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ramach dwuletniego grantu Preludium 20 nr 2021/41/N/NZ7/02049 (kod projektu: 

B2211000001190100) przyznanego przez Narodowe Centrum Nauki. Projekt zatytułowany 

jest: „Nanocząstki polistyrenowe i ich właściwości epigenetyczne  

i genotoksyczne w ludzkich jednojądrzastych komórkach krwi obwodowej”. 
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STRESZCZENIE W JĘZYKU POLSKIM 

Zanieczyszczenie tworzywami sztucznymi uznawane jest obecnie za globalny 

problem. Co roku do środowiska dostają się olbrzymie ilości odpadów plastikowych  

w wyniku niewłaściwej gospodarki odpadami i niewystarczający recykling, a także z uwagi 

na długi okres rozkładu tych tworzyw. W 2021 roku na świecie wytworzono 390,7 mln ton 

plastiku w tym 57,2 mln ton w Europie. Poważne zagrożenie ekotoksykologiczne dla 

organizmów stanowią cząstki powstałe z rozpadu dużych fragmentów plastiku tzw. 

mikrocząstki o średnicy < 5000 nm oraz nanocząstki o średnicy < 100 nm, których obecność 

stwierdzono w powietrzu, wodzie, glebie i żywności. Mikro i nanocząstki są szeroko 

stosowane w różnych gałęziach przemysłu m.in. farmaceutycznym, laboratoryjnym oraz 

kosmetycznym. 

Jednym z najczęściej badanych tworzyw syntetycznych o strukturze nanometrycznej 

jest polistyren powstający w procesie polimeryzacji monomerów styrenu. Tworzywo to 

wykorzystywane jest do produkcji opakowań, sprzętu elektronicznego i AGD oraz stosowane 

do ocieplania budynków (styropian). Cząstki polistyrenu ze względu na małe rozmiary, mogą 

łatwo przedostawać się do organizmów żywych poprzez układ oddechowy, pokarmowy czy 

przez skórę i w konsekwencji przechodzić przez bariery biologiczne i kumulować się  

w tkankach. 

Celem badań niniejszej pracy doktorskiej była ocena działania prooksydacyjnego, 

proapoptotycznego i genotoksycznego nanocząstek polistyrenu (PS-NP) o różnych średnicach 

(29 nm, 44 nm i 72 nm) w jednojądrzastych komórkach krwi obwodowej człowieka. 

Na wstępie przeprowadzono badania właściwości fizyko-chemicznych nanocząstek 

polistyrenu w celu potwierdzenia zadeklarowanej przez producentów ich średnicy. Uzyskane 

zdjęcia oraz wyniki z wykorzystaniem mikroskopii sił atomowych (AFM) i skaningowej 

mikroskopii atomowej (SEM) były zgodne z parametrami podanymi przez producenta 

cząstek. Badania wykonane za pomocą techniki pomiaru wielkości cząstek (DLS) polistyrenu 

inkubowanych w wodzie także potwierdziły średnicę cząstek, którą deklarowali producenci, 

podczas gdy inkubacja badanych cząstek w pożywce RPMI znacząco zwiększała ich średnicę, 

nawet trzykrotnie w przypadku najmniejszych nanocząstek. Ponadto, dokonano oceny 

potencjału zeta, który zmieniał się wraz ze wzrostem średnicy cząstek. 

Rozpoczynając badania biologiczne oceniono cytotoksyczność nanocząstek 

polistyrenu o różnych średnicach. Cząstki te spowodowały spadek żywotności i zmiany  

w aktywności metabolicznej jednojądrzastych komórek krwi obwodowej człowieka, ale  

w bardzo wysokich stężeniach powyżej 300 µg/ml. 

Następnie dokonano oceny ich właściwości prooksydacyjnych. Dowiedziono, że 

nanocząstki polistyrenu indukują powstawanie reaktywnych form tlenu oraz wysoce 

reaktywnych form tlenu, w tym rodnika hydroksylowego. Z kolei analiza poziomu 
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peroksydacji lipidów i białek wykazała, że powodują one spadek fluorescencji tryptofanu  

w białkach oraz znaczny spadek fluorescencji kwasu cis-parynarowego. 

W kolejnym etapie określono działanie genotoksyczne nanocząstek polistyrenu. 

Udowodniono, że badane nanocząstki o wszystkich analizowanych średnicach powodują 

powstawanie pęknięć jedno- i dwuniciowych w badanych komórkach krwi, oraz indukują 

pęknięcia dwuniciowe, ale tylko po narażeniu badanych komórek na mniejsze nanocząstki  

o średnicy 29 nm i 44 nm. Ponadto wykazano powstawanie zmodyfikowanych oksydacyjnie 

zasad purynowych i pirymidynowych po traktowaniu jednojądrzastych komórek krwi 

obwodowej nanocząstkami polistyrenu. Większy poziom uszkodzeń oksydacyjnych 

zaobserwowano po zastosowaniu w teście genotoksyczności glikozylazy formamido-

pirymidyny (Fpg). Dowiedziono także, że wzrost utleniania pirymidyny (zastosowanie  

w analizie endonukleazy III) następował przy wyższych stężeniach nanocząstek  

w porównaniu z próbkami do których dodawano Fpg. Wzrost poziomu 8-hydroksy-2-

deoksyguanozyny zaobserwowano tylko po ekspozycji jednojądrzastych komórek krwi na 

najmniejsze nanocząstki (29 nm). Powstałe uszkodzenia DNA spowodowane przez większe 

nanocząstki (44 nm i 72 nm) zostały całkowicie naprawione po 120 minutach, natomiast  

w przypadku mniejszych cząstek (29 nm) naprawa nie była w pełni skuteczna. 

Trzeci etap badań dotyczył oceny właściwości proapoptotycznych badanych cząstek. 

Nanocząstki polistyrenu zwiększały liczbę komórek apoptotycznych, podwyższały poziom 

jonów wapnia w cytozolu komórek, zmniejszały wartość transbłonowego potencjału 

mitochondrialego oraz zwiększały aktywność kaspazy 9 i 3. Ponadto najmniejsze nanocząstki 

o średnicy 29 nm spowodowały aktywację kaspazy 8. 

W rozprawie posługiwano się licznymi metodami opartymi o cytofluorymetrię, 

fluorymetrię, spektrofotometrię, mikroskopię fluorescencyjną, mikroskopię sił atomowych, 

mikroskopię elektronową, elektroforezę i dwuwymiarową chromatografię cieczową. 

Wykazano, że badane nanocząstki polistyrenu charakteryzowały się właściwościami 

cytotoksycznymi, prooksydacyjnymi, genotoksycznymi i proapoptotycznymi. Porównując 

działanie nanocząstek o różnych średnicach można stwierdzić, że najmniejsze nanocząstki  

(29 nm) wykazywały największą toksyczność względem badanych komórek. Powodowały 

one zmiany ww. parametrów już przy bardzo niskich stężeniach w porównaniu z cząstkami  

o większej średnicy, co może być związane z ich łatwiejszym wnikaniem do komórek ze 

względu na małe rozmiary i mniejszą wartość ujemnego potencjału zeta. 
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STRESZCZENIE W JĘZYKU ANGIELSKIM 

Summary 

Plastic pollution of the environment is now considered to be a global problem. Huge 

amounts of plastics waste enter the environment every year due to poor waste management 

and insufficient recycling as well as due to the long decomposition period of these plastics.  

In 2021, 390.7 milion tons of plastic were produced worldwide, including 57.2 million tons in 

Europe. A serious ecotoxicological threat to organisms are particles formed from the 

breakdown of large pieces plastics so-called microparticles with diameters < 5000 nm and 

nanoparticles with diameters <100 nm, which have been found in air, water, soil and food. 

Micro and nanoparticles are widely used in branchers of industry, among others 

pharmaceutical, laboratory and cosmetics. 

One of the most studied nanometer-structured synthetic plastics is polystyrene, which 

is formed by polymerization of styrene monomers. This plastic is used for packaging, 

production of electronics devices, household appliances, as well as to insulate buildings 

(styrofoam). Polystyrene particles, due to their small size, can easily enter living organisms 

through the respiratory, digestive or skin systems, and consequently pass through biological 

barriers and accumulate in tissues. 

The aim of the research of this dissertation was to evaluate the pro-oxidant, pro-

apoptotic and genotoxic effects of polystyrene nanoparticles (PS-NP) with different diameters 

(29 nm, 44 nm and 72 nm) in human peripheral blood mononuclear cells. 

In this dissertation, the physico-chemical properties of polystyrene nanoparticles were 

tested to confirm the parameters of these particles declared by the manufacturers. The AFM 

and SEM images were consistent with the parameters stated in the labels of the purchased 

particles. Tests performed using the DLS technique of polystyrene nanoparticles incubated in 

water confirmed the particle diameter provided by the manufacturers, while incubation of the 

tested particles in RPMI medium significantly increased their diameter by up to three times 

for the smallest nanoparticles. In addition, the zeta potential was evaluated, which showed  

a significant change in the studied parameter depending on the particle size. 

Starting with biological studies, the cytotoxicity of polystyrene nanoparticles of 

various diameters was evaluated. These particles caused a decrease in viability and changes in 

metabolic activity of human peripheral blood mononuclear cells (PBMCs), but only at very 

high concentrations of above 300 µg/mL. 

Then, pro-oxidant properties of tested PS-NPs were evaluated. Polystyrene 

nanoparticles have been shown to induce the formation of reactive oxygen species (ROS) and 

highly reactive oxygen species, including hydroxyl radical. In turn, analysis of lipid and 

protein peroxidation showed, that PS-NPs caused a decrease in tryptophan fluorescence of 

proteins and induced a significant decrease in the fluorescence of cis-parinaric acid. 
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In the next phase, genotoxic effects of polystyrene nanoparticles were determined. PS-

NPs of all analyzed diameters have been shown to induce single and double strand-breaks  

in studied cells, as well as caused double strand-breaks formation, but only after the exposure 

to smaller nanoparticles with diameters of 29 nm and 44 nm. In addition, it has been 

demonstrated the formation of oxidized purine and pyrimidine bases after treatment of 

peripheral blood mononuclear cells with tested polystyrene nanoparticles. Higher oxidative 

damage was observed when formamidopyrimidine glycosylase (Fpg) was used in the 

genotoxicity test. It was also proven that an increase in pyrimidine oxidation (the use of 

endonuclease III in the analysis) occurred at higher concentrations when compared to fpg-

treated samples. An increase in 8-hydroxy-2-deoxyguanosine level was observed only after 

the exposure of tested cells to the smallest nanoparticles of 29 nm. The resulting DNA 

damage caused by larger nanoparticles of 44 nm and 72 nm was completely repaired after 120 

min., while the repair of DNA lesions was not fully effective in the cells treated with the 

smallest particles of 29 nm. 

The third step of this study was to assess proapoptotic properties of tested particles. 

Polystyrene nanoparticles increased the number of apoptotic cells, increased the level of 

cytosolic calcium ions, decreased transmembrane mitochondrial potential, and increased the 

activity of caspase-9 and caspase-3. In addition, the smallest nanoparticles of 29 nm  

in diameter, induced caspase-8 activation. 

In this dissertation, number of methods was used based on cytofluorimetry, 

fluorimetry, spectrophotometry, fluorescence microscopy, atomic force microscopy, electron 

microscopy and two-dimensional liquid chromatography. 

The tested NP-PSs are characterized by cytotoxic, pro-oxidative, genotoxic and pro-

apoptotic properties. Comparing the effects of nanoparticles of different diameters, it can be 

concluded that the smallest nanoparticles of 29 nm are the most toxic to the tested cells. They 

caused changes in the above-mentioned parameters at lower concentrations compared to 

larger particles, which may be related to their easier penetration into cells due to their smaller 

size and lower value of negative zeta potential. 
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CEL NAUKOWY ORAZ OMÓWIENIE WYNIKÓW 

WPROWADZENIE 

Obecnie na całym świecie szczególną uwagę skupia się wokół mikro (MP)  

i nanoplastików (NP) w związku z rosnącym tempem ich emisji do środowiska naturalnego 

oraz zagrożeń wynikających z ich potencjalnego niekorzystnego oddziaływania na organizmy 

żywe. Mikroplastiki to drobiny tworzyw sztucznych o średnicy < 5 µm, które ulegają 

fragmentacji do nanoplastików o średnicy < 0,1 µm. Cząstki są stosowane w wielu branżach 

m.in. farmaceutycznej, kosmetycznej czy laboratoryjnej (Dalela i wsp., 2015, Wang i wsp., 

2018, Hernandez i wsp., 2017). Coraz większa ilość pojawiających się badań wskazuje na 

obecność omawianych cząstek w wodzie, glebie, powietrzu oraz żywności (Song i wsp., 

2018, Zhang i wsp., 2018, Gasperi i wsp., 2018). Istotnym niekorzystnym faktem jest 

kumulowanie się cząstek plastiku w łańcuchu troficznym (Yee i wsp., 2021; Kik i wsp., 

2020), co skutkuje ich obecnością w owocach morza (Hoogenboom, 2016) i ostatecznie 

przedostawaniem się do organizmów ludzi. Szereg badań wskazuje na fakt, że droga 

pokarmowa jest główym sposobem przedostawania się cząstek do organizmów ludzi. 

Większość nanocząsteczek przedostających się do przewodu pokarmowego wchłania się 

przez barierę jelitową (Kreyling i wsp., 2017). Po przekroczeniu bariery jelitowej cząstki 

plastiku o wielkości < 100 nm mogą również przekraczać barierę krew-mózg (Wright i Kelly, 

2017), a także barierę łożyskową (Grafmueller i wsp., 2015). 

Inną drogą narażenia ludzi na cząsteczki nanoplastiku jest wdychanie powietrza. 

Wdychane nanocząsteczki mogą być eliminowane przez oczyszczanie śluzowo-rzęskowe, ale 

mogą również osadzać się w płucach lub być wchłaniane do układu krążeniu (Geiser  

i Kreyling, 2010). Wdychane cząstki mikroplastiku mogą sprzyjać rozwoju różnych chorób 

płuc poprzez indukowanie stanu zapalnego (Lu i wsp., 2022). 

Kontakt dermalny został również uznany za jedną z dróg narażenia człowieka na 

cząstki nanoplastiku. Wykazano, że nanocząstki o średnicy mniejszej niż 40 nm dostają się do 

organizmu przez naskórek (Schneider i wsp., 2009). 

Ostatnio Leslie i wsp. (2022) wykazali obecność plastiku we krwi 17 z 22 

przebadanych osób. Co więcej, najnowsze badanie kohortowe 196 osób potwierdziło 

obecność cząstek nanoplastiku we krwi obwodowej wszystkich badanych osób (Salvia i wsp., 

2023). 

Wiadomo, że nanocząstki przenikają przez bariery biologiczne organizmów żywych  

i w konsekwencji kumulują się w tkankach (Al.-Sid-Cheikh i wsp., 2018, Pitt i wsp., 2018). 

Udowodniono, że cząstki plastiku gromadzą się w jelitach i mogą zostać wydalone wraz  

z kałem (Lehner i wsp., 2017; Schwabl i wsp., 2019). Geiser i Kreyling (2010) wykazali, że 

nanocząstki plastiku wdychane do płuc mogą być dalej transportowane do układu 
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krwionośnego. Ponadto zaobserwowano, że mogą one przekraczać barierę łożyskową  

w wyniku dyfuzji pasywnej (Grafmueller i wsp., 2015). Wokół cząsteczek nanoplastiku może 

tworzyć się tzw. korona białkowa, która znacząco wpływa na ich właściwości takie jak: 

rozmiar, kształt, ładunek (Francia i wsp., 2019; Kihara i wsp., 2019). Występują dwa rodzaje 

korony białkowej „twarda” oraz „miękka”, które obejmują odpowiednio oddziaływanie 

nanocząstek z wewnętrzną i zewnętrzną warstwą białek (Kihara i wsp., 2020). Sugeruje się, 

że korona białkowa wpływa na transport nano- i mikroplastików do komórki. Badania Kihara  

i wsp., 2020 wykazały znaczące zmiany konformacyjne w białkach korony twardej wokół 

mniejszych nanocząstek o średnicy 20 nm w porównaniu do cząstek większych o średnicy  

200 nm, co sugeruje że mniejsze nanocząstki plastiku mogą zakłócać procesy biochemiczne 

silniej niż większe cząstki. 

Obecność cząstek plastiku w ludzkim ciele może powodować uszkodzenie komórek  

i prawdopodobnie wywoływać efekty immunologiczne (Rawle i wsp., 2022; Yin i wsp., 

2023). Zauważono, że wdychanie cząstek stałych może powodować powstawanie chorób 

autoimmunologicznych takich jak: astma czy alergia poprzez mechanizmy translokacji 

cząstek, uwalnianie modulatorów immunologicznych, stres oksydacyjny oraz aktywację 

komórek odpornościowych, co w konsewencji prowadzi do nadmiernej ekspozycji organizmu 

na antygeny i przeciwciała (Farhat i wsp., 2011). Niektóre wyniki badań in vitro sugerują, że 

nanocząstki polistyrenu mogą zmieniać funkcję układu odpornościowego (Rubio i wsp., 

2020; Forte i wsp., 2016; Li i wsp., 2022). 

Nie ma badań dotyczących toksycznego działania nanoplastików na ludzki układ 

krwionośny i jego komórki natomiast interakcje między komórkami krwi, w tym 

jednojądrzastymi komórkami krwi obwodowej i nanocząstkami polistyrenu obecnymi we 

krwi, mogą mieć istotne konsekwencje biologiczne. Ze względu na dużą liczbę 

jednojądrzastych komórek krwi obwodowej w układzie krążenia i ich zasadniczą rolę  

w układzie odpornościowym, są one często wykorzystywane jako komórki modelowe  

w badaniach oceniających toksyczność ksenobiotyków (Santovito i wsp., 2014; Sarma i wsp., 

2022). Komórki te są istotnymi czynnikami odpowiedzi immunologicznej bowiem 

odpowiadają za eliminowanie komórek zakażonych wirusami oraz komórek nowotworowych, 

a także są odpowiedzialne za produkcję przeciwciał i regulację odpowiedzi immunologicznej 

(Larosa i Orange, 2008). Wykazano, że dysregulacja układu odpornościowego poprzez np. 

przyspieszoną śmierć jednojądrzastych komórek krwi obwodowej wiąże się z niekorzystnymi 

dla zdrowia zmianami w układzie odpornościowym i może skutkować osłabieniem 

odporności (Chu i wsp., 2021; Weinberg i wsp., 2004), co może w konsekwencji prowadzić 

do chorób autoimmunologicznych (cukrzyca typu 1, astma, alergie) i nowotworów (Hallit  

i Salameh, 2017; Ratomski i wsp., 2007). 

Pomimo, powszechności występowania cząstek, w tym nanocząstek plastiku we krwi, 

a tym samym potencjalnego narażenia ludzi na ich wpływ, brak jest danych 
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toksykologicznych pozwalających na udzielenie odpowiedzi, czy plastikowe (polistyrenowe) 

nanocząstki są bezpieczne dla ludzi. Wydaje się zatem w pełni uzasadnione podjęcie badań 

dotyczących oceny wpływu nanocząstek polistyrenu w układzie in vitro na jednojądrzaste 

komórki krwi obwodowej człowieka w aspekcie ich działania prooksydacyjnego, 

genotoksycznego i proapoptotycznego. 

CEL PRACY 

Celem pracy doktorskiej było zbadanie mechanizmu działania 

niefunkcjonalizowanych nanocząstek polistyrenu o różnych średnicach (29, 44 i 72 nm)  

w jednojądrzastych komórkach krwi obwodowej człowieka poprzez określenie ich 

właściwości cytotoksycznych, prooksydacyjnych, genotoksycznych oraz proapoptotycznych. 

MATERIAŁ BADAWCZY I METODY 

Materiał badawczy 

Materiał do badań stanowiły jednojądrzaste komórki krwi obwodowej wyizolowane  

z kożuszka leukocytarno-płytkowego zdrowych dawców. Krew pobierana była przez 

pracowników Regionalnego Centrum Krwiodawstwa i Krwiolecznictwa w Łodzi, a następnie 

poddawana diagnostyce laboratoryjnej. Katedra Biofizyki Skażeń Środowiska  

w której wykonano niniejszą pracę doktorską zakupuje krew do doświadczeń  

w oparciu o umowę z w/w Centrum, które posiada akredytację Ministra Zdrowia  

(nr BA/2/2004). Badania przedstawione w niniejszej pracy uzyskały również zgodę Komisji 

do spraw bioetyki badań naukowych UŁ No. 8/KBBN-UŁ/II/2019 (08/04/2019). 

Badane związki 

 niefunkcjonalizowane nanocząstki polistyrenu (ang. polystyrene nanoparticles – PS-NP) 

o średnicy 29, 44 i 72 nm zakupione w firmie Polysciences Europe GmbH 

Przygotowanie prób 

Do zawiesiny komórek (gęstość 1 × 106) dodawano przygotowany roztwór 

nanocząstek (o odpowiednich stężeniach wyjściowych) rozpuszczonych w PBS-ie, uzyskując 

końcowe stężenia plastiku w zakresie od 0,0001 do 1000 µg/ml. Do prób kontrolnych 

dodawano zamiast PS-NP bufor fosforanowy. Komórki kontrolne i z nanocząstkami 

inkubowano w pożywce RPMI przez 24 godziny w temp. 37 °C. 
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Metody 

Charakterystyka fizyko-chemiczna nanoczastek 

 Wykonanie zdjęć testowanych nanocząstek za wykorzystaniem mikroskopu sił 

atomowych (AFM) i skaningowego mikroskopu elektronowego (SEM). 

 Ocena hydrodynamicznego rozmiaru nanocząstek polistyrenu za pomocą techniki 

dynamicznego rozpraszania światła (DLS) w środowisku wodnym oraz w pożywce 

RPMI. 

 Ocena potencjału zeta nanocząstek w wodzie i pożywce RPMI. 

Charakterystyka właściwości biologicznych nanoczastek 

 Ocena żywotności komórek z wykorzystaniem znaczników fluorescencyjnych kalceiny-

AM i jodku propidyny przy zastosowaniu cytometrii przepływowej (BD LSR II). 

 Analiza aktywności metabolicznej za pomocą spektrofotometrycznej metody MTT opartej 

na redukcji soli tetrazolowej – bromek 3-(4,5-dimetylotiazol-2-yl)-2-5 difenylo-

tetrazoliowy przez reduktazy komórkowe, głównie mitochondrialną dehydrogenazę 

bursztynianową. 

 Ocena poziomu reaktywnych form tlenu (RFT) i wysoce reaktywnych form tlenu  

(w tym rodnika hydroksylowego) przy użyciu sond fluorescencyjnych: dioctanu 6-

karboksy-2',7'-dichlorodihydroksyfluoeresceiny (DCFH2DA) oraz 3'-(p-hydroksyfenylo) 

fluoresceiny (HPF) z wykorzystaniem cytometru przepływowego (BD LSR II). 

 Analiza poziomu peroksydacji lipidów przez pomiar fluorescencji kwasu cis-

parynarowego (maksima wzbudzenia/emisji: 320/432 nm) przy użyciu czytnika 

mikropłytek (CaryEclipse, Varian). 

 Ocena utleniania białek poprzez pomiar fluorescencji tryptofanu (maksima 

wzbudzenia/emisji: 295/340 nm) przy użyciu czytnika mikropłytek (CaryEclipse, Varian). 

 Analiza pojedynczych i podwójnych pęknięć DNA przy użyciu metody kometowej  

w wersji alkalicznej i mikroskopii fluorescencyjnej. 

 Ocena poziomu uszkodzeń dwuniciowych DNA przy użyciu metody kometowej  

w wersji neutralnej i mikroskopii fluorescencyjnej. 

 Oznaczenie oksydacyjnych uszkodzeń DNA przy użyciu enzymów restrykcyjnych  

tj. endonukleazy III (EndoIII) oraz glikozylazy formamidopirymidyny DNA (Fpg)  

z wykorzystaniem wersji alkalicznej testu kometowego i mikroskopii fluorescencyjnej. 

 Ocena poziomu 8-hydroksy-2-deoksyguanozyny z zastosowaniem dwuwymiarowej 

chromatografii cieczowej. 

 Ocena poziomu naprawy DNA z wykorzystaniem metody kometowej w wersji alkalicznej 

i mikroskopii fluoroscencyjnej. 
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 Analiza zmian w eksternalizacji fosfatydyloseryny (jako markera apoptozy)  

z wykorzystaniem znaczników fluorescencyjnych AneksynyV-FITC/jodku propidyny  

z użyciem cytometrii przepływowej (LSR II, Becton Dickinson). 

 Analiza poziomu jonów wapnia w cytozolu z wykorzystaniem znacznika Fluo-3/AM, 

wykazującego, po związaniu z Ca2+, silną zieloną fluorescencję. Wzbudzenie i emisja 

Fluo-3 następuje odpowiednio przy długości fali 490 nm/528 nm. Pomiar fluorescencji 

został przeprowadzony przy użyciu cytometru przepływowego (LSR II, Becton 

Dickinson). 

 Ocena mitochondrialnego potencjału transbłonowego za pomocą znacznika 

fluorescencyjnego MitoTracker Red CMXRos (maksimum wzbudzenia/emisji – 490/515 

nm). Fluorescencję zmierzono na czytniku mikropłytek (Cary Eclipse, Varian). 

 Aktywność kaspaz 3 i 8 oparto na pomiarze fluorescencji 7-amino-4-metylokumaryny 

powstałej po hydrolizie substratów peptydowych odpowiednio Acetylo-Ile-GluThr-Asp-7-

amino-4-metylokumaryny (Ac IETD-AMC) oraz acetylo-Asp-Glu-Val-Asp-7-amino-4-

metylokumaryny (AcDEVD-AMC). Długość fali wzbudzenia dla AMC wynosiła 360 nm 

natomiast fali emisji 460 nm. Fluorescencję zmierzono na czytniku mikropłytek 

(Fluoroskan Ascent FL, Labsystem). 

 Ocenę aktywność kaspazy 9 oparto na hydrolizie substratu Acetyl-Leu-Glu-His-Asp-p-

nitroaniliny (Ac-LEHDpNA) do p-nitroaniliny (pNA), której absorbancję zmierzono przy 

długości fali wynoszącej 405 nm. Aktywność kaspazy 9 mierzono przy użyciu 

absorpcyjnego czytnika mikropłytek (BioTek ELx808, Bio-Tek). 

 Poziom serynowo/treoninowej kinazy białkowej mTOR badano przy użyciu zestawu 

ELISA. Wartości absorbancji proporcjonalnej do ilości mTOR odczytano przy długości 

fali 405 nm za pomocą czytnika mikropłytek (BioTek, Synergy H1). 

OMÓWIENIE WYNIKÓW 

 

Cykl artykułów wchodzących w skład dysertacji otwiera publikacja przeglądowa  

pt. „Polystyrene nanoparticles: occurrence in the environment, distribution in tissues, 

accumulation and toxicity to various organisms”. W pracy tej skupiono się na omówieniu 

aktualnej literatury dotyczącej występowania mikro- i nanocząstek polistyrenu w środowisku, 

ich kumulacji w tkankach i toksyczności dla organizmów. W pierwszej kolejności dokonano 

charakterystyki cząstek plastiku, wymieniono najczęściej stosowane rodzaje plastików w tym 

polistyren oraz przedstawiono dane dotyczące światowego i europejskiego zużycia plastików. 

Następnie dokonano charakterystyki właściwości fizykochemicznych polistyrenu oraz 

wymieniono jego zastosowanie w różnych gałęziach przemysłu takich jak elektronika, 

kosmetologia, medycyna, budownictwo. W następnym etapie przedstawiono źródła mikro-  
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i nanocząstek polistyrenu w środowisku i ich akumulację w organizmach żywych.  

Na podstawie różnych doniesień literaturowych zilustrowano akumulację cząstek plastiku  

w łańcuchu pokarmowym. Z wielu opisanych badań wynika, że nano- i mikrocząstki 

znajdujące się w wodzie docierają do organizmów żywych na różnych poziomach łańcucha 

pokarmowego. Podkreślono, że nanocząstki po dostaniu się do organizmów mogą przenikać 

przez barierę krew-mózg, a tym samym mogą gromadzić się w mózgu. W kolejnym punkcie 

opisano tworzenie korony białkowej przez białka wiążące się z powierzchnią nanoplastików 

oraz mechanizm pobierania nanocząstek przez komórkę. Na końcu przedstawiono najnowsze 

publikacje dotyczące toksyczności nanoplastików zarówno w badaniach in vivo jak i in vitro. 

