA was only used to test potential zeta), followed by a post hoc
Tukey’s test. The results were considered statistically significant when P
< 0.05.

3. Results
3.1. Differences in the { potential of particles

Zeta potentials at pH 7.4 of tested particles after their incubation in
Ringer buffer (in which erythrocytes were incubated) (Table 1) were
measured.

The obtained results showed a significant change in (-potential
measured in Ringer buffer depending on the particle size from —29.68
+ 2.15 mV (for the smallest particles ~30 nm) to —42.0 + 1.52 mV (for
the largest particles ~70 nm) (Table 1). Statistically significant differ-
ences were found between the zeta potential values for the smallest NPs
~30 nm and NPs ~45 nm (P < 0.01) and ~70 nm (P < 0.001), and
between ~45 and ~ 70 nm (P < 0.001).

3.2. Haemolysis

Red blood cells were treated with non-functionalized PS-NPs in the
range of concentrations from 0.001 to 200 mg/mL and incubated for 24
h. PS-NPs of ~30 nm diameters from the concentration of 100 pg/mL (P
< 0.001) and NPs of diameter ~ 70 nm and ~45 nm from the concen-
tration of 200 pg/mL (P < 0.001) caused significant haemolytic changes
(Fig. 1). The smallest NPs caused the greatest haemolytic changes
(Fig. 1). Statistically significant differences were noted between PS-NPs
of ~30 nm and PS-NPs of diameter ~ 70 nm and ~45 nm at 100 pg/mL
and 200 pg/mL (P < 0.001).

3.3. Membrane fluidity

Haemolysis was assessed under influence of PS-NPs in order to select
their concentrations that do not alter cell viability, and consequently
may be used in membrane fluidity tests. Based on obtained results,
electron paramagnetic resonance (EPR) and fluorescence analyses were
conducted for the particles in concentrations from 0.001 to 10 pg/mL,
which did not induce haemolytic changes in tested cells (Fig. 1).

Table 1

Zeta potential of non-functionalized PS-NPs in Ringer buffer, pH 7.4. Mean + SD
was calculated from 6 measurements. (*) Significantly different between PS-NPs
~30 nm and ~45 and ~70 nm and (#) between ~45 nm and ~70 nm; one-way
ANOVA and post hoc Tukey’s test.

PS-NPs
Manufacturer diameter [nm] ~30 ~45 ~70
C-potential [mV], in Ringer —29.68 + —35.03 + —42.0 +
buffer, pH 7.4 2.15 3.31* 1.52+%
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Fig. 1. Haemolysis of the erythrocytes caused by different sized non-functionalized PS-NPs. Data were presented as median and IQR. Significantly different from
control (*) P < 0.05, (**) P < 0.0, (***) P < 0.001; n = 3-8 experiments (at 3 replications for each donor); two-way ANOVA and post hoc Tukey’s test.

3.3.1. Order parameter S

Statistically significant changes were noted in the order parameter S
in the erythrocytes incubated for 24 h with non-functionalized PS-NPs of
diameter ~ 70 nm in concentrations from 0.001 to 10 pg/mL and
incubated with PS-NPs of diameters ~30 and ~45 nm in concentrations
from 0.01 to 10 pg/mL. All tested PS-NPs caused an increase in the
parameter S value as compared with control (Table 2). No differences in
parameter S value between different-sized NPs were found (P > 0.05).

3.3.2. Correlation time tg and time ¢

Following incubation of the erythrocytes with non-functionalized
PS-NPs for 24 h, statistically, significant changes were observed in the
values of the correlation time g and time .c. For correlation time 7g,
statistically significant changes were observed for PS-NPs with di-
ameters of ~30 nm from the concentration of 0.001 pg/mL, for PS-NPs

Table 2

Changes in order parameter S for control erythrocytes and the erythrocytes
incubated with different-sized non-functionalized PS-NPs. Data were pre-
sented as median and IQR (n = 7-8, at 1 replications for each donor).
Significantly different from control (*) (P < 0.05), (***) (P < 0.001); two-
way ANOVA and post hoc Tukey’s test.

PS-NPs diameter [nm] Parameter S

Concentrations [pg/mL]

~30 nm

control 0.704 (0.701, 0.709)
0.001 0.712 (0.705, 0.715)
0.01 0.717 (0.715, 0.718)***
0.1 0.723 (0.719, 0.724)***
1 0.726 (0.722, 0.729

10 0.732 (0.731, 0.735)
~45 nm

control 0.704 (0.702, 0.710)
0.001 0.713 (0.711, 0.715)
0.01 0.717 (0.713, 0.724)***
0.1 0.722 (0.720, 0.726)***
1 0.725 (0.723, 0.729)***
10 0.732 (0.728, 0.737)***
~70 nm

control 0.705 (0.704, 0.708)
0.001 0.714 (0.711, 0.717)*
0.01 0.717 (0.715, 0.724)***
0.1 0.726 (0.722, 0.727)%**
1 0.726 (0.722, 0.729)***

10 0.734 (0.728, 0.738)***

~45 nm from the concentration of 0.01 pg/mL and for NPs with diam-
eter of ~70 nm from the concentration of 0.1 pg/mL (Table 3).

For correlation time t¢, a statistically significant changes were
observed after incubation of tested cells with PS-NPs with a diameter of
~70 nm at concentrations of 0.001 pg/mL and 0.1 pg/mL, and with
diameters of ~30 nm and ~45 nm in concentrations from 1 to 10 pg/mL
(Table 3). However, no differences in tg and t¢ values between different-
sized PS-NPs were found (P > 0.05).

Table 3

Changes in correlation time tp, and time 1. for control erythrocytes and the
erythrocytes incubated with different-sized non-functionalized PS-NPs. Data
were presented as median and IQR (n = 8-9, at 1 replications for each donor).
Significantly different from control (*) (P < 0.05), (**) (P < 0.01), (***) (P <
0.001); two-way ANOVA and post hoc Tukey’s test.

PS-NPs diameter [nm]

Correlation time

Correlation time

Concentrations [pg/
mL]

T8 (><10’9 s)

Tc (><10’9 s)

~30 nm

control 17.440 (17.280, 18.127) 22.752 (21.958, 23.590)

0.001 18.405 (18.138,19.413)**  24.038 (23.220, 25.588)

0.01 18.671 (18.138, 18.762)* 24.291 (23.902, 24.970)

0.1 18.662 (18.241, 19.119)* 24.579 (23.502, 25.166)

1 18.876 (18.369, 19.573) 25.055 (24.175, 26.337)

10 18.758 (18.452,19.204)**  24.822 (24.293, 25.361)*

~45 nm

control 17.404 (17.280, 18.127) 22.752 (21.958, 23.590)

0.001 18.393 (18.107, 18.673) 24.176 (23.347, 25.096)

0.01 18.346 (18.150, 19.024)* 23.776 (23.395, 24.470)

0.1 18.544 (18.256, 19.104)* 24.648 (23.303, 24.754)

1 18.755 (18.535, 19.172) 24.479 (24.030, 25.057)*

10 18.964 (18.254, 19,649) 24.467 (24.014, 25.586)*
ek

~70 nm

control 17.440 (17.280, 18.127) 22.752 (21.958, 23.590)

0.001 18.147 (18.041, 19.037) 24.023 (23.529, 25.848)*

0.01 18.392 (18.236, 18.615) 24.463 (23.811, 24.770)

0.1 18.806 (18.274, 19.307) 24.721 (23.852, 25.120)*
Fedkk

1 18.797 (18.384, 19.266) 24.106 (23.752, 25.050)
-

10 18.426 (18.213, 19,168)* 24.190 (23.839, 24.918)
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3.4. Fluorimetric methods

There were no statistically significant changes in fluorescence
anisotropy for the (1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene p-toluene sulfonate) (TMA-DPH) fluorescence probe at the
level of the fourth carbon atom of the fatty acid chain in the erythrocytes
membrane incubated with tested PS-NPs (Fig. 2A). Fluorescence
anisotropy for the 1,6-diphenyl-1,3,5-hexatriene (DPH) probe increased
(statistically significant changes) after incubation of tested cells with
non-functionalized PS-NPs with diameters of ~30 nm and ~70 nm in
concentrations range from 0.01 to 10 pg/mL and for PS-NPs with a
diameter of ~45 nm in the concentration of 0.1 pg/mL (P < 0.05)
(Fig. 2B). No differences in fluorescence anisotropy values between
tested NPs were found (P > 0.05).

3.5. Impact on erythrocyte shape

Figs. 4A-C show percentages of various forms of human erythrocytes
(discocytes, echinocytes and stomatocytes) after exposure to PS-NPs
with diameters of ~30 nm, ~45 nm, and ~70 nm in concentrations
range from 0.001 to 10 pg/mL. The exemplary photos of the erythro-
cytes incubated with PS-NPs are shown in Fig. 3 and all photos are
deposited.

In all samples containing the erythrocytes and PS-NPs of ~45 nm and
~70 nm in diameter, a statistically significant decrease in discocytes
count relative to the control sample occurred. The biggest NPs caused a
decrease in echinocytes formation from the concentration of 0.001 pg/
mL (P < 0.001), PS-NPs in diameter ~ 45 nm from the concentration of
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0.01 pg/mL (P < 0.001), while PS-NPs in diameter ~ 30 nm from the
concentration of 0.1 pg/mL (P < 0.01). The differences in the percentage
of discocytes were statistically significant between samples containing
tested NPs of ~70 nm and ~30 nm at the concentrations of 0.001 pg/mL
(P < 0.01), 0.01 pg/mL (P < 0.001), and 0.1 pg/mL (P < 0.05), addi-
tionally between samples consisting of NPs of 70 nm and 45 nm in the
concentration of 0.01 pg/mL (P < 0.05).

Changes in the percentage of echinocytes were not statistically sig-
nificant, while the number of stomatocytes increased. Statistically sig-
nificant changes in the percentage of stomatocytes were observed in
samples containing NPs in diameter of ~70 nm in each of their con-
centration (P < 0.001), for PS-NPs of ~45 nm from the concentration of
0.01 pg/mL (P < 0.001), while for the smallest PS-NPs ~30 nm from the
concentration of 0.1 pg/mL (P < 0.001).

The differences in the percentage of stomatocytes were statistically
significant between samples containing tested NPs of 70 nm and 30 nm
at the concentrations of 0.001 pg/mL and 0.01 pg/mL (P < 0.001), and
additionally between samples consisting of NPs of 70 nm and 45 nm in
the concentrations 0.001 pg/mL (P < 0.05) and 0.01 pg/mL (P < 0.01).
However, there were no differences in the percentage of discocytes and
stomatocytes between all tested NPs in the concentrations of 1 pg/mL
and 10 pg/mL (P > 0.05). Compared to the other tested NPs, 70 nm PS-
NPs caused the greatest changes at the lowest concentrations.

4. Discussion

Plastic particles formerly considered inert to the body are increas-
ingly being studied for their harmful effects on living organisms. They

0.20 T T T
0 0.001 0.01

Concentration [pg/mL]

oo}

0.34 -
0.32 £,
0.30
0.28
0.26 -
0.24 -

Fluorescence anisotropy

0.22 A

0.1 1 10

M ~30 nm
B ~45 nm
[ ~70 nm

sk Kk *% k%

0.20 . T .

0 0.001 0.01

0.1 1 10

Concentration [pg/mL]

Fig. 2. Fluorescence anisotropy values of TMA-DPH probe (A) and DPH probe (B) for erythrocyte membrane incubated for 24 h with different-sized non-func-
tionalized PS-NPs. Significantly different from control (*) (P < 0.05), (**) (P < 0.01); n = 3; two-way ANOVA and post hoc Tukey’s test.
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control

70 nm 0.001 pg/ml 70 nm 10 pg/ml

Fig. 3. The impact of PS-NPs on erythrocytes shape. Selected photos present control sample and samples with two highest concentrations of NPs of different size
(blue arrow — discocytes, orange arrow — echinocytes and green arrow — stomatocytes). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Percentage of various forms of the erythrocytes: discocytes, echinocytes, stomatocytes in control samples and the samples incubated with non-functionalized
PS-NPs with diameter of ~30 nm (A), ~45 nm (B) and ~70 nm (C). Significantly different from control (*) (P < 0.05), (**) (P < 0.01), (***) (P < 0.001); n = 5; two-

way ANOVA and post hoc Tukey’s test.
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Fig. 5. Localization of markers in the cell membrane of the erythrocytes: DPH (Poojari et al., 2019); TMA-DPH (Fernandes et al., 2018); 5-DSA and 16-DSA (Gaeti

et al., 2015).

can accumulate in organs and tissues, causing a sustained inflammatory
response, oxidative stress, and cytotoxicity (Kik et al., 2021; Lehner
et al., 2019). Particles smaller than 100 nm pose a potentially greater
environmental and health risk, due to their size, which is two orders of
magnitude smaller than that of eukaryote cell; they can affect cells at the
subcellular and even at molecular level (Holloczki and Gehrke, 2020). In
search of associations between humans exposure to PS-NPs and the ef-
fects of their action, it is important to consider the erythrocytes, which
are the most abundant cells in the human circulatory system. Because
limited information on the effects of NPs on blood cells, including
erythrocytes exists, and the latest results have shown plastic particles
exist in the human blood (Leslie et al., 2022), we decided to evaluate the
effect of non-functionalized PS-NPs of different diameters on haemolysis
of erythrocytes, as well as the structure and function of erythrocyte
membrane.

