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Abstrakt

Mikroplasty jakoZto vsSudyptitomné kontaminanty sladkovodnich ekosystém( vyvolavaji
opravnéné obavy tykajici se jejich vlivu na Zivotni prostredi. Dochazi proto k vieobecné snaze
nahradit konvencni plasty biologicky odbouratelnymi alternativami, které by mély byt
v prostredi snadno rozloZiteIné. Nicméné, proces biodegradace takovych material(i vyzaduje
specifické podminky, jako jsou teplota, vihkost, pH a prfitomnost mikroorganisma, které nejsou
vidy dostatecné splnény. V dasledku toho dochdzi k jejich fragmentaci a tvorbé
biodegradabilnich mikroplastli. Ty mohou, stejné jako konvencéni mikroplasty, ovliviiovat
Zivotni prostredi. Cilem této prace proto bylo posoudit vliv mikroplastl biodegradabilniho
poly(3-hydroxybutyrdtu) navybrané zastupce sladkovodnich organism(, a to konkrétné
na fasu Desmodesmus subspicatus, rostlinu Lemna minor a korySe Daphnia magna, a déle pak
najit vhodnou analytickou metodu umoznujici pfimou detekci mikroplastl v téle organismu
D. magna. | pres to, Ze pozorované ucinky nebyly vidy vyznamné, upozornily na urcité
sekundarni problémy, které muze pritomnost biodegradabilnich mikroplastl v Zivotnim
prostfedi vyvolat. Ty mohou byt zplsobené pravé biologickou rozloZitelnosti spojenou
s tvorbou biofilmu na povrchu biodegradabilnich mikroplast(, coz, jak se ukazalo, nasledné
vede k vyCerpani Zivin v okolnim prostredi. Vysledky této prace tedy naznacuji, ze k vyuzivani
biodegradabilnich plastl jakoZto nahrady konvencnich materidlll je nutné pristupovat kriticky
pred jejich masivnim vyuZitim jako nahrady za konvencni plasty.

Klicova slova

Mikroplasty, biodegradabilni mikroplasty, poly(3-hydroxybutyrat), sladkovodni ekosystém,
biofilm, D. subspicatus, L. minor, D. magna.



Abstract

Microplastics, which are ubiquitous contaminants of freshwater ecosystems, have raised
concerns regarding their potential impact on the environment. For this reason, there is an
effort to replace conventional plastics with biodegradable alternatives that can easily degrade
in the environment. However, the process of biodegradation of these materials requires
specific conditions, such as temperature, humidity, pH, and the presence of microorganisms,
which are not always met adequately. Consequently, they may fragment and form
biodegradable microplastics that can affect the environment similarly to conventional
microplastics. Therefore, the aim of this study was to assess the impact of microplastics
of biodegradable poly(3-hydroxybutyrate) microplastics on freshwater organisms, specifically
the alga Desmodesmus subspicatus, the plant Lemna minor and the crustacean Daphnia
magna. Additionally, we aimed to develop a suitable analytical method for the direct detection
of microplastics in the body of D. magna. Although the observed effects were not always
significant, they highlighted certain secondary problems that may arise due to the presence
of biodegradable microplastics in the environment These issues could be related to
biodegradability and the formation of biofilm on the surface of biodegradable microplastics,
leading to subsequent nutrient depletion in the surrounding environment. Therefore, the use
of biodegradable plastics as a substitute for conventional materials must be approached
critically.

Key words

Microplastics, biodegradable microplastics, poly(3-hydroxybutyrate), freshwater ecosystem,
biofilm, D. subspicatus, L. minor, D. magna.
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Clovék polymery vyuZivd jiz od starovéku (cca 1600 pt. n. I.), kdy obyvatelé Stfedni Ameriky
poprvé pouzili pfirodni kaucuk [1]. Dllezitym meznikem v historii plastli (v praci pouzivame
termin plast pro polymer, ktery prosel primyslovym zpracovanim) je rok 1839, kdy spole¢nost
Goodyear vyvinula vulkanizovany kaucuk a némecky Iékarnik Eduard Simon objevil polystyren
(PS). V 19. stoleti se tak rozviji vyzkum pfirodnich a syntetickych polymera a dochazi k objevu
napf. polyvinylchloridu (PVC), celuldzy, nitroceluldzy nebo viskézy (umélé hedvabi), kterad
se pouziva predevsim v odévnim pramyslu [2—4]. Dllezity byl na pocatku 20. stoleti objev
Bakelitu na pocatku, nicméné k vétSimu rozsiteni pouzivani plastd doslo az ve druhé poloviné
20. stoleti [5].

Hodnotime-li naklady na vyrobu, moZnosti zpracovani a funkéni vlastnosti, jsou plasty
nesporné vynikajicimi materialy. Staly se proto hlavni komoditou v celosvétovém méfitku
a pronikly témér do vSech aspektll lidského Zivota [6, 7]. Jejich vyuZiti (v€etné aditiv a vlaken)
se zvysuje spolu s ristem populace a prijmy obyvatel, tento trend je rychlejsi nez u jakékoliv
jiné komodity, a to véetné oceli, hliniku a cementu [8]. Uspé&ch plastd jako materidlu je znacny
pro jeho univerzalni pouZiti v fadé aplikaci, a to v€etné pfirodnich polymerd, modifikovanych
pfirodnich polymer(, termoset, termoplastli a v posledni dobé i biodegradabilnich plasta.
Maji fadu jedinecnych vlastnosti: Ize je pouzivat ve velmi Sirokém rozmezi teplot, jsou odolné
vici chemikaliim a svétlu. Jsou velmi pevné a houzevnaté a lze je snadno zpracovat [2].
Globalni produkce plastli vzrostla po mirné stagnaci zpisobené pandemii Covid-19 v roce 2020
na 390,7 miliond tun vroce 2021, ztoho 90,2 % bylo vyrobeno z fosilnich zdrojd, 8,3 %
z recyklovanych plastd a 1,5 % pak z biologickych material( (Obrazek 1) [9].