Dokonano oceny właściwości fizyko-chemicznych nanocząstek polistyrenu  

i opublikowano je w drugiej pracy doświadczalnej pt. „Polystyrene nanoparticles – the 

mechanism of their genotoxicity in human peripheral blood mononuclear cells”. Wykonano 

zdjęcia nanocząstek za pomocą mikroskopu sił atomowych (AFM) i skaningowego 

mikroskopu elektronowego (SEM) oraz oceniono hydrodynamiczny rozmiar nanocząstek 

polistyrenu za pomocą techniki dynamicznego rozpraszania światła (DLS) w środowisku 

wodnym i pożywce RPMI. Badania średnicy nanocząstek w środowisku wodnym 

potwierdziły ich wielkość zgodną z deklaracją producenta. Natomiast w pożywce RPMI 

(zawierającej albuminę) stwierdzono większą średnicę nanocząstek (szczególnie w przypadku 

najmniejszych nanocząstek wykazano aż 3-krotnie większą średnicę), co prawdopodobnie 

było spowodowane powstaniem korony białkowej. 

Ocena potencjału zeta w wodzie i w pożywce RPMI wykazała z kolei znaczną zmianę 

potencjału zeta w zależności od wielkości cząstek i zastosowanego środowiska chemicznego. 

W RPMI od –41 ± 3 mV (dla najmniejszych cząstek o wielkości 29 nm) do –56 ± 2 mV (dla 

największych cząstek o wielkości 71 nm). Natomiast bezwzględna wartość potencjału zeta 

w wodzie wynosiła od –40 ± 1 mV (dla najmniejszych cząstek o wielkości 29 nm) do –36 ± 1 

mV (dla największych cząstek o średnicy 72 nm). 

W pierwszej pracy doświadczalnej pt. „Oxidative properties of polystyrene 

nanoparticles with different diameters in human peripheral blood mononuclear cells (in vitro 

study)” oceniono żywotność jednojądrzastych komórek krwi obwodowej oraz parametry 

stresu oksydacyjnego indukowane przez nanoczastki polistyrenu o średnicy 29 nm, 44 nm  

i 72 nm. Analiza żywotności z zastosowaniem jodku propidyny i kalceiny-AM 

przeprowadzona była po 24-godzinnej inkubacji komórek z nanocząstkamii pozwoliła dobrać 

odpowiednie stężenia cząstek do wykonania dalszych badań. Statystycznie istotny spadek 

żywotności komórek obserwowano dla nanocząstek o średnicy 29 nm i 44 nm przy stężeniu 

500 µg/ml, zaś dla największych nanocząstek o średnicy 72 nm odnotowano spadek badanego 

parametru wyłącznie przy stężeniu 1000 µg/ml. 

Analizowane nanocząstki w niskich stężeniach (0,01 µg/ml/0,1 µg/ml) wykazywały 

zdolność generowania reaktywnych form tlenu oraz przy nieco wyższych stężeniach (1 µg/ml  
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i 10 µg/ml) indukowały powstawanie wysoce reaktywnych form tlenu (w tym rodnika 

hydroksylowego). Najintensywniejszy wzrost (od najniższych stężeń 0,01 µg/ml) poziomu 

RFT powodowały najmniejsze nanocząstki. Wzrostowi RFT towarzyszy uszkodzenie 

makromolekuł komórkowych. W związku z tym kolejnym etapem badań była ocena wpływu 

badanych nanocząstek polistyrenowych na indukcję uszkodzeń oksydacyjnych białek  

i lipidów. Stwierdzono, że badane cząstki wzmagają peroksydację lipidów oraz utlenianie 

białek, przy czym ponownie najsilniejsze zmiany w badanych parametrach wykazano  

w komórkach inkubowanych z najmniejszymi nanocząstkami. 

Oznaczono również zmiany w liczbie komórek apoptotycznych. Wzrost odsetka 

komórek apoptotycznych wykazano przy niższych stężeniach nanocząstek 

o średnicy 29 nm od stężenia 1 µg/ml oraz od stężeń 10 µg/ml i 100 µg/ml odpowiednio dla 

nanocząstek o średnicy 44 nm i 72 nm. Przeprowadzono również badania dotyczące 

apoptotycznego mechanizmu działania nanocząstek. Uzyskane wyniki zawarte są 

w manuskrypcie gotowym do wysłania (3 praca doświadczalna). 

Druga praca doświadczalna pt. „Polystyrene nanoparticles – the mechanism of their 

genotoxicity in human peripheral blood mononuclear cells” dotyczyła badań mających na 

celu wyjaśnienie mechanizmu genotoksycznego działania nanoczastek polistyrenowych  

o różnych średnicach w jednojądrzastych komórkach krwi obwodowej człowieka. 

Wzrost poziomu reaktywnych form tlenu (obserwowany w pierwszej pracy 

oryginalnej) może przyczyniać się do uszkadzania białek i lipidów, ale także do 

oksydacyjnych zmian w strukturze DNA. Tym samym w kolejnym etapie badań dokonano 

oceny potencjału genotoksycznego badanych nanocząstek w jednojądrzastych komórkach 

krwi obwodowej człowieka. Stwierdzono, że badane cząstki po 24-godzinnej inkubacji 

spowodowały powstanie zarówno pojedynczych, jak i podwójnych pęknięć nici DNA. 

Największe uszkodzenia odnotowano pod wpływem najmniejszych nanocząstek o średnicy 29 

nm, które były istotne statystycznie już od stężenia 0,01 µg/ml. Mniejsze zmiany odnotowano 

pod wpływem nanocząstek o średnicy 44 nm od stężenia 0,1 µg/ml, a najniższy poziom 

uszkodzeń stwierdzono w przypadku największych nanocząstek o średnicy 72 nm dopiero od 

stężenia 10 µg/ml. Wykazano także, że badane nanocząstki indukowały uszkodzenia 

dwuniciowe DNA, jednak tylko przy najwyższych stężeniach tj. 10 i 100 µg/ml odpowiednio 

dla nanocząstek o średnicy 29 nm i 44 nm. 

Następnie oceniono oksydacyjne uszkodzenia puryn i pirymidyn w DNA 

jednojądrzastych komórek krwi obwodowej człowieka narażonych na działanie badanych 

nanocząstek. Nanocząstki polistyrenu spowodowały wzrost poziomu oksydacyjnie 

zmodyfikowanych pirymidyn, jednak tylko w wysokich stężeniach, tj. 10 µg/ml i 100 µg/ml 

odpowiednio dla cząstek o średnicy 29 nm oraz 44 nm i 72 nm. Stwierdzono również, że 

badane nanocząstki spowodowały silniejsze oksydacyjne uszkodzenia puryn niż pirymidyn  

w badanych komórkach krwi. Zmiany w ww. parametrach były istotne w stężeniach 1 µg/ml, 
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10 µg/ml i 100 µg/ml odpowiednio pod wpływem nanocząstek o średnicy 29 nm, 44 nm 

i 72 nm. 

Zastosowano również dwuwymiarową chromatografię cieczową do analizy  

8-hydroksy-2-deoksyguanozyny (8-oksodG), wykazując niewielki wzrost poziomu tej 

pochodnej od stężenia 0,1 mg/ml tylko pod wpływem nanocząstek o najmniejszym rozmiarze 

tj. średnicy 29 nm. 

Wykazano również, że jednojądrzaste komórki krwi obwodowej człowieka efektywnie 

naprawiały w czasie 2 godzin uszkodzenia DNA spowodowane działaniem nanocząstek  

o średnicy 44 nm i 72 nm w stężeniu 100 µg/ml, jednak nie były w stanie całkowicie usunąć 

powstałych zmian pod wpływem najmniejszych cząstek w identycznym stężeniu. 

Przeprowadzone badania wykazały, że analizowane nanocząstki spowodowały 

uszkodzenia struktury DNA prawdopodobnie pośrednio na skutek indukowanych przez nie 

RFT. 

Należy nadmienić, iż powstawanie uszkodzeń jednoniciowych DNA stwierdzono pod 

wpływem ww. nanocząstek w stężeniach, które potencjalnie mogą być obecne w organizmie 

człowieka wskutek podwyższonego narażenia na te substancje. 

Zaobserwowaliśmy, że PS-NP o najmniejszej średnicy i najniższej bezwzględnej 

wartości ujemnego potencjału zeta wykazywały najsilniejszą cytotoksyczność  

i genotoksyczność, co prawdopodobnie było związane z ich najłatwiejszym wnikaniem do 

badanych komórek. Istotną rolę w przenikaniu badanych nanocząstek do komórek odgrywa 

prawdopodobnie powstająca korona białkowa.  

Uzyskana średnica zmierzona metodą DLS dla najmniejszych cząstek (29 nm) w 

pożywce RPMI zawierającej albuminę była trzykrotnie większa niż wartość zmierzona w 

wodzie i deklarowana przez producenta. Średnica największych cząstek 72 nm, zmierzona 

metodą DLS, była najbliższa tej uzyskanej w wodzie, a także zadeklarowanej przez 

producenta. Nasze obserwacje są zgodne z badaniami Gopinath i wsp. (2019), którzy 

wykazali, że nanocząstki z koroną białkową spowodowały większe efekty genotoksyczne i 

cytotoksyczne w ludzkich komórkach krwi niż nanocząstki nieopłaszczone. 

Ostatnia praca doświadczalna pt. „The effect of non-functionalized polystyrene 

nanoparticles of different diameters on the induction of apoptosis and mTOR level in human 

peripheral blood mononuclear cells” dotyczy określenia proapoptotycznego mechanizmu 

działania nanocząstek polistyrenu w jednojądrzastych komórkach krwi obwodowej człowieka. 

Zmiany w liczbie (odsetku) komórek apoptotycznych analizowano w pierwszej pracy 

doświadczalnej, natomiast w niniejszej (trzeciej) pracy zobrazowano zmiany apoptotyczne za 

pomocą podwójnego barwienia z jodkiem propidyny i Aneksyną-V skoniugowaną 

z izotiocyjanianem fluorosceiny (FITC). Wykazano, że proces apoptozy był najsilniej 

wzmagany przez najmniejsze nanocząstki, które spowodowały (wyniki uzyskane w oparciu  

o przeprowadzoną analizę cytometryczną oceniającą poziom eksternalizacji 
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fosfatydyloseryny) istotny statystycznie wzrost odsetka komórek apoptotycznych od stężenia 

1 µg/ml. 

Następnie zbadano poziom jonów wapnia w cytozolu oraz poziom transbłonowego 

potencjału mitochondrialnego (ΔѰm) w jednojądrzastych komórkach krwi obwodowej 

człowieka inkubowanych przez 24 godziny z badanymi nanocząstkami w zakresie stężeń od 

0,001 do 100 µg/ml. Statystycznie istotny wzrost poziomu jonów wapnia w cytozolu 

zaobserwowano w komórkach inkubowanych z nanocząstkami o średnicy 29 nm w stężeniach 

od 0,001 do 0,1 µg/ml, z nanoczastkami o średnicy 44 nm w stężeniach od 0,01 do 10 µg/ml 

oraz z nanocząstkami o średnicy 72 nm w stężeniach od 0,1 i 10 µg/ml. Jon wapnia jest 

ważnym regulatorem apoptozy. Wzrost mitochondrialnego wychwytu Ca2+ skutkuje zmianą 

depolaryzacji mitochondriów, a następnie otwarciem porów przejściowych przepuszczalności 

(mPTP) w tym organellum, co prowadzi do apoptotycznej śmierci komórki. Jony wapnia 

mogą również aktywować kalpainy, które rozszczepiają różne białka z rodziny BCL-2 

(D’Orsi i wsp., 2012; Hajnóczky i wsp., 2003; Sukumaran i wsp., 2021). Uzyskane wyniki 

wykazały wzrost poziomu jonów wapnia w cytozolu przy stężeniach nanocząstek niższych 

niż te, które spowodowały zmiany w pozostałych parametrach apoptozy, co wskazuje, że 

proces ten poprzedzał całą kaskadę zmian apoptotycznych. 

Zaobserwowano również statystycznie istotny spadek wartości potencjału 

transbłonowego mitochondriów w komórkach traktowanych wszystkimi testowanymi 

cząstkami. Nanocząstki o średnicy 29 nm spowodowały zmiany wartości ΔѰm od stężenia  

1 µg/ml, podczas gdy cząstki o większej średnicy indukowały zmiany tego parametru  

od stężenia 10 µg/ml. Według badań obniżenie wartości potencjału mitochondrialnego może 

występować w początkowym etapie apoptozy, ale może być także skutkiem tego procesu 

(Wacquier i wsp., 2020; Ly i wsp., 2003). Niewątpliwie jednak, zmiany potencjału 

mitochondrialnego są związane z zaburzeniami w przepuszczalności błony mitochondrialnej, 

co może skutkować inicjacją apoptozy poprzez uwolnienie z mitochondriów czynników 

proapoptotycznych. 

Enzymami biorącymi udział w apoptozie są kaspazy 9, 8 i 3. Kaspaza 9 bierze 

aktywny udział w apoptotycznym szlaku wewnętrznym natomiast kaspaza 8 uczestniczy  

w szlaku zewnętrznym apoptozy. Oba enzymy aktywują kaspazę 3, będącą kaspazą 

efektorową. Proteaza ta reguluje funkcjonowanie licznych cząsteczek biologicznych  

i odpowiada za proces kontrolowanej śmierci komórki. 

Zaobserwowano, że wyłącznie nanocząstki polistyrenu o średnicy 29 nm 

spowodowały statystycznie istotne zmiany w aktywności wszystkich testowanych kaspaz.  

Z kolei cząstki o średnicach 44 nm i 72 nm spowodowały zmiany w aktywności kaspazy 9  

i kaspazy 3, natomiast nie aktywowały kaspazy 8. 

W niniejszej pracy analizowano także poziom białka mTOR, będącego kinazą 

serynowo-treoninową zaangażowaną w regulację różnych procesów komórkowych, takich jak 
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metabolizm energii komórkowej, autofagia i apoptoza (Wang i wsp., 2022). Zaobserwowano 

statystycznie istotny wzrost poziomu mTOR po inkubacji jednojądrzastych komórek krwi 

obwodowej zbadanymi cząstkami o różnej wielkości. Nanocząstki polistyrenu o średnicy  

29 nm spowodowały wzrost poziomu mTOR w zakresie stężeń od 0,1 do 1 μg/ml, natomiast 

nanocząstki o średnicy 44 nm podwyższały badany parametr w stężeniach 0,1 μg/ml i 10 

μg/ml. Największe nanocząstki o średnicy 72 nm zwiększały poziom mTOR przy 

najwyższych stężeniach, tj.: 10 μg/ml i 100 μg/ml. Wzrost poziomu mTOR odnotowano przy 

stężeniach mniejszych niż te, które indukowały apoptozę, po czym odnotowano zmniejszenie 

aktywacji badanej kinazy pod wpływem nanocząstek w stężeniach porównywalnych do tych, 

przy których obserwowano apoptozę. Ostatecznie, przy najwyższych stężeniach nanocząstek 

(29 nm, stężenia 10 μg/ml i 100 μg/ml) poziom mTOR osiągnął wartość zbliżoną do kontroli. 

Dotychczas opublikowane dane wskazują na fakt, że całkowity poziom ATP (Budd 

i wsp., 2000; Leist i wsp., 1997) pozostaje niezmieniony we wczesnych stadiach apoptozy,  

a Lu i wsp., (2022) zasugerowali nawet, że warunkiem wstępnym apoptotycznej śmierci 

komórki jest wzrost poziomu ATP w cytozolu. W niniejszych badaniach nie odnotowano 

podwyższonego poziomu ATP, a jedynie spadek tego parametru po ekspozycji badanych 

komórek na najmniejsze nanocząstki o średnicy 29 nm w stężeniu 100 µg/mL i 200 µg/mL. 

Podsumowując można stwierdzić, że testowane nanocząstki indukowały apoptozę 

poprzez eksternalizację fosfatydyloseryny w błonie komórkowej, zwiększając cytozolowy 

poziom Ca2+, zmniejszając transbłonowy potencjał mitochondrialny, a także aktywując  

kaspazę 9 i kaspazę 3. Badane nanocząstki indukowały apoptozę poprzez zaangażowanie 

szlaku mitochondrialnego; tym niemniej najmniejsze nanocząstki o średnicy 29 nm 

aktywowały dodatkowo zewnętrzny szlak apoptotyczny. Podobnie, jak w przypadku 

wyników badań dotyczących oksydacyjnych uszkodzeń biomolekuł, największe efekty 

apoptotyczne odnotowano pod wpływem najmniejszych nanocząstek polistyrenu o średnicy 

29 nm, w porównaniu z większymi nanocząstkami, szczególnie tymi o średnicy 72 nm. 

Zmiany apoptotyczne odnotowano pod wpływem nanocząstek w stężeniach, które 

najprawdopodobniej nie mogą być oznaczone we krwi ludzi narażonych środowiskowo na te 

substancje. 
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Schemat 1. Proponowany mechanizm działania nanocząstek w jednojądrzastych komórkach krwi obwodowej 

człowieka. 

PODSUMOWANIE 

 Badane nanocząstki indukowały stres oksydacyjny poprzez wzrost poziomu reaktywnych 

form tlenu, w tym wysoce reaktywnych form tlenu, oksydacyjne uszkodzenia lipidów  

i białek oraz zasad purynowych i pirymidynowych w DNA. 

Parametry/Związek [µg/ml] 
PS-NP 

29 nm 

PS-NP 

44 nm 

PS-NP 

72 nm 

Odsetek komórek żywych 500 500 1000 

Aktywność metaboliczna 300 500 500 

Poziom RFT 0,01 0,01 0,1 

Poziom wysoce reaktywnych form tlenu  1 10 10 

Poziom peroksydacji lipidów 0,1 1 1 

Poziom utleniania białek  0,1 1 1 

 Badane nanocząstki polistyrenu indukowały jedno- i dwuniciowe uszkodzenia DNA. 

Najmniejsze nanocząstki powodowały także powstawanie utlenionej pochodnej  
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8-hydroksy-2-deoksyguanozyny, a uszkodzenia DNA przez nie indukowane nie były 

naprawiane w pełni w czasie 2 h. 

Parametry/Związek [µg/ml] 
PS-NP 

29 nm 

PS-NP 

44 nm 

PS-NP 

72 nm 

Poziom uszkodzeń jedno-  

i dwuniciowych 
0,01 0,1 10 

Poziom uszkodzeń dwuniciowych  10 100 – 

Poziom uszkodzeń zasad purynowych 1 10 100 

Poziom uszkodzeń zasad pirymidynowych  10 100 100 

Poziom 8-hydroksy-2-deoksyguanozyny 0,1 – – 

Całkowita naprawa DNA (120 minut) Nie Tak Tak 

 Wszystkie badane nanocząstki indukowały apoptozę poprzez szlak wewnętrzny, 

podwyższając poziom jonów wapnia w cytozolu komórek, obniżając potencjał 

mitochondrialny oraz aktywując kaspazę 9 i kaspazę 3. Najmniejsze nanocząstki 

polistyrenu aktywowały również kaspazę 8, co wskazuje na możliwość zaangażowania 

szlaku zewnętrznego przez te badane substancje. 

Parametry/Związek [µg/ml] 
PS-NP 

29 nm 

PS-NP 

44 nm 

PS-NP 

72 nm 

Odsetek komórek apoptotycznych 1 10 100 

Poziom jonów wapnia w cytozolu 0,001 0,01 0,1 

Poziom transbłonowego potencjału 

mitochondrialnego (ΔѰm) 
1 10 10 

Aktywność kaspazy 8 1 – – 

Aktywność kaspazy 9 10 100 100 

Aktywność kaspazy 3 10 10 10 

 Nanocząstki polistyrenu podwyższały poziom mTOR w stężeniach mniejszych niż te, 

które indukowały apoptozę. Obserwowano także zmniejszenie poziomu mTOR przy 

stężeniach nanocząstek porównywalnych do tych, które wzmagały proces apoptozy, aż do 

osiągnięcia poziomu kontrolnego. 
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WNIOSKI 

 Niefunkcjonalizowane nanocząstki polistyrenu o średnicach 29 nm, 44 nm i 72 nm 

charakteryzują się zróżnicowanym potencjałem cytotoksycznym, oksydacyjnym, 

genotoksycznym oraz apototycznym w jednojądrzastych komórkach krwi obwodowej 

człowieka. 

 Największe zmiany w analizowanych parametrach zaobserwowano pod wpływem 

nanocząstek o najmniejszej średnicy 29 nm, co może wiązać się z najniższą wartością 

bezwzględną ujemnego potencjału zeta tych cząstek i możliwością łatwiejszego wnikania 

do komórek. 

 Zmiany w poziomie RFT oraz uszkodzeniach DNA odnotowano pod wpływem niskich 

stężeń PS-NP, które prawdopodobnie mogą być oznaczane w organizmie człowieka przy 

podwyższonym narażeniu na te nanoczastki. 
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Civilization development is associated with the use of plastic. When plastic was introduced to the
market, it was assumed that it was less toxic than glass. Recently, it is known that plastics are serious
ecological problem they, do not degrade and remain in the environment for hundreds of years.

Plastic may be degraded into micro-particles < 5000 nm in diameter, and further into nanoparticles
(NPs) < 100 nm in diameter. NPs have been detected in air, soil, water and sludge.

One of the most commonly used plastics is polystyrene (PS) - a product of polymerization of styrene
monomers. It is used for the production of styrofoam and other products like toys, CDs and cup covers.
In vivo and in vitro studies have suggested that polystyrene nanoparticles (PS-NPs) may penetrate or-
ganisms through several routes i.e. skin, respiratory and digestive tracts. They can be deposited in living
organisms and accumulate further along the food chain. NPs are surrounded by “protein corona” that
allows them penetrating cellular membranes and interacting with cellular structures. Depending on the
cell type, NPs may be transported through pinocytosis, phagocytosis, or be transported passively.
Currently there are no studies that would indicate a carcinogenic potential of PS-NPs. On the other hand,
the PS monomer (styrene) was classified by the International Agency for Research on Cancer (IARC) as a
potentially carcinogenic substance (carcinogenicity class B2).

Despite of the widespread use of plastics and the presence of plastic NPs of secondary or primary
nature, there are no studies that would assess the effect of those substances on human organism. This
study was aimed at the review of the literature data concerning the formation of PS-NPs in the envi-
ronment, their accumulation along the food chain, and their potential adverse effects on organisms on
living various organization levels.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. General characteristics of plastic, its micro- and
nanoparticles

1.1. Types of plastic

Plastics are made mostly of synthetic organic polymers: poly-
styrene (PS), low-density polyethylene (LDPE), high-density poly-
ethylene (HDPE), polypropylene (PP), polyvinyl chloride (PVC) and
polyethylene terephthalate (PET). Plastics are thermoplastic, and
therefore they can be formed in any shapes and repeatedly melted.
e by Maria Cristina Fossi.
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World production of plastic is constantly growing. In the 1950s
around 1.7 million tons of plastics were produced, the amount has
rised 200-fold to 299 million tons worldwide in 2013 and from the
years 2015e2016 from 322 to 335 million tons a year (Plastics - The
Facts, 2017) (Fig.1). It has been estimated that amounts of produced
plastics may increase significantly and even be doubled in the
coming years (Hesler et al., 2019).
1.2. Synthesis and use of polystyrene

PS is an aromatic polymer formed as a result of polymerization
of styrene monomers (Fig. 2). Styrene (vinylbenzene) is produced
from ethylene and benzene. Massive production of PS is carried out
by catalytic dehydrogenation of ethylbenzene that leads to
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Fig. 1. Plastic production in 1976e2016 in Europe and in the World (based on work
Plastics-The Facts, 2017).

Fig. 2. Chemical structure of polystyrene.
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formation of styrene monomers (Wünsch, 2000). PS is a thermo-
plastic polymer characterized by high translucency, durability and
may be easily dyed. PS as a solid material is used for the production
of CDs, toys, toothbrushes, etc. PS is also used for the production of
the styrofoam - a material characterized by limited elasticity,
expanded or melt-formed. It is produced by rapid heating of PS
pellets with a foaming agent. Styrofoam is broadly used in the
production of food containers, such as trays, plates, cups. It is also
used for food storage and transport, for the production of various
packing products, and for the production of toys, clips and office
supplies (Wünsch, 2000; Johannaber and Michaeli, 2004;
Domininghaus et al., 2005).

1.2.1. Physical and chemical properties of polystyrene and its
toxicological classification

Various international agencies supervise safety and toxicity of
PS in everyday use products. Release of styrene monomers into the
environment during processes of melting or polymerization is
particularly important aspect of that supervision (Gurman et al.,
1987). PS is a moderately thermally stable. Nearly no degradation
of pure PS occurs at temperatures below 200 �C however trace
amounts of styrene, cumene and ethylbenzene are detected in the
air. PS exposure to temperatures over 330 �C results in nearly its
complete degradation, with styrene monomer being the main
product. When compared to other common synthetic and natural
construction materials, products of thermal decomposition of PS
seem to be of low toxicity. Amounts of degradation products,
including styrene, that may be released from a PS package are
associated with a relatively low toxicity of this polymer (Gurman
et al., 1987).

The Environmental Protection Agency (EPA) determined the
value of 300 ppm (1000 mg/m3) of styrene as admissible in case of a
chronic exposure (Mutti et al., 1992). Concentrations above that
level may be harmful for human health. Styrene levels determined
in polymer industry usually do not exceed 20 ppm (WHO, 2000),
which is much below the determined value of chronic toxicity.

It has been estimated that consumption of styrene from PS is 9
mg/person/day (Lickly et al., 1995). The admissible daily intake (ADI)
reported by the FDA is 90,000 mg/person/day (FDA, 2002). There-
fore, it seems that the use of PS for food and non-food products
does not constitute a major problem for human safety and health. A
reviewmade by experts for the Harvard Center for Risk Assessment
has not demonstrated concerns about contact of food with PS
materials (Cohen et al., 2002).

PS particles are used as model particles in the studies of the
effect of characteristic particle surfaces on various biological pa-
rameters, because they can be easily synthesized over a broad range
of sizes (Loss et al., 2014). NPs are characterized by higher surface
relation to volume, which has an important effect on their reac-
tivity. Due to their size and shape, and various surface modifica-
tions, PS-NPs are broadly used in technological and biomedical
applications. Modifications of the chemical surface of NPs are of key
importance for solubility and durability in biological agents, as well
on bio-distribution and bio-compatibility (Xia et al., 2008; Meng
et al., 2009). Bio-compatibility is the property that makes PS
broadly used for the production of laboratory equipment and
biomedical devices. This property decides also that this compound
should not negatively interfere with biological systems. Surface of
PS is hydrophobic, and therefore it may be easily modified by, for
example, oxidation, producing surfaces highly receptive for cell
cultures (Midwoud et al., 2012). Those surfaces may also be steril-
ized with UV irradiation and ethylene oxide (Domininghaus et al.,
2005). PS-NPs are broadly used, for example as biosensors, in
photonics, and in self-assembling nanostructures (Loss et al., 2014).
Bio-compatibility of PS causes that this substance does not have a
negative impact on the interaction of NPs with biological systems.
PS-NPs with modified surface are homogenic. They are character-
ized by low polydispersion index and form stable colloids in bio-
logical fluids (Florence, 2004).

1.3. Degradation of plastic

The number of styrene applications has been constantly
growing over last two decades. Despite the fact that the material is
recyclable, only a small fraction of waste is utilized. Based on data of
the statistics of communal solid waste published by the Environ-
mental Protection Agency in 2005, the total amount of solid PS
waste recycled in the US reached the level of nearly 2.6million tons.
PS is not bio-degradable. For that reason disposable products are a
huge problem and great source of environment pollution (Kaplan
et al., 1979; Tokiwa et al., 2009; Kang et al., 2018). Therefore,
degradation methods are sought. In the case of styrene, only its re-
use in unchanged form, or incineration, which requires high tem-
peratures reaching 1000 �C, are taken into account. Lasting for 22
years studies of plastic accumulation in the Atlantic Ocean, have not
found an no increased amount of this material, despite increased
world production (Law et al., 2010). It was therefore assumed that
this is due to microorganisms that can cling to plastic materials
drifting onwater, using them as a source of food. Zettler et al. (2013)
analyzed plastics collected during their cruise over the Sargasso Sea
the for presence of microorganisms. The study has demonstrated
that various microorganisms clung to analyzed plastic, using their
surface as a food source. Moreover, the analysis of rRNA genes
allowed identification of bacteria able to degrade hydrocarbons,
which confirms that microorganisms play a principal role in
degradation of plastic.