In preliminary haemolytic studies, the concentrations of PS-NPs that
did not decrease red blood cells viability, and consequently may be used
in membrane fluidity tests.

Published studies on human erythrocytes indicated haemolysis in-
duction under the influence of PS-NPs, but at their very different doses/
concentrations. Sarma et al. (Sarma et al., 2022) studied the effect of PS-
NPs at diameter of 50 nm at very high concentrations from 500 pg/mL to
as much as 2000 pg/mL on haemolysis. They observed the highest
haemolysis (93%) in cells exposed to PS-NPs at 2000 pg/mL, in com-
parison to other concentrations (15.3% at 1000 pg/mL and 6.5% at 500
pg/mL). In turn, Gopinath et al. (2019) studied the effect of non-
functionalized PS-NPs with a larger diameter of 100 nm in slightly
lower concentration range from 1 to 10 pg/mL and found that tested NPs
already at 5 pg/mL and 7.5 pg/mL caused haemolysis of 22% and 36%,
respectively, and at 10 pg/mL they induced almost 50% haemolysis.
Haemolysis in our study was observed at lower concentrations of PS-NPs
(from 100 to 200 pg/mL) (Fig. 1) in comparison to haemolytic changes
observed by Sarma et al. (2022) caused by PS-NPs of 50 nm in diameter
(500, 1000 and 2000 pg/mL), as well as at slightly higher concentrations
than those reported by Gopinath et al. (2019) for PS-NPs of 100 nm
(from 1 to 10 pg/mL). It was observed that haemolysis caused by non-
functionalized PS-NPs was concentration dependent, and the smallest
NPs caused the greatest changes in cell membrane integrity. Among the
non-functionalized PS-NPs tested, those with the smallest diameter
exhibited the strongest haemolytic activity, which was probably asso-
ciated with their easiest penetration into the cells, as reported elsewhere
(Hwang et al., 2022; Xu et al., 2019). Similarly, Kim and Shin (2014)

investigated the effect of the size and aspect ratio of Ag-NMs on the
rheological characteristics of human erythrocytes, including haemolysis
and noted that the smaller particles induced the strongest haemolysis.
For PS, such a relationship was determined (Hwang et al., 2020);
although it referred to MPs of much larger size than the those used in our
study. Those scientists observed that induction of haemolysis depended
only on particles size, but not on their concentration. PS particles, which
had an average diameter of 6-8 pm, were more cytotoxic at each con-
centration. They also suggested that probably the adhesion of small PS
particles to the erythrocytes was enhanced by weak interactive forces,
such as van der Waals forces, which led to red blood cells haemolysis
(Hwang et al., 2020).

It should be emphasized that these studies are carried out in an in
vitro system, erythrocytes were suspended in Ringer’s solution devoid of
proteins. The presence of proteins and the potential formation of a
protein corona, as showed Gopinath et al. (2019) may be important in
the haemolytic properties of NPs. Gopinath et al. (2019) indicated that
protein coronation with increased conformation greatly influenced
haemolytic activity of NPs. They showed that coronate-NPs at 5 pg/mL
and 7.5 pg/mL caused 91% and 83% haemolysis, respectively, as a result
of higher conformational changes in plasma protein, while virgin-NPs
induced 22% and 36% haemolysis. This is a very important observa-
tion, because it indicates the possibility of increase in toxicity of PS-NPs
in the bloodstream as a result of reaction with proteins and the forma-
tion of hard- or soft-corona.

Zajac et al. (2022) presented research in which cell membranes were
exposed to plain PS and amino-functionalized PS (PS-NHy) of two
different sizes. They showed that the size and surface chemistry of the
particles determined their interactions with biological membranes. They
concluded that 100 nm and 200 nm PS, as well as 100 nm PS-NH,,
internalized into the cells. On the contrary, PS-NHj particles of 200 nm
were only attached to cell membranes. These observations were
confirmed by Anselmo et al. (2013). They noticed the attachment of
spherical PS-NPs (200 nm in diameter) to the erythrocytes by scanning
electron microscopy (SEM) and quantified this phenomenon using 3H-
radiolabeled NPs. At a particle/erythrocyte ratio of 100:1, a single cell
on average carried ~24 particles (200 nm in diameter). The attachment
of particles to erythrocytes was also proven to the erythrocytes was
mediated by electrostatic and hydrophobic interactions (Chambers and
Mitragotri, 2004).

In the erythrocytes, NPs can change the structure of the phospholipid
bilayer (Wang et al., 2012), which is formed by a hydrophilic outer
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surface and a hydrophobic core (Holloczki and Gehrke, 2020). The
penetration ability of NPs depends on their physicochemical properties,
such as size, surface area, and charge, so the hydrophobic nature of
plastics will play an important role in these interactions (Holloczki and
Gehrke, 2020; Wang et al., 2012). Changes in lipid membranes caused
by microplastic particles have been reported by Fleury and Baulin
(2021), who proved that microplastic particles adsorbed on lipid
membranes considerably increased membrane tension even at low
particle concentrations. Each particle adsorbed at the membrane con-
sumes a surface area that is proportional to the contact area between the
particle and the membrane. Although lipid membranes are liquid and
capable of accommodating mechanical stress, the relaxation time is
much slower than the rate of adsorption; thus, the cumulative effect of
the arrival of microplastic particles to the membrane leads to the global
reduction of the membrane area and increased membrane tension. This,
in turn, leads to a strong reduction in the lifetime of the membrane.
Mechanical stress may alter the function of membrane proteins or ion
channels.

Membrane fluidity is essential for maintaining cell homeostasis,
because it affects cell growth, signal transduction, transport of solutes
and membrane-bound enzymatic activity, therefore changes in cell
membrane fluidity can disrupt function and induce pathological pro-
cesses in the cell (Ammendolia et al., 2021; Rawat et al., 2021). The
effect of non-functionalized PS-NPs with different diameters (~30 nm,
~45 nm, ~70 nm), on the erythrocyte cell membrane was evaluated in
the non-haemolytic concentrations range of 0.001-10 pg/mL. The effect
of non-functionalized PS-NPs on the fluidity of the hydrophobic region
of the erythrocyte membranes was determined by changes in the fluo-
rescence anisotropy of DPH and TMA-DPH probes, as well as EPR
spectra obtained for the spin labels 5-doxylstearic acid (5-DSA) and 16-
doxylstearic acid (16-DSA). We used probes, which were located in
different hydrophobic parts of the membrane (Fig. 5). For 5-DSA, the
ordering parameter S was calculated, for which the first statistically
significant increase was observed for PS-NPs of diameter ~70 nm at a
concentration of 0.001 pg/mL (Table 2) and at a concentration of 0.01
pg/mL for other nanoparticles. No differences in parameter S values
between different-sized PS-NPs were found (P > 0.05). The increase in
order parameter S is associated with a decrease in the fluidity of the cell
membrane at the level of the 5th carbon atom of the fatty acid residue.
However, no statistically significant changes in TMA-DPH fluorescence
anisotropy were observed (Fig. 2B).

To investigate the core tail of the hydrophobic region of the eryth-
rocyte membrane, spin label 16-DSA in EPR technique and DPH probes
in a fluorimetric method were used. The correlation time tg determined
for the spin label demonstrated statistically significant changes in these
parameters after 24-h of incubation of the erythrocytes with non-
functionalized PS-NPs with diameters of ~30 nm from the concentra-
tion of 0.001 pg/mL, with diameters of ~45 nm from the concentration
of 0.01 pg/mL, as well as for the biggest NPs (~70 nm) from the con-
centration of 0.1 pg/mL. The correlation time t¢ increased at 1 pg/mL
and 10 pg/mL for smaller NPs, and for the largest NPs ~70 nm, the
changes were significant at the concentrations of 0.001 pg/mL and 0.1
pg/mL. No differences in the correlations time tp and ¢ values between
different NPs were found (P > 0.05). These findings demonstrate the
stiffening of the erythrocyte cell membrane at the 16-carbon level of the
chain of fatty acid chain (Table 3). Similar results were observed for DPH
(Fig. 2B), which is located in the membrane in the same region as the 16-
DSA tested by the EPR technique. It can be assumed that the PS-NPs
tested caused alterations in the hydrophobic part by increasing the
pressure on the membrane surfaces. As a consequence, an increase in the
stiffness of the internal leaflet of the red blood cell membrane was
observed.

Interactions of NPs with blood morphotic elements lead to changes in
the plasma membrane of the erythrocytes, and consequently to alter-
ations in the structure of lipids and membrane proteins, which indirectly
may impact the shape of the erythrocyte. The physiological human

Toxicology in Vitro 91 (2023) 105634

erythrocyte (discocyte) has a characteristic biconcave disk shape that
gives it a higher surface-to-volume ratio than a sphere, which creates
better conditions for gas exchange and increases the deformability of the
cell. When specific compounds bind to the outer or inner monolayer of
the discocyte membrane, echinocytes and stomatocytes are formed,
respectively (Stasiuk et al., 2009). However, in the case of PS-NPs, it is
more likely that these particles, due to the high pressure they exert on
the cell surface and changes in the lipid-protein structure of the entire
bilayer, cause volume stresses and change the shape of the cells (Fleury
and Baulin, 2021). In the current study, a statistically significant in-
crease in stomatocyte\ number was noted for NPs of ~30 nm from 0.1
pg/mL, PS-NPs of ~45 nm from 0.01 pg/mL, whereas for NPs of ~70
diameter, an increase in number was observed at all particle concen-
trations tested.

We observed that the smallest particles (~30 nm) with the lowest
absolute value of the negative zeta potential (—29.68 + 2.15 mV)
showed the highest haemolytic properties, while the largest particles
(~70 nm) with the highest absolute value of the negative zeta potential
(—42.0 £ 1.52 mV) revealed the smallest haemolytic changes. All tested
NPs caused the formation of stomatocytes; however, particles of 70 nm
in diameter induced the strongest changes in this parameter from their
lowest concentrations tested.

In the assessment of toxicity, the number of particles is also impor-
tant, for example, at a haemolytic concentration of 100 pg/mL for PS-NP
29 nm itis 7.418 x 10'2 in ml, for 44 nm it is 2.150 x 102 and for 72 nm
it is 5.055 x 10!, Therefore, the smallest particles are the most in a
given system, which may also contribute to an increased haemolytic.
Probably, the high surface curves of the smallest nanoparticles also
increased their cytotoxicity.

As suggested by Shao et al., (2015) in the case of negatively charged
NPs, their interactions with biomembranes are relatively weak because
the membranes are also negatively charged, and consequently NPs in-
duces low cytotoxicity. Our research also confirmed these observations,
as a higher absolute value of negative zeta potential of ~45 and a larger
size of tested NPs (~70 nm) were correlated with their lower cytotox-
icity compared with 30 nm NPs with lower absolute value of negative
zeta potential. Therefore, the absolute value of the zeta potential plays
an essential role in the effect of PS-NPs on the erythrocytes but not
decisive when comparing NPs effects of different diameters. The greater
haemolysis caused by the smallest particles is probably due to the
greater number of unit interactions of PS-NPs with the erythrocyte
membranes. Additionally, as previously suggested by Holloczki and
Gehrke (2020), the adhesion of small PS particles to erythrocytes was
enhanced by weak interactive forces, such as van der Waals forces,
which led to higher red blood cell haemolysis.

In the presented study, the results indicated that non-functionalized
PS-NPs interacted with the erythrocyte membrane, causing increased
membrane stiffness at the level of 5th and 16th carbon in the hydro-
phobic part of the hydrocarbon chains of fatty acids. These changes may
influence the volumetric deformity of erythrocytes, as indicated by the
tendency to form stomatocytes. Probably, for larger PS-NPs (~70 nm),
the total surface of interaction with erythrocytes is generally smaller,
but the individual contact surface is greater, and thus the pressure on the
surface of larger NPs is greater, so the shape changes are more pro-
nounced (at lower concentrations).

