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Podziekowania

Nie fatwo byto pogodzi¢ ksztatcenie w szkole doktorskiej z obowigzkami pracy
zawodowej, nie fatwo byto wyznaczac¢ granice i decydowaé o tym, na co nalezy

w danej chwili poswieci¢ czas i na czym sie skupic, ale,

...ale od samego poczatku wiedziatem, ze w tym wszystkim moge liczy¢ na Pani
pomoc, ze wspiera mnie Pani swojg wiedzg i doswiadczeniem, wiec teraz chciatbym

za to wszystko podziekowac.

Przychodzgc na rozmowe cztery lata temu, nie znatem tutaj nikogo, nie wiedziatem
zbyt wiele o strukturze uczelni i absolutnie nic o wyposazeniu, z ktdérego miatem
pozniej korzystac. Wprowadzita mnie Pani w Swiat nauki, otworzyta drzwi do
laboratorium zaréwno w znaczeniu dostownym jak i w przenos$ni, uczyfa, jak
postepowac i na co zwraca¢ uwage. Nie zawsze miatem na wszystko czas, byc¢
moze powinienem dac od siebie wiecej, ale dzieki Pani czutem sie w tym wszystkim
spokojny i wiedziatem, co nalezy robi¢. Okazata mi Pani wyrozumiatos¢, cierpliwosc,

zrozumienie. Bardzo wiele sie nauczytem i pozostaje Pani moim mentorem nauki.

Dziekuje za wspdlne cztery lata pracy, dziekuje, ze byta Pani moim promotorem,

dziekuje za wszystko.
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Ta praca nie powstataby réwniez dzieki moim serdecznym kolegom
i kolezankom ze szkoty doktorskiej. Dziekuje Wam, Moi Drodzy, za wszystkie
spedzone wspolnie chwile, za niezliczone godziny w laboratorium, za Wasze
wsparcie, pomoc i dobrg rade. To rowniez dzieki Wam doktorat bede zawsze

wspominat z ogromnym sentymentem.
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»Nie chodzi o zdobycie gory, lecz o swiadomos¢ drogi, ktora

prowadzi na szcy,,
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Praca zostata zrealizowana we wspotpracy z Jagiellonskim
Centrum Innowacji, w ktérym wykonano pomiary mikroplastiku

oraz analize jego zawartosci w tkankach dzdzownic.
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Wykaz skrétow

PE — (ang. polyethylene) - polietylen
PE-LD —(ang. low density polyethylene)- polietylen niskiej gestosci
PE-HD —(ang. high density polyethylene) polietylen wysokiej gestosci

PA — (ang. polyamide) poliamid
PS — (ang. polystyrene) polistyren
PP — (ang. polypropylene) polipropylen

PES — (ang. polyester) poliester

PC — (ang. polycarbonate) poliweglan

PVC — (ang. polyvinyl chloride) polichlorek winylu
PU — (ang. poluutherane) poliuretan

PMMA - (ang. poly(methyl methacrylate) poli(metakrylan) metylu

EVA — (ang. ethylene-vinyl acetate) poli(etylen-co-octan winylu)

PET — (ang. olyethylene terephthalate) — politereftalan etylu

MP — (ang. microplastic) mikroplastik

L.T — Lumbricus terrestris

D.v — Dendrobaena veneta

GST — S-transferaza glutationowa

GSH — glutation

CAT — (catalase) katalaza

FTIR — (ang. Fourier transform infrared spectroscopy) spektroskopia w

podczerwieni z transformacjg Fouriera

GOZ - Gospodarka obiegu zamknietego
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Streszczenie

Dynamiczny rozwdj przemystu tworzyw sztucznych, zapoczgtkowany
w latach 50. XX wieku doprowadzit do masowej produkcji oraz globalnego
wykorzystywania plastiku w wielu branzach gospodarczych. Niskie koszty ich
wytwarzania, wytrzymatosc¢ oraz zréznicowane wiasciwosci sprawity, ze tworzywa
te sg powszechne, tatwo dostepne oraz czesto wykorzystywane jednorazowo.
Wptywa to bezposrednio na ilo§¢ produkowanych odpadéw, ktore w niewielkim tylko
stopniu podlegajg recyklingowi i najczesciej trafiajg na sktadowiska, gdzie czynniki
biotyczne i abiotyczne sprzyjajg ich fragmentacji i uwalnianiu drobnych czgstek
zwanych mikroplastikiem (MP).

Praca opisuje nomenklature zwigzang z mikroplastikiem, réznicujgc go wzgledem
wielkosci oraz pochodzenia, omawia mozliwe drogi migracji, wptyw na ekosystemy
wodne i lgdowe, a takze ztozone zaleznosci uwzgledniajgce mobilnos¢ czgstek.
Dokumentuje przypadki akumulacji tworzyw w organizmach zwierzat, zarowno
bezkregowcow srodowiska morskiego jak i lgdowych, w tym ssakéw. Wskazuje
réwniez na problem wystepowania mikroplastiku w glebie, zagrozenia jakie stanowi
dla ogotu tego ekosystemu oraz obszerng metodyke umozliwiajgca jego skuteczne
wykrywanie. W kolejnych fragmentach, praca skupia sie na roli dzdzownic jako
organizmach zdolnych do koegzystowania w Srodowisku zanieczyszczonym
mikroplastikiem, przez co nasuwa sie szereg pytan o mozliwos¢ ich wykorzystania
w procesach bioindykacji gleby oraz potencjalnych zastosowaniach w inzynierii
Srodowiska.

W czeSci badawczej pracy opisane zostaty sposoby roznicowania wybranych
gatunkoéw dzdzownic, reprezentujgcych rézne grupy ekologiczne: (Lumbricus
terrestris, Dendrobaena veneta, Aporrectodea caliginosa, Eisenia fetida oraz
Eisenia andrei) wzgledem ich wrazliwosci na obecnos¢ zanieczyszczenia MP w
glebie. Na podstawie wynikdw badan, miedzy innymi posredniego markeru
detoksykacji i reakcji adaptacyjnej organizméw na stresory srodowiskowe, w tym
mikroplastiki oraz ogolnej przezywalnosci osobniczej i gatunkowej wytonione

zostaty dwa gatunki, ktére postuzyly do dalszych analiz poznawczych.
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W pracy wykorzystano mikroplastik o zroznicowanych wiasciwosciach
chemicznych, wielkosciach oraz ksztattach, dla poprawnego odwzorowania
naturalnego zanieczyszczenia Srodowiska, a pilotazowg frakcjg byty
fluorescencyjne zielone mikrosfery polietylenowe (PE) o rozmiarach 1-5 ym, 10-20
pm, 32-38 pm, 38-45 ym i 53-63 ym oraz fioletowe mikrosfery polietylenowe o
rozmiarach 38-45 ym i 75-90 ym. Zastosowano réwniez politereftalan etylenu (PET)
w postaci nieregularnych granulek o rozmiarach 10-5000 ym, poliamid (PA) w
postaci witokien o rozmiarach 10-2000 um oraz polistyren (PS) w postaci
nieregularnych strzepkéw folii o rozmiarach 10-5000 ym.

Praca opisuje sposoby pozyskiwania tkanek dzdZzownic oraz metode detekc;ji
mikroplastiku z zastosowaniem ziozonej aparatury takiej jak mikroskopia
ramanowska i optyczna, respirometria Echo czy tez spektroskopia w podczerwieni
z transformacjg Fouriera (FTIR), okreslajgce potozenie przestrzenne oraz strukture
wigzan chemicznych. Dodatkowo znalazta sie dyskusja na temat ogotu
przeprowadzanych w podobny sposob badan i roznic wynikajgcych miedzy innymi
z doktadnosci oraz rozdzielczosSci wykorzystywanych urzadzen pomiarowych
w dostepnych publikacjach.

W ostatnich rozdziatach rozprawy podsumowano opisane metody i na tej podstawie
okreslono korelacje stezenia mikroplastiku w glebie oraz tkankach dzdZzownic.
Zawarte w pracy informacje potwierdzajg zaleznosci oraz zostaty poparte analizami
statystycznymi dla petniejszego zobrazowania kwestii akumulacji. Dodatkowo,
praca opisuje oraz potwierdza znaczgce roznice stezen tworzyw w tkankach oraz
w 0golnym ujeciu dzdzownic hodowanych w skali laboratoryjnej oraz hodowli

zewnetrzne,;.

Na podstawie przeprowadzonych badan, analiz biochemicznych
i mikrobiologicznych ustalono, ze Lumbricus terrestris oraz Dendrobaena veneta to
gatunki najlepiej przystosowane do zycia w glebie z zawartoscig mikroplastiku.
Wykorzystana w trakcie pracy aparatura pomiarowa pozwolita na precyzyjng
detekcje czgstek zawartych w tkankach, a modelowanie matematyczne umozliwito
okreslenie korelacji stezenia gleba/ tkanka. Moze by¢ to niezwykle istotne
w perspektywie inzynierii Srodowiska dajgc nowe mozliwosci w metodyce

monitorowania jakosciowego gleby.
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Summary

The rapid development of the plastics industry, which began in the 1950s,
has led to the mass production and global use of plastics in many economic sectors.
Low production costs, durability and diverse properties have made these plastics
widespread, readily available and often disposable. This has a direct impact on the
amount of waste produced, which is only minimally recycled and most often ends
up in landfills, where biotic and abiotic factors promote their fragmentation and the
release of fine particles called microplastics (MP).

The work describes the nomenclature associated with microplastics differentiating
them by size and origin, discusses possible migration routes, effects on aquatic and
terrestrial ecosystems, as well as complex relationships considering particle
mobility. He discusses cases of plastic accumulation in animal bodies, both marine
and terrestrial invertebrates, including mammals. It also points out the problem
of the occurrence of microplastics in soils, the threat they pose to this ecosystem
in general, and the extensive methodology for their effective detection. In the
following sections, the paper focuses on the role of earthworms as organisms
capable of coexisting in microplastic-contaminated environments, thus raising a
number of questions about their possible use in soil bioindication processes and

potential applications in environmental engineering.

The research part of the paper describes the ways in which selected earthworm
species, representing different ecological groups, can be differentiated: (Lumbricus
terrestris, Dendrobaena veneta, Apporectoda Caliginosa, Eisenia fetida and Eisenia
andrei) with respect to their sensitivity to the presence of MP contamination in the
soil were described. Based on the results of the study, among other indirect markers
of detoxification and the adaptive response of organisms to environmental stressors,
including microplastics, and overall individual and species survival, two species
were selected for further cognitive analyses.

Microplastics of varying chemical properties, sizes and shapes were used in this
study, for correct representation of natural environmental pollution, and the pilot
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fraction was spherical fluorescent green polyethylene (PE) microspheres in sizes of
1-5 ym, 10-20 ym, 32-38 ym, 38-45 pm and 53-63 ym, and purple polyethylene
microspheres in sizes of 38-45 ym and 75-90 ym. Polyethylene terephthalate (PET)
in the form of irregular pellets of 10-5000 uym, polyamide (PA) in the form of fibres of
10-2000 uym and polystyrene (PS) in the form of irregular film shreds of 10-5000 pym
were also used.

The paper describes methods of extracting earthworm tissues and the method of
microplastic detection using complex apparatus such as Raman and optical
microscopy, Echo respirometry or Fourier transform infrared spectroscopy (FTIR) to
determine the spatial position and structure of chemical bonds. In addition, there
was a discussion of the totality of studies carried out in a similar way and the
differences resulting, among other things, from the accuracy and resolution of the
measuring equipment used in the available publications.

The final chapters of the dissertation summarize the methods described and, on this
basis, determine the correlation of microplastic concentrations in soil and earthworm
tissues. The information contained in the dissertation confirms the correlations and
is supported by statistical analyses to illustrate the accumulation issue more fully.
In addition, the work describes and confirms the significant differences in plastic
concentrations in the tissues and in general of earthworms reared at the laboratory

scale and outdoor culture.

Based on the research, biochemical and microbiological analyses, it was
determined that Lumbricus terrestris and Dendrobaena veneta were the species
best adapted to living in soil with microplastic content. The measuring apparatus
used during the work allowed precise detection of particles contained in tissues, and
mathematical modeling made it possible to determine soil/tissue concentration
correlations. This could be extremely important in an environmental engineering

perspective providing new opportunities in soil quality monitoring methodology.
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Wstep

Rozprawa doktorska, ktérg sktadam na Panstwa rece ma strukture ciggu
utozonych tematycznie artykutdw, z ktorych czes¢ =zostata opublikowana,
a pozostate przygotowane do publikacji. Wstep ten ma na celu przeprowadzenie
przez wszystkie te prace, omawiajgc najwazniejsze ich wartosci, objasniajgc wybor
metodyki oraz udziat w ogoélnym zatozeniu rozprawy. Dodatkowo, niezwykle istotne
jest dla mnie opisanie juz na wstepie wszystkich niescistosci wynikajgcych
z dostepnej literatury, a takze motywacji, ktérg kierowatem sie dobierajgc kolejne
tematy, a w konsekwencji ostatecznego celu, do ktérego dgzytem na podstawie
zebranych informacji. Mam ogromng nadzieje, ze rozprawa ta bedzie stanowita
wyczerpujgce  zrédto  informacji na temat podjetego  zagadnienia,
a przedstawione artykuty zostang odebrane jako naukowe potwierdzenie opisu.

Na podstawie dostepnej literatury, a takze doniesien naukowych i danych
publicznych, z pewng dozg przekonania chciatbym stwierdzi¢, ze ,mikroplastik” jest
pojeciem niezwykle medialnym, kontrowersyjnym oraz stanowigcym przedmiot
dyskusji na wielu ptaszczyznach. To nie wszystko, uwazam ponadto, ze niewiele
jest dyscyplin naukowych, w ktérych nowe badania, przedostajgc sie do srodowiska
komercyjnego wywotujg skrajne emocje oraz usilnie wptywajg na wyobraznie
odbiorcow. Mikroplastik wcigz cieszy sie wysokag popularnoscig na wielu portalach,
czesto nie majgcych podtoza naukowego, gdzie brak recenzji oraz swoboda pisma
redaktorow naktada cien i okresla ten wiasnie mikroplastik w sposob bardzo
krytyczny. | chodz najczesciej informacje takie zawierajg w sobie ziarno prawdy,
manipulacja danymi, odpowiedni dobdr stébw, a czasem przeplatane
niedopowiedzenia sprawiajg, ze przekaz dedykowany jest pod masowy odbiér
i kierowany maksymalnym zasiegiem. Niesie to za sobg szereg konsekwencji takich
jak niezrozumienie ogdlnego zagrozenia, czasem réwniez bezsilnos¢ wobec
czgstek tworzywa i niepokoj, zwtaszcza gdy czytamy o Sredniej iloSci mikroplastiku,
ktorg spozywamy tygodniowo, o mikroplastiku w naszej krwi, w naszym mozgu czy
tez watrobie. Oczywiscie nalezy sprawe przedstawi¢ jasno- zagrozenie jakim jest
obecnos¢ mikroplastiku jest realne, faktycznie wptywa ono na szereg powiktan na
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poziomie biochemicznym, jednak warto fakty te przedstawi¢ w sposob przejrzysty,
nawigzujgc do ogotu sytuacji, a takze w odniesieniu do ich rzeczywistego znaczenia.
W pewnym stopniu popularnos¢ zanieczyszczenia srodowiska tworzywami oraz
wynikajgca z tego dyskusja jest w petni zrozumiata, i nawet jesli nie zawsze oddaje
rzeczywisty obraz problemu to dobrze jest, abySmy byli Swiadomi tego zagrozenia
w przypadku gdy nie zgadzamy sie w petni z proponowanymi rozwigzaniami,
majgcymi na celu ochrone przed mikroplastikiem. Mowa tu o obostrzeniach
prawnych, badaniach nad nowymi rodzajami biodegradowalnych tworzyw,
finansowaniem juz istniejgacych analiz, a takze niesymetrycznym udziale panstw
Swiata w ogolnym stopniu produkcji tworzyw i ostatecznie mikroplastiku. Zupetnie
inaczej natomiast konflikt ten przejawia sie w Srodowisku naukowym, na
ptaszczyznie publikacji oraz wzajemnego cytowania, powotywania sie na zrédta
oraz podwazania innych wynikow. Kontrowersje wynikajace z roznic publikowanych
informacji bywajg obszerne i najczesciej majg podtoze weryfikacji danych, poboru
préb, czy tez doktadnosci aparatury pomiarowej. | w tym przypadku nalezy sprawe
potraktowaC z pewng dozg dystansu oraz zrozumieniem dla stron, zdaje sie
bowiem, ze niezwykle intensywny rozwoj technologii oraz nowoczesne metody
badawcze w pewnym stopniu eliminujg wiarygodnosc¢ artykutéw opublikowanych
kilka lat temu i w pewnym stopniu jest to podstawg nauki- rozwéj oraz doskonalenie
techniczne. llos¢ publikacji dotyczgca mikroplastiku na wykresie jest funkcjg liniowg
o silnej tendencji wzrostowej, nowe badania napedzajg kolejne, wyniki stanowig
podstawe dla dalszych analiz i czesto otwierajg drzwi do szerszego pojmowania
sprawy. Poczatkowo obejmowaty one wystepowanie mikroplastiku w ocenach, jego
stezenie oraz wplyw na organizmy morskie, z czasem zaczety opisywac
mikroplastik zawarty w glebach, a dzis- artykuty obejmujg juz szerokg game migrac;ji
czastek z uwzglednieniem warunkéw hydrologicznych, geologicznych, wptyw na
organizmy na poziomie molekularnym, czy tez wektorowanie dla specyficznych
zwigzkow. Czytajgc artykuty, a pdzniej piszgc swoje i spoglgdajgc na to dzis-
z pewnej metaforycznej perspektywy widze, jak bardzo dynamicznym tematem jest
mikroplastik i jak bardzo wiele wcigz jest do przebadania, oraz ze badania te zdajg

sie mieC zawsze kolejny etap.
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Zapraszam do zapoznania sie z przewodnikiem po mojej pracy, w ktérym opisywat
bede poszczegdlne artykuty i omawiat dodatkowo to, co uwazam za istotne, aby
praca byta kompletna i w petni czytelna.

Motywacja podjecia tematu

Jako pasjonat biologii, Srodowiska naturalnego oraz ogromny mitosnik
zwierzat, staratem sie w najlepszy mozliwy sposéb wykorzystaCc okres nauki
w szkole doktorskiej, aby poszerza¢ swojg wiedze nie tylko pod katem merytoryki
oraz badan laboratoryjnych, ale takze z perspektywy dostrzegania zmian
Srodowiska w réznych czesciach swiata. Uwazam bowiem, ze petne zrozumienie
tematu jest mozliwe tylko i wéwczas wtedy, kiedy doswiadczymy go osobiscie
w wielu sytuacjach i nasza pewnosc¢ siebie, nasze zatozenia oraz przewidywania
zostang zburzone tym, co odkryjemy poza horyzontem poznawczym dla nas
samych. Zanieczyszczenie srodowiska jest tematem powszechnym, ktére nie
wywiera juz wrazenia na ogole ludnosci i chodz wszyscy zdajg sobie sprawe
z istnienia tego problemu, to wcigz wydaje sie ham ono zazwyczaj obce, dalekie.
Pokazywane obszary o silnym zanieczyszczeniu w krajach bez wydajnego systemu
ich zagospodarowania dotyczg najczesciej panstw spoza Europy, przez co
dodatkowo, procz czesciowej obojetnosci moze ksztattowac sie uczucie bezsilnosci
oraz braku realnego wptywu na polityke tych wiasnie panstw. Szybko mozna przejs¢
z takich doniesien do tych dotykajgcych naszego otoczenia; kraju czy regionu, ktore
przypisane majg wiekszg wage wzgledem wplywu bezposredniego. To w petni
zrozumiate. Jednak wszystko zmienia sie, kiedy dotkniemy tego swiata, ktory
wydaje sie by¢ swiatem rownolegtym, gdy zobaczymy obszary o trudnej do
wyobrazenia powierzchni pokryte odpadami, kiedy zobaczymy wszechobecne
reszki toreb plastikowych tuz przy parkach narodowych, czy tez porzucony sprzet
elektroniczny przy siedlisku rzadkich gatunkow. Perspektywa zmienia sie. Teraz,
ochrona przyrody przyjmuje wymiar osobisty, kontrast jakim sg pradawne lasy
deszczowe oraz nielegalne sktadowiska odpadéw sprawia, ze dla kazdego biologa
chwile te zapadajg w pamieci. | oto wlasnie moj cel, moja motywacja oraz chec

uczestnictwa procesie lepszego poznania tego wtasnie zanieczyszczenia.
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Mikroplastik wystepujacy w Srodowisku naturalnym stanowi realne zagrozenie,
mechanizmy warunkowane ogromem czynnikéw biotycznych i abiotycznych nie sg
doktadnie zbadane, nie wiemy tym samym jakie sg dtugoterminowe skutki wptywu
czgstek na organizmy, a nawet w jaki sposob wykrywac je w roznych srodowiskach.
Metodyka opisujgca separacje mikroplastiku jest ztozona, (opisze to w kolejnych
rozdziatach przewodnika), rodzaje gleby, jej struktura oraz zawarto$¢ organiki
sprawiajg, ze nie mozna postuzy¢ sie jedng uniwersalng metodg pomiarowa,
zwtaszcza dla préb srodowiskowych, dlatego chciatbym zaproponowa¢ metode
opartg na analizie tkankowej wybranych gatunkéw dzdzownic, jako jedno z narzedzi
monitorowania mikroplastikbw w Srodowisku oraz nowym kierunku badawczym

w dyscyplinie inzynieria Srodowiska.

Uzasadnienie podjecia tematu

Dzdzownice sg organizmami kosmopolitycznymi, szeroko wystepujgcymi
w wielu obszarach i charakteryzujgcymi sie zmiennym przystosowaniem
gatunkowym wzgledem $rodowiska (Chen i in., 2024). Wiekszos¢ z nich
zamieszkuje oraz preferuje gleby rolnicze, gleby zyzne w materie organiczng oraz
czasem- gleby leSne, jednak zwierzeta te z powodzeniem odnalazty sie na terenach
silnie zurbanizowanych, przez co spotykane sg w miastach, bliskosci zaktadéw
przemystowych, na obszarach nawozonych osadami Sciekowymi oraz ogodlnie
w miejscach, gdzie nie wystepuje krytyczne dla nich zanieczyszczenie gleby
(Chatelain, 2023). Majac to na uwadze oraz pojawiajgce sie doniesienia
o mozliwosci akumulacji mikroplastiku w tychze organizmach, wysnutem teze
o mozliwosci okreslenia korelacji stezenia mikroplastiku w glebie oraz mikroplastiku
w tkankach dzdzownic gatunkow reprezentujgcych rézne grupy ekologiczne.
Metoda ta, pozwolitaby na oszacowanie zanieczyszczenia gleby i dostarczyta
wstepnych informacji na temat jej stanu pod wzgledem obecnosci mikroplastiku.
Uwazam, ze pozyskanie tych danych moze by¢ bardzo przydatne oraz wptyngc na
kwalifikowanie dzdzownic bioindykatorem gleby zanieczyszczonej mikroplastikami

oraz organizmem testowym do tego rodzaju zanieczyszczenia.
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Aktualne opisywane metody detekcji tworzyw sztucznych w glebach czesto nie sg
standaryzowane, dodatkowo sg obarczone btedami pomiarowymi oraz réznicami
w stosowanych technikach poboru probek, czy brakiem uzycia materiatow
referencyjnych  (Medynska-Juraszek, Szczepanska, 2023). Dodatkowym
utrudnieniem bywa zawarto$¢ materii organicznej (w tym tkanek roslinnych), stopien
uwodnienia, a takze typ i rodzaj gleby. Czesto opisywang metodg jest separacja
gestosciowa z wykorzystaniem odpowiednich odczynnikéw, jednak skutecznosc¢ tej
techniki (podwazona w przeprowadzonych badaniach) z zatozenia sprawdza sie
w przypadku tworzyw o niskiej gestosci, tym samym wysokiej wypornosci. Dla
czgsteczek ciezkich badz zwigzanych z materig organiczng lub agregatem
glebowym rozwigzanie to zdaje sie byC nieuzasadnione (Negrete i in., 2020).
Kolejnym czynnikiem moggcym wptywaC na ostateczng ocene metod
separacyjnych jest podawanie wynikdw w liczbie czgstek na objetos¢ gleby. We
wszystkich cytowanych publikacjach, jednym z etapow przygotowania gleby jest jej
homogenizacja oraz w kolejnych — wykorzystanie odczynnikbw o roznych
wiasciwosciach. Jak wskazujg autorzy (Thomas i in., 2020), (Kononov i in., 2022),
(Prosenc i in., 2021) oraz wielu innych, odczynniki mogg wptywa¢ na zmiane
struktury tworzyw oraz prowadzi¢ do ich fragmentacji. To z kolei oznacza, ze
wzglednie kruchy fragment tworzywa, pod wptywem zaréwno homogenizacji jak
i obrobki chemicznej moze uwalnia¢ znaczng liczbe czgstek bgdz catkowicie ulec
fragmentacji.

W kwestii ochrony, ksztattowania oraz inzynierii sSrodowiska, monitorowanie jakosci
gleby wydaje sie kluczowe i stanowi¢ podstawe dla wyznaczania dalszych
obserwacji czy tez dziatania docelowego. W tej perspektywie analiza tkankowa
dzdzownic nabiera interesujgcego znaczenia i staje sie alternatywa z kilku gtdwnych
powodow. Dzdzownice zamieszkujg okreslony obszar, przemieszczajg sie po
pozostawionych po sobie sladach sluzu oraz aktywnie zerujg w obrebie swej niszy.
Opisane sg doktadnie zachowania poszczegodlnych gatunkéw, preferencje
zerowania oraz fizjologia rozrodcza (Chatelain i Mathieu, 2017), (Palmaiin., 2013),
(Sizmuriin., 2011). Opierajgc sie na wszystkich tych danych oraz poznajgc w skali
laboratoryjnej wptyw mikroplastiku roéznych frakcji na dzdzownice, mozna
sugerowac zatozenia analizy tkankowej oraz jej wykorzystanie do szacowania

zanieczyszczenia gleby i potencjalnego zastosowania w inzynierii Srodowiska.
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Dodatkowym argumentem, przemawiajgcym na korzysc¢ tej metody jest tatwosé

w pobieraniu osobnikéw z gleby, powtarzalnos¢ eksperymentu, a przy okreslonych

ustawieniach aparatury wyznaczenie prob kontrolnych oraz wzorcowych.

Cele i zatozenia rozprawy doktorskiej

Celem rozprawy doktorskiej jest okreslenie mozliwosci zastosowania analizy

tkankowej wybranych gatunkéw dzdzownic do oszacowania stezenia mikroplastiku

w glebie jako wskaznika oraz metody badawczej inzynierii sSrodowiska. W zatozeniu

znajduje sie réwniez wskazanie skutecznej procedury separacji gestosciowej oraz

opisanie detekcji wybranych tworzyw sztucznych w tkankach.

Szczegotowe cele biologiczne:

o

Réznicowanie wrazliwosci gatunkowej na podstawie parametrow
biochemicznych dzdzownic poddanych ekspozycji na mikroplastik,
Okreslenie gatunkéw najlepiej przystosowanych do zycia w glebie skazonej
mikroplastikiem, a tym samym gatunkow odpowiednich do dalszych badan i
wskaznikowych dzdzownic do monitorowania mikroplastiku w glebie,
Okreslenie roznic w wynikach analizy tkanek dzdzownic pochodzgcych

z hodowli laboratoryjnej oraz z hodowli zewnetrzne;.

Szczegotowe cele techniczne:

o

Okreslenie skutecznej metody separacji mikroplastiku w glebie dla uzyskania
préby kontrolnej,

Okreslenie parametrow analizy tkankowej i doboru odpowiedniej aparatury
pomiarowej,

Okreslenie mozliwych zmian parametréw fizycznych tworzyw po okresie

ekspozycji na glebe oraz enzymy trawienne dzdzownic.
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Cel utylitarny rozprawy:

o

Okreslenie mozliwosci zastosowania tkanek dzdzownic jako bioindykatora
w testowaniu gleb do oceny zawartosci w nich mikroplastiku,

Zastosowanie  specyficznych  ustawien  mikroskopii ramanowskie;,
spektroskopii w podczerwieni z transformacjg Fouriera oraz analiz
optycznych do wstepnego szacowania stezenia mikroplastiku w glebie;
aplikacja do szacowania tkankowego dzdzownic mikroplastiku,
Wykorzystanie informacji dostarczonych przez analize tkankowg
w dyscyplinie inzynierii Srodowiska oraz w cyklicznym monitorowaniu

zanieczyszczenia gleby tworzywami sztucznymi.

Hipotezy rozprawy doktorskiej

o

Istnieje mozliwos¢ wykorzystania analizy tkankowej wybranych gatunkow
dzdzownic jako wskaznika gleby zanieczyszczonej mikroplastikiem.

Istnieje mozliwo$¢ wykorzystania mikroskopii ramanowskiej do precyzyjnego
okreslenia wielkosci czgsteczkowej oraz mapowania przestrzennego
tworzyw w tkankach dzdzownic.

Stezenie mikroplastiku w glebie koreluje ze stezeniem mikroplastiku
w tkankach dzdzownic, a korelacje tg mozna wykorzysta¢é w sposob

utylitarny.

18



Rozprawa doktorska

Wykaz dorobku naukowego, na podstawie ktérego powstata

rozprawa

1

Klimasz Marek, Grobelak Anna, ,Migration of microplastics in agriculture
and marine ecosystem: Biotechnology approaches”. Biotechnology of
Emerging Microbes, Prospects for Agriculture and Environment, Academic
Press, (pp. 127-142), 2024, rozdziat w monografii za 200 pkt wg listy
ministerialnej, 80 pkt za rozdziat (D.1.)

Marek Klimasz, Anna Grobelak, ,Global scale of microplastic
occurrence” artykut przegladowy, opublikowany w repozytorium cyfrowym
Zenodo: https://doi.org/10.5281/zenodo.14953335 (D.2.),

Marek Klimasz, Anna Grobelak, ,Oczyszczanie Sciekow jako Zzrodfo
mikroplastiku w Srodowisku”, w; Nowatorskie rozwigzania w inzynierii
Srodowiska i energetyce - perspektywa zréwnowazonego rozwoju, pod
redakcjg Ilwony Zawieji, Wydawnictwo Politechniki Czestochowskiej, 2024,
rozdziat w monografii za 80 pkt., 20 pkt. za rozdziat (D.3.)

Marek Klimasz, Anna Grobelak, “‘Methods for separation and
classification of microplastics in soil”’; artykut przeglgdowy, opublikowany
w repozytorium cyfrowym Zenodo: https://doi.org/10.5281/zenodo.14952942
(D.4))

Marek Klimasz, Anna Grobelak, ,Effects of microplastics on selected
earthworm species” Toxics, MDPI, Volume 13, Issue 3, artykut badawczy w
trakcie procesu publikacyjnego za 70 pkt wg listy ministerialnej, 2025. (D.5.)
Marek Klimasz, Anna Grobelak, ,Accumulation of spherical microplastic
in earthworm tissues- mapping using Raman microscopy.” Applied
Science, 2024.14,10117, opublikowany artykut badawczy za 40 punktow wg
listy ministerialnej (D.6.)

Marek Klimasz, Andrzej Kacprzak Anna Grobelak, ,Evaluation of the
quantitative concentration of microplastic in Dendrobaena veneta and
Lumbricus terrestris tissues from laboratory and environmental culture”
Applied Science, 12. applsci-3460617, 2025, opublikowany artykut badawczy
za 40 punktéw wg listy ministerialnej (D.7.)

19



Rozprawa doktorska

1.Problem badawczy

1.1 Pochodzenie i klasyfikacja mikroplastiku w srodowisku

Nieodtgcznym pojeciem SciSle zwigzanym z obecnoscig plastiku
w Srodowisku naturalnym jest pojecie mikroplastiku, bedgcego wedtug obecnej
nomenklatury czastkg tworzywa sztucznego o srednicy ponizej 5 mm, ktéra
w sposob niekontrolowany przedostaje sie do wod powierzchniowych, gleby oraz
powietrza. Wyrdzniono wiele rodzajow mikroplastiku w zaleznosci od jego
pochodzenia, ksztattu, wielkosci oraz witasciwosci tworzywa, a do najczesciej
opisywanych nalezg mikrogranule, wiékna i mikroplastiki réznoksztattne, takie jak
drobiny opon czy zywic (Phoung i in., 2016), (Barnes i in., 2009).

Po raz pierwszy termin ,mikroplastik” wprowadzili autorzy badan dotyczgcych
analizy zanieczyszczeh osadéw dennych w okolicy Plymount w Wielkiej Brytanii
w 2004 roku. Termin ten odnosit sie jednak do ogolnych drobin tworzyw sztucznych
i nie precyzowat zadnych wielkosci mierzalnych. W 2008 roku odbyty sie pierwsze
miedzynarodowe warsztaty zwigzane z zagrozeniem wynikajgcym z obecnosci
tworzyw sztucznych w srodowisku — International Research Workshop on the
Occurrence, Effects and Fate of Microplastic Marine Debris, zorganizowane przez
National Oceanic and Atmospheric Administration (NOAA) oraz Uniwersytet
Waszyngtonski (Arthur i in., 2008). Jednym z celéw warsztatow byto ustalenie
oficjalnej terminologii oraz definicji drobin plastiku o roznej strukturze, wielkosci czy
gestosci. W znaczeniu stowa ,mikroplastik” znajduje sie przedrostek ,mikro”,
sugerujgcy, ze badana frakcja wymaga wykorzystania narzedzi optycznych.
Ostatecznie jednak komitet uznat, ze nazwa ta bedzie standaryzowana jako pojecie
okreslajgce tworzywo nieprzekraczajgce 5 mm. Nie uwzgledniono natomiast dolnej
granicy mikroplastiku, przez co pyiki oraz kurz miejski rowniez zaliczane sg do grupy
mikroplastiku. Aby jednak lepiej zrozumieC oraz przekazac¢ informacje o wielkosci
czgstek, Cole i inni w artykule z 2011 roku wprowadzili dodatkowy podziat
z wyszczegolnieniem drobin mniejszych oraz wiekszych od przyjetych 5 mm.
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Zatozenie ma na celu bardziej precyzyjne okreslanie wielkoSci drobin i opisuje
nanoplastik (<1 mm), mikroplastik (1-5 mm), mezoplastik (5 mm- 2,5 cm),
makroplastik (2,5 cm-1 m) oraz megaplastik (powyzej 1 m) (Napper i in., 2015)
(Tabela 1).

Kolejnym kryterium podziatu mikroplastiku jest jego ksztatt. W sSrodowisku
zurbanizowanym, w ciekach wodnych najczesciej odnajdywane jest wiokno
pochodzgce z ubran przy procesie prania. Dodatkowo podziat ten obejmuje rowniez
widkna sieci rybackich (o innych wiasciwos$ciach oraz strukturze), mikrogranulki,
folie, pianki, granulaty i czgstki réznoksztattne. Z ostatnig grupa, czyli drobinami
réznoksztattnymi, wigze sie pewne niebezpieczenstwo, poniewaz autorzy
pochodzacy z réznych panstw mogg uzywac odmiennej terminologii do opisania tej
samej frakcji czy drobin. Skutkiem moze by¢ nieprawidtowa interpretacja wynikéw
badz sprzeczne dane. Klasyfikacja mikroplastiku opiera sie réwniez na zrodtach

pochodzenia i wyrdznia sie tu mikroplastiki pierwotne oraz wtorne.

Tabela 1. Klasyfikacja mikroplastiku wzgledem wielkosci i pochodzenia

Plastik

I

Makroplastik
25 mm- 1000 mm

Mikroplastik

1 mm -5 mm 5 mm- 25 mm <1000 mm

Mezoplastik 1 Megaplastik W

Nanoplastik
0,01l mm — 1 mm

mikroplastik
wtorny

mikroplastik
pierwotny

Mikroplastikiem pierwotnym okresla sie tworzywa sztuczne, ktére charakteryzujg sie
niewielkg wielkoscig oraz bezposrednim przedostawaniem sie do Srodowiska
naturalnego, czesto z pominieciem procesdw obrébki mechanicznej oraz
biologicznej. To czastki celowo produkowane w tak niewielkich rozmiarach. Do
najczesciej opisywanych mikroplastikbw pierwotnych zalicza sie granulaty
wykorzystywane w przemysle przetwérczym, drobiny produktow kosmetycznych,
sktadniki materiatéw Sciernych, widkna syntetyczne, a takze drobiny opon czy tez

miejski kurz. Zrédtem powstawania mikroplastiku jest zaréwno pierwotna produkcja
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granulatu, jak i proces jego przetwarzania, a srednia wielkos¢ czgstki waha sie od
0,1 do 10 mm, twardos¢ 45-95 ShA (Ruiz-Real i in., 2018). Zawartos¢ tworzyw
sztucznych w produktach kosmetycznych przyjmuje wartos¢ od 0,05 do 3 %, a ich
wielkos¢ wynosi zwykle 450-800 um. W grupie tej znajdujg sie produkty do
makijazu, pasty do zebdéw, mydta, Zele pod prysznic czy tez szampony.
Wykorzystuje sie w nich zaréwno polietylen (PE), polipropylen (PP), polimetakrylan
metylu (PMMA), polistyren (PS), jak i politereftalan etylu (PET). Produkcja oraz
wykorzystanie czgsteczek tworzyw sztucznych w procesach Scierania czy tez
wygtadzania jest tez szeroko stosowane w branzy budowlanej. Papiery Scierne, folie
oraz ptétna pokryte tlenkiem aluminium, weglikiem krzemu czy tez cyrkonem glinu
stanowig szerokg grupe zrédta mikroplastiku ze wzgledu na powszechne
zastosowanie oraz czeste zuzycie. Powstaty mikroplastik zwykle ma wielkosc
ponizej 0,1 mm oraz wysokg gestos¢ wiasciwg. Gtownym zrédtem widkien
syntetycznych sg pralnie domowe oraz przemystowe. Badania wykazaty, Ze ilos¢
uwolnionych podczas prania czgsteczek moze wyniesc kilka tysiecy na kazdy gram
materiatu. Istotny jest tu rodzaj tkaniny i wykorzystanego detergentu oraz parametry
prania (temperatura, czas prania, twardo$¢ wody). Srodki czyszczgce oraz
detergenty majgce charakter alkaliczny powodujg wytwarzanie srodowiska
zasadowego, ktore prowadzi do uszkodzen chemicznych materiatow poliestrowych,
poprzez hydrolize grup estrowych budujgcych strukture poliestrow (Phuong i in.,
2016).

Mikroplastik wtérny powstaje w procesach degradacji wiekszych fragmentow
plastiku pod wptywem okreslonych czynnikdw. Zwykle czgsteczki mikroplastiku
wtdérego charakteryzujg sie nieregularnymi ksztattami oraz wielkosciami pomimo
tego samego zrodta pochodzenia, np. z butelki PET. Degradacja tworzywa i proces
powstawania mikroplastiku warunkowane sg czynnikami zewnetrznymi
i wtasciwosciami chemicznymi samego materiatu. Najwiekszy wptyw na rozpad
elementow plastikowych majg miedzy innymi promieniowanie stoneczne, tarcie

mechaniczne, temperatura oraz woda.

22



Rozprawa doktorska

Problem badawczy stanowi ztozono$¢ rodzajowa mikroplastiku, réznorodnosc
wzgledem ksztattu, barwy, gestosci oraz rozmiaru, a takze wcigz rozwijajgcy sie

przemyst tworzyw i powstawanie nowych materiatébw o odmiennych wtasciwosciach.

1.2 Migracja i rozprzestrzenianie mikroplastiku w srodowisku

Wedtug analiz, w roku 2016 emisja globalna tworzyw sztucznych do rzek,
morz oraz oceandw wyniosta od 9 do 23 min ton metrycznych (Lau i in.2020).
Wedtug wielu badaczy to wtasnie sptywy rzekami odpowiadajg za znaczny procent
sumarycznej ilosci tworzyw w oceanach. Wedtug aktualnych badan wsréd 10
najbardziej zanieczyszczajgcych rzek na swiecie 7 znajduje sie na Filipinach, 3
w Indiach oraz 1 w Malezji. Te 10 rzek wspodlnie odpowiada za 60%-88% emisji
wszystkich rzek do oceanu, a sama rzeka Pasig (Filipiny) generuje 6,4%
Swiatowego zanieczyszczenia; tgcznie 4 820 rzek w Filipinach emituje 356,4
tysigce ton plastiku do oceanu, 1 169 rzek w Indiach emituje 126,6 tysigca ton,
Malezja 1070 rzek i emisja na poziomie 73,1 tysigca ton oraz Chiny z 1309 rzek
i emisjg na poziomie 70,1 tysigca ton rocznie (Lebreton i in. 2017). Los tworzyw
sztucznych na otwartych wodach jest niezwykle zréznicowany. Badania wykazaty,
ze okoto 50% tworzyw tonie na skutek niskiej wypornosci, pozostata czes¢ moze
zosta¢ wyrzucona na brzeg badz dryfowac kierowana prgdami morskimi i wiatrem
(de Frond i in. 2019). Dodatkowym stymulatorem sg tak zwane wiry, ktore nie
pozwalajg tworzywom oddalac sie w kierunku lgdu, przez co tworzg sie skupiska

odpadow, potocznie zwane plamami Smieci.

Globalne zanieczyszczenie gleby tworzywami sztucznymi jest niezwykle istotnym
problemem i przektada sie w pewnym stopniu na urodzajno$¢ oraz zdrowotnosc¢
ekosystemu. Aktualnie prowadzi sie wiele badan ilosciowych i jakosciowych, jednak
poréwnujgc je nalezy zwréci¢ uwage na zgodnos¢ metodyki poboru oraz analizy
probek. W Chinach stezenie mikroplastiku na terenach rolniczych, gdzie stosowano
szklarnie z tworzyw sztucznych oraz nawozono osadami sciekowymi wynosito od
13 470 czagstek/kg™' do 42 960 ($rednio 26 070), 7 100 - 26 630 czgstek/kg™ na
terenach zielonych ($rednio 14 440 czagstek/kg™), oraz od 96 000 do 690 000
czgstek/kg™ w lasach okolic Wuhan. Jak wskazujg autorzy, 82% wykrytych czgstek

miato wielko$¢ ponizej 250 um, dominujgcg frakcjg byty widkna. Najnizsze
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zawartosci odnotowano we wschodnich rejonach kraju, na obszarach pol ryzowych,
gdzie byto to okoto 18 czgstek/kg™'. Usrednione wartosci krajow Europejskich dajg
$rednig na poziomie 2914 czgstek/kg” i sg wyzsze od tych zarejestrowanych
w Chinach. W Hiszpani, w rejonach Walencji gdzie regularnie stosowano osady
$ciekowe, stezenie wzrosto trzykrotnie dajgc wynik 33 000 czgstek/kg™ ( od 999
czastek/kg™! do 80 658 czgstek/kg™), punkt badawczy w Danii odnotowat stezenie
na 71 000 czastek/kg™, a dominujgcym tworzywem byt PP oraz PS. W Niemczech,
w okolicach Kolonii badania opublikowane w jednostce masy wykazaty
915463 mg/kg ™', co daje wynik zblizony do terenéw przemystowych pozostatych
badanych czesci Europy, jednak pozostate préby z tego kraju daty bardzo niskie
stezenie na poziomie $rednio 11 czgstek/kg™'. Jak wynika z badan, najwiekszy
wptyw stosowania osadow $ciekowym na ilos¢ mikroplastiku miato miejsce w
Ameryce, gdzie stezenie wzrosto z 4 czagstek/kg' az do 542 czgstek/kg' po 2-
krotnym zastosowaniu osadéw w ciggu 5 lat. Pomiary w Australii, jak wskazujg
autorzy, odbyly sie w silnie zanieczyszczonym miejscu, w bliskosci obiektéw
przemystowych Sydney, gdzie $rednie stezenie czgstek wyniosto 24 000 mg/kg™,
a maksymalne wyniosto 67 500 mg/kg™". Autorzy w zestawieniu globalnym obliczyli,
ze mediana wynosi 1162 kg/! ( 25% - 89 czgstek/kg™, 75% - 2870 czgstek/kg™)
oraz mase 0,6 mg/kg™'. Tereny zawierajgce osady $ciekowe Srednia to 1998 czgstek
kg™ (25% - 999 czgstek/kg™', 75% - 3616 czastek/kg™), srednia masa 2,2 mg/kg™.
Badania te przeprowadzone byty gtownie przy obszarach miejskich (trzykrotnie
czesciej), a stosunek wartosci tworzyw w miasta i terenach zielonych to jeden
stopien roznicy w skali dziesietnej, co potwierdza silng korelacje gestosci
zaludnienia oraz zanieczyszczenia gleby. Ponadto stezenie mikroplastiku w glebie
na terenach przemystowych byto srednio od 2 do 4 razy wieksze niz na pozostatych
terenach (Buks and Kaupenjohann 2020).