The above research has fueled the scientists’ interest in dis-
coveries of other microorganisms: fungi and bacteria species that
can break down certain plastics. There are some bacteria, so-called
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Archaeons that are able to decompose PS, but they are not widely
used because of a low productivity of the process. It is known that
the strains of Rhodococcus ruber and Actinobacterium are able to
decompose only 0.04e0.57% of PS waste in several weeks (Kaplan
et al., 1979; Tokiwa et al., 2009). Japanese scientists focused their
attention on the Ideonella sakaiensis, the bacteria that shows a
strong ability to decompose polyethylene terephthalate, or PET.
Cultured on that plastic, the strain produces two enzymes able to
hydrolyze PET. The process results in the production of
environment-friendly monomers: ethylene glycol and tere-
phthalate acid (Yoshida et al., 2016). Ma et al. (2018) have
demonstrated that polyethylene terephthalate hydrolase (PETase)
is able to decompose PET at the daily rate of 22.5 ¼ mg

mmol=L PETase.

In another study, Bombelli et al. (2017) have demonstrated that
greater wax moth (Galleria mellonella) caterpillars were able to
degrade polyethylene, constituting 40% of all plastics. One hundred
larvae were placed on a plastic bag. It was observed that larvae
degraded approximately 92 mg of polyethylene, which was approx.
3%. Products of polyethylene decomposition showing for its bio-
degradation were observed in decomposed foil.

Despite discoveries of various organisms able to degrade plas-
tics, scientists also look for novel, bio-degradable and ecological
materials, that will undergo rapid bio-degradation with no toxic
effect on the environment.
2. Sources of micro- and nanoplastic in the environment

Plastic is responsible for 70% of sea and ocean pollution. Every
year, 8 million tons of plastic are released into the sea. Around 10%
of plastics production reaches the oceans because of insufficient
treatment effectiveness, accidental inputs, littering, illegal dumping
and coastal human activity (Waring et al., 2018). Worm et al. (2017)
suggested that plastic waste is similar to other persistent pollut-
ants, such as dichlorodiphenyltrichloroethane (DDT) or poly-
chlorinated biphenyls (PCBs), which once threatened a “silent
spring” on land. Such a scenario seems now possible in the ocean,
where plastic cannot be easily removed, accumulates in organisms
and sediments, and persists much longer than on land.

We do not know much about micro-plastic formed in the
environment as a result of degradation processes, as well in course
of production processes. Micro-plastic particles are less than 5 mm
in diameter. Under influence of biological, physical and chemical
factors they are degraded into NPs, with diameters of less than
100 nm (Singh and Sharma, 2008; O’Brine and Thompson, 2010).

Both micro- and nanoplastic may be classified in terms of their
source as primary and secondary. Primary microplastics, including
PS particles are produced by the industry, and are released into the
environment (Shim et al., 2018). Primary sources of those particles
are: cosmetic products, drugs, paints, as well as medical and elec-
tronic devices (Koelman et al., 2015; Efimova et al., 2018). In
Fig. 3. Primary and secondary sources
cosmetic industry, they are mostly components of face cleansing
products, exfoliating agents for hand washing, and peeling for-
mulas (Andrady, 2011). NPs are also released in high-temperature
engineering processes (Snopczy�nski et al., 2009). Other primary
sources are plastic packaging producing plants (De Falco et al.,
2018). Secondary sources are plastic particles disintegrating into
smaller units under physical and chemical processes. They are
particles washed from synthetic fibers and released as a result of
improper plastic waste management (Figure 3).

There are numerous reports indicating that degradation of
plastic leads to release of NPs into the natural environment
(Koelman et al., 2015; da Costa et al., 2016; Hernandez et al., 2017).
They are found in sludge, which may be a source of these sub-
stances in cultivated soil (Habib et al., 1998; Jambeck et al., 2015).
Plastic carried by rivers enters oceans and seas in the amount of 8
million tons a year (Jambeck et al., 2015). Microplastics can be
formed during mechanical and photo-oxidative degradation.
Recent studies have assessed degradation of PS objects (coffee cup
lids, single-use plates and polystyrene foams) in the environment
by simulating the degradation process with UV-light irradiation
(Lambert and Wagner, 2016) or mechanical fragmentation in the
sea swash zonewith bottom sediments (Efimova et al., 2018). Ekvall
et al. (2019) have observed the formation of PS-NPs during the
mechanical breakdown of daily-use PS products (coffee cup lids
and expanded PS foam).

Studies by Lambert and Wagner (2016) have focused on plastic
NPs formed in the process of degradation of a disposable cup cover
made of PS. They have found a minor release of NPs (1.26 � 108

particles/mL) during the period of 56 days.
These studies have demonstrated that nanoplastics and micro-

plastics are actually formed in the environment and occur in
spherical shapes in various sizes, especially when foamed PS is
degraded (Efimova et al., 2018).
3. Presence of plastic particles in the environment and its
accumulation in living organisms

Both micro- and NPs of various size have been detected mostly
in the aquatic environment, where they are washed from synthetic
fibers contained in sludge. Desforges et al. (2014) have demon-
strated the presence of plastic micro-particles in waters of the
North-Eastern Pacific and in shores of the British Columbia, at the
level of 8e9200 particles/m3. Those particles were also detected in
rivers of California, at the level of 30e109 particles/m3, and in the
Danube river, at the level of approx. 900 particles/L (Moore et al.,
2005). It has also been demonstrated that the level of micro-
particles in municipal waste water processing plants was
15.1e640 particles/L (Kang et al., 2018).

Microplastics occur in the ground water (Koelmans et al., 2019)
because it is not possible to filter all particles present in sewage
of nanoplastic in the environment.



Fig. 4. Distribution of nanoparticles in the See-through Medaka (Oryzias latipes)
(based on work Kashiwada, 2006).
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treatment plants due to their broad size range (<0.1e5000 mm).
Particles present in water may form aggregates, as demon-

strated by Velzeboer et al. (2014) and Della Torre et al. (2014).
Velzeboer and co-workers noted that carboxylated PS-NPs (60 nm)
formed aggregates reaching the diameter of 361 ± 465.1 nm in sea
water, while Della et al. found out that smaller NPs of carboxylated
PS (40 nm), formed bigger aggregates the, size of which reached
1764 ± 409 nm.

NPs have been shown to accumulate mostly in sludge. The
analysis of sludge from seven waste water processing plants in
Ireland demonstrated themicro-particle content ranging from4196
to 15,385 particles/kg of dry weight (Mahon et al., 2017).

3.1. Presence of nanoplastic in cells and tissues of living organisms

Plastic NPs may enter living organisms with air, food and water,
and also through skin. Then they can accumulate in various organs
(Hernandez et al., 2017; Revel et al., 2018; Yooeun et al., 2018).

To find out how those particles enter organs and the whole
organisms, a study was done on Danio rerio embryos. It has been
assessed that PS particles with diameters of 25, 50, 250 and 700 nm
affect embryos on three different stages of their life. Two exposure
routes were used: through the skin - dermal exposure, and through
intestinal villi - food exposure. NPs (25 nm, 50 nm), which were
administered with food accumulated in selected organs, including
eyes. Bigger particles, over 50 nm in diameter, were detected only
in the gastrointestinal tract, which indicated that they did not
penetrate membranes and reached other tissues of the organism
(Pomerena et al., 2017). In another study Lee et al. (2019) studied
Danio rerio embryos in terms of bioaccumulation and toxicity of PS-
NPs alone and with Au ions. They have used particles with di-
ameters of 50, 200 and 500 nm. It has been demonstrated that the
smallest particles, 50 nm in diameter, easily penetrated developing
embryos, and accumulated in their whole body, and particularly in
lipid-rich areas. Presence of PS-NPs has not been shown to have a
significant effect on cell death, rate of hatching and the presence of
developmental abnormalities. For NPs combined with Au ions, an
increased toxicity has been demonstrated, correlated with mito-
chondrial injury in a dose-dependent and size-dependent manner.
The observed toxicity was associated with production of ROS and
pro-inflammatory reactions. Pitt et al. (2018), have demonstrated
that some nanoplastics with the diameter of 51 nm can penetrate
chorionic membrane of Danio rerio and accumulate in fish tissues,
affecting their behavior and physiology.

In order to precisely assess accumulation of nano-, micro- and
macroparticles in eggs and organisms of Medaka fish (Oryzias lat-
ipes), Kashiwada (2006) used fluorescent NPs of solid latex solution.
Fish eggs were treated for 24 h with particles (39.4e42,000 nm). It
has been found that particles with a diameter of 474 nm accumu-
lated more intensely in eggs, while 39.4 nm particles accumulated
in the yolk and yolk sacs of embryos. Exposure of adult fish to
39.4 nm NPs at the concentration of 10 mg/L resulted in their
accumulationmostly in the intestine and gills. Lesser amounts were
also found in testes, the liver, blood and the brain animals studied.
The presence of 10.5 and 16.5 ng of NPs per mg of blood proteinwas
found respectively in female and male blood of Medaka fish. The
analysis has also demonstrated an increased particle - derived
fluorescence in fish brains, compared to the control group
(although the difference was not statistically significant). Authors
concluded that the observation could indicate that NPs were able to
penetrate the blood-brain barrier (BBB), and thus accumulated in
the brain (Fig. 4).

The BBB is one of the principal protective mechanisms of the
central nervous system. It allows penetration of single lipid-soluble
particles through capillary endothelium, thus limiting the flow of
toxins and pathogens. The BBB is an important border between the
neural tissue and circulating blood. Unique and protective proper-
ties of this barrier allow maintenance of control over the homeo-
stasis of the brain, as well as over movements of ions andmolecules
(Zhou et al., 2018). Kashiwada (2006) suggested that plastic NPs
would penetrate that barrier in the manner analogous to many
other NPs (Zhou et al., 2018) used in medicine. This suggestion has
been supported by Mattsson et al. (2017) who demonstrated
accumulation of PS-NPs in fish brain. They have demonstrated that
small NPs, with the diameter of 53 nm accumulated better than
180 nm particles. NPs accumulation resulted in significant behav-
ioral changes and morphological disorders in fish. Moreover, fish
exposed to NPs demonstrated a higher weight loss and contained
less water in brain compared to control fish.

Environmental pollutants are usually not only persistent in the
environment, but they are also transferred into the human body,
causing adverse health effects. The human body is exposed to
microplastic through it inhalation with air and dust and by dermal
contact with various everyday products (e.g. textiles) (Prata et al.,
2020). Inhaled NPs from air accumulate in respiratory tract, pass
through the nose and throat and reach lungs. Particles with di-
ameters of less than 10 mmmay reach the gas exchange surface and
accumulate in alveoli (Oberdorster, 2001; Hoet et al., 2004). Recent
research of Cox et al. (2019) have shown that microplastics con-
sumption of humans ranges from 39,000 to 52,000 particles
annually depends on age and sex. These estimates increase up to
74,000 and 121,000 when inhalation is taken into consideration.

The above described studies have clearly indicated that the size
of particles is of importance for their penetrating abilities, and
therefore for their toxicity.

3.2. Accumulation of nanoparticles along the food chain

Many studies have indicate that NPs penetrate living organisms
from aquatic environment and accumulate in subsequent links of
the food chain (Fig. 5).

Yooeun et al. (2018) studied accumulation of fluorescent plastic
NPs in the food chain. The study involved the lowest level of the
food chain that is phytoplankton (algae Chlamydomonas reinhardtii
- a producer), followed by zooplankton (Daphnia magna - primary
consumer), Oryzias sinensis fish (secondary consumer) and Zacco
temmincki fish (tertiary consumer). Chlamydomonas reinhardtii
algae were exposed to <100 nm nanoplastic at the level of 50 mg/L.
Organisms on higher levels were exposed through their diet only.
The microscopic observation have demonstrated that nanoplastic
was present on surface of cells of the producer (Chlamydomonas
reinhardtii), as well as in digestive organs of primary, secondary and
tertiary consumers. It has been noted that accumulated nanoplastic
had a negative effect on fish activity and caused histopathological



Fig. 5. Accumulation of polystyrene nanoparticles in food chain (based on work Mattsson et al., 2015; Yooeun et al., 2018).
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changes in fish liver. It has also been demonstrated that PS-NPs
penetrated embryos and were determined in their yolk sac
(Yooeun et al., 2018). Similarly Mattsson et al. (2015) demonstrated
accumulation of 24 nm and 27 nm PS-NPs in the food chain. Those
authors have assessed deposition of NPs in the food chain (algae,
Daphnia and fish Crucian carp (Carassius carassius)) and their effect
on fish behavior andmetabolism (fish were the last analyzed link in
the food chain). It has been found that accumulated PS-NPs caused
some significant changes in the activity and food seeking of
C. carassius.

Those results seem to be particularly important, as they suggest
that NPs present inwater reach living organisms at various levels of
the food chain.
3.3. Protein binding to the surface of nanoplastics

PS-NPs have the ability to combine with proteins, and to stay
dissolved in biological fluids in those combinations. It has been
demonstrated that proteins bind to surface of nanoplastics forming
the, so-called, protein corona, that defines the biological identity of
nanoplastic particles (Jiang et al., 2010; Walkey and Warren, 2012).
Composition of the protein corona may depend on physical prop-
erties of NPs. Considering bonding strength and exchange rate of
proteins bound to the surface of nanomaterials, the corona may be
classified as “soft” or “hard”. Soft corona is made of proteins that are
loosely bound to NPs and may be easily exchanged. Hard corona is
made of proteins strongly bound to those materials. In biological
media dispersed NP-protein complexes are recognized by organs or
cells (Kokkinopoulou et al., 2012).

It is supposed that the (serum) coronal protein adsorbed on the
surface of NPs participates in their interaction with cells. The pro-
tein may influence mutual relations between NPs, but also their
cellular uptake. Mohr et al. (2014) incubated PS particles with di-
ameters of 80e170 nm with human blood serum. Then, they have
analyzed correlations of various parameters, including surface
charge, a tendency to aggregate, and absorption of serum proteins
with the ability of PS particles to penetrate cells and with their bio-
distribution in mice. Those authors have demonstrated that
strongly aggregating nano- and microparticles accumulated mostly
in the liver, while non-aggregated ones were distributed among all
organs.
3.4. The mechanism of uptake of nanoparticles by the cell

Considering size of NPs and the cell type, NPs may be absorbed
through phagocytosis, pinocytosis, macro-pinocytosis, or passive
transport, and in the consequence they can enter cellular mem-
branes and various biological structures (Fig. 6) (Zhao et al., 2011;
Shang et al., 2014).

It has been shown that similarly to lipoproteins, viruses and
complex proteins, NPs are contained in vesicles and transported to
and from a cell through endocytosis and exocytosis. The most
common type of endocytosis is pinocytosis. This process is associ-
ated with building a vesicle containing uptake particles in the
cytosol. Those vesicles have receptor proteins that identify partic-
ular chemical groups of molecules to be absorbed. Bigger particles
are transported in by phagocytosis. The process is realized by
specialized cells - macrophages and monocytes. NPs may also be
absorbed into the cells by passive transport through the cell
membrane. Passive transport is particularly important in case of red
blood cells (RBCs), as those cells are not able to perform active
endocytosis (Shang et al., 2014). Salvati et al. (2011) have demon-
strated that PS-NPs with diameter from 40 to 50 nm could enter
A549 line cells through endocytosis. On the other hand, Rossi et al.
(2014) have studied the effect of PS materials on the properties of
model biological membranes. The analysis have demonstrated that
PS-NPs could easily penetrate lipid membranes, which may be
associated with adverse effect on membrane function and the cells.
4. Polystyrene toxicity in vitro

Toxicity of NPs is an important question. NPs may influence
various factors, including chemical affinity of NPs to numerous
biological structures, porousness, increased chemical reactivity of
their surface, and a tendency to aggregate (Park et al., 2011; Zhao
et al., 2011; Love et al., 2012; Shahbazi et al., 2013).

Schirinzi et al. (2017) carried out the study to determine the
effect of nanoplastics, including PS on generation of reactive oxygen
species (ROS) and viability of the cells. Two cell lines were used for
the analysis: epithelial HeLa and cerebral T98G. Those cell lines
were exposed to PS nano- and microparticles with diameters from
40 to 250 nm, at concentrations ranging from10 ng/mL to 10 mg/mL.
Increased ROS generation caused by PS-NPs has been observed in
both cultures. The analysis of cell viability have shown that parti-
cles studied had no effect on this parameter (Schirinzi et al., 2017).

In another study, Anguissola et al., 2014incubated various cell
lines, including 1321N1, HepG2, HEK 293, with NPs with 50 nm in
diameter and the final concentrations range from 0.3 to 100 mg/mL
for 24 and 72 h, and demonstrated that amine-modified NPs had a
cytotoxic effect causing damage to cell membrane. Moreover, NPs
triggered apoptosis be activating caspase 9 and two executor cas-
pases 3 and 7. Analyzed NPs caused also morphological changes in
mitochondria and lysosomes of analyzed cells.

Murali et al. (2015) have assessed the effect of PSNPs with di-
ameters ranging between 45 and 70 nm, on various types of nerve
cells. Metabolic activity of those cells was analyzed directly after
exposure to NPs and then after 6 months of storage. The analysis
has demonstrated that tested NPs disturbed metabolic activity of
the cells in a type-dependent manner. Those changes were a
consequence of adsorption of bio-active compounds on particle
surface, and of their aggregation. It has also been observed that
neurons did not absorb NPs, but glial cells absorbed a high amount
of them. After 6 months of storage, an increased toxicity and uptake
of PS-NPs were observed.

Another study assessed the kinetics of uptake of non-modified
PS-NPs with diameter of 44 nm and 100 nm by human gastric
adenocarcinoma cells (AGS). Cell viability and expression of genes
participating in regulation of the cell cycle and of in inflammatory



Fig. 6. Nanoparticle uptake by humans and their penetration into cells (based on work Shang et al., 2014; Zhao et al., 2011).
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processes were analyzed for that purpose. It has been shown that
44 nm PS-NPs were rapidly and effectively accumulated in the
cytosol. It has also been demonstrated that PS-NPs affected viability
and morphology of those cells, and their presence led to induction
of inflammation. PS-NPs had a significant effect on expression of
genes associated with inflammation and the cell cycle (c-Myc, ERK-
1, Ki67, CCNE1, p38, p53, IL-8, IL-6, etc.). Smaller particles caused an
increase in expression of IL-6 and IL-8, products of which are the
most important cytokines participating in pathology of the stom-
ach (Forte et al., 2016).

Barshtein et al. (2011) have studied hemolytic activity of PS-NPs
in protein free medium and its modulation by albumin. The have
found that treatment of RBCs with PS-NPs induced hemolysis (dose
and particle size dependent) in plasma free medium but not in full
plasma or in buffer, which contained albumin. Critical albumin
concentrationwas 0.05% wt. The results have shown that hemolytic
effect of NPs was strongly modulated by protein concentration in
the medium (Barshtein et al., 2011). PS particles (�243 nm) caused
also aggregation and endothelial adhesion of RBCs (Barshtein et al.,
2016).

Oslakovic et al. (2012) have shown that PS particles (23 nm and
200 nm and 24 nm and 220 nm COOH-modified as well as 57 nm
and 340 nm NH2-modified) influenced PS-coagulation cascade in-
teractions of human platelets physiology. The PS particles were able
to bind to blood plasma coagulation factors VII and IX in vitro,
leading to a decrease of their actions, and in a consequence, to a
decline in thrombin generation.

The ease of penetration of plastic NPs through cell membranes
and their ability to accumulation is a great threat not only for the
cell, but also for entire organisms.

5. Toxicity of plastic nanoparticles on living organisms
(in vivo)

The adverse effect of plastic NPs on microorganisms, plants and
animals is more pronounced compared to micro-particles, because
lesser diameter facilitates their penetration and accumulation in
various tissues and organs (Mattsson et al., 2015).

5.1. The effect on organisms living in the soil: microorganisms

Awet et al. (2018) have investigated the short-term effects (28
days) of environmentally relevant concentrations of PS-NPs on the
activity and biomass of soil microbiota, and the functional diversity
of soil enzymes in experiment. They have observed a significant
reduction of microorganism biomass during the incubation with
PS-NPs at the concentration of 100 and 1000 ng/g of dry weight.
Reduced activity of dehydrogenase and other enzymes, including:
N-(leucine-aminopeptidase), C-(b-glucosidase and cellobiohy-
drolase), P-(alkaline-phosphatase), have been observed, which
indicated a harmful effect of PS-NPs on enzymes and soil
microbiota.

5.2. The effect on plankton

Cui et al. (2017) have assessed toxicity of PS-NPs in Daphnia
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galeata. In individuals exposed to NPs at the concentration of 5 mg/
L for 5 days, a significant reduction of reproduction and survival
have been observed. A low hatching ratio and abnormal develop-
ment have been noted for embryos. In another study, Bhattacharya
et al. (2010) demonstrated that accumulation of PS-NPs with the
diameter of 20 nm and the concentration of 1.8e6.5 mg/L (present
as agglomerates) in algae cells led to inhibition of photosynthesis.
Analyzed NPs reduced intensity of light reaching cells and reduced
air availability. An increased production of ROS was also observed
(Bhattacharya et al., 2010).

5.3. The effect on invertebrates

Lee et al. (2013) have assessed chronic toxicity of PS-NPs with
the diameter of 50 nm to copepods belonging to the species of
Tigriopus japonicas. They have demonstrated that exposure to par-
ticles at the concentrations of 12.5 mg/L and 1.25 mg/L resulted in
approx. 10% mortality of those invertebrates. In another work, Della
Torre et al. (2014) demonstrated that 50 nm amine-modified PS-
NPs caused some serious developmental defects at early embryonal
stages of sea urchins (Paracentrotus lividus). Zhao et al. (2017)
observed, the transgenerational toxicity in nematodes Caeno-
rhabditis elegans exposed to PS-NPs at the concentrations higher
than 100 mg/L. The authors have suggested that observed trans-
generational toxicity of the substances studiedmight bemainly due
to the translocation of PS-NPs into reproductive organs such as the
gonad, which potentially in turn led to the transfer of these parti-
cles to the next generation. Enhancement of intestinal permeability
and extension of defecation cycle length was noted, which gave the
explanation for the observed accumulation and translocation of PS-
NPs in reproductive organs.

The most recent studies published in 2018 demonstrated a
significant effect of 100 nm and 500 nm nano- and microparticles
on survival, locomotion and development of oxidative stress in soil
nematode C. elegans. It has been shown that the exposure to PS
particles induced a size-dependent toxicity leading to the increase
in locomotor behavior of those organisms, and also led to damage
of GABAergic and cholinergic neurons. It has also been demon-
strated that PS-NPs caused reduced expression of the gst-4 gene
coding the glutathione S-transferase alpha 4 enzyme, which in turn
led to the development of oxidative stress (Lei et al., 2018).

5.4. The effect on vertebrates

In their study of potential toxicity of NPs for fish, Pitt et al. (2018)
used the sweet-water species of Danio rerio, belonging to the carp
family. Fish were exposed to fluorescent PS-NPs at the concentra-
tions of 0.1,1,10 ppm for 6 h. Analyzed particles have been shown to
accumulate in yolk sac and throughout the whole stage of devel-
opmentmigrated to the gastrointestinal tract, i.e. to the gallbladder,
the pancreas, the liver, and also to the heart and the brain. It should
be underlined, however, that exposure to PS-NPs did not cause
significant mortality, changes in mitochondrial energy metabolism,
nor deformation, but reduced the heart rate. NPs studied also
caused changes in behavior of larvae, including their reduced ac-
tivity. The study have demonstrated that some nanoplastics are
able to penetrate the chorionic membrane of D. rerio, and conse-
quently accumulate in fish tissues and affect behavior and physi-
ology of those fish (Pitt et al., 2018). Similar conclusions have been
reached by Chae et al. (2018) and Mattsson et al. (2017). Those
authors for the first time noted that PS NPs changed the measured
distance covered by fish, and also caused histopathological changes
in their livers. Those latter ones demonstrated existence of a cor-
relation between behavioral disorders and incorporation of NPs
into the brain.
Esch et al. (2012) analyzed the effect of 50 nm carobxyl NPs on
uptake and transport of iron in the intestinal epithelium in vitro and
the chicken intestinal loop in vivo. It has been demonstrated that
exposure of intestinal cells to high doses of PS-NPs could impair
iron transport. Exposure of chickens to analyzed particles could
also cause structural changes in intestinal villi. Moreover, by
changing of the properties of the epithelium PS-NPs could also
impair absorption of other elements, including copper, zinc, cal-
cium, and other compounds, e.g. vitamins. Those authors have
observed that blood of chicken chronically exposed to NPs clotted
less efficiently compared to control animals. This phenomenon
could be associated with vitamin K deficiency in those birds.

The effect of PS-NPs on the respiratory system of Sprague-
Dawley rats was also studied. Animals were exposed to PS parti-
cles with diameters of 64 nm, 202 nm and 535 nm. The study has
demonstrated a significant migration of neutrophils into the lungs
and pneumonia development, which was due to increased activity
of lactic dehydrogenase and total protein level. Furthermore
increased expression of IL-8 genes in epithelial cells has been
observed (Brown et al., 2001).

Deng et al. (2017) observed tissue distribution of fluorescence PS
(5 mm and 20 mm) in mice after oral administration. They also noted
accumulation of PS in the liver, kidney and gut with evidence of
oxidative stress, energy balance disturbance, and neurotoxicity.

It may be concluded that many studies have indicated the toxic
effects of PS-NPs on the digestive, circulatory, nervous or respira-
tory systems in vertebrates. There are also studies showing that PS-
NPs and PS microparticles do not induce toxic effects in animals
(A�smonait _e et al., 2018; Wang et al., 2019).
6. Carcinogenic properties of styrene

Some reports have shown the carcinogenic effect of styrene, but
there are no available data regarding its polymer derivative -
polystyrene (Huff and Infante, 2011).

Presence of styrene and its principal metabolite (styrene - 7, 8-
oxide -) was determined in humans exposed to styrene at the
concentrations range of 20e414mg/m3. Studies have demonstrated
the presence of styrene in human blood at the concertation of
2.5 mg/mL, and of its metabolite in urine at the concentration of
0.05 mg/L (Tornero-Velez and Rappaport, 2001).

This compound is not currently classified as carcinogenic by the
Environmental Protection Agency (EPA), but was classified as
potentially carcinogenic (carcinogenicity class B2) by the Interna-
tional Agency for Research on Cancer (IARC). This classification
indicates that the compound may cause cancer in humans, but
limited evidence in that regard come from animal studies only
(Loss et al., 2014). Animal studies on styrene carcinogenic potential
have provided various results and limited evidence. There are
several epidemiological studies suggesting a possible correlation
between the exposure to styrene and an increased risk of leukemia
and lymphoma in humans (Thompson et al., 2016). However, those
evidence are not unequivocal, because of simultaneous exposure of
humans to numerous other chemicals, and insufficient data con-
cerning their levels and exposure times. On the other hand, styrene
oxide is a very highly reactive metabolite of styrene that has been
demonstrated to be carcinogenic in animals after oral exposure.
IARC classified thus metabolite as probably carcinogenic for
humans (group 2A).

Conti et al. (1988) tested 13-weeks male and female Sprague-
Dawley rats exposed to styrene. Styrene was given to animals at
doses of 50 and 250 mg/kg b.w. for 4e5 days. An increased tumor
formation has not been observed in male rats, but in females the
styrene dose of 250 mg/kg b.w. caused a minor number of
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malignant and mammary gland tumors. At that dose, styrene
caused an approx. 10% reduction of animals survival. Other studies
used pregnant mice and their off springs, exposed to a very high
dose of styrene - 1350mg/kg b.w., administered via the gastric tube
in olive oil. Lung cancer has been found more often in female,
compared to male mice (Ponomarkov and Tomatis, 1978).

Further studies used Charles River rats that were treated with
styrene at doses of 125 or 250 ppm (mg/L) dissolved in water, but
the results of this study ware not indicated on an increased risk of
cancer in animals studied (Beliles et al., 1985).

7. Conclusions

For many years, we have been observing a rapid increase in
plastic production, including PS in theworld. This plastic is released
into the environment (water, air or soil) in the form of micro- and
nanoplastics and occurs in industrialized areas as well as in very
clean natural areas like the rocky mountains of the USA. The
consequence of this, is the penetration of plastic NPs into living
organisms from the lowest (plankton) to the highest trophic level
(predators). Accumulation especially in “seafood” such as mussels,
shrimps or fish leads to the potential exposure of humans as con-
sumers to the effects of plastic NPs by the oral route. Of course, as
we have shown in our paper, human exposure can also result from
breathing air polluted with plastic NPs, contaminated drinking
water or through skin contact.