Pan et al. (2018) showed that PSNPs with diameter 171.1 nm induce
erythrocyte agglutination and sensitize red blood cells to damage by
osmotic, mechanical, and oxidative stress. In addition, they increase
erythrocyte stiffening and surface exposure of phosphatidylserine, both
known to accelerate red blood cell clearance in vivo. Red blood cell
sedimentation, haemolysis, abnormal morphology, and agglutination
appear to be related. As demonstrated in the studies (Li et al., 2008;
Trpkovic et al., 2010; Wadhwa et al., 2019), when an NP attaches to the
cell membrane, it changes the native properties of the membrane
asymmetry due to the rearrangement of lipids in the two monolayers,
which can lead to membrane breakdown and changes in cell shape.
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Ultimately, impaired hemorheological parameters of RBC by NP can
lead to blood microrheology alterations and result in thrombosis, which
was suggested in the AG NP nanoparticles study (Bian et al., 2019).

In contrast to haemolytic changes occurring at relatively high con-
centrations of PS-NPs of 100 pg/mL (rather impossible to be present in
the bloodstream), observed changes in membrane fluidity parameters
and cell shape occurred at very low concentrations of the tested
nanoparticles.

5. Conclusions

This study illustrates the effect of non-functionalized PS-NPs on the
human erythrocyte membrane. We showed that PS-NPs induced hae-
molysis, and changed the structure of the erythrocyte membrane, as well
as altered the shape of red blood cells. Changes in the erythrocyte
membrane fluidity were observed in the hydrophobic regions of its lipid
bilayer and were not dependent on the size of the PS-NPs tested. How-
ever, the highest PS-NPs of ~70 nm (with the highest absolute value of
negative zeta potential) induced changes in the shape of the erythrocytes
at lower concentrations. On the contrary, the smallest PS-NPs of ~30 nm
(with the smallest absolute value of negative zeta potential) caused the
strongest haemolysis. The greatest haemolysis induced by the smallest
particles was probably due to the greater packing of small nanoparticles
on a specific surface of the membrane and their stronger interaction with
plasma membrane components compared to those of larger nano-
particles, while the most intensive formation of stomatocytes under the
influence of the largest NPs resulted from a smaller contact with the cell
surface, but a greater force pressure.
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The aim of the study was to determine the concentration- and size-dependent effects of ~30 nm,

~45 nm and ~70 nm non-functionalized polystyrene nanoparticles (PS-NPs) on human serum albumin
(HSA) and human erythrocyte proteins in vitro. . HSA or human erythrocytes were exposed to PS-NPs
at concentrations ranging from 0.001 to 100 pg/mL for 24 h. Any resulting changes in HSA secondary
structure were investigated using circular dichroism (CD), fluorescence spectrum analysis, and
fluorescence lifetime measurements. Incubation with 50 pg/mL and 100 pg/mL PS-NPs resulted in an
increase in the hydrodynamic diameter of PS-NPs and caused significant alterations in HSA secondary
structure for all tested nanoparticle sizes. Additionally, treatment with the ~30 nm and ~45 nm PS-
NPs resulted in a more intense HSA fluorescence signal and changes in mean fluorescence lifetimes,
indicating interactions between PS-NPs and HSA. Incubation with PS-NPs (0.1-1 pg/mL) also led to
significant changes in relative viscosity and increased protein carbonyl content in erythrocytes (10—
100 pg/mL); however, no significant changes in acetylcholinesterase (AChE) activity or methemoglobin
levels were observed. The study confirms that non-functionalized polystyrene nanoparticles influence
the structure and functional properties of human plasma and erythrocyte proteins under in vitro
conditions, and their effects are clearly dependent on the size and concentration of the nanoparticles.
Itis likely that PS-NPs can modify the structure of albumin, which may indirectly potentiate plastic-
related damage to erythrocytes in vivo. The potential influence of albumin modified by plastic particles
on the properties of human erythrocytes in vivo was discussed.

Keywords Acetylcholinesterase, Albumin, Fluorescence, Methemoglobin, Nanoplastic, Protein oxidation,
Secondary structure

It is estimated that global production of plastics will triple by 2060'. This poses a serious problem for the
environment, as it is estimated that 75 to 79% of waste ends up in landfills®>. While most data regarding
environmental pollution concerns the seas and oceans, which receive 10 to 20 million tons of plastic annually’soils
also receive large amounts of plastic pollution; this can be an equally serious problem, especially for agricultural
soils!.
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Plastic particles have been detected both in bodily excretions, i.e. feces* and urine’and in secretions,
e.g. semen®. They are also present in human tissues, such as the lungs”®colon’placenta!®veins!! and heart'2.
Most worryingly, plastic particles with diameters of 100-200 nm have been identified in human brain biopsy
specimens, with the median mass being 4917 pg/g in 2024: a significantly increase compared to 3345 ug/g
determined in 2016'%. Micro- and nanoparticles concentrations in brain samples of healthy deceased were
7-30 times higher than concentrations observed in liver or kidney tissue. In addition, the plastic particle level
was found to be higher in a cohort of brains from individuals with a documented diagnosis of dementia, with
noticeable deposition recorded in the walls of brain vessels and immune cells.

Due to the increasingly widespread detection of plastic particles in human tissues, increasing research is being
directed toward determining their effects on human health. Blood is of particular interest as a research medium
as it can facilitate the entry of plastic into other cells and tissues, and indeed, numerous studies have concerned
the presence of plastic particles in human blood'*-'”. Leonard et al. found microplastics to be present in 18 of 20
subjects, among whom the entire spectrum of 24 different plastics was detected, with the predominant plastic
being polyethylene (4.65 pg/mL of blood)!”. Another study showed the presence of microplastic particles in 32 of
36 volunteers (88.9%), with the mean number of particles being 4.2 per mL of blood tested; various microplastic
particles were found, but the predominant form was polystyrene. Other studies have noted a link between the
amount of plastic food packaging in the refrigerator and the amount of plastic particles in the blood!*and have
identified concentrations of plastic particles as high as 10 pg/mL in blood>.

Due to methodological limitations, little data exists on the presence of plastic nanoparticles in human blood;
however, a 2023 study on a Spanish population showed the presence of plastic nanoparticles in the blood of all
196 people tested, regardless of age and health status. Their results suggest that nanoplastics may account for as
much as 99.7 to 99.9% of all plastic particles in human blood!.

As blood and plasma contain a range of morphotic components that are essential in maintaining the
physiological functions of the human body;, it is very important to determine the possible influence of plastic
particles . Previous studies have shown that plastic particles can interact with mononuclear human blood cells
and erythrocytes, and that polystyrene nanoparticles can cause oxidative stress'® and DNA single- and double-
strand breaks'®; in PBMCS, they can also induce apoptosis?® and have cytotoxic effects'®!®. The plastic particles
typically exert their negative effects on nucleated cells by inducing oxidative stress and causing damage to the
mitochondrial membrane!$%.

Plastic nanoparticles are able to adhere to the surface of erythrocytes, the main cells of the blood system,
leading to adverse effects related to erythrocyte aggregation and adhesion to blood vessels?!. A study of the
effects of polystyrene nanoparticles of different diameters (~30 nm, ~45 nm and ~70 nm) on hemolysis and
cell morphology found the smallest nanoparticles (~30 nm) to have the greatest hemolytic effects??. This was
probably due to the fact that these nanoparticles were packed more closely on a specific membrane surface and
thus had a stronger interaction with plasma membrane components than the larger particles. In contrast, the
largest particles (~ 70 nm) induced a change in shape from physiological discocytes to stomatocytes, even at the
lowest concentrations tested, indicating that the larger particles had a strong physical interaction of with the cell
membrane of the red blood cells.

Erythrocytes demonstrate considerable mechanical stability and deformability in vivo; this allows them to
traverse capillaries with high levels of shear stress, which can reach values as high as 10 Pa in extreme conditions
such as elevated cardiac output or hypertension?**!. This mechanical resilience is primarily maintained by
human serum albumin (HSA), which preserving the shape, membrane integrity and deformability of red
blood cells, and their resistance to shear-induced hemolysis?>?°. Furthermore, HSA plays a regulatory role in
metal ion homeostasis (e.g., Zn>* transport), which influences hemoglobin function and overall erythrocyte
physiology?’. Albumin is characterized by inter alia biocompatibility, biodegradability, non-immunogenicity,
long half-life, minimal toxicity, good stability and good reactivity?®. Hence, it has a number of very important
functions, such as the maintenance of osmotic pressure in blood vessels, i.e., maintenance of the tension and
volume of blood vessels by regulating water pressure, and protecting the vascular endothelium?®and supporting
the transport, delivery, and removal of drugs, as well as uptake, storage and removal of potentially-harmful
biological products, such as bilirubin, hormones, metals and vitamins. In addition, HSA binds free fatty acids,
which can induce apoptosis of vascular smooth muscle cells, uncouple endothelial NO synthase and reduce
endothelium-dependent vasodilation®. Furthermore, thanks to the presence of the thiol group Cys34, albumin
can neutralize free radicals and reduce oxidative stress by scavenging reactive oxygen and nitrogen species®!"¥2.
Albumin can also buffer blood pH by neutralizing excess hydrogen ions, thus maintaining a stable environment
for enzymes and other proteins in organisms>33.

The aim of this study was to examine the effects of polystyrene nanoparticles (PS-NPs) in human serum
albumin (HSA), a model plasma protein, and erythrocyte proteins, representing a complex cellular system;
although these proteins represent two complementary biological systems, they have seldom been jointly analysed
to date. While previous research has typically focused either on isolated proteins (e.g., HSA, hemoglobin)
or entire cells, the approach used in the present study encompasses both with the aim of identifying shared
mechanisms of nanoparticle-induced toxicity and biointeractions. As HSA and erythrocytes are essential blood
components and primary targets of nanoparticle exposure under in vivo conditions, their combined analysis
allows for a more comprehensive mechanistic insight into how PS-NPs influence protein structure and function
across different levels of biological complexity. Furthermore, given that conformational changes in albumin can
potentially compromise membrane integrity by altering red blood cell stability, this study also discusses how PS-
NP-induced alterations in HSA may modulate erythrocyte properties.

The study examines whether plastic particles can damage the free plasma proteins, such as albumin, resulting
in protein corona formation, changes in secondary structure, fluorescence and lifetimes. The work also examines
the influence of the particles on erythrocyte proteins by analyzing carbonyl group and methemoglobin levels,
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acetylcholinesterase activity and erythrocyte intrinsic viscosity. We used a wide range of concentrations ,
ranging from 0.001 to 10 ug/mL, which can be found in humans '>!” up to high concentration of 100 pg/mL, to
assess potential toxic effects.

Materials and methods

Reagents

Human serum albumin (purity>98%) was purchased from Sigma-Aldrich (Saint Louis, Mi, USA); non-
functionalized PS-NPs of varying diameters (~30 nm, ~45 nm, and ~70 nm) were acquired from Bangs
Laboratories (Fishers, Indiana, USA). A 1 g unit of individual nanoparticles contained the following: 7458 x 106
nanoparticles/g (~30 nm); 2.842 x 10'° particles/g (~45 nm); 5.785 x 10'° particles/g (~70 nm). The carbonyl
fluorometric assay kit was purchased from Cayman MI USA no. 701530-96. Phosphate buffer solutions with
pH=7.4 were used to prepare HSA and PSNP dilutions.

Physicochemical characterization of PS-NPs

The (-potential of the analysed non-functionalized PS-NPs, measured in water by our team, was negative, with
values of —40+1 mV, —38+1 mV, and —36+1 mV for nanoparticles of approximately ~30 nm, ~45 nm, and
~70 nm, respectively'®. However, when measured in Ringer’s buffer, i.e. the medium in which erythrocytes
are incubated, the {-potential varied depending on particle size: —29.68+2.15 mV for the smallest particles
(~30 nm), —35.03+3.31 mV for particles~45 nm, and —42.0+1.52 mV for the largest particles (~70 nm)?2
DLS measurements in water confirmed the particle sizes declared by the manufacturers!'®. Previous research
based on a combination of AFM and SEM imaging found PS nanoparticles to predominantly form densely-
packed aggregates due to strong interparticle and surface interactions, although individual particles were also
occasionally observed!’.

Non-functionalized polystyrene nanoparticles (PS-NPs) are composed mainly of neutral, hydrophobic
carbon chains and have limited surface charge: their surfaces lack specific functional groups. Their hydrophobic
nature promotes protein adsorption via hydrophobic interactions, initiating the formation of a protein corona™.
While the absence of functional groups limits specific chemical bonding, it does not prevent the physicochemical
adsorption of albumin.