1,5%

8,3%

390,7 Mt
v roce 2021 90,2%

m z fosilnich zdroji = recyklované z biologickych materiall

Obrdzek 1: Celosvétovad produkce plastii v roce 2021 dle vstupnich surovin. Mt = Mega tuna, tj. 1 milion
tun. Prevzato a upraveno dle [9].

Plasty jsou inertni materidly, vysoce odolné vici rozkladu. Cenéné jsou diky své nizké
molekulové hmotnosti, nizké cené a dobré tvarnosti. Jsou to rovnéz korozivzdorné materidly
s vybornymi tepelné izola¢nimi a elektroizolacnimi vlastnostmi. Nabizeji tak velké mnoZstvi
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aplikaci a jsou vyuzivany témér ve vSech prlmyslovych odvétvich [2, 10]. Nejcastéji
pouzivanymi plasty jsou polyethylen (PE), PS, PVC, polypropylen (PP) a polyethylentereftalat
(PET), aj. [7]. Kromé vyhod, které plynou z vlastnosti plastu, je s jejich pouzivanim spojena
i fada problému. Ty jsou generovany jednak souc¢asnou urovni jejich produkce, ale i zptisobem
jejich likvidace [11]. Zhruba 4 % svétové tézby ropy a zemniho plynu, jakoZto neobnovitelnych
zdrojU, jsou vyuZita jako surovina pro vyrobu plastl, dalsi 3 az 4 % se pak spotrebuiji k zajisténi
energie nutné pro jejich vyrobu. Problémem je rovnéz zpUsob vyuzivani plastl, kdy priblizné
50 % vyrobenych plastl je pouze na jedno pouZiti (obalové materialy, jednorazové spotrebni
zbozi, aj.), nebo se jednad o vyrobky s kratkou Zivotnosti [12]. Pro uspokojeni celosvétové
poptavky po plastovych vyrobcich bylo od roku 1950 do posledniho desetileti vyrobeno vice
nez 8 000 milionU tun plastl. Tato masivni produkce rovnéz vytvofrila nékolik miliond tun
plastového odpadu [13]. V této souvislosti, Geyer a kol. [5] uvadi, Ze do roku 2015 bylo
celosvétové vyprodukovano pfiblizné 6 300 miliond tun plastového odpadu.

Od roku 1950 skoncila témér polovina vyrobeného plastu na skladkach nebo ve volné
prirodé a pouze 9 % pouzitého plastu bylo adekvatné recyklovano, pficemz pred rokem 1980
byly recyklace a spalovani plastl zanedbatelné [5, 14]. Vroce 2019 bylo celosvétové
skladkovano 46 % plastového odpadu, 17 % bylo spéaleno, 15 % bylo shromdaZdéno pro recyklaci
a 22 % skoncilo v Zivotnim prostredi (littering) nebo bylo jinak nespravné likvidovano. [8].
V Evropské unii (EU) bylo vroce 2020 shromaidéno 29,5 milionU tun spotiebitelského
plastového odpadu, z toho 42 % bylo vyuZito k vyrobé energie, 35 % bylo recyklovdno a 23 %
bylo skladkovano. Roku 2021 se v EU podafilo vyrobit 5,5 milion( tun plastovych recyklatd,
tyto materidly ddle slouzi kvyrobé novych oballd, uplatnéni nachdazi ve stavebnictvi,
zemédélstvi, automobilovém primyslu, nebo pfi vyrobé elektroniky [9].

Jesté pred nékolika lety bylo znecisténi Zivotniho prostrfedi plasty povazovano pouze
za esteticky problém projevujici se rozptylem plastd v prostfedi. Thompson [15] odhaduje,
Ze az 10 % vyrobenych plastl kon¢i v ocednech, kde se hromadi. Zbytky plast(i se vyskytuji
na pobrezi, v morském ledu, na hladiné i dné. Témér 80 % plastll se do oceanl dostava
prostfednictvim fek [15-18]. Pfitomnost velkych plastovych ulomk(, tzv. makroplastd,
v morském prostredi predstavuje esteticky problém s ekonomickymi dusledky pro turisticky
ruch. Je rizikem pro lodni dopravu, rybolov, vyrobu energie a vodni ekosystém. Prostfednictvim
plastovych ulomk( muZe dochazet k transportu neptvodnich druhl morskych organismu
do novych stanovist [19]. Dopad makroplastd na Zivotni prostiedi ale zahrnuje i poranéni
a smrt morskych ptakd, savct, ryb a plazt v disledku jejich mechanického poskozeni, nebo
poziti plastl [20]. Potencidlnim problémem je i hromadéni plastového odpadu na dné mofri,
které mUze zpUsobovat ztizeni vymény plynU a takto narusit normalni fungovani ekosystému,
véetné moznych zmén ve sloZzeni biocendz morského dna [21]. Z vySe uvedeného je patrné,
Ze problematika znecisténi Zivotniho prostredi mikroplasty je velmi Sirokd, a proto se tato prace
zaméruje pouze na sladkovodni systémy.

SOUCASNY STAV RESENE PROBLEMATIKY
1. Definice mikroplastl a jejich typt
V pfirozenych podminkach ekosystému dochazi vlivem slunecniho zareni, abraze a interakce

s okolnim prostfedim a zivymi organismy k pomalé degradaci a fragmentaci makroplastt
na mensi Castice, tzv. mikroplasty [22]. Degradace plastl je proces vyvoldvajici zmény
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ve vlastnostech polymeru v dusledku fyzikdlnich, chemickych nebo biologickych reakci, které
vedou ke Stépeni vazeb. RozliSujeme fotodegradaci, termdlni a biologickou degradaci. Tyto
hlavni rozkladné procesy jsou Uc¢innéjsi v plidé nez ve vodnim prostredi [23, 24]. Pfitomnost
malych plastovych fragmentll v ocednu byla poprvé popsana jiz v 70. letech 20. stoleti
Carpenterem a Smithem [25]. Obnoveny védecky zdjem o mikroplasty v poslednich
desetiletich odhalil, Ze tyto kontaminanty jsou v morském prostfedi v podstaté
vSudypfitomné [19].