Awareness of the above facts should clearly lead to conducting
in-depth epidemiological studies on chronic exposure of humans to
plastic particles, as well as further in vitro and in vivo experiments
explaining the mechanisms of interaction of plastic NPs with
components of living organisms. Such information could support
international organizations (including relevant European Union
bodies) in active measures to reduce plastic production, stop
environmental degradation, and protect the health of living
organisms.
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Abstract: With the ongoing commercialization, human exposure to plastic nanoparticles will dramat-
ically increase, and evaluation of their potential toxicity is essential. There is an ongoing discussion
on the human health effects induced by plastic particles. For this reason, in our work, we assessed the
effect of polystyrene nanoparticles (PS-NPs) of various diameters (29, 44 and 72 nm) on selected pa-
rameters of oxidative stress and the viability of human peripheral blood mononuclear cells (PBMCs)
in the in vitro system. Cells were incubated with PS-NPs for 24 h in the concentration range of 0.001
to 100 µg/mL and then labeled: formation of reactive oxygen species (ROS) (including hydroxyl
radical), protein and lipid oxidation and cell viability. We showed that PS-NPs disturbed the redox
balance in PBMCs. They increased ROS levels and induced lipid and protein oxidation, and, finally,
the tested nanoparticles induced a decrease in PBMCs viability. The earliest changes in the PBMCs
were observed in cells incubated with the smallest PS-NPs, at a concentration of 0.01 µg/mL. A
comparison of the action of the studied nanoparticles showed that PS-NPs (29 nm) exhibited a
stronger oxidative potential in PBMCs. We concluded that the toxicity and oxidative properties of
the PS-NPs examined depended to significant degree on their diameter.

Keywords: polystyrene nanoparticles; ROS; lipid and protein oxidation; apoptosis; cells viability;
LC50

1. Introduction

Plastics are now a serious environmental problem in the world. Since the massive
production of plastics started in the 1950s, the output has been rising annually. In the
1950s, approximately 1.5 million tons of plastics were produced; the amount has been
raised 200-fold up to 299 million tons worldwide in 2013, and from the years 2015 to
2016 from 322 to 335 million tons a year [1]. It has been estimated that the amount of
produced plastics may increase significantly and even be doubled in the coming years [2].
Approximately 90% of the total amount of plastics consists of high-density polyethylene,
low-density polyethylene, polyvinyl chloride, polystyrene, polypropylene and polyethy-
lene terephthalate [3]. Numerous studies have shown that the degradation of plastic leads
to the release of nanoparticles (NPs) into the environment [4,5]. Plastic may be degraded
into microparticles (MPs) < 5000 nm (5 µm) in diameter, and further into NPs < 100 nm
(0.1 µm) in diameter [6]. Plastic NPs may enter human organisms in food, water, air and
through skin. Then, they accumulate in subsequent links of the food chain [7–9].

One of the main plastics used for packaging, commercial and construction purposes is
polystyrene (PS) [10]. It is a petroleum-based material obtained by the polymerization of
styrene (vinylbenzene) monomers. According to the US Environmental Protection Agency
(EPA), the polystyrene manufacturing process is the fifth largest source of hazardous waste.
Despite the existing evidence regarding the toxicity of styrene, the styrene polymerization
product—polystyrene—is not listed as hazardous in any policy documents.
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Plastic nanoparticles, including polystyrene, enter the human body mainly through
the digestive and respiratory tracts [11,12]. Depending on the cell type and NP size, they
may be transported through phagocytosis, pinocytosis, macro-pinocytosis or absorbed by
passive transport, and as a consequence they can enter cellular membranes and various
biological structures [13]. In rats, after oral administration, 6% of PS particles (0.87 µm)
were detected in the circulation within 15 min [11], whereas oral exposure to polystyrene
nanoparticles (1.25 mg kg−1, size 50 nm) resulted in 34% absorption, most probably
transported through the mesentery lymph to reach the circulatory system and accumulate
mostly in the liver [12]. Moreover, translocation across the mammalian gut into the
lymphatic system of various types and sizes of microparticles (between 0.1 and 150 mm)
has been demonstrated in studies involving humans (0.2 and 150 mm) [14]. It is known
that particles <110 µm can enter the blood stream through the portal vein and particles
<20 µm can reach internal organs [15–17]. Crossing the intestinal barrier, particles <100 nm
can even be transported into the brain and across the placental barrier [17–22]. Recently,
Ragusa et al. (2021) showed in their research the presence of 12 microplastic fragments
(ranging from 5 to 10 µm in size), with spheric or irregular shape in four placentas from six
placentas investigated in humans [23]. As shown in the above research, inhaled particles
can be excreted by mucociliary clearance, but can also settle in the lungs or be absorbed
into the bloodstream [17,24]. PS-NPs can enter the circulatory system and thus may interact
with all blood components.

There is little data on the effects of polystyrene nanoparticles on blood cells. Studies
conducted on workers exposed to styrene showed a decreased percentage of Ti helper lym-
phocytes and an increased ratio of suppressor T lymphocytes. These studies demonstrated
the immunotoxicity of styrene [25]. Other studies suggest that exposure to styrene may
cause lymphoma and leukemia in humans, while polystyrene has not been shown to be
carcinogenic [26]. Currently, most studies on the toxicity of plastic particles are animal
studies. It was observed that polystyrene induces oxidative stress in Danio rerio [27] and
mice [28–30] and increases the ROS level in Daphnia magna [31].

Insufficient data on the harmful effects of polystyrene nanoparticles prompted us to
undertake studies using alternative in vitro tests to elucidate the cellular mechanisms of
toxicity. To increase the relevance of these tests for humans, the European Union Reference
Laboratory for Alternatives to Animal Testing (EURL-ECVAM) recommends the use of
human cells for all in vitro test systems. The source of the cells may be peripheral human
blood. It is the first target model for exposure to chemicals of environmental or industrial
origin and it provides information on the body’s overall response to xenobiotics [32–34].

In our study, we used peripheral human blood mononuclear cells, which were incu-
bated with polystyrene nanoparticles of various sizes (29, 44 and 77 nm) for 24 h in the
concentration range of 0.001 to 1000 µg/mL. We then assessed the increase in reactive
oxygen species levels (including hydroxyl radical), the degree of lipid and protein oxidation
and the percentage of viable PBMCs.

2. Results
2.1. Characterization of Polystyrene Nanoparticles

The PS-NPs size distribution in phosphate-buffered saline (pH 7.4) is presented in
Figure 1 and Table 1. As we can see, the diameters of the particles indicated by the manufac-
turer are consistent with the results measured by Dynamic Light Scattering (DLS) method.
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Figure 1. Dynamic light scattering size distribution of the different PS-NPs in phosphate-buffered 
saline, pH 7.4. Graphs, (A)—29 nm, (B)—44 nm and (C)—72 nm, were prepared by means of the 
Zetasizer Nano-ZS software. 

Figure 1. Dynamic light scattering size distribution of the different PS-NPs in phosphate-buffered
saline, pH 7.4. Graphs, (A)—29 nm, (B)—44 nm and (C)—72 nm, were prepared by means of the
Zetasizer Nano-ZS software.
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Table 1. Characterization of PS-NPs size by DLS in phosphate-buffered saline (PBS), pH 7.4.

Diameter in Dicated
by Manufacturer 29 nm 44 nm 72 nm

Mean Diameter ± SD 27.96 ± 8.03 38.61 ± 8.61 68.45 ± 15.19

2.2. Reactive Oxygen Species

24-h incubation of PBMCs with polystyrene nanoparticles showed an increase in
ROS in the cells tested. All tested particles caused oxidation of the fluorescent 2′-7′-
dichlorodihydrofluorescein probe. Statistically significant changes versus control were
caused by PS-NPs with a diameter of 29 and 44 nm, as they increased the production of
reactive oxygen species at a concentration of 0.01 µg/mL. On the other hand, nanoparticles
with a diameter of 72 nm caused statistically significant changes versus control from at the
concentration of 0.1 µg/mL (Figure 2).
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Figure 2. ROS level in PBMCs incubated with PS-NPs of diameter 29, 44 and 72 nm in the concentration range of 0.001 to
100 µg/mL for 24 h (n = 5). * p < 0.05 indicates statistically significant difference from control; one-way ANOVA and a
posteriori Tukey test.

2.3. Hydroxyl Radical Level

The oxidation of 4-hydroxy-phenyl- fluorescein (HPF) is associated with the formation
of highly reactive oxygen species including the hydroxyl radical. Statistically significant
changes in HPF oxidation were observed after the 24-h incubation of PBMCs with all
analyzed nanoparticles, 29, 44 and 72 nm in diameter. It was shown that the largest changes
were induced by PS-NPs with the smallest diameter from 1 µg/mL. The 44 and 72 nm
nanoparticles caused a statistically significant increase in the level of the hydroxyl radical
at the concentration of 10 µg/mL (Figure 3).
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Figure 3. Changes in hydroxyl radical levels of cells incubated with PS-NPs of diameter 29, 44 and
72 nm in the concentration range of 0.001 to 100 µg/mL for 24 h (n = 5). * p < 0.05 indicates statistically
significant difference from control; (•) statistically significant difference between nanoparticles of
size 29 versus 44 nm; (#) statistically significant difference between nanoparticles of size 29 versus
72 nm. One-way ANOVA and a posteriori Tukey test.

2.4. Lipid Peroxidation

Assessment of lipid peroxidation in PBMCs treated with polystyrene nanoparticles of
various diameters in the concentration range of 0.001 to 100 µg/mL was performed. All
analyzed nanoparticles caused a significant decrease in the fluorescence of cis-parinaric
acid. It was shown that the largest changes were shown by nanoparticles with a diameter of
29 nm, which caused a statistically significant decrease in the examined parameters versus
the control at the concentration of 0.1 µg/mL. However, in the case of larger polystyrene
particles with a diameter of 44 and 72 nm, statistically significant changes versus control
were observed at the concentration of 1 µg/mL (Table 2).

Table 2. The level of lipid peroxidation (fluorescence of cis-parinaric acid) and protein oxidation (tryptofan fluorescence) in
PBMCs incubated with PS-NPs of diameter 29, 44 and 72 nm in the concentration range of 0.001 to 100 µg/mL for 24 h
(n = 5).

Concentration
(µg/mL)

Fluorescence of Cis-Parinaric Acid
(% of Control)

Tryptofan Fluorescence
(% of Control)

29 nm 44 nm 72 nm 29 nm 44 nm 72 nm

0 100 100 100 100 100 100
0.001 96.83 ± 5.09 97.86 ± 5.86 98.30 ± 4.99 95.65 ± 5.28 96.28 ± 6.36 98.38 ± 7.34
0.01 94.80 ± 6.50 95.81 ± 6.27 95.13 ± 6.91 94.39 ± 6.71 95.97 ± 7.01 97.46 ± 5.71
0.1 83.30 ± 5.60 * 94.00 ± 6.83 95.31 ± 6.99 86.19 ± 5.82 * 94.66 ± 6.71 98.56 ± 7.51
1 79.04 ± 4.77 * 91.03 ± 5.89 * 89.46 ± 4.41 * 82.88 ± 7.01 * 89.29 ± 7.25 * 95.06 ± 6.57 *
10 76.21 ± 4.63 * 83.32 ± 5.45 * 85.56 ± 5.93 * 83.00 ± 5.53 * 87.92 ± 4.45 * 83.75 ± 5.42 *

100 74.23 ± 4.08 * 77.29 ± 7.45 * 74.22 ± 5.60 * 83.31 ± 4.47 * 84.88 ± 5.98 * 78.86 ± 4.81 *

* p < 0.05 indicates statistically significant difference from control; one-way ANOVA and a posteriori Tukey test.

2.5. Protein Damages

All tested nanoparticles were reported to cause oxidative damage to proteins in
lymphocytes after 24 h of incubation. The 29 and 44 nm nanoparticles induced a statistically
significant decrease in tryptophan fluorescence at the concentrations of 0.1 and 1 µg/mL,
respectively, compared to the control sample. In the case of the largest nanoparticles, the
changes were statistically significant from 10 µg/mL (Table 2).
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2.6. Cell Apoptosis

All PS-NPs increased the number of apoptotic cells. Nanoparticles of 29 nm in diame-
ter starting from the concentration of 1 µg/mL caused a statistically significant increase
in the number of apoptotic cells. However, nanoparticles with a size of 44 and 72 nm
starting from the concentrations of 10 and 100 µg/mL, respectively, caused an increase in
the number of apoptotic PBMCs (Figure 4).
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2.7. Cell Viability

All analyzed PS-NPs decreased PBMC viability. The greatest changes of the examined
parameters were observed in cells incubated with nanoparticles with a diameter of 29 nm.
Statistically significant changes for nanoparticles with diameters of 29 and 44 nm were at
the concentration of 500 µg/mL. The largest nanoparticles with a diameter of 72 nm caused
a small but statistically significant decrease in the number of cells only at the concentration
of 1000 µg/mL (Figure 5).
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significant difference between nanoparticles of the size 29 versus 44 nm; (#) statistically significant difference between
nanoparticles of the size 29 versus 72 nm. One-way ANOVA and a posteriori Tukey test.
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3. Discussion

Nano- and microplastics, once regarded as inert particles without toxicity, are now
seen as potentially harmful to organisms depending on exposure conditions and organism
susceptibility [35–37]. The high surface area of plastic particles may be responsible for
oxidative stress, cytotoxicity and particle translocation to other tissues, while their persis-
tent nature limits their removal from the organism, leading to chronic inflammation [38].
As shown in the literature, nano- and microplastic particles can induce the production
of ROS. The formation of free radicals on NP/MP surfaces occurs by photooxidation or
UV radiation through cross-linking reactions [39]. Free radicals that have been generated
along the polymer chain can then bind to atmospheric oxygen and lead to the formation of
polymeric peroxy radicals, while continuing to form secondary polymeric alkyl radicals [3].
Currently, the studies on oxidative stress induced by PS-NPs have been conducted mainly
on animals [40–43], while there have been only a few in vitro studies performed [44–46].

Our research showed that PS-NPs after 24 h of incubation with PBMCs in the con-
centration range of 0.001 to 100 µg/mL caused an increase in ROS at a concentration of
0.01 µg/mL for PS-NPs with a size of 29 and 44 nm, while for nanoparticles with a size
of 72 nm a comparable increase in ROS was observed from 0.1 µg/mL (Figure 2). In the
case of the hydroxyl radical, a statistically significant increase was observed from the con-
centration of 1 µg/mL for the smallest polystyrene nanoparticles, while for the remaining
nanoparticles, a statistically significant increase was observed only at the concentration
of 10 µg/mL (Figure 3). Similar increases in ROS under the influence of PS-NPs were
observed by Schirinzi et al., 2017, measuring ROS formation in cells in cerebral (T98G)
and epithelial (HeLa) human cells after exposure to PS-MPs (10 mm) and PS-NPs (40
and 250 nm) at 10 mg/L [46]. Positive effects were reported by Poma et al. (2019) in the
human fibroblast Hs27 cell line by using a total ROS assay kit. The increase in ROS was
observed after short exposure times (less than 30 min) [44]. In contrast, other researchers
did not notice ROS formation in human intestinal Caco-2 cells after exposure to PS-NPs for
24 h [45]. These negative findings are in agreement with the results reported by Rubio et al.
(2020) for THP-1 cells, where no effects in ROS production were noted. Mild positive
effects were observed in Raji-B cells incubated for 3 h with the highest concentration of
PS-NPs of 50 µg/mL. In another study, PS-NPs were able to induce a significant increase
in intracellular ROS levels in TK6 cells. The authors suggested that the effects induced by
PS-NPs can be strongly dependent on the type of the cells used [47]. PS-NPs caused also
an increase in ROS and changes in the activity of antioxidant enzymes in organisms such
as Daphnia pulex [40,41], marine bacteria (Halomonas alkaliphila) [42] and Danio rerio [43].
Liu et al. (2020; 2021) conducted a study on Daphnia pulex. The organism was exposed to
75 nm in diameter polystyrene nanoparticles at concentrations of 0.1, 0.5, 1 and 2 mg/L. It
was observed that the analyzed nanoparticles induced a ROS level increase at concentra-
tions of 0.5, 1 and 2 mg/L, and increased the content of hydrogen peroxide (H2O2) and
activated the MAPK-HIF-1/NFkB pathway in the study organisms. Increased expression of
the MAPK pathway genes was demonstrated at the lowest concentrations of nanoplastics.
Moreover, a decrease in the activity of antioxidant enzymes, i.e., catalase (CAT) and total
and copper-zinc superoxide dismutase (SOD, CuZnSOD) was found [40,41]. The formation
of oxidative stress in sea bacteria (Halomonas alkaliphila) exposed to polystyrene nanoparti-
cles and amine-modified nanoparticles of 55 and 50 nm in diameter, respectively, and an
initial concentration of 10 g/L was also demonstrated. Amine-modified plastic particles
caused higher oxidative stress than unmodified particles [42]. The latest research showed
that exposure of adult zebrafish (Danio renio) to 70 nm NP-PS at doses of 0.5 and 1.5 ppm
for 7 days resulted in their accumulation in tissues, among others in the liver, intestines,
brain and gonads, lead to disorders of lipid and energy metabolism and induced oxidative
stress [43]. In other studies, an increase in the activity of CAT, SOD and GSH enzymes in
visceral fat, gills and mantle was observed in Corbicula fluminea mussels exposed to 80 nm
polystyrene nanoparticles at concentrations of 0.1, 1 and 5 mg/L [48].
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The toxicity of nanoplastic particles may be dependent on their ability to translocate
across the gut, enter the systemic circulation, penetrate cells and interact with biological
macromolecules, such as lipids and proteins [21].

As a result of the fragmentation of microparticles into nanoparticles, the surface-
to-weight ratio increases, which enables their penetration directly through lipid mem-
branes [3]. In addition, recent studies have shown that nano- and microparticles of plastics
increase cellular oxidative stress, which in turn may lead to the lipid peroxidation (LPO) of
cell membranes [19,49], and consequently to the loss of plasma membrane integrity and
intracellular membranes [50]. Therefore, in the next step, we checked whether polystyrene
nanoparticles of different sizes affected the lipid oxidation in PBMCs.

Our research showed a statistically significant increase in lipid peroxidation at a
concentration of 0.1 µg/mL in the case of polystyrene nanoparticles with a size of 29 nm,
while nanoparticles with a size of 44 and 72 nm caused similar statistically significant
changes at the concentration of 1 µg/mL (Table 2). Furthermore, Zheng et al. 2019 showed
that 50 nm polystyrene nanoparticles increased the level of malondialdehyde (MDA) in rat
hepatocytes, being a marker of lipid peroxidation [51]. Other studies reported a significant
increase in lipid peroxidation in the muscle and brain tissue of sea bass (Dicentrarchus labrax)
after 24-h exposure to microplastics at a concentration of 0.69 mg/L [18,19,52]. In turn,
Ribeiro et al. (2017) demonstrated the formation of oxidative damage in Scrobicularia plana
following exposure to 20 µm polystyrene microparticles at the concentration of 1 mg/L.
This analysis demonstrated a slight increase in the LPO level [53]. Another study showed
an increase in MDA in green discus fish exposed to microplastic at concentrations of 0,
50 and 500 µg/L [54]. Despite the above-mentioned studies, other authors observed that
exposure to plastic microparticles did not induce lipid peroxidation in sea shellfish (Mytilus
edulis) [55].

As a result of lipid peroxidation, aldehydes are formed, which can act cytotoxically [56]
and lead to the inhibition of the activity of some transport proteins and membrane en-
zymes [57]. The process of protein oxidation may cause reversible and irreversible damage
depending on the source of ROS and the type of oxidants [58]. Free radicals attack the
main polypeptide chain and side chains of amino acid residues as a result of aromatic
hydroxylation or thioloxidation [59]. Usually, aromatic amino acids (tyrosine, tryptophan
and phenylalanine) and sulfur amino acids (methionine and cysteine) are damaged [58].
Cysteine and methionine, which contain active sulfur atoms, are the most susceptible to ox-
idation [60]. Oxidants attack the protein backbone, thereby causing protein conformational
changes and fragmenting these structures. Induced by oxidation, intermolecular bridges
can change the proteolytic properties of proteins and cause their aggregation [59].

Therefore, we also analyzed the level of oxidative changes in PBMCs proteins under
the influence of polystyrene nanoparticles of different sizes. On the basis of the decrease
in tryptophan fluorescence, we found that the smallest nanoparticles (29 nm) caused
statistically significant changes at the concentration of 0.1 µg/mL, while nanoparticles with
a diameter of 44 and 72 nm only at a concentration ten times higher (1 µg/mL) (Table 2).

Research by Holloczki and Gehrke (2019) showed that 5 nm nanoplastics interacted
with proteins, thereby changing their key secondary structure and leading to their denatu-
ration. It was also observed that amino acids containing side chains, i.e., tryptophan and
phenylalanine, can be adsorbed on the surface of nanoplastics. Moreover, these studies
suggest that a strong NP–amino acid interaction may disrupt protein folding [61]. Other
studies have looked at the effect of NP on human plasma. A strong affinity of plasma
proteins with the analyzed particles was demonstrated. Formation of a protein corona
measuring 100 to 600 nm was observed in plasma. This analysis also showed that the
interaction of proteins with nanoparticles caused conformational changes as well as protein
denaturation [62]. In the latest research, scientists analyzed the effect of 150 µg/mL PS-NPs
on bovine protein serum. It was proved that bovine serum albumin was maintained on
the surface of the tested particles during the initial phase of internalization, which could
protect the cell membrane against damage caused by polystyrene nanoparticles. Lysoso-
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mal cytotoxicity was also observed in this study due to the degradation of the protein
corona [63].

Accumulation of ROS, oxidized protein or lipid products in the cell impairs the
functions of the cell, which in turn may lead to its apoptosis [64–66]. Thubagere et al. (2010)
suggested that the cause of the apoptosis in cells treated with NPs may be the accumulation
of H2O2 [67]. Other studies have shown that accumulation of NPs in lysosomes plays
a central role in the cell death, leading to swelling of the lysosomes and the release of
cathepsins into the cytosol, which ultimately propagates damage to the mitochondria with
subsequent activation of apoptosis [68].

In the next step, we conducted quantitative analysis of the apoptosis of PBMCs treated
with PS-NPs. Our results show that PS-NPs caused a statistically significant increase
in the number of apoptotic cells, which was dependent on the concentration of tested
NPs. Importantly, the earliest changes were caused by the smallest NPs, starting from
a concentration of 1 µg/mL (Figure 4). The concentration-dependent apoptotic effect of
PS-NPs has also been demonstrated in the studies conducted on the human epithelial
carcinoma cell line (A431) [69] and RAW264.7 cells [70]. In another study, researchers
showed that PS-NPs induced apoptosis of human lung epithelial cells A549. They observed
that PS-NPs induced the significant up-regulation of pro-apoptotic proteins such as DR5,
caspase-3, caspase-8, caspase-9 and cytochrome c, which revealed that PS-NPs triggered a
TNF-α-associated apoptosis pathway [71].

At the end, we determined the percentage of viable cells after 24 incubations of PBMCs
with polystyrene nanoparticles of different sizes, and we made an attempt to determine
the lethal concentration (LC50). Our research has shown that nanoparticles with a size of
29 and 44 nm cause a statistically significant decrease in viability from the concentration of
500 µg/mL by 25% and 20%, respectively, while nanoparticles with a size of 72 nm cause a
similar statistically significant decrease in viability only at the concentration of 1000 µg/mL.
We also determined the LC50 for PBMCs under the influence of polystyrene nanoparticles
of different sizes. LC50 for nanoparticles with a size of 29 nm was 957 µg/mL, while for
nanoparticles with a size of 44 and 72 nm it was >1000 µg/mL (Figure 5). Rubio et al.
(2020) also investigated changes in the viability of three selected cell-lines after PS-NP
exposure. The cells THP-1, TK6 and Raji-B were exposed for 24 and 48 h to a range of the
concentrations of PS-NPs, up to 200 µg/mL. The authors observed only mild cytotoxic
effects of studied particles at their highest tested concentration in two types of cells: TK6
and Raji-B [47].

Summing up, we found the pro-oxidative effect of the analyzed PS-NPs in human
PBMCs. The effect was dependent on the diameter of the NPs, which may affect their
different ability to enter the cells. The largest effects were shown for the smallest NPs,
of 29 nm. A similar effect was observed by Xu et al. (2019), who incubated the human
alveolar epithelial A549 cell line with NPs of 25 and 70 nm. The authors showed that
smaller PS-NPs were rapidly internalized by the cell and caused greater changes in the
tested parameters [71].

Due to the occurrence of oxidative, unfavorable processes caused by polystyrene
nanoparticles, their accumulation in the tissues of mammals and humans may have nega-
tive long-term consequences, and requires further detailed research.

4. Materials and Methods
4.1. Biological Material

The study was conducted on peripheral blood mononuclear cells. Peripheral human
blood mononuclear cells were collected from a leucocyte–buffy coat from the blood of
healthy donors. Blood was collected by employees of Blood Bank in Lodz, Poland, from
volunteering donors and then was subjected to laboratory diagnostics. PBMCs were
isolated from the leucocyte–buffy coat separated from blood bought from the Regional
Centre of Blood Donation and Blood Treatment in Lodz, Poland. Blood was collected
from 25 healthy individuals (non-smoking donors with no known illness, aged 18–30).
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Department of Biophysics of Environmental Pollution, University of Lodz, purchases blood
for research based on the agreement of Blood Donation and Healing. Blood Bank in Lodz is
accredited by Health Minister (No BA/2/2004) in the field of taking blood and separating
its ingredients. The research was approved by the Bioethics Committee of the University
of Lodz (Resolution No. 8/KBBN-UŁ/II/2019 (08.04.2019)).

4.2. Chemical Standards

Standards of PS-NPs (diameter: 29, 44 and 72 nm) were purchased from Polysciences
Europe GmbH. PBS buffer was used to dissolve compounds. Fluorescent markers, i.e.,
3′-(p-hydroxyphenyl)-fluorescein (HPF) to measure the level of the hydroxyl radical,
6-carboxy-2′,7′dichlorodihydro-fluorescein diacetate (H2DCFDA-AM) used for ROS anal-
ysis, propidium iodide (PI) and calcein-AM for cell viability assessment and cis-parinaric
acid were purchased from the company Molecular Probes (USA). FITC Annexin V Apopto-
sis Detection Kit (BD Pharmingen™) was purchased from BD Biosciences (USA). Lympho-
cyte separation medium (LSM) (1.077 g/cm) and RPMI 1640 medium were bought from
Biotech. Potassium chloride (KCl), sodium chloride (NaCl), sodium hydrogen phosphate
(Na2HPO4), potassium dihydrogen phosphate (KH2PO4), ammonium chloride (NH4Cl),
sodium hydrogen carbonate (NaHCO3), ethylenediaminetetraacetic acid (EDTA) and other
chemicals were purchased from Sigma.

4.3. Characterization of Polystyrene Nanoparticles

The average diameters of PS-NPs were measured by dynamic light scattering (DLS)
using Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). Samples were measured
at 25 ◦C in phosphate-buffered saline (PBS), pH 7.4, in plastic cuvettes. The analysis was
made using the Malvern Instruments software. The refraction factor for PBS was assumed
to be 1.50. Detection wavelength was 633 nm, and detection angle was 90◦.

4.4. Obtaining Leucocytes

The buffy coat was centrifuged (3000 rpm, 10 min, at 20 ◦C) to remove plasma. Then,
the lymphocyte layer was harvested. PBMCs were isolated using LSM, a mixture of Ficoll®

and sodium diatrizoate (Hypaque) (density 1.077 g/mL) by centrifugation at 600× g for
30 min at 20 ◦C. After centrifugation, PBMCs were harvested and resuspended in 3 mL of
red blood cell lysis buffer and incubated for 5 min at 20◦C, then PBS was added, followed
by centrifugation at 200× g for 15 min at 20 ◦C. The supernatant was collected and cells
deposited on the bottom of the tube were washed with RPMI medium containing L-
glutamine and 10% fetal bovine serum and subjected to another centrifugation at 200× g
for 15 min. The final density of cells used for the study was 1 × 106 cells/mL [72].