Dynamic light scattering

Particle size distribution was determined on a Anton Paar Particle Analyzer Litesizer™ 500. PS nanoplastics and
HSA were diluted in PBS buffer (pH 7.4). The analysis was conducted under at a wavelength of 658 nm and
measuring angles of 15°, 90°, and 175°. To measure the particle size, 1 mL of the PS solution (concentration
100 ug/mL) with different concentrations of HSA was placed in a polystyrene cuvette and measured at 25 °C.
This process was repeated three times.

Circular dichroism (CD)

The circular dichroism spectra of HSA, in the presence or absence of PS-NPs, were measured using a Jasco
J-815 CD spectropolarimeter (Jasco International Co., Ltd., Tokyo, Japan). The following conditions were used:
measurement range 195-260 nm, 5 mm path-length quartz cuvettes. wavelength step of 1 nm, response time
of 4 s, scan rate of 20 nm/min, with the temperature maintained at 25 °C. Each spectrum was taken as the
mean of three repetitions and was analyzed for the content of a-helix and p-sheet structures using the CDNN
software (Applied Photophysics, Leatherhead, UK). In this experiment, changes in the secondary structure of
HSA in the presence and absence of PS-NPs were studied after 24 h of incubation at 37 °C. The CD spectra of
the nanoparticles alone, at the same concentrations used in the HSA experiments, were recorded and used as
baselines. These baseline spectra were automatically subtracted from those of the HSA-NPs complexes using
CD analysis software. As such, the detected spectral changes reflect conformational modifications in HSA
exclusively, without interference from the nanoparticles.

Steady state and time-resolved fluorescence measurements

All fluorescence spectroscopy measurements were carried out at 25 °C in a 1x1 cm quartz cuvette using
the right-angle geometry. Emission spectra were measured using excitation wavelength 280 nm on a Varian
Cary Eclipse Fluorescence Spectrophotometer, Agilent Technologies, Santa Clara, CA, USA. The study used
solutions containing 2 umol/L of HSA and 10 pg/mL of PS-NPs in PBS buffer. For each type of nanoparticle,
at least three fluorescence spectrum measurements were taken and the results were averaged. The fluorescence
emission decays were determined using a PicoQuant FluoTime 300 spectrometer equipped with an R3809U-50
microchannel plate photomultiplier MCP-PMT and a TimeHarp 260 PICO TCSPC module. The source of
excitation was the SuperK EXTREME EXR-20 with a Super EXTEND-UV unit (Deep UV model, tuning range
265-345 nm) from NKT Photonics. The excitation wavelength was set at 280 nm and observation wavelength at
330 nm. The instrument response function (IRF) was recorded with Ludox, showing full width at half maximum
(FWHM) around 72 ps. The data were analyzed with EasyTau version 2 software (PicoQuant, Germany), using
the multiexponential intensity decay model as follows:

I(t)= Za sexp(—t/T ;)

where a. and 7, are pre-exponential factors and fluorescence lifetimes, respectively.
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Erythrocyte isolation

Erythrocytes were isolated from a leukocyte bufty coat separated from blood, purchased from the Regional
Center for Blood Donation and Treatment in Lodz; separation was performed according to Pluciennik et al.
(2023). Erythrocytes with a hematocrit of 5% (approximately 630 million cells per mL) were incubated with
polystyrene nanoparticles at concentrations ranging from 0.001 to 100 pg/mL at 37 °C for 24 h. The study was
approved by the Bioethics Committee of the University of Lodz (Resolution No. 12/KEBN-UL/1/2022-23).

Internal viscosity of red blood cells

The rotational dynamics of TEMPAMINE (1 mM) were used to determine the internal viscosity of the
erythrocytes. To reduce the signal from the spin label, which did not enter the cell, 120 mM K,Fe(CN), was
used in the intercellular space. The analysis was conducted using a Brucker 300 ESR Spectrometer. Based on
the spectrum obtained for TEMPAMINE in water and in erythrocytes, the rotational correlation time was

determined according to the formula:
1
ho\ 2
= | (32) " -1

where: k—constant for the nitroxide spin label, k=6.5 x 10°2smT- L, A —height of the center line, h_l—height
of high-field line, W —centerline width.
The relative viscosity was determined from the formula:
TR ﬂ

B 1B

where: T,—rotational correlation time of the marker in erythrocytes, T,—rotational correlation time of the
marker in PBS,;.—internal viscosity of erythrocyte, #,—PBS viscosity (value 1 was assumed).

The changes in the studied parameter were calculated and expressed as percentages of control.

Hemoglobin oxidation

The level of methemoglobin was measured by the Drabkin method?’. Erythrocytes were incubated with PS-
NPs and then treated with deionized water and centrifuged (3000 rpm, 10 min, 4 °C). Methemoglobin was
determined by absorbance at 630 nm and 700 nm. Then, to obtain a positive control, a solution containing
potassium ferricyanide (1 M Fe**: 3 M K, [Fe(CN)]) was added to the hemolysate containing methemoglobin,
and the samples were re-assayed for absorbance at the same wavelengths. The percentage share of methemoglobin
was calculated by the following equation:

(A

(Aloo%]\/letHbGSO - AlOO%A{etHb?OO)

630—A700)

MetHb x 100%.

where: A, —absorbance of Hb in the sample tested at 630 nm, A, —absorbance of Hb in the sample tested at
700 nm, A o0 ibeso—2bsorbance of Hb at 630 nm after treatment with potassium ferricyanide, A
absorbance of Hb at 700 nm after treatment with potassium ferricyanide.

100%metHb700™

Activity of acetylcholinesterase

Acetylcholinesterase (AChE) activity was determined using the Ellman method®® based on its potential to
hydrolyse acetylthiocholine iodide. The erythrocyte suspension was diluted with phosphate buffer (pH 8) to a
final hematocrit value of 0.05%, and 20 L of 5,5 -dithio-bis-2-nitrobenzoic acid (DTNB) was added to 2 mL of
the erythrocyte solution. The absorbance slope was measured over one minute at a wavelength of A=412 nm.
The unit of AChE activity was defined as the amount of micromoles of acetylthiocholine hydrolyzed per minute
by AChE present in 1 mL of erythrocytes at 100% hematocrit (packed cells).

Preparation of erythrocyte ghosts

Erythrocyte membranes were prepared according to Dodge et al. (1963), with modifications. The erythrocytes
were hemolysed in 20 mM phosphate buffer, pH 7.4, containing 1 mM EDTA and 2% PMSF in ethanol as
proteolytic inhibitors, and then centrifuged at 13,000 rpm for 15 min at 4 °C. The samples were subsequently
washed several times under the same conditions with 10 mM phosphate buffer containing 1 mM EDTA, followed
by washing with 5 mM buffer until hemoglobin was fully released. Protein concentration was determined using
the Lowry method, with bovine serum albumin as a standard.

Protein carbonyl measurement The levels of oxidized proteins in tissue can be used as an indicator of oxidative
stress. Protein carbonyl levels in the erythrocytes ghosts were measured using the commercial protein carbonyl
fluorometric assay kit (Cayman Chemical Company, MI, USA). This test is based on the reaction of protein car-
bonyls with rhodamine B hydrazide (RBH), which leads to the production of protein carbonyl-RBH-hydrazone,
whose fluorescence (at ex/em 560/585 nm) is greatly enhanced by guanidine-HCL

Statistical analysis
Differences in the analysed parameters among erythrocytes following exposure to PS-NPs (29 nm, 44 nm and
72 nm) were assessed using analysis of variance. Depending on the distribution of variables, either the one-way
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ANOVA test or the Kruskal-Wallis test was applied. For multiple comparisons, either Tukey’s test or Dunn’s test
was used as a post hoc test. Statistical significance was set at p <0.05. All analyses were performed with GraphPad
Prism 8 software (GraphPad Software, San Diego, CA, USA).

Results

The effect of PS-NPs on model protein albumin (HSA)

Dynamic light scattering of PS-NPs incubated with HSA

The hydrodynamic diameter of the studied PS nanoparticles (~30, ~45 and ~70 nm at the concentration
100 pg/mL) with increasing HSA concentration is shown in Fig. 1. In the case of PS nanoparticles with a size
of about ~ 30 nm, the obtained results are about ~24+6 nm. The addition of HSA (10 and 50 pg/mL) to the
nanoparticle solution did not increase the size; however, the addition of 150 pg/mL HSA resulted in a broadening
of the peak, but with a similar maximum of about 24+7 nm. For PS nanoparticles with an overall size of
about ~ 45 nm, the obtained DLS result (volume weight) indicates 33 +6 nm. In the presence of 10 pg/mL HSA,
the size remains the same. When the HSA concentration reached 50 ug/mL, the size of the PS-HSA complex was

14
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Fig. 1. Size distribution (volume, weight%) of PS nanoparticles (100 ug/mL) with increasing concentration of
human serum albumin (HSA) in PBS buffer at 25 °C.
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Concentrations of HSA / PS-NPs | 0 ug/mL | 10 ug/mL | 50 ug/mL | 150 ug/mL
~30 nm 25.4% 27.5% 26.7% 25.0%
~45nm 5.5% 15.9% 22.9% 18.6%
~70 nm 3.8% 14.9% 25.0% 30.7%

Table 1. The polydispersity index (PI) of PS-NPs at the concentration 100 pug/mL with increasing
concentration of human serum albumin (HSA) in PBS buffer at 25 °C.
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Fig. 2. Circular dichroism spectra (CD) of HSA treated with PS-NPs of ~30 nm, ~45 nm, and ~70 nm in
diameter (0.001-100 pg/mL) for 24 h. Data are presented as mean+SD, n =3 to 6 independent experiments.

found to consist of two populations, one with a size distribution of 52 nm + 20 nm and a smaller one of about 20
nm; however, this population occupies only 30% of the total volume intensity given by the software. The shape
correlation function in this case indicates a very inhomogeneous sample.

For the highest HSA concentration (150 pg/mL), the particle size increases to 136+40 nm. The PS
nanoparticles with an overall size of about 70 nm, the size diameter given by the software shows 60+ 10 nm. The
presence of 10 ug/mL HSA slightly increases the size to 74 + 16 nm. When the HSA concentration reaches 50 pig/
mL, two populations with a size distribution of 70+ 18 nm and 228 + 50 nm can be observed, suggesting a very
inhomogeneous sample. For the highest HSA concentration (150 ug/mL) the size is no longer measured due to
the very large aggregates visible to the naked eye in the cuvette.

The polydispersity index (PI) of the studied suspensions was also evaluated. It was found that the samples
were polydisperse after the addition of albumins, whereas the nanoparticle suspensions themselves exhibited
polydispersity in the case of the ~30 nm nanoparticles, and monodispersity for the ~45 nm and ~70 nm
nanoparticles (Table 1).

Circular dichroism

The changes occurring in the secondary structure of proteins incubated with PS-NPs were determined by
circular dichroism (CD). Significant alterations in HSA secondary structure were observed for all sizes of tested
non-functionalized PS-NP (~30 nm, ~45 nm, ~70 nm) at the two highest concentrations (50 ug/mL and
100 ug/mL) (Fig. 2). At these concentrations, a decrease in the amount of the a-helix structure was observed,
from 60.86+4.36 in the control sample to 45.38 +3.93% for ~30 nm NPs, 44.84+11.73* for ~45 nm NPs, and
30.23£2.74* at ~70 nm NPs at 50 ug/mL. For 100 pg/mL, the respective values were 25.26 +6.38%, 17.87 + 6.46*,
and 17.56 +£1.96* (Table 2). A slight increase in the B-sheet structure was also observed, with values rising from
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Concentration

pg/mL Helix Antiparallel | Parallel Beta-Turn | Rdm. coil
Control 60.86+£4.36 3.54+0.54 3.96+0.53 12.72+£0.61 | 17.56+2.01
PS-NPs ~ 30 nm

0.001 60.10+£1.51 3.63+£0.15 4.03+£0.15 12.87+0.21 | 17.80+0.62
0.01 61.37+2.54 3.47+0.32 3.90+0.27 12.67+0.32 | 17.27+1.01
0.1 59.00+0.92 3.73+£0.15 4.20£0.10 12.97+0.12 | 18.47+0.40
1 60.57+1.48 3.57+0.15 4.00£0.20 12.83+0.06 | 17.70+0.66
10 58.00+0.10 3.87+0.06 4.30+0.00 13.10+£0.00 | 18.87+0.12
50 45.38+£3.93* |5.23+0.72 6.85+1.32 14.10+0.76 | 30.18+7.15*
100 25.26+£6.38* | 9.80+2.19* 13.18+£3.23* | 16.86+1.16* | 48.32+7.66*
PS-NPs~45 nm

0.001 60.53+£3.23 3.57+0.40 3.97+0.40 12.77+0.40 | 17.67+1.48
0.01 59.17+2.62 3.73+0.35 4.13+0.35 12.93+0.35 | 18.20+1.21
0.1 62.00+£1.99 3.43+0.23 3.83+0.23 12.57+0.29 | 17.00+0.87
1 57.20+9.40 4.03+1.21 4.50+1.25 13.23+£1.25 | 19.40+4.50
10 56.80+9.11 4.07+1.16 4.53+1.21 13.27+1.20 | 19.53+4.31
50 44.84+11.73* | 6.10+2.07 6.30+2.02 14.92+1.51* | 25.38+6.45
100 17.87£6.46* | 14.37+3.93* | 16.50£4.60* | 19.27 +1.69* | 52.50+9.11*
PS-NPs~70 nm

0.001 58.60+2.30 3.80+0.28 4.20+0.28 13.00+0.28 | 18.60+1.31
0.01 56.00+3.47 4,06+0.51 4.56+0.42 13.27+£0.51 |19.93+1.12
0.1 57.90+4.28 3.80+0.61 4.34+0.50 13.00£0.61 | 19.17+1.55
1 58.90+0.90 3.75+£0.015 | 4.20+0.10 13.00£0.10 | 18.50+0.40
10 58.05+0.35* | 3.85+0.05 4.30+0.00 13.15+£0.05 | 18.75+0.15
50 30.23+2.74% |10.33£1.59* | 7.83+0.29* | 18.17+1.18* | 26.23+£1.01*
100 17.56 £1.96* | 13.96+1.26* | 16.06+1.34* | 19.20+0.50* | 52.37+2.72*

Table 2. Composition of the secondary structure of HSA exposed to PS-NPs studied. (*) Significantly different
from control p < 0.05.