Obecnos¢ mikroplastiku potwierdzono w atmosferze terendw miejskich, wiejskich,
rébwniez o niskiej gestosci zaludnienia oraz niezamieszkatych, co wskazuje na
potencjalny transport czgstek na duze odlegtosci. Jednakze badanie zawartosci
oraz przemieszczania sie tych zanieczyszczen w powietrzu jest stosunkowo nowg
dziedzing zainteresowan i wcigz brakuje informacji na ten temat (Klain i Fischer

2019), a najczesciej wykorzystywang metodg jest kolektor pasywny (osadzanie
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catkowite w okreslonym czasie) (Allena i in., 2019). Obecnie wykorzystuje sie
ujednolicong metodyke opracowang przez Norweski Instytut Badan Powietrza,
stosujgc kolektory szklano-metalowe nie zawierajgce tworzyw oraz dajgce
mozliwos¢ wiarygodnych pomiarow oraz ich powtarzalnosci. Mimo to, autorzy
w swych badaniach wykorzystywali réwniez pompy ssgce (Liu i in. 2019), uznawane
za aktywne metody analizy powietrza. Wyniki roznity sie znaczgco od miejsca
pomiaru. W Paryzu byto to 118 czgstek na metr kwadratowy na dzien (cz/m?/d),
w Hamburgu 275 cz/m?/d (Dris i in, 2016, Klain i Fischer 2017), Dongguan
w Chinach od 175 do 313 cz/m?/d, Yantai w Chinach 602 cz/m?/d (Zhou i in. 2017).
Nottingham w Wielkiej Brytanii 31 cz/m?/d, Wysoki poziom odnotowano réwniez
w odlegtych rejonach Pirenei na poziomie 33 cz/m?/d, (Allen i in. 2019). Dodatkowo
w osadach mokrych $niegu w Helsinkach wykryto niecate 700 szt. na 1 m?2.
Mikroplastik zawieszony w powietrzu jest podatny na wiry powietrzne, wiatry oraz
masy pradéw kontynentalnych, przez co jego migracja moze zachodzi¢ na znaczne
odlegtosci. Zaobserwowano tworzywa sztuczne na lodowcach tybetanskich,
w Alpach, oraz na obszarach morskich. Na parametry te ma wptyw gtéwnie masa
czgsteczek plastiku, ksztatt oraz wielkos¢ (Zhang i in., 2019).

Problem badawczy stanowi brak kontroli nad rozprzestrzenienia sie mikroplastiku w
srodowisku naturalnym, jego mobilnos¢ hydrologiczna oraz atmosferyczna, a takze

rosngce stezenie w glebach nawozonych osadami sciekowymi.

1.3 Wptyw mikroplastikbw na organizmy

Na podstawie 747 publikacji oraz prac podsumowujgcych zawarte tam dane
mozna okresli¢ wptyw tworzyw sztucznych na organizmy zywe. tgcznie 914
gatunkow zostato opisanych w kontekscie potkniecia tworzyw, zaplgtania badz
w obu przypadkach (Provencher i in. 2017). Doktadniej jest to 701 gatunkow, ktore
potykajg tworzywa oraz 354 narazone za zaplgtanie (Kunh i inn., 2015) Spozycie
tworzyw zwigzane jest ich réznorodnoscig kolorow, ksztattow, wielkosci oraz
z zawieszeniem na réznej gtebokosci stupa wody i moze by¢ zabiegiem celowym
(jako pokarm) badz przypadkowym, biernym. Najwiekszy wspoétczynnik spozycia
czastek oraz zaplatania odnotowano u ptakéw morskich (41% przebadanych
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ptakdéw), przy zawartosci 9,9 czgstki na osobnika. Najbardziej narazone gatunkowo
byty nury (Gaviiformes) (80%), rybitwy (Sterninae) (62%), pelikany (Pelecanidae)
(37%), mewy (Larinae) i wydrzyki (Stercorarius) (okoto 42%). W badaniu tym
wykorzystano 43 525 prébek z czego 27,7% zawierato tworzywa (12 065 sztuk).
W przypadku ssakéw przebadano 19 484 probek- 4% zawieraty mikroplastik (860),
a wspotczynnik potykania najwyzszy odnotowano u foki (71%), manatéw (69%),
krow morskich (66%) oraz wielorybow (60%) (Deng i in. 2023). Duzym
zainteresowaniem cieszg sie badania i tym samym ilos¢ publikacji o zo6twiach
morskich, gdzie u wszystkich 7 gatunkéw stwierdzono zaréwno wysoki wskaznik
zaplatania jak i potykanie czgstek bliskie 100% (3639 przebadanych osobnikdw,
32% probek zawierato plastik). Generalnie na potykanie tworzyw badz zaplgtanie
w sieci narazonych jest 17% z 693 gatunkow objetych ochrong i wpisanych na
Czerwong Liste Gatunkow Zagrozonych, a dla wielu z nich smieré spowodowana
tworzywami jest drugg najczestsza przyczyng smierci zaraz po umysinym oraz
celowym zabijaniu. Osobniki trwale lub czasowo narazone na ekspozycje tworzyw
mogg byC¢ podatne na zaburzenia odzywiania, reprodukcji oraz uszkodzenia
mechaniczne (Kuhn and van Franeker 2020). Polipropylen i polietylen 40 um -100
um negatywnie wptywat na fitoplankton miedzy innymi okrzemke morskag
(Thalassiosira pseudonana), wiciowce morskie (Dunaliella tertiolecta) oraz algi
zielone (Chlorella vulgaris) hamujgc ich wzrost nawet do 45% (Sjolemmaiin. 2016).
W przypadku Skeletonema costatum, Thalassiosira pseudonana, Phaeodactylum
tricornutum aktywnos¢ fotosyntetyczna, znieksztatcenie tylakoidow, bton
komérkowych oraz modyfikacje sktadu chemicznego wydzielanych substananciji
zostata opisana przez Zhanga (Zhang i in, 2017) oraz Shiu (Shiu i in. 2020).
W osadach, w ktorych potwierdzono obecnos¢ mikro i nano plastiku powyzej 0,5%
spadta liczebnos¢ bezkregowcoéw. Wykazano, ze polietylen oraz polipropylen
Srednicy 10-90 um mogg gromadzi¢ sie w jelitach narybku oraz skrzelach dorostych
osobnikow z gatunku Danio priuris, wptywajac na zwyrodnienia watroby,
podwyzszenie poziom kortyzolu przy jednoczesnym spadku poziomu glukozy,
ponadto tworzywa zaktdcajg transmisje synaptyczng i hamujg ekspresje gendw.
Wsréd przebadanych ryb pospolitych (karp, karas lin, okon itp.) obecnosc

mikroplastiku w skrzelach, watrobie i mézgu wptywata na zmniejszenie predkosci
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ptywania, wzrost narybku, stres oksydacyjny oraz aktywno$¢ enzymow

trawiennych.

Obecnos¢ mikro i nanoplastiku w glebie moze wptywac¢ na rozwoj roslin zaréwno
jako stymulator i i inhibitor. W przypadku pieprzycy siewnej (L. sativum) stezenie
mikro i nano plastiku (10 *—-10 7 cz/mL™") po 72 godzinach ekspozycji wptyneto na
nagromadzenie ich w porach nasion, przez co zmniejszyta sie absorpcja wody
i opoznito kietkowanie. U rzezuchy ogrodowej (L. sativum ) takie samo stezenie
czgstek opoznito kietkowanie od 21% do 56% w zaleznosci od stezenia (Bosker i in.
2019). Podobne wyniki uzyskano dla zycicy trwatej (L. perenne)
(inhibicja na poziomie od 6% do 7%) (Boots i in. 2019). U pszenicy T. aestivum,
czastki PS od 0,2 um do 2 um byly transportowane z korzeni do pedu i jak wskazujg
autorzy mogty by¢ przyczyng stresu oksydacyjnego (Li i in. 2020). U rzodkiewnika
(A. thaliana) mikroplastik o tadunku dodatnim po 35 dniach ekspozycji wptynat na
zaburzenie gospodarki mineralnej oraz pobieranie pierwiastkow z gleby (Sun i in.
2020). W przypadku krokusa (C. sativus) polistyren wielkosci 100-700 um pobierany
byt przez todyge oraz transportowany do lisci, kwiatow i owocoéw (Li i in. 2021).
W przypadku kukurydzy absorbowany przez liscie akumulowat sie w tkankach oraz
przemieszczat w strone korzeni (Sun i in. 2021). Nie zawsze jednak mikroplastik
wykazuje silne dziatanie hamujgce, w przypadku cebuli (A. cepa) obecnos¢ tworzyw
w niskim stezeniu nie wptyneta znaczaco na kietkowanie oraz rozwdj (0,01, 0,1 1
g/ L'PS 50 nm) (Giorgetti i in. 2020). Generalnie, najczesciej opisywane
negatywne skutki wptywu tworzyw na rosliny dotyczg kietkowania, masy, przyrostu,
Srednicy oraz powierzchni korzeni, wzrostu rosliny, zawartosci chlorofilu oraz
wydajnosci procesu fotosyntezy (Suniin. 2020), stresu oksydacyjnego i zwigzanych
z nim enzymow (Jiang i in. 2019), procesow metabolicznych, zawartosci
pierwiastkow takich jak magnez, wapn i zelazo (Liana i in, 2021), cytotoksycznosci,
genotoksycznosci, oraz anomalii genetycznych (Giorgettini i in. 2020),
zmniejszenia ilosci i masy owocéw ( Meng i in. 2021), zawartos¢ oraz aktywnosci
fitohormonow, skrocenia fazy generatywnej, zmniejszenie plonéw oraz pogorszenie
ich jakosci (Zhou i in., 2021).

Problem badawczy stanowi obecnos¢ mikroplastiku w ogranizmach réznych

gatunkow zwierzat i roslin oraz brak wiedzy na temat dtugotrwatej ekspozycji na to
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zanieczyszczenie, dodatkowo problemem jest wptyw bezposredni mikroplstiku
skutkujgcy stresem oksydayjnym, zaburzeniem wzrostu oraz reprodukcji, spadkiem

masy organizmow oraz uszkodzeniami tkankowymi.

1.4 Metody badania mikroplastiku w glebie

Przygotowanie probek

Pierwszym etapem przygotowania probek przed analizg jest zwykle suszenie
w celu pozbycia sie wody z gleby. Wielu autoréw stosuje odmienne metody suszenia
odnoszac sie do wiasciwosci fizycznych materiatu, ktére mogg ulega¢ zmianie pod
wptywem dziatania temperatury. Specyfikacja polimerow wskazuje, ze etylen-octan
winylu (EVA) topi sie w temperaturach 30°- 60° C, temperatura zeszklenia
polibutylenu oraz polimetakrylanu metylu wynosi 40°-50°C, temperatura degradacji
polilaktydu 60°C (Van den Berg i in., 2020). Pomimo tego autorzy w prowadzonych
badaniach suszyli prébki w 40° przez 24h lub 72h (Enders i in., 2020), a takze w 70°
przez 24 godz. (Liu i in., 2018), rzadziej suszenie odbywato sie w temperaturze
pokojowej do momentu uzyskania odpowiedniego efektu. W kazdym z przypadkow

celem jest uzyskanie jednolitej suchej masy.
Homogenizacja

Istotnym elementem przygotowania probek jest ich odpowiednia homogenizacja.
Ujednolicenie frakcji utatwia przesiewanie przez sita, ktérych gestos¢ najczesciej
podawana przez autoréw miesci sie¢ w granicy Smm, czyli umownej granicy dla
mikroplastiku. Jak jednak jednoczesnie wskazujg, jest to obarczone pewnym
btedem, gdyz czesto wieksze fragmenty mikroplastiku obklejone sg mniejszymi
czgstkami co ostatecznie wptywa na niedoszacowanie analizy spektroskopowe;j
(Zhang i in., 2018). Inni autorzy wskazujg z kolei, ze nadmierne przesiewanie oraz
homogenizacja wptywajg na dodatkowg fragmentacje czastek, zwlaszcza tworzyw
silne zuzytych badz kruchych (Huang i in., 2020). Podobne sugestie badaczy
wskazujg, ze mechaniczne mielenie agregatéw glebowych prowadzi do
fragmentacji rowniez na skutek powstajgcej podczas tarcia temperatury i zalecajg
reczne wstrzgsanie probki (Zhou i in., 2020). Vermaire i in. (2017) zaproponowali

wstrzgsanie z  zastosowaniem heksametafosforu sodu, wykorzystanie
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ultradzwiekéw do gleby zawieszonej w roztworze soli lub wodzie dejonizowane;j.
Pomimo skutecznosci metody, nie potwierdzono jeszcze bezposredniego wptywu
sonifikacji na tworzywa sztuczne, podobnie jak kaskadowego przesiewania dla
uzyskania frakcji rzedu 1, 2 oraz 5 mm (Zhou i in., 2020).

Usuwanie materii organicznej z probek

Gleba charakteryzuje sie réznym stopniem zawartosci materii organicznej, ktora,
jak wskazujg autorzy wptywa na wyniki analizy mikroplastiku. Obecno$¢ szczatek
roslin na réznym etapie rozktadu, korzeni, odchodow zwierzat bgdz organicznych
zanieczyszczenh antropogenicznych wymaga zastosowania metody oczyszczania.
Badania wykazaty, ze skutecznos¢ usuwania materii organicznej jest skorelowana
ze zwiekszong iloscig wykrytego tworzywa (Corradini i in., 2020). Istniejg cztery
grupy odczynnikébw wykorzystywanych do usuwania materii organicznej, sg
to: enzymy, zasady, kwasy oraz utleniacze. SkutecznosS¢ poszczegolnych
odczynnikéw przedstawiono w tabeli nr. 2. Kuhn i inni (2017) wskazujg, ze
stosowanie odczynnikow alkaicznych skutecznie usuwa poliestry alifatyczne takie
jak polilaktydy. Scheurer oraz Bigalke (2018) dowiedli, ze stosowanie H2O2
znaczgco wptywa na fragmentacje PET oraz PA. Ten sam odczynnik stosowany w
temperaturze pokojowej przy czasie dlugim czasie trawienia wptynat na zmiane
barwy PC, PCV, PE, PP oraz PU. Konieczny do tego czas wynosit od 4 do 7 dni
(Nuelle i in., 2014). Badacze wskazujg ponadto, iz stosowanie poszczegdinych
odczynnikéw w odpowiedniej temperaturze powinno uwzglednia¢ sktad chemiczny
gleby. Obecnos¢ tlenkow zelaza oraz manganu wykazujg silng reakcje katalityczna,
w ktérej H202 ulega redukcji zanim jeszcze rozpocznie sie trawienie. Wykorzystanie
enzymow do oczyszczania gleby jest metodg wcigz niepoznang i istnieje niewielka
ilos¢ opisanych analiz. Jedng z nich jest praca Ljung (Ljung i in., 2018), w ktorej
autor wykorzystuje lipaze, proteaze, koloraze, celulaze, chitynaze oraz trypsyne,
opisujac przy tym dokfadng kolejnos¢ ich stosowania, w celu uzyskania wydajnosci

na poziomie 90%.
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Tabela 2. Szacowana skuteczno$¢ wybranych odczynnikow

Odczynnik Rodzaj gleby Czas trawienia [h] Temp. (°C) Szacowana
skutecznos¢

NaOH piasek gliniasty 24 60 35-70%

KOH piasek gliniasty 24 60 >35

65% HNO3 gleba zalewowa 48 60 >90%

96% H2SO4 gleba zalewowa 24-72 90 > 95%

30% H202 ziemia rolnicza 24 60 >90%

H.0, osad 168 60 >60

odczynnik Fentona  piasek gliniasty 24 40 >60

Separacja gestosciowa jest jedng z najczesciej stosowanych metod, wykorzystujgc
roznice gestosci pomiedzy czescig mineralng gleby (p > 2,0 g/cm ~3) a gestoscig
tworzyw sztucznych (p= 0,9 — 1,6 g/lcm 3). Wypornos$¢ tworzyw sztucznych
sprawia, ze przy skutecznym wymieszaniu gleby z chlorkiem sodu NaCl (p = 1,2
g/cm -3), chlorkiem wapnia (CaCl2 (p = 1,3—1,5 g/cm -*), bromkiem sodu (NaBr ( p =
1,4—1,6 g/cm 3 ) czy tez chlorkiem cynku (ZnCl> (p = 1,5-1,7 g/cm -3) unoszg sie
one na powierzchni i mogg by¢ zebrane do identyfikacji (Liu i in., 2020). Dodatkowo
autorzy wskazujg na wykorzystanie mréwczanu potasu (p= 1,5-1,6 g/cm3),
roztworu heteropoliwolframianu sodu (p = 1,5 g/cm ~3), bezwodnego wolframianu
sodu (p = 1,4 g/lcm ~3), etanolu (p = 0,8 g/cm 3) ) oraz wody dejonizowanej ( p =
1,0 g/cm -3) (Qyinn i in., 2017). Stosunek wykorzystywanych roztworéw do masy
gleby nie zostat ujednolicony i zwykle miesci sie w przedziale 1:10 do 1:25. Autorzy
badan wskazujg, ze metody sg specyficzne dla poszczegodlnych rodzajéw gleby
oraz tworzyw sztucznych i mogg nie byC wystarczajgco skuteczne w przypadku
innych. Jak wskazuje Scheurer i inni (2018) jony wapnia powodujg flokulacje
substancji organicznych, tym samym nie mogg by¢ wykorzystane w przypadku
gleby z duzg zawartoscig organicznych zwigzkéw mineralnych, proponujgc
zastosowanie wody dejonizowanej gtowie do izolacji PP, PE, PS podkreslajgc fakt,
ze dodatkowo metoda jest tania i przyjazna srodowisku. Scheurer i Bigalke (2019)
wspominajg, ze zastosowanie Na pozytywnie wplywa na dyspersje agregatow
i przyczynia sie do wydajnosci procesu ekstrakcji. Quinn (2017) dostrzegajgc
korelacje pomiedzy gestoscig tworzywa oraz gestoscig roztworu zaproponowat
ZnCl2 do wykrywania tworzyw takich jak PET czy PCV, co okazato sie wysoce
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skuteczne, podkreslajgc jednoczesnie, ze odczynniki sg drogie oraz nieprzyjazne
dla srodowiska. Inni autorzy wskazujg ponadto, ze ZnCl, ma wtasciwosci zrgce
i nalezy przenalizowac jego wplyw na poszczegodlne tworzywa sztuczne. Ws$rod
negatywnych skutkow dziatania odczynnikbw wymieniane sg ponadto zmiana
barwy czgsteczek plastiku, silne pienienie roztworu, koagulacje czgsteczkowg oraz
ich rozpuszczanie (Quinn i in., 2017). Procedura catosciowa metody separaciji
gestosciowej w zdecydowanej wiekszosci publikacji opisuje kilkukrotne
wykorzystanie tego samego odczynnika lub kilku, przy czym pierwszym zwykle byta
woda dejonizowana (Liu i in., 2018). Najprostszg metodg wykonania jest reczne
wymieszanie gleby z roztworem poprzez wstrzgsanie, jednak, jak wskazuje Zobkov
(2017),

zastosowanie

dla ujednolicenia prob oraz powtarzalnosci procesu istotne jest

wstrzgsarek magnetycznych zarébwno platformowych jak
i podwieszanych. Pomimo opracowania metod spiralnych, ktére w czasie mieszania
nieustannie wynoszg glebe w gore pojemnika dla lepszego rozproszenia, metod
kolb wysokich dla lepszego zobrazowania frakcji, czy tez zastosowania turbulenc;ji
powietrznych, podstawowg kwestig jest brak wykorzystania elementow tworzywa
podczas procesu mieszania. Badania wskazujg, ze polarnos¢ czgstek moze
powodowac obklejanie korka czy tez zakretki przez drobiny mikroplastiku. Kwestig
nierozstrzygnietg pozostaje réwniez czas mieszania, autorzy wskazujg tu czas
minimalny jako 10 sekund a maksymalny 2 godziny, czas opadania osadu od 5
minut do 24 godzin (Imhof, 2012). Zréznicowanie oraz ilos¢ mozliwych kombinaciji
odczynnika, jego stezenia, rodzaju gleby, rodzaju mikroplastiku, metody mieszania,
czasu mieszania oraz osadzania wydajg sie by¢ skomplikowane i nasuwajg pytanie
o ujednolicenie procesu. W tabeli 3 ukazano najbardziej obiecujgce zestawienia

gleby i odczynnikow.

Tabela 3. Skuteczno$¢ odczynnikdéw w separacji gestosciowej mikroplastiku

Odczynnik Gestos¢ Typ tworzywa Rodzaj gleby

Woda dejonizowana 1,0gcm 3 PE, PP piaszczyste, gliniaste lessowe
NaCl 1,2gcm?3 PP, PS, PA, PE gleba rolnicza

NaBr 1,4-16gcm PMMA, PE, PP, PET, PCV, PS gleba rolnicza, gleby osadowe
CaCl, 1,3-1,5gcm 3 PU, PE, PP, PS, PET, PCV, PA bogata w materie organiczng
ZnCly 1,5-1,7gcm 3 PS gleba rolnicza

Mréwczan potasu 1,5-1,6gcm 3 PET, PP, PE, PS gleby osadowe

Etanol 0,8gcm materiat rolniczy
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Aby pozyskac czgstki mikroplastiku, unoszgce sie na powierzchni roztworu, autorzy
wskazujg na dekantacje, polegajgca na delikatnym przelewaniu wierzchniej
warstwy na ptytkie szklane szalki oraz ponowne mieszanie gleby z roztworem
w celu doktadniejszej ekstrakcji oraz zminimalizowania ilosci czagstek
przylegajacych do Scian naczynia. Liu i inni. (2017) i inny wykorzystali tez metode,
polegajgcg na ciggtym dolewaniu roztworu i pozyskiwaniu supernatantu
przelewajgcego sie przez naczynie, jednak metoda ta budzi wiele zastrzezen
wzgledem przylegania czgstek rowniez do zewnetrznej strony naczynia oraz
podatnos¢ na czgsteczki z otoczenia. Scheurer i Bigalke (2018) zaproponowali
metode odsysania z wykorzystaniem pipet, (glownie w stosunku do wtdkien
syntetycznych) oraz pompy prézniowej, jednak podobnie jak pozostate metody,
istnieje ryzyko przylegania czgstek do wewnetrznych stron urzgdzen. Czgsteczki
mikroplastiku zawarte w supernatancie Enders (2020) oddzielit przy pomocy pompy
prozniowej i opisat roznice wykorzystanych membran separacyjnych wykonanych
z widkien szklanych (srednica oczka 1,6 um), kwarcu (Srednica oczka 2,2 pm),
politetrafluoroetylenu (PTFE) (Srednica oczka 2 pm) oraz nylonu o srednicy oczka
20 um. Autor wskazuje fakt, ze wiele czgstek zostato straconych przy membranach
z widkna szklanego oraz kwarcu, a hydrofobowos¢ PTFE powodowata trudnosci w
filtracji wody, przez co ostatecznie, w dalszych badaniach autorzy wykorzystali

membrany nylonowe.
Identyfikacja mikroplastiku

Identyfikacja wiekszych czgstek mikroplastiku zwykle opiera sie na analizie
wizualnej, co jest prostg i szybkg metodg okreslenia tworzywa, jednak Eriksen
(Eriksen i inni, 2013) dowiedli, ze metoda ta jest obcigzona btedem na poziomie 20-
70%. Duzo skuteczniejsza wydaje sie analiza spektralna czy tez spektrometria mas,

zwlaszcza czy czgstkach ponizej 1 mm.

Czesto wykorzystywana spektroskopia w podczerwieni z transformacjg Fouriera
(FTIR) pozwala na rozpoznanie okreslonych wigzan chemicznych
charakterystycznych dla danej substancji lub tworzywa. Uzyskane dane mozna
zapisa¢ w formie graficznej wykresu, a system poréwna otrzymane widna ze
standardowg bazg danych. Istniejg jednak obawy, Zze technologia ta nie jest wysoce
skuteczna w wykrywaniu obiektow mniejszych niz 1pym. Simon i inni (2018)
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potwierdzili, ze skale btedéw mozna zmniejszy¢ wykorzystujgc matryce ptaszczyzny
ogniskowej, ktéra umozliwia chemiczne mapowanie wiekszych obszaréw w filtrze
dzieki zastosowaniu siatki elementow detektora. Zapewnia ona kilkukrotne
okreslanie chemiczne tej samej czastki, jednak catosciowy czas analizy znaczgco

sie wydtuza i przy zastosowaniu filtra 47 mm wynosi do 10 godzin.
Analiza ilosciowa

llosciowe okreslenie tworzyw sztucznych obejmuje gtéwnie wazenie, liczenie
i analize instrumentalng. Wazenie stanowi istotny element gtdwnie przy duzej
zawartosci mikroplastiku w glebie i jest wyrazany w jednostkach mg/kg -'. Liczenie
z wykorzystaniem mikroskopii jest najpopularniejszg metodg opisujgcg stezenie
mikroplastiku, wyrazanego w jednostce N/kg' bgdz N/m2, wymaga jednak sporego
naktadu czasu, a czesto rowniez wykorzystania zaawansowanego oprogramowania
do przetwarzania obrazu w czasie rzeczywistym. Dodatkowo, analiza iloSciowa
pozwala na okreslenie wielko$ci, ksztattu oraz barwy czgstek oraz moze stanowic

baze lub skale pod dalsze analizy termoaktywne (Zhang i in., 2018).
Termoanaliza

Podgrzewanie probki do temperatury zblizonej 500° wigze sie z nieodwracalng
utratg mozliwosci dalszej analizy ilosciowej na skutek zachodzgcej pirolizy. Niemniej
wielu autorow zwraca uwage, iz analiza masy jest istotniejsza niz analiza iloSciowa
czastek, wskazujgc na nierbwnomierne roztozenie roznej wielkosci czgstek oraz ich
gestosci w probce. Zwiekszeniu czutosci aparatury spektroskopu mas opartej na
pomiarze czasu przelotu (TOF) pozwala na detekcje w zakresie mg/kg™ do ug/kg™.
Dodatkowo, nowoczesna aparatura umozliwia jednoczesne wykrywanie wielu
zwigzkow bez zmian ustawienia aparatury, mozliwos¢ wykorzystania wodoru jako
gazu nos$nikowego czy tez kompatybilnos¢ z innymi instrumentami pomiarowymi.
Badania prowadzone w niezaleznych laboratoriach, wspodtpracujgcych ze sobg
w celu ustalenia wiarygodnosci pomiaru dowiodty, ze analiza termoanalityczna oraz
chromatografia skutecznie okreslity zawartos¢ PET, PS, PP oraz PE, szczegdlnie
w ocenie catkowitej zawartosci tworzyw polimerowych. Badacze wskazali na istotny
proces homogenizacji oraz przygotowania probek, wymagajgcych kriomielenia oraz
precyzyjnej skali dla przygotowania prébek o wadze ponizej 100 mg, a takze na fakt,
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ze ligniny zawarte w glebie, zaktdcajg oznaczenie PS oraz PE, prowadzac do

dodatkowego wykrycia mikroplastiku

Problem badawczy stanowi ztozona matryca jakg jest gleba oraz brak jednolitej
metody okreslajgcej zawartos¢ w niej tworzyw sztucznych. W przypadku inzynierii
srodowiska oraz wszystkich zatozen majgcych na celu rekultywacje gleb czy ogdlinie
ich ochrone, skuteczna i wysoce powtarzalna metoda oznaczania jest kluczowa.
Przy tak duzej ilosci zmiennych, szanse na btedy pomiarowe nawet w obrebie

jednego badania sg niezerowe, a wrecz spore.

1.5 Wpltyw mikroplastiku na inzynierie srodowiska, ekonomie
oraz rolnictwo

Na podstawie przedstawionych danych oraz w ich sumarycznym
podsumowaniu nalezy wspomnie¢, ze sam wptyw mikroplastiku na organizmy
roslinne i zwierzece opisywany biologig to tylko czescig ztozonego problemu.
Niemniej waznymi kwestiami sg tgczne konsekwencje wszystkich tych zaburzen,
majgce realne odbicie w ekonomii, gospodarce oraz inzynierii Srodowiska.
Ostabienie gleby, jej zyznosci oraz dostepnosci pierwiastkowej przektada sie na
mniej urodzajne plony, to z kolei moze by¢ podstawg do stosowania dodatkéw
glebowych oraz nawozéw co w pewnym stopniu znow zwiekszy stezenie tworzyw
w glebie. Moze to rozpoczg¢ szereg zmian o niepoznanych dotgd skutkach oraz by¢
procesem nieodwracalnym przez bardzo dtugi czas. W przypadku zwierzgt kwestia
wyglagda podobnie i chodZz nie jest to tematem rozprawy, warto wspomnie¢
o mozliwych chorobach zwierzat hodowlanych oraz o produktach odzwierzecych

zanieczyszczonych tworzywami.

Inzynieria Srodowiska jako dyscyplina majgca za =zadanie monitorowanie
Srodowiska oraz objecie zakresem dziatania na rzecz utrzymania wtasciwego jej
stanu, ma rowniez w swym opisie informacje dotyczace tego, iz powinna dgzy¢ do
zachowania gleby w stanie jej samoregulacji, a takze samooczyszczenia. Mowa tu
nie tylko o zjawiskach naturalnych, ale przede wszystkim o wptywie rolnictwa,
agresywnej gospodarce oraz nadmiernym wykorzystywaniu nawozow. Wszystko

jednak wskazuje na to, ze rolnictwo wcigz rozwijato sie bedzie w sposob ciggty,
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jednak coraz bardziej zrownowazony i odpowiedzialny, co jednak nie wyklucza
zastosowania tworzyw i ich uwalniania do srodowiska. Nawet przy zatozeniach
restrykcyjnych norm prawnych oraz regulacji, a takze wykorzystaniu w znacznym
stopniu tworzyw biodegradowalnych, wytgczenie z obiegu podstawowych
produktéw polimerowych zdaje sie byC niewykonalne. Opisujgc to kolokwialnie-
redukcja opakowan plastikowych o 99% pozostawia ten 1%, ktéry wcigz bedzie
przyczyniat sie do powstawania mikroplastiku, gdy ten 1% pomnozymy przez
wszystkie wykorzystywane produkty rolnicze uzyskamy wartosci mierzalne oraz

zaliczane do mikrozanieczyszczen.

Problemem badawczym jest tu brak realnej oceny widma nadchodzgcych zmian,
majgcych na celu ograniczenie wykorzystywania tworzyw sztucznych, na przyktad
w rolnictwie. To nie wszystko, Gospodarka Obiegu Zamknietego (GOZ) oraz
regulacje ,Zielonego tadu” (opisywanego w zatgczonym artykule) moga
w znacznym stopniu przyczyni¢ sie do wykorzystywania osadow Sciekowych
w rolnictwie nie tylko pod uprawy roslin przeznaczonych dla zwierzat czy pastwiska,
ale tez pod grunty orne roslin przeznaczonych dla ludzi, co oznacza, ze
zanieczyszczenie gleb mikroplastikiem i wptyw na organizmy moze stanowi¢ w

przysztosci ogromne zagrozenie.
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2.Przewodnik po artykutach

2.1. Klasyfikacja i rodzaje mikroplastikow

(D.1.) ,,Migration of Microplastic in Agriculture and marine ecosystem:
Biotechnology approaches”, Biotechnology of Emerging Microbes: Prospects for

Agriculture and Environment

Artykut pierwszy, rozpoczynajgcy zbior publikacji zatytutowany ,Migration of
Microplastic in Agriculture and Marine Ecosystem: Biotechnology approaches”,
ukazat sie jako rozdziat w monografii ,Biotechnology of Emerging Microbes:
Prospects for Agriculture and Environment” i przedstawia opis ogolny oraz
charakterystyke mikroplastiku. Wyr6zniamy w nim miedzy innymi pierwsze
zastosowanie tego terminu (rozdziat 1), podstawy nomenklatury (rozdziat 2),
a takze ogolne zastosowanie tworzyw sztucznych i charakterystyke poszczegolnych
polimerow (rozdziat 4). Nawigzujgc do artykutu tego warto podkreslic, ze
wspomniana nomenklatura przez dtugi czas pozostawata w sposob niejednolity
identyfikowana przez odrebne zespoty badawcze. Gtéwnymi kryteriami oceny byty
wielkos¢ czgstek, ksztatt oraz sktad chemiczny, jednak zdarzaty sie opisy, w ktérych
autorzy skupiali sie na kolorach oraz cechach drugorzedowych jak wypornos¢ (Frias
i inn., 2005). Thumaczgc to w publikacjach o zasiegu miedzynarodowych zdarzaty
sie niejasnosci i podwdjne nazewnictwo dla czgstek praktycznie oraz teoretycznie
takich samych. Z czasem tworzywa nazywane pospolicie jak wtdkna, folia czy tez
guma przybieraty nazwy okreslajgce ich sktad chemiczny i dla czytelnosci stawaty
sie polietylenem, polipropylenem czy tez poliamidem, a w drugiej kolejnosci dopiero
sposobem ich wykorzystania. Dzieki temu w obecnych pracach najczesciej spotyka
sie juz precyzyjnie okreslone polimery, opisane nazwg a czesto réwniez gestoscig.
Artykut opisuje ponadto mozliwe drogi degradacji mikroplastiku oraz przedstawia to
w formie graficznej, wskazujgc przy tym zaréwno procesy tlenowe, beztlenowe jak
i udziat organizmow zywych (Rysunek 1.) Kompaktowe zebranie danych na temat
wiasciwosci polimeréw byto istotne z perspektywy lepszego poznania problemu
badawczego oraz co niezwykle wazne, stanowito punkt odniesienia dla dalszych

prac, aktualizacji danych oraz poréwnywania wynikéw z innymi publikacjami.
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Biodegradation in aerobic conditions

depolymerization monomers
polymers | m—) dimers mmmmm) | Biomass + CO, + H,0
oligomers

Biodegradation under anaerobic conditions

depolymerization nonomers Biomass + CH, + H,0,
polymers | m——) dimers —
oligomers Biomass + H,S + H,0,

Rysunek 1. Mozliwo$ci degradaciji polimeréw z uwzglednieniem procesow tlenowych i beztlenowych

Przedstawione na rysunku dane opisujgce mozliwe drogi rozktadu tworzyw
sztucznych okazaty sie bardzo niejednoznaczne w kolejnych badaniach oraz
w dostepnej literaturze. Jak zostato to opisane w (D.5.), zmiana struktury tworzyw
nie jest jednoznaczna z jego biodegradacjg i powinna byc¢ rozpatrywana wzgledem
innych procesow ktére doprowadzity np. do fragmentac;i.

W przedostatnim rozdziale (rozdziat 8) zamieszczona zostata pierwsza fotografia
mikroplastiku wykrytego w tkankach dzdzownic bedgca wstepem oraz kierunkiem
dla kolejnych prac. Podobne wyniki uzyskali autorzy Guanghui Xu (Guanghui Xu i
in, 2021) opisujgc mozliwos¢ akumulacji mikroczgstek oraz Cui (Cui
i in.,, 2022), jednak w obu tych badaniach, dzdzownice pochodzity z hodowli
laboratoryjnej, przez co nie miaty mozliwosci selektywnego wyboru pozywienia oraz
miejsca zerowania, a jak udato sie wykazac (D.7.) jest to kluczowe w przypadku
checi okreslenia naturalnych zdolnosci stresowych dzdzownic, opisanych

parametrami biochemicznymi

Gtéwnym celem napisania tego artykutu byto zebranie i zestawienie podstawowych
informacji na temat nazewnictwa mikroplastiku, sposobow jego degradacji oraz

przegladu literatury wzgledem podobienstw i roznic w jego klasyfikaciji.
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Artykut sktada sie z 24 stron monografii, wspétautorem pracy jest dr hab. Anna
Grobelak, prof. Politechniki Czestochowskiej. Udziat % w publikacji : Klimasz Marek
(80% ), Grobelak Anna (20%). Udziat merytoryczny doktoranta w przygotowaniu
artykutu obejmowat: przeglad literatury, zestawienie najwazniejszych danych,

analiza tresci przydatnych w tej publikacji oraz zredagowanie manuskryptu.
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2.2. Migracja mikroplastikéw w srodowisku

(D2.),,Global scale of microplastic occurrence”

Petne zobrazowanie skali wystepowania mikroplastiku w Srodowisku
naturalnym jest trudne z wielu powodow. Pierwszy i podstawowy to zastosowanie
réznych metod pomiarowych (o ktorych wspomne wkrotce), drugi to rézne miejsca
pomiaru, nawet w obrebie jednego obszaru jakim jest morze, czy konkretne ujscie
rzeki oraz trzeci to data poboru probek. Efektem tego sg rozbiezne dane oraz brak
pewnosci co do aktualnego stanu zanieczyszczen. Praca ta odnosi sie do wynikéw
badan z publikacji ( Laurent i in, 2018), (Laurent i in., 2017), (Quiping i in., 2017)
oraz zawartych tam danych. To istotne, Zze jeden zesp6t badawczy przeprowadzit
obszerne badania w wielu réznych miejscach na swiecie, w okreslonym- krétkim
zakresie czasu oraz przy takiej samej metodyce. Nawet jesli w chwili obecnej
dysponujemy metodykg o podwyzszonych parametrach detekcji, moze ona
stanowi¢ podstawe do interpretacji wynikbw. Zamieszczony w rozprawie artykut to
gtéwnie liczby, ilos¢ wytwarzanych tworzyw (rozdziat 1), los mikroplastiku w wodach
(morzach, rzekach i oceanach) (rozdziat 3), a takze, informacje na temat akumulac;ji
mikroplastiku w organizmach zywych, jego migracja z uwzglednieniem nowych
doniesien, czy tez dane o zawartosci mikroplastiku w glebie. Juz w tym artykule
pojawiajg sie rozbieznosci danych, ktére mogg sugerowa¢ koniecznos¢
ujednolicenia metod pomiarowych. Opisane réznice ilosci czgstek na wysokg skale
wzgledem dwoch pomiaréw tego samego obszaru sugerujg, ze obie prace sg
merytorycznie prawdziwe, jednak w obu zastosowana metoda zmienita diametralnie
wyniki (rozdziat 3). Dla zobrazowania - opisanie stezenia na podstawie ilosci
czagstek jest tak samo btedne jak na podstawie samej masy w objetosci jednostki
wody. Artykut purusza tez kwestie prognoz dotyczgcych zaréwno produkcji tworzyw
jak i odpadow tych tworzyw (rozdziat 7). Wczesniejsze zatozenia, z publikaciji
sprzed 2018 roku bywaty w tej kwestii krytyczne i zaktadaty ciggty wzrost mierzony
rozwojem  gospodarczym, wzrostem Swiatowej populacji ludzi oraz
wszechstronnoscig tworzyw, jednak sprawa wydaje sie mie€ rowniez inne mozliwe

rozwigzanie. Nowe metody recyklingu, wydajne systemy zagospodarowania oraz
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tworzywa biodegradowalne mogg miec realny wptyw na dalsze prognozy i zostaty
opisane w ostatnim rozdziale monografii. Informacje takie mozna odnalez¢ miedzy
innymi w pracy Mashood (Mashood i inn., 2021) opisujgcej polityke krajow majgcych
znaczacy wptyw na produkcje tworzyw oraz tendencje wzgledem wykorzystania
tworzyw biodegradowalnych. W skali europejskiej sytuacja wyglada na ogot
podobnie, w pracy StasiSkiené (Stasiskiené i inn., 2022) odnajdziemy informacje na
temat regulacji prawnych oraz przyjetych norm dla produkcji tworzyw oraz procesu
zastepowania ich tymi biodegradowalnymi, autorka sugeruje, ze od roku 2018 do
2021 wykorzystanie bio-tworzyw wzrésto o 17%, jednak nadal stanowi to ponizej
2% wszystkich produkowanych. Niezgodnosci informacji mogg pojawiac sie rowniez
wzgledem informacji zawartych w rozdziale 4, jak sugerujg autorzy innej publikacji
(Raamsdonk i inn., 2020), stopien przeszacowanie lub niedoszacowania stezenia
mikroplastiku jest znaczgcy. Autorzy powotujg sie gtdwnie na rozmiar czgsteczek
oraz dolng granice okreslong na 1 mm, przez co mniejsze czgstki byty pomijane- na
przyktad w analizach ryb, dokumentujg rowniez mikroplastiki zawarte w wodzie
kranowej czy tez butelkowanej. Z tej perspektywy dane w artykule (D.2.) stanowig

punkt odniesienia dla skali porownawcze;j.