4.5. Determination of Reactive Oxygen Species Levels

Changes in the level of reactive oxygen species formed were assessed based on the
analysis of the oxidation of 5′carboxy-2′,7′-dichlorodihydrofluorescein diacetate. This
marker is nonpolar and therefore it can enter a cell. While penetrating the cell membrane,
it is cleaved by membrane esterase to a nonfluorescent compound dichlorodihydrofluo-
rescein, which under the influence of ROS is oxidized to 2′,7′-dichlorofluoerescein (DCF),
emitting green fluorescence. After 24 h of incubation of PBMCs with a suspension of
polystyrene nanoparticles, the samples were centrifuged (3000 rpm, 10 min, at 4 ◦C) and
suspended in PBS and the marker was added to the final concentration of 2.5 µM. The mix-
ture was incubated for 15 min in the dark at 37 ◦C. ROS level analysis was performed with
the flow cytometer (LSR® II from Becton-Dickinson, San Jose, CA, USA) at an excitation
wavelength of 490 nm and an emission of 530 nm for a total number of 10,000 counts [73].

4.6. Determination of Hydroxyl Radical Level

The principle of the analysis of the level of hydroxyl radical is the oxidation of the
3′-(p-hydroxyphenyl)-fluorescein probe as a result of the interaction with highly reactive
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oxygen species (mainly hydroxyl radicals). The reaction produces fluorescein that emits
green fluorescence at the wavelength of 515 nm [74]. After 24 h of incubation of PBMCs
with a suspension of polystyrene nanoparticles, samples were centrifuged (3000 rpm,
4 ◦C) and were suspended in PBS, and the marker was added to the final concentration
of 2 µM. Prepared samples were then incubated for 15 min at 37 ◦C in the dark. The flow
cytometer (LSR® II from Becton-Dickinson, San Jose, CA, USA) was used for a total number
of 10,000 events.

4.7. Lipid Peroxidation

Lipid peroxidation was analyzed by measuring the fluorescence of cis-parinaric acid
at an excitation of 320 nm and emission of 432 nm. In the first step, cis-parinaric acid was
added to the suspension of lymphocytes, to obtain the final concentration of 5 µM in sample,
and incubated for 1 h at 37 ◦C in the dark, which allowed incorporation of the acid into the
cell membrane [75]. After 24 h of incubation of PBMCs with a suspension of polystyrene
nanoparticles, samples were centrifuged (3000 rpm, 4 ◦C) and were suspended in PBS,
and the marker was added to the final concentration of 2 µM. Samples were centrifuged
(600× g, 10 min, at 4 ◦C) to remove an excess of cis-parinaric acid. Remaining cells were
suspended in RPMI medium and subjected to another 24-h incubation with analyzed
compounds. The above analysis was performed using a 96-well microplate reader (Cary
Eclipse Fluorescence Spectrophotometer–Varian, Australia).

4.8. Protein Oxidation

Protein oxidation was assessed by measuring tryptophan fluorescence at an excitation
of 295 nm and emission of 335 nm. Fluorescent properties of proteins result from the
presence of aromatic amino acids in their structure, e.g., tryptophan [76]. A decrease in
fluorescence of the analyzed samples resulted from oxidative damage of tryptophan, as
well as damage of proteins in PBMCs membrane. After 24 h of incubation of PBMCs with
a suspension of polystyrene nanoparticles, samples were centrifuged (3000 rpm, 4 ◦C)
and were suspended in PBS, and the marker was added to the final concentration of
2 µM. Samples were centrifuged (600× g, 10 min, at 4 ◦C). Supernatant was discarded and
lymphocytes were suspended in RPMI medium with L-glutamine. Protein damage analysis
was performed in 96-well plates using the microplate reader (Cary Eclipse Fluorescence
Spectrophotometer–Varian, Australia).

4.9. Detection of Apoptosis

The samples were incubated with a suspension of polystyrene nanoparticles in final
concentrations ranging from 0.1 to 500 µg/mL for 24 h at 37 ◦C in total darkness. The test
was carried out in accordance with the instructions of the manufacturer. The cells were
stained with PI and fluorescein conjugated with Annexin V in Annexin-binding buffer
for 15 min at room temperature in total darkness. The samples were analyzed by flow
cytometry (LSR® II from Becton-Dickinson, San Jose, CA, USA) with excitation at 488 nm
to visualize fluorescein and PI fluorescence at maxima of 525 and 617 nm, respectively [72].

4.10. Analysis of Cells Viability of PBMC

Cell viability analysis was performed with calcein-AM and propidium iodide. Calcein-
AM is hydrolyzed to a hydrophilic, highly fluorescent calcein, which is retained inside
living cells [77]. In living cells, calcein ester emits strong green fluorescent light at an
excitation of 490 nm and an emission of 515 nm, which demonstrates its fluorescent
properties that calcein itself does not have. PI, on the other hand, is a marker of dead
cells with two positive charges. This dye enters dead cells and binds to DNA, emitting
red fluorescent light, which can be excited by a wavelength of 535 nm and an emission of
617 nm. After 24 h of incubation of PBMCs with a suspension of polystyrene nanoparticles,
samples were centrifuged (3000 rpm, 4 ◦C) and were suspended in PBS, and the marker
was added to the final concentration of 2 µM. Samples were centrifuged (100× g, 10 min,
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4 ◦C) and then the marker mix (PI and calcein-AM) was added. Finally, the samples were
incubated in the dark for 15 min, transferred to ice, and their fluorescence was measured.
The total number of counts per sample was 10,000. Cell viability analysis using the above
stains was performed on the flow cytometer (LSR® II from Becton-Dickinson, San Jose,
CA, USA).

4.11. Statistical Analysis

The assays were performed on blood from 5 donors (5 experiments were conducted),
whereas for each donor, the experimental point was a mean value of at least 3 replications.
The results are shown as mean ± SD. Multiple comparisons among the group mean
differences were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test. Tukey test was used as a post-hoc test. When the p value was lower than
0.05, the differences were considered statistically significant (*). Statistical analysis was
conducted using STATISTICA software ver.13 (StatSoft Inc., Tulsa, OK, USA).

5. Conclusions

This study for the first time illustrates the action of polystyrene nanoparticles on
human PBMCs.

Polystyrene nanoparticles increased ROS levels, including hydroxyl radical, as well as
induced the oxidation of lipids and proteins.

The pro-oxidative effects of PS-NPs resulted in an increase in apoptosis and decrease
in PBMC viability.

Observed changes in PBMCs incubated with PS-NPs depended on their size. A
comparison of the actions of PS-NPs showed that the smallest nanoparticles (29 nm)
exhibited the strongest oxidative potential in PBMCs

Changes in the parameters studied occurred at very low PS-NPs concentrations
(0.01 µg/mL), which may potentially be found in the human body as a result of environ-
mental exposure.

Author Contributions: Conceptualization, K.K.; methodology, K.K.; formal analysis, K.K.; project ad-
ministration, P.S.; visualization, P.S.; wrote the manuscript, K.K., B.B. and P.S.; supervised project, B.B.;
analysis in DLS, A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financed by a statutory research admitted by the Department of Biophysics
of Environmental Pollution, University of Lodz (number B2111000000191.01).

Institutional Review Board Statement: The investigation was approved by the Bioethics Committee
of the University of Lodz (Resolution No. 8/KBBN-UŁ/II/2019 (08.04.2019)).

Informed Consent Statement: Leucocyte–buffy coat was purchased from Blood Bank in Lodz,
Poland. All procedures related to blood donation were executed at the Regional Centre of Blood,
Donation and Blood Treatment in Lodz, Poland. The blood donor recruitment was at the Centre,
according to national legal procedures and European Union regulations (incl. the regulation (EU)
2016/679 of the European Parliament and of the Council of 27 April 2016 on the protection of natural
persons regarding the processing of personal data and on the free movement of such data).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Plastics Europe. Plastics—The Facts. 2017. Available online: https://www.plasticseurope.org/application/files/5715/1717/4180

/Plastics_the_facts_2017_FINAL_for_website_one_page.pdf (accessed on 25 March 2021).
2. Hesler, M.; Aengenheister, L.; Ellinger, B.; Drexel, R.; Straskraba, S.; Jost, C.; Wagner, S.; Meier, F.; von Briesen, H.; Buchel, C.; et al.

Multi-endpoint toxicological assessment of polystyrene nano- and microparticles in different biological models in vitro. Toxicol.
Vitro 2019, 61, 104610. [CrossRef]
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ARTICLE

Polystyrene nanoparticles: the mechanism of their genotoxicity in human
peripheral blood mononuclear cells

Kinga Malinowskaa, Bo_zena Bukowskaa, Ireneusz Piwo�nskib, Marek Foksi�nskic, Aneta Kisielewskab, Ewelina
Zarakowskac, Daniel Gackowskic and Paulina Sici�nskaa

aDepartment of Biophysics of Environmental Pollution, Faculty of Biology and Environmental Protection, University of Lodz, Lodz,
Poland; bDepartment of Materials Technology and Chemistry, Faculty of Chemistry, University of Lodz, Lodz, Poland; cDepartment of
Clinical Biochemistry, Faculty of Pharmacy, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University in Toru�n,
Bydgoszcz, Poland

ABSTRACT
Plastic nanoparticles are widely spread in the biosphere, but health risk associated with their
effect on the human organism has not yet been assessed. The purpose of this study was to
determine the genotoxic potential of non-functionalized polystyrene nanoparticles (PS-NPs) of
different diameters of 29, 44, and 72nm in human peripheral blood mononuclear cells (PBMCs)
(in vitro). To select non-cytotoxic concentrations of tested PS-NPs, we analyzed metabolic activity
of PBMCs incubated with these particles in concentrations ranging from 0.001 to 1000mg/mL.
Then, PS-NPs were used in concentrations from 0.0001 to 100lg/mL and incubated with tested
cells for 24 h. Physico-chemical properties of PS-NPs in media and suspension were analyzed
using dynamic light scattering (DLS), atomic force microscopy (AFM), scanning electron micros-
copy (SEM) and zeta potential. For the first time, we investigated the mechanism of genotoxic
action of PS-NPs based on detection of single/double DNA strand-breaks and 8-oxo-20-deoxy-
guanosine (8-oxodG) formation, as well as determination of oxidative modification of purines
and pyrimidines and repair efficiency of DNA damage. Obtained results have shown that PS-NPs
caused a decrease in PBMCs metabolic activity, increased single/double-strand break formation,
oxidized purines and pyrimidines and increased 8oxodG levels. The resulting damage was com-
pletely repaired in the case of the largest PS-NPs. It was also found that extent of genotoxic
changes in PBMCs depended on the size of tested particles and their f-potential value.
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1. Introduction

Long-term exposure to certain chemicals can cause
DNA damage. The most common types of DNA
lesions are single strand breaks (SSBs), double
strand breaks (DSBs), oxidative modification of DNA
bases, and adducts formation (Christmann and
Kaina 2013). They can be induced both by exogen-
ous factors: UV radiation, ionization, and various
types of chemicals, and endogenous factors, such
as metabolic and replication stresses resulting in
the formation of reactive oxygen species (ROS)
(Felgentreff et al. 2021).

Nanoplastics (NPs) and microplastics (MPs) result-
ing from decomposition of large pieces of plastic
are pollutants of global concern. Until recently, it
has been considered that the diameter of plastic

NPs should not exceed 100 nm, although in the lat-
est reports the diameter of 1000 nm has been
assumed as the upper limit (Gigault et al. 2018;
Rakowski and Grzelak 2020; Mitrano, Wick, and
Nowack 2021). MPs are plastic particles up to 5mm
in diameter (Hartmann et al. 2019). In this work, we
have adopted a traditional size of particles referring
to NPs, which should not exceed a diameter of
above 100 nm. Among the above-mentioned par-
ticles, polypropylene (PP) and polyethylene (PE) NPs
are commonly found in the environment, while
polystyrene nanoparticles (PS-NPs) are determined
in smaller amounts. Polystyrene is produced by
polymerization of styrene monomers and it is the
fifth leading thermoplastic material on the global
market. This polymer is widely used in the
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production of food packaging, automotive industry,
electronics, household appliances, and more
(ChemicalSafetyFacts.org 2020). The key to under-
standing the potential toxicity of NPs is their physico-
chemical properties, that is, size, shape, and surface
charge. We used PS-NPs because they are commer-
cially available in different size and well-characterized
by their size, shape, and lack of functionalization to
understand the principles of polymer chemistry.
Additionally, using scanning electron microscopy
(SEM), atomic force microscopy (AFM), and dynamic
light scattering (DLS), we confirmed the size and
shape of the tested particles. Additionally, we per-
formed zeta potential measurements.

More and more studies on PS-NPs have focused
on the assessment of their toxic effects to humans.
This is a consequence of previous reports stating
that they can penetrate into human organisms,
translocate through biological barriers, enter cells
environment (Xu et al. 2019; Z. Liu et al. 2021;
Hwang et al. 2022) and interact with the cells of
the immune system (including lymphocytes) (Rubio
et al. 2020).

For this reason, PS-NPs as a model of non-func-
tionalized particles with the smallest diameters (29,
44, and 72 nm) penetrating into the cells were
selected for more detailed analyzes and evaluation
of molecular mechanism of their genotoxic action.

As shown by numerous studies on animals, plas-
tic particles (especially NPs) after penetrating organ-
isms, may be accumulated in trace amounts in the
spleen, liver, thymus, lungs, heart, reproductive
organs, and the brain (European Food Safety
Authority (EFSA) 2016; Pr€ust, Meijer, and Westerink
2020; Hwang et al. 2022). The main source of
human exposure to plastic particles is consumption
of contaminated food, primarily seafood (Hantoro
et al. 2019; Toussaint et al. 2019). In addition, micro-
plastics have also been detected in milk, honey,
table salt, and mineral water (Auta, Emenike, and
Fauziah 2017; Horton et al. 2017; Cox et al. 2019,
Kutralam-Muniasamy et al. 2020). Campanale et al.
(2020) proved that plastic particles with a diameter
less than 2.5mm can reach the gastrointestinal (GI)
tract by ingestion and be internalized by the GI
cells by endocytosis. Plastic particles with a diam-
eter of 50–500 mm were found in feces, and their
number was approximately 20 per 10mg of feces.
Thanks to this analysis, it was estimated that 90,000

of these particles are released in the feces annually
(van Raamsdonk et al. 2020). Other studies have
indicated the presence of 12 microplastics frag-
ments ranging from 5 to 10 mm in diameter in
women placentas (Ragusa et al. 2021).

Plastic particles also enter the human body
through the respiratory system and, to a lesser
extent, through the skin (Enyoh et al. 2020).
Particles have also been shown to be adsorbed by
the lung epithelium (Asgharian, Hofmann, and
Miller 2001; Smith et al. 2002). Enaud et al. (2020)
proved that particles, after getting into the circula-
tory system, showed immunological effect on the
so-called gut–lung axis. It has been estimated that
the daily human exposure to plastic particles ranges
from 26 to 130 (Facciol�a et al. 2021). Recently,
Leslie et al. (2022) showed the presence of plastic
particles in human blood. Blood from 22 volunteers
was tested, and the presence of particles was found
in 17 of tested participants. The concentration of
these xenobiotics reached as much as 12 mg/mL of
blood, while the concentration of the analyzed PS
alone was 4.8mg/mL. In this study on a small group
of donors, the mean blood concentration of plastic
particles was 1.6mg/mL (Leslie et al. 2022).
However, a question arises here whether the pres-
ence of such high particle concentrations in the
blood of people is an indisputable fact or an effect
of contamination of the sample during collection
and preparation, which has yet to be clarified.
Under conditions of high exposure or high individ-
ual sensitivity, MPs can cause inflammatory changes
resulting from their possible interaction with tissues.
There are a small number of publications on the
interaction of PS-NPs with leukocytes. Rubio et al.
(2020) studied the effect of PS-NPs with a diameter
of about 50 nm on the population of immune cells.
They used three different human leukocyte lines for
analysis, including Raji-B (B lymphocytes), TK6 (lym-
phoblasts), and THP-1 (monocytes). The study
showed low toxicity, ROS production, and genotox-
icity of NPs in Raji-B and TK6 cells with less uptake
of NPs. No side effects were observed in monocytes,
although uptake of the tested particles was higher
in this cell type. In another study, mice were
exposed to MPs with a diameter of 10–150 mm at
concentrations of 20 and 200 mg/g for 5weeks. In
tested animals, a decreased percentage of regula-
tory T cells and an increased percentage of Th17
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cells in splenocytes were noted. In addition, there
was a change in the level of inflammatory interleu-
kin 1a (IL1a) and the granulocyte colony stimulat-
ing factor G-CSF (Li et al. 2020).

The results we have obtained so far, have shown
that tested PS-NPs disturbed the redox balance,
increased the total level of ROS and highly ROS (a
hydroxyl radical), as well as induced lipid and pro-
tein oxidation in human PBMCs (Kik et al. 2021).
Our recent study on the genotoxic potential of PS-
NPs is justified considering the results obtained so
far, which demonstrated an increase in ROS, in par-
ticular hydroxyl radical level, which may contribute
to DNA damage.

The aim of this research was to determine the
mechanism of interaction of plastic PS-NPs with
human peripheral blood mononuclear cells (PBMCs).
PBMCs due to large nucleus, and a key role playing
in the immune system are very often used in the
studies that evaluate genotoxic potential of various
xenobiotics. Therefore, we assessed the effect of PS-
NPs of different diameters (29, 44, and 72 nm) on
DNA damage and repair in human PBMCs.
Genotoxic damage can contribute to disorders of
the immune system, which can lead to the develop-
ment of cancer or autoimmune diseases (e.g.
asthma, allergy; Farhat et al. 2011). In addition,
PBMCs participate in the transport of xenobiotics
that is why the analysis of the mechanism of inter-
action of PS-NPs with this cell type is fully justified
(Santovito, Cervella, and Delpero 2014).

For this research, we used non-functionalized PS-
NPs of different (small) diameters, which, as shown
in previous studies, can enter the cells (Z. Liu et al.
2021) and are well-characterized in terms of their
size and shape, in order to check whether these
NPs can cause genotoxic effects. Our research can
therefore be the starting point for further analyzes
of environmentally relevant particles. In order to
assess genotoxic potential of tested PS-NPs, we
used mainly comet assay (single-cell gel electro-
phoresis) and chromatography (8-oxodG level). The
cells were incubated with PS-NPs in concentrations
ranging from 0.0001 to 100 mg/mL for 24 h.
Preliminary studies also assessed the effect of PS-
NPs (0.0001–1000 mg/mL) on the metabolic activity
of PBMCs after 24 h exposure in order to select their
concentrations that do not alter cell viability, and
consequently may be used in genotoxicity tests. A

range of PS-NPs concentrations was used, which
corresponded (with the exception of 100mg/mL) to
plastic levels that were found in human blood
(Leslie et al. 2022).

2. Materials and methods

2.1. Chemical standards

Standards of non-functionalized PS-NPs were pur-
chased from Polysciences Europe GmbH. Restriction
enzymes, that is, Endonuclease III (EndoIII) and
DNA-formamidopirymidyne glycosidase (Fpg) were
used for detection of oxidatively modified purines
and pyrimidines, respectively (New England
Biolabs). Nuclease P1 and Shrimp Alkaline
Phosphatase (rSAP) were used to detect 8-OHdG
and were purchased from New England Biolabs. 3-
(4,5-dimethythiazol-2-yl)-2,5 diphenyl-tetrazolium
bromide (MTT), DMF, and sodium dodecyl sulfate
(SDS) were used to assess the metabolic activity of
PBMCs and were purchased in Sigma-Aldrich (St
Louis, MA, USA) and (ROTH). Other reagents:
Lymphocyte Separation Medium (1.077 g/mL) and
RPMI medium 1640 were bought in Biowest and
Biotech. Type I agarose and type XI agarose, EDTA,
Triton, fetal bovine serum needed for the assess-
ment of DNA damage were supplied from Sigma-
Aldrich, USA. The remaining reagents, that is, NaCl,
NaOH, TRIS, sodium acetate, and HEPES were pur-
chased from POCh (Poland) and Roth (Germany).

2.2. Physico-chemical characterization of
polystyrene nanoparticles

Taking into account recent reports indicating that
in order to obtain comparable results, in-depth
characterization of material (microplastics) is needed
(Ramsperger et al. 2022), we decided to perform
physico-chemical tests of PS-NPs. We took photos
using AFM and SEM and assessed PS-NPs hydro-
dynamic size using the DLS technique. PS-NPs were
diluted in water and in RPMI medium to study their
size by DLS and zeta potential. Non-functionalized
PS-NPs suspensions of various diameters were
diluted in RPMI medium to study their biological
effects, while tested NPs diluted in water were used
to assess their physical properties by AFM and SEM.

Diluted water suspensions of PS-NPs were depos-
ited on silicon wafers prior to AFM and SEM
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imaging. A piece of silicon wafer was cleaned in
ethanol and dried in a flow of pure air. Freshly
cleaned wafers were placed vertically in a cuvette
containing diluted water suspension of PS-NPs of
given size and allowed to slowly evaporate for
2–3 days. Next, wafers with deposited NPs were
withdrawn and dried in ambient conditions.

The AFM measurements were performed on
Bruker Dimension Icon (Billerica, Massachusetts,
USA) operating in tapping mode in ambient air. A
non-contact Tespa V2 cantilever from Bruker operat-
ing at resonance frequency m ¼ 324 kHz was used.
Typical image size was 2 lm � 2 lm.

Field Emission Scanning Electron Microscopy (FE-
SEM) imaging was carried out using a FEI
NovaNano SEM 450 microscope (Hillsboro, OR, USA)
equipped with a Schottky gun operating in immer-
sion mode using a through lens detector (TLD) at
5 kV voltage. Typical magnification was 150,000�.

Dynamic Light Scattering (DLS) measurements -
stability and hydrodynamic size of PS-NPs labeled
as A (29 nm), B (44 nm), and C (72 nm) were per-
formed using a DLS (Litesizer 500, Particle Analyzer,
Anton Paar, Graz, Austria), equipped with a laser of
wavelength of 658 nm as the light source and scat-
tering angle h¼ 173�. Samples in water were meas-
ured without filtering in a quartz cuvette at 25 �C,
while in RPMI at 37 �C.

The zeta potentials of the PS-NPs (c¼ 500 lg/mL)
were measured using a Malvern Instruments
Zetasizer Nano-ZS (Malvern Instruments Ltd.,
Malvern, UK). Samples in electric field were pre-
pared in capillary cells (DTS1061). Measurement was
carried out at 37 �C in water and RPMI at pH 7.4
with 5 repetitions. The zeta potential value was cal-
culated directly from the Helmholtz–Smoluchowski
equation using Malvern software (Sze et al. 2003).

2.3. Biological material

Human peripheral blood mononuclear cells (PBMCs)
were used for this study. PBMCs were isolated from
the buffy coat purchased at the Regional Center for
Blood Donation and Treatment in Lodz, Poland. The
purchase of blood for research is possible thanks to
the contract concluded between the Institute of
Biophysics of Environmental Pollution, University of
Lodz, and the aforementioned Blood Donation
Center. Blood Bank employees receive a coat of

leukocytes and platelets through the preparation of
whole blood from healthy, nonsmoking donors
aged 18–30 years. The blood bank in Lodz is author-
ized to collect blood and separate its components
based on the accreditation of the Minister of Health
(No. BA/2/2004). The experiments described in this
study were approved by the Bioethics Committee
of University of Lodz (Resolution No. 8/KBBN-UŁ/II/
2019 (08/04/2019)).

2.3.1. PBMCS isolation
The isolation of PBMCs took place in several stages.
In the first stage, the buffy coat was centrifuged
(600�g, 10min, 20 �C), which allowed for the
removal of plasma and collection of the resulting
PBMCs layer. Further isolation was performed by
centrifugation (600�g, 30min, 20 �C) of the blood
on a Lymphocyte Separation Medium with a density
of 1.077 g/mL. After centrifugation, the resulting
lymphocyte ring was collected, to which 3mL of
erythrocyte lysis buffer (150mM NH4Cl, 10mM
NaHCO3, 1mM EDTA, pH 7.4) was added. The sam-
ples were incubated for 5min at 20 �C and supple-
mented with 6.5mL of PBS. The cells were
centrifuged again (200�g, 15min, 20 �C). In the final
step, the supernatant was collected, and the cells
attached to the bottom of the tube were washed
twice with RPMI medium containing L-glutamine
and 10% fetal bovine serum. Then, centrifugation
was performed (200�g, 15min, 20 �C). The final
PBMCs density used for the experiments was
5� 104 cells/mL.

2.3.2. Isolation of DNA and determination of the 8-
oxo-20-deoxyguanosine (8-oxodG) in DNA isolates
The analyzes were performed using a method
described earlier by Gackowski et al. (2016) and
Starczak et al. (2021) with some modifications. DNA
extraction and hydrolysis to deoxynucleosides:
briefly, a pellet of frozen cells was dispersed in ice-
cold buffer B, pH 8.0 containing Tris-HCl (10mmol/
L), Na2EDTA (5mmol/L), and deferoxamine mesylate
(0.15mmol/L). SDS solution was added (to a final
concentration of 0.5%), and the mixture was gently
mixed using a polypropylene Pasteur pipette.
Samples were incubated at 37 �C for 30min.
Proteinase K was added to a final concentration of
1mg/mL and incubated at 37 �C for 1 h. The mix-
ture was cooled to 4 �C, transferred to Phase Lock
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Gel – Light tubes. The mixture of phenol, chloro-
form, and isoamyl alcohol (25:24:1) was added (1:1
v/v) and vortexed vigorously. After extraction, the
aqueous phase was treated with a chloroform:i-
soamyl alcohol mixture (24:1). The supernatant was
treated with two volumes of cold ethanol to pre-
cipitate high molecular weight nucleic acids. The
precipitate was removed with a plastic spatula,
washed with 70% (v/v) ethanol and dissolved in
50 mL Milli-Q grade deionized water. The samples
were mixed with 200mM ammonium acetate con-
taining 0.2mM ZnCl2, pH 4.6 (1:1 v/v). Nuclease P1
(200U, New England Biolabs, Ipswich, MA, USA) and
tetrahydrouridine (10mg/sample) were added to the
mixture and incubated at 37 �C for 1 h.
Subsequently, 10% (v/v) NH4OH and 6U of shrimp
alkaline phosphatase (rSAP, New England Biolabs,
Ipswich, MA, USA) were added, and the samples
were incubated for 1 h at 37 �C. Finally, all the
hydrolysates were ultra-filtered prior to injection.

2.4. Biological properties of PS-NPs

2.4.1. Analysis of cell viability
The cytotoxic effect of the investigated PS-NPs was
determined by a standard MTT method, based on
the reduction of yellow 3-(4,5-dimethythiazol-2-yl)-2,5
diphenyl-tetrazolium bromide (MTT) by cellular
reductase, mainly mitochondria succinate dehydro-
genase. The reduction of MTT to formazan is pos-
sible due to the NAD(P)H-dependent oxidoreductase
enzymes that are present in living cells. Insoluble for-
mazan crystals are dissolved in the solubilization buf-
fer. The study was performed in a 96-well plate after
24h of incubation of PS-NPs with PBMCs at a density
of 1� 105 cells/well. After this time, 20mL of MTT
was added and the cells were incubated for 3–4h.
Then 100mL of 20% SDS and 50% DMF were added
and the incubation was also carried out for 24 h. In
the next step, the contents of the wells were poured
into the sink and 100mL of DMSO was added per
well. The absorbance was measured at 570nm with
a spectrophotometer.

2.4.2. Single cell gel electrophoresis (comet assay),
as a technique for detecting single/double DNA
strand breaks and their repair
Using this technique, the cells were immersed in
low melting point agarose and placed on

microscopic slides coated with normal melting
point agarose and then lysed. Slides were then
dipped in the expanding buffer. Released DNA was
submitted to 20min electrophoresis in alkaline con-
ditions in which 17 V and 32–115A current were
applied. In neutral conditions electrophoresis was
carried out for 60min at the 9 V and 98A current.
After electrophoresis, all slides were dried and
stained with 40 mL DAPI at 2 mg/mL, centrifuged
prior to use for 15min at 219�g at 4 �C. A Zeiss
Axio Scope. A1 fluorescence microscope (Carl Zeiss
Microscopy GmbH, Germany) with an AxioCam MR
microscope camera was used to observe the com-
ets. DNA damage was viewed using the ZEN blue
program, at 20� magnification. LUCIA Comet Assay
v.7.60 (Laboratory Imaging, Prague, Czech Republic)
software was used to count the comets. For each
concentration, at least 50 comets were counted, so,
for one donor the total number of comets was
approx. 1000 (7 concentrations � 50 comets � 3
types of NPs). The mean value of DNA in the com-
et’s tail was taken as the DNA damage index (Tail
DNA%; Tice et al. 2000; Wo�zniak and Błasiak 2003).