Pokud se jednd o velikost ¢astic, neexistuje dosud Zddnd mezindrodné dohodnutd definice
velikosti, pod kterou by se mald ¢astice plastu méla nazyvat mikroplast. PGvodné tento termin
zavedl Thompson a kol. [26] k popisu akumulace mikroskopickych ¢astic plastd v morskych
sedimentech a ve vodnim sloupci evropskych vod. Ndsledné v roce 2009 pak Arthur a kol. [27]
navrhl horni limit pro velikost ¢astic mikroplast( a definoval je tak jako plastové ¢astice mensi
nez 5 mm. Roku 2015 tuto definici Verschoor [22] upfesnil — definoval mikroplasty jako pevné
syntetické ¢astice, nebo polymerni matrice pravidelného nebo nepravidelného tvaru o velikosti
vrozmezi 1 um az 5 mm, které jsou nerozpustné ve vodé. Nakonec v roce 2019 Hartmann
a kol. [28] navrhli systém kritérii, na jejichZ zakladé doporucduji definovat ,,plastové zbytky“ jako
predméty sestdvajici ze syntetickych nebo silné modifikovanych pfirodnich polymer(, které
jsou pfitomny v prirodnim prostredi, aniz by plnily pfedem zamyslenou funkci, jsou pevné (Tm
nebo Tg> 20 °C) a nerozpustné pti 20 °C (rozpustnost <1 mg:I). Pro blizsi uréeni doporucuje
pouzit doplrikova kritéria jako je velikost, tvar, barva a plvod, pficemz jako mikroplasty
definuje plastové ¢astice o velikosti 1 az 1 000 um.

Zivotni prostfedi je kontaminovdno dvéma druhy mikroplastd, a to primarnimi
a sekundarnimi. Primarni mikroplasty jsou pfimo vyrobené ve formé malych C(astic.
V nékterych zemich jsou stdle jesté pridavany do kosmetiky (mikrokuli¢ky v krémech, zubnich
pastach, rténkdch, aj.), vyuzivaji se jako abrasivni média, uplatnéni nachdzeji ve stomatologii
a pri cilené distribuci 1ékt, nebo aplikaci pesticidl. K jejich vzniku dochazi i pfi vyrobé
plastovych predmétd [29]. Sekunddrni mikroplasty jsou dUsledkem fyzikdlnich, chemickych
a biologickych proces(, které vedou k fragmentaci plastového odpadu. Vystaveni plast(
ultrafialovému (UV) zareni katalyzuje fotooxidaci plastu, zplsobuje jeho krehkost
a fragmentaci na mikroplasty. Asi neni tfeba dodavat, Ze rlizné zdroje plasti ovliviiuji tvar,
vnémZz se vysledné mikroplasty vzZivotnim prostfedi vyskytuji (pelety, vladkna
a fragmenty) [30].

Mikroplasty pfitomné v Zivotnim prostiedi jsou tedy heterogenni skupinou ¢astic, lisici se
velikosti, hustotou, tvarem a chemickym sloZzenim. Pficemz velikost a tvar jsou vyznamnymi
vlastnostmi, které charakterizuji nejen zdroj jejich ptivodu, ale i jejich potencial vyvolat fyzické
anebo fyziologické ucinky na exponovanou biotu. Tyto vlastnosti spolu s hustotou materidlu
urcuji jejich osud a distribuci v ekosystému, stejné jako ndslednou biodostupnost [31].

2. Mikroplasty v akvatickém prostredi

2.1. Zdroje mikroplastl

Mikroplasty byly detekovany témér ve vSech slozkach zivotniho prostfedi a jsou proto stale
vice diskutovanym kontaminantem [32]. Velké mnoZstvi primarnich mikroplastli se dostava
do vodniho prostredi pfimo prostfednictvim odpadnich vod. Surové materidly pro vyrobu
plastovych vyrobkl (pelety, vlocky, prasek nebo vldkna) se do Zivotniho prostfedi mohou
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dostat v dUsledku spatné manipulace, at uz ndhodnou ztratou béhem prepravy nebo Unikem
ze zpracovatelského zafizeni. Podobné v Zivotnim prostfedi mohou koncit zbytky z tovaren
na zpracovani plast(, pfipadné regranuldt vznikly pfi recyklaci plastt [33].

Odhazovani odpadkd, skladkovani a ztraty at uz z nevhodné spravovanych skladek nebo
pfi sbéru odpadu jsou povaZovany za klicové cesty vstupu plastovych materialt do ekosystému.
Mimo to se velké mnoizstvi plastd mlze do Zivotniho prostfedi dostat béhem pfirodnich
katastrof. Vyznamnym zdrojem mikroplastd jsou i plastové mulcovaci félie pouzivané
k ochrané zemédélskych plodin, potlacovani plevel(, zvySovani teploty a zadrZovani zavlahové
vody v ptdé. Pokud zkiehnou, jejich ¢asti v pudé zUstdvaji. Mikroplasty se mohou uvolriovat
i otérem plastovych vyrobk( pouzZivanych v domdcnostech. Pfi béiném pouzivani, nebo
pfi suseni v susicce se mohou ve formé prachu do vzduchu uvolfiovat vldkna ze syntetickych
textilii. Za velmi relevantni zdroj mikroplastl v Zivotnim prostfedi je povaZovdn i otér
pneumatik. Syntetické polymery rovnéz obsahuje mnoho lodnich barev a dalSich ochrannych
natérl — mikroplasty se tak mohou uvolfiovat rozlitim pfi nandseni natéru, otérem béhem
pouZzivani natfeného produktu, nebo pti odstrafiovani natéru. Mezi zdroje odpadu v ocednech
patfi i vyhozeny nebo uvolnény material z lodi [33].