Gtéwnym celem tego artykutu, bylo zebranie aktualnych danych na temat
wystepowania mikroplastiku w ujeciu globalnym i zestawienie wszystkich tych
danych w sposob czytelny i przejrzysty. Dodatkowo, poszerzenie wiedzy na temat
przyczyn przeszacowania lub niedoszacowania wynikow oraz skali prowadzonych
badan i kierunkéw ich dziatania. Dzieki niemu dowiadujemy sie w jaki sposob
odmienne metody okreslajg stopien zanieczyszczenia mikroplastikiem oraz jak
wazny jest staty monitoring ekosystemu. Kwestig drugorzedowg jest zwrocenie
uwagi na kraje rozwijajgce sie, skale problemu jakim sg zanieczyszczone tam rzeki
czy grunty oraz konsekwencje takich dziatan. Zamieszczona ilustra (Rysunek 2.)
przedstawia najbardziej zanieczyszczone rzeki, w ktérych przprowadzone byty
pomiary mikroplastiku oraz skale tego zjawiska w odniesieniu globalnym.
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Rysunek 2. Kolorem czerwonym zaznaczono najbardziej zanieczyszczone rzeki $wiata, odpowiedzialne w
gtéwnej mierze za obecno$¢ mikroplastiku w oceanach

Artykut sktada sie z 14 stron monografii, wspétautorem pracy jest dr hab. Anna
Grobelak, prof. Politechniki Czestochowskiej. . Udziat % w publikacji : Klimasz
Marek (70% ), Grobelak Anna (30%). Udziat merytoryczny doktoranta w
przygotowaniu artykutu obejmowat przeglad aktualnych publikacji, zestawienie oraz
préwnanie dostepnych danych, a takze redagowanie artykutu.
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2.3. Oczyszczanie sciekow jako zrodto mikroplastiku w
srodowisku

(D.3) ,,Oczyszczanie Sciekow jako zrodto mikroplastiku w Srodowisku”

Artykut zostat przyjety do publikacji w wydawnictwie Politechniki
Czestochowskiej i przedstawia oczyszczalnie sciekdw jako zrédto zanieczyszczenia
gleby i srodowiska mikroplastikiem. Celem tego artykutu byto ukazanie jednej
z mozliwosci rozprzestrzeniania sie czgsteczek polimeréw za sprawg oczyszczalni
Sciekow, porownanie wydajnosci filtracyjnych przy zastosowanie drugiego
i trzeciego stopnia oczyszczania, a takze wptyw wykorzystania osadéw sciekowych
w poszczegolnych krajach na wzrost stezenia mikroplastiku na tych terenach. To
niezwykle istotne, w jaki sposob badania dowiodty korelacji zastosowania osadow
i stopniowego wzrostu stezenia, w kontekscie regulacji prawnych, ktore $Scisle
wytyczajg nowe ograniczenia dla surowcow naturalnych, przez co witasnie osady
stajg sie cennym produktem gospodarki rolniczej. Zatozenia méwigce o obnizeniu
wykorzystania pestycydow o 50% do roku 2030 (Zawarte w Ustawie o Zielonym
tadzie — ,Komunikat Komisji do Parlamentu Europejskiego, Rady, Europejskiego
Komitetu Ekonomiczno -Spotecznego i Komitetu Regionow”) wywotaty poruszenie
w gospodarce surowcOw oraz wptynety na szereg badan majgcych na celu
sprawdzenie rzeczywistego zagrozenie ze strony stosowania osadéw sciekowych.
Sugurbekova (Sugurbekova i inn., 2023) sugeruje, ze doswiadczenie krajow
stosujgcych na szerokg skale osady pozwoli na wykorzystanie ich nawet w 60% w
rolnictwie, co wydaje sie by¢ bardzo wysokim wskaznikiem, przedstawia ponadto
mozliwe procesy obrébki osadow, aby staty sie bezpieczniejsze dla srodowiska.
Przedstawiona w artykule tabela (Tabela 4.) ukazuje kierunek zagospodarowania
osadow Sciekowych w Polsce oraz zmiany zachodzgce na przestrzeni ostatni lat

wzgledem ich wykorzystania.
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Tabela 4. Kierunki zagospodarowania osadéw $ciekowych w Polsce w latach 2017-2021; Szczegdétowy opis w (D.3.)
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Wyszczegodlnia rowniez ustawy normy i regulacje dotyczgce zastosowania osadéw
Sciekowych w Polsce oraz powotujgc sie na ustawe (art.3., ust.1 pkt. 28), ktora jasno
przedstawia jakie sposoby zagospodarowania sg dostepne w kraju. Aby jednak
w sposob generalny zrozumieC problematyke zwigzang z osadami Sciekowymi,
w artykule przedstawione zostaty informacje na temat zagrozen ptyngcych z ich
stosowania. Pierwszym i kluczowym z punktu widzenia tej pracy to mikroplastik,
jednak autorzy wskazujg ponadto wysokie stezenia metali ciezkich, zawartos¢
toksyn, jaj pasozytow i innych substancji, ktére sg wysoce niekorzystne dla gleb
rolniczych. Udokumentowane ilosci mikroplastiku w osadach sSciekowych
w objetosci kilograma przedstawiono w tabeli 5. Petna tabela opisujgca rowniez

pozostate kraje wraz z literaturg znajduje sie w zatgczonym artykule (D.4.).

Tabela 5. Srednia ilo$¢ czasteczek mikroplastiku w osadach $ciekowych opisana na podstawie analizy

wybranych oczyszczalni $ciekow (D.4.)

Rozmiar mikroplastiku Stezenie mikroplastiku
Kraj Odniesienie do literatury
[Um-mm] [w czgstkach na kg™]
Holandia 0,7 um-5mm 370 - 950 cz/kg Lessieiin. 2017, s. 133-142
Szwecja 300 pm -5 mm 16,7 - 10 cz/kg™ Magnusson i Norén 2014
Niemcy <5mm 1 000- 24 000 cz/kg™ Minteningiin. 2014
Norwegia 54 pm-5mm 6 077 cz/kg’ Lusheriin. 2018
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Irlandia 250 um -4 mm 4196- 15 385 cz/kg”’ Mahoniin. 2017, s. 810-818

Wielka Murphyiin. 2016, s. 5800-
<1,62 mm 2000 cz/kg’

Brytania 5808

Witochy 0,5um -1 mm 113 000 cz/kg™ Magniiin. 2019, s. 602-610

Artykut ma na celu zobrazowanie szerokiej dyskusiji, ktéra dotyczy wykorzystania
osadow sciekowych w rolnictwie. Przedstawione tam dane oraz argumenty
wskazujg zaréwno na zalety jak i wady ich stosowania poparte konkretnymi
przyktadami. Dodatkowo dostrzec mozna roznice wynikajgce ze skali ich
stosowania w roznych krajach i bezposredniego wptywu na wzrost stezenia
mikroplastiku w glebie. W tej perspektywie, nawet wydajny proces filtracyjny
oczyszczalni sciekéw dysponujacej Il oraz Il stopniem oczyszczania, wydaje sie nie

by¢ wystarczajgcym dla powstrzymania ekspansji tworzyw do srodowiska.

Praca sktada sie z 13 stron monografii, wspotautorem pracy jest dr hab. Anna
Grobelak, prof. Politechniki Czestochowskiej, . Udziat % w publikacji : Klimasz
Marek (60% ), Grobelak Anna (40%). Udziat merytoryczny doktoranta w
przygotowaniu artykutu obejmowat: analize proceséw zachodzgcych w
oczyszczalniach sciekow, aktualnych normy prawnych dotyczgcych skutecznosci
filtracji, okreslenie skali wystepowania mikroplastiku w oczyszczalni Sciekow oraz

opisanie zebranych informacji w formie publikacji naukowe;j.
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2.4. Mikroplastik w glebach
(D.4.) ,Methods for separation and classification of microplastics in soil,,

Artykut nawigzuje do aktualnej problematyki zwigzanej z detekcjg
mikroplastiku w glebie. W artykule znajdujg sie informacje o zanieczyszczeniu gleby
tworzywami, zrédtach tych zanieczyszczen oraz dane w ujeciu globalnym —
oszacowane stezenia mikroplastiku w réznych rejonach swiata. Poruszone sg
tematy, ktore uwazam za kluczowe w kwestii wykrywania mikroplastiku- ztozonosc
oraz zmienno$¢ gleby i metody pomiarowe. Wedtug cytowanych w pracy autorow,
zastosowanie w odpowiedniej konfiguracji odczynnikdw, w przypadku separacji
gestosciowej, moze okazac¢ sie wysoce skuteczng metodg badawczg, jednakze w
kontekscie ogolnym nasuwa sie bardzo wiele pytan. Jak wiele r6znych metod
zostato zastosowanych i w ilu wariantach, jaka jest doktadnos¢ pomiarowa, jaka jest
pewnos$¢, ze oszacowane- przyktadowo 90% mikroplastiku jest rzeczywistg miara,
skoro nie uwzgledniona zostata granica wielkosci czgsteczkowej. Dodatkowo warto
przyjrze€ sie tez samemu procesowi pobierania probek z gleby - biorgc pod uwage
areat o powierzchni 1 hektara (ha) nalezy okreslic, ile probek pobraé, z jakiej
gtebokosci, uwzgledni¢ rowniez nachylenie (przenoszenie mikroplastiku przez wody
powierzchniowe) oraz pore roku. Badania prowadzone przeze mnie na uczelni - jako
dodatkowa kwestia, objety takze analize roslin, kietkujgcych w kontenerach, w
ktorych znajdowaty sie uprzednio dzdzownice w glebie z zawartoscig mikroplastiku.
Siewki (okoto 8 cm) ktore poddano analizie mikroskopowej wykazaty obecnosc
mikroplastiku w todydze oraz lisciach- polietylen niskiej gestosci, o wtasciwosciach
fluorescencyjnych. Tym samym, badanie gleby w okresie intensywnego wzrostu
roslin, w tym zbdz - moze wigzac sie z czesciowg translokacjg tworzywa i zmieniac
odczyt i wyniki gtowne. W tym przypadku nalezy, dla kazdego rodzaju gleby oraz
obszaru- zréznicowa¢ metodyke pomiarowg oraz wzig¢ poprawke na obecng tam
roslinno$¢. W przypadku laséw kwestia wydaje sie o wiele bardziej ztozona, jednak
tutaj brak dostatecznej ilosci wynikow, aby porusza¢ kwestie skutecznosci. W
rozdziale dotyczgcym separacji gestosciowej (rozdziat 3), wymienionych zostato

wiele odczynnikdw, dzieki ktérym mozliwe jest zastosowanie metody polegajgcej na
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wyizolowaniu tworzywa z gleby, na zasadzie réznych w ich gestosci i tym samym
wypornosci. Analizy przeprowadzone w ramach rozprawy doktorskiej zaktadaty
wykorzystanie wytgcznie odczynnikow bezpiecznych dla srodowiska, o wysokiej
skutecznosci opisanej na podstawie wiekszej ilosci literatury oraz niskiej cenie-
przez co jego komercyjne wykorzystanie bytoby uzasadnione. Roztwory
wolframianu sodu, chlorku sodu, etanolu oraz wody dejonizowanej testowane byty
dla gleby rolniczej w kilku wariantach. Dla gleby czystej, stosowanej w dalszych
pracach (D.6.), (D.7.) jako proba kontrolna, oraz dla gleby z mikroplastikiem, ta
z kolei zawierata préby swieze- zmieszane na kilka godzin przez probg separacji,
oraz proby kilkumiesieczne, pochodzace z pojemnikow wykorzystywanych do
hodowli dzdzownic w skali mikro (D.5.). Badanie obejmowato proces homogenizacji,
wytrzgsania oraz zliczania tak, jak sugerujg autorzy, jednak wyniki byty diametralnie
rozne, z szeregiem nasuwajgcych sie wnioskow i obserwacji. Polietylen wykazywat
wysokg polarnos¢ przez co przylegat do Scian naczyn, zastosowanie tkanin
filtracyjnych czy membran obarczone jest wysokim prawdopodobienstwem
pominiecia drobnych fragmentow. Etylen o stezeniu (99,7%) przy dtuzszej
ekspozycji odbarwiat czgstki oraz wedlug autoréw- moze wptywaé na
przyspieszenie fragmentacji. Wyniki badan wzgledem separacji gestosciowej, przy
zastosowaniu mieszaniny mikroplastikow opisanych w (D.5.) - polietylen,
polipropylen, poliamid, politereftalanu etylu w formie zmieszanej oraz wielkosciach
ponizej 1 mm i dolnej granicy wynoszgcej 43 mikrometry daty maksymalne wyniki
na poziomie okoto 65% w przypadku swiezo wymieszanej frakcji oraz ponizej 40%
w przypadku mikroplastiku zawartego w glebie kilkumiesiecznej. Istotne jest, ze
probki gleby po tym badaniu, poddane analizie mikroskopowej wykazaty czgsteczki
tworzywa (tych, o wtasciwosciach fluorescencyjnych) przez co nalezy zaktadac
pewne btedy pomiarowe. Istnieje potwierdzenie dla tych badan, méwigce o fgczeniu
sie tworzyw z materiatem organicznym (Thomas i inn., 2020), o tworzeniu
agregatow glebowych oraz o polarnosci wzgledem innych zwigzkéw (Reveron iinn.,
2022), przez co zwieksza sie masa, a separacja gestosciowa przestaje bycC
skuteczng metoda. Czesc¢ z tych badan zawdziecza wysokg skutecznos¢ wielkosci
samych tworzyw, gdzie opisane czastki majg 1-5 mm (Prosenc i inn., 2021) przez
co sg o wiele fatwiejsze do wykrycie niz te, wielkosci ponizej 1 mm. Kompletny

przewodnik usuwania mikroplastiku zostat opublikowany przez Rani (Rani i in.,
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2023) w ktérym autorzy wskazujg wiele metod pomiarowych, w tym takie o
skutecznosci odczynnikowej w przedziale okoto 50% - 95% (Tabela 6) oraz
zastosowanie odpowiedniej ilosci filtrow majgcych za zadanie podniesienie

skutecznosci.

Tabela 6. Skuteczno$¢ odczynnikdw w procesie separacji ggstosciowej mikroplastiku

Odczynnik Rodzaj gleby Czas trawienia [h] Temp (°C) Szacowana
skutecznos¢

NaOH piasek gliniasty 24 60 35-70%

KOH piasek gliniasty 24 60 >35

65% HNO; gleba zalewowa 48 60 >90%

96% H,SO, gleba zalewowa 24-72 90 > 95%

30% H,0, ziemia rolnicza 24 60 >90%

H.0, osad 168 60 > 60

odczynnik Fentona piasek gliniasty 24 40 > 60

Artykut powstat w celu ukazania jak gtebokim wyzwaniem staje sie obecnos$¢
mikroplastiku w glebie. Inzynieria Srodowiska, ktéra zajmuje sie miedzy innymi
przywracaniem gleby do jej pierwotnych witasciwosci oraz rekultywacjg, w tym
przypadku jest dziedzing bardzo mato poznang i wcigz nie zna odpowiedzi na wiele
pytan. Jak opisano w (D.2.) skala tego zjawiska bedzie sie powiekszata z uwagi na
rosngce zainteresowanie wykorzystaniem osadow sciekowych oraz coraz bardziej

restrykcyjne normy Zielonego tadu oraz Gospodarki Obiegu Zamknietego.

Artykut sktada sie z 12 stron monografii. Udziat % w publikacji : Klimasz Marek
(80% ), Grobelak Anna (20%). Udziat merytoryczny doktoranta w przygotowaniu
artykutu obejmowat: zebranie najwazniejszych oraz aktualnych informag;ji
dotyczacych obecnosci mikroplastiku w glebie, poréwnanie dostepnych publikacji

naukowych oraz redagowanie tekstu artykutu.

47



Rozprawa doktorska

2.5. Wptyw mikro i nanoplastiku na dzdzownice

(D.5.) ,Effects of microplastics on selected earthworm species”

W artykule tym wykorzystane zostaty gatunki dzdzownic Lumbricus terrestris,
Dendrobaena veneta, Eisenia andrei, Eisenia fetida oraz Aporrectodea caliginosea
(Rysunek 3.) w celu okreslenia parametrow biochemicznych po ekspozycji na
mikroplastik. Osobniki do hodowli zachowawczej pochodzity czesciowo z hodowli
komercyjnej w Polsce jak rowniez zostaty pozyskane z Katedry Bezkregowcow
Uniwersytetu Jagiellonskiego, z ktérej uzyskano dodatkowo wsparcie
w determinacji gatunkowej oraz publikacje dotyczace ich fizjologii na podstawie

przeprowadzonych tam badan.

Rysunek 3. Wykorzystane w badaniach gatunki dzdzownic, kolejno od lewej L. terrestris, D. veneta, A. Caliginosa, D.
andrei, E. fetida (fot. Marek Klimasz).

Celem badania byto natomiast poréwnanie wszystkich tych gatunkéw wzgledem
wrazliwosci wobec réznych rodzajow mikroplastikow. Wedtug naszej 6wczesnej
wiedzy, byto to jedno z pierwszych badan, w ktorym wykorzystano zmieszang
frakcje mikroplastiku, a takze zmienne warunki hodowlane dla zobrazowania

wynikajgcych z tego réznic, co schematycznie przedstawione zostato na rysunku 4.
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Rysunek 4. Schemat graficzny artykutu, oznaczonego w zatgczniku jako D.5
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Zastosowany w badaniu pilotazowym mikroplastik o wielkosci 1-5 pm, 10-20 pym,
32 -38 ym , 38-45 pym, 53-63 um pochodzit z Cospheric LLC, (doktadne wtasciwosci
zostaty opisane w rozdziale o materiatach i metodach, (D.5, D.7.), o wiasciwosciach
fluorescencyjnych i byt testowany jeszcze przed docelowym badaniem w celu
przesledzenia drogi migracji czgstek z gleby do ciata dzdzownicy i okresSlenia
doktadnego potozenia- mapowania przestrzennego. Po uzyskaniu wstepnych
wynikow, wskazujgcych, ze po okoto 30 dniach istnieje prawdopodobienstwo
wykrycia czgstek w tkankach, nastgpito badanie gtéwne, zaktadajgce wymieszanie
réznych tworzyw, o roznej wielkosci w pojemnikach przygotowanych hodowli.
Wedtug licznych autorow wptyw bezposredni na dzdzownice jest negatywny, moze
by¢ toksyczny i prowadzi do spadku masy oraz zwigkszenia stopnia smiertelnosci
(Balos i inn., 2024). Wielu badaczy prowadzito ponadto badania w tej przestrzeni,
opisujac wptyw na reprodukcje czy tez stres oksydacyjny (Trakic i in., 2024), jednak
w pewnym stopniu chciatbym podwazy¢ te badania, opierajac sie na wynikach
wiasnej analizy. Traki¢ wraz z autorami zastosowali pojemniki, w ktdérej objeto$¢
gleby wynosita 300g, Balos 500g, Rodriguez (Rodriguez i in., 2023) zastosowata
400 gram gleby, co z perspektywy przeprowadzonych przez nas badan jest prébg
niemiarodajng. Ro&znice w przypadku akumulacji czgstek mikroplastiku
przedstawione w tabeli w (D.7.) wskazujg jasno, ze objeto$¢ pojemnikéw jest
kluczowym elementem dla rzeczywistego obrazowania zmian zachodzgcych w
organizmach tych bezkregowcéw. Niemniej, przeprowadzone badanie miato na celu
wytonienie dwoch najlepiej przystosowanych gatunkow, zatem informacje z hodowli
laboratoryjnej traktowano jako wzorzec. W badaniach wykorzystano respirometr
Echo, przeznaczony do badania respiracji bezkregowcéw dla oszacowania wptywu
mikroplastiku na wymienie gazowg, co byto innowacyjnym badaniem, przyktadowe

wyniki przedstawiono na rysunku 5.
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Rysunek 5. Wyniki badan respiracji D. Veneta po okresie jednego miesigca (z lewej) oraz po 3 miesigcach (z
prawej), szczegotowe dane zawarto w (D.5.)
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Biorgc pod uwage fizjologie dzdzownic oraz sposob wymiany gazowej, uzyskane
dane nasuwajg wiele pytan o doktadny wptyw mikroplastiku na organizmy oraz o
mechanizmy, odpowiedzialne za zaburzenie tych proceséw. Sg to jednak aspekty
biologiczne, ktére nie stanowity dalszego kierunku prac. Niemniej w tabeli 7
zobrazowano procentowo roznice w wydajnosci respiracji dzdzownic, z

uwzglednieniem stezenia mikroplastiku, rodzaju, a takze czasu ekspozyciji.

Tabela 7. Wptyw réznych wariancji mikroplastiku na respiracje dzdzownic

Gatunek Stezenie (w/v %) 1 miesiac 3 miesigce
E. andrei 0,1% -19,56% -28,25%
1% - 38,69% -69,73%
E. fetida 0,1% -22,58% -26,18%
1% -40,13% -69,97%
A. caliginoesa 0,1% - 37,60% -46,00%
1% -57,54% -60,32%
L. terrestris 0,1% - no changes -10,26%
1% - 28,57% -36,16%
D. veneta 0,1% -13,47% -12,88%
1% -37,82% -61,59%

Majgc na uwadze ztozonos¢ tematu jakim moze by¢ wptyw poszczegodlnych
czynnikbw na procesy biochemiczne, wykonano rowniez analizy na stezenie
posrednich markeréw stresu oksydacyjnego (Rysunek 6.) oraz ogolnej
przezywalnosci gatunkowej (Rysunek 7). Pomimo faktu, iz literatura wyszczegolnia
zwigzki takie jak dialdehyd malonowy, czy tez grupy wodorotlenkowe jako markery
stresu, w tym badaniu zastosowano S-transferaze glutationowg, ktéra jest metodg
relatywnie szybkg oraz skuteczng w ocenie stresorow srodowiskowych.
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Rysunek 6. Wptyw mikroplastiku na stres oksydacyjny u wybranych gatunkéow dzdzownic. Doktadne dane wraz

z opisem znajdujg sie w D.5.
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Wyniki badah pozwolity wskaza¢ gatunek, dla ktérego obecnos¢ tworzyw
sztucznych w glebie stanowi najwieksze zagrozenie (A. caliginosea) oraz te, dla
ktorych nie miato to istotnego znaczenia (L.terrestris, D.Veneta). Dodatkowo wyniki
te pokrywaly sie z pozostatymi analizami bedac zgodnymi co do gatunkow oraz ich
wrazliwosci na zanieczyszczenie gleby mikroplastikiem. Dyskusja na temat
Smiertelnosci dzdzownic wystawionych na ekspozycje tworzyw jest szeroka, Liu (Liu
i inn., 2022), Lwanga (Lwanga i in., 2019) wskazujg na réze przyczyny oraz
wskazniki Smiertelnosci, ale wcigz pozostaje jeden kluczowy aspekt, w kazdym z
wymienionych tutaj badan jak i w wiekszosci referencji w (D.4.), (D.5.), (D.7.)
wykorzystany zostat jeden rodzaj tworzywa sztucznego. Tym samym, badaniach
dotyczacych rozprawy doktorskiej przenalizowano wptyw mikroplastiku zarowno w
oddzielnych frakcjach jak i w zmieszanych, na wszystkie gatunki, w odpowiednich

stezeniach oraz w dwdch zakresach czasu.
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Rysunek 7. Wptyw mikroplastiku na przezywalnosc gatunkowsg, doktadny opis wszystkich gatunkéw znajduje
sie w zatgczniku nr 5 (D.5.)

Idgc dalej w tym kierunku, przeprowadzono badania flory bakteryjnej dzdzownic
w celu sprawdzenia réznic w obfitosci bakterii jelitowych. Celem badania byto
poznanie histopatologicznych zmian jelita oraz w sposob czytelny i jasny
zobrazowanie tego pod postacig posiewdw bakteryjnych. Dane z badan
mikrobiologicznych pozwolity stwierdzic¢, ze obecnosc¢ tworzyw w jelitach wptywa na
flore bakteryjng i przyczynia sie do jej zubozenia w stopniu zaleznym od stezenia
czgstek (Rysunek 8.). Podobne wyniki uzyskali inni autorzy (Lia i inn., 2024),
opisujacy szereg zmian jelitowych wywotanych miedzy innymi polistyrenem, (Fu
i in.,, 2024) opisujgc zmniejszenie flory bakteryjnej oraz namnozenie bakterii
patologicznych, oraz w badaniach Yang (Yang i inn., 2022) opisujgc nagromadzenie
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sie jelitach metali ciezkich na skutek obecnosci mikroplastiku. Istniejg ponadto
doniesienia, dokumentujgce brak zmiany ilosciowej, ale zmiane jakosciowg bakterii
jelit dzdzownic na skutek dziatania tworzywa (Wang i inn., 2019).

Rysunek 8. Wptyw mikroplastiku na flor¢ bakteryjng dzdzownic po w probie kontrolnej (z lewej), przy 0,1% stgzenia
mikroplastiku (zdj. srodkowe) oraz 1% st¢zenia (zdj. z prawej)

Podsumowujgc, artykut ukazuje wptyw réznych rodzajow mikroplastiku, w roznym
stezeniu oraz w réznym zakresie czasu na wszystkie objete badaniem gatunki
dzdzownic, nalezacych do odmiennych grup ekologicznych. Pomimo faktu, ze
dostepnych jest wiele publikacji dotyczgcych podobnego zagadanienia, w tym
badaniu wszystkie osobniki poddane byty takim samym warunkom
eskperymentalnym, a innowacyjnoscig bylo zastosowanie = mieszaniny
mikroplastikdw. Uzyskane wyniki w wiarygodny sposéb potwierdzity dostepne
w literaturze informacje i pozwolily na wybranie gatunkéw najlepiej
przystosowanych do zycia w glebie zanieczyszczonej mikroplastikiem. Gatunkami
tymi sg L. terrestris oraz D. veneta, ktére w artykutach D.6. oraz D.7. postuzyty do
mapowania przestrzennego oraz analiz statystycznych obejmujgcych korelacje
stezen w glebie i tkankach. Dla wszystkich gatunkéw stezenie 1% mikroplastiku
miato znaczacy, negatywny wplyw przejawiajacy sie podwyzszonym stezeniem
GST, zmniejszonym wspoétczynnikiem przezywalnosci osobniczej, a takze
znacznym zubozeniem obfitosci flory bakterynej na podstawie przeprowadzonych
posiewow mikrobiologicznych. Szczegoétowe informacje dotyczgce parametréw
uzyskanych w badaniach, specyfikacji wykorzystanej aparatury oraz przebiegu

eksperymentu znajdujg sie w artykule numer 5 (D.5.).

Artykut sktada sie z 27 stron opisowo-badawczych, wspotautorem pracy jest dr hab.
Anna Grobelak, prof. Politechniki Czestochowskiej. Udziat % w publikacji : Klimasz
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Marek (80% ), Grobelak Anna (20%). Udziat merytoryczny doktoranta w
przygotowaniu artykutu obejmowat: przygotowanie osobnikéw, przeprowadzenie
eksperymentdw oraz badan, zbiér wszystkich danych oraz ich opracowanie, a takze

redagowanie pracy.
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2.6. Zastosowanie mikroskopii ramanowskiej w celu
mapowania mikroplastiku i nanoplastiku w tkankach dzdzownic

(D.6.) ,Accumulation of spherical microplastic in earthworm tissues-

mapping using Raman microscopy.”

Artykut zostat opublikowany w czasopismie Applies Science i opisuje
zastosowanie mikroskopii ramanowskiej w detekcji mikroplastiku oraz przedstawia
szereg ilustracji dla petniejszego zobrazowania wynikéw. Akumulacja w tym
przypadku oznaczata trwate haczykowanie czgstek tworzywa w miesniach, tym
samym w tkankach dzdzownic i zostata potwierdzona z wykorzystaniem
niestandardowych ustawien aparatury pomiarowej. Mikroskopia ramanowska
opisywana wczesniej w pracy postuzyta jako narzedzie do okreslenie wielkosci
czgstek tworzywa oraz widma emisji (Rysunek 9.) dla poszczeg6inych tworzyw oraz

mapowania przestrzennego, co okazato sie wyjgtkowym wyzwaniem.
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Rysunek 9. Widma emisji oraz piki wzbudzenia dla wykorzystanego tworzywa

Tkanka przygotowana do analizy pomimo relatywnie niewielkich rozmiarow, z
perspektywy aparatury wydawata sie znaczgco gruba oraz duza, konieczne wiec
byto jej pociecie oraz wstepne oznaczenie mikroplastiku mikroskopig optyczng w
badaniu pilotazowym. Zdjecie ponizej (Rysunek 10.) przedstawia przyktadowy

fragment tkanki Aporrectoda caliginosea, przed oznaczaniem mikroskopowym.
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Rysunek 10. Tkanka A.caliginosea przygotowana pod skaning mikroskopowy dla wstepnego oznaczenia

mikroplastiku w badaniu pilotazowym

Dodatkowym wyzwaniem okazaty sie ustawienia kolejno linii lasera i wzbudzenia
fali, wykorzystane obiektywu o konkretnym powiekszeniu, dobranie rozdzielczo$ci
spektralnej, liczny akumulacji, czasu widma, mocy promieniowania lasera, krokéw
pomiarowych, rozdzielczosci przestrzennej oraz gestosci probkowania. Nalezy
rowniez wspomniec, ze kazdy rodzaj tworzywa charakteryzuje sie roznym widmem,
a ponadto tkanka dzdzownic rowniez wykazuje wiasciwosci fluorescencyjne
(Rysunek 11.), przez co nalezato okresli¢ jego doktadne parametry, aby w kolejnych
badaniach mogto ono zostac¢ uznane jako tto pomiarowe i rowniez w tych miejscach
lokalizowane tworzywa sztuczne.

Wykonano wielokrotnos¢ pomiaréw w niskiej gestosci probkowania oraz szerokim
zakresie widma dla uzyskania ré6znych obrazéw fluorescenciji tkanki, dzieki czemu

zostaty one wykorzystane jako tto w kolejnych badaniach.

Rysunek 11. Naturalnej fluorescencja tkankowej tkankowa dzdzownic o obrazie mikroskopii ramanowskiej

Zastosowanie  mikroskopii ramanowskiej zdaje sie byC powszechne
i wykorzystywane rowniez w kontekscie mikroplastiku. Rytelewska i Dgbrowska
(2022) opisaty oznaczenie tg metodg réznych tworzyw jednak wszystkie one byty
wyizolowane, przez co mozna wykorzysta¢ baze okreslajgcg spektralnie dane
tworzywa i doktadnie precyzowac jego wtasciwosci. W innych badaniach Jurkowski
(Jurkowski i in., 2024) opisuje zastosowanie mikroskopii ramanowskiej wraz
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aparaturg FTIR do szacowania wtasciwosci mikroplastiku, a takze Miserli (Miserli
i in., 2023); jednak autorzy zadnego z powyzszych badan nie dostarczyli petnych
ilustracji, dokumentujgcej zawartos¢ mikroplastiku w tkance, a jedynie
udokumentowali z wyizolowanego juz materiatu, badajgc najczesciej czyste
tworzywo o znanych wiasciwosciach i strukturze. W opublikowanym artkule zostaty
przedstawione zaréwno rysunki przedstawiajgce tkanki czyste- bez zawartosSci
tworzyw sztucznyczn okreslane dalej jako kontrola (Rysunek 11), jak i rysunki
dokumentujgce mikroplastik w tkanke (Rysunek 12).

Wykonanie wielu powtorzen, w réznych zakresach widma pozwolito na prezycyjne
okreslenie zawartosci tworzywa oraz jego przestrzennej lokalizacji. Kolejny Etap
prac obejmowat analize jakosciowg dla szczegotowego okreslenia sktadu

chemicznego i tym samym rodzaju mikroplastiku.

Rysunek 12. Fotografie mikroplastiku w tkankach dzdzownic z zaznaczonym obszarem pomiaru

Artykut sktada sie z 13 stron opisowo-badawczych, wspotautorem pracy jest dr hab.
Anna Grobelak, prof. Politechniki Czestochowskiej. Udziat % w publikacji : Klimasz
Marek (65% ), Grobelak Anna (35%). Udziat merytoryczny doktoranta w
przygotowaniu artykutu obejmowat: przygotowanie tkanek, ustalenie parametréw
aparatury pomiarowej, przeprowadzenie badan, wykonanie fotografii oraz opisanie
uzyskanych wynikow.
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2.7. Mapowanie mikroplastiku w tkankach dzdzownic jako
metoda oceny zanieczyszczenia srodowiska

(D.7.) ,An evaluation of the quantitative concentration of microplastic in
Dendrobaena veneta and Lumbricus terrestris tissues from laboratory

and environmental culture”

Artykut zostat opublikowany w czasopismie Science Applied i opisuje metode
oszacowania stezenia mikroplastiku w glebie na podstawie analizy tkankowe;j
dzdzownic oraz modelowanie matematyczne dla potwierdzenia korelacji stezenia
mikroplastiku w glebie/tkankach. Podstawowym parametrem, bedgcym wyjsciowym
dla wszystkich prac byto opisanie oraz udokumentowanie czystosci prob
kontrolnych- tych, bedgcych w hodowli o takich samych parametrach, lecz w glebie
bez mikroplastiku. Jak wynika z artykutu o metodach separacji mikroplastiku w
glebie (D.4.), oszacowanie takie jest bardzo trudne, tym samym proby wyizolowania
mikroplastiku z gleby, ktéra na pozor jest czysta nie przyniosto zaktadanego skutku,
przy wartosciach zblizonych do zera. Stwierdzenie, ze dzdzownice przebywajg w
.czystej” glebie zdawato sie nie by¢ wystarczajgce dlatego przeprowadzono szereg
analiz optycznych dla potwierdzenia braku tworzyw w tkankach (Rysunek 13.)
Wykonano naswietlenia oraz pomiary dla linii wzbudzenia lasera 522 nm, obiektywie
50x, obszaréw 1000 ym na 1000 ym, przy gestosci 10 ym, w zadnej z préb nie
zidentyfikowano i nie okreslono widma pasujgcego do wykorzystywanych w
badaniach tworzyw.
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Rysunek 14. Wykorzystanie mikroskopii ramanowskiej dla zobrazowania przesunigcia widma dla wybranych tworzyw

(rysunek nie bedacy czgscig publikacii)

Proby kontrolne stanowity punkt odniesienia dla dalszych analiz, ktore tacznie maja
opisaC metode detekcji mikroplastiku w tkankach. Préby badawcze natomiast
w kwestii warunkéw hodowli, poboru osobnikéw oraz procesu przygotowania
opisano szczegotowo w (D.7.), i w petni zgodne sg z ogolnie przyjetymi warunkami
hodowli dzdzownic, ktore opisali réwniez Tourinho (Tourinho i in., 2021), Zhang
(Zhangiinn., 2020), Judy (Judyiinn., 2019) zaréwno dla badan nad mikroplastikiem
jak i w przypadku innych czynnikow stresowych jak metale ciezkie (Zhou i inn.,
2020). W dalszych czesciach artykutu opisane zostaty specyficzne ustawienia
parametréw analitycznych mikroskopu, o zmiennych obiektywach, zakresie widma
oraz barwie filtréw. Metoda ta zostata opracowana na podstawie dostepnych
publikacji, w ktérych autorzy sugerujg zaréwno wykorzystanie ogdlne mikroskopii
jak i mozliwosci udoskonalenia metod optycznych; (Kotar i inn., 2022), (Cowgera i
inn., 2020), mowa tutaj zarbwno o czgstkach plastiku pobranego z prébek wody czy

gleby, ale tez mikroplastiku ,atmosferycznego”, coraz czesciej pojawiajgcego sie w
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publikacjach (Lou i inn., 2022). Badania zaktadaly wykorzystanie przystawek
mikroskopowych, kamer, filtrow oraz oprogramowania, pozwalajgcego na szybkag
identyfikacje tworzywa (bez okreslenia struktury) na podstawie emisji barwy
widzianej zarowno przez okular jak i przez program komputerowy. Tym samym,
analizujgc wybrane rodzaje mikroplastiku (polietylen, polistyren, poliamid,
politereftalan etylu) zostaty okreslone ich wiasciwosci Swietlne co zostato
przedstawione w (D.7.). Tkanki dzdzownic przygotowane jak w (D.6.), zostaty
wstepnie przebadane mikroskopowo, nastepnie zliofilizowane pod aparature FTIR
(Fourier Transform Infrared Spectroscopy analysis) gdzie wykonano wszystkie
pomiary (Rysunek 15). Analiza ta przeznaczona do oznaczania i wytyczania
charakterystycznych pikéw dla poszczegolnych materiatow i kompozytow, w tym
badaniu analizowta prébki sproszkowanych tkanek, przez co poczatkowe widma

zawieraly silne tto.
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Rysunek 15. Charakterystyczne widma FTIR dla polietylenu, ktérego piki rozpoznawalne to 2914, 2847, 1466, 716, oraz

tto w postaci pikéw nie zwigzanych z tworzywem (D.7.)

Poczatkowo planowane byto usuwanie catosci tta, zbednego w tym badaniu- dla
potwierdzenia czystosci tworzywa w tkance, jednak ostatecznie zdecydowano
o pozostawieniu. Taki wykres w petni obrazuje obecnos¢ tworzywa w materiale
biologicznym i nawet jesli ktéres z pasm sg niewidoczne poprzez tto tkanki, jest to
nadal wiarygodny pomiar, mogacy by¢ przydatnym dla tego typu pomiardw.
Tworzywa ,czyste”- niezwigzane z zadng substancjg bgdz materig opisywane sg
szeroko przez literature, ktéra potwierdza rowniez uzyskane piki tworzyw, lecz nie

obejmuje pozostatych wskazan (tta) na przyktad Xu (Xu i inn., 2019), Campanale
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(Campanale i inn., 2020) oraz w publikacji tej samej autorki zakres widm dla
poszczegolnych rodzajow tworzyw, Campanale (Campanale i inn., 2023).

Znajgc juz ogolne zatozenia metodyczne przeprowadzone zostaty badania obu
gatunkéw jednak z dwoch znacznie réznigcych sie préb. Pierwsza proba opisywana
rowniez w (D.5.), w skali laboratoryjnej (zwanej dalej- mikroskalg) oraz proba
zewnetrzna (zwana makroskalg) dla osobnikow umieszczonych w kontenerach
o wielkosci 360 litrow (L), znacznej objetosci gleby i swobodzie poruszania sie.
Mikroplastik w zmieszanej frakcji zostat dodany w sposob nieregularny wzgledem
gleby, aby da¢ szanse dzdzownicom na selektywne wybieranie miejsca zerowania
oraz- omijania miejsc o silniejszym zanieczyszczeniu. Wyniki tych badan znacznie
roznig sie od czesto opisywanych i naszym zdaniem, stanowig interesujgcy
przedmiot do dyskusji na temat poprawnosci badan laboratoryjnych. Analizujgc
tkanki dzdzownic hodowli mikro i porownujgc je do hodowli makro zaobserwowano
roznice w liniowosci stezenia, osobniki w matych pojemnikach (3 L) zmuszone
nijako do pobierania tworzyw sztucznych wraz z pozywieniem wykazywaty wzrost
funkcji liniowej, natomiast te z hodowli makro tylko do momentu o podwyzszymy
stezeniu mikroplastiku w kontenerze. Nasuwajg sie zatem wnioski, ze mikroplastik
o relatywnie niewielkim stezeniu moze nie by¢ wyryty przez dzdzownice w czasie
zerowania, oraz ze sg one zdolne do celowego omijania obszaréw o zwiekszonym
stezeniu. Doktadne wyniki oraz porownanie zostato przedstawione w (D.5.) oraz na

zatgczonych w artykule wykresach.

D. veneta microscale D. veneta macroascale

R IR N IR N
\
\
\
\
|
O = NWHEOD N

0,4% 0,6% 0,8% 1,0%
microplastic concentration in soil | %]

0,2% 0,4% 0,6% 0,8% 1,0%
microplastic concentration in soil [ %]

microplastic concentration in tissues
\
|
\

microplastic concentration in tissues

——PA “PET ——PS —PE — PA — PET —PS —PE

Rysunek 16. Poréwnanie stopnia akumulacji tkankowej dla sumy przebadanych tkanek wzglgdem stezenia mikroplastiku

w glebie u D. veneta.
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Préby wykazaty, ze przy srednim stezeniu przekraczajgcym 0,6% (przelicznik
suchej masy), dzdzownice omijajg miejsce zerowania co przektada sie na spadek
akumulacji wiekszosci rodzajow tworzyw. Jednak jeden parametr jakim w tym
przypadku byto stezenie mikroplastiku w glebie nie jest wystarczajgcy do opisania
korelacji. Istotne sg réwniez wielkosci tychze tworzyw. Jak podajg autorzy Pandey
(Pandey i inn., 2023), Gautama i Anbumani (2023), Marco (Marco i inn., 2023),
dzdzownice odzywiajg sie selektywnie, co oznacza, ze nie zawsze potykajg
tworzywa bedgce w glebie oraz, co sie z tym wigze, wielkos¢ samych czgstek moze
by¢ kluczowa. Podazajac w tym kierunku, w artykule (D.7.), przeprowadzone
kolejne badanie, ktore rzuca Swiatto na rozmiar czgsteczkowy akumulowanych w
tkankach tworzyw. Badanie to miato na celu zobrazowanie wszystkich wielkosci

tworzyw wykrytych w tkankach oraz poréwnanie ich do tworzyw dodanych do gleby.
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Rysunek 17. Porownanie wielkosci czastek wykrytych w tkankach, do wielkosci czastek dodanych do gleby (D.7.)

Do gleby dodane zostaty tworzywa o roznej wielkosci zaliczane wedtug klasyfikacji
do mikroplastiku oraz nanoplastiku, jednak zadne z pierwszej klasy nie zostaty
wykryte, tym samym dla czytelnosci tabeli, gérng granice umownie okreslono na
100 um. Polietylen natomiast zostat dodany o maksymalnej wielkosci 90 um, co
rowniez przedstawiono w tabeli. Wyniki tych badan sg obiecujgce wzgledem
dostarczenia nowych danych dla ogoétu analizy, jednak brak w wykrytych tkankach
czgstek ponizej 10 yum nasuwa kolejne pytaniao kontynuacje analiz przy wiekszej

rozdzielczosci aparatury oraz mniejszych krokach pomiarowych.
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Wykrywanie tak matych czgstek zdaje sie by¢ trudne co najmniej z kilku powodow:
o Konieczne bytoby zastosowanie kroku pomiarowego o niezwykle niskiej
wartosci, przez co przebadanie probki wymagatoby tysiecy powtorzen
o Czastki tej wielkosci mogty zosta¢ skutecznie ukryte w miesniach i by¢ nie
widoczne dla lasera
o Czastki tej wielkosci mogty swobodnie przenikaC przez btony i podczas

procesu szoku termicznego czy tez przygotowania tkanki zosta¢ pominiete

Wszystkie pomiary w obrebie jednego tworzywa oraz w wiekszosci przypadku
w ujeciu gatunkowym wykazywaty podobng tendencje przez co mozliwe byto
wysuniecie wnioskdw na temat akumulacji oraz schematu jego zaleznosci. Aby
potwierdzic te dane, wyznaczy¢ stopien zgodnosci oraz determinacje dla
poszczegolnych wynikdw zdecydowano sie na przeprowadzenie obliczen
matematycznych. Wspdtczynnik determinacji oraz zaleznosci nieliniowe opisane
zostaty w artykutach Seidensticker (Seidensticker i inn., 2019), Deng (Deng i in.,
2023) oraz miedzy innymi Corradini (Corradini in., 2019) i w przypadku analizy u
dzdzownic czesto pojawia sie to jako nowos¢ w statystce. Analiza determinacji
poczgtkowo zakfadata wykorzystanie funkcji kwadratowej dla kazdego osobnika z
rodzaju i stezenia. Wykonane pomiary wyglgdaty nastepujgco:

. . o awf —

Rysunek 18. Determinacja (R?) dla funkcji liniowej jako wstep do opracowania najlepszego rodzaju wielomianu (wykresy

nie zawarte w artykule)

Jednak wspotczynnik bliski wartosci 1, dla tak matej ilosci danych mogt nie by¢ w
petni wystarczajgcym, dlatego w kolejnych etapach zastosowano detereminacje
wielomianu stopnia trzeciego oraz czwartego, w artykule (D.7.), okreslane skrétowo
(R?)3 oraz (R?)*. Wyniki poszczegolnych pomiaréw sumowano na jednym wykresie
dla petnej zgodnosci, a wszystkie tgcznie poréwnano do danych opracowanych dla
gatunkow hodowanych w skali makro i w skali mikro.
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Rysunek 19. Determinacja (R?) oraz (R?)* dla Lumbricus terrestris dla tkanek skali mikro

Do obliczen zastosowane nastepujgce wzory. Wartos$é (R?) wynosi od 0 do 1, gdzie

wartos¢ blizsza 1 oznacza lepsze dopasowanie modelu do danych.

Gdzie:

(SSrgg) to suma kwadratow reszt, czyli suma kwadratow roznic miedzy

SSres

R? =
SStot

1—

rzeczywistymi wartosciami i wartosciami przewidywanymi przez model:

n
SSres = Z(yi - yi)z
i=1

(SStot ) to catkowita suma kwadratow czyli suma kwadratow réznic migdzy

rzeczywistymi wartosciami a srednig wartoscig rzeczywistych danych:

n
SStor = ZO’L’ - 371)2
i=1
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Wszystkie szczegoty opisujgce metody pomiarowe oraz dyskusje dotyczaca
artykuty znajdujg sie w (D.7.).