2.4.3. Single and double DNA strand breaks
measured by the alkaline and neutral versions of
the comet test
The comet assay enables the identification of sin-
gle/double DNA strand-breaks according to the pro-
cedure of Singh et al. (1988) and Singh and
Stephens (1997) with some modifications (Klaude
et al. 1996). After 24 h of exposure of PBMCs to PS-
NPs, the samples were centrifuged at 112�g for
5min at 4 �C. The cells were immersed in 0.75% low
melting point (LMP) agarose and placed on micro-
scopic slides coated with 0.5% normal melting point
(NMP) agarose. The slides prepared in this way
were placed in the lysis buffer (2.5M NaCl, 0.1M
EDTA, 10mM Tris, 1% Triton X-100, pH 10) for 1.5 h
at 4 �C. After the lysis had been completed, the
slides were rinsed 2–3 times with the expanding
buffer (300mM NaOH and 1mM EDTA, pH > 13)
and left in this buffer for 20min. Then, fresh elec-
trophoretic buffer (300mM NaOH and 1mM EDTA)
was prepared and electrophoresis in alkaline condi-
tions was performed for 20min. For the detection
of double-stranded lesions, the neutral version of
the comet assay was applied, with a buffer consist-
ing of 100mM of TRIS and 300mM of sodium
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acetate, pH 9. The duration of electrophoresis in the
neutral version was 60min.

2.4.4. Oxidative modification of purines and
pyrimidines
Modification of the comet assay using restriction
enzymes, i.e. endonuclease III (EndoIII) and formami-
dopirymidyne DNA glycosylase (Fpg) allows for
detection of oxidatively modified purines and pyri-
midines, respectively. The course of the experiment
after the 24-h incubation of the tested cells with
NPs was the same as in section 2.4.1, up to cell
lysis. After lysis, slides were washed several times
with HEPES buffer (40mM HEPES-KOH, 0.5mM
Na2EDTA, 0.1 KCl, 0.2mg/mL BSA, pH 9). Then,
50 mL of a buffer containing 1U EndoIII or Fpg was
applied to each slide. Slides were covered with cov-
erslips and incubated at 37 �C for 30min in a moist
chamber. Finally, the coverslips used in the previous
step were removed. The obtained results of DNA
strand breaks formation and DNA base oxidation
were expressed as percent of DNA in the comet tail
versus the concentration of the individual tested
substance. For this analysis, the alkaline version of
the comet assay was used. Based on literature data,
we decided to use 1U of each enzyme per gel,
which guaranteed their utilization in excess (there-
fore, the calibration curve was not prepared; Czarny
et al. 2015).

2.4.5. Detection of 8-oxodG: 2D-UPLC-MS/MS
analysis
DNA hydrolysates were spiked with an internal
standard [15N5]-8-oxo-20-deoxyguanosine ([15N5]-8-
oxodG) at a volumetric ratio of 4:1 to a final con-
centration of 50 fmol/mL. Chromatographic separ-
ation was performed with a Waters ACQUITY 2D-
UPLC system with a photodiode array detector for
the first dimension of the 2D-chromatography (used
for quantification of the unmodified deoxonucleo-
sides) and a Xevo TQ-S tandem quadrupole mass
spectrometer (used for the second dimension of the
2D-chromatography to analyze 8-oxodG). The at-col-
umn dilution technique was used between the first
and second dimensions to improve the retention
on the trap/transfer column. Separation was per-
formed with a gradient elution for 10min using a
mobile phase of 0.05% acetate (A) and acetonitrile
(B) (0.7–5% B for 5min, column washing with 30%

acetonitrile and re-equilibration with 99% A for
3.6min). The flow rate for the second dimension
was 0.3mL/min. The separation was performed with
a gradient elution for 10min using a mobile phase
of 0.01% acetate (A) and methanol (B) (1–50% B for
4min, isocratic flow of 50% B for 1.5min, and re-
equilibration with 99% A until the next injection).
All samples were analyzed with three to five tech-
nical replicates, of which the technical mean was
used for further calculation. Mass spectrometric
detection was performed using a Waters Xevo TQ-S
or TQ-XS tandem quadrupole mass spectrometer
equipped with an electrospray ionization source.
Collision-induced dissociation was obtained using
argon 6.0 at 3� 10�6bar pressure as the collision
gas. Transition patterns for all the analyzed com-
pounds and the specific detector settings were
determined using the MassLynx 4.1 IntelliStart fea-
ture set in a quantitative mode to ensure the best
signal-to-noise ratio and a resolution of 1 at MS1
and 0.75 at MS2 (Gackowski et al. 2016).

2.4.6. DNA repair
RPMI 1640 medium with L-glutamine heated to
37 �C was added to cells exposed to PS-NPs for
24 h. DNA repair was assessed by the extent of
residual DNA damage detection at each time point
(0, 30, 60, 90, and 120min) using the alkaline ver-
sion of the comet assay. The samples were pre-
pared as described above.

2.5. Statistical analysis

The Shapiro-Wilk test was used to verify the results
for normality. In the next step, one-way analysis of
variance (ANOVA) and Tuckey’s post-hoc test were
performed to assess the significance of differences
between the means. Reproducibility of the results
was obtained by carrying out tests in five replica-
tions (blood from five donors). From the results,
average of at least three repetitions is drawn. Only
for chromatographic analysis, the unpaired
Student’s t test (two-tailed) was used. The results
are presented as mean± SD. All tests were per-
formed at the level of significance of the data
a¼ 0.05. Statistical analyzes were performed with
the Statistica 13 software (StatSoft Inc., Tulsa,
OK, USA).
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3. Results

3.1. Physico-chemical characterization of PS

In order to confirm the shape, size, and behavior of
PS-NPs in a suspension and as-deposited on the
substrate surface, two types of microscopy techni-
ques, dynamic scattering physical method and ana-
lysis of zeta potential were used.

3.1.1. Ps-NPs characterization by DLS
DLS measurements were performed to characterize
the hydrodynamic diameter and size distribution of
PS-NPs in water (Figure 1). The measurements in
water revealed that PS-NPs formed stable suspen-
sions, which exhibited homogenous size distribu-
tion. The hydrodynamic particle size in water (dH)
equaled to dH-A ¼ 30 ± 7 nm, dH-B ¼ 40 ± 9 nm, and
dH-C ¼ 72 ± 17 nm, and corresponded well to size of
NPs provided by the manufacturer: 29, 44, and
72 nm, respectively.

We obtained different results when analyzing PS-
NPs in the cellular medium containing albumin. The
hydrodynamic particle size (dH) in RPMI medium
equaled to dH-A ¼ 95 ± 4 nm, dH-B ¼ 60 ± 5 nm, and
dH-C ¼ 63 ± 5 nm.

The agglomeration of PS-NPs would be visible in
DLS measurements as additional peaks at larger
dimensions (sizes). In our measurements in water
and in buffer (Kik et al. 2021) such peaks were not
visible and only signals from particles having
defined size were visible indicating that PS-NPs did
not form agglomerates in water.

Differently, agglomeration of PS-NPs in RPMI
medium was observed, especially in the case of the
smallest particles. For 26 nm PS-NPs, we observed 3

peaks and a diameter 3 times greater than declared
by the manufacturer (Table 1).

3.1.2. Ps-NPs characterization by AFM
AFM images of PS-NPs deposited on Si surface
showing their morphology and approximated size
are presented in Figure 2. It was found that PS-NPs
were unevenly distributed over the Si surface. Most
of them formed local close-packed agglomerates,
due to the strong inter-particle and surface-particle
attracting interactions. However, part of the par-
ticles were also visible as single objects. Estimated
heights of selected PS-NPs (marked by blue lines in
AFM images and presented as cross-sectional
graphs) were: 24, 44, and 72 nm. AFM imaging
revealed that the size of PS-NPs did not change
much independently whether the measurement
was performed on samples prepared as a deposit
on the surface in the air or in a suspension by DLS.
Moreover, obtained size was practically the same as
a size of PS-NPs obtained in DLS technique
in water.

3.1.3. Ps-NPs characterization by SEM
Further analysis of PS-NPs deposited on Si wafer
was performed with the use of FE-SEM. Figure 3
presents images of PS-NPs at magnifications of 150
k� (left column) and PS-NPs size distribution (right
column). It was found that PS-NPs form various flat
nanostructures depending of their size. Small-size
PS-NPs (29 nm) were visible mostly as separated sin-
gle objects and as agglomerates exhibiting irregular
shapes at low number. PS-NPs having medium size
formed closely packed meander-like structures.
Finally, the largest PS-NPs formed two-dimensional
islands having the size of several microns built of
closely inter-connected particles. The organization
of these particles on the surface indicated for
strong interactions of PS-NPs with a substrate but
also between individual particles due to adhesive

Figure 1. DLS size distribution by the volume of A, B, and C
PS-NPs.

Table 1. The size of PS-NPs obtained by measurement with
DLS, AFM, and SEM techniques.
PS NPs (nm) (nm) (nm)

manufacturer 29 44 72
AFM � 24 � 41 � 72
SEM 26± 4 40 ± 5 70 ± 4
DLS in water 30 ± 7 40 ± 9 72 ± 17
DLS in RPMI 95 ± 4 60 ± 5 63 ± 5
Peak 1 179 ± 13 49 ± 3 61 ± 3
Peak 2 28 ± 2 1953 ± 3040 –
Peak 3 4576 ± 759 – –
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interactions occurring during and after deposition.
The average size distribution of PS-NPs from SEM
images is presented on histograms and corresponds
to the results obtained in DLS and AFM measure-
ments. The size of NPs obtained by application of
various techniques is gathered in Table 1.

3.1.4. Differences in particles’ f-potentials
We measured the f-potentials at pH 7.4 of each
particle type after their incubation in water and in

RPMI medium (Table 2). The incubation of all tested
PS-NPs in RPMI medium showed a significant
change in f-potential dependly on the particle size
from �41± 3mV (for the smallest particles of
29 nm) to �56 ± 2mV (for the largest particles of
71 nm). In contrast, the absolute value of f-potential
in the water slightly lowered with increasing diam-
eter from �40 ± 1mV (for the smallest particles of
29 nm) to �36 ± 1mV (for the largest particles of
72 nm; Table 2).

Figure 2. AFM images and corresponding cross-sectional profiles of selected PS-NPs.
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3.2. MTT assay

Metabolic activity of PBMCs after 24-h exposure to
PS-NPs was assessed by means of the tetrazole salt

reduction test (MTT test). The research showed a
statistically significant decrease in metabolic activity
for all tested particles. NPs with a diameter of
29 nm caused a decrease in the tested parameter
from the concentration of 300 mg/mL, while NPs
with a diameter of 44 and 72 nm from the concen-
tration of 500 mg/mL depleted the examined param-
eter (Figure 4). The IC50 concentration was
determined (Figure 4). The IC50 concentration for
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Figure 3. SEM images of nanostructures built of PS-NPs of different sizes (left column). PS-NPs size distribution (right column).

Table 2. The level of f-potential of PS-NPs in water and in
cell medium (RPMI), pH 7.4.
PS NPs (nm) (nm) (nm)

manufacturer 29 44 72
f-potential in water (mV) –40 ± 1 –38 ± 1 –36 ± 1
f-potential in RPMI (mV) –41 ± 3 –45 ± 2 –56 ± 2
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the smallest NPs was 431.5 mM, while for the 44 and
72 nm NPs it was over 1000 mM. Based on deter-
mined viability, PS-NPs at the concentrations that
did not significantly change cell viability (� 100mg/
mL) were taken for further analysis.

3.3. Single and double DNA strand break: alkaline
and neutral version of the comet assay

Formation of single (SSBs) and double DNA strand
breaks (DSBs) was assessed in PBMCs incubated for
24 h with PS-NPs in concentrations ranging of
0.0001–100 mg/mL. All tested NPs caused DNA sin-
gle/double-strand breaks formation. NPs with a
diameter of 29 nm caused statistically significant
changes in DNA integrity from the concentration of
0.01 mg/mL, while NPs with a diameter of 44 and
72 nm from the concentrations of 0.1 and 10 mg/mL
caused DNA damage, respectively (Figure 5).

The level of DNA damage in tested cells
(expressed as % of DNA in comet tail) after their
exposure to the highest concentration (100mg/mL)
of PS-NPs was 23.15 ± 1.89 for 29 nm NPs, as well as
13.88 ± 2.43 and 6.93 ± 1.23 for 44 and 72 nm PS-
NPs, respectively, as shown in Figure 6.

DSBs, which are one of the most destructive
forms of DNA helix damage, were detected after
exposure of PBMCs to the smallest NPs (29 nm) at
10 and 100 mg/mL (% of DNA in comet tail �
3.44 ± 0.93 and 8.22 ± 1.13, respectively) and PS-NPs
of intermediate size (44 nm) at 100 mg/mL (% of
DNA in comet tail � 6.08 ± 0.66). No changes in

double-stranded lesions were found after PBMCs
treatment with NPs with a diameter of 72 nm (% of
DNA in the tail � 3.74 ± 1.36 versus control cells �
1.91 ± 0.54%; Figure 7). The comparison of the
tested substances showed that PS-NPs with a diam-
eter of 29 nm caused the highest level of DNA
strand breaks formation in human PBMCs.

3.4. Oxidative modifications of purines and
pyrimidines

Detection of oxidative DNA damage involving
purines and pyrimidines oxidation was done after
exposure of PBMCs to PS-NPs in concentrations
range from 0.0001 to 100 mg/mL for 24 h. The cells
were then treated with repair enzymes: enodunu-
clease III (EndoIII) or formamidopyrimidine N-glyco-
sylase (Fpg). The analysis of this parameter showed
the formation of oxidized purine and pyrimidine
bases in PBMCs after their treatment with tested
PS-NPs with a higher level of oxidative damage
detected by the inclusion of Fpg (Figures 8 and 9).
A statistically significant increase in the level of pur-
ine oxidation occurred in PBMCs treated with the
smallest NPs (29 nm) from the concentration of
0.01mg/mL, while bigger particles (44 and 72 nm)
increased this parameter from 10 and 100 mg/mL,
respectively. After treatment of the cells with
EndoIII, the increase in the level of pyrimidine oxi-
dation occurred at higher PS-NPs concentrations in
comparison to samples treated with Fpg. It was
found that NPs of 29 nm increased pyrimidine oxi-
dation from 10 mg/mL, while NPs of bigger sizes (44
and 72 nm) raised this parameter from 100 mg/mL.
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Figure 4. The level of metabolic activity of human PBMCs
incubated with PS-NPs of 29, 44, and 72 nm in diameter in
the range of concentrations of 10–1000mg/mL for 24 h.
Statistically significant changes for p< 0.05� (n¼ 5).
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Figure 5. The level of DNA strand-breaks in human PBMCs
incubated for 24 h with PS-NPs of 29, 44, and 72 nm in diam-
eter in the range of concentrations of 0.0001-100mg/mL.
Statistically significant changes for p< 0.05� (n¼ 5).
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The presence of oxidized bases was expressed as %
of DNA in the comet tail.

3.5. Detection of 8-oxodG

The most important DNA oxidation biomarkers are
oxidized products of guanine and deoxyguanosine,
which include 8-oxo-20-deoxyguanosine (8-oxodG).
To detect 8-oxodG, PBMCs were exposed to PS-NPs
in concentration range from 0.0001 to 100 mg/mL

for 24 h. The cells were subsequently frozen. In the
next stage, DNA isolation was performed, as
described in the Section 2.1.2, and the tested
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Figure 7. The level of DNA double strand-breaks in human
PBMCs incubated for 24 h with PS-NPs of 29, 44, and 72 nm in
diameter in the range of concentrations of 0.0001–100mg/mL.
Statistically significant changes for p< 0.05� (n¼ 5).
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Figure 8. The level of DNA purines oxidation in human
PBMCs (analysis by means of alkaline version of the comet
assay with formamidopyrimidine-DNA glycosylase). The cells
were incubated for 24 h with PS-NPs of 29, 44, and 72 nm in
diameter in the range of concentrations of 0.0001–100mg/mL.
The value of comet tail (damaged DNA) in the presence of
either enzyme for different concentrations of PS-NPs was
reduced by the value obtained in comet assay without the
enzyme (value for enzymatic buffer for the appropriate con-
centration of PS-NPs). Statistically significant changes for
p< 0.05� (n¼ 5).

Figure 6. Selected photos showing the level of single and double strand-breaks (DNA in comet tail) in human PBMCs incubated
for 24 h with PS-NPs of 29, 44, and 72 nm in diameter at two selected concentrations of 0.001 and 100mg/mL versus the control.
Photos were taken with a Zeiss Axio Scope. A1 fluorescence microscope.
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parameter was determined in the obtained DNA
isolates. Two-dimensional (2D) liquid chromatog-
raphy was used for the 8-oxodG analysis. Changes
in the tested parameter were observed only after
PBMCs exposure to the smallest size NPs. A statistic-
ally significant increase in 8-oxodG occurred from
their concentration of 0.1 mg/mL (Figure 10).

3.6. DNA repair

The time course of DNA damage repair kinetics of
SSBs and DSBs was carried out after 24 h of the
exposure of PBMCs to PS-NPs, which, after particles
removal, were resuspended in heated RPMI 1640

medium with L-glutamine. The cells were post-incu-
bated at 37 �C at selected time intervals (30, 60, 90,
and 120min). The resulting DNA damage caused by
the largest NPs was completely repaired, and sig-
nificant extent of DNA damage repair was observed
in PBMCs treated with NPs with a diameter of 29
and 44 nm. A statistically significant decrease in
DNA damage occurred in PBMCs treated with 29
and 44 nm NPs after 30min of post-incubation,
while in the case of 72 nm particles after 60min of
post-incubation (Figure 11).

DNA damage in PBMCs, amounting to 24.43%
(t¼ 0min) caused by the smallest NPs, decreased to
6.72% (t¼ 120min), which showed that there was
no complete DNA repair.
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Figure 9. The level of DNA pyrimidines oxidation in human
PBMCs (analysis by means of alkaline version of the comet
assay with endonuclease III). PBMCs were incubated for 24 h
with PS-NPs of 29, 44, and 72 nm in diameter in the range of
concentrations of 0.0001–100mg/mL. The value of comet tail
(damaged DNA) in the presence of either enzyme for different
concentrations of PS-NPs was reduced by the value obtained
in comet assay without the enzyme (value for enzymatic buf-
fer for the appropriate concentration of PS-NPs). Statistically
significant changes for p< 0.05� (n¼ 5).

Figure 10. The level of 8-oxodG in human PBMCs. PBMCs were incubated for 24 h with PS-NPs of 29, 44, and 72 nm in diameter
in the range of concentrations of 0.0001–100mg/mL. Statistically significant changes for p< 0.05� (n¼ 3).
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Figure 11. Time course of the repair kinetics of DNA damage
(SSBs and DSBs), measured as DNA in comet tail of PBMCs
treated for 24 h with PS-NPs of 29, 44, and 72 nm in diameter
in the concentration of 100lg/mL, and then post-incubated
for 2 h in medium deprived of tested particles. (�) Statistically
significant different from control (p< 0.05). (#) Statistically sig-
nificant different from time "0" for individual PS-NPs size
(p< 0.05). Each value represents the mean± SD (n¼ 5).
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For particles with a diameter of 44 nm, DNA dam-
age decreased from 16.65 (t¼ 0min) to 1.88%
(t¼ 120min), which was comparable to damage level
(2.45%) in control samples. Similarly, slight damage
induced by 72nm NPs was completely repaired:
from 9.11 (t¼ 0min) to 1.75% (t¼ 120min).

4. Discussion

Environmental xenobiotics can cause genome
instability as a result of significant chromosome
rearrangements, such as polyploidy, aneuploidy,
gene amplification, DNA strand breaks, and disrup-
tions in repair of these breaks. In addition, they
induce changes in genes that regulate cell growth
and proliferation, and thus may lead to neoplastic
transformations (Tubbs and Nussenzweig 2017;
Alimba et al. 2021), therefore the mechanism of
genotoxic action of PS-NPs on PBMCs appears to be
key in assessing their toxicity.

Damage to human DNA leads to disturbances in
numerous cellular processes, which may result in
various disorders, including cancer development.
The assessment of genotoxic potential of xenobiot-
ics influencing human organisms is crucial for the
evaluation of human safety. Some reports have
shown carcinogenic effect of styrene, but there are
no available data regarding its polymer derivative -
polystyrene (Huff and Infante 2011). Animal studies
on carcinogenic potential of styrene have provided
conflicting results and limited evidence. There are
several epidemiological studies suggesting a pos-
sible association between the exposure to styrene
and an increased risk of leukemia and lymphoma in
humans (Thompson et al. 2016). However, those
pieces of evidence are not unequivocal, because of
the simultaneous exposure of humans to numerous
other chemicals, and insufficient data concerning
their levels and exposure times.

There is no study that has assessed genotoxic
mechanism of action of PS-NPs or other plastic NPs
in any cell type. Therefore, we decided for the first
time to determine genotoxic effect of non-function-
alized PS-NPs of different diameters on human
PBMCs, focusing on single and double strand-breaks
formation, oxidative damage to purines and pyrimi-
dines, and changes in 8-oxo-20-deoxyguanosine
level and repair capacity of the resulting
DNA damage.

PS-NPs may accumulate in the human body and
exert toxicity by inducing or enhancing an immune
response. Chronic exposure is anticipated to be of
greater concern due to the accumulative effects of
PS-NPs action that could occur in the human body.
This is expected to be dose-dependent, and a
robust evidence base of exposure levels is currently
lacking (Wright and Kelly 2017). The exposure of
humans to plastic and PS (determined even in the
placenta of women, Ragusa et al. 2021) and far
insufficient data on the adverse effects of these
substances, persuade us to conduct studies that
assess toxic effects of PS-NPs on human blood cells
and describe the underlying mechanisms of their
action. PS particles are usually used as model sub-
stances in the studies of the effect of characteristic
particle surfaces on various biological parameters,
because they can be easily synthesized over a
broad range of sizes. NPs are characterized by a
higher surface in relation to their volume, which
has an important effect on their reactivity (Xia
et al. 2008).

Questions about the genotoxicity of plastic par-
ticles are constantly arising. Avio et al. (2015) sug-
gest that MPs can induce genomic instability
through DNA damage, such as DNA strand breaks
and micronucleus formation or chromosomal aber-
rations. According to some scientific reports, MPs
can cause DNA damage both through direct inter-
actions with genetic material and indirect interac-
tions, such as ROS or toxic ions formation. It was
shown that exposure of NIH 3T3 cells to cationic
functionalized PS-NPs caused changes during
mitosis in their cell cycle, leading to an extension of
the G0/G1 phase, which in turn led to DNA damage
(Hu and Pali�c 2020). In other studies, increased
chromosomal aberrations have been observed in
plant root meristematic cells (Maity et al. 2020) and
mammalian cell lines (Poma et al. 2019; Rubio et al.
2020). Alimba et al. (2021) proved that plastic par-
ticles could reduce gene transcription and increase
DNA fragmentation. Recent studies by Sarma et al.
(2022) showed a reduction in the mitotic index in
PBMCs after exposure to PS-NPs at high concentra-
tions (500, 1000, and 2000 mg/mL). They also
observed a significant increase in micronucleus for-
mation, percent of cytostasis, and a decrease in the
nuclear division rate. This analysis showed that PS-
NPs cytotoxicity was related to oxidative stress,
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genotoxic activity, and genomic instability. Other
studies have shown DNA damage in the blood cells
of marine organisms, including Scrobicularia plana
and Mytilus galloprovincialis after exposure to PS
and polyethylene microparticles at 0.5, 5, and
50 mg/mL (Avio et al. 2015; Ribeiro et al. 2017).

The above reports provide evidence that MPs
and NPs can directly or indirectly interact with DNA
and cause damage to the genetic material in vari-
ous organisms. So far, a lot of studies have been
done on indirect mechanisms of NPs–DNA inter-
action, including PS-NPs, which have shown oxida-
tive stress induction by generating intracellular ROS
(mainly in animals) (Sun et al. 2018; Liu et al. 2020; L.
Liu et al. 2021; Sarasamma et al. 2020; Horie and
Tabei 2021). Similarly, our previous studies revealed
that the exposure of PBMCs to PS-NPs increased
ROS, including hydroxyl radical level and caused lip-
ids and protein oxidation that could lead to loss of
homeostasis, and consequently DNA damage (Kik
et al. 2021). Verster and Bouwman (2018) proved
that most of the studied lung tissues with neoplastic
changes contained microplastics. Taking into account
the above mentioned studies, which have shown the
induction of ROS by PS-NPs, which are responsible
for numerous DNA lesions, we decided to evaluate
genotoxic properties of these substances.

An increase in ROS level, especially the hydroxyl
radical, may result in the formation of an 8-oxo-20-
deoxyguanosine (8-oxodG) derivative. Therefore,
using the 2D-UPLC-MS/MS analysis, we determined
8-oxodG formation in PBMCs exposed to PS-NPs.
We observed 8-oxodG formation, but only under
the influence of the smallest NPs with a diameter of
29 nm from the concentration of 0.1mg/mL (Figure
10). 8-oxodG is considered to be the most sensitive
and useful marker of DNA oxidative damage, which
can be found in many tissues and fluids because it
readily penetrates into the blood (Nemtsova et al.
2022). It is well-established that 8-oxodG is highly
mutagenic; it mispairs with adenine during DNA
replication and causes GC to AT conversion, which
is the most frequent type of spontaneous mutation
(Dizdaroglu et al. 2002; Ma et al. 2016). 8-oxodG is
by far the most extensively studied change occurs
as a consequence of oxidative DNA damage
(Mangal et al. 2009). Sokmen et al. (2019) found
that PS-NPs with a diameter of 20 nm were dis-
persed throughout the entire brain area of Danio

rerio. Moreover, in these fish species, 8-oxodG
occurred in neuronal cells of the brain tissue.

It is known that there is a link between DNA
strand breakage and DNA base modifications
(Toyokuni and Sagripanti 1996). Therefore, we ana-
lyzed DNA single and double-strand breaks forma-
tion using the alkaline version of the comet assay,
and exclusively double-strand breaks using the neu-
tral version of this assay. For this purpose, we used
PS-NPs in the concentrations range from 0.0001 to
100 mg/mL. We showed that 24 h of incubation of
PBMCs with PS-NPs (29 nm) from the concentration
of 0.01mg/mL led to significant static increase in
DNA damage (SSBs and DSBs formation) in the alka-
line conditions. For PS-NPs with a diameter of 44
and 72 nm, the increase in this parameter was
observed from their concentration of 0.1 and 10 mg/
mL, respectively (Figure 5). On the other hand,
using the neutral version of the comet assay, we
observed an increase in the level of very undesir-
able DSBs in PBMCs exposed to the smallest NPs
from their concentration of 10 mg/mL. These results
correlated with the formation of 8-oxodG only in
tests with PS-NPs with a diameter of 29 nm
(Figure 7).

In the next stage of the study, we examined the
level of oxidative damage to DNA purines and pyri-
midines with modified comet assay using the
enzymes Fpg and EndoIII. We showed much greater
damage to purines than to pyrimidines caused by
all tested NPs. The most profound changes were
found in purines of PBMCs exposed to the smallest
NPs, which also correlated with DSBs and 8-oxodG
formation (Figures 8, 9).

DNA damage in human white blood cells, such
as lymphocytes, monocytes, and polymorpho-
nuclear cells after ex vivo exposure to various PS-
NPs concentrations (0–100 mg/mL) was also
observed by Ballesteros et al. (2020). They showed
notable differences in the basal levels of DNA dam-
age between various cells subpopulations. The
highest level of DNA strand breaks measured with
the alkaline version of the comet assay was
observed in polymorphonuclear cells (% of tail DNA
� 36.86 ± 9.94), while damage in monocytes and
lymphocytes was 29.31 ± 9.39 % and 20.24 ± 3.61 %,
respectively, after exposure to PS-NPs at their con-
centrations of <50 mg/mL. At the concentrations of
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50 and 100 mg/mL, DNA breakage increased only in
monocytes and polymorphonuclear cells.