Predpoklada se, Ze vyznamnymi bodovymi zdroji mikroplastli pro sladkovodni a pozdéji
i brakické a mo¥ské vody jsou &istirny odpadnich vod (COV). Do odpadnich vod se dostavaiji jak
¢astice pouzivané v produktech osobni péce, tak v Cisticich prostfedcich, rovnéz se pfi prani
syntetickych odévid uvolfiuji vidkna, kterd pak konéi v odpadnich vodach. COV jsou schopné
odstranit béhem cisténi velké mnoZstvi mikroplast(, ¢ast jich ale neni zachycena a dostava se
tak pfimo do vodniho ekosystému [34-36]. Carr a kol. [37] se zabyvali osudem ¢astic
mikroplastl béhem procesu cisténi odpadnich vod. Bylo zjisténo, Ze ¢astice mikroplastd byly
odstraniovany predevsim béhem primdrnich procest cisténi odpadni vody jako je usazovani
a separace kalu. Stejné tak Murphy a kol. [36] ve své studii uvadi, ze COV mohou byt efektivni
pfi odstranovani mikroplasti z komundlnich vod. Nicméné autofi dodavaji, ze i mala
koncentrace ¢astic mikroplastl na litr vycisténé odpadni vody, mlze mit, vzhledem k velkym
objemdm vody ¢i$téné na COV, za nésledek vyznamné mnozstvi mikroplast(, které vstoupi
do Zivotniho prostredi. Dale je nutné zminit, Ze pouze 20 % z celosvétové produkovanych
odpadnich vod je pfed vypusténim do vodniho ekosystému ¢isténo na COV [32].

V souvislosti s COV je daldi moinou vstupni cestou mikroplastl do Zivotniho prostiedi
i Cistirensky kal, ktery miZe byt aplikovan na pole jako hnojivo. VyuZiti Cistirenskych kalt
v zemédélstvi se v jednotlivych zemich EU lisi a pohybuje od nuly (Malta, Slovinsko, Slovensko)
az po 80 % (Irsko). Aktudlné je vyuZiti kall z COV pro potieby zemédélstvi vramci EU
regulovano pouze limity pro obsah tézkych kov(. Nékteré evropské staty zavedly prisnéjsi
pozadavky a pfijaly navic limity pro obsah syntetickych organickych sloucenin a mikrobidlni
kontaminaci [38]. Studie zabyvajici se obsahem mikroplastli v kalech uvadi jejich obsah
od 1 000 aZ po vice nez 20 000 ¢astic na 1 kg susiny [39, 40].

Nicméné, Evropské staty spolu s Ocednii jsou zodpovédné pouze za necelé 1 % plastového
odpadu, ktery se dostdva do oceanl. Témér jedna tretina (36 %) veskerych plastl, které
vstupuji do oceanu, pochazi z Filipin, kde se rovnéz nachazi 7 z 10 fek nejvice znecisténych
plastovym odpadem. Filipiny nasleduje Indie (13 %) a Cina (7 %). Nejvétsim zdrojem plastového
odpadu v ocednech jsou tak pfimorské staty Asie (81 %) a Afriky (8 %) [41].
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2.2. Transport a distribuce mikroplastl ve vodnim ekosystému

Akvatické ekosystémy je moiné rozdélit na sladkovodni a morské. Sladkovodni zahrnuji
povrchové vody jako jsou feky a jezera, morské pak pobrezZi, more, ocedny a polarni led. Toto
rozdéleni je vhodné nejen kvlli rozdilné hustoté vody, ale i kvili rozdilnym typldm proudéni
pritomnych v fekdach, jezerech a oceanech [32].

Transport mikroplast ficnim tokem zdvisi nejen na vlastnostech samotnych ¢astic, ale
i na toku vody. Céstice s hustotou vétsi, neZ je hustota vody (napf. PS, PET, nebo PVC) klesaji
ke dnu pfimo, nebo jsou v pripadé silného toku unaseny do mist s tokem klidnéjsim, kde
nasledné sedimentuji. Céstice s nizéi hustotou, nap¥. PE nebo PP, mohou po vstupu do vodniho
prostfedi plavat na hladiné a s nejvétSi pravdépodobnosti jsou dale undseny proudem.
Navzdory vztlaku mnoha plastl je pravdépodobné, Ze v pomalu se pohybujicich ¢astech
vodniho toku se Castice mikroplastl usadi spolu s klesajicimi ¢asticemi sedimentu [42-45].
Sedimentace ¢astic mikroplast( zavisi kromé hustoty i na jejich tvaru. Pelety se chovaji vyrazné
jinak nez vlakna a uUlomky. RovnéZ je pravdépodobnéjsi sedimentace nepravidelnych,
vznasejicich se Castic nez ¢astic kulovitych. Jakmile se c¢éstice usadi na dné feky, mlze byt
pfevrstvena prirodnimi sedimenty a infiltrovat se tak do sedimentu, nebo muiZe byt
remobilizovana silnymi proudy [32]. Mani a kol. [46] uvadi, Ze hlavnimi faktory, ovliviujicimi
distribuci polymeru v priécném profilu feky jsou jeho hustota, mistni hydrodynamika, tvorba
biofilmu na ¢asticich mikroplastd, mira pripojeni mikroplastl k okolnim nerozpustnym latkam
a jejich heteroagregace. Vysoky potencial k zadrZzovani mikroplast(i maji vodni nadrze a jezera,
protoZe voda zde je klidna a dochdzi v nich k jejimu dlouhodobému zdrzeni [47].

V dusledku mechanismd dynamického proudéni v Ustich fek se v téchto oblastech mohou,
stejné jako jiné polutanty (kovy, pesticidy), hromadit c¢astice mikroplastd [32]. Jednou
z hlavnich charakteristik usti fek do mofi je miseni sladké a slané mofiské vody. V mistech
s omezenym pfilivovym pohybem proudi sladka voda pfes slanou a dochazi k tvorbé klinu slané
vody. Neplovouci ¢astice, které se plvodné nachazely u dna sladkovodniho sloupce, jsou
transportovany v prechodové z6né mezi sladkou a slanou vodou, zatimco plovouci ¢astice jsou
undaseny bez velké interakce s prichazejici slanou vodou do otevieného oceanu [48].