Artykut sktada sie z 20 stron opisowo-badawczych, wspoétautorem pracy dr inz.
Andrzej Kacprzakoraz dr hab. Anna Grobelak, prof. Politechniki Czestochowskiej.
Udziat % w publikacji : Klimasz Marek (60% ), Andrzej Kacprzak (20%), Grobelak
Anna (20%). Udziat merytoryczny doktoranta w przygotowaniu artykutu obejmowat:
przygotowanie wszystkich tkanek do analiz, przeprowadzenie badan, zebranie

wynikow, ich opracowanie oraz redagowanie artykutu.
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Podsumowanie zalozen rozprawy w odniesieniu do

uzyskanych wynikow

Obecnos¢ mikroplastiku w srodowisku naturalnym stanowi powazne zagrozenie
dla zyjgcych tam organizmow, a zarazem jest przedmiotem dyskusji wielu paneli
tematycznych. Podstawg dziatan w kierunku zapobiegania rozprzestrzenianiu sie
tego zanieczyszczenia jest kompletna wiedza na temat jego powstawania,
fragmentacji, migracji i ostatecznie wptywu na ogét ekosystemow. Nieznane sg
wcigz skuteczne metody separacji mikroplastiku oraz jego biodegradacji, bedace
rébwnoczesnie optacalne ekonomicznie oraz powszechnie dostepne i stosowane.
Asymetrycznos¢ produkcji tworzyw sztucznych wzgledem wykorzystania ich
powtornie w procesie recyklingu oraz wzgledem zagospodarowanie w réznych
krajach swiata sprawiajg, ze prognozy na przysztos¢ nie zawsze sg obiecujgce.
Mikroplastiki bedgce zanieczyszczeniem gleby, coraz czesciej opisywane
w charakterze toksycznych sg ponadto wystawione na mobilnos¢ wzgledem waod
gruntowych czy tez roslinnosci. Wykorzystanie organizmow zyjgcych w glebie,
a zdolnych do funkcjonowania w obszarach zanieczyszczonych MP, moze stanowic
rozwigzanie dla wstepnego oszacowania stezenia czgstek w tej wtasnie glebie. Tym
samym, na podstawie przedstawionych artykutow (D.1.-D.7.) sformutowano

nastepujgce wnioski:

Postawione cele rozprawy:

Biologiczne
o Roznicowanie gatunkowe na podstawie parametréw biochemicznych
dzdzownic poddanych ekspozycji na mikroplastik
Opisane réznice zawarto w artykule 5 (D.5), przedstawiajg wrazliwos¢ na
mikroplastik okreslong analizami stresu oksydacyjnego, wymiany gazowej,
Smiertelnosci osobniczej (oraz catosciowo gatunkowej), a takze flory

bakteryjnej jelit.
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o Okreslenie gatunkéw najlepiej przystosowanych do zycia w glebie skazonej
mikroplastikiem, a tym samym gatunkow odpowiednich do dalszych badan i
wskaznikowych dzdzownic do monitorowania mikroplastiku w glebie
Sposréd wszystkich analizowanych gatunkéw wybrane zostaty dwa (L.
terrestris oraz D.veneta), ktore jak potwierdza dodatkowo literatura zdolne sg
do funkcjonowania w glebie z zawartoscig mikroplastiku o okreslonym
stezeniu (D.5).

o Okreslenie réznic w wynikach analizy tkanek dzdzownic pochodzgcych z
hodowli laboratoryjnej oraz z hodowli zewnetrznej
Réznice zostaty udokumentowane w artykule numer 7 (D.7.) i dotyczag
stopnia akumulacji mikroplastiku u gatunkéw hodowanych w obu wariantach,
przedstawione wykresami oraz tabelami. Wyniki zostaty ponadto

uzasadnione oraz podparte dostepna literaturg.

Techniczne

o Okreslenie skutecznej metody separacji mikroplastiku w glebie, dla
uzyskania proby kontrolnej
Przeprowadzone badania w tym przypadku nie dowiodty skutecznosci
opisanych w literaturze metod i wynosity ponizej sredniej. Przyczyny tego
zjawiska zostaty opisane w przewodniku i nie odnoszg sie do zatgczonych
publikacji.

o Okreslenie mozliwosci analizy tkankowej i doboru odpowiedniej aparatury
pomiarowe;j
Wyniki z przeprowadzonych badan potwierdzity takie zastosowanie i zostaty
opisane w artykule numer 6 (D.6.) oraz 7 (D.7.) opisujgce metody optyczne,
mikroskopowe oraz separacyjne.

o Okreslenie mozliwych zmian struktur fizycznych tworzyw po okresie
ekspozycji na glebe oraz enzymy trawienne dzdzownic
W czasie trwania wszystkich eksperymentow nie wykazano zmian
strukturalnych, bedacych skutkiem warunkéw glebowych oraz wptywem

dzdzownic.
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Cel utylitarny pracy

@)

Okreslenie mozliwosci zastosowania tkanek dzdzownic jako bioindykatora w
testowaniu gleb do oceny zawartosci w niej mikroplastiku,

Zastosowanie  specyficznych  ustawien  mikroskopii ramanowskiej,
spektroskopii w podczerwieni z transformacjg Fouriera oraz analiz
optycznych do wstepnego szacowania stezenia mikroplastiku w glebie;
aplikacja do szacowania tkankowego dzdzownic pod kgtem zawartosci
mikroplastiku

Wykorzystanie informacji dostarczonych przez analize tkankowg w
dyscyplinie inzynierii Srodowiska oraz w cyklicznym monitorowaniu

zanieczyszczenia gleby tworzywami sztucznymi.

Cel utylitarny mozna potwierdzi¢ na podstawie (D.6.) oraz (D.7.), w ktérych tkanki

poddane analizie dostarczaty informacji na temat zawartosci tworzyw sztuczny

w nich zawartych oraz silnej korelacji ilosciowej wzgledem zastosowanego stezenia.

Hipotezy rozprawy doktorskiej

@)

Istnieje mozliwos¢ wykorzystania analizy tkankowej wybranych gatunkow
dzdzownic jako wskaznika gleby zanieczyszczonej mikroplastikiem.

Tak, tkanki dostarczajg wstepnych informacji o stanie zanieczyszczenia
gleby mikroplastikiem.

Istnieje mozliwos$¢ wykorzystania mikroskopii ramanowskiej do precyzyjnego
okreslenia wielkosci czgsteczkowej oraz mapowania przestrzennego
tworzyw w tkankach dzdzownic.

Tak, odpowiednie ustawienie aparatury pozwalana na detekcje mikro
i nanoplastiku, co stanowi nowg analize w skali krajowej dla tkanek
dzdzownic

Stezenie mikroplastiku w glebie koreluje ze stezeniem mikroplastiku
w tkankach dzdzownic, a korelacje tg mozna wykorzystac w sposob utylitarny

Tak, dla wybranych tworzyw istnieje silna korelacja stezen.
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Innowacyjnos¢ rozprawy doktorskiej

Innowacyjnoscig w rozporawie doktorskiej byto zastosowanie zmieszanej frakcji
mikroplastiku ztozonej z tworzyw o odmiennych wiasciwosciach takich jak gestosc¢,
ksztatt oraz rozmiar czgsteczek, wobec roznigcych sie od siebie fizjologicznie
gatunkow dzdzownic. W kwesti poznawczej innowacyjno$¢ obejmowata badanie
flory bakterynej oraz analize z wykorzystaniem respirometru Echo
i udokumentowanie rozni¢ wynikajgcych z ekspozycji na mikroplastik,
przedstawione zarowno w wersji opisowej jak i graficznej. Natomiast nowoscig i
innowacyjnoscig w kwestii technicznej byto zastosowanie zastosowanie FTIR oraz
mikroskopii ramanowskiej o niestandardowych ustawieniach do mapowania
przestrzennego zakumulowanych czgsteczek, okreslenia ich wielkosci czy rodzaju

oraz przedstawienie wynikow w formie modelu determinacji wielomianu.
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3. Whioski

Przedstawiona rozprawa doktorska skupia sie wokét obecnosci mikroplastiku
w glebie oraz metodach szacowania ilosciowego z wykorzystaniem wybranych
gatunkow dzdzownic. Na podstawie przeprowadzonych badan oraz analiz, a takze
zgodnosci literatury wobec fundamentalnych zatozen, sformutowanie zostaty

nastepujgce wnioski i spostrzezenia:

Dotyczace wykorzystanych gatunkéw dzdzownic

o Rdznicowanie gatunkowe dzdzownic w obrebie réznych grup ekologicznych
jest niewykle istotne pomimo oczywistych podobienstw morfologicznych
i anatomicznych. Dzdzownice znaczgco réznig sie preferowanym
siedliskiem, sposobem pozyskiwania pokarmu oraz wrazliwoscia na
zanieczyszczenia. Aporrectodea caliginosa, jako gatunek najczesciej
wystepujgcy na obszarach odlegtych od miast, zdecydowanie najgorzej
znosit ekspozycje na tworzywa sztuczne. Wedtug literatury, gatunek ten bywa
klasyfikowany jako bioindykator, jednak dla ogdétu wszystkich
zanieczyszczen, bez klasyfikacji na pestycydy, metale ciezkie czy tez
drgania. Oznacza to, Zze jego obecnos¢ potwierdza generalnie zdrowe
Srodowisko oraz bogatg w materie organiczng glebe.

o Gatunki Eisenia fetida oraz Eisenia andrei w literaturze najczesciej
opisywane sg poprzez funkcje wermikompostowania oraz testow
toksycznosci gleby. Pomimo wykazanego w badaniach, obiecujgcego
wskaznika odpornosci na mikroplastik, nalezy pamieta¢, ze gatunki te sg
relatywnie mate tym samym ilo$¢ pobieranego pozywienia jest niewielka, co
moze skutkowa¢ zmniejszong akumulacjg tkankowg. Dodatkowo, oba blisko
spokrewnione gatunki preferujg zerowanie nad powierzchnig gleby,
w kompostach, sktadach oborniku czy tez rozktadajgcych sie lisciach i Sciotce
przez co analiza pod katem samej gleby moze by¢ obarczona powaznym
btedem zatozeniowym. Niemniej, tkanki gatunkéw tych potwierdzity réwniez

obecnos¢ tworzywa zaliczanego do nanoplastiku, ponizej 1 mm, co moze

69



Rozprawa doktorska

otwieraC drzwi do kolejnych analiz szacowania stezenia na przyktad
w kompostownikach bgdz w procesach wermikompostowania.

o Lumbricus terrestris oraz Dendrobaena veneta charakteryzujg sie
podobnymi upodobaniami wzgledem gleby, a dodatkowo cechy ich morfologii
okazaly sie w badaniach bardzo przydatne. Sg to gatunki duze
(w poréwnaniu do pozostatych), ktore aktywnie drazg tunele i zerujg wgteb
gleby, dodatkowo odporne na wiele czynnikéw i powszechnie wystepujgce w
zroznicowanym Srodowisku. Badania dowiodty, ze ze wszystkich
wykorzystanych gatunkéw te, w zdecydowanie najkorzystniejszy sposob
nadajg sie do roli bioindykacji mikroplastiku.

o Rodznice w hodowli mikro oraz hodowli makro sg znaczgace i nalezy
uwzgledniac je opisujgc naturalne procesy fizjologiczne dzdzownic.

o Wyniki badan mogg wskazywaC nowy kierunek prowadzenia badan w
obrebie dyscypliny inzynierii Srodowiska oraz stanowi¢ metode wstepnego

szacowania zawartosci mikroplastiku w glebie

Dotyczace stosowanej metodyki:

o Zastosowanie mikroskopii optycznej wraz z filtrami barw oraz dedykowanym
oprogramowaniem daje obiecujgce wyniki wzgledem rozpoznawania
tworzyw sztucznych, wykorzystanie odpowiednich przeston oraz wykonanie
kilku zdje¢ pozwala odrézni¢ tworzywo na tle tkanki. Jest to skuteczna,
wstepna metoda szacowania wiekszych czgstek mikroplastiku - jednak
zostata potwierdzona tylko w obrebie stosowanych tworzyw.

o Mikroskopia ramanowska jest zaawansowang metodg pomiarowg, a jako
urzadzenie charakteryzuje sie zrdéznicowaniem wyposazenia, mowa tu
miedzy innymi roznicach laserow, spektrograféw, rodzajach obrazowania,
detektorach, a korczac na oprogramowaniu oraz jego aktualizacjach. Wyniki
naszych badan dokumentujg wysokg precyzje mozliwosci wykorzystania
opisanej aparatury o bardzo konkretnych ustawieniach do analizy tkanek,
czyli materiatu, do ktérego nie jest ta aparatura przeznaczona. Istotne jest tu
zatem aby — dla powtarzalnosci badania, za kazdym razem korzystac z tych
samych ustawien, opisanych szczegotlowo w artykule. Dodatkowym
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wnioskiem, nasuwajgcym sie po wykonanych badaniach jest to, ze
zastosowanie wymienionej wyzej aparatury dla okreslenia czgstek wielkosci
ponizej 10 mikrometrow jest mozliwe, ale niezwykle trudne oraz
czasochtonne, co w przypadku wielu tkanek oraz wielu prob staje sie
czesciowo niewykonalne.

Aparatura FTIR wykorzystana w badaniu oraz potgczona z bazg danych jest
skuteczng metodg okreslenia rodzaju tworzywa. Dodatkowo, jest to metoda
szybka, pozwalajgca na wykonanie kilkunastu powtérzen dla jednej probki
w ciggu jednej godziny. Wspomniana baza danych, bedgca otwartg na
aktualizacje systemowe oraz nowo opisane tworzywa pozwala na dokfadne
dopasowanie uzyskanych wynikow do tych, uzyskanych przez innych
badaczy badz do préby kontrolnej czystego materiatu. Pomimo faktu, ze
badane probki byly zmieszane ze sproszkowang tkankg, co
w konsekwencji wywotywato tto obrazu, pomiary byty skuteczne, a wyniki
potwierdzone literatura.

Separacja gestosciowa z wykorzystaniem odczynnikdw nie powidta sie
i w pracy przedstawiono kilka powoddw, ktére mogg stanowi¢ uzasadnienie.
Jest to metoda skuteczna w przypadku tworzyw o niskiej gestosci,
niezwigzanych z innymi zwigzkami/ substancjami oraz dla duzych czgstek.
Tym samym, szybka, skuteczna oraz powtarzalna metoda okreslenia
stezenia mikroplastiku o zréznicowanej frakcji w glebie wcigz jest dziedzing
niepoznang i wymaga dalszych prac badawczych.

Metodg skuteczng w przypadku trawienia materiatu organicznego, jakim byta
zliofilizowana oraz sproszkowana tkanka dzdzownicy byto potraktowanie jej
stezonym H20O2 opisane w artykule, metode to poleca wielu autoréw
cytowanych publikacji, tym samym, przetestowane przez nas wybrane
pozostate odczynniki nie zostaty opisane w pracy i stanowity wytgcznie
aspekt poznawczy dla probek. Odczynnik ten nie wptynat negatywnie na
tworzywa sztuczne, jest powszechnie dostepny oraz szeroko
wykorzystywany.

Wybarwianie czerwienig nilu dato zaktadane rezultaty, jest to dobrze poznana
metoda, opisywana w wielu artykutach, ktéra pozwala na uzyskanie barwy
tworzyw i przez to tatwej ich klasyfikacji.
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Pozostate wnioski i uwagi:

o Szacowanie tkankowe powinno opiera¢ sie w okreslonym przedziale
wielkosci czgsteczkowej, przyktadowo 10 mikrometrow — 100 mikrometrow,
wedtug badan nie ma podstaw by obrazowac czgstki o wiekszym rozmiarze

o Korelacja wzgledem tworzyw nie jest taka sama, wykazano, ze w

najmniejszym stopniu akumulowany w tkankach byt polistyren.

Od autorow:

Wszystkie osobniki, wszystkich gatunkow oraz na kazdym etapie
postepowania byly traktowane z nalezytym szacunkiem jako dla organizméw
zywych. Autorzy pragng podkresli¢, ze w kwestiach pozyskiwania tkanek zawsze
zachowywano najwiekszy mozliwy stopien ostroznosci, a wszystkie procedury
przeprowadzano w sposdb humanitarny. Uwazamy ponadto, ze w tej kwestii nie ma
strony zwycieskiej oraz przegranej; bioindykacja gleby na podstawie analizy
tkankowej, oraz okreslona metoda szacowania mogg w znacznym stopniu
przyblizy¢ nam wiedze na temat zanieczyszczenia mikroplastikiem oraz préby ich
dalszej detekcji. Wykorzystane osobniki przyczynity sie do rozwoju nauki, do
opisania w sposob innowacyjny wielu kwestii zwigzanych z metodami inzynierii

srodowiska.

Dz. U. 1997 Nr 111 poz. 724, Art. 1. 1.
Zwierze, jako istota zyjgca, zdolna do odczuwania cierpienia, nie jest rzeczq. Cztowiek jest

mu winien poszanowanie, ochrone i opieke.
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str. 31
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str. 49

84



Rozprawa doktorska
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23.Rysunek 15. Charakterystyczne widma FTIR dla polietylenu, ktorego piki
rozpoznawalne to 2914, 2847, 1466, 716, oraz tto w postaci pikow nie
zwigzanych z tworzywem (D.7.), str. 59

24 Rysunek 16. Poréwnanie stopnia akumulacji tkankowej dla sumy przebadanych
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26.Rysunek 18. Determinacja (R2) dla funkciji liniowej jako wstep do opracowania
najlepszego rodzaju wielomianu (wykresy nie zawarte w artykule), str. 62
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6. Dorobek naukowy i dziatalnos¢ naukowo
dydaktyczna

Kariera naukowa:

1. Studia licencjackie - Uniwersytet todzki, Wydziat Biologii i Ochrony
Srodowiska w latach 2015-2018. Temat pracy licencjackiej: ,R6znorodno$¢
gatunkowa wezy z rodzaju Morelia sp.”

2. Studia magisterskie — Uniwersytet todzki, Wydziat Biologii i Ochrony
Srodowiska, specjalizacja: biologia stosowana i molekularna. Temat pracy
magisterskiej ,Wptyw kadmu na aktywnos¢ S-transferazy glutationowe;j
i peroksydacje lipiddw w siewkach pszenicy ( Triticum aestivum), w latach
2019-2021.

3. Studia podyplomowe — Przygotowanie Pedagogiczne, Uczelnia Nauk
Spotecznych, filia Warszawska w latach 2018-2019.

4. Szkofta Doktorska Politechniki Czestochowskiej, rok rozpoczecia 2021,
ksztatcenie w trakcie.
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2.0, temat wystgpienia: ,Wykorzystanie wybranych gatunkéw
skgposzczetow w technologii detekcji mikroplastiku w glebie”, sesja online,
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Biotechnology of emerging microbes

CHAPTER 8

Migration of microplastics in
agriculture and marine ecosystem:
Biotechnology approaches

Marek Klimasz and Anna Grobelak

Department of Environmental Engineering and Biotechnology, Faculty of Infrastructure and Environment,
Czestochowa University of Technology, Czestochowa, Poland

1 Classification of microplastics and degradation pathways in water

The classification of microplastics is closely related to the biophysical properties
of the material they come from, the size of the particles themselves, and the
method of their formation. The plastic particles present in the aquatic
environment constitute a highly heterogeneous group, and new research
methods have become the main cause of frequent changes in the classification
of microplastics. Plastics are complex chemical structures in which the
configuration of the arrangement of atoms determines the final properties of the
material, such as strength, resistance to environmental conditions, or
degradation (Crawford and Quinn, 2017).

The term “microplastic” was first introduced by the authors of a 2004 study of
sediment contamination in the Plymouth area of the United Kingdom
(Thomson, 2004). However, this term referred to general plastic particles and
did not specify any measurable values. In 2008, the first international workshop
related to the risk of plastics in the environment took place: the International
Research Workshop on the Occurrence, Effects, and Fate of Microplastic Marine
Debris, organized by NOAA and the University of Washington. One of the goals
of this meeting was to establish the official terminology and definition of plastic
particles of different structures, sizes, and densities. Within the meaning of the
word “microplastic” there is a prefix “micro” suggesting that the tested fraction
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requires the use of optical tools. Ultimately, however, the committee decided
that this name would be standardized as a term for a material not exceeding
5mm. The lower limit of microplastics was not taken into account, so pollen and
dust are also included in the microplastic group (Frias and Nash, 2019).
However, in order to better understand and convey information about the
particle size, Cole et al. (2011) introduced an additional division with details of
particles smaller and larger than the adopted 5mm. This classification is aimed
at more precise determination of the particle size and uses the terms nanoplastic
(<1pm), microplastic (Imm to 5mm), mesoplastic (bmm to 2.5cm), macroplastic
(2.5cm to 1m), and megaplastic (over 1m) (Frias and Nash, 2019).

Another criterion for the division of microplastics is their shape. In an
urban environment, in polluted waterways, the most commonly found fibers
are those shed by clothes during the washing process (De Falco et al., 2018). In
addition, this section also covers fishing net fibers (with different properties and
structures), microgranules, films, foams, granules, and particles of various
shapes. There is some risk associated with the last group, i.e., particles of
different shapes, as authors from different countries may use different
terminology to describe the same fraction; the result of which may be a
misinterpretation of the results or conflicting data (Boucher and Friot, 2017). The
classification of microplastics also results from the sources of origin, we
distinguish here primary and secondary microplastics (Zeng, 2018).

2 Primary and secondary microplastics

Primary microplastics are plastics that are characterized by small size and are
directly exposed to the environment, often bypassing mechanical and biological
processing. These are particles that are deliberately produced at these small
sizes. The most frequently described primary microplastics include granules
used in the processing industry, particles of cosmetic products, components of
abrasive materials, synthetic fibers, as well as tire particles or urban dust. The
source of microplastic formation includes both the primary production of
granules and its processing, and the average particle size ranges from 0.1 to
10mm, with hardness of 45-95ShA (Boucher and Friot, 2017). The content of
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plastics in cosmetic products ranges from 0.05% to 12%, and their size is usually
450-800pm. This group includes makeup products, toothpaste, soaps, shower
gels, and shampoos, which can contain PE, PP, PMMA, PS, and PET. The highest
concentration of artificial particles is contained in face scrubs and often exceeds
17%. The production and use of plastic particles in abrasion or smoothing
processes occurs widely in the construction industry (Boucher and Friot, 2017).
Abrasive papers, foils, and canvases coated with aluminum oxide, silicon
carbide, or aluminum zircon are a common group of microplastic sources due
to their widespread use and frequent wear. The resulting microplastic usually
has a size of less than 0.Imm and a high specific density. The main sources of
synthetic fibers are domestic and industrial laundries. Research has shown that
the amount of particles released during washing can reach several thousand for
every gram of material. The type of fabric and detergent used as well as the
washing parameters (temperature, washing time, water hardness) are important
here. Alkaline cleaning agents and detergents cause the production of an
alkaline environment that leads to chemical damage to polyester materials
through the hydrolysis of ester groups that build the structure of polyesters
(Lechner et al., 2015).

The last of the discussed exemplary groups of microplastics are fragments of
tires and particles formed during their production. Both the process of abrasion
of the tire tread and the production cause particles of synthetic rubber, that is,
Styrofoam, natural rubber, and their mixtures, with many additives (Thevenon
et al., 2011). The most heterogeneous group is made of microplastics contained
in urban dust. The composition of the dust is diverse and we distinguish plastic
particles resulting from renovation works (drilling, grinding), the use of
artificial pitches or sidewalks, and particles of varnish or facade elements
(Crawford and Quinn, 2017).

Secondary microplastics are formed in the processes of degradation of larger
pieces of plastic under the influence of certain factors. Typically, the secondary
microplastic particles have irregular shapes and sizes despite the same source,
e.g., from a PET bottle. The degradation of the material and the process of
microplastic formation are conditioned by external factors and the chemical
properties of the material itself. Solar radiation, mechanical friction,
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temperature, and water have the greatest influence on the decomposition of
plastic elements (De Falco et al., 2018).

For many researchers, the shape of microplastics is the basic criterion for
classifying these pollutants. Here, too, the source of microplastic is extremely
important: the foil particles will have a different shape than those from tires or
personal care products (Koelmans et al., 2014).

Microspheres are plastic particles less than Imm in diameter; often, these are
0.0lmm particles, made of polyethylene, polystyrene, and polypropylene.
Microbeads are often the basic ingredients added to personal care products such
as soaps, shower gels, scrubs, and toothpaste. Their size allows them to easily
get into the aquatic environment, passing through filtration systems. Research
shows that a single use of facial scrub may result in the release of over 94,000
microgranules of plastic into the sewage system (Crawford and Quinn, 2017).

Synthetic fibers, the source of which are thermal and chemical treatment of
materials, enter the water system mainly through sewage, and to a lesser extent,
through air movement and transport with the wind. The main source is
commercial and industrial washing of clothes and diapers; in addition, these
fibers may come from cigarette butts. It is estimated that up to 350 fibers from
1g of fabric can be released in one wash. Subsequent tests showed that washing
fleece frees more than 2000 fibers, which reduces the weight of the washed fleece
by 0.7-1.3g. In the marine environment, fishing nets are the main source of fiber
and they account for the largest proportion of all fiber present there. However,
they differ from the fibers from clothing in terms of structure and size, which is
why they are described as a separate group. The high concentration of synthetic
fibers in an area is often considered a marker of population density in
a terrestrial environment. As the population increases, so does the amount of
fiber in the aquatic environment. Synthetic fibers mainly belong to secondary
microplastics and consist of, inter alia, PET, PS, or PA, and their diameter is less
than 20pum (Boucher and Friot, 2017).

Fibers of the fishing industry are characterized by a larger diameter and
transparency, and are often made of nylon monofilaments, which makes them
significantly different from fibers from clothes, carpets, or curtains. These fibers
are an excellent example of secondary microplastics and the degradation
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of plastic structures by the water environment. Their degradation to the aquatic
environment takes place during the physical use of nets and sea ropes during
the abrasion process (Frias and Nash, 2019).

Pellets consist of particles from 1 to 5mm, the source of which can be PVC,
PC, or PE. Such pellets represent one of the most common pollutants in
freshwater, as they are widely distributed due to industrial production
processes and use. The shape resembles a disk or egg-shaped granules.

Foil is widespread due to the short period of use of the source material, such
as plastic bags or packaging. It is most often a secondary microplastic with
a size of 1-10mm with the composition of, among others, PE and LDPE (Lechner
et al., 2015).

Soft granules, the sources of which are, among others, car tires, include
rubber or caoutchouc, and their size ranges from 0.10 to 100um.

Foams are classified as lightweight microplastics, and are commonly used in
food containers and thermal packaging. The main ingredient is polystyrene. Its
production uses styrene, a carcinogen for laboratory animals. It is classified as
both primary and secondary microplastics (degradation of fishing containers).
Its size is usually from 1 to 10 mm.

Fragments of epoxy resins, granules of paint coatings, adhesives, and
materials used for repairing ships in shipyards, seas, and oceans. They are
usually of simple composition, brittleness and a size of 0.1 to a few millimeters
(De Falco et al., 2018).

Degradation paths of microplastics

Microplastics can enter the aquatic environment in various ways, e.g., through
sewage, from soil to water courses, and also due to wind. In the marine
environment, it can also be direct, e.g., due to deteriorating nets and the release
of fibers into the ocean (Besseling et al., 2013). As shown by many studies, the
presence of microplastics in water is a very common phenomenon, and its
accumulation degree is related, among others, to the hydrodynamics of water,
the proximity of large cities, or the development of a maritime economy and
activities. In the case of inland waters, it is mainly related to the degree
of urbanization of the area and the number of inhabitants (Thevenon et al.,
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2011). The microplastics detected in water contains both primary and secondary
particles formed in the processes of physical abrasion, and almost 80% of all
water pollution ends up in the ocean, where it creates “garbage patches” and
directly and indirectly threatens the entire marine environment. Thus, up to
90% of all microplastics present in the assessments may be of land-based origin.

The greatest threat is from large industrial plants and households, where
countless amounts of microplastics are produced on a daily basis, e.g., in the
form of synthetic fibers, released in the washing process, which, together with
water, get into the sewage system and then to sewage treatment plants
(Koelmans et al., 2014). Not all wastewater treatment plants have filters that are
effective enough to retain such small particles, and some of them end up in
rivers or drinking water reservoirs (Murphy, 2016). The situation is similar in
landfills, which are not always adapted to isolating waste from the environment.
The process of slow degradation and the fragmentation caused by physical
friction mean that a large part of the particles travel with the wind over long
distances and can directly enter rivers. In a similar way, small particles of rubber
from car tires get into the environment. Research confirms that tire particles or
city dust can travel up to 12km in the air as a result of wind or turbulence
(Thevenon et al., 2011).

The cases described above concern the penetration of microplastics directly
into the water system, but it is worth mentioning that the influence of
agriculture is also important. In the case of compost contamination with
microplastics (foil, fertilizer additives, dust), agricultural machines are able to
move materials over long distances, from where they can be washed away with
rain or end up in groundwater. A small part of the total marine microplastics
pollution is represented by fragments from the maritime industry, which are
introduced directly. Fishing, maritime transport, and, to a small extent, tourism,
are involved in this. Physicochemical properties, and particle size and density
determine whether this microplastic will sink to the bottom or will be affected
by sea currents and will drift gradually, merging with other pollutants and
creating garbage patches (De Falco et al., 2018).
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4 Classification of plastic

The physicochemical properties of plastics determine their application in
various industries. Strength, resistance to mechanical damage, and effective
mechanical forming are important factors (selection of appropriate
physical/thermal parameters to achieve desired chemical properties ) (Fig. 1,
Table 1).

Biodegradation in aerobic conditions

depolymerization monomers
polymers | m——) dimers =y | Biomass + CO, + H,O
| oligomers

Biodegradation under anaerobic conditions

| depolymerization monomers I Biomass + CH4 + H,0, I
polymers | m———) dimers =
‘ mr— | Biomass + H,S + H,0, J

Fig. 1 Aerobic and anaerobic degradation of microplastics.

Table 1 Classification of plastics.

Chemical
Abbreviations Full name formula Density Application
PET Polyethylene terephthalate (C1oHgO4),, 1.38-1.41 |- Bottles
— Packaging
PE-HD High-density-polyethylene (CsHy), 0.94-0.98 |- Pressure
pipes
— Stretch
PE-LD Low-density-polyethylene (CoHy), 0.89-0.93 |- Food foils
PVC Polyvinylchloride (C,H5Cl),, 1.38-1.41 — Window
frames
- Wire
insulation
PP Polypropylene (CsHg), 0.85-0.92 |- Product
packing
PS Polystyrene (CgHg),, 1.04-1.08 |- Polystyrene
pipes
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4.1 Polyethylene terephthalate

Polyethylene terephthalate (PET) belongs to the class of thermoplastic polymers
that are easy to form by processing methods such as pressure injection or
extrusion. It is formed in the process of polycondensation of ethylene glycol and
terephthalic acid and is semicrystalline. The process of thermal shaping at
a temperature of 140°C gives the plastic crystallinity and resistance to abrasion.
Additionally, in order to obtain better physicochemical properties, an
admixture of glass fibers and carbon fibers is often used. PET materials are
characterized by lightness, resistance to high temperatures and mechanical
damage, a cheap production process, and a very wide range of uses in the food
industry. They are most often used in the production of plastic bottles,
packaging for medicines and food, or in the production of foil. The use of
appropriate technology allows PET products to be reused via a recycling
process; usually, this is based on the mechanical grinding of the material to
a granulate fraction and its reprocessing. Clothes are made from recycled PET
(sweatshirts, fleece), as are backpacks, tents, and tarpaulins. Sanitary
requirements prohibit the reuse of packaging materials.

4.2 Polyethylene

Polyethylene (PE) is produced by the process of polymerization of
hydrocarbons, and its physical properties are similar to that of PET
(thermoplasticity, semicrystalline structure). The world production of PE
for 2020 was over 110 million tons and is constantly grow- ing.
Depending on the molecular weight, there are five PE homopolymers:
low-density polyethylene (PE-LD), linear low-density polyethylene (PE-
LLD), high-density polyethylene (PE-HD), high-molecular-weight
polyethylene (PE-HMW), and very high molecular weight (PE-UHMW).
Higher molecular weight is associated with the improvement of the
properties of the plasticc and such materials are characterized by
increased resistance to friction, stiffness, and strength. Additionally, the
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4.3

4.4

molecular weight affects the electrical and dielectric properties. PE is
considered a reusable material, most often used in heat-shrinkable films,
as a lining for milk cartons, as well as in plastic bottles and food
packaging. Additionally, it is waterproof, and resistant to petrol, alcohol,
salt solutions, and acids. The most common forms of PE in mass
production are PE-LD (0.910-0.925g/cm3, Da 40,000) and PE-HD (0.959-
0.965g/cm?, Da 100,000-250,000). In order to improve its properties in the
production of PE, glass fibers, stabilizers, and dyes are additionally used,
which increases strength and resistance to UV.

Polyvinylchloride

The world production of polyvinylchloride (PVC) is in third place behind PET
and PE. PVC is produced in the polymerization of vinyl chloride and its
structure is amorphous. The process itself can be based on various methods,
including emulsion, suspension, or mass, and the resulting products are E-PVC,
S-PVC, and M-PVC, respectively. Additionally, it is classified based on density,
as hard PVC and soft PVC. Products made of PVC are highly resistant to acids
(including sulfuric and nitric acids), gasoline, alcohols, and oils. In addition,
they are durable, and resistant to temperature changes and mechanical damage.
The enrichment of the mixture with stabilizers improves the electrical
properties. Many manufacturers prefer PVC because of its high fire resistance,
which makes it possible to use it as a cover for cables or voltage wires. PVC is
used for car gaskets, toys, bumpers, pipes, and building fittings (Crawford and
Quinn, 2017).

Polypropylene

Polypropylene (PP) is a thermoplastic polymer of the polylefin family that is
formed by the polymerization of propylene. Compared to PE, it is characterized
by greater strength, stiffness and chemical resistance. PP can assume
a semicrystalline or amorphous structure (depending on the spatial order of the
CH3 groups), and it is considered one of the most versatile polymers. At
a temperature of not more than 120°C, it is not affected by acids, salt solutions,
or bases. PP has good electrical and dielectric properties, low absorption, and
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low permeability. To increase its resistance to weather conditions, it uses
stabilizers to reduce oxygen degradation. In addition, spore agents, fillers (e.g.,
talc) and carbon black are used in the production of PP to improve its elastic
properties. The use of PP is related to the properties of its individual types and
is mainly based on injection, extrusion, and blow molding methods. This
polymer is used to make elements of ventilation systems, food packaging,
elements for washing machines, dishwashers, food processors, tar paper,
sealing compounds, and sportswear. PP is a highly recyclable material; the
process of its processing is similar to the recycling of other polymers.

Polystyrene

Polystyrene (PS) is a material with an amorphous structure, resulting from the
polymerization of styrene, which belongs to the group of thermoplastic
materials. Used and produced on a global scale in quantities exceeding 15
million tons per year in 2018, it is characterized by high hardness and stiffness,
and resistance to abrasion, moisture and weather conditions. Additionally, PS
has good electrical and dielectric properties. PS is relatively vulnerable to
mechanical damage, cracks under mechanical loads, and is both brittle and
flammable. To improve its physicochemical properties, PS copolymers and
vinylcarbazole are often used in the production of PS; the enriched material
shows high thermal resistance and increased toxicity. The production of PS is
cheap; therefore, the scope of use of the material is very wide, including food
pouches, containers for medicines, toys, plumbing fittings, elements
of calculators, televisions, and many electric tools.

Physical and chemical factors influencing the fragmentation of
microplastics

Abiotic degradation of plastic is related to the processes of hydrolysis, and
photo- and thermo-oxidation, UV radiation, or mechanical stress. These
processes change the properties of the material, making it more brittle
or susceptible to damage. This leads to the material’s airing, i.e., an increase in
the surface sensitive to degradation. This is often associated with an increase in
the toxicity of microplastics due to the accumulation of contaminants in

Copyright © 2024 Elsevier Inc.



fractures. In addition, the accumulation of substances can increase the specific
mass of the microplastic particle, so that it sinks to the bottom, becoming more
stable with regards to degradation due to the anaerobic environment, low
temperature, and lack of sunlight (Rovira and Escudero, 2018).

The fragmentation of microplastics, i.e., the degradation process, takes place
as a result of environmental factors such as temperature, light, water, or air, and
is based on the processes of photo-oxidation, hydrolysis, mechanical friction, or
oxidation. The degradability is considered to be the weakness of the material;
therefore, modification of the polymers has led to the formation of a plastic with
a low degradation index (Wagner et al., 2014).

Atmospheric oxidation is related to the process of oxygen catalyzing the
decomposition of some polymers, including the removal of hydrogen chloride
and the formation of double bonds in the structures of PVC chains. This process
is limited only to surfaces exposed to atmospheric oxygen and, under favorable
conditions, it can reach a depth of Imm into the polymer. Water currents, waves,
and factors influencing the physical abrasion of the material are also important
here, thanks to which the oxidation process takes place to a greater extent.

Thermal degradation is the process of degradation of plastic due to the action
of temperature and consists of three successive stages: initiation, propagation,
and termination. Initiation is the process of breaking down polymer chains as a
result of providing a specific thermal energy and the formation of radicals
(reactive molecules). In the next stage, the radicals react with the atmospheric
oxygen to form peroxy radicals, which, when decomposing, generate peroxide
and alkoxy radicals. This process continues uninterrupted until it is completed,
in which case, either thermal energy or oxygen is lost. The temperature at which
the process of thermal degradation begins is specific for each type of material
(Wagner et al., 2014).

Photo-oxidative degradation is an extremely important factor influencing the
decomposition of microplastics in the aquatic environment under the influence
of ultraviolet radiation. The presence of chromophore groups susceptible to UV
radiation in the structures of photoreactive materials leads to the breaking of
chemical bonds inside these polymers, especially in the UV-B wavelength range
of 280-315nm. This significantly affects the deterioration of the mechanical
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properties of the material and manifests itself in increased brittleness and
cracking. One can observe yellowing of the materials and their tarnishing. High
resistance to UV radiation is demonstrated mainly by PVC and PTFE, as is the
sensitivity of PS and PA.

The vast majority of plastics show negligible water absorption, which
prevents the hydrolysis process from taking place. In the case of PA, the water
absorption is higher and can result in diffusion of water into amorphous regions
of the polymers where its molecules can attach to the chain, thereby breaking
the chemical bonds and weakening the material (Vezzulli et al., 2013). Plastics
in the environment are constantly subjected to various mechanical stresses
caused by sea currents, waves, and collisions with other materials or elements
of the natural environment. These stresses are most often crushing, shearing,
twisting, and abrasion. All these factors contribute to the weakening of plastic
structures and their physical degradation. The material strength can be
determined on the basis of the tensile at break parameter in the percentage range
and, in the case of brittle materials, it is usually from 4% to 8%, while linear PE
obtained over 900%, which means extremely high resistance to physical tearing
and deformation (Wagner et al., 2014).

Biodegradation in microplastics fragmentation

Plastic biodegradation is a process that occurs as a result of the action of many
environmental factors with the participation of microorganisms, including
bacteria and fungi. These organisms are able to derive their food and energy
from nitrogen and carbon contained in polymer structures. The degree of
microplastics degradation depends on the type of polymer or its size and can be
up to 1000 years (Vezzulli et al., 2013). This process takes place both in aerobic
and anaerobic environments, usually has a two-stage form, and its course is
additionally influenced by factors such as ambient temperature, pH, and access
to oxygen or sunlight. In the first stage of microplastics degradation under the
influence of oxygen, moisture, light, or enzymes of microorganisms, the bonds
between carbon atoms are broken, which results in fragmentation of the
polymer chain. The depolymerization of the material leads to the formation
of, inter alia, environmentally friendly monomers. In the second stage
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of biodegradation, the resulting particles can be absorbed by microorganisms
and broken down to generate energy. The end products can be water, carbon
dioxide, biomass, or methane (Henderson and Green, 2020).

The knowledge about the degradability of plastics is still not very large,
which demonstrates the need to conduct research in this field. Currently,
research is being carried out on strains of Ideonella sakaiensis, which show the
biodegradability of PET (polyterephthalene), and Galleria mollonella
caterpillars, which show the ability to digest PE (polyethylene) (Henderson and
Green, 2020).

The role and fate of microplastics in water biota

The presence of microplastics has been confirmed in many places around the
world, including those uninhabited by humans and having the status
of national parks. In addition, research has shown the participation
of microplastics in the Arctic ice caps and in the circumpolar zones. This is due
to the mobility of microplastic particles in the aquatic environment and in the
atmosphere, where pollution can be transferred several hundred kilometers
(Tanaka et al., 2013). Huge amounts of plastic of various sizes (from millimeter-
sized particles to waste more than a meter in diameter) make up the Great
Pacific Garbage Patch, discovered and described by Charles Moore in 1997.
Located between California and Hawaii, it has an estimated size of 1.6 million
km? and contains approximately 129,000 tons of plastic (Zettler et al., 2013).
Studies have shown that the vast majority of this waste is photodegradable
plastic, which over time decomposes into dust less than Imm in diameter, which
increases its transmission many times. Despite its origin and properties, this
garbage has become a refuge and home for a large number of sea creatures,
including fish, small invertebrates and flying birds. Although the concentration
of microplastics in this area is very high, the negative effects of the presence
of particles in the aquatic environment have also been documented elsewhere,
which is becoming the subject of debate about effective methods of removing
microplastics from the marine environment (Tanaka et al., 2013). The presence
of rubbish clusters of various sizes and the influence of abiotic factors increase
the possibility of ingestion of fragmented particles by marine organisms.
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In addition, these particles are characterized by a variety of shapes, colors, and
sizes, which makes them attractive as food. It is also important that microplastic
dust, due to the different density and buoyancy, is at different depths; surface,
near-surface, and deep-sea particles have all been described. Due to the way
microplastics are absorbed by marine organisms, we distinguish between
accidental and deliberate consumption (Zettler et al., 2013).

Accidental ingestion most commonly affects organisms that feed through
water filtration (filterers) and those that ingest microplastics present on plant
parts or in other organisms, also known as passive microplastic ingestion. In the
group of these animals, we distinguish mollusks, crustaceans, seabirds, and
cetaceans, including whales. For some of the organisms mentioned, the
microplastics contained in the intestines pose a risk related to mechanical
damage and the possibility of permanent accumulation of microplastics
(Collignon et al., 2012). There have been documented cases of predatory fish
containing microplastics in their meat coming directly from the bodies of their
victims, which indicates that humans are also at risk of being adversely affected
by microplastics when consuming fish and seafood. So far, the studies have
neither confirmed nor disproved such a possibility, however, this may be
related to examining too small a group of individuals. Microplastic fragments
have most often been found in ocean herring (Clupea haregus), horse mackerel
(Trachurus trachurus), and also inside blue mussels
(Mytilus edulis).

The deliberate consumption of microplastics is mainly related to the
similarity of particles to natural food, especially in the case of omnivorous
organisms. Identifying a natural prey can be very difficult in the presence of a
variety of microplastic particles that shelter a potential prey (Boland and
Donohue, 2003). Research has shown that for animals that are mainly driven by
their eyesight during hunting, bright colors seem to be an encouragement to
attack or try what an object is, due to natural evolutionary curiosity. Species
with confirmed misdiagnosis of prey include Phalaropus fulicarius or Puffinus
gravis. There was also a correlation between the concentration of microplastics
and age in shearwaters. It turned out that higher consumption of microplastics
occurs in chicks, which may be related to the regurgitation process, i.e., feeding
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the offspring with content transferred from the stomach to the esophagus.
Additionally, it may be associated with less experience of feeding in chicks and
efficiency in removing larger contaminants by the young bird (Zettler et al.,
2013).

8 The effect of microplastics on living organisms

The effect of microplastics on living organisms is an extremely problematic and
complex issue that must take into account the natural physiology of organisms,
the effects of microplastic toxicity, mechanical damage, and the role of
microplastics in organisms exposed over the long term. It is extremely difficult
to determine which of the factors is the most harmful, due to the possibility of
accumulation and different concentrations in specific studied regions (Le Roux
et al., 2015).

Analyses so far have focused mostly on mechanical damage caused by the
ingestion of microplastics, weight loss, and reduced fertility, but more and more
attention is being drawn to the chemical risk associated with the high toxicity of
the primary microplastic material.