12.72+0.61 in the control sample to 16.86+1.16* (~30 nm NPs), 19.27+1.69* (~45 nm), and 19.20+0.50*
(~70 nm) at a concentration of 100 ug/mL. Moreover, at concentrations of 50 and 100 pg/mL, the random coil
increased for each tested nanoparticle.

Fluorescence of HSA

The HSA protein structure includes 1 Trp and 18 Tyr, both of which are able to absorb and emit light from the
UV range; their spectra and excited state lifetimes depend on the microenvironment. The fluorescence emission
spectra were measured for both HSA alone and solutions containing a mixture of HSA and PS-NPs (Fig. 3). The
results reveal an increase in Tyr and Trp UV emission in HSA in the presence of PS-NPs of ~ 30 nm and ~ 45 nm,
with the greatest increase in fluorescence seen for the smallest particles; no change in intensity was observed for
the solution containing PS-NPs ~ 70 nm. In addition, the fluorescence decay over time was measured for each
solution, and the lifetimes of their excited states were determined (Table 3). Similar to the emission spectra, the
samples with PS-NPs of ~30 nm and ~45 nm demonstrated clear changes in mean lifetimes; the largest change
was observed for ~30 nm PS-NPs, where it extended by 37 ps compared to the protein alone.

The effect of PS-NPs on erythrocyte proteins

Internal viscosity of human erythrocytes

After 24 h of incubation with erythrocytes and PS-NPs at concentrations ranging from 0.001 to 100 ug/mL,
statistically significant alterations in the relative intracellular viscosity were observed for all tested PS-NPs.
Notably, significant increases in viscosity were detected for PS-NPs with a diameter of approximately ~30 nm
starting at a concentration of 0.1 pug/mL, and for particles of approximately ~ 45 nm and ~ 70 nm starting at 1 pg/
mL (Fig. 4). The observed effect was dependent on both the concentration and the particle size of the PS-NPs.

Hemoglobin oxidation
After 24 h of incubation of erythrocytes with non-functionalized PS-NPs at concentrations ranging from 0.001
to 500 mg/mL, no increase in met-Hb levels was observed for any nanoparticle type (Fig. 5).

The activity of acetylcholinesterase present in erythrocyte membrane

No statistically significant changes in erythrocyte acetylcholinesterase activity were observed following 24-
hour incubation with non-functionalized PS-NPs of ~30 nm, ~45 nm, and ~70 nm in diameter, across the
concentration range of 0.001 to 100 pg/mL (Fig. 6).
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Fig. 3. Fluorescence emission spectra of HSA in the presence of PS-NPs at a concentration of 10 pug/mL were
recorded upon excitation at 280 nm.

7, (ns) @ (%) |T,(@s) a, (%) |, (@s) a (%) | T (n9)
HSA 0.455+0.032 | 38.6+£1.6 | 2.070+£0.130 | 37.5+£0.8 | 5.890+0.110 | 24.0+1.1 | 4.230+0.015
II;ISS-/IiI;N_’yO 0.439+0.019 | 37.6+£0.8 | 2.309+0.062 | 38.5+0.4 | 5.929+0.083 | 24.1+1.1 | 4.267+0.013
HSA +
PS-NP ~ 45 0.435+0.030 | 41.5+1.0 | 2.230+0.120 | 37.2+0.5 | 6.066+0.069 | 21.5+0.8 | 4.252+0.014
HSA +
PS-NP ~ 70 0.460+0.039 | 38.8+£0.9 | 2.140+0.110 | 38.3+£0.7 | 5.966+0.083 | 23.1+0.9 | 4.232+0.013

Table 3. Fluorescence lifetime (7;), pre-exponential factor (a,), mean fluorescence lifetime ( 7) computed for
HSA with PS-NPs (10 pg/mL ) in PBS buffer.

Protein carbonyl level in the erythrocyte membrane

An increase in protein carbonyl content was observed in erythrocytes incubated for 24 h with polystyrene
nanoparticles (PS-NPs), particularly the smallest diameter (~30 nm), at a concentration of 10 pg/mL. For PS-
NPs with diameters of 45 nm and 72 nm, a significant increase was noted at 100 pg/mL. The mean protein
carbonyl level in control samples after 24 h of incubation was 2.78 + 1.14 nmol/mg protein. The observed effect
was dependent on both the concentration and the size of the PS-NPs (Fig. 7).

Discussion
Effect of PS-NPs on the structure of HSA
Nano- and microplastics can form protein-coated complexes with biomolecules, a protein corona, which
may have unforeseen toxic effects. This corona alters the biological identity of the particles, facilitating their
translocation from the bloodstream to organs such as the liver and intestines, and allowing them to interact with
erythrocytes and other blood cells®. It can also modulate the immune response, enabling plastic particles to
evade detection and persist in circulation®”. Furthermore, the corona affects the physicochemical properties of
the particles, including their solubility, agglomeration and cellular interactions**thus influencing their transport,
uptake, distribution, biotransformation, and toxicity>*.

Protein coronas can be soft (i.e. loosely-bound proteins) or hard (i.e. strongly-adsorbed proteins)*!**2. Their
formation on plastic particles is mainly studied for its impact on toxicity*>**. Therefore, the present study
examined the hydrodynamic diameter of non-functionalized PS-NPs (~30 nm, ~45 nm and ~70 nm) after
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Fig. 4. The relative internal viscosity in control erythrocytes and erythrocytes incubated with PS-NPs of
~30 nm, ~45 nm, and ~70 nm in diameter at concentrations ranging from 0.001 to 100 pg/mL for 24 h. Data
are presented as mean + SD, n =4 independent experiments. Significant differences from control (*p <0.05).
Statistical analysis was conducted using one-way ANOVA or Kruskal-Wallis test.
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Fig. 5. Changes in methemoglobin level in control erythrocytes and erythrocytes incubated with PS-NPs of
~30 nm, ~45 nm, and ~70 nm in diameter at concentrations ranging from 0.001 to 100 pg/mL for 24 h. Data
are presented as mean + SD, n=>5 independent experiments. Statistical analysis was conducted using one-way
ANOVA or Kruskal-Wallis test.
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Fig. 6. Activity of AChE in control erythrocytes and erythrocytes incubated with PS-NPs of ~ 30 nm, ~45 nm,
and ~70 nm in diameter at concentrations ranging from 0.001 to100 ug/mL for 24 h. Data are presented as
mean +SD, n=>5 independent experiments. Statistical analysis was conducted using one-way ANOVA or

Kruskal-Wallis test.
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Fig. 7. The protein carbonyl level in the membrane of human erythrocytes incubated with PS-NPs of ~ 30 nm,
~45 nm, and ~70 nm in diameter at concentrations ranging from 0.001 to 100 pg/mL for 24 h. Data are
presented as mean = SD, n=3 to 4 independent experiments. Significant differences from control (*)p <0.05.

Statistical analysis was conducted using one-way ANOVA or Kruskal-Wallis test.
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interacting with from HSA (human serum albumin) which is believed to result in the formation of a protein
corona. It also investigates the effect of plastic particles on the secondary structure of HSA; our data indicate
that incubation of plastic nanoparticles with diameters of ~45 nm and ~ 70 nm with different concentrations of
albumin results in the formation of structures with increased hydrodynamic diameter (Fig. 1).

Our findings indicate that while no protein corona formed on the very small plastic particles, or that the
size was below detection by DLS, it was observed on large particles. This could have several causes: firstly, larger
particles have a larger total surface area, so they can attract more proteins and adsorb them, and it is difficult
for protein to be stabilized on very small particles®>*¢. Secondly, small particles have high curvature and are
therefore unlikely to form a protein corona®’. Finally, proteins have more favorable adsorption energy when
deposited on larger particles than on small particles*®.

Therefore, it can be concluded that the observed changes in the hydrodynamic diameter result from the
formation of a protein corona. To investigate the nature of this corona, the study examined the effect of PS-NP
type on the secondary structure of albumin: the presence of changes in the secondary structure indicates the
formation of a “hard” corona, while a lack of changes indicates a “soft” corona*?. Our findings confirm changes in
the secondary structure for all tested non-functionalized polystyrene nanoparticles (~ 30 nm, ~ 45 nm, ~ 70 nm)
at the two highest concentrations (50 pg/mL and 100 pg/mL), indicating the formation of a hard corona (Fig. 2;
Table 2). The smallest changes were observed for the smallest particles. The changes manifested as a decrease
in the amount of the a-helix structure, an increase in the p-sheet structure and an increase in random coils
(Table 2). Protein particles in the hard corona are strongly adsorbed on the surface of PS-NPs and lose their
biological activity. Proteins forming a “soft” corona have also been found to demonstrate reduced enzymatic
activity®>%.

Kihara et al.*” studied HSA corona formation on polystyrene particles with different sizes and charges. Their
observations indicate a smaller increase in hydrodynamic diameter for negatively-charged particles (32-34 nm,
226-230 nm) than positively-charged ones (39-5000 nm, 229-315 nm), indicating the presence of soft and
hard coronas, respectively. As in the present study, binding to a positively-charged PS reduced a-helix content,
suggesting hard corona formation®.

Another study confirmed the formation of soft and hard coronas on 50 nm and 210 nm PS-NPs*’. The AFM
and DLS analysis found that corona size depends on particle diameter and protein type: HSA formed a~1 nm
corona on 50 nm particles and a~30 nm, multilayer corona on 210 nm particles, while transferrin formed a
bilayer on 50 nm NPs. Strong aggregation (500-700 nm) was seen for 50 nm particles with HSA and transferrin.
These findings support our present findings: larger PS-NPs (~70 nm) formed larger albumin coronas than
smaller ones (~45 nm) (Fig. 1).

In conclusion, as the concentration of albumin increases, the secondary structure becomes less stable, and the
hydrodynamic diameter of the plastic particles increases. This suggests the formation of a hard protein corona
on non-functionalized PS-NPs (Figs. 1 and 2; Table 2). The formation of a hard protein corona with negatively-
charged albumin®! around plastic nanoparticles with a negative zeta potential is mainly due to hydrophobic
interactions and local electrostatic interactions. Although albumin has a net negative charge, it can bind stably
to the nanoparticle surface due to its positive domains and its amphipathic nature*®2, Also in silico simulations
show rapid protein adsorption takes place on PS surfaces via hydrophobic interactions with amino acid side
chains (e.g., alanine, histidine, threonine, valine)*.