Do oceanu vstupuji mikroplasty z fek, z pobrezi a pripadné mofti. Dale mohou byt
distribuovany prostfednictvim oceanskych proudd a vin, nebo se mohou usazovat
v sedimentu. V zimnim obdobi mohou byt zachyceny v ledu a do vodniho cyklu se pak navraceji
s jeho tanim. Vertikalni transport ¢astic mikroplast(i v ocednu je ovlivnén ménici se hustotou
vody v dUsledku jejiho chemického sloZeni nebo rlznych teplot, diky kterym se ocednské
proudy v urcitych mistech mohou posunout z povrchu (hladiny) do hlubsich vod a mohou
s sebou nést i mikroplasty. DalSim faktorem, ktery ovliviiuje vertikalni transport mikroplastt v
oceanech, je ménici se hustota ¢astic. Tyto zmény jsou zpUsobeny jejich degradaci, fragmentaci
a biofoulingem [32]. Biofouling je proces, kdy po nékolika hodindch ve slané vodé dochazi
na povrchu ¢astic mikroplastd k tvorbé biofilmu, ktery predstavuje zaklad pro dalsi kolonizaci
povrchu. Biofilm na povrchu ¢astic postupné narlsta, hustota soustavy se zvySuje a Castice
klesaji ke dnu. Ve vétSich hloubkach, kde je nedostatek svétla, biofilm odumird, ¢astice
mikroplastl se stavaji leh¢imi a stoupaji zpét k hladiné, ve vodnim sloupci tedy osciluji [49].

Plovouci mikroplasty mohou byt strhdvany ke dnu tzv. morskym snéhem. Mofrsky snih
predstavuji agregaty bohaté na organické latky. Je tvoren smésici vykali morskych Zivocichd,
rozkladajicich se tél uhynulych organism(, fytoplanktonu a anorganickych latek. Na rozdil
od biofoulingu neni zavisly na mnozstvi svétla, které pronikd do vody a miiZe tak ¢astice
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mikroplastll transportovat az na morské dno [49, 50]. Martin a kol. [51] uvadi, Ze v profilu
morskych sedimentl byly mikroplasty nalezeny v hloubce 3,5 + 0,5 cm, pficemz 97 % z nich
bylo nalezeno v hornich 2,5 cm a 66 % v hornich 0,5 cm. Vinami, nebo béhem bourek muze

dochdzet k vyplavovani ¢astic mikroplastl zpét na pobtezi [32].

Znecisténi mikroplasty se geograficky liSi, jejich mnoiZstvi a distribuce jsou uréovany
predevSim environmentalnimi a antropogennimi faktory. Mezi environmentalni faktory
ovliviujici distribuci mikroplastl se fadi vinové proudy, priliv a odliv, cyklony, smér vétru
a pripadné hydrodynamika reky. Koncentrace mikroplastd je vysokd tam, kde jsou tyto faktory
intenzivnéjsi [52]. Mikroplasty maji rovnéz rlizné distribu¢ni charakteristiky v rznych médiich.
Migrace a difuze ¢astic je ovlivnéna jejich velikosti, pficemz malé ¢astice jsou snadno poZzity
vodnimi organismy a ohroZuji tak jejich zdravi; navic mizZe také dochazet k biomagnifikaci [53].

Mikroplasty jsou prendseny a rozptyleny ve svétovych ocednech — na pobfrezich, plazich,
v sedimentech morského dna a na hladiné od Arktidy po Antarktidu, kde se soustfeduji
na odlehlych mistech. Jejich distribuce v morském prostredi je ovlivnéna hustotou castic,
umisténim zdroju a transportem ocednskymi proudy a vinami. Schopnost se vznaset a fakt,
Ze jsou perzistentni jim umoZnuje se snadno a Siroce rozptylit pomoci hydrodynamickych

procest a ocednskych proudt [54].

2.3. Osud mikroplasti ve vodnich ekosystémech

Po vstupu mikroplastll do akvatického ekosystému se obecné predpokladd, Ze skonci
v ocednu [55]. Jejich osud v morském ekosystému je ovlivnén mnoha faktory prostredi, jako
jsou ocednské proudy, dostatek potravy morskych organismd, aj. [56]. Bylo zjisténo, Zze 70 az
80 % castic mikroplastl se usadi na morském dné a pripadné se stane soucdsti sediment(.
Zbyvaijici ¢astice zlstavaji soucasti povrchové vody [55, 57]. Obrazek 2 ilustruje mozny cyklus

mikroplastll ve vodnim ekosystému.
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Obrdzek 2: Schématicky model ilustrujici kolobéh mikroplastii ve vodnim prostredi. Prevzato

a upraveno dle [58].
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V morském prostfedi mizZe dochazet k degradaci mikroplast(, at uZ k biologické, fyzikalni,
nebo chemické (Obrazek 3). Degradace zahrnuje zménu velikosti a mineralizaci ¢dstic
mikroplastl — polymerni fetézec se rozkldda a molekulova hmotnost polymeru se snizuje [59].
Existuje mnoho faktord ovliviiujicich rychlost degradace, jednim z nich je typ mikroplastu —
rdzné mikroplasty maji rizné vlastnosti (krystalinitu, biologickou rozloZitelnost, odolnost vici
oxidaci, povrchové vlastnosti a rovnéz rlzné zbytkové monomery) [60]. Zejména
u nebiodegradabilnich mikroplastll ovliviuje rychlost degradace mira jejich interakce
s mikroorganismy tvoficimi na povrchu &astic biofilm [55]. Pravé tvorba biofilmu, jakoZto
ochranné vrstvy na povrchu ¢astic mikroplastd, pak vede ke zpomaleni degradace. Rychlost
degradace ovliviuji rovnéz komplexni podminky prostredi [59]. Nicméné, protoZe je k uplné
mineralizaci mikroplastd potfeba stovek let, jsou povazovany za relativné perzistentni
ve vodnim prostredi [61]. S neustale rostoucim problémem se znecisténim Zivotniho prostredi
plasty tak pritahuji stdle vétsi pozornost biodegradabilni plasty. Tyto nové materiadly jsou
v urcitych aplikacich povazovany za potencialni nahradu konvencnich plastd [62].

fotodegradace e et hydrolyza
termalni degradace IR SSSEtEe tern:’alne-:mdacm
i ok egradace
':‘:‘:::;‘:c';a 1. fyzikalni / & y
2. chemicka
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houby
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Kvali malé Faktory: 4 krystalinita A
velikosti a klesani 1. vzajemné biodegradabilita
ke dnu neni 99 % - — interakce MP povrchové vlastnosti
MP v morském 2. komplexni odolnost vuci oxidaci
prostiedi podminky zbytkové monomery
nalezeno. prostredi 4

1

Mikrobialni
degradace
vedouci
ke kompletni
mineralizaci.

svételné podminky
pohyb proudu
vodnich toku
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Obrdzek 3: Degradace mikroplastii ve vodnim prostredi. Pfevzato a upraveno dle [59].