The constant modification of plastics and the production of new ones means
that more than 40,000 different chemical pollutants resulting from the
degradation and biodegradation of plastics have been distinguished, and the
pool is being increased by another six to seven substances every day. Desired
material properties, such as abrasion resistance, UV resistance, or increased
strength, make these particles extremely durable, which is why they are called
persistent organic pollutants (POPs), and in combination with their toxicity,
they have become a real threat to individual species and entire populations This
led to the signing of the Stockholm Convention in 2001 and attempts to impress
an enduring legislation on pollution. At that time, the division of substances into
three groups was distinguished. The first annex contains substances that are
strictly prohibited, the second annex, those whose use will be restricted, and the
third annex includes regulations concerning direct releases into the aquatic
environment. The most documented threats to organisms are phthalates,
polycyclic aromatic hydrocarbons, organochlorine pesticides, bisphenols A, and
brominated combustion retardants (Thevenon et al., 2011). They are often used

Copyright © 2024 Elsevier Inc.



as pesticides, insecticides, cooling liquids, pigments, or resin components
(Collignon et al., 2012).

These compounds cause, inter alia, increased cracking of bird eggs, liver
damage in mammals, cancer, and hormonal disorders. Microplastics act as
carriers (vectors) of toxic compounds, which is favored by their high ratio of
surface area to volume. Studies have shown that microplastic particles can carry
several different toxins capable of causing histopathological disturbances and
glycogen depletion in the tested aquatic organisms (Hirai et al., 2011).

Damage resulting from ingestion of microplastics by aquatic organisms is
directly related to the species, type, and amount and size of the ingested
particles. These injuries may be a temporary disturbance of physiology, long-
term, chronic and increasing symptoms related, inter alia, with accumulation
and, in special cases, indirectly lead to the death of the individual (Hirai et al.,
2011).

One of the first reported parameters related to the swallowing of plastic
particles is weight loss and the reduction in growth rate. This is due to the
apparent feeling of fullness and reduced absorption of nutrients. In addition,
studies conducted on invertebrates have shown that the growth rate can be
reduced by 4% —20% (Le Roux et al., 2015).

Microplastic present in the digestive tract deteriorates the general condition
of the body, causes ulceration, and by covering the intestinal walls, it also affects
digestion. In the case of mussels, Japanese turmeric and copepods, reproductive
disorders and a reduction in the number of offspring have been documented
(Rochman et al., 2020).

Another disturbing effect of swallowing microplastic is its ability to remain
in the tested organisms and accumulate in tissues like worms (Fig. 2). In this
case, the influence of the microplastic of the finest fraction, often called
nanoplastic, is considered. It has been confirmed that such fine dust has the
ability to penetrate biological membranes; therefore, its transmission can take
place throughout the body (Zettler et al., 2013).
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Fig. 2 Microplastic particle size 45-63um in the muscle tissue of an earthworm (Dendrobaena
veneta) after 30 days of exposure.

Many studies document the presence of fine microplastics in organs such as the
eyes, brain, kidneys, liver, and also in muscle tissue (Thevenon et al., 2011). The
correlation between the time necessary for the accumulation of microplastics, its
concentration, type, and the species tested is not known so far, however, studies
of soil organisms indicate that it may occur after about 21 days of exposure to
a 1% contamination (Le Roux et al., 2015).

9 Summary

Global plastic production in 2019 exceeded 368 million tonnes, and the demand
for plastics continues to grow. Low production costs and wide use of plastic
mean that it is used in almost all industries. Despite the increasing number of
appeals to limit the use of plastic and to produce biodegradable plastics, plastic
is still the basic production material. Additional modifications aimed at
improving the properties of the material are often associated with a longer
period of degradation (Hirai et al., 2011).
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A lot of polymer products have a very short period of use and then become
useless, such as plastic cups, food packaging, foil, cutlery, or bottles. Some of
them are reused, but most end up in landfills (Frias and Nash, 2019).

As a result of biotic and abiotic factors, plastics are subject to degradation,

which is a direct cause of the formation of secondary microplastics. An
additional threat to the natural environment are also primary microplastics, the
source of which are, among others, the cosmetic industries, using polymer
microgranules in toothpaste, abrasives, or soaps.
The concentration of microplastics, both on land and in the aquatic
environment, increases every year, and in a highly urbanized environment its
concentration may exceed the permissible standard many times. Research on
the presence of microplastics most often focuses on the marine environment,
where these particles pose a much greater threat to the diversity of organisms.
It has been confirmed that microplastics are ingested by small organisms, due
to being mistaken for food (Tanaka et al., 2013). Additionally, plastics often
exhibit toxic properties, which contribute to their lethality to organisms
(Rochman et al., 2020).

At least eight different types of microplastics have been classified, based on
their shape, chemical composition, or morphology, including microspheres,
synthetic fibers, marine net fibers, pellets, films, soft granules, or resins. In
addition, the division according to the size of the particles themselves has been
described, distinguishing nanoplastic, microplasticc, mesoplastic, and
megaplastic. This definition applies to both microplastics present in the aquatic
and terrestrial environments (Frias, 2019).

The degradation of microplastics in an aqueous environment is a long-term
process and depends on many factors such as temperature, light, mechanical
stress, or the presence of microorganisms (Rochman et al., 2020). In addition,
the efficiency of degradation is influenced by the type of polymer of which the
material is composed, its size, and shape. Studies have shown that the
degradation of larger plastic particles leads to the formation of a significant
amount of microplastic, which can be transported by sea currents or wind over
very long distances. Additionally, airing of microparticles creates fissures in
which substances such as biomass and other contaminants can collect, causing
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the microplastic to sink to the bottom, often in silt or clay soil. The conditions
there are not conducive to complete degradation; therefore, microplastics on the
bottom are a real threat (Hirai et al., 2011). Most relevant to the development of
research on the presence of this type of pollutant in ecosystems is the fact of the
slow degradation and biodegradation of plastic in the environment and the
increase in its concentration. Methods of quick detection of microplastics from
soil or water and its removal are still unknown. It is recommended to conduct
laboratory tests using a higher concentration of microplastics in water or soil to
better visualize the effects on plant and animal organisms (Tanaka et al., 2013).

The resilient development of the economy, constant modifications of the
chemical composition of waste plastics, and the lack of awareness of rational
waste management are undoubtedly a global problem that may turn out to be
an ecological disaster on an unprecedented scale in the future. The amount of
waste deposited in uncontrolled landfills may become a problem in terms of
many years of soil contamination with many microplastic fractions at the same
time. The exact influence of the smallest fraction not exceeding 500pum on plants
or animals is not known, however, it has been confirmed that it is often ingested
by animals inhabiting the soil, absorbed by plants, and accumulated in tissues
(Hirai et al.,, 2011). This constitutes an additional threat panel and surely
research should be directed for faster detection and removal of microplastics
from both soil and aquatic environments (Collignon et al., 2012).
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Abstract: The mass production of plastics due to their low production costs and versatile
use has resulted in the generation of a significant amount of waste. Between 1950 and 2015,
a total of approximately 6,300 million tonnes (Gray et al., 2017) of plastic waste was
produced, with production accelerating significantly in recent years. It is estimated that by
2060, an additional 270 million tons will be generated (Lebreton et al., 2018). Despite the
fact that modern plastics are often recyclable, their recycling rate is still low and, globally,
is less than 10% (Avio et al., 2017). Depending on regulations, international relations and
environmental awareness, plastic waste is exported, landfilled, incinerated and less
frequently recovered. This article collects information on the global production of plastics,
projections for demand in the coming years, the scale of occurrence in the environment and

the threat they pose to flora and fauna.
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1. Production of plastics

Global plastics production in 1950 was just 2 million tonnes, 359 million tonnes in 2018,
449 million tonnes in 2020 and 475 million tonnes in 2022 (plasticeurope.org). Preliminary
projections for 2024 oscillate between 500 and 502 million tonnes (Huang et al., 2021). By
2022, 9.4 billion tons of plastics were produced in total. The trend in the types of plastics
produced since 2000 generally remains unchanged, with minor fluctuations. Partial
production of primary plastics in 2019 included polypropylene at 72.8 million tons,
polyethylene at 60.5 million tons, polyvinyl chloride at 51.3 million tons, LDPE at 21.1
million tons, and rubber at 7.7 million tons (Geyer et al., 2017). China remains the main
producer of plastics (32%), followed by the USA (17%) and Europe at 14% (year 2022),
with Asia accounting for approximately 54% of global production on a continental scale.
Considering Europe alone, total production in 2022 was 58.7 million tonnes, with Germany
accounting for 21.6%, Belgium 14.6%, the Netherlands 11.7% and France 9.5%
(plasticeurope.org). There is also data confirming the improper disposal of waste, which has
been incinerated uncontrollably, dumped into seas and oceans, or ended up in so-called
illegal dumpsite (Geyer et al., 2017). In terms of kilograms per capita, the 2019 statistics
highlight Suriname (39 kg/person), the Philippines (37 kg/person), Malaysia (25 kg/person),
and Venezuela (24 kg/person). Continentally, it is Africa (10 kg/person), Asia (8 kg/person),
North America (5 kg/person) and Europe (2 kg/person) (Waste Atlas, 2019). Considering
the statistics, it is easy to see that countries with low environmental awareness, with
underdeveloped collection and waste management, have the biggest problem with plastics
management. The production of plastics is not closely linked to its total local use or to
neighbouring countries, and exports and imports of plastics are entirely natural phenomena,
despite low production costs. Analysing this migration in terms of the value of the material,
the top destinations in 2022 are — in the case of imports — the USA (19.3%), South Korea
(12.3%), China (11.8%) and the UK (9.4%), while exports in the same year are the UK
(15.1%), USA (12.5%), Turkey (11.6%) and China (11.4%). Exports totalled €37.2 billion,
imports €31.8 million, the value of the surplus of imports and exports in a downward trend
from 2020 was €5.4 million in 2022 (United Nations, 2023). The growing demand for
plastics in key industries is also unchanged. In 2021, demand in Europe alone was close to

50.5 million tonnes, with Germany (23.2%), Italy (14.3%), France (9.4%), Spain (7.5%) and



Poland (7.5) having the most demand, followed by Sweden (2%), Romania (1.7%) and
Hungary (1.7%) (plasticeurope.org).

2. Recycling

Studies show that a much higher recycling rate is achieved for separated waste than for
mixed waste, due to segregation costs and separation methodologies. In Europe, a total of
more than 29 million tonnes of waste was collected in 2020, of which more than 65% was
recycled from separate waste and only 5% from mixed waste, thus reducing landfill to 8%
for separate waste compared to 38% for mixed waste. Countries with high recycling rates,
with an annual average of more than 40%, are the Netherlands (45%), Norway (44%), Spain
(43%) and Denmark (40%), while in the 30%-40% recycling range are, among others,
Sweden (39%), Slovenia (35%) and Slovakia (30%). Poland, with a recycling rate of 27%,
falls within the range of 20% to 30%, along with Croatia (28%), France (25%), and Bulgaria
(23%). (Geyer et al., 2017).

3. Microplastics in water bodies

According to analyses, global emissions of plastics into rivers, seas and oceans ranged from
9 to 23 million metric tonnes in 2016 (Lau et al., 2020). According to many researchers, river
run-off accounts for a significant percentage of the total amount of plastics in the oceans.
However, subsequent analyses have shown a relatively large potential for computational
error explaining the estimation rules based on the correlation of population density and river
basin size. Modern modelling is much more complex and takes into account the magnitude
of the river flow, the potential for particle transport e.g. by wind, precipitation and the
geology of the area. On this basis, the authors of a study published in 2021 showed that
plastic emissions to rivers do not comprise 56%—-91% of the total plastic in the oceans as
previously thought, but only 18% (Gonzalez et al., 2023). Asian countries, led by the
Philippines, are the largest contributors. According to a current study, among the 10 most
polluting rivers in the world, 7 are in the Philippines, 3 in India and 1 in Malaysia. These 10
rivers collectively account for 60%—88% of the emissions of all rivers into the ocean, and
the Pasig River (Philippines) alone generates 6.4% of the world's pollution; the extent of its
pollution is so high that the river has become a money-making place for people who look to
it for recyclables, building materials and valuables. A total of 4,820 rivers in the Philippines
contribute 356,400 tonnes of plastic waste into the ocean annually, while 1,169 rivers in

India contribute 126,600 tonnes. In Malaysia, 1,070 rivers are responsible for emissions of



73,100 tonnes, and in China, 1,309 rivers emit 70,100 tonnes per year (Lebreton et al., 2017).
The study covered the global scale and the most polluting rivers in the world are highlighted

in bright colour.

Figure 1. https://theoceancleanup.com/sources/

The fate of plastics in open waters varies enormously. Studies have shown that around 50%
of plastics sink due to low buoyancy, the remainder may be washed ashore or drift guided
by sea currents and wind (de Frond et al., 2019). An additional stimulus is the so-called
eddies, which do not allow the plastics to move away towards land, thus forming clusters of
waste, commonly referred to as rubbish patches. There are currently five such patches known
to occur at different ocean latitudes, with the largest, the Great Pacific Garbage Patch, located
between Hawaii and California. The size of the Pacific Great Garbage Patch has been
determined to be 1.6 million km? and includes a fraction that does not form a compact whole
or is composed of smaller particles. Its mass is estimated at 100,000 tonnes, with the number
of particles ranging from 1.1 to 3.6 trillion pieces larger than 5 mm in size, while pieces
smaller than 5 mm comprise only 8% of the total (Lebreton et al., 2018). Globally, this
represents 268,940 tonnes of plastic and 5.25 trillion fragments in the oceans, with 55.6% of
the particles and 56.8% of the total mass of plastic found in the Northern Hemisphere. In the

Southern Hemisphere, the vast majority of the mass is in the Southern Indian Ocean (Wright



etal., 2020). Surveys in the Mediterranean Sea, towing nets and recovering plastics in a well-
defined manner showed results indicating that more than 92% of individual catches resulted
in plastics being found, with an average density of 100—100,000 pieces per square kilometre
(70% of measurements) and to a lesser extent (16% of measurements) 890,000 pieces per
square kilometre. Observation of plastics and more advanced surveys found that polystyrene,
and whole or fragmented fishing buoys were the most commonly fished out. Taking into
account the particle nomenclature, 75.4% of all plastics are macroplastics, 11.4% are
mesoplastics, and approximately 13% are microplastics. The authors also point out that there
are many discrepancies in the data published in earlier years (due to erroneous modeling and
calibrations, as well as increasing pollution). For example, data collected in 2014 in a certain
area of the North Pacific indicated a mass of floating plastics of 21,000 tons, while newer
studies showed 12,000 tons, and the total mass ranged from 7,000 to 35,000 tons, whereas
current research reports at least 35,000 tons in the same area. Additionally, the authors of
this study point out that in some cases, the differences reach even a hundredfold of the result.
The justification for the discrepancies over time seems to have high substantive value and
points to a cascading degradation process, updating modelling algorithms, the use of

different mesh densities, and the range of the lower limit of plastic sizes (Chen et al., 2017)

4. Microplastics in organisms

Based on 747 publications and papers summarising the data therein, the effects of plastics
on living organisms can be determined. A total of 914 species have been described in the
context of plastic ingestion, entanglement or both (Provencher et al., 2017). Specifically,
there are 701 species that ingest plastics and 354 exposed for entanglement (Kunh et al.,
2015). Ingestion of plastics is associated with their variety of colours, shapes, sizes and with
suspension at different depths in the water column and can be either intentional (as food) or
accidental, passive. The highest rate of particle ingestion and entanglement was recorded in
seabirds (41% of birds surveyed), with 9.9 particles per individual. The most vulnerable
species were divers (Gaviiformes) (80%), terns (Sterninae) (62%), pelicans (Pelecanidae)
(37%), gulls (Larinae) and jaegers (Stercorarius) (about 42%). In this study, 43,525 samples
were utilised, of which 27.7% contained plastics (12,065 pieces). In the case of mammals,
19,484 samples were examined, with 4% containing microplastics (860). The highest
ingestion rates were recorded in seals (71%), manatees (69%), walruses (66%), and whales
(60%) (Deng et al., 2023). Of great interest is the study and thus the number of publications

on sea turtles, where both high entanglement rates and particle ingestion close to 100% were



found in all 7 species (3,639 individuals tested, 32% of samples contained plastic). Overall,
17% of the 693 protected and Red Listed endangered species are exposed to plastic ingestion
or entanglement in nets, and for many of them plastic-related death is the second most
common cause of death after intentional and deliberate killing. Individuals permanently or
temporarily exposed to plastics may be susceptible to disturbances in nutrition, reproduction,
and mechanical damage (Kiihn and van Franeker, 2020). Polypropylene and polyethylene
40 pum -100 pm negatively affected phytoplankton including the marine diatom
(Thalassiosira pseudonana), marine dinoflagellates (Dunaliella tertiolecta) and green algae
(Chlorella vulgaris) by inhibiting their growth up to 45% (Sjolemma et al., 2016). In the
case of Skeletonema costatum, Thalassiosira pseudonana, Phaeodactylum tricornutum, the
photosynthetic activity, distortion of thylakoids, cell membranes and modification of the
chemical composition of secreted substrates has been described by Zhang (Zhang et al.,
2017) and Shiu (Shiu et al., 2020). In sediments where the presence of micro and nano
plastics above 0.5 per cent was confirmed, invertebrate abundance decreased. It has been
shown that polyethylene and polypropylene 10-90 pm in diameter can accumulate in the
intestines of fry and gills of adult Danio priuris species, affecting liver degeneration,
increasing cortisol levels while decreasing glucose levels. In addition, plastics interfere with
synaptic transmission and inhibit gene expression. Among the common fish studied (carp,
crucian, tench, perch, etc.), microplastics in the gills, liver and brain affected reduced
swimming speed, fry growth, oxidative stress and digestive enzyme activity.

The presence of microplastics and nanoplastics in the soil can affect plant growth as
both a stimulator and an inhibitor. In the case of cress (L. sativum), the concentration of
micro- and nano-plastics (103107 P mL ') after 72 hours of exposure influenced their
accumulation in the seed pores, thereby reducing water absorption and delaying germination.
In garden cress (Lepidium sativum), the same concentration of particles delayed germination
from 21% to 56% depending on the concentration (Bosker et al., 2019). Similar results were
obtained for perennial ryegrass (Lolium perenne) (6% to 7% inhibition) (Boots et al., 2019).
In wheat (7" aestivum), PS particles from 0.2 um to 2 um were transported from the roots to
the shoot and, as indicated by the authors, could be the cause of oxidative stress (Li et al.,
2020). In thale cress (A. thaliana) the positively charged microplastic after 35 days of
exposure affected mineral metabolism and uptake of elements from the soil (Sun et al.,
2020). In the case of crocus (C. sativus), polystyrene of 100-700 um was taken up by the

stem and transported to leaves, flowers and fruit (Li et al., 2021). In maize, the polystyrene



absorbed by the leaves accumulated in the tissues and moved towards the roots (Sun et al.,
2021). However, microplastics do not always show strong inhibitory effects; in onion
(Allium cepa), the presence of plastics at low concentrations did not significantly affect
germination and development (0.01, 0.1 and 1 g/ L ! PS 50 nm) (Giorgetti et al., 2020). In
general, the most commonly described negative effects of plastics on plants concern
germination, weight, growth, diameter and root area, plant growth, chlorophyll content and
photosynthetic efficiency (Sun et al., 2020), oxidative stress and related enzymes (Jiang et
al., 2019), metabolic processes, content of elements such as magnesium, calcium and iron
(Liana et al., 2021), cytotoxicity, genotoxicity, and genetic anomalies (Giorgettini et al.,
2020), reduction in fruit quantity and weight ( Meng et al., 2021), content and activity of
phytohormones, shortening of the generative phase, reduction of yield and deterioration of

yield quality (Zhou et al., 2021).

5. Microplastics in soil

Global soil contamination by plastics is an extremely important problem and translates to
some extent into fertility and ecosystem health. Many quantitative and qualitative studies are
currently being conducted, but when comparing them, attention should be paid to the
compatibility of sampling methodology and analysis. In this article, data from studies
conducted by a single research unit were collected, resulting in high trial repeatability and
low methodological divergence. The data comes from 155 locations in Germany, Austria,
Slovakia, Spain, Russia, China, South America, North America and Australia, among others.
In China, microplastic concentrations in agricultural areas where plastic greenhouses were
used, and sewage sludge was fertilised were 13,470 pcs/kg™! to 42,960 (average 26,070),
7,100-26,630 pes/kg! in green areas (average 14,440 pcs/kg™), and 96,000 to 690,000
pes/kg! in forests around Wuhan. As the authors point out, 82% of the particles detected
were below 250 um, with fibres being the dominant fraction. The lowest concentrations were
found in the eastern areas of the country, in rice fields, where it was about 18pcs/kg™!. The
averaged values of the European countries give an average of 2914 pcs/kg™! and are higher
than those recorded in China. In Spain, in areas of Valencia where sewage sludge was
regularly applied, concentrations tripled to 33,000 sh/kg™! (from 999 pcs/kg! to 80,658
pes/kg ), while a test point in Denmark recorded concentrations of 71,000 pes/kg™!, with pp
and ps being the dominant materials. In Germany, around Cologne, studies published in mass
units showed 915+63 mg/kg !, which gives a result similar to industrial areas in other parts

of Europe. However, other samples from this country yielded very low concentrations,



averaging 11 pcs/kg!. According to the study, the greatest impact of sewage sludge
application on the amount of microplastic was in America, with concentrations increasing
from 4 pcs/kg! all the way up to 542 pes/kg! after 2 applications of sludge over 5 years. In
the New York area, soil concentrations ranged from 370 pes/kg ! t02,060 pes/kg!, with an
average of 1,235 pcs/kg™!. In Chile, in areas where sewage sludge was applied, results
yielded from 1 000 pes/ kg! to 10 200 pes/ kg™!, in areas without sludge 0 pes/ kg™ -2 200
pes/ kg ', In Mexico, concentrations ranged from 870 pes/kg'to 1,900 pes/kg!, with 95%
being below 50 pum. In Iran, five samples from the Fars province yielded a total of 17 pcs/kg™
"to 38 pes/kg™!, with a mass of 0.1 mg/kg™!. In Australia, studies were conducted in heavily
polluted areas near industrial sites in Sydney, where the average particle concentration was
24,000 mg/kg! and the maximum reached 67,500 mg/kg™!. In a global comparison, the
median was calculated at 1,162 pes/kg! (25% — 89 pieces/kg™!, 75% - 2,870 pieces/kg™),
with a mass of 0.6 mg/kg™!. Areas containing sewage sludge had an average of 1,998 pcs/kg”
1'(25% - 999 pes/kg!, 75% - 3,616 pes/kg!), with an average mass of 2.2 mg/kg™!. The
studies were mainly conducted in urban areas (three times more often), with the plastic
values ratio in cities and green areas differing by one order of magnitude, confirming a strong
correlation between population density and soil pollution. Moreover, the concentration of
microplastics in soil in industrial areas was on average 2 to 4 times higher than in other areas

(Biiks and Kaupenjohann, 2020).

6. Atmospheric microplastics

The presence of microplastics has been confirmed in the atmosphere of urban, rural, and
even sparsely populated and uninhabited areas, indicating potential long-distance transport
of particles. However, the study of the content and movement of these pollutants in the air
is arelatively new field of interest and there is still a lack of information on the subject (Klain
and Fischer, 2019), and the most commonly used method is the passive collector (total
deposition over a specified time) (Allena et al., 2019). Currently, a standardised
methodology developed by the Norwegian Institute for Air Research is used, using plastic-
free glass-metal collectors and giving reliable measurements and repeatability. Nevertheless,
the authors also used suction pumps in their study (Liu et al., 2019), considered active
methods for air analysis. The results varied significantly from one measurement site to
another. In Paris, it was 118 particles per square meter per day (particles/m?/day), in
Hamburg 275 particles/m?/day (Dris et al., 2016; Klain and Fischer, 2017), Dongguan in
China ranged from 175 to 313 particles/m?/day, Yantai in China 602 particles/m?/day (Zhou



et al., 2017). Nottingham in the United Kingdom reported 31 particles/m?/day, while a high
level was also observed in remote Pyrenean regions at 33 particles/m?/day (Allen et al.,
2019). Additionally, in wet snow deposits in Helsinki, just under 700 particles per 1 m? were
detected. The concentration of microplastics indoors is usually higher than in open spaces.
For example, in China, indoor concentrations ranged from 1 to 60 pcs/m?, compared to 0.3
to 1.5 pcs/m® outdoors, indicating that microplastics indoors are a significant source of
atmospheric pollution (Dris et al., 2017) In China and Iran, fibres were the predominant type
of plastic (60% and 35%, respectively), while in Germany, microgranules were dominant
(fibers accounted for only 5%). In the Pyrenees, films also made a significant contribution
(28%) (Abbasi et al., 2019). Microplastics suspended in the air are susceptible to air
vortexes, winds, and continental air masses, leading to their migration over considerable
distances. Plastic has been observed on Tibetan glaciers, in the Alps, and in marine areas.
The main factors influencing these parameters are the mass, shape, and size of plastic

particles (Zhang et al., 2019).

7. Forecasts for the future

Considering the assumptions of the researchers described in the 2019 publication about the
future of plastics, based on current data, population growth rates and GDP, the following
conclusions can be drawn. In 2020, plastic waste production may amount to 200 million
tons, increasing to 230 million tons by 2025, 300 million tons by 2040, and 380 million tons
by 2060. According to one of the scenarios outlined in the publication, the demand for
plastics in Asia will increase from 99 million tons annually in 2020 to 151 million tons in
2024 and 193 million tons by 2060. India is projected to become the country with the highest
level of mismanaged waste and waste production, generating between 38—52 million tons of
waste annually. Cities such as Manila (Philippines), Cairo (Egypt), and Kolkata (India) will
exceed the threshold of producing 1 million tons of waste per year. A more optimistic
scenario assumes infrastructure improvement and a reduction in poorly managed waste to
10%, resulting in waste production around 50-90 million tons in 2060, instead of the
projected 193 million tons for Asia. According to the authors, global demand for plastics
would then focus on Africa, increasing from 23 million tons in 2010 to 72 million tons by
2060. Forecasts for Africa show a strong growth trend, with an overall increase of 210%,
representing a 375% increase compared to the last 10 years. The correlation is expected to
strengthen, considering the population, which is projected to reach 2.9 billion by 2060,
indicating a 245% increase from 2015 (UN 2015).



8. Transport of plastic waste

The export and import of plastic waste are subjects of discussion in many countries and often
provoke controversy. In 2016 alone, approximately half of the recyclable waste (14.1 million
tons) was exported by 123 countries, with nearly half of this waste originating from China.
Since the early 1990s, China has imported nearly 106 million tons of waste, accounting for
45% of the world's total imports. Export of waste typically occurs from high-income
countries to poorer countries, but significant changes occurred since 2013 when China
implemented strict policies regarding plastic waste imports. While changes in the Chinese
market began in 2010, three years later, the country strengthened restrictions, leading to what
was colloquially termed the "green fence" or "green wall." Due to the ongoing flow of waste,
which was difficult to estimate, China eventually announced a permanent ban on the import
of non-industrial plastic waste in 2017. Prior to the reform, the average import was around
8.8 million tons annually, with most of it being buried or stored improperly, leading to severe
environmental pollution. The legal regulations in China's economy caused turmoil in waste
import and export, with country rankings changing annually. In 2019, the top exporters
included Japan (55 thousand tons), Hong Kong (17.5 thousand tons), Canada (8.35 thousand
tons), and Poland (6.41 thousand tons). In 2020, Japan (818 thousand tons), USA (206
thousand tons), France (189 thousand tons), Belgium (152 thousand tons), and Sweden (20
thousand tons) were the top exporters. The top importers are Turkey (742 thousand tons),
Malaysia (459 thousand tons), Vietnam (291 thousand tons), Indonesia (138 thousand tons),
and Thailand (65 thousand tons). Turkey also leads in the import of waste overall, with a
diverse composition. In 2022, Turkey received a total of 12.4 million tons from Europe,

followed by India with 3.5 million tons, and the United Kingdom with 2 million tons.

9. Discussion

There is no doubt that the plastics industry is a thriving sector of the economy with an ever-
increasing demand. Ease of moulding, strength and relatively low weight make plastic an
integral part of everyone's daily life in almost every aspect. However, the low production
costs contribute to a low recycling rate, leading to the vast majority of plastic waste being
either landfilled, incinerated, or ending up in the environment. Complementing this with
countries characterised by low environmental consciousness or inefficient waste
management systems, we confront a significant challenge posed by plastic pollution in
oceans, lakes, forests, and agricultural fields. The current classification defines plastics by

size, origin, density or colour, and microplastics are among the most commonly described in



terms of threat to the ecosystem. Although these microplastics have been described for many
years, their fate in the soil or the atmosphere is still unknown. Studies document the
extraordinary sensitivity and fragility of ecosystems and their potential degradation by
plastics. The effects are often cascading, where the weakening or elimination of one species
immediately impacts the dominance of another. Globally, this is an exceedingly complex
issue to describe, and it is heartening to know that analyses are increasingly being conducted
simultaneously in many locations to achieve consistent results. Currently, marine ecosystems
are most vulnerable to the effects of plastics, both directly and indirectly, such as through
the presence of toxins on the surface of plastics (Gallo et al., 2018). 2018). The
fragmentation of microplastics, their settling on the seabed, and coagulation result in more
plastics becoming permanently trapped on the ocean floor. Similarly, microplastics present
in soil should be considered, as they have been detected in many agricultural, forest, and
urban areas. There is evidence of the absorption of the smallest particles by plants, which
affects their electrolyte balance and can subsequently influence yield. Negative impacts on
organisms, including earthworms, and ongoing soil erosion have been documented. The use
of sewage sludge, mulching, and agricultural practices introduce plastics of various sizes
into soils, which remain uncontrolled and are often extremely difficult to detect. The final
aspect is plastics suspended in the air, which can be inhaled by organisms, settle on objects
and food, and migrate with the wind. Despite studies describing the physics of air currents
and the possibilities of transport, there are few documented cases of long-distance migration,
such as reaching ice caps. Most often, these are local migrations within cities or countries,

although there is a lack of a sufficiently large number of publications on this topic.

10. Conclusions

This article aimed to summarise the most important and current reports on the prevalence of
microplastics and their impact on ecosystems. In many of the studies whose results were
included, the methodology, calibration, and analysis systems were chosen experimentally,
indicating a lack of uniform analytical procedures. Considering the counters that
continuously show the amount of plastics entering the environment every second, this article
will serve as a retrospective review at the time of its publication. It is also essential to
highlight and commend the efforts of organisations involved in removing plastics from the
environment, their commitment, and their ongoing research. As noted by many authors,
failing to take environmental protection measures could have catastrophic consequences and

lead to severe ecosystem disruptions. From an economic development perspective, this is an



exceedingly difficult task to accomplish; all available statistics indicate a continued demand
for plastics, correlated with the growing human population and improving living conditions.
Emerging biodegradable and recyclable bioplastics still represent only a small fraction of
the total, and legal regulations often conflict with environmental protection policies,
imposing norms on the entire recycling sector. Solving the problem on a global scale requires
solutions at every stage of a plastic's "life," from production, transport, and use to recycling,

and remains financially out of reach for many impoverished regions.
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Streszczenie: Oczyszczalnie petlnig kluczowa role w kazdej aglomeraci,
zapewniajac bezpieczny osrodek odbioru i oczyszczania $ciekow. System filtracji
oparty na etapowym przeplywie umozliwia skuteczng separacj¢ zanieczyszczen
oraz neutralizacj¢ toksyn czego efektem jest woda zdatna do sptywu i bezpieczna
dla organizmoéw wodnych. Produktem ubocznym pracy oczyszczalni komunalnych
s osady sciekowe, ktore poddane odpowiedniemu przetworzeniu stajg si¢ cennym
zrodlem pierwiastkow biogennych takich jak fosfor czy azot, przy jednocze$nie
niskim poziomie patogendw oraz metali ci¢zkich. Istnieje wiele sposobdw
zagospodarowania osadéw takich jak wykorzystanie ich w rolnictwie,
kompostowaniu, rekultywacji gleb czy tez ich spalanie, a wszystkie one sg $cisle
normowane prawem. W zwigzku z wejsciem w zycie Europejskiego Zielonego
Ladu, ktory zaktada radykalne obnizenie stosowania nawozow i pestycydow, a
takze zrownowazone wykorzystywanie surowcOw naturalnych, przyrodnicze
stosowanie osadow S$cieckowych moze by¢ alternatywa dla nawozow
nieorganicznych. Uwage badaczy przykuwa natomiast fakt zawartosci w osadach
scickowych drobin tworzyw sztucznych, czyli mikroplastiku, ktérych los w
srodowisku wcigz nie jest do konca znany. W artykule tym zostaty podsumowane
najwazniejsze informacje dotyczace skali wytwarzania osadow $ciekowych,
kierunki ich zagospodarowania, a takze zawarto$ci mikroplastiku na podstawie
analiz niezaleznych jednostek. Artykut podkresla ponadto, Ze pomimo niewielkich
stezen oraz rozmiardéw czasteczkowych tworzyw sztucznych, sumaryczna ich ilos¢
staje si¢ znaczaca, a biorgc pod uwage niemal zerowg biodegradowalnos$¢, stezenie
na obszarach wykorzystujacych osady $ciekowe bedzie rosta. Dodatkowo autorzy
opisali $rednig wydajno$¢ wybranych oczyszczalni §ciekow w réznych krajach na

podstawie aktualnych publikacji.

Stowa kluczowe: mikroplastik, tworzywa sztuczne, oczyszczalnia $ciekow, zrodto

mikroplastiku
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Wprowadzenie

Obecnos¢ tworzyw sztucznych w §rodowisku naturalnym stata si¢ przedmiotem badan wielu
jednostek naukowych, opisujgcych ich strukture, migracj¢ oraz wplyw na organizmy. Skala
problemu oraz rosngce zainteresowanie tematem sprawily, ze wystgpowanie tych tworzyw w
ekosystemie uznawane jest za kwesti¢ globalng (Zhang i in. 2019, s. 23-34). Poczatkowo
zdecydowana wigkszo$¢ analiz skupiala si¢ na srodowisku morskim, gdzie odnajdywano czasteczki
plastiku na roznej glgbokosci, a takze w strefach przybrzeznych oraz osadach, jednak z czasem
badania te objely zarowno wody srodladowe jak i glebe (Dris 2018, s. 539-550). Wkrotce zaczeto
klasyfikowa¢ drobiny tworzyw nadajac nazwe mikroplastiku przy wielkosci ponizej 5 mm, grupujac
je przy tym wzgledem pochodzenia, ksztattu, koloru oraz sktadu chemicznego. Obecna wiedza na
temat mikroplastiku pozwala na szczegétowa analiz¢ w zakresie badan czasteczkowych,
oddziatywan $rodowiskowych oraz metod separacji czy tez degradacji. Znaczaco wzrosta rowniez
swiadomos$¢ dotyczaca losu tworzyw sztucznych, wydajnosci procesow recyklingowych, norm
prawnych oraz technologii zagospodarowania. Dzigki temu mozliwe jest okreslenie aktualnego stanu
wiedzy na temat produkcji globalnej, przyblizonej ilosci tworzyw na skladowiskach oraz w

srodowisku naturalnym.

Skala wystepowania mikroplastiku

Wedlug badan ponad 80% wszystkich tworzyw sztucznych w oceanach pochodzi z ladu, a w
Europie szacuje sig, ze z ponad 64 mln ton tworzyw wprowadzonych na rynek w roku 2016 zaledwie
13% poddano recyklingowi. Dla przyktadu w Niemczech w 2011 recyklingowi poddano okoto 60%,
co stawia ten kraj na pierwszym miejscu (Zmak 2017, s. 138-142). Badacze wskazuja ponadto na
fakt, ze fragmentacja tworzyw zachodzaca pod wplywem promieni UV, tarcia czy tez $rodkow
chemicznych prowadzi do uwolnienia drobin mikroplastiku znacznie mniejszych niz 5 mm, przez co
zwicksza si¢ ich mobilno$¢ w glebie oraz powietrzu. Niezwykle istotnym no$nikiem dla tworzyw sa
szeroko rozumiane wody, w ujeciu akwenow, rzek, a takze zjawisk atmosferycznych. Szacuje sig, ze
kazdego roku do moérz i oceandw trafia od 1,14 min do 2,41 mln ton plastiku przenoszonego wtasnie
przez rzeki. Woda w czasie deszcz w najwigkszej mierze sptukuje zanieczyszczenia z elewacji czy
tez drog 1 przenosi wraz z kanalizacjg do oczyszczalni $ciekéw czy na pola uprawne (Corradini i in.
2016, s.411-420). Do najczesciej wystepujacych mikroplastikow w aglomeracji zaliczane sg wtokna
z ubran, mikrogranule z kosmetykow, kawatki gumy bieznika samochodowego oraz tak zwany pyt
miejski, natomiast na terenach zielonych dodatkowo opisywana jest folia stuzaca do $cidtkowania
oraz fragmenty materialow rolniczych (Verschoor i in. 2016, s. 17-28) Jak wskazuja badania,
wystepowanie mikroplastiku w glebie czy wodzie pozostaje w Scistej korelacji z bliskosciag miast
oraz przemyshu tekstylnego. Istniejg rowniez analizy opisujace starty przedprodukcyjne czasteczek

uwalnianych do srodowiska, przeprowadzone w Szwecji na podstawie wspotczynnika Sund’a (Sundt



i Schulze 2015), ktorych poziom wynosi 0,04%. Norwescy badacze na tej podstawie okreslili roczng
emisj¢ granulatu na 298 ton. Do sumy tej mozna doda¢ wspotczynnik Lassena, ktory opisal straty
przy szeroko pojetej obstudze granulatu (w tym transporcie) na poziomie od 0,0005 do 0,01% co
daje roczny wynik na poziomie 12-235 ton. Oba wspoélczynniki zastosowano dla dunskiego
przemysty tekstylnego, przy czym autorzy wskazuja, ze nie mozliwosci rzeczywistego pomiaru strat
produkcyjnych (Corbanie 2006, s. 475-485). W przypadku wlokien ubran badania majg charakter
pogladowy, gdyz ich ilo$¢ uzalezniona jest od sposobu prania, uzytego detergentu, temperatury oraz
rodzaju pozostatej zawartosci prania. Autorzy zgodni s3, ze usredniajac dane mozna zalozy¢, ze
wykonana z poliestru koszula traci podczas kazdego prania 0,4% swojej wagi, idac dalej, jeden gram
jest w stanie uwolni¢ od kilkudziesigciu do kilkuset wiokien, 6 kg tekstyliow podczas jednego prania

uwalnia okoto 800 000 fragmentow (Magnusson 2016, s.11).

Mikroplastik w procesie oczyszczania sciekow

Oczyszczalnie $ciekow stanowig nieodtgczny element wydajnego systemu kanalizacji miasta, a
ich przeptywowos¢ oraz skuteczno$¢ filtracji znacznie wzrosly na przestrzeni ostatnich
dziesigcioleci. Gléwnym powodem sg zmieniajace si¢ przepisy prawne wzgledem jakosci wody oraz
skutecznosci procesu oczyszczania. Nie zawsze jednak oczyszczalnie dostosowane sg do odzysku
mikroplastiku, ktory trafia tam wraz ze $ciekami, tym samym uwaza si¢, ze obecnie sg one
punktowym zrodtem mikroplastiku w systemie wody stodkiej oraz gleby. Kazdego roku w samej
tylko Europie $cieki z oczyszczalni poprzez systemy rzeczne (lub bezposrednio) uwalniajag do morz
i oceanow okoto 520 000 ton tworzyw sztucznych (Horton 2017, s.127-141), nie uwzglgdniajac masy
czgsteczek ponizej 5 pm, ktore wedlug autorow sa nierejestrowane. Analiza widkien nylonowych,
poliesterowych oraz mikrogranulatow obecnych w osadach morskich dowiodta, ze s3 one powigzane
ze $ciekami (Browne 2011, s. 5026-5031). Inni badacze wskazali ponadto na role oczyszczalni
sciekow jako dystrybutora mikrogranul pochodzacych z produktow higieny osobistej, opisujac ich
nieregularny ksztatt oraz szacujac ilo$¢ na 8 bilionow czastek kazdego dnia uwalnianych do
srodowiska wodnego (Lessie i in. 2017, s. 155-157).

Dla precyzyjnego oszacowania skutecznosci oczyszczalni $ciekow niezbedne sa procedury
okreslenia ilosciowego w Sciekach doplywajacych i wyplywajacych z oczyszczalni metodami o
wysokim wskazniku powtarzalnosci, co juz na tym etapie wydaje si¢ trudne biorgc pod uwage niskie
stezenie niektorych frakcji tworzyw (Carr i in. 2016, s.174-186). Tym samym cz¢$¢ autorow
wskazuje na konieczno$¢ ujednolicenia metod badawczych, nawet jesli obarczone sg pewnym
btgdem statystycznym, dla poréwnywalnie podobnych wynikéw uzyskanych przez niezalezne
jednostki. Na chwile obecng badania wykazuja, ze stezenie mikroplastiku za oczyszczalniag moze by¢
wyzsze niz przed nig, jak w przypadku rzeki Ottawy (Kanada poocna, glowny doptyw Rzeki
Swietego Wawrzynca) gdzie w gornym biegu wynosito 0,71 szt/m®, a w dolnym za oczyszczalnia

1,99 szt/m® (Vermaire 2017, s. 301-314). Autorzy wskazuja przy tym, ze przeprojektowanie



oczyszczalni tak, aby zwickszyla si¢ wydajnos¢ filtracji makro i mikroplastiku jest procesem
dhlugotrwatym, niezwykle kosztownym, a czgsto niemozliwym do zrealizowania (Talvitie 2017, s.
164-172). W pracy tej przedstawiono schemat oczyszczania najczesciej wystepujacy w Europie, a
takze czesto w Stanach Zjednoczonych oraz Azji Wschodnie;j.

Pomimo miejsca wystepowania, zdolnosci filtracyjnych czy tez samej wielko$ci, mozna przyjac, ze
oczyszczalnie majg podobng konstrukcje oraz zachodzace tam procesy napowietrzania, flokulacji i
sedymentacji (Burns 2018, s. 2776-2796). Sita o rozmiarze oczka 6 mm (lub wigksze) stanowiace
pierwszy etap filtracji mechanicznej wedtug badaczy zdolne sa do wychwycenia 65% mikroplastiku,
rowniez mniejszych niz $rednica oczka, ktore gromadza si¢ w warstwie ttuszczu np. polietylen
niskiej gestosci (Murphy 2016, s. 5800-5808). Kolejne etapy oczyszczania wykorzystuja
mikroorganizmy bakteryjne w zbiornikach z napowietrzaniem oraz oddzielenie osadow $ciekowych
(filtracje kolumnowa z wykorzystaniem wegla aktywnego lub piasku uznaje za etap trzeciego stopnia
oczyszczania S$ciekow). Podzial na oczyszczalnie dysponujace dwustopniowym oraz
trzystopniowym systemem jest powszechny, a jego skutecznos¢ wzgledem tworzyw sztucznych
wynosi odpowiednio 90% - 99% oraz 96% - 99,9% (Carr 2016, s.174-182). Wedtug wielu badaczy
udziat calkowity wtokien wynosi od 70% (Vermaire 2017, s. 301-314) do 80 % (Mason i in. 2016,
$.1045-1054). Wzglgdem wody pitnej analizy iloSciowe wykazaty obecnos¢ 0,0009 do 0,009
czasteczek na litr przy oczyszczaniu dwustopniowym i 0,0002 czastki na litr przy trzystopniowym
(Carr 2016, s.174-182). Ilos¢ mikroplastiku w $ciekach doprowadzanych do oczyszczalni jest
niezwykle zr6éznicowana wzgledem dni tygodnia oraz pory roku (Primpke 2017, s. 402-412) a
autorzy wskazuja na pobieranie probek przez dluzszy okres lub okre$lanie $redniej wzgledem tego
okresu. W tabeli (Tabela 1) przedstawiono $rednig skuteczno$¢ oczyszczalni Sciekow z zebranych

publikacji naukowych.