The interaction of plastic nanoparticles with albumin is also evidenced by studies of HSA fluorescence emission
spectra (Fig. 3) and analysis of fluorescence decay over time (Table 3). Changes in the fluorescence signal of Tyr
and Trp in HSA indicate an interaction between the protein and PS-NPs. Changing the microenvironment of
these amino acids to a more non-polar one results in increased quantum yield of fluorescence and a longer
excited state lifetime®>%. These results perfectly complement the DLS data (Fig. 1); they also indicate that
proteins interact with PS-NPs with sizes of ~30 nm and ~45 nm and at a low concentration of 10 pug/mL. For
small nanoparticles, no protein corona is formed. However, this does not mean a lack of interaction with the
protein; in such cases, the small size and high curvature of the particles favor interaction with proteins, for
example, by allowing the particle to fit better into cavities in the protein structure. This will alter the spectra
and lifetimes of the two amino acids Tyr and Trp by altering the conformation of the protein®»>¢ and/or directly
affecting their microenvironment.

The fact that such interactions are more likely for the smallest nanoparticles is clearly visible in the DLS
measurements. Figure 1 shows a change in the particle size distribution; two maxima can be observed for PS-
NPs~30 nm at a protein concentration of 150 ug/mL, one on the smaller side and one on the larger diameter
side. A similar situation can be seen for PS-NPs ~ 45 nm at a protein concentration of 50 ug/mL. The study used
commercial mixtures of particles with an mean size of ~30 nm or ~45 nm, i.e. the mixture included various
PS-NPs that ranged in size from those that were smaller than the mean diameter stated by the manufacturer,
to much larger ones. As such, two types of interactions with albumin take place, causing the formation of small
PS-NP-albumin complexes for small particles (visible in fluorescence measurements) as well as protein corona
for large particles visible in DLS measurements®*®’.

Numerous studies have investigated the toxicity of protein-crowned microplastics. Uncontrolled protein
corona (PC) formation has been found to potentially increase or inhibit cellular uptake, interfere with
active targeting, or promote passive targeting. It may also modulate immune responses and either attenuate
or exacerbate cytotoxicity®®. The PC thus acts as a “toxicity modulator” for micro- and nanoplastics, often
increasing toxicity by altering internalization, inducing oxidative stress, or triggering inflammation*’. Corona
composition has been found to significantly influence blood-brain barrier penetration in striped danios*and to
influence absorption and toxicity associated with oxidative damage and impaired digestion due to aggregation
and prolonged intestinal retention®*.

1.49
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However, in some cases, the corona can reduce toxicity by forming a protective barrier that limits direct
interaction with cell membranes*>*. Photo-aging has been found to alter the corona protein profiles of PS-
NPs in bronchoalveolar lavage fluid (BALF), increasing hydrophilicity and uptake by lung macrophages due to
stronger binding of negatively-charged proteins®’. Gopinath et al.*” found that coronas causing greater protein
conformational changes led to higher genotoxicity and hemolysis (up to 91% at 5 ug/mL vs. 22% for virgin NPs),
indicating enhanced blood toxicity. Conversely, Saha et al.®! and Kihara et al.*? report that protein coronas,
especially soft coronas, can protect red blood cells and reduce cytotoxicity. Overall, corona-related toxicity
depends on protein composition, cell type, and experimental conditions.

Effect of PS-NPs on erythrocyte proteins

As the tested NPs demonstrated a strong interaction with HSA, the next stage of the study focused on the
interaction of PS-NPs with erythrocyte proteins. The shape and rheological properties of erythrocytes are ideally
suited to gas exchange, their main physiological function. As such, their main interior protein is the oxygen
transport molecule, hemoglobin, which also transports approx. 23% of carbon dioxide, the final product of
metabolism, from the tissues to the lungs for elimination from the body®. In addition to this primary role,
erythrocytes also take part in maintaining the acid-base balance, regulating blood flow by modulating nitric
oxide bioavailability, and playing important roles in the redox balance and the immune response. Erythrocytes
also affect hemostasis and thrombosis by altering blood viscosity, blood flow dynamics and interactions with
platelets and by governing red blood cell aggregation and blood clotting factor activation®.

As they have such an important role, any disruption in erythrocyte function can result in adverse health
effects. The present study investigated the effects of PS-NPs on erythrocyte proteins after 24-hour incubation
of red cells with PS-NPs. First, the relative viscosity of the erythrocyte interior was evaluated, with the results
revealing a significant increase in each of the PS-NPs tested. The smallest nanoparticles (~30 nm) increased the
relative viscosity even at a NPs concentration of 0.1 ug/mL (Fig. 4). The observed changes in interior viscosity
may be due to the interaction of NPs with hemoglobin, via a similar mechanism to that observed for adsorption
of hemoglobin to polyethylene®. Gennaro et al.®® propose that Hb determines the degree of microviscosity of
the erythrocyte interior, and hence, the microviscosity of the erythrocyte interior can serve as an indicator of
any changes in Hb concentration or structure; this can result in altered interactions between protein molecules.
Hemoglobin has been shown to be a key determinant of the microviscosity of the erythrocyte interior, resulting
in altered interactions between protein molecules. As such, changes in its concentration or structure can be
determined by measuring the microviscosity of the cell contents®®. Hemoglobin has also been found to
demonstrate high affinity to various polymeric surfaces®’and more recently, Rajendran and Chandrasekaran*!
note that polystyrene alters the structure and functional properties of Hb. Therefore, it seems that Hb is able to
adsorb onto a polymer surface, thus altering its interactions. Such changes could also lead to an increase in the
interior viscosity of an erythrocyte, resulting in decreased deformability and reorganization of the erythrocyte
cytoskeleton, as confirmed by previous data indicating intense stomatocyte formation in the presence of NPs?2.

However, in the NP concentration range of 0.001-100 ug/mL, no possible adsorption of Hb to NPs was
found to result in the oxidation of Hb to methemoglobin (Fig. 5); such a disruption would prevent the cell from
transporting oxygen, and result in the accelerated removal of the erythrocyte from the bloodstream®®. Therefore,
it is unlikely that plastic nanoparticles found in human bodies induce direct oxidation of hemoglobin.

The next step examined the effect of nanoparticles on proteins present in erythrocyte membranes,
i.e. the oxidation of membrane proteins and their influence on the activity of AChE: a protein anchored to
phosphatidylinositol in the erythrocyte membrane. Thelevel of erythrocyte AChE in the body correlates positively
with AChE in the brain, which is a target for neurotoxins; hence, it can serve as a biomarker of the effects of
exposure to neurotoxins, such as pesticides® and lead””. In addition, the activity of AChE in the erythrocyte
membrane is considered a biomarker of membrane integrity, as well as erythrocyte aging and the onset of
inflammation. Erythrocyte AChE activity has also been found to be related to various clinical and biophysical
parameters associated with health disorders, and has been used to identify congenital colonic amenorrhea or
Hirschsprung’s disease’”’2. Our analyses showed no change in erythrocyte AChE activity following 24-hour
exposure to PS-NPs in the range of 0.001-100 pg/mL (Fig. 6).

An elevated level of carbonyl groups was observed on the membrane proteins in the human erythrocytes.
These changes occurred at concentrations of 10 pug/mL (PS-NPs with a diameter of 30 nm) and 100 ug/mL (PS-
NPs with diameters of ~ 40 and ~ 70 nm) (Fig. 7). These changes can be explained by the plastic particles exerting
direct physical pressure on the cell membrane, altering its fluidity and influencing stomatocyte formation?2. This
would result in damage to the membrane proteins, and an increased risk of their oxidation; which would be
exacerbated by increased exposure to molecular oxygen.

The role of albumin in erythrocyte integrity and modulation by PS-NPs
The approach taken in the present study allowed a detailed analysis of the conformational changes (Fig. 2;
Table 2) and molecular-level interactions (Fig. 3; Table 3) taking place in HSA, which are challenging to observe
directly in the more complex cellular context of erythrocytes. Conversely, findings from the erythrocyte model
confirmed the biological relevance of these interactions and enabled evaluation of their functional consequences,
such as changes in viscosity (Fig. 4) or oxidative stress (Figs. 5 and 7). Integrating the molecular- and cellular-level
analyses provides a more comprehensive understanding of the overall impact of PS-NPs on blood constituents
and and proper functioning of the cardiovascular system .

Albumin plays a vital role in maintaining the structural integrity and functionality of erythrocytes,
particularly within their immediate plasma environment. It is the most abundant protein in plasma, and is
needed to preserve the biconcave shape of red blood cells, which is essential for maintaining their deformability
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and capillary passage®®”. Indeed, crystalline bovine serum albumin has been found to enhance erythrocyte
resistance to mechanical damage and protect against oxidative or physical hemolysis”.

Albumin and other plasma proteins adsorb onto erythrocyte surfaces, forming a protective layer that
modifies the cells’ zeta potential and facilitates membrane repair following mechanical stresses, such as blood
shear or passage through high-resistance vascular regions’>’®. In vitro and ex vivo findings indicate that albumin
also improves erythrocyte mechanical properties—including elasticity, shear modulus, and surface viscosity—
enhancing adaptation to hemodynamic forces””.

In its native conformation, albumin stabilizes erythrocyte membranes through electrostatic interactions,
elevates zeta potential, and reduces cell aggregation and endothelial adhesion?®. Additionally, it functions as
an osmotic and mechanical buffer, protecting erythrocytes from deformation and premature senescence?®’s.
However, conditions such as pH shifts, high temperature, oxidation, glycation, exposure to salts, or freezing
can induce its partial unfolding. This exposes hydrophobic regions that interact strongly with erythrocyte lipid
bilayers’*8%81disrupting membrane structure, altering lipid asymmetry, increasing permeability, and favouring
morphological transformation into stomatocytes®. Such changes lead to increased membrane rigidity, reduced
deformability, and enhanced hemolytic susceptibility®>®.

Polystyrene nanoparticles (PS-NPs) play a particularly relevant role: by interacting and binding to albumin
(Figs. 1 and 3; Table 3) they can be seen to alter its secondary structure (Fig. 2; Table 2) and impair its protective
functions. These interactions may yield denatured albumin forms that destabilize erythrocyte membranes.
PS-NPs also induce inflaimmatory responses®*®alter plasma albumin levels, and promote post-translational
modifications (e.g., oxidation, glycation), which further undermine erythrocyte stability and membrane
interactions®*%”. Misfolded albumin not only loses its protective role, it may actively contribute to structural
and functional deterioration in erythrocytes; indeed, structural perturbations of albumin have been shown to
affect erythrocyte shape and viability”>%*#%, Structural disruptions stemming from oxidation, glycation, drug
binding, or nanoparticle interactions can impair the ligand-binding and redox-active sites in albumin, altering
its allosteric regulation and antioxidant capacity. For example, compromised heme-binding and scavenging
functions elevate free heme levels, exacerbating oxidative stress in erythrocytes and undermining membrane
stability®s.

The secondary-structure changes in albumin observed in vitro (Fig. 2; Table 2), and the formation of a protein
corona (Fig. 1), can significantly perturb erythrocyte homeostasis in vivo. The exposure with PS-NPs may alter
the functional properties of erythrocyte membranes, thus indirectly enhancing any detrimental effects observed
with plastic. These alterations may lead to premature erythrocyte degradation, reduced deformability, and
increased vulnerability to mechanical stress and hemolysis, and can ultimately affect cardiovascular function,
especially under conditions of elevated oxidative or mechanical stress.

These suggestions are consistent with those given in a previous review*'which reported that exposure to plastic
nanoparticles is associated with an increased risk of life-threatening diseases due to enhanced plasma protein
denaturation, hemolysis, reduced immunity, thrombosis, blood clotting, and vascular endothelial damage. Some
of the key mechanisms involved in these toxic effects include protein corona formation, oxidative stress, cytokine
changes, inflammation, and cyto- and genotoxicity. Micro- and nanoparticles alter the secondary structure of
plasma proteins, thus preventing their them from transporting inter alia nutrients, drugs and oxygen. They
increase the aggregation of red blood cells and platelets, as well as their adhesion to endothelial cells, which can
increase the risk of thrombosis and cardiovascular disease.

Conclusion

Our study takes an original approach based on the integration of molecular and cellular approaches to assess the
interactions of polystyrene nanoparticles (PS-NPs) within the blood environment. Its findings demonstrate that
structural alterations in HSA and functional changes in erythrocytes occur even at very low concentrations of
plastic nanoparticles (0.1-10 pg/mL); this observation is highly relevant for future risk assessment and exposure
studies, as most previous research has focused on higher, less physiologically-relevant concentrations which are
unlikely to occur under in vivo conditions.

Effects on albumin: Non-functionalized polystyrene nanoparticles (PS-NPs) alter the spatial structure of
human serum albumin (HSA) , which may affect its biological function. These changes were dependent on both
the concentration (50-100 pg/mL) and the size of the nanoparticles (30, 45, and 70 nm). Spectroscopic studies
showed that PS-NPs caused an increase in HSA fluorescence and changes in its mean fluorescence lifetime,
confirming interactions between the protein and the nanoparticles.