Similarly, the analysis by Zheng, Yuan, and
Chunguang (2019) showed DNA damage in rat liver
cells (C57BL6-J) exposed to PS-NPs at 5 and 10mM.
Other researchers detected DNA damage in the
Hs27 (human fibroblasts) cell line exposed to PS-
NPs at 75 mg/mL using the cytokine block micronu-
cleus (CBMN) assay (Poma et al. 2019). In turn,
Vecchiotti et al. (2021) showed the formation of
micronuclei in colorectal adenocarcinoma cells
(HCT116) exposed to high concentrations (800 and
1200 mg/mL) of PS-NPs (100 nm), which indicated
their low genotoxic potential. In addition, they
observed formation of nuclear buds and protrusions
of nucleoplasm. Other studies used white carp
(Ctenopharyngodon idella), which was exposed to
PS-NPs at 0.04, 34, and 34 mg/L for 20 days. The
results showed DNA damage in red blood cells of
studied fish (Guimar~aes et al. 2021). Subsequent
studies conducted by Alaraby et al. (2022) revealed
a significant increase in the level of DNA damage in
Drosophila larvae exposed to PS particles at doses
of 0.4 and 2mg/g of food. They also showed that
the exposure to NPs with a diameter of 50 nm
induced a higher level of DNA damage than in the
case of particles with a diameter of 200 and
500 nm. The above mentioned results are consistent
with other studies by Gopinath et al. (2019), Shah
et al. (2020), and Brandts et al. (2018) who showed
that damage to the genetic material increased
along with increasing doses of PS-NPs given to
Allium cepa, Ctenopharyngodon Idella, and Mytilus
galloprovincialis.

There are also studies showing the lack of geno-
toxic effect of plastic particles in various cell types.
Studies by Cort�es et al. (2020) showed no signifi-
cant effect of micro and nano PS at concentrations
range from 25 to 200 lg/mL on DNA integrity in
Caco-2 intestinal cells. These studies were con-
firmed by Domenech et al. (2021) who did not
notice any DNA damage in Caco-2 cells after long-
term exposure to PS-NPs. Additionally, they used a
modified version of the comet assay using the
enzyme Fpg, which showed no tendency to
increase oxidative DNA lesions. Similarly, Cole et al.
(2020) did not observe DNA damage in mussels
(Mytilus spp.) exposed to PS-NPs with a diameter of
50 nm at 500 ng/mL.

In the last step of our study, the repair of dam-
aged DNA in PBMCs after incubation with tested
NPs was assessed. It was found that damage caused
by PS-NPs of 44 and 72 nm was effectively repaired
within 2 h (Figure 11). In contrast, damage caused
by the smallest NPs was not completely removed.
Human DNA is constantly exposed to damage,
which is why all living cells in the process of evolu-
tion developed various mechanisms of DNA repair,
including base mismatch repair (MMR), base exci-
sion repair (BER), and nucleotide excision repair
(NER). Repair by splitting non-homogeneous ends
of DNA (NHEJ) and homologous recombination (HR)
can also be distinguished (Carriere et al. 2017).
Damage related to the presence of 8-oxodG is
mostly repaired by the BER pathway. This modified
DNA base is repaired by glycosylases, for example,
OGG1 (Krokan, Standal, and Slupphaug 1997). The
MMR pathway also plays an important role in the
case of DNA damage caused by NPs. It can elimin-
ate mutations caused by these particles, for
example, repairs 8-oxodG formed as a result of
guanine oxidation (Carriere et al. 2017). In the case
of NER, DNA damage is repaired by the global gen-
omic NER (GG-NER) and the NER is linked to tran-
scription (Marteijn et al. 2014). DSBs can be
repaired with NHEJ or HR, thanks to the presence
of the p53 binding protein (Nakamura et al. 2006).
NHEJ mechanism repairs double-stranded damage
in a pathway dependent on POLm and POLk poly-
merases (Carriere et al. 2017).

In summary, tested PS-NPs caused SSBs and
DSBs formation, induced oxidation of purines and
pyrimidines and increased the level of 8-oxodG. The
presence of the derivative 8-oxodG, and oxidation
of purines and pyrimidines, as well as substantial
ROS and hydroxyl radicals formation (Kik et al.
2021) indicate that radical mechanism is involved in
the action of tested particles.

We have shown that among the non-functional-
ized PS-NPs, those with the smallest diameter
exhibited the strongest genotoxicity, which was
probably associated with their easiest penetration
into tested cells, as reported by Xu et al. (2019), Z.
Liu et al. (2021), and Hwang et al. (2022).

Xu et al. (2019) incubated the human alveolar
epithelial A549 cell line with NPs in diameter of 25
and 70 nm and showed that smaller PS-NPs were
rapidly internalized by these cells and caused
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greater changes in examined parameters. Similarly,
studies by Z. Liu et al. (2021) revealed that PS-NPs
with a diameter of 50 and 500 nm entered the cells
through active endocytosis due to hydrophobic
interactions and van der Waals forces, as well as
through passive penetration of the membrane
resulting from the division of PS-NPs in the water-
phospholipid system. It was proven that the small-
est NPs (50 nm) were transported by RBL-2H3 cells
(rat basophilic leukemia cells) via clathrin, caveolin,
and macropinocytosis pathways, while larger par-
ticles (500 nm) were transported by macropinocyto-
sis. Liu and coworkers also observed that PS-MPs
with a size of 5000 nm were not adsorbed on the
cell because of their too large size, which hindered
their diffusion into the membrane surface. In add-
ition, they showed that masses of the internalized
PS50 inside the cells and the excreted PS50 outside
the cells were both higher than the masses of
PS500, indicating that the smaller particles more
easily entered or leaved the cells than did their
larger counterparts. According to the above men-
tioned study, the size of NPs may affect, among
others on the kinetics and transport or the amount
of particles that are taken up by the cells. Recently,
Hwang et al. (2022) observed that PS-NPs of 50 nm,
unlike 100 nm ones, circulated in the blood vessels
and accumulated in the brains of zebrafish larvae.

The value of zeta potential is very significant in
PS-NPs toxicity. Musyanovych et al. (2011) sug-
gested that surface charge is very important for
internalization particles by cells. They showed that
PS-NPs with an anionic surfactant with a f-potential
of �60mV were internalized by HeLa cells more
often than NPs stabilized with a nonionic surfactant
having a f-potential of �5mV. This was in agree-
ment with the study of Ramsperger et al. (2022)
who observed that PS microplastic particles (3 lm)
from Polysciences (P-MPP) with higher absolute
value of negative potential zeta were more often
covered by cellular membranes than PS microplastic
particles (3 lm) from Micromod (MMPP), and there-
fore internalized by J774A.1 and ImKC macro-
phages. Additionally, it has been proven that
particles showing a higher absolute value of nega-
tive f-potential induced a more significant meta-
bolic response in a sensitive cell line and more
strongly altered cell proliferation, especially at their
higher concentrations.

These observations do not agree with our results,
which indicate that if the particles are made of the
same polymer, non-functionalized, but differ only in
size, the effect is the opposite depending on the
absolute value of the negative zeta potential.
Increasing size of tested PS-NPs was correlated with
increasing absolute value of negative zeta potential
in RPMI medium, but it was not associated with
higher particle cytotoxicity and genotoxicity (even
weakened them). The smallest tested nanoparticles
(26 nm), showed the strongest cytotoxicity and gen-
otoxicity and had the lowest absolute value of
negative zeta potential (�40.86 ± 2.77 mV), while
the largest particles had the highest absolute value
of negative zeta potential (�56 ± 2mV) and exhib-
ited the lowest cytotoxicity and genotoxicity. We
observed an increase in absolute value of negative
zeta potential of tested PS-NPs diluted in RPMI
medium compared to those suspended in water.
Probably, the observed changes in f-potential
recorded after incubation of the particles in cell cul-
ture media may indicate on the formation of a pro-
tein corona (Partikel et al. 2019). Protein corona
increases the diameter of the particle, but also
changes the composition of the surface of the
nanoparticles, and these changes affect biodistribu-
tion, efficacy, and toxicity of these substances
(Breznica, Koliqi, and Daka 2020). The obtained
diameter measured by DLS for the smallest particles
(26 nm) in RPMI medium containing albumin was
three times greater than that measured in water
and declared by the manufacturer. The diameter of
the largest 72 nm particles, measured by DLS, was
the closest to that obtained in water, as well as
declared by the manufacturer. Also, Gopinath et al.
(2019) showed that coronated-NPs with increased
protein conformational changes caused higher gen-
otoxic and cytotoxic effects in human blood cells
than the virgin-NPs.

Summing up, we observed genotoxic changes in
PBMCs incubated with PS-NPs (probably present in
human organisms), which may raise concerns about
the health of humans exposed to these substances.
On the other hand, obtained data showed that
tested PS-NPs caused mainly SSBs formation.
Moreover, DNA damage, which was the most
strongly induced by the smallest PS-NPs was
repaired to a large extent, while DNA damage
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caused by tested NPs with a diameter of 44 and
72 nm was totally removed.

5. Conclusion

Non-functionalized PS-NPs induced SSBs and DSBs
formation in PBMCs, caused oxidation of purines
and pyrimidines and increased the level of 8-oxodG.
The formation of the derivative 8-oxodG and oxida-
tion of purines and pyrimidines indicate the radical
mechanism of action of the tested PS-NPs. We have
observed that PS-NPs with the smallest diameter
and the lowest absolute value of negative zeta
potentials exhibited the strongest cytotoxicity and
genotoxicity, which was probably associated with
their easiest penetration into tested cells.
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The effects of non-functionalized polystyrene nanoparticles of different 
diameters on the induction of apoptosis and mTOR level in human 
peripheral blood mononuclear cells 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Polystyrene nanoparticles (PS-NPs) 
triggered apoptosis in peripheral blood 
mononuclear cells. 

• PS-NPs of 29, 44, and 72 nm raised 
cytosolic calcium ion level and reduced 
mitochondrial potential. 

• PS-NPs of 44 nm and 72 nm induced 
caspase-9 and -3, activating mitochon-
drial pathway of apoptosis. 

• PS-NPs of 29 nm activated both extrinsic 
and intrinsic pathway of apoptosis. 

• Apoptotic changes and an increase of 
mTOR level depended on the size of the 
tested NPs.  
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A B S T R A C T   

Particles of various types of plastics, including polystyrene nanoparticles (PS-NPs), have been determined in 
human blood, placenta, and lungs. These findings suggest a potential detrimental effect of PS-NPs on blood-
stream cells. The purpose of this study was to assess the mechanism underlying PS-NPs-induced apoptosis in 
human peripheral blood mononuclear cells (PBMCs). Non-functionalized PS-NPs of three diameters: 29 nm, 44 
nm, and 72 nm were studied used in this research. PBMCs were isolated from human leukocyte–platelet buffy 
coat and treated with PS-NPs at concentrations ranging from 0.001 to 200 μg/mL for 24 h. Apoptotic mechanism 
of action was evaluated by determining the level of cytosolic calcium ions, as well as mitochondrial trans-
membrane potential, and ATP levels. Furthermore, detection of caspase-8, -9, and -3 activation, as well as mTOR 
level was conducted. The presence of apoptotic PBMCs was confirmed by the method of double staining of the 
cells with propidium iodide and FITC-conjugated Annexin V. We found that all tested NPs increased calcium ion 
and depleted mitochondrial transmembrane potential levels. The tested NPs also activated caspase-9 and 
caspase-3, and the smallest NPs of 29 nm of diameter also activated caspase-8. The results clearly showed that 
apoptotic changes and an increase of mTOR level depended on the size of the tested NPs, while the smallest 
particles caused the greatest alterations. PS-NPs of 26 nm of diameter activated the extrinsic pathway (increased 
caspase-8 activity), as well as intrinsic (mitochondrial) pathway (increased caspase-9 activity, raised calcium ion 
level, and decreased transmembrane mitochondrial potential) of apoptosis. All PS-NPs increased mTOR level at 
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the concentrations smaller than those that induced apoptosis and its level returned to control value when the 
process of apoptosis escalated.   
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1. Introduction 

One of the very important topics in ecotoxicology is the assessment 
of risks resulting from the potential adverse impact of microplastics 
(MPs, diameter < 5 μm) and nanoplastics (NPs, diameter < 0.1 μm) on 
living organisms. The above-mentioned particles are used in many in-
dustries, for example pharmaceutical and cosmetic, as well as in labo-
ratories (Dalela et al., 2015; Hernandez et al., 2017; Wang et al., 2018) 
and are derived from the decomposition of plastic that contaminates the 
environment. The occurrence of MPs and NPs has been reported in 
water, soil, air, and food (Gasperi et al., 2018; Song et al., 2018; Zhang 
and Liu, 2018), which results resulting in their penetration into cells and 
tissues of plants, animals, and humans. The most common route of 
human exposure to plastic NPs is associated with food ingestion. 
Numerous studies have shown that plastic particles accumulate in the 
marine food chain (EFSA Panel on Contaminants in the Food Chain, 
2016; Hernandez et al., 2019; Yee et al., 2021). 

NPs penetrate the biological barriers of living organisms and accu-
mulate in their tissues (Geiser and Kreyling, 2010; Prata, 2018). Most of 
NPs ingested orally pass through the gastrointestinal tract being absor-
bed through the gastrointestinal tract barrier (Kreyling et al., 2017). 
Nevertheless, translocation of various types and sizes of particles (be-
tween 0.1 and 150 nm) through the mammalian gut into the lymphatic 
system has been demonstrated in studies involving humans (Hussain, 
2001). After crossing the intestinal barrier, the particles of < 100 nm can 
even be transported into the brain (Wright and Kelly, 2017), as well as 
through the placental barrier (Grafmueller et al., 2015). The tissue 
distribution of fluorescent PS particles of 5 μm and 20 μm in mice after 
oral administration resulted in accumulation in the kidney, liver, and 
intestine with manifestation of, disturbance of energy balance, oxidative 
stress and neurotoxicity (Deng et al., 2017). 

Another route of the exposure of humans to nanoplastic particles is 
air inhalation. Inhaled nanparticles can be eliminated by mucociliary 
clearance, but can also settle in the lungs or be absorbed in the circu-
lation (Geiser and Kreyling, 2010). Inhaled microplastic particles can 
promote various lung diseases by inducing inflammation (Lu et al., 
2022). The dermal route has also been recognized as one of the routes of 
human exposure to plastic particles. Plastic NPs with a diameter less 
than 40 nm have been shown to enter the body through the epidermis 
(Schneider et al., 2009; Vogt et al., 2006). Recently, Leslie et al. (2022) 
showed the presence of plastic in the blood of 17 out of 22 people tested. 
Furthermore, the latest study of a cohort of 196 people confirmed the 
presence of nanoplastics in peripheral blood of all tested people (Salvia 
et al., 2023). 

The presence of plastic particles in the human body can cause cell 
damage and possibly induce immune effects (Rawle et al., 2022; Yin 
et al., 2023). Some studies have shown that PS-NPs can alter the function 
of the immune system. PS-NPs of about 50 nm in diameter were studied 
in Raji B, TK6 (lymphocytes), and THP-1 (monocytes) immune cells 
(Rubio et al., 2020). They observed low PS-NPs toxicity, a small rise in 

ROS formation, and low gene toxicity of Raji-B and TK6 cells. Another 
research work (Forte et al., 2016) assessed the inflammatory processes 
of human gastrointestinal cancer cells using PS-NPs of 44 nm and 100 
nm in diameter, showing that 44 nm PS-NPs influenced cell viability and 
shape, and that their presence caused inflammation. PS-NPs have also 
been shown to alter the expression of genes connected with inflamma-
tion and the cell cycle. Smaller particles increased the expression of 
interleukin- 6 (IL-6) and IL-8, which are considered to be the most 
important cytokines implicated in the pathology of the stomach. In 
another study, Li et al. (2022) observed that nanoplastic inhibited the 
expression of activated T-cell markers on the surface of T-cells, whereas 
inhibiting CD8+ T-cell differentiation, and the expression of T-cell cy-
tokines in spleen lymphocytes. A series of key signal molecules impli-
cated in activation and function of T cells were severely influenced after 
exposure to nanoplastics. In a recent study conducted by Jing et al. 
(2022) mice exposed to PS-MPs and PS-NPs (10 μm, 5 μm and 80 nm) at 
doses of 60 g (42 days of intragastroenterous administration) revealed 
that these particles exhibited hemostatic toxicity. They noticed a 
disturbance in bone marrow cell distribution, a depletion in colony 
formation, self-renewal, differentiation capability, and a rise in lym-
phocytes. PS-NPs and PS-MPs also interfered with the intestinal micro-
biote, metabolism, and inflammation, all of which were connected with 
hematotoxicity, showing that the abnormal hematochemical-cytokine 
axes of the intestinal microbiota could be the key pathway for plastic 
particles-induced hematopoietic lesion. 

Hence, potential interactions between blood cells, including PBMCs 
and PS-NPs present in blood, may have biological consequences. Due to 
the large number of PBMCs in the circulation and their essential role in 
the immune system, these cells are often used as model cells in the 
studies evaluating toxicity of xenobiotics (Santovito et al., 2014; Sarma 
et al., 2022; Singh et al., 2006). Accelerating PBMCs apoptosis is asso-
ciated with ill-healthy changes in the immune system, including weak-
ened immunity (Chu et al., 2021; Weinberg et al., 2004), which can lead 
to autoimmune diseases (type 1 diabetes, asthma, allergies) and cancer 
(Hallit and Salameh, 2017; Ratomski et al., 2007). 

Apoptosis is programmed cell death, which is responsible for the 
elimination of damaged or ageing cells from the organism without in-
flammatory reactions. When apoptosis occurs, biochemical and 
morphological changes lead to phagocytosis of the cell by macrophages 
(Elmore, 2007). It has been shown that xenobiotics are able to trigger 
apoptosis, which can lead to accelerated cells elimination, and conse-
quently results in development of various disorders, e.g. autoimmune 
diseases (Favaloro et al., 2012; Pallardy et al., 1999). The extrinsic 
apoptotic pathway is triggered by a death ligand binding to a death 
receptor, such as TNF-α to TNFR1, while the intrinsic, also callled 
mitochondrial pathway of apoptosis shifts the balance in the Bcl-2 
family towards proapoptotic members. The p53 protein activated by 
DNA damage may impel these two pathways through the Bid protein 
(Haupt et al., 2003). 

As a result of missing data on the mechanism of proapoptotic action 
of PS-NPs in human PBMCs, we decided to conduct such research. In our 
previous study (Kik et al., 2021) the degree of apoptosis in human 
PBMCs treated for 24 h with PS-NPs was determined by flow cytometry 
using propidium iodide (PI) and fluorescein (FITC) conjugated with 
Annexin V. All tested NPs increased the number of apoptotic PBMCs, 
while PS-NPs of 29 nm more strongly than NPs of 44 nm and 72 nm 
changed examined parameter. 

In this study, PBMCs were incubated with PS-NPs of different di-
ameters (29 nm, 44 nm and 72 nm) for 24 h in the concentration range 
from 0.001 to 100 μg/mL (in ATP level detection up to 200 μg/mL). 
Changes in the number of apoptotic cells were determined by the double 
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staining of PBMCs with PI and FITC-conjugated Annexin V, and the 
proapoptotic mechanism of action of PS-NPs was assessed by detection 
of ATP level, the levels of cytosolic calcium ions and transmembrane 
mitochondrial potential, as well as caspase-8, -9, and -3 activation. We 
also investigated the activation of mammalian rapamycin target protein 
(mTOR) pathway by measuring the level of this protein. mTOR is a 
serine/threonine kinase implicated in the regulation of various cell 
processes, such as cell energy metabolism, as well as regulation of 
autophagy and apoptosis (Wang et al., 2022). 

2. Materials and methods 

2.1. Chemicals 

Standards of non-functionalized PS-NPs were purchased from Poly-
sciences Europe GmbH. PBMCs separation medium (LSM) (1.077 g/ 
cm3) and RPMI 1640 medium with L-glutamine were bought from 
Cytogen (Germany). HBSS solution, bovine serum albumin, bovine calf 
serum, penicillin streptomycin, pluronic F-127, valinomycin, campto-
thecin, caspase-3 and caspase-8 fluorometric assay kits, caspase-9 
chromogenic substrate, and caspase-9 inhibitor were purchased from 
Sigma-Aldrich (USA). MitoTracker Red CMXRos were bought from 
Molecular Probes (USA). Fluo-3/AM was bought from MoBiTec (Ger-
many). ATP kit was purchased from Thermo Fisher Scientific (USA) and 
mTOR ELISA Kit (USA) from Novus Biologicals Biotechne Brand. 

2.2. Biological material 

Human peripheral blood mononuclear cells (PBMCs) were isolated 
from the leukocyte-buffy coat purchased from the Regional Centre for 
Blood Donation and Treatment (RCBDT) in Lodz, Poland. The purchase 
of blood for this research was possible due to the contract concluded 
between the University of Lodz and the mentioned RCBDT. Leukocyte- 
buffy coat was isolated by bank employees from whole blood obtained 
from healthy, non-smoking donors. The Lodz Blood Bank is accredited 
by the Minister of Health (No. BA/2/2004) and our described experi-
ments have been approved by the Bioethics Committee of the University 
of Lodz (Resolution No. 8/KBBN-UŁ/II/2019 (08/04/2019)). 

2.2.1. Isolation of PBMCs 
In the first step of isolation of the PBMCs, the buffy coat was 

centrifuged (600×g, 10 min, 20 ◦C), which allowed for the removal of 
plasma and collection of the resulting layer of the PBMCs. The PBMCs 
were then layered on lymphocyte separation medium (density of 1.077 
g/cm3) and centrifuged (600×g, 30 min, 20 ◦C). PBMCs were collected, 
and a volume of 3 mL of erythrocyte lysis buffer (150 mM NH4Cl, 10 mM 
NaHCO3, 1 mM EDTA, pH 7.4) was added to PBMCs suspension. The 
cells were incubated for 5 min at 20 ◦C and supplemented with a volume 
of 6.5 mL of PBS. The samples were then centrifuged again (200 g x, 15 
min, 20 ◦C). The supernatant was collected and the PBMCs attached to 
the bottom of the tube were rinsed twice using RPMI medium (with L- 
glutamine) and centrifuged (200×g, 15 min, 20 ◦C). PBMCs with a 
density of 5 × 104 cells/mL were used for the experiments. 

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

The evaluation of the characteristic of non-functionalized PS-NPs 
with different diameters of 26 nm, 44 nm and 72 nm was carried out in 
our previous studies (Kik et al., 2021; Malinowska et al., 2022). In our 
earlier study, we evaluated the hydrodynamic size of non-functionalized 
PS-NPs using the dynamic light scattering technique (DLS) (Kik et al., 
2021; Malinowska et al., 2022), and showed photos of tested NPs made 
with an atomic force microscope (AFM) and scanning electron micro-
scope (SEM) (Malinowska et al., 2022) (doi. 
org/10.1080/17435390.2022.2149360). It was found that PS-NPs 
formed local close-packed agglomerates, due to the strong 

inter-particle and surface-particle attracting interactions. However, part 
of the particles were also visible as single objects. The diameters of the 
PS-NPs showed by the manufacturer were comparable with obtained by 
the DLS method (30 ± 7 nm, 40 ± 9 nm; 72 ± 17 nm (Malinowska et al., 
2022)) in water and 27.96 ± 8.03 nm; 38.61 ± 8.61 nm; 68.45 ± 15.19 
nm in phosphate-buffered saline (Kik et al., 2021) as well as AFM (24 
nm; 41 nm; 72 nm (Malinowska et al., 2022)) and SEM (26 ± 4 nm, 40 
± 5 nm; 70 ± 4 nm (Malinowska et al., 2022)) microscopy in water. We 
also determined the zeta potential at pH 7.4 in RPMI medium, in which 
the tested NPs were suspended. We observed a substantial alteration in 
the zeta potential depending on the particle diameters. The absolute 
level of negative ζ-potential in the RPMI increased with the elevated 
particle diameter from − 41 ± 3 mV (for the smallest particles of 26 nm) 
to − 56 ± 2 mV (for the largest particles of 72 nm) (Malinowska et al., 
2022). 

2.4. Apoptosis methods 

2.4.1. Annexin V-FITC/PI double-staining test 
The expression of PS in the outer leaflet of membrane of the 

apoptotic cells was determined by annexin V-FITC apoptosis detection 
kit (Sigma-Aldrich). In addition, propidium iodide (PI) uptake was used 
to detect early apoptosis, late apoptosis, or necrosis induced by PS-NPs 
in PBMCs. The cells after incubation, were resuspended in RPMI medium 
to obtain the final concentration of 104 per mL. One microliter of 
Annexin V-FITC and 2 μL of PI were (1 μM each) added to the cells 
suspension, which was incubated for 10 min at room temperature in the 
dark. The samples were examined under a fluorescence microscope 
(Nikon Eclipse 800). The obtained photos are presented in the 
manuscript. 

2.4.2. Cytosolic calcium ions level 
The Fluo-3/AM fluorescent probe was utilized for the detection of 

calcium ion level in the cytosol. After the conjugation of calcium ions, 
the probe shows a bright green fluorescence. The detection was done 
according to the manufacturer’s protocol (Fluo-3/AM, MoBiTec, Ger-
many). PBMCs were treated with different sized PS-NPs (29 nm, 44 nm, 
and 77 nm) in concentrations ranging from 0.001 to 10 μg/mL for 24 h at 
37 ◦C in total darkness. The subsequent steps of sample handling were as 
described by Kwiatkowska et al. (2020). The samples were determined 
by flow cytometry (LSR II, Becton Dickinson) with excitation at 488 nm 
to show the Fluo-3 fluorescence at 525 nm. The FMC gate on PBMCs was 
established for data acquisition, and the data were recorded for a total of 
10,000 cells per sample. 

2.4.3. Mitochondrial transmembrane potential (ΔѰm) 
The MitoLite Red CMXRos fluorescent probe was used for the 

detection of ΔѰm. This probe is a cationic dye that is capable of entering 
living cells and bioaccumulating in mitochondria, depending on the 
ΔѰm level. The probe is capable of remaining in mitochondria as it 
contains thiol-reactive chloromethyl moieties. PBMCs were incubated 
with PS-NPs of different sizes (29 nm, 44 nm and 77 nm) in at the 
concentrations ranging from 0.001 to 100 μg/mL for 24 h at 37 ◦C in 
total darkness. After incubation, the probes were centrifuged (300 g) for 
5 min at 4 ◦C. The supernatant was removed, and the PBMCs were 
resuspended in PBS and stained with MitoLite CMXRos at 1 μM for 20 
min at 37 ◦C in total darkness. MitoLite CMXRos fluorescence in the 
probes (excitation/emission maxima: 579/599 nm) was measured in 96- 
well plates using a microplate reader (Cary Eclipse, Varian) (Kwiat-
kowska et al., 2020). 

2.4.4. Caspase-8, -9 -3 activation 
The process of apoptosis is regulated directly and indirectly by cas-

pases. Analysis of caspase-3, caspase-8 and caspase-9 activation was 
done according to Barańska et al. (2022). The analysis of caspase-3 and 
-8 was carried out according to the manufacturer’s protocols (Caspase-3 
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Assay Kit, Fluorometric Caspase-8 Assay Kit, Sigma-Aldrich). These 
fluorometric assays are based on the hydrolysis of the peptide substrates 
acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC) by 
caspase-3 and acetyl-Ile-Glu-Thr-Asp-7-amino-4-methylcoumarin 
(Ac-IETD-AMC) by caspase-8. As a result, a release of the fluorescent 
7-amino-4-methylcoumarin (AMC) moiety occurs that exhibits fluores-
cence (excitation/emission maxima: 360/460 nm). 

The Colorimetric evaluation of caspase-9 activity was done 

according to the manufacturer’s protocol (Caspase-9 Colorimetric Ac-
tivity Assay Kit, LEHD Sigma-Aldrich). Caspase-3 hydrolyses the sub-
strate acetyl-Leu-Glu-His-Asp-p-nitroaniline (Ac-LEHD-pNA) to p- 
nitroaniline (p-NA) (absorption at 405 nm). Camptothecin (10 mM) was 
used as a positive control in assays of caspases determination. The 
determination of caspase-3 and -8 activities was done using a fluorescent 
microplate reader (Fluoroskan Ascent FL, Labsystem, Thermo-Fisher, 
Waltham, MA, USA), while the detection of caspase-9 activity was 

Fig. 1. Annexin V-FITC/propidium iodide double-staining assay. PBMCs after treatment with PS-NPs, were stained with FITC-Annexin V (green stained cells) and 
propidium iodide (red stained cells), and then analyzed by fluorescence microscopy (Zeiss Axio Scope) at 100 × magnification. 
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conducted performed using an absorbance microplate reader (BioTek 
ELx808, Bio-Tek). 