3. Biodegradabilni plasty

Jako biodegradabilni polymery (BDPs) nebo biodegradabilni plasty jsou oznacovany materialy,
rozlozitelné na oxid uhlicity, methan, vodu a anorganické slouceniny, u kterych je prevladajicim

mechanismem rozkladu enzymatické puUsobeni mikroorganism(l. Mohou mit zaklad
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v obnovitelnych surovinach (bio-based), nebo mohou byt vyrobeny z petrochemikalii (fossil-
based), pfipadné se mlze jednat o smési (Obrazek 4) [63]. Biodegradabilni polymery na bazi
petrochemikalii jsou syntetické polymery s hydrolyzovatelnymi funkénimi skupinami (estery,
amidy a uretany) [30]. BDPs na biologickém zakladé (bio-based), tzv. bioplasty, jsou vyrobeny
z ptirodnich materidld pochazejicich z rostlin, zvifat, nebo mikroorganism(, jako jsou
polysacharidy (Skrob, celuldza, lignin a chitin), bilkoviny (Zelatina, kasein, pSeni¢ny lepek,
hedvabi a vina) a lipidy (rostlinné a Zivocisné oleje). Do této kategorie se radi i nékteré
polyestery produkované mikroorganismy nebo rostlinami, napf. polyhydroxyalkanoaty (PHA),
nebo syntetizované z biologicky odvozenych monomer( jako je kyselina mléénda (PLA). Tyto
materialy jsou vétSinou biologicky odbouratelné [64].

bio-based
i
z obnovitelnych zdroji i z obnovitelnych zdroji
biodegradabilni

bioplasty bioplasty

napr: bio-based PE, napr: PLA,
PET, PTT, PEF PHA, PBS,

Skrobové blendy
nebiodegradabilni ---===========-mmmmmem oo e e e e e e i biodegradabilni

konvencni plasty bioplasty

napr: PE, PP, PET, PS napr: PBAT, PCL

biodegradabilni

fossil-based

Obradzek 4: Schématické zndzornéni typ( plasti: osa x znaci biologickou rozloZitelnost, osa y pak pivod
monomeru, prevzato a upraveno dle [65]. Nebiodegradabilni bio-based plasty: polyethylen (PE),
polyethylen tereftaldat (PET), polytrimethylen tereftalat (PTT), polyethylen furanodt (PEF). Konvencni
plasty: polyethylen (PE), polypropylen (PP), polyethylen tereftaldt (PET), polystyren (PS).
Biodegradabilni bioplasty: polylaktid (PLA), polyhydroxyalkanodty (PHA), polybutylen sukcitndt (PBS),
skrobové blendy. Biodegradabilni plasty: poly(butylen adipdt tereftaldt) (PBAT), polykaprolakton (PCL).

Konvencni plasty vyrobené z ropy (fossil-based) jsou vétSinou nebiodegradabilni.
K usnadnéni jejich rozkladu se pridavaji aditiva. Jednim z moznych zpUsobl je zavedeni
antioxidantl do polymernich fetézcd. Antioxidanty reaguji na UV zafeni, které vyvolad
fotooxidaci. Biologicka rozlozitelnost takovych material( je nicméné naddle nizkd a povazuji se
proto za tzv. oxo-degradabilni polymery. Dal$i moZnosti, jak vyrobit oxo-degradabilni materidly
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je pFidani prooxidaénich pfisad zaloZenych na smésich kovd (napf. Mn2*, Mn3*) [64, 66]. Je
tfeba zminit, Ze biodegradabilni a oxo-degradabilni plasty jsou ¢asto nespravné zaménovany,
coz vede k celé radé nedorozumeéni.

Rovnéz je dulezité zminit, Ze ne vSechny bioplasty jsou biodegradabilni (napf. bio-based PE)
a naopak, Ze nékteré polymery vyrobené z ropnych produktl biodegradabilni byt mohou
(viz Obrazek 4) [63]. V zavislosti na zplUsobu degradace lze polymerni materidly dale
klasifikovat na hydrolyticky a enzymaticky odbouratelné polymery [66].

Prvni generace biologicky rozlozitelnych material(i sestavala ze smési polymert vyrobenych
z ropnych produktl s pfirodnimi materidly, jako je napt. Skrob. Ve vihkém prostiedi dochazi
k rozkladu Skrobu mikroorganismy, ale samotny plast rozlozen byt nemusi, nicméné muze
dochazet kjeho fragmentaci na mikrocastice, a tak i ke snazsi distribuci potencidlné
nebezpecénych ¢astic v prostredi [67]. Druhd generace zahrnovala plasty, u kterych mélo cilené
vloZeni esterovych skupin nachylnych k mikrobidlnimu rozkladu na polymerni kostru umoznit
biodegradaci [11]. Do této skupiny se fadi alifatické polyestery (kyselina polyglykolova, PBS
a PCL), aromatické kopolyestery (polybutylen sukcinat tereftalat) a polyvinylakohol [63]. Treti
generaci byl pak vyvoj biosyntetizovanych material(i [11]. Jedna se o polyestery monomerf
ziskanych fermentaci (semi-syntetické polymery) nebo produkovanych mikroorganismy, které
jsou kultivovany za rliznych podminek (mikrobialni polymery) [64].