Tabela 1. Przykiady skutecznosci oczyszczalni sciekow pod wzgledem usuwania mikroplastiku

Dolna
) Stezenie Ogodlna
granica ) ) L
) Typ i | mikroplastiku | wydajno$¢ o )
Kraj | wielkos$ci ) ) Odniesienie do literatury
oczyszczania [czasteczki oczyszczania
czastek )
na litr] [%]
(um]
0,028-0,96 Wisniowska i in. 2018,
Polska I, 11, 1IT - 95%-99%
cz/l s. 316-323
Mintenig
Niemcy 1L, 111 20 pm 0,1-10,1 cz/1 97% .
11n.2017
Dries i in. 2015
Francja L II, 11T 100 pm 14-50 cz/1 83%-95%
s. 539-550
Leslie i in. 2017,
Holandia I, 11, 1IT 0,7 um 9-91 cz/l 72%
s. 133-142




Wielka
] I 29 um 1-3 cz/l 96% Blairi in. 2019
Brytania
Kalcikova i in. 2017,
Stowenia I 19 um 0,021 cz/l 87%
s. 25-31
Dania - 20 um 54 cz/1 98,3% Simon i in. 2018, s. 1-9
Hiszpania I - 0,25 cz/l 90,3% Bayoiin. 2019
Magni i in. 2019,
Wiochy L II, TIT 42 pm 0,4 cz/l 84%
s. 602-610
Lares i in. 2018,
Finlandia i 250 um 1,05 cz/1 99%
s. 236-246
USA I, 11 20 um 5,9 cz/1 93,8% Sutton i in. 2016, s. 230-235
Turcja I, 11 - 7,02 cz/l 73% Gilindogdu i in. 218, s. 626-632
Kanada I, 11 64 um 0,5 cz/1 98,3% Gies iin. 2018, s. 553-561
Chiny I 1I 28 um 0,20 cz/1 97,8% Longiin. 2019, s. 255-265
Australia I, 11, TIT 25 um 0,28 cz/l 92%-99% Ziarahromi i in. 2017, s. 93-99

Mikroplastik w osadach sciekowych

Osady sciekowe sg nieodtacznym elementem funkcjonowania oczyszczalni i definiowane jako
organiczno-mineralna stata frakcja powstajaca zwykle w komorach osadu czynnego, czy
fermentacyjnych oraz pozostatych instalacjach stuzacych oczyszczaniu $ciekow komunalnych, a ich
sktad oraz wtasciwosci zalezne sg od rodzaju Sciekow oraz metod ich oczyszczania. W og6lny sktad
osadow $ciekowych wchodzg osady wstepne wydzielane w wyniku sedymentacji zawiesin w
osadnikach wstepnych oraz te powstajace w osadnikach wtornych poprzez procesy biologiczne-
osady wtorne. Dalsze ich zagospodarowanie wymaga zastosowania kilkuetapowego procesu, dzigki
ktérym nabiora one pozadanych wiasciwosci fizyko-chemicznych przy jednoczesnej redukcji
zawarto$ci metali cigzkich, zanieczyszczen organicznych (pestycydy, dioksyny, furany) oraz
organizmow patogennych w tym wiruséw, grzybow, bakterii, pierwotniakow oraz jaj pasozytow.
Przyktadowy ciag technologiczny przetwarzania osadow na oczyszczalni $Sciekow prowadzacej
proces fermentacji metanowej na terenie Polski przebiega kolejno procesami zageszczenia,
stabilizacji, odwadniania oraz suszenia i post¢puje etapami:

a) osad wstepny kierowany jest do studni zbiorczej osadu surowego,

b) osad wtorny kierowany do przepompowni, gdzie tak zwany osad nadmierny ttoczony jest do
stacji zageszczenia, a osad recyrkulowany do bloku biologicznego,

c) osad nadmierny podlega procesowi zageszczenia mechanicznego, wspomaganego przez
koagulacje polielektrolityczna,

d) powstaty osad pompowany jest do studni zbiorczej skad trafia do komor fermentacyjnych,



e) w zamknigtych komorach fermentacyjnych, przy temp. 35°C- 37°C zachodzi proces
stabilizacji, czyli biologicznej redukcji substancji organicznych do zwigzkéw prostych
(fermentacji metanowej), trwajacej od 26-30 dni; proces ten pozwala na odzysk metanu jako
biopaliwa, dodatkowo powstaje wodor, siarkowodor i azot,

f) uzyskany osad trafia do zbiornika osadu przefermentowanego, a nastgpnie na pras¢ w celu
odwodnienia wtasciwego; w procesie tym stosowane sg rowniez koagulanty,

g) odwodniony osad trafia do suszarni, w ktorej masa jest napowietrzana oraz przewracana co
zapewnia skuteczne i szybsze suszenie.
(https://pwik.olkusz.pl/Aktualnosci/Biezace informacje/Ustabilizowane komunalne osady
_scieckowe o kodzie odpadu 190805 odpa).

W Polsce normy wykorzystania osadow $ciekowych reguluje art. 3, ust. 1 pkt. 28 ustawy o odpadach
okreslajacy mozliwo$¢ wykorzystania w szeroko rozumianym rolnictwie, do upraw roslin
przeznaczonych na produkcje pasz i kompostu, do roslin nie przeznaczonych do spozycia,
rekultywacji gruntow czy tez wykorzystania dla potrzeb zagospodarowania przestrzennego terenu
wynikajagcego z  decyzji o  warunkach  zabudowy  (https://www.gov.pl/web/wios-
rzeszow/wymagania-dotyczace-stosowania-komunalnych-osadow-sciekowych-w-rolnictwie2).
Wytyczne o jakosci samych osadéw wskazujg na konieczno$¢ stosowania obrobki mechanicznej,
biologicznej oraz termicznej, a takze maksymalne obnizenie jego ucigzliwego zapachu podczas
stosowania w poblizu siedlisk ludzkich. Rozporzadzenie Ministra Srodowiska oraz Rozporzadzenie
Ministra Srodowiska i Klimatu wskazuja dodatkowo szczegétowe wytyczne wzgledem pozostatych
warunkow wykorzystania w rolnictwie takich jak ilo§ci wykorzystywanych osadow, czgstotliwosci,
a takze dopuszczalnych zawartosci metali cigzkich (chromu, rtgci, niklu, kadmu czy otowiu). Artykut
96 ust. 12 ustawy o odpadach okresla catkowity zakaz stosowania odpadoéw bez wzgledu na ich sktad
na obszarach rezerwatow oraz parkow narodowych, na terenach zmarznigtych lub pokrytych
$niegiem, gruntach rolnych o nachyleniu co najmniej 10%, na gruntach sadowniczych oraz uprawy
warzyw, a takze na pastwiskach, tgkach, terenach w poblizu ujg¢ wody
(https://www.gov.pl/web/wymagania-dotyczace-stosowania-komunalnych-osadow-sciekowych-w-
rolnictwie2).

W ostatnich latach wzrosto zainteresowanie wykorzystaniem osadow sciekowych oraz ich ogélnym
losem w gospodarce (Rysunek ). Z pewnoscig jest to zwigzane z ich rosnacg roczng produkcja, ale
tez z mozliwo$ciami zastosowania w wielu galeziach gospodarki. Dla wielu badaczy najlepszym
kierunkiem ich zagospodarowania jest rolnictwo, ze wzgledu na obecnos¢ w osadach wielu cennych
pierwiastkow, dla przyktadu, osad wykorzystywany rolniczo po kompostowaniu wedtug analizy
Smoll i Szotdrowskiej (2022) zwieral migdzy innymi fosfor ogdlny na poziomie 2,10% s.m, wapn
1,78% s.m., azot amonowy 0,85% s.m. oraz magnez 0,44% s.m., przy zerowej ilosci jaj pasozytow
(sz/kg) oraz negatywnych testach na bakterie z rodzaju Salmonella. Niestety osady §ciekowe o takich

parametrach to rzadko$¢. Na korzy$¢ wykorzystywania osadow w rolnictwie wplywaja tez regulacje



prawne, w tym Europejski Zielony Lad, ktory zaktada obnizenie wykorzystywania pestycydoéw oraz
nawozow sztucznych o 50% do roku 2030, celem odpowiedzialnego zarzadzania zasobami
nieodnawialnymi oraz dbaniem o lepszej jakosci, ekologiczng zywnos¢ (Komunikat Komisji do
Parlamentu Europejskiego, Rady Europejskiej, Rady, Komitetu Ekonomiczno-Spotecznego
i Komitetu Regionow, Europejski Zielony L.ad, Com Nr 640, 2019). W odpowiedzi na restrykcje
autorzy wskazuja na poszerzenie mozliwosci wykorzystania osadéw sciekowych, rekompensowane
ich odpowiednim przygotowaniem (przetworzeniem) na przyklad w procesach fermentacji

beztlenowej czy wermikompostowaniu.
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Rysunek 1. Kierunki zagospodarowania osadow sciekowych w latach 2017-2021 w tonach (Smol i

Szoldrowska 2022, s.1-3)

Badania wykazaly, Zze spora cze¢$¢ mikroplastiku trafiajagca do oczyszczalni $ciekow zostaje
zatrzymana w osadzie §cickowym. Rozmiar opisywanych czastek uzalezniony jest od zdolnosci
aparatury pomiarowej i miescie si¢ w przedziale 0,5 um do kilku mm, a stezenie od 16 (Magnusson
i Norén 2014, s-22-25) do ponad 56 000 czastek na kg ' (Li 2018, s. 77.82), jednak nie udalo si¢
zidentyfikowa¢ mikroplastikow ponizej 0,4 um, ktore zostaly wykryte w p6zniejszych analizach
osadow s$ciekowych (Lusher 2018, s. 111-112). Ta sama publikacja potwierdza wczesniejsze
doniesienia o najczgsciej wystepujacych mikroplastikach w osadach sciekowych i podaje udziat

wiokien na poziomie 70% (Tabela 2).



Tabela 2. Zawartos¢ mikroplastiku w osadach sciekowych na podstawie dostepnych publikacji

Rozmiar
) ) ) Stezenie mikroplastiku
Kraj mikroplastiku Odniesienie do literatury
[w czastkach na kg'']

[sm-mm]
Holandia 0,7 ym -5 mm 370 - 950 cz/kg! Lessie iin. 2017, s. 133-142
Szwecja 300 pm -5 mm 16,7 - 10 cz/kg™! Magnusson i Norén 2014
Niemcy <5 mm 1 000- 24 000 cz/kg™! Mintening i in. 2014
Norwegia 54 ym - 5 mm 6 077 cz/kg! Lusher i in. 2018
Irlandia 250 um - 4 mm 4 196- 15 385 cz/kg! Mahon i in. 2017, s. 810-818
Wielka

) <1,62 mm 2 000 cz/kg Murphy i in. 2016, s. 5800-5808

Brytania
Wtochy 0,5 pm -1 mm 113 000 cz/kg™ Magni i in. 2019, s. 602-610
USA <5 mm 5000 cz/kg Carriin. 2016, s. 174-182
Chiny 37 pm — 5 mm 1565- 56 386 cz/kg™! Liiin. 2018, s. 75-85
Kanada <64 um 4 400 cz/kg! Gies iin., 2018, s. 553-561

Badania wykazaty, ze nawozenie gleby osadami $ciekowymi prowadzi do jej zanieczyszczenia
mikroplastikiem oraz w konsekwencji stopniowej akumulacji czastek tworzyw (Igbael i in. 2023,
$.55-57). Autorzy porownuja proces ten do Scidtkowania, podczas ktorego drobiny folii uwalniane
s do ziemi rolnej (Huang i in. 2020, s.9). Ogoétem mikroplastiki w glebie moga stanowi¢ zagrozenie
dla roslin i zwierzat, wptywajac na strukture gleby, dostepnos¢ pierwiastkow czy tez stopien
parowania wody. Dodatkowo tworzywa ograniczajg liczebno$¢ mikroorganizmow glebowych, a z
kolei te reguluja obieg makro i mikroelementow zwanych sktadnikami odzywczymi (Liu i in 2023,
s$.23-24). Nadmierna utrata wody zwigzana z obecnoscig polimeréw prowadzi do wysychania i
pekania gleby, zmiany w obiegu tlenu i fizjologii bakterii tlenowych i beztlenowych (Lozano 2023,
s 988-996). Niewielkie czastki sg tez potykane przez organizmy glebowe takie jak dzdzownice,
powodujac zaburzenia wzrostu czy tez mozliwosci reprodukcji (Waniin 2019, s. 576-582). Badania
prowadzone na nicieniach (Caenorhabditis elegans) wykazaty skrocenie dtugosci ciata, obnizenie
ekspresji gendw oraz uszkodzenia neuronéw cholinergicznych (Lei i in. 2018, s. 2009-2020). Dla
niektorych skgposzczetow obecnos¢ tworzyw w niskim stezeniu jest obojetna badz pozytywna,
jednak jak w przypadku Enchytraeus crypticus wyzsza dawka wywotuje zmiany w mikroflorze
jelitowej 1 ma dzialanie silnie hamujgce wzrost osobniczy, podobnie jak u skoczogonkéw Folsomia
candida, u ktérych inhibicja wzrostu wyniosta od 16% a reprodukcja 30% (Zhu 2018, s. 408-415).

Obecnos$¢ mikroplastiku moze wywotywac stres oksydacyjny u roslin, ktoérego efektem jest
zaburzenie kietkowania poprzez zatykanie porow w torebce nasiennej, zmniejszajac zdolnosé
pobierania wody i ogdlny proces wchianiania (Bosker i in. 2019). W przypadku koniczyny bialej
(Trifolium repens L.) czy niecierpka balsamina (Impatiens balsamina L.) opisano rowniez obnizenie

wskaznika kietkowania oraz szybkosci kietkowania (Guo i in. 2022, s. 88). Mechaniczne



uszkodzenia korzeni, ograniczenia ich wzrostu oraz stres oksydacyjny wywolany mikroplastikiem
opisano w przypadku pszenicy (7riticum L.), bobu (Vicia faba L.) czy tez cebuli (Allium cepa L.)
(Jiang i in. 2019, s.831-838). Transport mikroplastiku przez ksylem, akumulacja w tkankach oraz
blaszkach listnych cze¢sto prowadzi do hamowania fotosyntezy, poprzez redukcje¢ karotenoidéw oraz
chlorofilu aib od 8 do 12% w przypadku badan prowadzonych na satacie (Lactuca sativa L.) ogorku
(Cucumis sativus L.) czy kapuscie (Brassica oleracea L.) (Ahammed i in. 2012, s. 132-139), (Liu
2021, s. 99-102). Dodatkowo negatywne zmiany u réznych gatunkow dotyczg homeostazy jonowej
(Khan i in. 2020, s.74-75), ekspresji genéow (Xu i in, 2020, s. 223-245), gospodarki hormonalnej
(Huang i in. 2022, s. 5886-5902) oraz biomasy (Kumar i in. 2022, s. 121-124).

Podsumowanie

Regulacje prawne majace na celu zrownowazone zarzadzanie zasobami mineralnymi sktaniajg do
szerszego wykorzystywania osadow $Sciekowych w rolnictwie oraz sektorach powigzanych. Bogate
w pierwiastki biogenne osady o odpowiednio niskiej zawartosci metali cigzkich oraz patogenow
stanowig odpowiednie rozwigzanie jednak skala ich zagospodarowania zachgca do analizy rowniez
wzgledem obecno$ci mikroplastiku. Na chwilg obecna nie istnieja regulacje europejskie okreslajace
dozwolong ilo$¢ czgsteczek tworzyw w jednostce masy, aby osad mogt zosta¢ wykorzystany w wyzej
wymienionych sektorach. Los mikroplastiku w glebie, a w szczegdlnosci dynamika przemieszczania
pionowego 1 poziomego wcigz nie s3a do konca poznane, a zdecydowana wigkszos¢
przeprowadzanych badan odbywa si¢ w warunkach laboratoryjnych, gdzie nie maja znaczenia
zjawiska pogodowe, hydrologia, uksztaltowanie terenu czy warstwowos$¢ podtoza. Kazdego roku
zwigksza si¢ ilo$¢ publikacji dotyczacych wptywu réznych mikroplastikow na strukture gleby,
stopien nawodnienia, przeptyw mineratéw i ich dostepnos¢ dla roslin, a takze wptywu na zwierzeta.
Czes$¢ z tych publikacji opisuje negatywne, czasem toksyczne skutki dziatania tworzyw réwniez ze
wzgledu na udokumentowang absorpcj¢ np. metali cigzkich na ich powierzchni. W tym przypadku
odnalezienie réwnowagi pomiedzy stosowaniem osadow S$ciekowych oraz utrzymaniem gleb
relatywnie wolnych od zanieczyszczen mikroplastikiem okazuje si¢ niezwykle trudne. Na korzysé¢
osadow $ciekowych przemawiaja jednak surowe normy okreslajace ich przetwarzanie oraz ich
zawarto$¢ zwigzkow mineralnych, przez co bezpieczenstwo ich wykorzystania jest wysokie.
Dodatkowo ekonomiczne kwestie sktadowania osadow przy tak wysokiej skali ich powstawania

narzucaja w pewien sposob rygor ich odpowiedniej utylizacji badz zagospodarowania.
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WASTEWATER TREATMENT PLANTS AS A SOURCE OF MICROPLASTICS IN THE ENVIRONMENT

Abstract: Wastewater treatment plants (WWTPs) play a crucial role in every urban area, providing a safe
facility for the reception and treatment of sewage. The multi-stage filtration system enables effective separation
of contaminants and neutralization of toxins, resulting in water that is suitable for discharge and safe for aquatic
organisms. A byproduct of municipal WWTP operations is sewage sludge, which, when properly processed,
becomes a valuable source of biogenic elements such as phosphorus and nitrogen, while maintaining low levels
of pathogens and heavy metals. There are various methods for managing sludge, including its use in agriculture,
composting, soil reclamation, or incineration, all of which are strictly regulated by law. With the
implementation of the European Green Deal, which aims to drastically reduce the use of fertilizers and
pesticides and promote the sustainable use of natural resources, the agricultural application of sewage sludge
may serve as an alternative to inorganic fertilizers. However, researchers are increasingly focused on the
presence of microplastic particles in sewage sludge, whose fate in the environment remains largely unknown.
This article summarizes the key information regarding the production scale of sewage sludge, its management
directions, and the microplastic content based on analyses by independent entities. The article emphasizes that
despite the small concentrations and particle sizes of plastics, their cumulative amount becomes significant,
and considering their nearly zero biodegradability, the concentration in areas utilizing sewage sludge is
expected to rise. Additionally, the authors have described the average efficiency of selected WWTPs in various

countries based on current publications.

Keywords: microplastics, plastics, wastewater treatment plant, source of microplastics
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Abstract

The presence of plastics in the natural environment is widely acknowledged, and despite the
efforts of numerous institutions and ecological organizations, the scale of pollution remains
high. In recent years, research has primarily focused on aquatic areas, including both coastal
and oceanic zones, with less emphasis on freshwater and inland waters. Analyses of soil
contamination are still insufficient to provide a comprehensive picture of the current
situation. Soil is a highly heterogeneous and dynamic structure, characterized by varying
contents of organic matter, mineral salts, and water, making the determination of
microplastic content in it a challenge. Additionally, known thermal or reagent-based
methods are not always effective, often altering the color, structure, or properties of plastics,
resulting in unreliable outcomes. In this article, the authors describe contemporary methods
for the separation and identification of microplastics in soil, as well as sample preparation
techniques used by various researchers. By compiling many significant facts, it becomes
apparent how challenging the study of soil contaminated with microplastics is and how

crucial it is to develop uniform analytical procedures.

Keywords: microplastics, plastics, separation methods, microplastics in soil
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Introduction

Plastics are an integral part of everyday life and their versatile use is due to the persistence
of synthetic polymeric materials, chemical stability, formability and low production costs
(Kawecki and Nowak, 2019). Commonly referred to as "plastics," these materials are used
in various industries, including food, textile, automotive, pharmaceutical, and construction.
Statistically, the most frequently produced plastics are polyethylene (36%), polypropylene
(21%), polyvinyl chloride (12%), and polyethylene terephthalate (10%) (Geyer et al., 2017).
Global plastic production increases every year; however, accurately estimating the total
quantity produced is challenging due to the lack of detailed data from Asian countries, which
are often omitted from statistics or deliberately underreport figures to avoid accountability
for pollution. Estimates indicate that global production was 348 million tons in 2017 and
391 million tons in 2021. Europe produced 57.2 million tons in 2021, reflecting a 10.5%
increase from the previous year (An Analysis of European Plastics Production, Demand and
Waste Data, 2019). The rapidly growing plastic production industry generates a substantial
amount of post-production waste, as well as used, worn-out, or defective plastics. Plastic
components, often thermally bonded to other materials, are rarely recycled, especially when
the process exceeds the profitability threshold. Recycling regulations vary between
countries; for instance, pharmaceutical packaging cannot be reused regardless of the
material's condition. Only 7% to 25% of all plastics are actively recycled (Horton et al.,
2017). According to Liu et al. (2020), the overall global recycling rate in 2015 was just 9%,
with an estimated 63 million tons of waste, while over 79% was landfilled. Further reports
indicate that more than 5 gigatons of plastic have ended up in the natural environment,
representing nearly 60% of all produced plastics, with 10% found in aquatic environments
(Horton, 2017). These figures from 2017 are likely to change due to ongoing production
and increasingly modern methods of cleaning open waters. Of all the plastics found in the
oceans, an estimated 70% end up on the seabed due to molecular binding, contamination,
and indirectly through marine organisms. Current knowledge suggests that 12% of produced
plastics end up on land and in cultivated soils (Bianco et al., 2020). Information on the
precise scale of contamination is incomplete due to the complex nature of soil and the lack
of standardised measurement equipment.

The impact of microplastics on living organisms is currently the subject of extensive research

across various fields such as molecular biology, entomology, ichthyology, medicine, and



botany, thus also linking to geology and economics, particularly in cases of reduced crop
yields or livestock profitability (Boots et al., 2019). The molecular diversity of plastics
means that research in this area seems endless. This is due to the fact that microplastics serve
as excellent vectors for heavy metals, toxins, and hydrophobic organic compounds. They are
often accidentally ingested by animals or intentionally mistaken for natural food, and they
can also be absorbed along with water and mineral salts by plants (Rillig et al., 2019). The
most frequently described complications include gastrointestinal damage, inflammation,
reduced nutrient absorption, and consequent individual weakening. The presence of
microplastics often leads to death, as studies have shown, particularly in young individuals
such as juvenile fish or chicks during rapid growth periods. Microplastics in soil can
negatively affect soil texture, bacterial development, water flow dynamics (including
evaporation), which directly and indirectly impacts soil-dwelling organisms like nematodes
and earthworms. These organisms, in turn, affect the cycling of organic compounds in the
soil, the formation of aggregates, and the availability of nitrogen compounds for plants,
ultimately influencing the entire soil ecosystem. Despite the obvious negative impact of
microplastics on terrestrial environments, only 4% of publications in 2021 focused on
microplastics in the context of soil. This highlights the scale of pollution and the predominant

interest in plastics in aquatic environments (De Souza Machado et al., 2020).

Plastics form an extremely diverse group of materials, varying in chemical composition and
the resulting properties. This group includes thermoplastic and thermosetting polymers,
homopolymers and heteropolymers, elastomers, as well as types of glassy, crystalline, and
highly elastic polymers (Geyer et al., 2017). Despite their durability, resistance to biotic and
abiotic factors, water resistance, and stress mechanics, all plastics undergo gradual
degradation, primarily due to friction, intense radiation, or chemical agents. In uncontrolled
conditions, such as landfills, this process is continuous. This leads to the formation of small
fragments of these plastics, called microplastics, and in this case secondary plastics. Primary
microplastics, on the other hand, are intentionally produced in small sizes for use as abrasive
materials, cosmetic ingredients, or paint components. The size scale is conventionally set at
5 mm, with all smaller particles referred to as microplastics; the lower limit has not been
specified, although particles smaller than 1 mm are usually called nanoplastics (Hurley et
al., 2018). Many authors emphasise the need to develop a uniform classification system
regarding the size, colour, and chemical composition of particles for better identification and

mutual understanding among collaborating research units. The topic of microplastics has



become the most widely discussed scientific field in recent years, encompassing both
biological and exact sciences, including mathematics, material physics, and chemistry.
Microplastics have also become a subject of political debates, including climate summits,
and the number of publications addressing this issue is significantly increasing each year

(Braun et al., 2018).

Microplastics in soil

Soil is a highly heterogeneous mixture containing mineral substances, gravel, organic
compounds, humic substances, plant roots, and their fragments. The granulometric division
of soil includes sand, clay, silt, and loam, and the general soil profile further distinguishes
between complete soils (uniform composition within a 1.5-metre column)
and incomplete soils (containing at least two layers) (Miller et al., 2020). The composition
and physical parameters of soil vary with geographic regions, environmental conditions, and
changing seasons, making the mobility of plastic particles difficult to control. Additional
factors affecting the distribution of plastics in soil include wind and human agricultural
activities. The most common pathways for microplastics to enter the soil are the use of
sewage sludge, irrigation with untreated wastewater, mulching with plastic films for thermal
protection, and wind-borne plastics (Piehl et al., 2018). Literature clearly indicates that soil
contamination by plastics is not a new topic. The so-called "white pollution," associated with
the presence of white plastic films or bags in the soil, was documented as early as 2004, with
a clear emphasis on the further consequences of the fragmentation of these materials (Liu et
al., 2014). Research conducted in 2018 indicates that the concentration of plastic particles
can range from tens to tens of thousands of particles per kilogram of soil, and the discrepancy
may result from sample contamination or the extraction method used. Zhou et al. (2018)
estimated that 700,000 tons of plastic enter the soil annually in America and Europe. Fuller
and Gautman (2016) found that samples taken from industrial areas in Australia contained
between 300 and 67,500 mg/kg!, in Switzerland an average of 55 mg/kg™!, in Chile between
0.57 and 12.9 mg/kg™!, and in China between 18,700 and 42,900 mg/kg™! (Liu et al., 2018).
Other studies show that the content of microplastics in agricultural, industrial, and floodplain
soils in China significantly exceeds initial estimates. These studies also highlight typical
sources of contamination, such as the proximity of mulched soils or textile and garment
companies. When analyzing soil contaminated with microplastics, the sampling process is

crucial to obtaining results specific to the location. Several factors must be considered,



including soil texture, aggregate stability, pH, organic matter content, organic and inorganic
carbon content, moisture level, and cation exchange capacity. Additionally, microscopic
analysis results can be influenced by the presence of carbonates and lipids. According to
guidelines described by Huert et al. (2017), the effectiveness of measurements depends on
the spatial distribution of sample collection. As Piehl et al. (2018) suggest, the sampling area
should be divided into three sections, with each section providing a sample composed of 15
to 50 subsamples. However, many publications typically describe single analysed samples.
Similarly, the mass of the collected sample is important, with a recommended minimum of

500 grams in relation to the maximum grain size (>2mm).

Sample preparation

The first step in preparing samples for analysis is usually drying to remove water from the
soil. Authors employ different drying methods based on the physical properties of the
material, which can change under temperature influence. Polymer specifications indicate
that ethylene-vinyl acetate (EVA) melts at 30°-60°C, the glass transition temperature of
polybutylene and polymethyl methacrylate is 40°-50°C, and the degradation temperature of
polylactide is 60°C (Van den Berg et al., 2020). Despite this, researchers dried samples at
40°C for 24 or 72 hours (Enders et al., 2020), and at 70°C for 24 hours (Liu et al., 2018),
with less frequent drying at room temperature until the desired effect is achieved. In each

case, the goal is to obtain a uniform dry mass.

Homogenisation

An important element of sample preparation is appropriate homogenisation. The uniformity
of the fraction facilitates sieving through sieves whose density is most often reported by the
authors to be within 5Smm, the conventional limit for microplastics. However, this process is
prone to error since larger microplastic fragments are often coated with smaller particles,
leading to underestimation in spectroscopic analysis (Zhang et al., 2018). Other authors
indicate that excessive sieving and homogenisation can cause additional fragmentation of
particles, especially those that are heavily degraded or brittle (Huang et al., 2020).
Researchers suggest that mechanical grinding of soil aggregates also leads to fragmentation
due to the heat generated during friction, recommending manual shaking of the sample

instead (Zhou et al., 2020). Vermaire et al. (2017) proposed shaking with sodium



hexametaphosphate and using ultrasound on soil suspended in a salt solution or deionised
water. Despite the effectiveness of the method, the direct impact of sonication on plastics
and cascading sieving for obtaining 1, 2, and 5 mm fractions has yet to be confirmed (Zhou

et al., 2020).

Removal of organic matter from samples

Soil contains varying amounts of organic matter, which can affect microplastic analysis
results. The presence of plant debris at different decomposition stages, roots, animal
excrement, or anthropogenic organic contaminants necessitates a cleaning method. Studies
have shown that the effectiveness of organic matter removal correlates with an increased
amount of detected plastics (Corradini et al., 2020). There are four groups of reagents used
for removing organic matter: enzymes, bases, acids, and oxidants. The effectiveness of these
reagents is summarised in Table 1. Kuhn et al. (2017) indicate that using alkaline reagents
effectively removes aliphatic polyesters such as polylactides. Scheurer and Bigalke (2018)
showed that H>O; significantly affects the fragmentation of PET and PA. When used at room
temperature with prolonged digestion times, the same reagent also altered the colour of PC,
PVC, PE, PP, and PU, requiring 4 to 7 days (Nuelle et al., 2014). Researchers suggest that
the use of specific reagents at appropriate temperatures should consider the soil's chemical
composition. The presence of iron and manganese oxides shows a strong catalytic reaction
where H20: is reduced before digestion begins. The use of enzymes for soil cleaning is still
not well understood, with few described analyses. One such study is by Ljung et al. (2018),
where the author utilised lipase, protease, cellulase, chitinase, and trypsin, detailing the

sequence of their application to achieve an efficiency of 90%.

Reagent Soil type Digestion time [h] Temp. [°C] Estimated effectiveness
NaOH clay sand 24 60 35-70%

KOH clay sand 24 60 >35

65% HNO:; floodplain soil 48 60 >90%

96% Ha2SO04 floodplain soil 24-72 90 >95%

30% H202 agricultural soil 24 60 >90%

H202 sediment 168 60 >60

Fenton reagent alay sand 24 40 >60

Table 1. Efficiency of organic matter removal by selected reagents



Separation by density differences

Density separation is one of the most commonly used methods, leveraging the difference in
density between the mineral part of the soil (p > 2.0 g/cm ) and the density of plastics (p =
0.9-1.6 g/cm ™). The buoyancy of plastics ensures that when soil is effectively mixed with
sodium chloride (NaCl, p= 1,2 g c¢m ), calcium chloride (CaCl,, p= 1,3-1,5 g cm ),
sodium bromide (NaBr, p = 1,4-1,6 g cm %), or zinc chloride (ZnCly, (p = 1,5-1,7 g cm ),
they float to the surface and can be collected for identification (Liu et al., 2020).
Additionally, authors have noted the use of potassium formate (p = 1.5-1.6 g/cm™), sodium
heteropolytungstate solution (p = 1.5 g/cm™), anhydrous sodium tungstate (p = 1.4 g/cm™),
ethanol (p = 0.8 g/cm™), and deionised water (p = 1.0 g/cm™) (Qyinn et al., 2017). The ratio
of solutions to soil mass is not standardised and typically ranges from 1:10 to 1:25.
Researchers indicate that methods are specific to certain soil types and plastics and may not
be effective for others. As Scheurer et al. (2018) point out, calcium ions cause flocculation
of organic substances, making calcium chloride unsuitable for soils with high organic
content. They recommend using deionised water primarily for isolating PP, PE, and PS,
emphasising that the method is also cost-effective and environmentally friendly. Scheurer
and Bigalke (2019) note that using sodium positively affects the dispersion of aggregates
and enhances the extraction process efficiency. Quinn (2017), observing the correlation
between the density of the plastic and the solution, proposed using ZnCl, for detecting
plastics like PET and PVC, which proved highly effective. However, they also noted that
reagents are expensive and environmentally unfriendly. Other researchers mention that
ZnCl; is corrosive and its impact on individual plastics should be analysed. Negative effects
of reagents also include changes in plastic particle colour, strong foaming of the solution,
particle coagulation, and their dissolution (Quinn et al., 2017). The overall procedure for
density separation methods in most publications describes multiple uses of the same reagent
or several, usually starting with deionised water (Liu et al., 2018). The simplest method is
manually mixing the soil with the solution by shaking. However, as Zobkov (2017) points
out, to standardise samples and ensure process repeatability, it is essential to use magnetic
shakers, both platform and overhead types. Despite the development of spiral methods that
continuously lift soil to the top of the container for better dispersion during mixing, high
flask methods for better visualisation of fractions, or the use of air turbulence, the

fundamental issue is the lack of use of plastic elements during the mixing process. Studies



indicate that particle polarity can cause cork or cap adhesion by microplastic particles. The
unresolved issue also remains the mixing time, with authors indicating a minimum time of
10 seconds and a maximum of 2 hours, with sediment settling time from 5 minutes to 24
hours (Imhof, 2012). The diversity and number of possible combinations of reagents, their
concentration, soil type, microplastic type, mixing method, mixing time, and settling time
seem complicated and raise the question of process standardisation. The table shows the

most promising combinations of soil and reagent.

Reagent Density Plastic type Soil type

Deionized water 1,0 gcm PE, PP clay sand, sandy loams
NaCl 1,2gcm PP, PS, PA, PE agricultural soil

NaBr 1,4-1,6 gcm PMMA, PE, PP, PET, PCV, PS agricultural soil, sedimental
CaClz 1,3-1,5gcm PU, PE, PP, PS, PET, PCV, PA abundant in organic matter
ZnCl2 1,5-1,7gcm 3 PS biololidy, agricultural soil
Potassium formate 1,5-1,6 gem PET, PP, PE, PS sediment soil

Ehtanol 0,8gcm PE, PET, PES agricultural soil

Table.2. Reagents used for separation of microplastics and estimated efficiency relative to the material in

question

To collect microplastic particles floating on the surface of the solution, authors indicate
decantation, involving gently pouring the upper layer onto shallow glass dishes and re-
mixing the soil with the solution for more thorough extraction and minimising the number
of particles adhering to the container walls. Liu et al. (2017) also used a method involving
continuously adding solution and collecting the supernatant overflowing from the container.
However, this method raises many concerns regarding particle adhesion to the outer side of
the container and susceptibility to particles from the environment. Scheurer and Bigalke
(2018) proposed suctioning using pipettes (mainly for synthetic fibres) and a vacuum pump.
However, like other methods, there is a risk of particles adhering to the internal sides of
devices. Enders (2020) separated microplastic particles in the supernatant using a vacuum
pump and described the differences in the separation membranes used, made of glass fibres
(pore size 1.6 um), quartz (pore size 2.2 um), polytetrafluoroethylene (PTFE) (pore size 2
um), and nylon with a pore size of 20 pm. The author points out that many particles were
lost with glass fibre and quartz membranes, and the hydrophobicity of PTFE caused

difficulties in water filtration, so ultimately, nylon membranes were used in further studies.



Identification of microplastics

The identification of larger microplastic particles is usually based on visual analysis, which
is a simple and quick method to determine the plastic, but Eriksen (Eriksen et al., 2013) has
shown that this method has an error of 20-70%. Spectral analysis or mass spectrometry
seems to be much more effective, especially if the particles are smaller than 1 mm.

Frequently used Fourier-transform infrared spectroscopy (FTIR) enables the recognition of
specific chemical bonds characteristic of a given substance or plastic. The obtained data can
be graphically represented, and the system compares the obtained spectra with a standard
database. However, there are concerns that this technology is not highly effective in
detecting objects smaller than 10 um. Simon et al. (2018) confirmed that the error scale can
be reduced by using a focal plane array detector, which enables chemical mapping of larger
areas on the filter by applying a grid of detector elements. It provides multiple chemical
determinations of the same particle, but the overall analysis time significantly increases,

reaching up to 10 hours when using a 47 mm filter.

Quantitative analysis

Quantitative analysis of plastics mainly involves weighing, counting, and instrumental
analysis. Weighing is a crucial element, especially for high concentrations of microplastics
in soil, expressed in units of mg/kg!. Counting using microscopy is the most popular method
for describing microplastic concentrations, expressed in units of N/kg! or N/m2, but it
requires considerable time and often advanced image processing software. Additionally,
quantitative analysis allows the determination of particle size, shape, and colour and can

serve as a basis or scale for further thermoanalytical analyses (Zhang et al., 2018).

Thermoanalysis

Heating a sample to a temperature close to 500°C involves irreversible loss of the possibility
of further quantitative analysis due to pyrolysis. Nevertheless, many authors point out that
mass analysis is more important than quantitative particle analysis, citing uneven distribution
of particles of various sizes and densities in the sample. Increasing the sensitivity of mass

spectrometer apparatus based on time-of-flight (TOF) measurement allows detection in the



range of mg/kg! to pg/kg!. Additionally, modern equipment enables simultaneous
detection of multiple compounds without changing the instrument settings, the use of
hydrogen as a carrier gas, and compatibility with other measurement instruments. Research
conducted in independent laboratories collaborating to establish measurement reliability
demonstrated that thermoanalytical analysis and chromatography effectively determined the
content of PET, PS, PP, and PE, especially in assessing the total content of polymeric
materials. Researchers emphasised the significant process of sample homogenisation and
preparation, requiring cryomilling and precise scales for preparing samples weighing less
than 100 mg, as well as the fact that lignins in soil interfere with the determination of PS and

PE, leading to additional detection of microplastics.

Conclusions

Considering the impact of plastic particles on soil and organisms, as well as the possibility
of their leaching into groundwater, conducting research and collaboration between
laboratories seems highly justified. The challenge lies in developing uniform and
standardised methods for the entire process of quantitative and qualitative analysis, enabling
the generation of highly similar repeatable results. Many authors also point out gaps in
information in various areas, which necessitates further analysis and attempts to answer all
questions posed. These gaps mainly concern the precise estimation of the influence of
sample preparation methods on the final microplastic content, quantitative analyses in highly
heterogeneous soils, and the direct impact of microplastics on soil organisms and soil itself.
Understanding the mechanism of particle transport in soil, both horizontally and vertically,
is also important. It is worth emphasising that laboratory research often does not align with
environmental research results. Abiotic and biotic factors in the environment, including
human activities, stimulate transport conditions for plastics in unique ways. Therefore, it is

recommended to conduct research directly in the field.
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Abstract: Microplastics currently pose a serious threat to aquatic and terrestrial ecosystems.
The high mobility of particles, the diversity of size, material and shape make their spread
out of. Further complicating matters is the ever-expanding plastics industry and
modifications to their manufacturing process. To date, many cases of negative, often toxic
effects of microplastics on various species such as fish, birds and mammals have been
documented. The methodology for measuring and determining the effects of microplastics
on soil organisms is still an area of little understanding and certainly requires further study.
In conducted experiment, we reported the effects of selected microplastics in soil
(polyethylene, polyethylene terephthalate, polystyrene, polyamide and a mixture of these
plastics) at concentrations of 0.1% w/v and 1% w/v, at two time intervals, one and three
months on five different earthworms species, indicating the species-related microplastic
response. This reseach investigated the effects of different microplastics on biological
parameters, such as survival or respiration, and biochemical parameters such as effects on
glutathione s-transferase (GST), a marker of detoxification and the adaptive response in
earthworm species Eisenia andrei, Eisenia fetida, Lumbricus terrestris, Apporectoda caliginosa,
Dendrobena veneta. The choice of species and the type of microplastic selected are intended
to map the occurrence of microplastic contamination in the soil and determine the
adaptation of earthworms to changing environmental conditions, based on their ecological

significance and functional diversity in soil ecosystems.

Keywords: microplastic, high density polyethylene, adaptive response, earthworms

1. Introduction

Earthworms are a widespread group of animals inhabiting almost all continents; the
Holoarctic area extending through Europe, the northern part of Africa, North America
and most of Asia; species adapted to prolonged frosts can also be found in areas of
present-day Siberia [1]. Because of their widespread environmental adaptation, some of
them are referred to as cosmopolitan, that is, commonly found in large areas spanning
different countries and often continents [2]. Their natural habitat is nutrient-rich and
organic matter-rich soils with a pH in the range of 5-8, but species are known to prefer
forested areas with a much lower pH, as well as sandy and calcareous areas with values
at pH 8. Soil is the natural habitat and breeding ground for the vast majority of earthworm

species, and their presence is extremely important from a soil ecosystem perspective [3].
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Their species diversity and preferred food make it possible for us to classify them in many
categories of ecosystem usefulness such as bioindication, composting, or assessment of
particular soil contaminants [4]. Under favorable conditions, their reproduction rate is high,
and factors categorized as growth inhibitors include heavy metals, pesticides and prolonged
drought. The presence of earthworms in the soil, the tunnels they dig and the mucus they
secrete affect both the amount of oxygen in the soil, its structure and the chemical composition
of soil aggregates [5]. In addition, earthworms’ activity lead to changes in the microbial
environment, which is associated with an increase in the metabolic productivity of the soil. It is
also necessary to mention the function associated with the decomposition of organic matter
both directly (use as food) and indirectly (use by soil microorganisms of compounds excreted
by earthworms in the form of feces or mucus). This phenomenon is commonly used in
vermicomposting, a process of valorizing organic matter, the product of which is humus that is
valuable to plants [6].

Plastics, most commonly polymers, are widely used in everyday life due to their strength, ease
of molding, resistance to physical factors and low production costs [7], [8]. Globally, the amount
of microplastics (MPs) in soils is estimated to be between 1.5 and 6.6 million tonnes, with the
heaviest contamination reported in China, where approximately 660 kilotonnes were released
into the soil [9]. The nomenclature of microplastics is still a debatable topic, due to the methods
of sampling and measuring apparatus [10]. There is a pervasive concern that MPs origin from
bigger items or can be produced as primary MPs and finish into ecosystems affecting biota,
their functioning and also posing a risk to humans. Plastic production has been increasing
exponentially since the 1950s, with an expected annual production rate estimated at 1,100
tonnes by 2050. [11].

Research on microplastics (MPs) has mainly focused on aquatic ecosystems, while studies on
their impact on terrestrial environments remain relatively scarce. Recent reviews, such as
Kallenbach et al. [12], emphasize that although MPs are well documented in marine and
freshwater systems, their fate, transport and impact on soils and terrestrial organisms are still
under-researched. Similarly, the recent review by[9] emphasizes the critical knowledge gaps in
understanding MPs' impact on soil ecosystems, particularly their effects on microbial
communities, nutrient cycling, and soil structure. The review by Kallenbach et al. [12]
emphasizes that MPs in terrestrial systems may pose unique risks due to their interactions with
soil biota, aggregation in the soil matrix and potential for long-term accumulation.
Microplastics (MPs) can affect various aspects of terrestrial ecosystems, altering soil properties,
microbiome composition, and influencing the motility, growth rate, and reproductive capacity
of soil animals. The impact of MPs on plants depends on their size, shape, and polymer type,
as well as on exposure time and concentration, and they can both impair growth and modify
soil properties, which indirectly affect MPs toxicity. In the case of soil organisms such as
earthworms, MPs are transported and incorporated into the soil through processes such as
bioturbation, which can increase their toxicity. In particular, nanoplastics (NPs) exhibit higher
levels of toxicity than MPs, and their concentrations above 1 g/kg can lead to growth inhibition
and reduced survival of earthworms [9]. The plastics produced so far undergo physical and

chemical fragmentation processes, during which mechanical friction, UV radiation or water
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affect the release of microparticles, the concentration of which increases every year [13].
Estimating the actual concentration of these particles in soil is difficult for several reasons; the
geological variation of the soil (pH, density, amount of water, etc.) the accuracy of the apparatus,
which is not always capable of detecting all plastic particles, and the reproducibility of the
samples. Studies conducted in many parts of the world describe the concentration of
microplastics in relation to dry matter at the level of 0.001 to 0.025 mg/ kg. The results of studies
conducted in both East Asian countries indicate that highly urbanized cities, often without
adequate sewage infrastructure, are characterized by the presence of microplastic in the soil at
levels of 0.25-0.55 mg/kg which seems to be extreme results [14]. It should be noted that plastics
are classified as micropollutants, that is, substances and compounds whose trace amounts are
measurable and have a negative impact on the ecosystem.