2.4.5. The level of mTOR 
The level of serine/threonine protein kinase mTOR was tested using 

the human ELISA Kit (Catalogue # NBP2-50064, 100 assays, stored at 
4 ◦C). Novus’s mTOR ELISA kit is a sandwich ELISA assay for quanti-
tative measurement of human mTOR in cell culture supernatants. 
Absorbance values proportional to the amount of mTOR were read at 
405 nm using an microplate reader (BioTek, Synergy H1) and the 
standard curve was used for calculations. 

2.4.6. Determination of the level of adenosine-5′-triphosphate (ATP) 
The method of detection of ATP level was done according to pro-

cedures described previously (Kwiatkowska et al., 2020). The ATP level 
in the cells was detected by bioluminescence measurement at 560 nm 
using recombinant luciferase and its substrate, D-luciferin. The oxy-
luciferin formed returning from its excited state to the its base state 
emitted luminescence that was determined using a fluorescent micro-
plate reader (Fluoroskan Ascent FL, Labsystem, Thermo-Fisher, Wal-
tham, MA, USA). 

2.4.7. Statistical analysis 
Data were shown as the average and standard deviation (SD); n =

Fig. 2. Changes in the level of cytosolic calcium ions in human PBMCs caused by different sized non-functionalized PS-NPs. Each value represents the mean ± SD 
obtained from 4 independent experiments (4 donors), while the mean value was obtained from at least 3 replications for each donor. Significantly different from 
control (*) P < 0.05; Student’s t-test for a single sample. 

Fig. 3. Changes in transmembrane mitochondrial potential (ΔѰm) in human PBMCs caused by different sized non-functionalized PS-NPs. Each value represents the 
mean ± SD obtained from 4 independent experiments (4 blood donors), while mean value was achieved from at least 3 replications for each donor. Significantly 
different from control (*) P < 0.05; Student’s t-test for a single sample. 
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3–6 (3–6 blood donors). Statistical analysis was conducted using Sta-
tistica v.13.1 (Dell Inc., Tulsa, OH, USA). The Shapiro-Wilk test was 
employed to test for normality, and the Brown-Forsythe’a test was used 
to verify variance homogeneity. Statistical significance was tested using 
two-way ANOVA or one-way ANOVA followed by a post hoc Tukey’s 
test. In some cases, the Student’s t-test was used for a single sample. The 
results were considered statistically significant when P < 0.05. 

3. Results 

3.1. Annexin V-FITC/PI double-staining test 

Microscopic analysis confirmed the formation of apoptotic cells, 
which were detected by flow cytometry in our previous study (Kik et al., 

2021). The type of cell death induced by PS-NPs was investigated by 
annexin V-FITC/PI test. Analysis of PBMCs after PS-NPs treatment 
revealed mainly the presence of apoptotic cells (green stained cells) and 
to a very small extent necrotic cells (red stained cells) (Fig. 1) (All photos 
are in supplementary materials). The highest number of apoptotic cells 
was observed after treatment of PBMCs with PS-NPs at 29 nm from the 
concentration of 1 μg/mL. In turn, for NPs of 44 nm, a significant in-
crease in the percentage of apoptotic cells was observed from the con-
centration of 10 μg/mL, while for NPs of 70 nm from the concentration 
of 100 μg/mL. Two positive controls were used to induce necrotic and 
apoptotic cell death. Hydrogen peroxide (100 μM) was added to induce 
necrotic cell death, which was visualized by staining the cells with 
propidium iodide (red fluorescence), whereas camptothecin (10 mM) 
was added to induce apoptotic cell death, which was visualized by 

Fig. 4. Changes in caspase-8 activity in human PBMCs caused by different sized non-functionalized PS-NPs. Each value represents the mean ± SD obtained from 3 
independent experiments (3 blood donors), while mean value was obtained from at least 2 replications for each donor. Significantly different from control (*) P <
0.05; two-way ANOVA and a posteriori Tukey test. 

Fig. 5. Changes in caspase-9 activity in human PBMCs induced by different sized non-functionalized PS-NPs. Each value represents the mean ± SD obtained from 6 
independent experiments (6 blood donors), while mean value was obtained from at least 2 replications from each donor. Significantly different from control (*) P <
0.05; two-way ANOVA and a posteriori Tukey test. 
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staining the cells with annexin V-FITC (green fluorescence). 

3.2. Cytosolic calcium ions level 

A statistically significant increase in calcium ion level was observed 
for all tested PS-NPs. PS-NPs of 29 nm and 44 nm increased this 
parameter from the concentrations of 0.001–0.1 μg/mL and from 0.01 to 
10 μg/mL, respectively. The highest PS-NPs of 72 nm increased this 
parameter at the concentrations of 0.1 and 10 μg/mL. Furthermore, a 
decrease in calcium ion level was observed at the highest concentration 
of 100 μg/mL of PS-NPs tested, but it was statistically significant only for 
particles of 29 nm and 44 nm (Fig. 2). 

3.3. Mitochondrial transmembrane potential (ΔѰm) 

A statistically significant decrease in transmembrane mitochondrial 
potential was observed after incubation of PBMCs with different di-
ameters of PS-NPs (P < 0.05). PS-NPs of 29 nm in diameter induced 
changes in tested parameter from the concentration of 1 μg/mL (a 
decrease to 78% ± 13% versus control), while PS-NPs of 44 nm and 72 
nm in diameter induced alterations from the concentration of 10 μg/mL 
(a decrease to 82% ± 10% versus control and to 83% ± 7% versus 
control respectively) (Fig. 3). 

3.4. Caspase-8, -9 -3 activation 

Caspase-8 is the initiator caspase of programmed cell death and is 
involved in the receptor pathway of apoptosis. This study showed that 
only PS-NPs of 29 nm of in diameter activated caspase-8 in human 
PBMCs at the concentration of 1 μg/mL (an increase to 160% ± 27% 
versus control; P < 0.05), 10 μg/mL (an increase to 180% ± 11% versus 
control; P < 0.01), and 100 μg/mL (an increase to 194% ± 39% versus 
control; P < 0.001). Other NPs did not activate this enzyme (Fig. 4). 
Furthermore, the differences in caspase-8 activity were statistically 
significant between samples containing tested NPs of 72 nm, 44 nm and 
29 nm at the concentrations of 10 μg/mL and 100 μg/mL (P < 0.02). 

Then, we measured the activity of caspase-9, which is the initiator 
caspase of programmed cell death in the mitochondrial pathway of 
apoptosis. PS-NPs of 29 nm at the concentrations of 10 μg/mL and 100 
μg/mL caused an increase in caspase-9 activation in tested cells after 24 

h of incubation (an increase to 290% ± 132% versus control and to 
355% ± 125% versus control, respectively). PS-NPs of 44 nm and 72 nm 
increased the activity of this enzyme only at 100 μg/mL (an increase to 
280% ± 102% versus control and to 223% ± 101% versus control, 
respectively) (Fig. 5). Differences in caspase-9 activity were statistically 
significant between samples containing NPs of 72 nm and 29 nm at the 
concentrations of 10 μg/mL (P < 0.02) and 100 μg/mL (P < 0.001). 

We also detected caspase-3 activation, which is an executioner cas-
pase of apoptosis. It was found that after 24 h of incubation, PS-NPs of 
29 nm (P < 0.001) and 44 nm (P < 0.02) at the concentrations of 10 μg/ 
mL (an increase to 118% ± 9% versus control and to 118% ± 11% 
versus control, respectively) and 100 μg/mL (an increase to 125% ±
13% versus control and to 120% ± 10% versus control, respectively) 
increased caspase-3 activation in the tested cells (Fig. 6). PS-NPs of 72 
nm in diameter activated caspase-3 at their highest concentration of 100 
μg/mL (an increase to 117% ± 9% versus control, P > 0.05). The dif-
ferences in caspase-3 activity were not statistically significant between 

Fig. 6. Changes in caspase-3 activity in human PBMCs induced by different sized non-functionalized PS-NPs. Each value represents the mean ± SD obtained from 5 
independent experiments (5 blood donors), while mean value was obtained from at least 2 replications for each donor. Significantly different from control (*) P <
0.05; one-way and a posteriori Tukey test. 

Fig. 7. Changes in the level of mTOR in human PBMCs incubated by different- 
sized non-functionalized PS-NPs in the concentrations ranging from 0.1 to 100 
μg/mL for 24 h. Data were presented as the mean ± SD obtained from 6 
measurements, mean value of at least of 1 replications (6 donors). Significantly 
different from control (*) P < 0.05; Student’s t-test for a single sample. 
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the samples containing tested NPs of 72 nm and 44 nm, as well as 26 nm 
in the concentrations of 10 μg/mL and 100 μg/mL (P > 0.05) (two-way 
ANOVA and a posteriori Tukey test). 

3.5. mTOR level 

A statistically significant increase in the level of mTOR was observed 
after incubation of PBMCs with different-sized PS-NPs. PS-NPs of 29 nm 
diameters caused an increase in the level of mTOR at the concentrations 
range from 0.1 to 1 μg/mL (P < 0.05), while PS-NPs of 44 nm raised the 
parameter studied at the concentrations of 0.1 μg/mL to 10 μg/mL (P <
0.05). The biggest NPs of 72 nm of diameters increased mTOR level at 
their highest concentrations of 10 μg/mL and 100 μg/mL (P < 0.05) 
(Fig. 7). 

3.6. ATP level 

PS-NPs of 29 nm of diameter decreased the ATP level at the con-
centrations of 100 μg/mL and 200 μg/mL in human PBMCs (a decrease 
to 63% ± 13% versus control, and to 50% ± 13% versus control, 
respectively). Other tested NPs did not change this parameter (Fig. 8). 
No differences in ATP level between different-sized NPs were found (P 
> 0.05) (two-way ANOVA and a posteriori Tukey test). 

4. Discussion 

Apoptosis is one of the key processes involved in the cell cycle, 
hormone-dependent atrophy, embryonic development, normal immune 
function, and chemical-induced cell death (Elmore, 2007). Several 
studies have shown that PS-NPs interact with cell membranes, resulting 
in alterations in membrane integrity, disturbances in ion transport, and 
signal transduction (Elliott, 2017; Jin et al., 2019; Pinsino et al., 2017). 
The response to nanoplastic toxicity plays a major role in cellular or-
ganelles, mainly mitochondria, whose main role is to produce ATP. 
Mitochondria are responsible for processes, such as bioenergetics, cell 
signaling, and biosynthesis. Mitochondria produce reactive oxygen 
species (ROS) and redox compounds, as well as store calcium ions, 
therefore, they act as regulators of various related signaling pathways, 
which can contribute to many pathologies (Marciniak, 2017; Schwarz 

and Blower, 2016). It has been proven that dysregulation of mitochon-
drial functions plays a key role in the pathogenesis and development of 
numerous types kinds of diseases, including cancer, metabolic syn-
dromes, cardiovascular disease, obesity, neurodegenerative diseases, 
and may accelerate the aging process. These reports are were confirmed 
by the studies of Ly et al. (2003) who showed that mitochondrial 
dysfunction, resulting in the collapse of the transmembrane potential, is 
a parameter that can determine apoptosis induction, although most 
studies have shown that apoptotic triggering reduces the total level of 
ATP in the cell to some extent (Heiden et al., 1999; Lieberthal et al., 
1998; Nomura et al., 1999; Waterhouse et al., 2001; Wu et al., 2019). 
Furthermore, Pinton et al. (2008) showed that calcium ions accumulated 
in the mitochondria and the endoplasmic reticulum are important sec-
ondary messengers in the control of apoptotic cell death. 

Due to the lack of sufficient data on the mechanism of proapoptotic 
action of PS-NPs on PBMCs, we decided to conduct such research. 
Furthermore, we also taken into account our preliminary analysis, 
which showed that PS-NPs at 29 nm in diameter caused about 8% in-
crease in the number (expressed as a percent) of apoptotic cells already 
at the concentration of 1 μg/mL (vs. control 2%), whereas PS-NPs at 44 
nm induced apoptotic changes from the concentration of 10 μg/mL 
(14%). Moreover, At the highest tested concentration of 100 μg/mL, PS- 
NPs of 29 nm, 44 nm and 72 nm increased the number of apoptotic cells 
up to 23%, 16% and 9%, respectively (Kik et al., 2021). 

In the first stage of our analysis, using Annexin V-FITC/PI double 
staining assay, we confirmed the induction of apoptosis under the in-
fluence of the tested NPs, which was previously determined using flow 
cytometry (Kik et al., 2021). The highest increase in the number of 
apoptotic cells was observed after treatment of the PBMCs with PS-NPs 
of 29 nm, then NPs of 44 nm, and finally NPs of 70 nm. 

Then, we examined changes in the level of cytosolic calcium ions and 
changes in mitochondrial transmembrane potential (ΔѰm) in tested 
cells incubated with examined PS-NPs in the concentrations range from 
0.001 to 100 μg/mL for 24 h. A statistically significant increase in the 
level of cytosolic calcium ions was observed in PBMCs incubated with all 
tested NPs at low concentrations of 0.001–0.1 μg/mL (Fig. 2). The cal-
cium ion is an important regulator of apoptosis. An increase in Ca2+

mitochondrial uptake results in a change in mitochondrial depolariza-
tion, and then the opening of the mitochondrial permeability transition 

Fig. 8. Changes in ATP level in human PBMCs incubated with different-sized non-functionalized PS-NPs in the concentrations ranging from 0.001 to 200 μg/mL for 
24 h. Each value represents the mean ± SD obtained from 5 experiments (5 blood donors), while mean value was obtained from at least 3 replications for each donor. 
Significantly different from control (*) P < 0.05; one-way ANOVA and a posteriori Tukey test. 
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pore (mPTP), which leads to apoptotic cell death. Calcium ions can also 
activate calpains, which cleave various proteins from the BCL-2 family 
(D’Orsi et al., 2012; Hajnóczky et al., 2003; Sukumaran et al., 2021). 
Our results indicated an increase in calcium ion level at the concentra-
tions lower than those that caused changes in other apoptotic parame-
ters, indicating that this process preceded the entire cascade of apoptotic 
changes. 

We also observed a statistically significant decrease in mitochondrial 
transmembrane potential in cells treated with all tested particles. NPs 
with a diameter of 29 nm caused changes in ΔѰm from a the concen-
tration of 1 μg/mL, while larger particles induced alterations in this 
parameter from the concentration of 10 μg/mL. Tang et al. (2022) 
studied the effect of PS-NPs of 50 nm at the concentrations of 20, 50, 100 
and 200 μg/mL on SHY-5Y human neuroblastoma cells. This analysis 
showed that PS-NPs caused mitochondrial damage resulting from 
increased release of lactate dehydrogenase, inhibition of cell prolifera-
tion, stimulation of oxidative stress response, increased Ca2+ level, and 
apoptosis. In addition, they observed a decrease in of the mitochondrial 
transmembrane potential and the level of adenosine triphosphate level 
in examined cells. Other studies have revealed that the exposure of 
human astrocytoma cells to modification with 50 nm diameter of PS-NPs 
amines modifications caused mitochondrial damage to the mitochon-
dria, and consequently led to their apoptotic death (Wang et al., 2013). 
Another study also confirmed the above findings. Lu et al. (2022) proved 
that PS-NPs with a diameter of 20 nm at the concentration of 80 μg/mL 
could disrupt the integrity of the cell membrane in Caco-2 cells. In these 
studies, a significant increase in ROS level was observed, which was 
associated with the loss of mitochondrial transmembrane potential. 
Other researchers have also observed an increase in the level of ROS and 
NADPH4 oxidase (NOX-4-ROS generator, located in the mitochondria 
and the endoplasmic reticulum) in A549 lung epithelial cells treated 
with PS-NPs (Halimu et al., 2022). Mitochondrial damage, such as 
suppression of mitochondrial respiration and changes in mitochondrial 
transmembrane potential, has were also been reported in human liver 
cells exposed to PS-NPs of 80 nm (Lin et al., 2022). Many other studies 
have also confirmed that plastic particles induce mitochondrial disor-
ders (Florance et al., 2022; Wang et al., 2021; Zhang et al., 2022). 

ROS also play a central role in cell signaling and in regulation of the 
main pathways of apoptosis mediated by mitochondria, death receptors, 
and the endoplasmic reticulum. Elevated levels of cytosolic calcium ions 
and increased ROS formation are known to reduce electrolyte transport 
across the mitochondrial membrane, leading to the opening of PTP and 
reduction of ΔѰm (Wacquier et al., 2020). Finally, various proapoptotic 
proteins are released, activating the mitochondrial death pathway 
(Moungjaroen et al., 2006; Oliveira et al., 2019). ROS can bind to death 
receptors containing the death domain (DD) and initiate the extrinsic 
pathway of apoptosis (Zhang et al., 2005). Studies of PS-NPs have 
indicated the induction of oxidative stress by these molecules by through 
generating intracellular ROS (Liu et al., 2020; Sarasamma et al., 2020). 
In the study of Li et al. (2022), the exposure of mice to plastic NPs led to 
apoptosis induction, an increase in the expression of proteins associated 
with this process, ROS production, and alterations in mitochondrial 
transmembrane potential in spleen lymphocytes. Furthermore, Hu et al. 
(2021) showed that the fluorescent PS-NPs with a diameter of 42 nm 
activated the p38 MAPK signaling pathway in RAW 264.7 cells of 
Zebrafish rerio larvae, which showed that they induced apoptosis. Also, 
our previous results (Kik et al., 2021) showed that the NPs tested 
increased ROS level and caused the oxidation of lipids and proteins in 
human PBMCs. The consequence of these processes may be DNA lesions, 
such as single/double-strand breaks formation, purines and pyrimidines 
oxidation, and 8-oxo-dG creation (only PS-NPs of 29 nm of diameter) 
(Malinowska et al., 2022). These oxidative changes, which increase ROS 
level, and DNA damage can induce apoptosis directly through the DNA 
damage reaction (DDR). DDR promotes apoptosis and prevents the 
spread of abnormal cells. The tumor suppressor protein p53 is one of the 
most important molecules that control DNA damage. P53 is capable of 

inducing apoptosis by interacting with apoptotic protein Bax and block 
this process through antiapoptotic factor BCl2 (Baran et al., 2014). 
Schmidt et al. (2023) showed that after acute exposure to nano- and 
microplastic PS, the expression pattern of the p53 tumor suppressor 
protein increased in murine skin cells. 

The process of apoptosis is strictly regulated by enzymes in the 
cysteine protease group, the so-called caspases. Early markers of pro-
grammed cell death, include caspases-8 and caspase-9 activation clas-
sified as initiating and caspase-3 classified as executive (Elmore, 2007). 
That is why, we measured their activity next. For this purpose, we 
incubated PBMCs with PS-NPs in the concentrations range from 0.001 to 
100 μg/mL. We observed that only PS-NPs with a diameter of 29 nm 
caused statistically significant changes in the activity of all studied 
caspases. On the other hand, particles with diameters of 44 nm and 72 
nm caused changes in the activity of caspase-9 and caspase-3, while they 
did not activate caspase − 8. Xu et al. (2019) evaluated the effects of 25 
nm and 70 nm PS-NPs on a human alveolar epithelial cell line A549. 
They observed that the tested NPs induced a significant change (up-re-
gulation) in the expression of proapoptotic proteins, i.e., caspases-3, -8, 
and -9 and cytochrome c, which resulting in apoptosis. Furthermore, 
research conducted by Liu et al. (2022) showed that PS-NPs of 50 nm, 
500 nm and 5 μm triggered apoptosis in rat basophilic leukemia 
(RBL-2H3) cells. They observed that antiapoptotic genes (Bcl-2) were 
down-regulated, and proapoptotic Bax and caspase-3 genes were 
up-regulated. PS-NPs by induction of oxidative stress led to mitochon-
drial and lysosomal damage, arrested disturbed the cell cycle in the 
G0/G1 phase, and caused apoptosis. In other studies, PS-NPs have been 
shown to induce apoptosis in mouse cell lines (L. Liu et al., 2022), and 
mouse intestinal epithelial cells (Liang et al., 2022). Banerjee et al. 
(2021) studied the effect of PS-NPs with a size of 50–5000 nm in the 
concentrations range of 0.1–100 μg/mL on gastric epithelial cells 
(SNU-1). Exposure of SNU-1 to PS-NPs was shown to increase caspase-8 
and caspase-3 activities. Additionally, the tested particles changed the 
levels of BAX and Bcl-2, which play a significant role in the progression 
of apoptosis (Kale et al., 2018). Other researchers have shown that 
up-regulation of BAX results in apoptotic cell death as a result of damage 
to the outer mitochondrial membrane (permeabilization). Bcl-2 in-
activates BAX, thus performing a pro- or anti-apoptotic function 
(Boersma et al., 1997; Olsson and Zhivotovsky, 2011; Westphal et al., 
2014). Bexiga et al. (2011) observed activation of caspases 3/7 and 
caspase-9 in the human astrocytoma cell line exposed to PS-NPs. These 
results suggested that PS-NPs may have mediated cell death through an 
apoptotic mechanism associated with mitochondrial damage. Subse-
quent studies revealed that in male rats exposed to PS-NPs at a dose of 3 
mg/kg/day, there was an increase in the expression of genes associated 
with apoptosis (Yasin et al., 2022). They observed positive expression of 
caspase 3. 

We also revealed that caspase-8 activity increased after the incuba-
tion of PBMCs with the smallest 26 nm NPs. These particles also caused 
the largest oxidative changes (Kik et al., 2021) and most strongly 
increased ROS level (Malinowska et al., 2022). This high ROS increase 
was likely to activate the external pathway of apoptotic cell death. It has 
been shown that ROS activates transmembrane death receptors, such as 
Fas, TRAIL-R1/2 and TNF-R1. Apoptosis mediated by death receptor 
involves the recruitment of the adapter proteins FADD and procaspase-8 
or-10 to the cytoplasmic surface of the receptor to form death-inducing 
signal complex (DISC). This results in the activation of caspase-8/-10 
that can directly activate caspases-3/-6/-7, and induce apoptosis. 
Caspases-8/-10 are also capable of dividing Bid into tBid, which acti-
vates a pathway of crosstalk between the death receptor and the mito-
chondria. tBid moves to mitochondria and blocks the anti-apoptotic 
activity of Bcl-2 and Bcl-XL, thus activating Bax and Bak. This results in 
the release of cytochrome c and the Smac/Diablo into the cytosol, and 
activation of the intrinsic apoptosis pathway (Redza-Dutordoir and 
Averill-Bates, 2016). 

mTOR acts as a master switch of cell catabolism and anabolism. 
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mTOR was recently found to have profound effect on apoptosis control. 
mTOR is a serine/threonine kinase, which transfers signals by direct 
phosphorylation or by inhibiting PP2A phosphatase (Castedo et al., 
2002). Cytokines, growth factors, such as insulin, nutrients, including 
amino acids, glucose, and nucleotides, as well as, cellular stressors, 
including ROS and hypoxia are capable of regulating of mTOR activation 
in T cells (Huang et al., 2020). Microplastics may influence reproductive 
function of male by activating various signaling pathways, such as 
mTOR (Dubey et al., 2022; Wei et al., 2021). mTOR signaling is regu-
lated by Ca2+ binding proteins, particularly calmodulin (Amemiya et al., 
2023; Li et al., 2016). We observed an increase in the level of cytosolic 
calcium in tested PBMCs incubated already with low concentrations of 
NPs, which could be a cause of mTOR activation. We noticed an increase 
in mTOR level in PBMCs exposed to PS-NPs concentrations lower than 
those, which triggered apoptosis (0.1 μg/mL - 26 nm; 0.1 μg/mL and 1 
μg/mL - 44 nm and 10 μg/mL - 72 nm) or at the concentrations that had 
negligible effect on apoptosis (1 μg/mL - 26 nm; 10 μg/mL - 44 nm and 
100 μg/mL for 72 nm). Where a significant increase in apoptosis was 
found, the mTOR level returned to the control value (10 μg/mL and 100 
μg/mL - 26 nm; 100 μg/ml - 44 nm). Thus, the reduction of elevated 
mTOR levels resulted in an intensification of apoptosis (Saxton and 
Sabatini, 2017). The induction of the mTOR protein that we observed at 
low PS-NPs concentrations is in agreement with the data published by 
Wang et al. (2022) and Castedo et al. (2002). Wang et al. (2022) showed 
that mTOR modulates apoptosis of endoplasmic CD4+T cells induced by 
stress through ROS in septic immunosuppression. Castedo et al. showed 

that mTOR kinase contributes to apoptosis induced by the HIV-1 Env 
genoprotein of the HIV-1 virus (Castedo et al., 2002). The immunoflu-
orescence methods used by them showed that the mTOR kinase protein 
was accumulated in the nucleus of synaptic cells, before the phosphor-
ylation of P53 protein. After P53 phosphorylation, the next step of 
apoptosis in these cells was to activate BAX protein, increase mito-
chondrial permeability, release cytochrome c and activate cascade of 
caspases. 

The studies have shown that the total level of ATP (Budd et al., 2000; 
Leist et al., 1997) remains unchanged in the early stages of apoptosis, 
and Lu et al. (2022) even suggested that the prerequisite for apoptotic 
cell death is an increase in ATP levels in the cytosol. In our studies, we 
did not noted observed elevated ATP level, but only a decrease in this 
parameter after exposure of PBMCs to the highest concentrations (100 
μg/mL and 200 μg/mL) of the smallest NPs of 29 nm. Apoptosis is an 
active process that requires energy and the primary energy carrier in 
mitochondria is ATP, which is essential for all living cells. Researchers 
have suggested that intracellular ATP levels may modulate external-
ization of phosphatidylserine during apoptosis and indicated to 
ATP-dependent translocation of aminophospholipids in this process 
(Gleiss et al., 2002). Imamura et al. (2020) showed that cytosolic ATP 
affects caspase-3 activation, and this process usually ends within 2 h. 
Programmed cell death occurs when ATP is depleted, but only when 
there is sufficient energy in the cell to activate the pathways that 
mediate and induce cell death (Imamura et al., 2020). If a decrease in 
ATP level is constant, it can lead to necrosis. A decrease in metabolic 

Fig. 9. Proposed mechanism of apoptosis induction in PBMCs based on the obtained results in this study and previously published results by our team (continuous 
arrow) and suggested changes based on literature data (dashed arrow). All tested PS-NPs induced apoptosis by the involvement of the mitochondrial pathway 
(increase of cytosolic Ca2+ level, decrease of transmembrane mitochondrial potential, activation of caspase-9 and -3). Moreover, the smallest NPs of 29 nm of 
diameter increased caspase-8 activity, activating the external pathway of apoptosis, probably through a high increase in ROS level induction. All PS-NPs tested 
increased ROS level, lipid and protein peroxidation (Kik et al., 2021), and consequently caused DNA damage (Malinowska et al., 2022), which probably due to 
increased p53 level induced apoptosis. 
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activity in PBMCs measured by the MTT test under the influence of 
PS-NPs with a diameter of 29 nm was shown in previous studies but only 
from their high concentration of 300 μg/mL (Malinowska et al., 2022), 
while a decrease in cell viability (necrotic changes) (stained with calcein 
and PI measured by the cytometric method) occurred even from the 
concentration of 500 μg/mL (Kik et al., 2021). A decreased ATP level 
was also observed in mouse GC-2 cells and in various regions of the 
mouse brain after exposure to PS-NPs (Liang et al., 2022; T. Liu et al., 
2022). 

In summary, the PS-NPs studied induced apoptosis by the involve-
ment of the mitochondrial pathway; although the smallest NPs of 29 nm 
in diameter also activated the external pathway, probably via induction 
high ROS level (Fig. 9). Similarly, as in our previous studies on the pro- 
oxidative and genotoxic potential, the greatest apoptotic effects were 
provoked by the smallest PS-NPs of 29 nm, when compared to PS-NPs of 
larger diameter (72 nm). Furthermore, we have demonstrated an in-
crease in mTOR level preceding apoptosis, and its return to control value 
as a result of enhanced apoptosis. 

5. Conclusion 

1. Tested PS-NPs induced apoptosis by the involvement of the mito-
chondrial pathway by increasing the cytosolic Ca2+ level, decreasing 
of transmembrane mitochondrial potential, and activating caspase-9 
and caspase-3.  

2. The smallest PS-NPs of 29 nm in diameter also increased caspase-8 
activity, activating the extrinsic pathway of apoptosis.  

3. An increase in the level of mTOR was observed before apoptosis was 
triggered, and its level returned to control value, when apoptosis 
escalated.  

4. Apoptotic changes and an increase in mTOR level depended on the 
size of the tested NPs. The largest changes were induced by the 
smallest nanoparticles with a diameter of 29 nm.  

5. Apoptotic changes were noted at PS-NPs concentrations that are 
unlikely to be found in the blood of people who are environmentally 
exposed to these particles. 
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