Semi-syntetické polymery, jako je napf. polymlécnd kyselina neboli polylaktid (PLA,
Obrazek 5), Ize vyrobit z monomerUl vzniklych fermentaci sacharidd. PLA je syntetizovdn
z kyseliny mlé¢né produkované bakteridlni fermentaci Skrobu. Jedna se o materidl zcela
rozlozZitelny kompostovanim, nerozpustny ve vodé a degradovatelny mikroorganismy
pritomnymi v ekosystému [64, 68]. Biologickd rozloZitelnost PLA zavisi na podminkach
prostredi, ve kterém se polymer nachazi. Predpoklada se, Ze v télech Zivych organismi nejprve
podléhd hydrolyze za tvorby rozpustnych oligomert, které jsou dale metabolizovany. Podobné
je tomu i v Zivotnim prostredi, pfipadné i v kompostu, kde je PLA hydrolyzovadn na oligomery
s nizkou molekulovou hmotnosti. Ty jsou dale mineralizovany pfitomnymi mikroorganismy
na oxid uhli¢ity a vodu. Degradace PLA v pudé je pomala, v prostifedi kompostu mlze byt
hydrolyzovdn na mensi molekuly po 45 az 60 dnech pfi teploté 50 az 60 °C [69].

O
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Obrdzek 5: Chemickad struktura polylaktidu [70].

Kompostovatelny a biodegradabilni je i semi-aromaticky poly(butylen adipat tereftalat)
(PBAT, Obrazek 6). Tento polymer ma podobné vlastnosti (vysoka elasticita, odolnost proti
opotfebeni a ldmavosti, odolnost vici olejim a vodé) jako nizkohustotni polyethylen (LDPE).
Muze byt tedy zpracovan na konvencénim zafizeni pouzivaném pro zpracovani LDPE. Vyrabi se
polykondenzaci 1,4-butandiolu, kyseliny adipové a tereftalové [71].
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Obrdzek 6: Chemicka struktura poly(butylen adipdt tereftaldtu) [72].

Nejvice studii zamérenych na mikrobidlni polymery se zabyvd poly(B-hydroxyalkanodty)
(PHA), které predstavuji prirodni polyestery. Stdle vice pozornosti se vénuje polymerim
zaloZzenych na produkci pomoci bakterii [73]. PHA muZe fada bakterii akumulovat jako
intraceluldrni rezervni material. Nékteré organismy, maji-li bohaty zdroj uhliku a omezené
mnozstvi dusiku, mohou akumulovat PHA od 30 do 80 % suché hmotnosti biomasy [64].
VSechny PHA maiji stejnou konfiguraci s chirdlnim centrem na tfetim uhliku, coz je velmi
dulezité pro jejich fyzikdlni vlastnosti a enzymovou aktivitu zahrnutou v procesech biosyntézy
a biodegradace [74]. Obecny vzorec monomernich jednotek polyhydroxyalkanodatl je —[O-
CH(R)-CH2-CO]—-, v zavislosti na velikosti alkylového substituentu (R) se liSi mechanické
vlastnosti. Jedna se tak o rozmanité druhy material(i od pevnych a kiehkych pres pruzné plasty,
nebo silné houZevnaté elastomery [64]. PHA je skupinou zahrnujici vice nez 100 rlznych
alifatickych polyester(, které se radi mezi termoplasty s vlastnostmi podobnymi konvenc¢nim
plastim z petrochemického pridmyslu. K jejimu objeveni doslo diky jednoduchému
homopolyesteru, kterym je poly(3-hydroxybutyrat) [74, 75].

Poly(3-hydroxybutyrat) (P3HB, Obrazek 7) je pfirozené se vyskytujici polyester, ktery se
hromadi v bakteridlnich burikdch jako zdroj uhliku a energie [76]. Poprvé byl objeven roku 1925
francouzskym mikrobiologem Mauricem Lemoignem pti jeho praci s bakterii Bacillus
megaterium [67]. P3HB je za stresovych podminek vyvolanych nedostatkem Zivin produkovan
fadou jak gramnegativnich, tak i grampozitivnich bakterii (Pseudomonas sp., Bacillus sp.,
Methylobacterium sp.) [77]. Jedna se o hydrofobni materidl, vykazujici vysokou krystalinitu
(nad 50 %), vysokou teplotu tani (180 °C) a nizkou pruznost. Jeho zpracovani je komplikovano
tim, Ze se béhem jeho tani velmi rychle zkracuji polymerni fetézce, a tak dochdzi k negativnimu
ovlivnéni jeho mechanickych vlastnosti. To omezuje jeho moziné vyuziti v pramyslovém
méritku [78, 79]. ZlepSeni mechanickych vlastnosti P3HB lze dosdhnout pridavkem dalSich
polymer(, napt. PLA, tvorbou kopolymer( (napf. s kyselinou 3-hydroxyvalerovou za vzniku
polyhydroxybutyrat-ko-hydroxyvaleratu, PHBV), pfipadné pfidanim plastifikatora. Tato aditiva
ale mohou vyrazné zpomalit biodegradaci vysledného produktu [80, 81]. Proto se do téchto
smési nasledné pridavaji dalsi biodegradaci usnadnujici latky, jako napf. Skrob. Dalsi z nevyhod
P3HB jsou jeho vysoké vyrobni naklady. Ty Ize snizZit pouZitim odpadnich materidld (napf.
pouzity repkovy fritovaci olej), jako vstupni suroviny. Je moZné vyuZit i biomasu, odpadni
produkty z cukrovarnictvi, nebo hydrolyzat kdvovych sedlin [79, 82]. Nicméné i tak jsou naklady
nékolikandsobné vyssi nez u plastd na bazi ropnych produktt [83].
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- -n
Obrdzek 7:Chemickad struktura poly(3-hydroxybutyrdtu) [84].