Studies have shown that microplastics can negatively affect organisms at both the individual
and population levels. Its presence in the gastrointestinal tract can cause physical damage to
soft tissues, lead to allergic reactions and poisoning by heterogeneous toxic compounds [15]. In
addition, microplastic content in the intestines and stomach can affect digestion disruption, a
sense of false satiety and reduce the amount of substances absorbed by the body [16], [17].
Consequently, this translates into slower growth of the body [18].

The purpose of the study was to determine the effects of different microplastics at two different
concentrations on selected earthworm species. The study had the nature of biological cognition
of natural immune responses and morphological changes to contamination contained in the
soil. For this purpose, the species used were Eisenia fetida, Eisenia andrei, Lumbricus terrestris,
Dendrobaena veneta and Apporectoda coliginosa. These species represent different ecological
groups: epigeic (E. andrei, E. fetida), anecic (L. terrestris), and endogeic (A. caliginosa, D. veneta),
each contributing to organic matter decomposition, soil aeration, and structure formation. Their
presence influences nutrient cycling, microbial activity, and soil stability, making them essential
indicators of soil health. Including these species allows for a comprehensive assessment of
microplastic impacts across various soil ecological niches. The results show the effects of
microplastics on individual survival, mass correlation over time, effects on oxidative stress and

respiration.

2. Materials and Methods

2.1 MPs preparation for experiment

The study used microplastics with different chemical structure and fraction size for
maximum reproduction of natural urban environmental pollution: polyethylene (PE)
fluorescent green microspheres size 1-5 pum, 10-20 pum, 32 -38 um, 38-45 pum, 53-63 pum, purple
polyethylene microspheres 1.00 g/cm3 38-45 um and 75-90 pm, polyethylene terephthalate (PET)
in the form of irregular granules 10 um - 100 um in size, polyamide (PA) in the form of fibers
10 um - 2000 pum in length, polystyrene (PS) in the form of irregular film shreds 20-100 um in
size (Cospheric). Considering the current levels of pollution and the continuous yearly increase

of microplastic concentrations in the soil, it was decided to use two concentrations at a decimal
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interval, i.e. 0.1% w/v and 1% w/v. 30 g of microplastic was used for 3 L of soil at 1% (w/v)
concentration and 3 g of microplastic for 3 L of soil mixture at 0.1% (w/v) concentration, soil
density 1.3 kg/L. The 1% w/v value is intended to show both the impact of extreme
contamination on organisms and the possible prevention of the effects, as well as the possibility

of detecting microplastic through calibration of the measurement apparatus.

2.2 Experiment design and settings

Despite obvious similarities related to the appearance of earthworms, differences within species
are significant and include individual size, body pigmentation, preferred environment,
foraging mode and sensitivity to individual stresses. Thus for this expiriment we used five
earthworm species Eisenia andrei, Eisenia fetida, Lumbricus terrestris, Apporectoda caliginosa,
Dendrobaena veneta.

For biochemical tests, natural agricultural soil was used, mixed with horse manure at a ratio of
1/5 and microplastic in dry matter conversion. The earthworms used in the laboratory test were
self-cultured, from a strictly controlled culture (temperature 20 + 2 °C; photoperiod 16 h L :8 h
D ) and had a similar weight of 0.3 g (+/ - 0.02) when placed in the experimental containers.
Containers of 3 liters contained 10 earthwormes, in the case of L. terrestris 5 per container. For
each species, 2 experimental and one control containers were prepared. After a period of 1
month, the earthworms were taken from the soil, washed thoroughly with deionized water and
transferred to sterile agar medium to remove the gut contents. For this experiment 5
earthworms from each sample were subjected to deep-freezing heat shock at - 80 ° C, and then
the tissue fragments were homogenized. The remainder was used to map microplastic particles

in the tissues. Measurement results for each sample were averaged.

2.3 Biotic response to MPs by earthworms

Glutathione s-transferase (GST) is included in an extensive group of proteins commonly found
in both animals and plants, prominent in processes related to stress tolerance responses induced
by biotic and abiotic factors such as; in the case of animals, lack of food, temperature or the
presence of toxins. They are located in both the intercellular space and the cytosol and are
integral to the assessment of environmental stress. The main function of s-transferase is the
coupling (catalytic) of electrophilic synthetic compounds or those of natural origin to

glutathione, and the course of the reaction can be illustrated by the equation:

GSH+ RX - GSR+HX

Many classes of transferases have been described taking into account specific amino acid
similarity, as well as the position and number of introns. These classes include Phi, Zeta, Omega,
Tau and Lambda, but the literature reports that more can be added.

The method relies on the coupling reaction of reduced glutathione (GSH) with 1-chloro-2,4-
dinitrobenzene (CDNB) catalyzed by glutathione S-transferase, contained in animal cells. The
activity of the enzyme was expressed by measuring the concentration of the resulting complex,

i.e., 2,4-dinitrophenyl-S-glutathione. Among the markers of oxidative stress, we additionally
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distinguish catalase (CAT) and lipid peroxidation determined by quantification in the
thiobarbituric acid reaction (TBARS). The methodology has been described in detail by Habig
[19], Aebi [20]. Determination of the change in protein concentrations as a consequence of

oxidative stress furthermore was described by [21].

Individuals of the control and test groups, after being separated from the soil, were washed
thoroughly with distilled water and placed on sterile agar medium to expel the intestinal
contents. Ten specimens of similar weights were placed in each chamber for a period of 24
hours at a CO, zero starting point. The study used an Echo respirometer, with a 12-channel
chamber for 2.8 L cylindrical solid fraction tanks, Oz sensors range 0-25%, accuracy: 0.2%,
CO; sensor: range 0-2000ppm, accuracy: 0.2% (sensors combined). Air pump and
controlled measurements from the sealing of the circulation for the value of 10 pieces of
species in a 24-hour period of bulk measurement, flow measurement. Indicator CO:
concentration, data compiled in Excel synchronized with measuring chambers. Analysis
for mixed microplastic fraction. The respiromtric tests were prepared under standard
methods: ISO 16072:2002 — Soil quality — Laboratory methods for determination of
microbial soil respiration and ISO 17155:2012 — Soil quality — Determination of
abundance and activity of soil microflora using respiration curves.

This study compared the effectiveness of bacterial flora growth on selected media for each
type of microplastic and selected earthworm species. LB agar for total bacteria number
estimation (Luria broth; ISO 4833-1:2013) and selective MacConkey medium
differentiating (purple) lac + Escherichia coli, Klebsiella and (white) lac - Salmonella and
Shigella were used 9 ISO 21528-2:2017). The bacterial flora was collected from the cleaned
fresh intestine of the test species and incubated at 37° for 48 hours using spraeding plate
method.

2.4 Data analysis

One-way analysis of variance (ANOVA) was performed, followed by Tukey's test as a
post-hoc analysis. The asterisks in the figures indicate groups for which a statistically
significant difference in GSTU activity was found compared to other groups. The
differences may concern both the effect of different types of microplastics (PE, PET, PS, PA,

Blend) and the effect of concentration (0.1% vs. 1%).

3. Results

3.1. Effect of microplastic on glutathione s-transferase

The effect of microplastics on the adaptive biomarker, as indicated by the increase in
glutathione S-transferase (GST) concentration, was evident in all studied species. Both
after a one-month period, as shown in Fig. 1, and after three months, as observed in the

same individuals in Fig. 2, the changes were evident.
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Figure 1. Effect of microplastic on GST activity after 1 month exposure of tested earthworms, statis-
tically significant differences marked with “*”.

All tested earthworm species showed increased GST activity after exposure to microplastics,
which confirms the oxidative stress caused by them (Fig. 1). The applied MPs Blend induced
the strongest effect in E. fetida, and slightly less in other species, which suggests differences in
detoxification. PA (polyamide) and PS (polystyrene) are the most toxic, causing a significant
increase in GST in E. andrei, A. caliginosa, L. terrestris and D. veneta. In the conducted test, the
species E. fetida and L. terrestris showed the greatest susceptibility to oxidative stress, which
means that they may be better bioindicators of MPs contamination. Additionally, the species D.
veneta shows the smallest change in GST after exposure to the MP blend, which may suggest a

different detoxification strategy or lower MPs absorption.
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Figure 2. Effect of microplastic on GST activity after 3 months exposure of tested earthworms; sta-

%11

tistically significant differences marked with “*”.

In the studies conducted after 3 months of exposure (Fig. 2), compared to 1 month for E. fetida,
the strongest effect is maintained for PET and PS, which suggests that long-term exposure to
these polymers causes persistent oxidative stress. For E. andrei compared to the results from 1
month, PS and PA show even greater GST activity, which suggests the accumulation of toxic
effects of these polymers over alonger period. For the species A. caliginosa compared to 1 month,
most polymers show even stronger effects, especially the blend of MPs and polyamide, which
suggests the accumulation of toxic effects. In the studies of L. terrestris it was shown that
compared to the results after 1 month, most GST values increased, which suggests a gradual
accumulation of toxicity and stress. For D. veneta compared to 1 month, the effect of
microplastics on GST in this species is more pronounced, especially for PA and Blend, which

indicates a gradual increase in stress.

3.1 Effect of microplastic on respiration

This is one of the first documented research of the effects of microplastic of different fractions
on the respiration of earthworms exposed to microplastic. Previously described studies
included the effects of heavy metals or other types of pollutants, and respiration results were
reported in pm /L O2/gt/hl. Gas exchange in earthworms occurs through the richly

vascularized body shells, and diffusion involving the intraepithelial capillary network.
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Celomatic fluid and mucus further facilitate respiration and intracellular distribution of oxygen,
which, after entering the blood, is distributed throughout the body. An adaptation to soil life is
also dissolved hemoglobin in the blood, allowing it to survive periodic oxygen shortages.
Considering the distribution of microplastic and its hooking in the pores of the body, a question

was raised regarding the effect of microplastic on the respiration of individuals.
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Figure 3. Effect of microplastics on respiration after 1 month exposure of tested earthworms; mg
CO:z emitted per g of live worms and per hour

The higher the MPs concentration in E. fetida, the greater the reduction in CO, mg emitted per
g of live worms production, suggesting a decrease in metabolic activity (Fig. 3). Additionally,
the respiration rate is significantly lower in the 1% MPs group, which may indicate a negative
impact of microplastics on the metabolic capacity and health of earthworms. In E. andrei a trend
similar to E. fetida was observed, although the decrease in respiration is somewhat less dramatic,
and additionally lower CO, emission at higher MPs concentrations suggests a reduction in
metabolic activity. In tests for L. terrestris, no effect of MPs on respiration was noted at 0.1%,
suggesting a greater resistance of this species to MPs. 1% MP causes a decrease in respiration,
but the effect is less pronounced than in other species, probably due to the fact that L. terrestris
as an anechoic species (deep burrowing) may have a better ability to avoid microplastics in the
soil, which explains the smaller impact of MPs on its metabolism. For D. veneta, a clear decrease
in respiration was observed at 1% MP, which indicates a toxic effect, while 0.1% MP caused
only minor changes, suggesting moderate resistance of this species. The strongest decrease in
respiration among all species was observed for A. caliginosa. 1% MPs reduced respiration of this
species by more than half, suggesting a very strong toxic effect. A probable explanation is that
A. caliginosa as an endogenous species (living in mineral soil) may have greater contact with

microplastics, which may increase the negative impact of MPs.
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Figure. 4: Effect of microplastics on respiration in tested earthworms after 3 months exposure; mg
CO:z emitted per g of live worms and per hour

After 3 months of exposure (Fig. 4) for E.fetida, a significant decrease in respiration was
noted at 1% MPs, suggesting a strong inhibition of metabolism, while at 0.1% MP the effect
was less pronounced but still present. For E. andrei, a similar trend was observed as for E.
fetida — a strong decrease in respiration at 1% MPs, while 0.1% MPs reduced CO, emission,
but not as drastically, which suggests lower toxicity of this concentration. The smallest
effect of MPs at 0.1% was noted for L. terrestris, which suggests greater resistance of this
species. On the other hand, 1% MPs causes a decrease in respiration, but less drastically
than in E. fetida or E. andrei. For the species D. veneta, a high decrease in respiration was
noted at 1% MPs, which indicates a toxic effect. Aditionally, a dose of 0.1% MPs causes
only minor changes, which may suggest moderate resistance to low concentrations of MPs.
In the study, A. caliginosa showed the strongest decrease in respiration among all species.
Even at 0.1% MPs, there was a significant reduction in respiration, which indicates high
susceptibility to microplastics.

The results after one month (Fig. 3) and 3 (Fig. 4) show a similar trend. As the authors
suggest, the MPs used in this study during tissue analysis were found in the septa and
respiratory canals of the exoderm, indicating the likelihood of gas exchange disruption at
early stages. The most vulnerable are smaller individuals and smaller species, in which a

fraction of the size 36-52 pm may have completely blocked gas flow. In the case of L.
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terrestris, no significant changes were observed and measurements were similar to those
obtained from control samples. As with the other studies, the strongest effect was observed
in A. caliginosa and this probably correlates with the other negative scutes of the presence
of plastic in the soil such as oxidative stress and disruption of the bacterial flora. On a
percentage scale, the relationships in respiration are shown in the table (Tab. 1), where the
percentage difference in respiration was determined for individuals exposed to particular

concentrations of MPs.

Table 1. Decrease in gas exchange efficiency after one and three months compared to the control
sample

Species Concentration 1 month 3 months
(w/v %)

E. andrei 0,1% -19,56% - 28,25%
1% - 38,69% -69,73%

E. fetida 0,1% -22,58% -26,18%
1% -40,13% -69,97%

A. caliginosa 0,1% - 37,60% - 46,00%
1% -57,54% -60,32%

L. terrestris 0,1% - no changes -10,26%
1% -28,57% -36,16%

D. veneta 0,1% -13,47% -12,88%
1% -37,82% -61,59%

The results presented in the table 1 in a percentage manner illustrate the scale of influence
of MPs on gas exchange, large changes are visible in the case of A. caliginosa, which is
characterized by high sensitivity to both oxidative stresses as described by markers and

gas exchange.

3.2 Effects on individual survival

Species sensitivity is usually defined as the ability to adapt to changing environmental or
living conditions. This sensitivity can be expressed in the amount of individual weight lost,
concentration, amount of immune proteins, and species survival rate. Survival, in turn,
along with other parameters, can indicate species bioindication and suggest a foundation
for further work aimed at comparing the results obtained with stresses such as those
associated with the presence of heavy metals or varying soil temperatures. The results of
the tests conducted to determine survival rates are shown in the graphs below for each
species after a period of 3 months. The posted graphs (Fig.5) show species survival rates

after a period of 3 months in earthworms exposed to microplastic contained in the soil.
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Figure 5. Effect of microplastic on individual survival in tested earthworms

For all individuals, a small negative effect of high MP concentration on species survival
was observed, but for dose 1% the effect was significant, with individual losses being
highest in A. caliginosa, for all tested microplastics materials. Exposition of E. fetida to PS,
PA, Blend casused significant decrease in surviwal rate (Fig. 5). Also for Blend, the
microplastics mixture the effect of survival decrease was also noted for E. andrei (Fig. 5).
The species in which survival was the highest remain D. veneta and L. terrestris where over
95% individual survival was recorded at a concentration of 0.1%. The general trend among
the publications is similar, MPs with low concentration have little effect on individual

death and only high concentrations contribute to an increase in the rate.

3.3 Effect of microplastics on bacterial flora

The bacterial flora of the earthworm gut diversifies with respect to its functions and
actively supports both digestive processes and the transformation of mineral particles in
the soil. This study compared the effectiveness of bacterial flora growth on selected media

for each type of plastic and selected earthworm species (Tab. 2, 3).
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Table 2. Differences in bacterial flora cultures on MacConkey medium after one and three months
of exposure to MPs

Control 1 month 0,1% 3 months 1%

E. fetida

E. andrei

D. veneta

A. caliginosa

L. terrestris
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Table 3. Differences in bacterial flora cultures on LB agar medium after one and three months of
exposure MPs

Control 1 month 0,1% 3 months 1%

E. fetida

E. andrei

caliginosa

A.

D. veneta

L. terrestris

Our study did not examine the mechanical damage caused by plastic particles, the detailed

impact on the abundance of specific bacterial groups and gene sequences. Here, the goal
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was to illustrate the overall effect of MP on the growth of the collected bacterial flora in
optical and quantitative terms. This study showed that individuals of the species A.
caliginosa were most affected by the sterility of the bacterial flora (Tab. 2, MacConkey agar
and Tab. 3 LB agar), in which the number of bacteria on both media decreased significantly.
For E. fetida and E. andrei the number of bacteria grown on MacConkey medium in
microplastic treatments was also lower, compared to control. Species in which the changes
have not been observed were D. veneta and L. terestris on MacConkey medium, indicating
the lack of correlation of microplastic with this specific bacterial flora. When using LB
medium the decrease in total bacteria was observed for all studied earthworm species (Tab.

3). Especially this decrease has been fond for 1% microplastics dosage.

4. Discussion

Earthworms are a widespread group of organisms used in many tests and studies, and
issues of biomass and tissue chemical constituents [22], the impact of heavy metals [23] or
their importance in vermicomposting [24], among others, have been described. They are
an extremely important part of the soil ecosystem and bioindication against many
contaminants [25]. Increasingly, earthworms are also becoming the subject of studies for
microplastics and total plastic contaminants in soil [26]. A number of cases of negative
effects have been described, manifested by, among other things, a decrease in earthworm
weight [27], oxidative stress or increased individual and species mortality [28]. In these
studies, E. fetida and E.andrei are the most commonly described species, less frequently the
species found in forested areas.

4.1 Biotic response to MPs by earthworms

In our study, we used 4 different species (L.terrestris, D. veneta, A. calliginosa, E. fetida, E.
andrei) which were subjected to studies of the effect of microplastic on selected biochemical
parameters under laboratory conditions. Oxidative stress, the effect of microplastic on gas
exchange, species survival, and the effect of microplastic on the bacterial flora were
examined, and all studies were carried out at two time intervals (one and three months)
and at 2 concentrations of microplastic. In addition, this study used a mixture of
microplastic fractions in addition to individual fractions, for a better representation of
natural contamination, a novel approach.

In the case of stress and toxicity level, all specimens tested and all species showed
symptoms of stress at varying levels, which is consistent with many publications [29] [30],
with A.calliginosa and E.fetida being most affected by oxidative stress after one month of
exposure. The effects of MPs are species, polymer and concentration dependent,
suggesting that different MPs may have different mechanisms of action in soil. The high
GST values for 1% MPs show that the effects of microplastics may be dose dependent,
highlighting the need for further research into toxicity thresholds for soil organisms.
Polystyrene (PS) and polyamide (PA) showed the highest GST activity in the pre-tested
studies after 3 months in most species, which indicates their stronger effect on oxidative
stress in the long term. Microplastic blend (Blend) was more toxic to A. caliginosa and D.

veneta, but its effect was reduced for E. fetida.
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The study showed that the mixed microplastic fraction had the greatest effect on
adaptative biomarker, and was highest in A. calliginosa. The MPs concentration was of key
importance, and in each case, it short-circuited the level of stress markers. Similar results
were obtained by Rodrogez et al. [18], describing the effects of microplastic on the species
E. fetida, confirming that only high concentrations of microplastic in the soil influenced
significant changes, Balo$ [31] and references to the effects of microplastic on earthworms
can also be found in articles by Lackman [32], Baeza, [33], Huerta [34],and Dabrowska [35].
These results were similar to those described after three months of exposure, and in both
cases both L.terrestris and D. veneta exhibited higher stress resistance. This is likely related
to the size of the individuals themselves; the L.terrestris used in the study was several times
larger than the Eisenia species. When it comes to determining the effect of microplastics on
respiration, this is one of the first studies documenting the effect of microplastics on gas
exchange. Our research has shown that microplastic present in soil significantly reduces
gas exchange, despite the fact that the exact mechanisms of this effect are not known. This
may be related to plastic particles adhering to the body and those taken up by earthworms,
which, by piercing tissue barriers, blocked gas exchange in body septa. In all species and
combinations studied, the effect of 1% microplastic drastically affected gas exchange, but
in the case of 0.1% the differences were not as significant, especially in the case of L.
terrestris and D. veneta. There is ample evidence of close links between gas exchange and
other metabolic systems in earthworms, such as decreased gas exchange during
aestivation, effect of temperature on metabolism and gas exchange, interspecies
differences in metabolism and gas exchange [3, 24]. However, these factors are not obvious
in the present study. A significant effect on decreased respiration was observed in
earthworms exposed to microplastics.There is currently a lack of direct scientific studies
examining the effects of microplastics on earthworm respiratory processes. Since there are
reports indicating a general negative impact of microplastics on the health of these
organisms, which may affect their general condition and metabolic functions. Although,
another [9] study does not directly address respiratory processes, it suggests that the
presence of microplastics may affect the general health and metabolism of earthworms,
which in turn may affect their respiratory functions. However, further, targeted studies
are needed to precisely determine the effects of microplastics on the respiratory processes
of these organisms.

The authors of the study suggest that more detailed studies describing tissue
histopathology and the exact sites of microplastic content should be conducted, as
demonstrated by the authors in another publication [36]. Additionally, in the case of the
mixed fraction, the exact type of plastic that may have flowed into the disorders should be
determined. Studies [17] indicate the impact of microplastics on the skin of earthworms.
This study observed that exposure to microplastics leads to damage of the skin surface of
earthworms, which may affect their health and physiological functions. Although this
study does not directly examine anatomical differences by habitat, the results suggest the
need for further research on the impact of microplastics on different species of earthworms,

which may have different skin adaptations depending on their habitat. The study
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conducted by [10] does not directly focus on skin changes or anatomical differences, but it
does provide context for potential research on the interactions between microplastics and
earthworm anatomy in different habitats. The impact of microplastics on earthworm tissue
surfaces is an under-researched area.

Another studies [28] were also conducted on the effect of polystyrene microplastics (PS-
MPs) on earthworms of the species E. fetida. Histopathological analysis showed damage to
intestinal cells in earthworms exposed to PS-MPs, indicating a toxic effect of these particles
on the gastrointestinal tissues. Exposure to PS-MPs caused significant changes in the levels
of glutathione (GSH) and superoxide dismutase (SOD) activity in earthworm tissues.
These changes suggest that PS-MPs induce oxidative stress, which may lead to further
cellular damage. Our research also confirmde the oxidative stress presence in earthworms
tissues exposed to microplastic, especially in dose 1%. Some toxic effects can be also the
result of the additions to microplastics production like PCB, phthalates, bisphenol A.

The gut bacterial flora of earthworms is diverse, and studies to determine bacterial clusters
or their growth include acid bacteria (Acidobacteria, Coribacteraceae) archaea (Crenarchaeota),
gram-negative bacteria (Errucomicrobia), aerobic bacteria (Chitinophagaceae), as well as
Hyphomicrobiaceae and environmental bacteria (ubiquitous) Flavobacteriaceae [37].

The study of the bacterial flora of earthworms was mainly aimed at visually illustrating
the changes occurring in the gut of earthworms in the perspective of basic microbiological
media and comparing the results for all species. In this way, it was possible to make a
preliminary determination of the differences in the bacterial flora, without describing the
colonies in detail and characterizing them in relation to their generic affiliation. This
provided results that were clear and readable from the perspective of researchers not
involved in microbiology, but in the area of interest of earthworm physiology and changes
in intestinal flora. In the case of Gram negative lac + and lac - bacteria for E.fetida and
E.andrei, documented intestinal sterility increase was evident, but not as critical as in the
case of A.calliginosa; in the case of this species, a strong bacterial reduction was observed,
which certainly translated into the disguise of individual weight, oxidative stress markers
and other biochemical parameters. In the case of L.terresrris and D.veneta, no changes were
observed, which may suggest the indifference of the microplastic to the bacterial flora. For
total number of bacteria (LB medium ), the chamges were much more intensive,
indicationg the neative effect of applied micrplasic, especially dose 1% on bacterial flora of
tested earthworms. Lear et al., indicated that microplastic ingestion may lead to dysbiosis
of the gut microbiota, which may differ between worm species. Differences in microbiome
composition may affect the mechanisms of microplastic uptake and metabolism,
suggesting the need for further research into species-specific responses, what was
confirmed partly in conducted study [11]. A snapshot of available data shows that
microplastic can affect heavy metal accumulation by reducing carbohydrate and amino

acid metabolism needed for bacterial growth [38].

4.2 Ecological effects



Toxics 2025, 11, x FOR PEER REVIEW 22 of 27

The results of the effect of microplastics on survival described in the study provide a basis
for analysis relative to adaptation, but some limitation here may be the small size of the
containers and the lack of mobility of earthworms. Considering their ability to actively
move and move in tunnels, the 3 L containers seem not large here, and the study only
aimed to show interspecies differences and confirm for the available literature. Many
publications describe a decrease in earthworm weight, a decrease in cocoons and increased
mortality [39], [13], but there is not much information on the effect of the mixed
microplastic fraction and a comparison of data for several different species with variable
environmental adaptations. Our study showed very high survival rates for species
exposed to 0.1% microplastics in soil, but at 1%, the changes occurring were significant.
The species most susceptible to microplastics were E. andrei and E. fetida , but especially,
the highest impact on decreasing surviwal rate was noticed for A. calliginosa, where the
negative changes occurred the most and the mortality rate was significant. Similar results
and descriptions were shown in their studies by Cao [40], Zhang [41],Wang [42], and
among others.

A study by Boots et al. [9] found, that the presence of microplastics in soil negatively
impacts earthworm health, leading to weight loss and reduced growth. These observations
suggest that microplastics may cause irritation and blockages in the earthworm's digestive
tract, which limits nutrient absorption and affects their fitness. In addition, changes in soil
pH caused by microplastics may affect different species of earthworms differently,
affecting their ability to assimilate these particles. The mechanisms of response to
microplastics may be similar to those observed in aquatic worms studied previously. The
effects of plastics include irritation and obstruction of the gastrointestinal tract, reduced
nutrient absorption, and reduced growth [9]. Judy et al. [43] found no evidence of any
effect of microplastics on wheat seedling emergence and production, or on mortality or
population performance of earthworms and nematodes, which is inconsistent with the
results obtained in this study. In the conducted studies, all studied species showed a
decrease in CO, emissions after exposure to MPs, which means reduced metabolic activity
and potential weakening of vital functions. The species most susceptible to microplastics,
such as A. caliginosa and E. fetida, showed the strongest decrease in respiration, which
suggests their high susceptibility to the toxic effects of MPs. On the other hand, L. terrestris
showed the least effect of MPs on metabolism, which suggests a greater resistance of this
species to this contamination. The decrease in CO, emissions is strongly dependent on the
concentration of microplastics — the effect is more pronounced at 1% MP than at 0.1% MPs.
Epigeic species (E. fetida, E. andrei) and endogeic species (A. caliginosa) are most susceptible
to microplastics, while anecic species (L. terrestris) are more resistant. Reduced earthworm
activity may have a negative impact on soil ecosystems, as these organisms play a key role
in matter cycling and soil aeration.

4.4 Microplastic parameters and pollution in the terrestrial site

The conductacted study does not give the direct information, how the size of microplastics
improve the earthworms, since the microplastics ranged in a quite similar size particles;
PE 1-63 um, PET 10-100 pum, PA 10-200 um, PS 20- 100 um. Authors [18] examined the
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effects of exposure of earthworms (E. fetida) to low-density polyethylene (LDPE)
microplastics with sizes ranging between 250 and 1000 um, but at different doses. There
are few studies that report effects in relation to different sizes of a specific single
microplastic. In the study [44] the diameters of the PE microplastics were 180-212 pm and
250-300 pm, respectively. It was found that both negligibly affected female earthworm
reproductive organs but damaged male reproductive organs. The size-dependent toxicity
of microplastics was not observed, due to similar size of used MPs, as well with limitations
to apply MPs not in the range but in specific size. This effect could be caused by small
differences in size, but researchers have proven the formation of plastic nanoparticles and
its presence in tissues. The polymers selected for the study — polyethylene (PE),
polyethylene terephthalate (PET), polystyrene (PS) and polyamide (PA) — are commonly
found in terrestrial ecosystems. Their presence results from the wide use of these materials
in everyday products and from improper disposal of plastic waste [45].

Quality assurance and sample quality control (QA/QC) in microplastic testing are key to
minimizing sample contamination and obtaining reliable and repeatable results. The use
of rigorous QA/QC procedures, such as the use of clean reagents, blank controls, and
avoidance of cross-contamination, allows for the accurate identification and quantification

of microplastics in environmental samples [46].

5. Conclusions

While there are many specialized reports on the effects of plastic on earthworms, this
article is one of the few to compare both different species and a mixed fraction of
microplastics, which is new to published articles. The results of this study provide a better
understanding of interspecies differences and their adaptation to changing habitat
conditions.

Full agreement remains, however, on the species best adapted to plastic exposure.
According to the authors' assumptions, D. veneta, as a species often found in urban areas,
urbanized spaces and contaminated areas, tolerated the presence of plastic in the soil very
well, showing no morphological-chemical changes at a concentration of 0.1%. L. terrestris,
as a species that reacts similarly to microplastics, probably owes its resistance to individual
size, so that plastic fragments that would cause damage in other species remained inert for
this species. For each species, the 1% concentration proved toxic and definitely affected
individuals, an important clue, as well as information that in heavily polluted industrial
areas and near illegal landfills, the soil may be devoid of earthworms. The study of the
impact of microplastics (MPs) on earthworms has shown significant differences in their
responses among species, which is likely due to different ecological niches, foraging
patterns, and tunneling strategies. Epigeic species, such as E. andrei and E. fetida, are more
exposed to direct MPs ingestion, leading to increased oxidative stress and changes in the
gut microbiome. Endogenous and anecic species, such as A. caliginosa and L. terrestris,
show longer exposure to MPs, which may result in chronic effects on their metabolism and
survival. Variability in the response to MPs may be due to differences in metabolism and
detoxification capacity of individual species. Identifying species most susceptible to MPs

contamination can help to better monitor the environmental status and assess the effects
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of plastic pollution. The conducted studies confirm that earthworms are exposed to
oxidative stress caused by microplastics, which may affect their health and ecosystem
functions. The study examined the impact of MPs on different species and suggests that
soil ecosystems may be changed by the long-term accumulation of microplastics. Therefore,
identifying species more susceptible to microplastics may help to define bioindicator
organisms for assessing environmental contamination. Microplastics can disrupt
earthworm metabolism through oxidative stress, changes in the microbiome, and reduced
nutrient absorption. In conducted study it was found that earthworms exposed to

microplastics show reduced respiration, which means reduced metabolic activity.
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Abstract: The presence of microplastics in the environment is now becoming a challenge for many
scientific disciplines. Molecular diversity and spatial migration make it difficult to find plastic-free
areas. Their negative, often toxic, effects affect plants and animals to varying degrees, causing
many biochemical disorders, species degradation, and population changes. This study aimed to
determine the possibility of accumulation of spherical low-density polyethylene particles of 38—63 um
(38-45 um 1.00 g/cm?3, and 53-63 um 1.00 g/cm3) with fluorescent properties in muscle tissues of
the cosmopolitan earthworm species Lumbricus terrestris, exposed to plastic contained in the soil
at a concentration of 0.1% dry weight for 3 months. Analysis of the tissues by Raman microscopy
included the estimation of mapping area size, sampling density, accumulation time, spectra, laser
line, and laser power to detect plastic in the samples effectively. Our results demonstrate the ability
of low-density polyethylene microparticles to accumulate in earthworm tissues and are presented
graphically for the mapping area and images with plastic detection sites marked. In addition, this
article highlights the potential of using Raman microscopy for research in the field of tissue analysis.

Keywords: microplastics; microplastic accumulation; earthworms; raman microscopy

1. Introduction

Economic development and the constant demand for new materials have made plastics
production one of the main branches of the manufacturing industry [1] Modifications and
enrichment with stabilizers and dyes create many new types of plastics every day, more
resistant to mechanical and biotic factors. According to various sources, a small part of
used or damaged polymers is recycled (6-14%), and the rest goes to landfills or directly
to ecosystems in the form of illegal dumps [2]. Despite their strength and resistance,
plastics—as they are commonly called—gradually degrade, creating smaller and smaller
particles [3]. According to the current nomenclature, these particles are called microplastics.
There are many different types of microplastics, according to their chemical composition,
origin, size, shape, and even color, but they all have a common denominator, which is the
threat to the environment when left uncontrolled [4].

Numerous studies have documented the negative, often toxic, effects of microplastics
on organisms. In the case of plants, germination, i.e., metabolic processes related to
germination [5], adventitious root development, a decrease in biomass or the efficiency of
the photosynthetic process [6], at the biochemical level, exposure to microplastics may be
associated with increased levels of oxidative stress markers such as glutathione transferase
(GST) and catalase (CAT), disruption of water-electrolyte and endocrine balance, which
is associated with generative plant development [7]. There are reports of positive effects
of plastic particles on plants, such as the longitudinal growth of roots or the stimulation
of carotenoid synthesis [8], but these should be considered undesirable effects due to the
presence of contamination. In the case of animals, the scale of research conducted appears
extremely extensive, covering marine and terrestrial organisms of mammals, birds, fish,
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and invertebrates, with the smallest number of publications on reptiles. Relevant data are
contained in an article by Porcino et al. [9], in which the authors emphasize the significant
differences between studies of organisms in laboratory conditions and animals in the wild,
with the implication that studies conducted using a single material under control conditions
do not reflect both the variability of contaminants in the environment and the complexity
of processes and mechanisms in an aquatic ecosystem, for example. Thus, some results
may be overestimated relative to their actual values. Plastic particles can induce several
changes once they enter the body, especially when they carry contaminants and toxins
on their surface. In most species, the presence of microplastics can cause similar effects,
such as decreased individual weight, gastrointestinal damage, accumulation in the liver or
intestines, and effects on enzymatic activity and oxidative stress. In addition, many detailed
and specific studies have been published on muscle dysplasia in birds, gill inflammation in
fishes, impaired homeostasis in cephalopods, or basophilic cell volume in mollusks [10].

The greatest scientific challenge related to plastics is the possibility of their safe
biodegradation, quick detection in various environments, and unification of analytical
methodology. From the point of view of industrial development and the need for cheap
materials, these challenges turn out to be extremely difficult to implement.

Currently, equipment is used that, based on the introduced database, can determine
the plastic content in the sample with high accuracy, such as Fourier Transform Infrared
Spectroscopy (FTIR), Raman Spectroscopy, Attenuated Total Reflection FTIR (ATR FTIR),
Pyrolysis-gas Chromatography-Mass Spectrometry (Pyro-GC MS), Thermoextraction and
Desorption Coupled With Gas Chromatography-Mass Spectroscopy (TED-GC-MS). Addi-
tionally, there are many methods of collecting, separating, cleaning, and coloring materials,
but all these methods are not validated, usually require a specialist in their use, and de-
scribe a small and therefore unreliable sample, and the marking itself requires advanced
equipment and specialists, making these markings not often available for commercial
use [11].

Microplastics are present not only in marine ecosystems but also in the land, forests,
and agricultural areas, and although many studies focus on their impact in the places men-
tioned above, it should be remembered that the main source of microplastics is cities [12].
Building renovation works, urban dust, degradation of paint particles, tread rubber parti-
cles, and clothing fibers constitute most of the fractions described. Additionally, particles
of plastics intentionally produced in small sizes, such as those for abrasive materials or
cosmetics, have been detected. Plastics of various sizes and shapes generated in this way
are carried by wind, rain, or artificially generated gusts over considerable distances, often
reaching rural areas.

Detecting plastics in agricultural soils is complicated for many reasons, ranging from
the diversity of the plastics themselves to the diversity of the soil and the variety of terrain
and natural barriers to particles. Therefore, a precise estimation of the concentration in a
specific site is difficult [13].

Earthworms belong to the subclass Oligochaeta and are widely distributed mainly
in Central, Western, and partly Eastern Europe. Often called cosmopolitan organisms,
they have adapted well to live in various ecosystems, including those that are subject to
strong urbanization by humans. Species diversity allows us to identify typical soil-dwelling
species that dig tunnels up to 3 m deep into the ground, species that prefer to feed above the
soil surface, mainly in composts, and species that prefer a mixed environment. Importantly,
earthworms are also common in large urban agglomerations despite theoretically unfa-
vorable conditions such as vibrations and large surfaces covered with asphalt or paving
stones [14].

There are many ways for microplastics to enter the soil, as well as many opportunities
for further degradation. As Hou et al. [15] points out, one of the main sources is foil used for
mulching, giving the example of China, where the areas covered with foil in 2015 amounted
to 18 million hectares; the scale in Europe and the USA is similar, although China is still a
leader in both the production and use of plastics [15]. Foil residues contribute to increased
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water evaporation, reduced biomass, and the overall condition of plants [16]. Another
source is groundwater purified from sewage treatment plants and rainwater runoff. Water
is an excellent carrier of microplastic particles, and, as research shows, it significantly
contributes to the pollution of agricultural and forest soils by rinsing plastic particles from
facades, roads, sidewalks, and road signs [13]. Sewage treatment plants, despite being
well adapted to the absorption of plastics reaching a level of 99%, also contribute to the
spread mainly of clothing fibers and cosmetic items containing plastic particles. The scale
of soil pollution is significantly influenced by uncontrolled waste dumps, which are often
located close to green areas, forests, or water reservoirs [17]. In this case, susceptibility to
UV radiation, changes in temperature and humidity, and wind-promoting friction between
plastics cause the release of significant amounts of microplastics, the concentration of which
can range from 0.01 to 0.7% in the surface soil. It can also be assumed that wind plays a
role in the migration of plastics in most cases, mainly by spreading urban particles outside
the city zone, as in the case of car tread rubber particles, which are easily carried over up to
8 km. On a global scale, it has been observed that wind currents from sub-Saharan Africa
carrying heated air over Europe contribute to the intercontinental drift of particles, which
results in plastic reaching ice caps and areas uninhabited by humans [18].

The accumulation is related to the permanent presence of plastics in the tissues of living
organisms, documented based on microscopic analysis [19] or molecular staining [20]. So
far, accumulation has been described in many species of saltwater fish, birds, and humans.
In the case of fish, as many as 47.8% of the tested individuals showed the presence of plastics
at a concentration of 4.11-2.85 pcs/individual, and the particle size ranged from 0.054 um
to 0.765 um. The presence of plastics has many negative effects, such as a sense of false
satiety, internal injuries to the intestines and digestive tract, physiological stress, reduced
fertility and survival of offspring, growth inhibition, and the dominance of organisms better
adapted to the plastic-laden environment. Scientists indicate that, in addition, particles
are often vectors of toxins that lead to the inflammation and death of organisms [12]. The
problem of accumulation seems to be extremely difficult to combat because the multitude
of colors, shapes, and particles increases the chances of mistaken consumption of plastics
as natural food. Additionally, microplastics float at different depths in the water, which
also favors their accidental ingestion by fish or crustaceans.

The aim of this study was to determine the molecular accumulation of low-density
spherical polyethylene in a selected species of earthworms (Lumbricus terrestris). Taking into
account the individual anatomy, previous publications, and the nature of this research, the
precise determination of the route of accumulation, the impact on biochemical processes,
and the amount of the material turn out to be extremely important. Earthworms play a key
role in the soil ecosystem, regardless of whether we are discussing cosmopolitan species
adapted to urban soils or bioindicators of clean, rural soil [18]. Earthworms, often called
soil engineers, contribute to the better circulation of organic matter, increase the absorption
of mineral compounds by plants, produce soil aggregates, and increase carbon circulation
in the soil.

There are many reports documenting the ingestion of microplastic particles by earth-
worms and their ability to forage and recognize contaminants selectively, but there are few
publications describing the subsequent fate of the particles in the digestive tract. The pur-
pose of this study was to determine the potential for permanent microplastic accumulation
in L. terrestris muscle tissues exposed to 38-63 um low-density polyethylene (38—45 pm
1.00 g/ cm® and 53-63 pm 1.00 g/ cm?) contained in the soil at a concentration of 0.1%
dry weight for an incubation period of 3 months. An additional goal was to use Raman
microscopy as an innovative method for measuring plastics of very small sizes.

2. Materials and Methods
2.1. Research Materials Used

All earthworms were tested for species purity and reproduced under controlled
conditions. Adult specimens were used for this study and placed in containers with soil
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600 L

and horse manure in a 3/1 ratio. The manure was frozen for 48 h before mixing to avoid
the presence of other individuals. Microplastics were used in the form of spherical particles
with sizes of 38-45 um (GreenPEM 38-45 um 1.00 g/cc, Fluorescent Green Response:
Peak emission of 515 nm when excited at 414 nm), (Figure 1A) and VioletPEM 53-63 pm
1.00 g/ cc, Fluorescent Violet Response: Peak emission 584 of nm when excited at 636 nm)
(Figure 1B), originated from Cospheric LLC, Somis, CA, USA, with fluorescent properties
which, on a dry weight basis, constituted 0.1% of the total mixture. The exposure took
place in a controlled room with a temperature of 18 °C and lighting 12/12 h for 3 months.
After this time, the individuals collected for testing were placed on an agar medium for
12 h and then into containers with clean soil that did not contain any plastic. After 21 days,
the individuals were transferred back to the agar medium for 24 h, washed with distilled
water, and frozen by thermal shock at —80 °C. Then, the individuals were deprived of
their intestines and digestive tract. After thorough washing again, they were subjected to
microscopic analysis using a fluorescence microscope and Raman microscopy.
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Figure 1. (A,B) Emission and excitation peak of the polyethylene used.

2.2. Study of Microplastics in Earthworm Tissues

Raman spectroscopy was performed on WITec Alpha 300R and WITec Alpha 300RSA+
spectrometers. Both spectrometers are equipped with a confocal microscope and a TrueSur-
face attachment. In order to detect the analyzed microplastics in earthworm tissues, three
excitation lines were tested: 532, 633, and 785 nm. Due to the strong fluorescence of
microplastics during measurement using the 532 nm line, it was not possible to record
Raman spectra. In the case of the 785 nm line, a spectrum was obtained for GreenPEM
microplastics, while for VioletPEM, mainly fluorescence was observed, which was difficult
to distinguish from the fluorescence of the own tissue. Therefore, the measurements were
performed using a laser excited at a wavelength of 633 nm.

Using this laser line, it was possible to obtain a spectrum for GreenPEM microplastics.
For the VioletPEM microplastics, strong fluorescence with a characteristic spectral profile
was observed, allowing the spectra to be distinguished from the intrinsic fluorescence of
the examined tissues with high efficiency. In the first stage, single spectra of microplastic
samples were made with the following parameters: accumulation number of 10, single
spectrum accumulation time of 0.5 s, objective lens with 20 x magnification. In the case of
GreenPEM microplastics, the radiation power was 12 mW, while for VioletPEM, it was set
to 1 mW. Raman mapping involved the sequential collection of individual spectra from a
specific surface. Each time, the spectrum was measured over the entire spectral range, i.e.,
0-2800 cm~!. Images were obtained using a 10x (NA 0.25) or 20x (NA 0.5) objective.

Measurements were carried out with the following settings:
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(a) Mapping large tissue fragments: sampling density of 40-10 um, map size depend-
ing on the tissue size, spectrum accumulation time of 0.1 s, radiation power on the sample
of 9-12 mW.

(b) Mapping of smaller tissue fragments: sampling density of 5 um, map size of
500 x 500 um, spectrum accumulation time of 0.1 s, radiation power of 9-12 mW. The
sampling density was experimentally adjusted to the size of the microplastics in the tissues.
Raman images were prepared based on the True Component Analysis (TCA). This analysis
makes it possible to identify different components in the sample based on Raman spectra
and create an average spectrum for them. The result also includes images showing the
distribution of the accumulation of components identified in the sample. The TCA image is
constructed in such a way that intense yellow pixels indicate high spectral intensity for the
identified component. TCA analysis made it possible to isolate classes containing spectra
corresponding to the spectral profile of microplastic standards (control samples).