Effects on erythrocytes: PS-NPs did not affect the activity of acetylcholinesterase (AChE) in the erythrocyte
membrane. However, they did cause oxidation of membrane proteins, possibly due to the physical pressure
exerted by the nanoparticles on the membrane. In addition, exposure also altered the viscosity of the erythrocyte
interior, which probably resulted from the interaction of the NPs with hemoglobin. However, the PS-NPs did not
oxidize the hemoglobin molecules.

Our results reveal pronounced alterations in the secondary structure of HSA following exposure, indicating
direct binding between PS-NPs and albumin. These findings support the hypothesis that PS-NPs also interact
with proteins on the erythrocyte surface. Furthermore, in addition to protein corona formation, the interaction
between PS-NPs and HSA may also disrupt the integrated protein-cell system in peripheral blood. Mechanistic
correlations were observed in both the HSA and erythrocyte models, indicating that both nanoparticle
concentration and size influence the effects of PS-NPs exposure.

It is possible that the structural changes in albumin induced by PS-NPs may indirectly alter the rheological
properties of erythrocytes in vivo, potentially impairing their functionality within the circulatory system.
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Abstract

The widespread presence of polystyrene nanoparticles (PS-NPs) in the human body has
raised concerns about their potential biological toxicity. When assessing the safety of
nanoparticles and other xenobiotics, a key aspect is their effect on blood cells, particularly
erythrocytes, which experience the most direct exposure to nanoparticles circulating in the
bloodstream. The present study evaluated the impact of non-functionalized PS-NPs with
diameters of ~30 nm, ~45 nm, and ~70 nm on human red blood cells after 24 hours of
incubation.

The studied PS-NPs did not influence intracellular Ca?* ion levels or caspase 3 activity,
and did not induce phosphatidylserine translocation at pre-hemolytic concentrations (below
100 pg/mL). Also, exposure did not increase reactive oxygen species (ROS) levels at any tested
concentration, indicating that their mechanism of action in human erythrocytes is not related
to oxidative stress. The results suggest that PS-NPs primarily interact with the erythrocyte
membrane mechanically, which may result in increased calpain activity (already at a
concentration of 1 pg/mL) and lipid peroxidation (from a concentration of 50 pug/mL).

These effects suggest that PS-NP toxicity may primarily act through red blood cell
membrane destabilization; however, this requires further study, especially in in vivo models
that incorporate physiological blood flow conditions and protein corona formation, which

could modify the interactions between nanoparticles and cells.

Keywords: erythrocytes; polystyrene nanoparticles; eryptosis; calpain; phosphatidylserine

externalization
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1. Introduction

The most numerous cells in the human circulatory system, and the entire body, are
erythrocytes.(Sender et al., 2016). Their primary function is to transport oxygen to peripheral
tissues, thus enabling the maintenance of mitochondrial aerobic metabolism and the overall
functioning of the body (Nemkov et al., 2018).However, these cells also perform a number of
additional roles, such as regulating blood flow, and maintaining haemostasis and redox
balance. Furthermore, a growing body of evidence indicates that erythrocytes may act as part
of the immune system, thanks to their ability to capture and store cytokines (Tkachenko, 2024;
Tkachenko et al., 2025).

Due to their lack of mitochondria and other organelles, erythrocytes cannot undergo
classical apoptosis; however, both old and damaged cells are eliminated from the bloodstream
in a process of programmed death known as eryptosis (Tkachenko et al., 2025). Eryptosis is
characterized by a series of morphological and biochemical changes such as cell shrinkage,
exposure of phosphatidylserine (PS) on the outer surface of the membrane, and the activation
of proteases such as calpain and caspase-3. During eryptosis, the cell experiences an influx of
Ca?* ions through cation channels, leading to the activation of potassium Ca?* channels
(Gardos channels, K_Ca3.1), in turn resulting in an efflux of K* and CI-, water loss, and cell
shrinkage (Foller and Lang, 2020). An increase in Ca?* concentration inhibits flipases (enzymes
that maintain membrane asymmetry) and activates scramblase, which is responsible for the
movement of PS to the cell membrane surface (Alghareeb et al., 2023). In turn, the high levels
of intracellular Ca?* activate calpain-1, a cysteine protease that breaks down cytoskeletal
elements, leading to the formation of cell membrane blebs (Zhang et al., 2022). Eryptosis can
also be induced by caspase-3, especially under oxidative stress (ROS), which also promotes PS
externalization (Lang and Lang, 2015; Tkachenko et al., 2025).

Excessive eryptosis can disrupt the functioning of the body, especially the
cardiovascular system, resulting in anaemia with tissue hypoxia, as well as sickle cell anaemia,
heart failure, and arthritis. In addition, excessive activation can be observed in other diseases,
such as chronic inflammation, diabetes, renal failure, liver failure and sepsis (Bissinger et al.,

2016; Jarosiewicz et al., 2019; Restivo et al., 2022; Tkachenko et al., 2025).

Erythrocytes are known to bind and transport xenobiotics, and evidence indicates that

plastic additives, such as bisphenols, phthalates (Macczak et al., 2016;Sicirska, 2018) or
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brominated flame retardants (Jarosiewicz et al., 2019) are able to induce eryptosis. Hence,
there is a need to better understand the potential impact of the presence of plastic particles
in the bloodstream.

Leslie et al.,( 2022) report the concentration of polystyrene (PS) in the bloodstream to
reach up to 4.8 ug/ml. Worryingly, these plastic particles are known to influence erythrocytes:
previous research confirms that they can cause rheological changes, lead to the formation of
echinocytes (Remigante et al., 2024) and stomatocytes, increase the internal microviscosity of
red blood cells, oxidize erythrocyte membrane proteins, and ultimately cause haemolysis at
high concentrations (Ptuciennik et al., 2023, 2025)

Therefore, the aim of this study was to determine whether 24-hour exposure to
polystyrene nanoparticles (PS-NPs) with three different diameters (~¥30 nm, ~45 nm, ~70 nm)
induces eryptosis in human erythrocytes and whether this effect depends on particle size and
concentration. A comprehensive assessment of eryptosis was made based on key biochemical
parameters: reactive oxygen species (ROS) levels, intracellular Ca?* ion concentration, lipid

peroxidation, phosphatidylserine (PS) exposure, and caspase-3 and calpain activation.

2. Materials and Methods

2.1. Chemicals

Standards of non-functionalized polystyrene nanoparticles (PS-NPs) were purchased from
Bangs Laboratories (Fishers, Indiana, USA). 1 g of individual nanoparticles contained the
following: 9.24116 x 1016 nanoparticles/g (~30 nm); 2.13516 x 1016 particles/g (~45 nm);
5.78515 x 1015 particles/g (~70 nm). Annexin V was purchased from ThermoFisher (Waltham,
MA, USA). The FITC-DEVD-FMK, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA)
caspase 3-detection kit and Fluo 3-AM were purchased from Merck (Darmstadt, Germany).
lonomycin calcium salt, betulinic , phosphate buffer saline tablets and Hank’s Balanced Salt
Solution (HBSS) were obtained from Merck (Darmstadt, Germany) , while NaCl, NaOH, TRIS,
sodium acetate and HEPES were purchased from POCh (Gliwice, Poland) and Roth (Karlsruhe,

Germany).

2.2. Isolation of red blood cells
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Erythrocytes were isolated from a leukocyte buffy coat collected from the blood of healthy
volunteers. The blood samples were purchased from the Regional Center for Blood Donation
and Treatment in Lodz. Erythrocytes with a haematocrit of 5% were incubated with PS-NPs at
concentrations ranging from 0.001 to 100 pg/mL at 37 °Cfor 24 hours. The study was approved
by the Bioethics Committee of the University of Lodz (Resolution No. 12/KEBN-Ut/1/2022-23).

2.3. Measurement of reactive oxygen species.

Reactive oxygen species (ROS) levels were determined by H,DCFDA (2',7'-
dichlorodihydrofluorescein) assay. The H,DCFDA penetrates the erythrocyte membrane and
is hydrolysed by esterases to H,DCF; it is then oxidized in the presence of ROS to the highly
fluorescent 2',7'-dichlorofluorescein (DCF). Erythrocytes were incubated with PS-NPs of
different diameters (~¥30 nm, ~45 nm and 70 nm) in the concentration range 0.001-100 pg/ml
for 24 hours. After incubation, the cells were washed and resuspended in Ringer buffer (final
density 1 x 106 cells/mL). H2DCF-DA was added to the samples to the final concentration of 5
UM, Samples with stain were incubated for 15 minutes at 37 2C in total darkness. Fluorescence
was measured using an FACSymphony™ A1, flow cytometer (Becton Dickinson, USA) at
excitation wavelength A = 488 nm and emission wavelength A = 530 nm. The data were

recorded for a total of 10 000 events per sample.

2.4. Lipid peroxidation

The level of lipid peroxidation was then determined in erythrocytes incubated with PS-NPs
(diameters ~30 nm, ~45 nm and ~70 nm) using the fluorescent probe Bodipy 581/591 C11.
After 24-hour incubation of cells with polystyrene nanoparticles, a marker was added to 0,3
UM final concentration and the mixture was incubated for one hour in the dark at 37°C. After
incubation, the samples were centrifuged (2000 rpm. 10min) and diluted to 2.5 % haematocrit.
Fluorescence was measured using an FACSymphony™ Al flow cytometer (Becton Dickinson,
USA) at excitation wavelength A = 488 nm and emission wavelength A = 510 nm. The data

were recorded for a total of 10 000 events per sample. Luperox was used as a positive control.

2.5.  Analysis of phosphatidylserine (PS) externalization
During apoptosis, the phosphatidylserine (PS) present in the internal layer of the plasma

membrane moves to the external layer. These cells, expressing PS on their surface, can be
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bound by annexin V conjugated with fluorescein isothiocyanate (FITC). The resulting green
fluorescence of the annexin-FITC complex indicates the presence of PS. The cells were
incubated with PS-NPs of different diameters (~30 nm, ~45 nm and ~70 nm) in the
concentration range 0.001-100 pg/ml. After incubation, the cells were centrifuged at 3000
rpm for 10 min at 4 °C and diluted with Ringer buffer (density 1x10° cells/ml), then in Annexin
V-binding buffer, and stained with Annexin V-FITC (1 uM) for 20 min at room temperature in
total darkness. The analysis was performed for 10 000 cells at excitation/emission
wavelengths of 488 nm and 530 nm, respectively, using an FACSymphony™ A1, flow cytometer

(Becton Dickinson, USA). Betulinic acid (10 uM) was used as positive control.

2.6.  Analysis of intracellular calcium ion level

Cytosolic ion levels were measured by complexation of calcium ions by Fluo-3/AM stain.
Fluo3/AM passes through membrane of living cells, where it is cleaved by intracellular
esterases to Fluo-3 which exhibits green fluorescence after complexation with calcium ions.
The erythrocytes were treated with PS-NPs with different diameters and incubated for 24
hours at 37 °C in total darkness. The cells were suspended in Fluo-3/AM solution (1 uM) and
incubated for 20 min at 37°C in total darkness. Following this, HBSS with 1% of bovine serum
albumin (BSA) was added and incubated again for 40 minutes at 37 2C in total darkness. After
incubation the cells were centrifuged at 1500 rpm. for 10 minutes at 4 °C, and washed twice
with the HEPES buffer. Fluorescence was measured using an FACSymphony™ Al flow
cytometer (Becton Dickinson USA) at 490 nm (excitation) and 528 nm (emission). The data
were recorded for a total of 10 000 events per sample. Calcium ionomycin (1 uM) was used as

a positive control.

2.7. Caspase 3-activity

Caspase-3 activity was determined by flow cytometry using the caspase-3-specific substrate
FITC-DEVD-FMK directly conjugated to fluorescein isothiocyanate (FITC). The fluorescence
intensity of the stain released from the substrate is proportional to caspase-3 activity. The
analysis was conducted according to the manufacturer’s protocol. After 24-hour incubation of
erythrocytes with PS-NPs in different diameters (¥30 nm, ~45 nm and ~70 nm) in the
concentration range 10-100 ug/ml, the cells were centrifuged at 3000 rpm for 10 min at 4 2C

and diluted with Ringer buffer (density 1 x 106 cells/mL). The erythrocytes were treated with
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caspase-3 substrate (FITC-DEVD-FMK), which binds to activated caspase-3 (2 pg/ml, 60 min,
37 9C, total darkness). Then the cells were centrifuged at 3000 rpm for 10 min at 4 2C, washed
in wash solution and analysed. Fluorescence was measured at 495 nm (excitation) and 525 nm
(emission). The samples were also preincubated with caspase-3 inhibitor (Z-VAD-FMK) at 1

pl/ml to measure the non-specific hydrolysis of the substrate.