The GreenPEM spectrum has a set of characteristic bands at 687, 1215, 1296, 1446,
and 1538 cm ™! (Figure 2A). In turn, for the VioletPEM microplastics, very strong but
characteristic fluorescence is observed, present even at low laser powers (1 mW) (Figure 2B).
It is important that the fluorescence spectrum profile is different and more intense than the
fluorescence of the tissue itself, making it possible to distinguish this microplastic from
the tissue.
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Figure 2. (A,B) Raman shift for the GreenPEM and VioletPEM microplastics used.

3. Results

The Raman microscopy analysis takes into account natural tissue fluorescence, which
is not related to the presence of plastics. The characteristic discolorations are clearly visible
under the UV matrix and in the Raman microscopy laser spectrum. Determining the band
for individual spectra makes it possible to distinguish individual parts in terms of chemical
composition and density.

3.1. Results of Microscopic Analysis of the Spectrum, Control Sample

A comparison of the visible image of the entire tissue with the measurement site
marked is shown in Figure 3A, and the Raman image, created based on Raman mapping
using the 785 nm excitation line and a 20x objective, is shown in Figure 3B. The measured
area is 20,400 x 4800 um, with a sampling density of 40 um. No areas containing spec-
tra were identified in the tissue whose spectral profile could correspond to the spectra
of microplastics.
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Figure 3. (A,B) Image A excitation line 785 nm magnification 20x, image B area size
20,400 x 4800 pm, sampling density 40 um.

Figures 4B and 5A,B show the absence of bands characteristic of microplastic samples;
only fluorescence coming from the tissue itself is visible. The area size is 23,000 x 4200 pm,
the sampling density is 40 um, the accumulation time is 0.2 s, the laser line is 532 nm, and
the laser power is 10 mW.

Figure 4. (A,B). Area 23,000 x 4200 um, natural strong tissue fluorescence. The red color indicates
the location of the exact scan.

Despite a higher sampling density (10 um) and, therefore, better spatial resolution, it
was not possible to obtain a signal indicating the presence of microplastics (Figure 6A-E).
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Figure 6. (A-E). Measurement areas for control trials. The red color indicates the location of the
exact scan.

3.2. Test Results of Research Trials

Detecting microplastics when measuring the entire tissue was difficult due to its thick-
ness (several tens to several hundred micrometers) compared to the laser beam penetration
depth of approximately several micrometers, which is why the signal was collected only
from a selected focusing plane. Another limitation turned out to be the small size of the
tested microplastics. The use of a sampling density of 40 um (spatial resolution 80-120 pm)
enabled the detection of VioletPEM microplastic particles in tissues (sizes up to 63 um);
however, it turned out to be insufficient to detect GreenPEM microplastics, which are
characterized to be smaller (up to 45 um). Figure 7A shows the result of Raman mapping
of the tissue in which VioletPEM was identified based on TCA (marked with a red circle)
(Figure 7B).
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Figure 7. (A,B) Preliminary mapping results with VioletPEM identification. The red color indicates
the location of the exact scan.

A summary of the visible image with the measurement area marked is shown in
Figure 8A, and the Raman image created based on Raman mapping using the 633 nm
excitation line and a 10 x objective for the tissue is shown in Figure 8B. The place where the
spectrum corresponding to the spectral profile of the VioletPEM microplastic particle was
identified is marked. The size of the measured area is 20,000 x 4600 um, with a sampling
density of 40 um.

r—-‘_._‘. - ——— e — T ——

P ——
1000 pm

Figure 8. (A,B) Size of the measured area of 20,000 x 4600 um, sampling of density 40 um (A) and
more precise measurement of 9700 x 3880 pm, sampling density of 10 um (B). The red color indicates
the location of the exact scan.
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Mapping carried out for this tissue, performed with a higher sampling
density—10 pm—enabled the detection of a VioletPEM particle at a given focal plane.
The microplastic particle found is marked with a red arrow (Figure 8B). The measurement
area size is 9700 x 3880 um, with a sampling density of 10 pm.

In the next step, smaller areas of 500 x 500 um were measured for the tissue in selected
places with a step of 5 um (spatial resolution of approx. 15 um). Visible images with
the measurement area were marked, and the results of the TCA analysis were collected.
Better resolution enabled the detection of both VioletPEM (Figure 9A-C) and GreenPEM
(Figure 9D-F) microplastics. In turn, the areas shown in Figure 9G-I did not observe spectra
corresponding to the spectral profiles of the tested microplastics.

Figure 9. (A-I) Summary of the results obtained, excitation line of 633 nm and an objective lens with
a 10x magnification. The size of measured areas is 500 x 500 um, with a sampling density of 5 pm.
The red color indicates the location of the exact scan.

Similar results were obtained for another tissue; the analysis results are presented in
Figure 10. VioletPEM microplastics were detected in the areas marked in Figure 10A,B,E,
while GreenPEM microplastics were detected in the areas marked in Figure 10C,D. The
places where no microplastics were detected are included in Figure 10F-H. All tissue areas
for which Raman measurements were performed are presented.
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Figure 10. (A-H) Summary of the results obtained for the tissue, visible image with the measurement
area marked (on the left), and Raman images created using the 633 nm excitation line and a 10x
objective (B). The size of measured areas is 500 x 500 um, with a sampling density of 5 um. The red
color indicates the location of the exact scan.

The results of the microscopic observations and Raman analyses confirmed the pres-
ence of plastic particles in all tested individuals, which may suggest the ability of the
particles to break through tissue barriers. Microparticles were found in transverse muscles,
coelomic fluid channels, and sepia constrictions. It is also possible that coelomic cells
moving freely in the coelomic sac contributed to intratissue transmission. Observations in
various light spectra also demonstrated natural tissue fluorescence, which is not related
to the presence of plastic. This study highlighted the potential of Raman spectroscopy for
the detection of microplastics in earthworm tissues but indicated significant limitations
and requirements as to how samples should be prepared. Accumulated microplastics,
both VioletPEM and GreenPEM, were detected and identified in the measured earthworm
tissues. Detection of both types of microplastics was only possible when Raman imaging
was performed with good spatial resolution, i.e., a sampling density of 5 um. In the case
of measurements with lower resolution, only VioletPEM particles, which had a larger
diameter, were detected.

3.3. An Image of Microplastics Under UV Light

The image of tissues under UV light containing fluorescent plastic particles with
a characteristic band is not a method that is sufficiently effective due to the previously
mentioned strong intrinsic fluorescence of the tissue. An effective solution seems to be
confirming the presence and type of material based on Raman analysis. If the chemical
composition of the material is known and the bands visible during analysis are described,
testing with a specific density gives highly effective results. Figure 11 shows microscopic
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photos of GreenPEM 38-45 um against the background of tissue structures with a similar
range of colors seen. Figure 11A,B contain a plastic particle at different depths.

Figure 11. (A-D) Plastic particles and natural tissue color under UV light.

4. Discussion

The use of Raman microscopy to identify microparticles contained in tissues, despite
many difficulties related to the appropriate setting of the laser power, turned out to be
extremely effective. The mapped areas in various ranges of accumulation time and number
of measurements were examined with a detection accuracy of up to 0.1 pm, which gives
high quantitative reliability. Raman spectroscopy’s potential in detecting microplastics
within biological tissues was also studied by Liu et al. [19]. Liu et al. [19] demonstrated the
technique’s capability to identify various types of microplastics in complex environmen-
tal samples through visual pseudo-color imaging, underlining the importance of precise
detection methods for assessing ecological risks. Their approach, which combines cloud-
point extraction with membrane filtration, highlights the advanced potential of Raman
spectroscopy for accurately analyzing the category, quantity, location, and differentiation
of microplastics [19]. Our detection of both VioletPEM and GreenPEM particles with
high spatial resolution sampling corroborates the necessity for precise detection methods
highlighted by Liu et al. [21]) for assessing ecological risks associated with microplastics.
Moreover, the specificity of Raman spectroscopy in differentiating microplastic types within
biological matrices, as demonstrated in our study, is pivotal for environmental monitoring.
This specificity aids in understanding the distribution and fate of different microplastics,
as outlined by Tian et al. [13], who explored the transformation and environmental risks
of microplastics under UV irradiation. This specificity aids in understanding the distri-
bution and fate of different microplastics, as outlined by Cheng et al. [22], who explored
the transformation and environmental risks of microplastics under UV irradiation. The
challenge of detecting smaller microplastics, such as GreenPEM, due to their size and
the technique’s spatial resolution limitations, underscores the need for advancements in
sampling and analytical techniques. This challenge is consistent with the observations of
Prata et al. (2019) [11], who critiqued current methodologies for their limited reliability in
capturing the full spectrum of microplastic pollution. The observed ease of polyethylene
absorption and accumulation in earthworm tissues at a concentration of 0.1% dry mass
basis raises concerns about environmental and physiological impacts, resonating with
Huerta Lwanga et al. [12], who documented microplastic incorporation into Lumbricus
terrestris burrows. The presence in the soil and muscle accumulation may be related to
disturbances in biochemical (enzymatic) processes, including the activity of glutathione
s-transferase or lipid peroxidase, general oxidative stress, growth inhibition, or external
and internal injuries resulting from contact with sharp edges of materials. It has been
proven that particles are often catalysts for many pollutants and heavy metals, which
affects their toxicity to living organisms. According to Kwak and An [23], polyethylene
damages male reproductive organs, which may contribute to population disorders within a
microplastic-contaminated habitat. Rodriguez-Seijo et al. [24] also describe immunological
stress and the general weakening of individual immunity among Eisenia fetida; on the other
hand, the authors of the article suggest that there is a chance to use the ability to accumulate
microplastics in tissues for bioindication purposes. Our study’s suggestion to leverage
the accumulation capability of microplastics within earthworm tissues for bioindication
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purposes finds a parallel in the work of Zaller and Saxler [18], who explored the role of
earthworms in ecosystem functions and their potential as bioindicators.

5. Conclusions

The application of Raman microscopy for identifying microparticles in earthworm
tissues, despite the challenges associated with properly adjusting the laser power, proved
to be highly effective. This innovative study is the first to use this technique for the pa-
rameters being investigated. The method has shown great promise and can be integrated
into research on the accumulation of microplastics in animals. In conclusion, while our
findings affirm the potential of Raman spectroscopy in microplastic detection within earth-
worm tissues, they also highlight the complexities and challenges inherent in accurately
assessing and mitigating the ecological impacts of microplastics. Our study’s proposal to
utilize the accumulation of microplastics in earthworm tissues for bioindication purposes
underscores the potential of earthworms as important bioindicators in monitoring envi-
ronmental contamination. Their role in ecosystem functions, combined with their ability
to accumulate pollutants, makes them valuable for assessing the presence and impact of
microplastics in terrestrial environments. This approach could enhance our understanding
of how microplastics affect biodiversity and ecosystem health, offering a novel method for
tracking pollution in natural systems. Future research should focus on refining detection
methodologies and exploring the ecological roles of bioindicator species in monitoring
environmental health.
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Abstract: Earthworms play a
key role in maintaining a
healthy soil ecosystem by
providing organic matter

cycling and influencing the

, Andrzej Kacprzak and Anna Grobelak

soil’s structure and physicochemical properties. In addition, they have also become the subject of
research in the context of soil contamination by plastic particles or microplastics. In this article,
two species of earthworms, Dendrobaena veneta and Lumbricus terrestris, were subjected to the
influence of a mixed fraction of microplastics at different concentrations and studied to determine
the possible correlation in tissue accumulation and to illustrate the possible structural changes in
plastics under the influence of earthworm digestive enzymes. Using FTIR spectrometry and plastic
fluorescence, the polymer content of the earthworm tissues was determined, and significant
differences in the accumulation of plastic particles in the cultured earthworm tissues at the micro-
and macroscales were documented.

Keywords: microplastic; earthworms; microplastic accumulation; microplastic detection

1. Introduction

Extensive research describes the effects of earthworms on soil properties, but increasingly,
these animals are classified as being part of a much more complex environmental relationship,
stimulating soil’s fertility and microbial biomass, which consequently affects the productivity of the
ecosystem. Some of the most common activities of earthworms include changes in soil porosity,
infiltration, compaction, hydraulic conductivity, water cycling, and oxygen availability [1];
increasing the availability of organic compounds for plants [2]; influencing the bacterial and fungal
flora of the soil [3]; and participating in vermicomposting [4]. However, this does not mean that all
the described species have the same impact on the environment, as there are described cases of
negative effects on the soil, such as through soil erosion and reductions in nematode abundance
and nutrient translocation and availability [5]. The classification of earthworms distinguishes more
than 670 species of the family Lumbricidae and about 5000 species of the family Moniligastrida
[6]. In addition, the ecological division into epigeic, endogeic, and anecic earthworms is described.
Epigeic species are often found in mulches and composts, living above the soil surface in close
proximity to areas with high mineral contents. They consume little or no soil and are usually small
and darkly colored. Endogeic species are found in shallow soil layers, in the rhizosphere of plants,
where they tunnel horizontally. They feed on soil that is more or less rich in mineral nutrients,
reach a medium size, and are usually paler than epigenic ones. The largest representatives of the
groups described in the ecological category are anecic, including L. terrestris. These earthworms
are saprophages that dig vertical burrows up to a
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depth of 3 m. In addition, they show a strong attachment to their corridors, often returning to
their cavities after leaving a trail of slime. These earthworms pull leaves and nutrients
underground, thus significantly increasing the soil’s fertility and microbial abundance [7].
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The presence of microplastics in soil is well documented, and despite the lack of a uniform
analytical methodology, the effects on plants and animals are considered negative and often toxic.
Studies conducted on earthworms have proven a decrease in their weight and fertility or an
increase in stress markers, but increasingly, the discussion is directly about the fate of microplastic
particles and the possibility of their degradation. To date, no study has confirmed the enzymatic
decomposition of plastic into its elemental form [8], and those describing chemical degradation or
structural change are subject to uncertainty regarding the apparatus used. Given the selective
feeding of earthworms and their ability to discern (and avoid) certain foods, the determination of
plastic content can only be achieved by tissue analysis. Microplastics that remain in the soil and
are exposed to chemicals such as pesticides or herbicides, as well as water, wind, and friction, can
change their properties without earthworm interference, which is erroneously described as
earthworm aggregate. Many authors describe a controversy surrounding microplastic degradation
in scientific articles, noting that the definition suggests any change in physical or chemical
properties due to environmental (light, wind, water) and biological factors [9-11]. These authors
also point out that for some polymers, their effect on earthworms is stimulatory and may not cause
adverse side effects, and that the decrease in polymer mass may have been related to tissue
accumulation [11]. A 2018 [12] study described fragmentation of plastic particles by L. terrestris,
but as the author points out, there was no degradation, only a change in the size of low-density
polyethylene particles. Lwagna further describes the role of microorganisms as one of the key steps
in polyethylene fragmentation. An important factor is the species’ sensitivity to the presence of
microplastic in the soil; under laboratory conditions, the post-exposure mortality can be easily
determined, thereby excluding species that are unsuitable for testing [13]. Earthworm adaptations
and their natural resistance have been described in detail by Lwanga [14], Alauzet [15], Wang [16],
Chen [17], and Lithner [18]. In addition, Ding describes an individual mortality of 6-28% when
feeding on polystyrene and polyethylene at higher concentrations reaching 2% [19]. The digestive
system of earthworms is relatively simple and consists of the pharynx, esophagus, stomach,
foregut, and hindgut. Digestive enzymes mix with the ingested soil and lead to the acquisition of
nutrients, which is further aided by the intestinal membranes [20].

According to this study, earthworms freely swallow particles of the smallest size, effectively
avoiding areas with increased plastic contents. Similarly, larger particles around 1 mm were absent
from all tested intestinal contents, whereas particles from 1 to 44 pum were most commonly
detected. These data are in accordance with numeral findings in the
available literature, describing selective food intake by earthworms [21,22].

2. Purpose of the Study

In this study, the authors investigated the extent of plastic accumulation for the two best
adapted species, D. veneta and L. terrestris, under outdoor environmental conditions (macroscale)
and compared them to the results obtained under laboratory culture conditions (microscale).
Exposing specimens to a mixed fraction of plastic polyethylene (PE) fluorescent green
microspheres with sizes of 1-5 um, 10-20 um, 32—-38 um, 38-45 um, and 53-63 um and purple
polyethylene microspheres with sizes of 38-45 um and 75-90 um. Polyethylene terephthalate
(PET) in the form of irregular granule sizes of 10-5000 um, polyamide (PA) in the form of fibers
with sizes of 102000 um, and polystyrene (PS) in the form of irregular film shreds with sizes of
10-5000 um were also used. The plastics were supplied by Cospheric LLC Somis, CA 93066, USA.

3. Materials and Methods
3.1. Environmental Culture (Macro)

Juveniles of L. terrestris and D. veneta from in-house conservation breeding were transferred
into 360 L containers, 665 mm x 880 mm x 1100 mm in size, made using high-density polyethylene
(PE-HD) injection technology at a rate of 50 per container. The containers had a drainage system
and ventilation holes in the underside. The feed was horse manure mixed with the topsoil at a ratio
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of 1/3 of the soil volume and was frozen for 48 h to avoid the presence of non-desirable individuals.
Both the soil and manure were unevenly mixed with microplastic fractions. We used 0.2%, 0.4%,
0.6, 0.8%, and 1% fractions of the plastic mixture to the dry weight of the soil and manure, and the
exposure time was 3 months. The containers were outdoors in a shady place during spring, with a
daily temperature range of 5-25 °C.

After this period, 20 adult specimens from each sample were thoroughly cleaned with soil
with running water and left for 2 min in distilled water to remove all soil particles from the body
sepia. Individuals that were prepared in this way were transferred to dishes with a small amount
of sterile agar for 24 h so that the earthworms would excrete the soil that had accumulated in their
intestines and digestive system. The earthworms were then washed again with distilled water,
placed in glass dishes, and treated with heat shock at =80 °C. In the next step, the earthworms
were carefully stripped of all intestines, and the tissue was washed and left to dry at room
temperature.

3.2. Laboratory Culture

In the laboratory culture, exactly the same culture conditions were used; however, the
culture was carried out in 3 L containers, and the microplastic was evenly mixed with the entire
volume of soil and manure.

3.3. Optical Analysis

The illustrations shown below were taken using an Olimpus BX 51 microscope, an
Olimpus a300 objective (U-CMAD3), and an Olipmus U-TV1X converter (3701 Welsh Rd, Unit C,
Willow Grove, Pennsylvania 19090, 1-866-570-3046) on Light (1) and UV (4) settings and then
subjected to noise autocorrection without interfering with the color intensity and exposure. The
method allows for the preliminary identification of these plastics in earthworm tissue, the
determination of the exact location, and the use of the tissue for further FTIR analysis. In addition,
it allows for a preliminary estimate of the amount of microplastics in the tissue. The obtained
illustrations depict polyamide (Figure 1) and polyethylene terephthalate (Figure 2) and were taken
as standards, with large fragments of the polymer and a clear fluorescence color (Figure 3).

A C
Figure 1. (A-D) Images of PA fiber under visible and UV light (4).
A C

Figure 2. (A,B) Images of PET molecule and (C,D) images of PS molecule under UV (4) light.
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Figure 3. Images (A-D) of the PA molecule under UV (3) light.

3.4. Fourier Transform Infrared Spectroscopy (FTIR Analysis)

To prepare the samples for FTIR analysis, a freeze-dryer with a vacuum pump, MRC
AB Chem SM-450, was used, in which the earthworm tissues were placed in a tray and subjected
to a drying process according to the manufacturer’s instructions for a period of 24 h. After this
time, the tissues were placed in a mortar, crushed gently to a fine, uniform dust, and transferred
to glass cuvettes.

The FTIR apparatus used in this study was a Jasco FTIR Model 6200, operating in the near-
infrared (15,000 cm-1) and far-infrared (50 cm-1) regions. The resolution of the apparatus is 0.25
cm-L. Each complete, powdered tissue from one individual was divided into four smaller sections,
each of which was subjected to FTIR analysis in 5 measurements; the results were summed, giving
a total qualitative image for one individual. In this way, all tissues from both species were
examined, identifying the plastics that were present. The characteristic peak values and polymer
patterns are shown in Table 1.

Table 1. Characteristic peak values of polymeric materials for FTIR analysis.

Chemical b d
Absorption Ban
Compound Structural Pattern
CHs
polypropylene 842 cm~t 998 cm-t 1167 cm™? 1377 cm™? 1460 cm™?
n
polyethylene \[\/\}\ 720 cm™? 1460 cm~t 2850 cm-! 2920 cm-?!
n
polyester % jjf 845 cm- 970 cm-? 1126 cm!  1340cm-! 1718 cm-!
o

poliyamid THM 745 cm-t 1077 cm™? 1125 cm? 1285 cm?t 1726 cm~t
‘ 0

polyethylene
terephthalate

d % 1050 cm-? 1237 cm-? 1370 cm-? 1744 cm-? 3400 cm-!

3.5. Hydrogen Peroxide Digestion

The digestion of organic matter is a key step in the preparation of samples for the
identification of plastic molecules, regardless of the original matrix, which may be soil, sediment,
or tissue. The literature describes many protocols, taking into account both the type of reagent,
digestion time, reaction temperature, and possible complications. Increasingly, one also
encounters a division of reagents with respect to the hardness of the dissolved fraction into soft
(delicate plant and animal tissues, among others) and hard (like muck, bone, and compacted soil)
fractions [23]. In addition, the direct and indirect effects of the reagent on the contained
microplastic (changes in its color, structure, and degradation) and the availability and harmfulness
of reagents are important. The density and quantitative separation have been described in detail
by Cole [24], Roch [25], Dehaut [26], Munno [27], and Lusher [28]. Among the most commonly
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used reagents, characterized by optimal efficiency and performance characteristics, are nitric acid,
hydrochloric acid, potassium hydroxide, hydrogen peroxide, sodium hypochlorite, and sodium
hydroxide. Recombinations of the temperature concentration and efficiency variants were
described by Foekema [29], Karami [30], and Herrera [31].

In our study, a 30% H,0, solution was used for tissues that were already highly fragmented
and homogeneous and did not form aggregates, so it was possible to use it in smaller amounts and
for a shorter period of 36 h. For digestion, glass cuvettes were used, in which the tissue material
and H,0, were placed. After this time, the hydrogen peroxide was removed from the vessel, and
the remaining fraction was prepared for staining.

3.6. Microplastic Staining

Microplastic identification using dyes has become a popular method to quickly and efficiently
identify plastic particles by providing specific complexes with which to differentiate them from
organic and mineral matter. Individual dyes differ in their affinity for the plastic, fluorescence
intensity, incubation time, and the type of polymers that they react with, and the most commonly
described include oil red (Sudan-nitrogen dye), eosin (acid dye), Bengal pink, hostasol yellow, Nile
Red (lipid dye) [32], alkali blue (bromothymol dye), crystal violet (aniline dye), neutral red (neutral
red), and trifan blue [33]. The current literature indicates that the most widely used and effective
dye is Nile Red, which provides high fluorescence in plastics, with a wide range of microplastics;
therefore, it has found applications in translocation of microplastics in soil and living organisms (no
toxicity to living cells, including human), in field monitoring of microplastics, and in many
laboratory techniques [34]. According to the current knowledge, there is still no uniform
methodology for dealing with all the stages of staining, and as the authors point out, this gap needs
to be filled, especially with environmental studies [35].

Nile Red is a very stable photochemical dye, classified as a hydrophobic, heterocyclic, and
metachromatic compound, and is almost insoluble in water [36]. Both its emission and quantum
properties depend on the type of solvent used, and an increase in polarity most often leads to a
red shift in fluorescence. The wide solvatochromic range and the effect of the environment on the
color was described in detail by Martinez and Henary [37].

This study used acetone as a solvent at a concentration of 1 mg/mL, a volume ratio of
0.1-0.5 mL of dye solution per 100 mL of water sample, and an exposure time of 30 min.

3.7. Determination of Molecular Size

The plastics that were added to the soil were characterized by varying sizes and spatial
shapes, making it important to determine the minimum and maximum particle sizes. For PE and
PET, the authors relied on descriptions from the manufacturer (Cospheric LLS, Somis, CA, USA),
while for the others, they used an Olimpus BX 51 microscope and Olimpus a300 objective (U-
CMAD3) with CellB software with a scale function and variable microscope ruler, as well as a WiTec
ALPHA 300R and 300RSA spectrometers with a confocal microscope and True Surface attachment,

and the image was taken at the 633 nm excitation line and 20x magnification (Figure 4).

®

i -~

Figure 4. One method of measuring molecular size using Raman microscopy and confocal microscopy.
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4. Results
4.1. Results of Microscopic Examination Analysis

The images below show tissue arranged on a basic slide and analyzed microscopically under
UV (4) and green (3) light for the initial identification of microplastics and the estimation of their
amount and position for further analysis (Figure 5). Scanning in the high resolution of the eyepiece
makes it possible to identify fractions; however, the resolution of the objective lens does not allow
for photography at this scale. In the figures below, PE (A, B), PS (O, P), PA (I, J), and PET (K, L) are

confirmed.

Figure 5. Microplastics in optical microscope images using UV light and deep green to image microplastics in
different color ranges. (A—R) are areas of the same fragment in different color ranges. The arrow indicates the
location of the visible microplastic particle.

We also analyzed the results of the quantitative laboratory culture tests. Tables 2—5 show the
minimum and maximum number of particles that were detected in the tissues of one individual,
averaged from 10 individual measurements. Tables 2 and 3 show the results of the analysis of
earthworm tissues that were cultured at the microscale. Tables 4 and 5 show the results of the
analysis of earthworm tissues that were cultured at the macroscale. Table 2. Plastic particles under
visible, UV, deep green, and red light.

D. veneta 0.2% 0.4% 0.6% 0.8% 1%
PA 0-4 (~1.9) 1-5 (2.5) 1-6 (3.3) 2-8(4) 3-9(4.7)
PET 0-3(1.6) 1-4(2.3) 1-5(3) 1-7 (3.4) 2-7(3.8)

PS 0-2 (0.4) 0-1(0.5) 0-2(0.4) 1-3(0.7) 1-4 (1)

PE 1-5(2.3) 1-6 (2.8) 2-6 (3.5) 3-9 (4.2) 2-11 (6)

Table 3. Plastic part icles under visibl e, UV, deep gree 1, and red light.
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L. terrestris 0.2% 0.4% 0.6% 0.8% 1%
PA 2-4(3.3) 2-6(3.8) 3-8 (4.4) 4-9 (5.9) 4-11(7.3)
PET 1-3(2.2) 1-4(2.7) 2-4(3) 2-7 (4.1) 3-9(5.2)
PS 1-3(2) 1-5 (2.6) 1-5 (2.7) 1-6 (2.7) 3-8(3.7)
PE 1-5 (2.8) 1-6 (3.3) 2-16 (4.3) 3-7(3.8) 1-8 (4.7)
Table 4. Plastic part icles under visibl e, UV, deep gree 1, and red light.
D. veneta 0.2% 0.4% 0.6% 0.8% 1%
PA 1-3 (1.4) 2-5(3.1) 2-6(3.7) 0-6 (3.1) 1-4 (2.2)
PET 0-3(2.1) 0-5 (2.4) 2-7(3.5) 1-7 (3.4) 1-5 (3.4)
PS 0-4(2) 1-4(2.2) 0-4 (1.9) 0-3(1.8) 0-4 (2.1)
PE 1-5 (2.9) 2-6(3.5) 3-9(4.7) 2-8 (4.5) 1-6 (3.9)
Table 5. Plastic part icles under visibl e, UV, deep gree 1, and red light.
L. terrestris 0.2% 0.4% 0.6% 0.8% 1%
PA 2-6 (4) 3-8 (4.7) 3-10 (6) 2-5(4.2) 1-5 (3.8)
PET 1-3 (3.1) 1-6 (3.9) 2-4(3.1) 1-5 (2.4) 0-4 (1.9)
PS 0-3 (1.8) 0-3(2) 1-5(2.2) 0-3 (1.5) 0-3 (1.1)
PE 2-7(3.6) 3-8 (4.1) 2-12 (6.2) 4-9 (5.9) 3-8 (5.6)

Regarding the environmental test results and quantitative laboratory culture results, Tables

2-5 show the minimum and maximum amount of particles that were detected in the tissues of

one individual (the average for 10 individuals is specified in parentheses

The differences in accumulation between micro- and macro-cultured individuals are clear, as

the graphs below illustrate how macro-cultured individuals regress to soil microplastic

concentrations above 0.6%, resulting in reduced tissue accumulation. The least pronounced

changes occur for the smallest particle sizes. Figures 6—9 present graphs showing how the

accumulation of particles changes depending on the concentration of microplastic in the soil.
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D. veneta microscale
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Figure 6. Summary of the number of detected particles depending on their concentration in the soil—micro-
culture.
L.terrestris microscale
8
L
Z
= 6
S
£ °
g 4
g 3
=
S 2
2
<§ 1
2 0
b 0.2% 0.4% 0.6% 0.8% 1.0%
=)
microplastic contentation in soil [%)]
PA PET PS PE

Figure 7. Summary of the number of detected particles depending on their concentration in the soil—micro-
culture.

Microplastic particles were detected in longitudinal and transverse muscles, along the
metanephridia and nephrostome and in segmental ganglia. The most common type of plastic in
optical microscopy were microgranules (PE) (Figures 1B and 3C) and fibers (PA) with sizes of 1-43
um (other images). The green light spectrum allowed for deeper penetration and better imaging
of fractions that were inaccessible to ultraviolet and visible light. Further analysis made it possible
to accurately determine the type of plastic that was accumulated in the muscles. The selective and
total particle counts are shown in Tables 2 and 4 (Dendrobaena veneta) and Tables 3 and 5.
(Lumbricus terrestris) for the average individual from 10 samples.
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D. veneta macroascale
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microplastic concentration in soil [%]
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Figure 8. Summary of the number of detected particles depending on their concentration in the soil—macro-
culture.

L.terrestris macroscale
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microplastic contentration in soil
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Figure 9. Summary of the number of detected particles depending on their concentration in the soil—macro-
culture.

4.2. Particle Size Analysis

To the authors’ knowledge, this is the first study of its kind in which the authors determined
the sizes of particles that were accumulated in the bodies of living organisms, relative to any that
were intentionally added to the soil (Figure 10). The data shown in the diagram (diagram x)
represent the minimum and maximum size of each plastic and the size range of the particles that
were isolated from the tissues. This study proved what particle sizes accumulate in tissues and
what the reasons for this may be.
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Analysis of detected particles
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Figure 10. Relationship between the particles added to the soil and the particles detected in the tissues for

D. veneta and L. terrestris.

This study proved that on a macroscale, earthworms that are exposed to different
concentrations of particles of different polyamides have the ability to accumulate tissue in that
particular range. In the case of polyamide, the molecular size in the soil was in the range of 30 um
to 1000 um ( in the graph, for simplicity, the maximum value is 100 um) but in the tissues, particles
were only detected in the range of 33.5 um to 60.5 um. In the case of PET, heterogeneous particles
of 10 um to 1000 um were found in the soil, but in the tissues, only sizes in the range of 19-71 um
were detected. In the case of polystyrene, the polymer size in the soil was 30 um to 1000 um and
detected in the range of 37.5 um to 64.5 um, and in the case of polyethylene, particles from 1 um
to 90 um were added to the soil and detected in tissues from 5 um to 54 um, with the detection
of particles below 10 um only being possible due to the strong fluorescence of the particles.

4.3. FTIR Analysis Results

Spectral peaks for individual plastics were compared based on a database (https:
//spectra.chem.ut.ee/paint/binders/polyethylene-wax, accessed on 15 December 2024) and
available pilot publications for plastics [38—42] and are presented in Table 1.

The graphs (Figures 11-14) depict selected analyses of the plastics that were contained in the
tissues, with characteristic peaks marked to identify the plastic. The red line indicates the peaks
whose values were assigned to a particular polymer. In addition, the graphs show other peaks with
different values, resulting from the analysis of the powdered tissue and the compounds that were
contained in it.
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Figure 11. Characteristic peaks for polyethylene-2914, 2847, 1466, and 716.

Spectrum Obtained from Tissue Analysis, Showing Strong Tissue Background and Peaks

Characteristic of Polyamide.
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Figure 12. Characteristic peaks for polyamide- 3280, 2936, 1646, 1536, 1393, 1078, and 1022.
Spectrum Obtained from Tissue Analysis, Showing Strong Tissue Background and Peaks
Characteristic of Polyethylene Terephthalate.
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Figure 13. Characteristic peaks for pet 1713,1409, 1241, 1094, 1016, and 872.
Spectrum Obtained from Tissue Analysis, Showing Strong Tissue Background and Peaks
Characteristic of Polyethylene Terephthalate.
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Figure 14. Characteristic peaks for polystyrene 3060, 3026, 2913, 2844,1601, 1492, 1450, 1027, 751, and 694.

4.4. Coefficient of Determination
The coefficient of determination, R?, was used as a measure of the fit of the mathematical
model with the data obtained from Tables 1-5 for both species and in both breeding variants.
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This coefficient indicates what proportion of the variance in the data coincides with the
correlation of the variables that are described in the model. Thus, we can say that it is a
determinant of the fit of the sample to the model, described in the range of values between 0
and 1, with values close to unity corresponding to a higher model fit.

R2=1-___ SSres
SStot

where
(SSres) is the sum of the squares of the residuals, that is, the sum of the squares of the
differences between the actual values and the values predicted by the model:

n

SSres= Y (yi— y"i)2
i=1

(SStot) is the total sum of squares, that is, the sum of the squares of the differences between
the actual values and the average value of the actual data:

n

SStot= Y (yi— yi)2
i=1

The value of R?ranges from 0 to 1, where a value closer to 1 indicates a better fit of the model
to the data.

Using all the data, which are the variables of concentrations and types of plastics, we initially
performed a determination analysis for the linear function and quadratic function, but with such
a number of variables, the function was not sufficient, and the determination index at each analysis
indicated 1. For a better and more accurate depiction of the statistical fit of the model, a third-
degree power polynomial and fourth-degree polynomial analysis were performed and are
presented in the tables (Tables 6-9) and figures below (Figures 15—18). To increase the clarity of
the results, the authors used the abbreviation of the third-degree polynomial as (R%)* and the
fourth-degree polynomial as (R?)%.

Figure 15 rearranges the coefficient of determination for D. veneta in the micro-culture, based
on the data in Table 2.

thid-degree polynomial polynomial of the fourth degree

average number of particles in tissucs
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Model PS = =
Model PE
PA
PET
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Figure 15. Determination coefficient for D. veneta from micro-culture.

The function values for each plastic in the concentration correlation are shown in Table 6.
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Table 6. Values of the third-degree (R2)3and fourth-degree (R2)* polynomial coefficients of D. veneta—micro-

culture.
(R2)3 (R2)a
PA 0.995 1
PET 0.9983 1
PS 0.9451 1
PE 0.9971 1

Figure 16 rearranges the coefficient of determination for L. terrestris in the microculture,
based on the data presented in Table 3.
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Figure 16. Determination coefficient for L. terrestris from micro-culture.
Table 7. Values of the third-degree (R2)3 and fourth-degree (R2)* polynomial coefficients of L. terrestris—
micro-culture.

(R2)3 (R2)a
PA 0.9957 1
PET 0.9920 1
PS 0.9453 1
PE 0.8514 1

Figure 17 rearranges the coefficient of determination for D. veneta in the macro-culture,
based on the data presented in Table 4.
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Figure 17. Determination coefficient for D. veneta from macro-culture.
Table 8. Values of the third-degree (R2)3 and fourth-degree (R2)* polynomial coefficients of D. veneta—macro-
culture.
(R2)3 (R2)a
PA 0.9956 1
PET 0.9102 0.9102
PS 0.9643 1
PE 0.9405 0.9405
Table 9. Values of the third-degree (R2)3 and fourth-degree (R2)* polynomial coefficients of L. terrestris—
macro-culture.
(R2)3 (R2)a
PA 0.6913 0.9998
PET 0.9845 0.9997
PS 0.9158 0.9996
PE 0.8906 0.9995
Figure 18 rearranges the coefficient of determination for L. terrestris in the macroculture,
based on the data presented in Table 5.
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Figure 18. Determination coefficient for L. terrestris from macro-culture.

5. Discussion of the Results

This article addresses the extremely important issue of comparing experimental results from
the laboratory to those of organisms living in the environment. Taking into account existing
publications, which extensively describe the overestimation of the amount of microplastic in
organisms, and the significant differences between internal and external studies, it is worthwhile
to analyze the factors affecting these differences in results. An important aspect is the analysis of
the factors influencing these discrepancies, which is important for the correct interpretation of the
results and their application in assessing the actual impact of microplastics on organisms. Trakic
et al. [43] emphasized that the toxicity of microplastics may be strongly dependent on the type of
polymer and the presence of other contaminants, which further complicates the comparison of
results from different environments. In turn, a review of [44] indicates that laboratory conditions
may promote increased bioaccumulation of microplastics, because organisms do not have the
ability to avoid them, as is the case in natural conditions. Such differences may lead to
overestimates of the effects of microplastics on organisms, which have important implications for
ecotoxicology.

The laboratory conditions in which the primary culture earthworms reproduced were an
environment that was devoid of natural predators and rapid temperature changes and with a
constant access to food. Placing earthworms in culture containers with microplastic contents that
were evenly mixed with soil and food forced the earthworms to ingest particles as a consequence
of starvation. In addition, the limited mobility and food selectivity meant that the microplastic
exposure was consistently high. For this reason, the authors suggest that the obtained results
should not only be interpreted as evidence of the ability of earthworms to accumulate
microplastics, but also as a reliable estimate of their actual amount under environmental
conditions. The rearing of earthworms in containers significantly affected the results of the study.
The increased soil volume and depth of the containers made it possible for individuals to freely
choose where to forage, thus contributing to the relocation of the microplastic. In turn, Trakic” et
al. [43] emphasized that differences in food mobility and availability are key factors influencing the
degree of exposure of soil organisms to microplastics, which may significantly alter the results of
ecotoxicological studies.

The identification of microparticles in soil and the determination of their concentration from
soil analysis are methods that are subject to constant validation and qualitative and quantitative
precision testing. Soil is an extremely complex structure, characterized by varying hydrological
dynamics and organic contents. As indicated by studies by Wang [45], Qian [46], and Li [47], there
are numerous obstacles to accurate concentration estimation, including the apparatus resolution,
particle size, particle aggregation, bonding and adhesion to soil grains, and many others. The
research conducted may be an indication of the possibility of using different types of apparatus to
identify microplastics based on tissue analysis of earthworms. This method, while certainly
requiring more measurements, can provide an open database in which each subsequent study will
increase the pools of results that are available for comparison. Each of the aforementioned
methods as a single tool is fraught with many possibilities for overestimation or underestimation,
but combining them all in the right order offers a chance for effective plastic analysis. This approach
is consistent with the conclusions of [43], where it was suggested that the effectiveness of
microplastic detection methods depends on the size and shape of the particles and their
interaction with body tissues, which means that the combination of several analytical methods can
increase the reliability of the results. In turn, ref. [44], a literature review, indicates that the
standardization of analytical procedures in microplastics research is crucial to obtain comparable
results. Therefore, creating an open database based on various detection methods can be a
valuable tool supporting the development of research on microplastics in terrestrial ecosystems.
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5.1. Optical Analysis

During the tests and observations using the microscope described above, it was not possible
to observe particles that were smaller than 10 um, excluding those with strong fluorescence, which
does not mean that no such particles were accumulated in the tissues. Moreover, the authors are
convinced that these plastics were contained, but the detection of such small particles is extremely
difficult, and at any stage of processing, it is possible to miss them. Optical analysis works very well
for identifying larger particles and tissue mapping, which makes it possible to mark all visible
fragments for further analysis. And while Nile Red staining is a very promising method, there is still
uncertainty about the level of precision of the described results below 10 um. Similar limitations
in the detection of small microplastic particles using optical microscopy and Nile Red staining have
been reported in the literature. Research indicates that particle properties, such as morphology,
color, and degree of degradation, may affect the detection efficiency after Nile Red staining. For
example, black microplastics exhibit weak fluorescence, making them difficult to detect, and fibers
are more difficult to identify compared to regularly shaped particles [48]. Therefore, although Nile
Red staining is a useful tool for the rapid identification of microplastics, its limitations in the
detection of small particles and the possibility of obtaining false positive results suggest the need
to use complementary analytical methods, such as FTIR or Raman spectroscopy, to obtain more
precise and reliable results.

5.2. Particle Concentration in Tissues

This study clearly shows significant differences in the tissue accumulation of earthworms that
were reared under laboratory conditions and in outdoor containers with large soil volumes. The
worms who were forced to forage in 3L containers showed a linear increase in microplastic particle
concentration, which was triggered by the lack of mobility and stability of the plastics throughout
the soil and food. These results further demonstrate the ability to accumulate microplastic in
earthworm bodies to a high degree and the potential for further analysis for other polymer groups.
Tests conducted on macro-cultured earthworms were variable with respect to the concentration,
and it seems that earthworms avoided areas where microplastic accumulated at a concentration
of ~0.6% and that the particle size also had a significant impact on the results. The authors draw
the bold conclusion that earthworms are unable to sense plastic below 40 um, meaning that
foraging in an area with a concentration of less than 0.6% and a particle size of less than 40 um
occurred without the appearance of signs of stress or a desire to relocate. The size and
concentration of microplastics in the soil have a significant impact on their accumulation in
earthworms. Higher concentrations and smaller particle sizes increase the likelihood of their
ingestion and accumulation in tissues [49]. In addition, particles with spherical shapes were most
common in the tissue analysis, followed closely by irregular fragments of a similar size. The tissue
images and optical analysis did not clearly prove signs of inflammation in the sites where the
material was labeled, nor damage to the tissues themselves, as is often reported in articles.
Therefore, it can be concluded that mechanical damage to the gastrointestinal tract or intestines
can only be caused by larger fragments that damage tissues with their sharp edges during intestinal
peristalsis. These conclusions are consistent with previous studies, although some aspects require
further verification. In [50], which used Raman microscopy, the authors showed that spherical
microplastics accumulate more often in earthworm tissues, which coincides with the results
presented in the current study. However, some previous studies [43] have suggested that even
small microplastic particles can cause subtle inflammatory reactions. Additionally, these results fit
into the broader context of research on the ecotoxicity of microplastics in terrestrial ecosystems.
Guo et al. [51] suggest that the ability of earthworms to avoid areas with high concentrations of
microplastics may be a behavioral strategy to minimize its negative impact. Nevertheless, the lack
of visible reactions to particles that are smaller than 40 um requires further investigation,
especially with regard to potential sublethal effects such as oxidative stress or metabolic disorders.
The described particles are two orders of magnitude smaller, so there is a chance of internal tissue
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penetration. It is also possible that the smallest fragments of microplastic enter the body through
the respiratory cavities along the body via the mucus produced. The available literature indicates
that there are many problems associated with the detection of microplastic in soil and the whole
procedure for its detection [52,53], pointing to the variability of the matrix that is soil, the number
of samples taken, their size and spatial distribution, or the consideration of soil hydrodynamics.

5.3. Conclusions

The conducted research confirmed that there is an opportunity to use L. terrestris and D.
veneta as indicator species for microplastic-contaminated soil, and that further studies may be
helpful for a more accurate estimation of the correlation of soil and tissue concentrations, as well
as for a broader understanding of the mechanisms in different soil types. In this case, earthworms
become an interesting solution, because they actively move in the soil and are able to collect
plastic from different depths. With a sufficiently large number of repetitions for a given region,
concentration estimation can be a very helpful method. The most important issue remains the
linearity of the results and the very fact that the concentration of plastics in the soil has a direct
effect on the amount of plastics in the tissues. The authors suggest that it may be important to
study individual internal organs and visualize the possible accumulation by a specific organ.
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