2.8. Calpain activity

The calpain activity of the erythrocytes was determined using a commercial calpain assay
(QlA120, Merck) following 24-hour incubation with the PS-NPs (~30 nm, ~45 nm and ~70 nm)
at 0.1-100 pg/ml. The cells were diluted to a density of 5x10° cells/ml, and 50 pL of sample
was loaded in duplicate, in either 100 uL of activator buffer or 100 pL of inhibitor buffer, in a
96-well plate, as per the manufacturer's instructions. Following this, 50 pL of diluted substrate
was added in the dark into each well, and the plate was incubated for 15 minutes. The plate

was then read at 370 nm (excitation) and 450 nm (emission).

2.9. Statistical analysis

Statistical analysis was performed with GraphPad Prism version 8.3.4 for Windows (GraphPad
Software, San Diego, CA, USA) The obtained results were presented as mean + SD. The mean
differences between groups were subjected to multiple comparisons by one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance was assumed for

p < 0.05.

3.Results
3.1. Reactive Oxygen Species

No statistically-significant changes in ROS levels were observed following 24-hour erythrocyte

incubation with PS-NPs (30 nm, 45 nm and 70 nm) ( Fig. 1).
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Fig. 1. Effects on ROS formation in human erythrocytes after 24 hours of incubation with PS-
NPs of different diameters (concentration range 0.001-100 ug/mL). Each value represents the
mean + SD obtained from 8 independent experiments. An asterisk indicates a significant

difference from control (*) P < 0.05; one-way ANOVA and a Tukey post hoc test.

3.2. Lipid peroxidation

At a PS-NP concentration of 50 ug/mL, significant increase in lipid peroxidation relative
to the control (100%) was observed for NPs measuring ~30 nm and ~70 nm (133% and
119.35% of control values, respectively). At the highest concentration, i.e. 100 pg/mL, a
significant increase was also noted for all diameters: 151.53% (30 nm), 121.38% (45 nm), and
120.56% (70 nm) (Fig. 2). Thus, the smallest nanoparticles induced the greatest increase in

lipid peroxidation.
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Fig. 2. Changes in lipid peroxidation in human erythrocytes after 24 hours of incubation with
PS-NPs of different diameters (concentration range 0.001-100 pg/mL). Each value represents
the mean + SD obtained from 4-6 independent experiments. The asterisk (*) indicates
significant differences from control values (P < 0.05); one-way ANOVA and a Tukey post hoc

test.

3.3. Phosphatidylserine externalisation

After 24-hour incubation, only the smallest PS-NPs (30 nm) at the highest
concentration of 100 pg/mL induced a significant increase in phosphatidylserine translocation.

For this significant sample, the mean FITC fluorescence reached 180.75% (Fig. 3).
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Fig. 3. Effects of phosphatidylserine externalisation in human erythrocytes after 24 hours of
incubation with PS-NPs of different diameters (concentration range 0.001-100 pg/mL). Each
value represents the mean + SD obtained from 4-5 independent experiments. The asterisk (*)
indicates significant differences from control values (P < 0.05); one-way ANOVA and a Tukey

post hoc test.
3.4. Intracellular calcium ion level

Following 24-hour incubation, the smaller nonfunctionalized PS-NPs (30 nm and 45
nm) induced a significant increase in intracellular Ca?* levels in human erythrocytes, but only
at the highest tested concentration (100 ug/mL). The ~30 nm particles demonstrated a greater
increase in intracellular Ca** mL (mean 166.6% of controls) than the ~45 nm particles (mean
124.13% of controls). No such effect was observed for the largest PS-NPs (~70 nm) at any

concentration (Fig. 4).
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Fig. 4. Changes in cytosolic calcium ion level in human erythrocytes after 24 hours of

incubation with PS-NPs of different diameters (concentration range 0.001-100 pg/mL). Each

value represents the mean + SD obtained from 6 independent experiments. The asterisk (*)

indicates significant differences from control values (P < 0.05); one-way ANOVA and a Tukey

post hoc test.

3.5. Caspase 3 activity

No statistically significant changes indicative of caspase-3 activity were observed in

human erythrocytes after 24 hours of incubation, irrespective of NP diameter or concentration

(10-100 pg/mL) (Fig. 5).
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Fig 5. Changes in Caspase-3 activity in human erythrocytes after 24 hours of incubation with
PS-NPs of different diameters (concentration range 10—-100 pg/mL). Each value represents the
mean + SD obtained from 3 independent experiments. The asterisk (*) indicates significant

differences from control values (P < 0.05); one-way ANOVA and a Tukey post hoc test.

3.6. Calpain activity

Changes in calpain activity were observed, depending on the size of the NPs. The PS-
NPs approximately 45 nm demonstrated changes starting from the lowest concentration
(1 ug/mL), the smallest PS-NPs (~30nm) starting at 50 ug/mL, and the largest PS-NPs (~70 nm)

only at the highest concentration (100 pg/mL) (Fig. 6).
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Fig 6. Changes in calpain activity of human erythrocytes after 24 hours of incubation with PS-
NPs of different diameters (concentration range 1-100 pg/mL). Each value represents the
mean * SD obtained from 3 independent experiments. The asterisk (*) indicates significant

differences from control values (P < 0.05); one-way ANOVA and a Tukey post hoc test.

4. Discussion

Polystyrene nanoparticles (PS-NPs) are one of the most widespread forms of synthetic
nanomaterials, and are widely used in industry, biotechnology, and medicine (Neagu et al.,
2017). However, recent years have seen growing interest in their potential harm, especially
regarding their presence in the environment and their potential accumulation in living
organisms, including humans (Kik et al., 2020)

One main element of xenobiotic safety assessment is determining their interaction
with blood. To reflect this, the present study examined the effect of PS-NPs on erythrocytes;
these constitute the most plentiful cell type in blood and play an important role in the
transport of oxygen and carbon dioxide. They are also particularly vulnerable to contact with
nanoparticles if they are present in the circulation. Due to the lack of a nucleus and organelles,
erythrocytes cannot activate typical defence mechanisms like nucleated cells can, which
makes them a good model for studying the direct effects of nanoparticles on the cell

membrane and redox balance (Lang et al., 2012).
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Our previous research indicates that PS-NPs become localized in the cell membrane of
human erythrocytes. From there, they alter cell fluidity and shape, induce oxidation of
membrane proteins, and ultimately hemolysis; however, cell death is only observed at very
high concentrations of 100 pg/mL (30 nm nanoparticles) and 200 pg/mL (45 and 70 nm
nanoparticles) (Ptuciennik et al., 2025, 2023). Literature data indicate that selected
xenobiotics and plastic additives can induce eryptosis, but the effect of plastic nanoparticles
on programmed erythrocyte death remains poorly understood.

Therefore, the aim of this study was to evaluate the effect of non-functionalized
polystyrene nanoparticles (PS-NPs) with diameters of ~30 nm, ~45 nm, and ~70 nm on the
induction of eryptosis. This was achieved by analysing typical markers of this process, viz.
reactive oxygen species (ROS) levels, lipid peroxidation, phosphatidylserine translocation,
intracellular calcium ion concentration, and caspase-3 and calpain activity, following 24-hour
exposure to PS-NPs.

Our research has shown indicate that 24-hour incubation of erythrocytes with non-
functionalized Ps-NPs (diameters of ~30 nm, ~45 nm, and ~70 nm) did not result in any
significant changes in ROS level compared to controls (Fig. 1). These results are consistent with
previous research indicating no changes in haemoglobin oxidation by PS-NPs as the main
source of ROS in erythrocytes (Ptuciennik et al., 2025). This lack of increase in ROS levels may
be related to the specificity of erythrocytes, which are devoid of mitochondria and hence may
be less susceptible to oxidative damage than nucleated cells. It is known that in nucleated
cells, PS-NP-related changes in the mitochondrial membrane result in oxidative stress and an
increase in ROS levels (Liu et al., 2022; Xu et al., 2019). However, it should be noted that,
contrary to our results, Remigante et al.,( 2024) report an increase in ROS levels under the
influence of non-functionalized nano- and micro-polystyrene in human erythrocytes, resulting
in increased lipid peroxidation and protein sulfhydryl group oxidation. Oxidative stress was
also associated with altered band 3 ion transport activity and increased concentrations of
oxidized haemoglobin. However, this study was based on particles with a much larger
diameter (100 nm and 1000 nm) than in the present study.

While no changes in ROS levels were noted, our results indicate a significant increase
in lipid peroxidation, particularly in the case of the smallest nanoparticles (¥30 nm); this
increase was observed at both 50 pg/ml and the highest concentration tested (100 pg/ml) for

all particle sizes (Fig. 2). Similar effects were reported by (Remigante et al., 2024) Smaller
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particles may have a stronger effect, which may result from their higher surface-to-volume
ratio, which increases their reactivity and potential to destabilize the membrane structure

Another characteristic marker of eryptosis is the translocation of phosphatidylserine
to the outer layer of the cell membrane (Lang et al., 2012).In the present study, a significant
increase in phosphatidylserine externalization was noted, but only at a NP concentration of
100 pg/ml and only for the smallest particles (30 nm; Fig. 3). However, it should be noted that
these changes occurred at a level at which approximately 12% hemolysis was already
observed (Ptuciennik et al., 2023) this suggests that the observed increase in
phosphatidylserine externalization is associated with hemolytic cell membrane destabilization
rather than directly with the process of eryptosis.

Therefore, the next stage of the study evaluated eryptosis markers generally occurring
at concentrations lower than PS externalization (Jarosiewicz et al., 2019; Macczak et al., 2016;
Sicinska, 2018). It was found that PS-NPs with diameters of ~30 nm and ~45 nm caused a
significant increase in Ca** concentration inside erythrocytes, but only at the highest
concentration (100 pg/ml), with the effect being clearly stronger for the smallest particles (Fig.
4). Increased calcium ion influx is considered a key factor inducing eryptosis, leading to
potassium channel activation, cell shrinkage, and phosphatidylserine exposure (Alghareeb et
al., 2023; Foller and Lang, 2020; Repsold and Joubert, 2018). However, as in the case of PS
externalization, the observed changes in calcium ion levels probably resulted from haemolytic
changes and not eryptosis, as they only took place at haemolytic concentrations.

Another eryptosis marker, caspase 3 activity, did not change across the entire range of
concentrations analysed, further implying that PS-NPs with diameters of 30, 45, and 70 nm do
not induce eryptosis in human erythrocytes (Fig. 5). However, changes in calpain activity were
observed, even at low pre-haemolytic concentrations, i.e. 1-50 pg/mL (Fig. 6). Therefore, it is
possible that PS-NPs may interact with the erythrocyte cell membrane primarily by mechanical
means, without triggering classic eryptotic pathways.

Out findings indicate no changes in intracellular Ca?* level, caspase activity, reactive
oxygen species (ROS) generation, or phosphatidylserine (PS) externalization on the cell surface
at pre-haemolytic concentrations, suggesting no induction of eryptosis. Interestingly,
however, increased calpain activity was observed at low nanoparticle concentrations,
indicating that PS-NPs may cause subtle structural disturbances at the membrane level.

Indeed, previous studies indicate that PS-NPs can physically interact with the membrane
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through adsorption, partial penetration into the lipid bilayer, or generation of local
stresses(Holléczki and Gehrke, 2019; tazarski et al., 2025). This type of mechanical interaction
can lead to microdefects in the erythrocyte cytoskeleton. However, calpains, being highly
sensitive to cytoskeletal organization disturbances, are likely to be sensitized to activation
under conditions of membrane deformation (e.g., reorganization of ankyrin or spectrin),
which lowers the calcium activation threshold (Suzuki and Sorimachi, 1998; Von Reyn et al.,
2012; Wieschhaus et al., 2012) It is possible that membrane deformation by PS-NPs may
induce local changes in the conformation of calpain or its displacement to the vicinity of
cofactors, thus causing its activation. This would not require an increase in the global Ca®*

IH

level, which was not observed in the present study: a local “micro-shift” near the membrane
would suffice. In erythrocytes, where typical calcium signals are low, mechanical stimuli can
induce minimal but detectable calpain activity, e.g., by shifting phospholipids and lowering the
Ca?* concentration necessary for autolysis and thus for calpain activity (Pontremoli et al.,
1985).

In summary, at pre-haemolytic concentrations, no phosphatidylserine externalization,
calcium ion influx or changes in caspase-3 activity were noted, nor any increase in ROS levels.
This further confirms that eryptosis was not triggered, and the observed effect of increased

calpain activity is likely related to the micromechanical response of the cytoskeleton to the

interaction with nanoparticles.
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