Vzhledem k tomu, Ze P3HB slouZi v mikroorganismech jako zasobni energetickd molekula,
jsou mikroorganismy vybaveny depolymeriza¢nim systémem pro jeji vyuZziti, a to schopnosti
produkovat jak extracelularni, tak intracelularni enzym PHA depolymerazu. Degradace P3HB
zaCinad fotodegradaci zahrnujici termooxidacni degradaci, polymer kfehne a rozpada se
na mensi fragmenty, dokud polymerni fetézce nedosahnou dostatecné nizké molekulové
hmotnosti vhodné k metabolizaci. P3HB je mozné rozloZit i pomoci termdlni degradace,
spojenim termalni a chemické, pripadné termalni a mechanické degradace. Rovnéz mize
podléhat abiotické degradaci a biodegradaci [85].
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Obrdzek 8: Celosvétova produkce bio-based polymerti v roce 2022, prevzato a upraveno dle [86]. Bio-
based nebiodegradabilni: ostatni, polyethylen (PE), polyethylen tereftaldt (PET), polyamid (PA),
polypropylen (PP), polytrimethylen tereftaldt (PTT), biodegradabilni: poly(butylen adipdt tereftaldt)
(PBAT), polybutylensukcindt (PBS), polylaktid (PLA), polyhydroxyalkanodty (PHA), skrobové blendy
a celulézové filmy.

Znamy jsou i dalSi mikrobialni polyestery. Jednotlivé kultivaéni podminky, jako je pH,
teplota, koncentrace a zdroj uhliku, ale i druh mikroorganismi vedou k produkci rtznych
polymer( [87]. Biodegradabilni polymery mohou byt upravovany vétsinou modifikovanych
konvencnich technik ke zpracovani plastl. Uplatnéni nasly v medicing, zemédélstvi a jako
obalové materialy [64]. Obrazek 8 uvadi celosvétovou produkci bio-based polymertd za rok
2022 a je z néj patrné, Ze nejpopuldrné;jsi je PLA.
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4. Biodegradace mikroplastti

Obecné jsou mikroplasty fragmenty syntetickych plastovych materidld, nerozlozitelnych
za prirodnich podminek a nerozpustnych ve vodé. Vzhledem k Sirokému spektru rGznych
mikroplastll pfitomnych v Zivotnim prostfedi je jejich biologickd odbouratelnost
za asistovanych podminek brana v udvahu pfi studiu biotechnologickych procestl, jako je
biostimulace, bioaugmentace a enzymatickd biodegradace, a které lze nasledné vyuzit
pfijejich biodegradaci [88]. Syntetické polymery jako je PE, PP a PS degraduji velmi
pomalu [89]. V soucasnosti jsou klicové depolymerizacni enzymy podilejici se na rozkladu
téchto polymerl nezndmé a o mikrobidlni degradaci jejich mikroplastd a plastovych zbytk( je
k dispozici pouze malé mnozstvi informaci [90]. To samé plati i o odhadech tykajicich se doby
rozkladu téchto plastd [91].

Proces biodegradace polymer( Ize rozdélit do ¢tyr krokll — biodeteriorace, depolymerizace,
bioasimilace a mineralizace [92]. V prvnim kroku (biodeteriorace) dochazi k tvorbé
mikrobialniho biofilmu na povrchu d¢astic plastu, pfitomné mikroorganismy vyluu;ji
extracelularni enzymy katalyzujici depolymerizaci polymerniho retézce na oligomery, dimery,
nebo monomery. Povrchovou degradaci je tedy polymerni materidl fragmentovan na mensi
Castice. K jejich tvorbé mUiZe dojit i pomoci nebiologické hydrolyzy pfipadné oxidacnich a/nebo
fotolyznich reakci. Nasledné jsou béhem bioasimilace tyto malé molekuly pFijimany
do mikrobialni bunky, kde jsou pfeménény na primarni a sekunddrni metabolity. Ty jsou
nakonec mineralizovany na konec¢né produkty biodegradace: CO; (u aerobni biodegradace),
CO2 aCHa (v pripadé anaerobni biodegradace), H.0 a N2 [93, 94].

Mechanismus biodegradace ovliviiuji jak chemické, tak fyzikalni vlastnosti plastl a hraji
dllezitou roli v biodegradacnich procesech. Jsou to povrchové vlastnosti (plocha povrchu,
hydrofilni/hydrofobni vlastnosti), chemicka struktura polymeru, molekulovd hmotnost a jeji
distribuce, teplota skelného ptechodu, teplota tani, modul pruznosti, krystalinita a krystalicka
struktura [95]. Velky vliv na tvorbu biofilmu na povrchu ¢astic mikroplastl maji i podminky
prostfedi, a to zejména ve sladkovodnim a morském ekosystému. Tvorbu biofilmu pfimo
ovliviiuje pH, koncentrace Zivin, salinita, ale i ro¢ni obdobi, a tedy teplota, a nakonec
UV zareni [58].

5. Stanoveni mikroplastl

V prostredi Ize sledovat rlizné typy mikroplast(, proto jsou vyvijeny kvantitativni a kvalitativni
metody pro jejich stanoveni. Diky nim je pak mozné posoudit miru kontaminace rtznych lokalit
mikroplasty, pfipadné urcit schopnost mikroplasty zadriet [96, 97]. Analyza mikroplastu
ve vzorcich pochazejicich ze Zivotniho prostredi, jako je voda, sedimenty, plda, ale i biologické
tkané, je spojena s celou radou problému [98].

Jiz béhem odbéru vzork(l je dllezité identifikovat potencidlni zdroje kontaminace
a pripadné tak zajistit jejich odstranéni. Nasledné jsou v pripadé kapalnych vzorkd mikroplasty
Casto oddéleny flotaci, hustotni separaci nebo filtraci [99]. PGdni vzorky jsou nejprve vysuseny
a presitovany (doporucenad velikost ok je 5 mm) a nasledné je provedena izolace mikroplast(
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z pudni matrice, a to obvykle za pouziti hustotni separace [98, 100]. Organické slouceniny,
které by mohly byt pritomny ve vzorku a potencidlné narusovat stanoveni mikroplastl Ize
odstranit jejich rozkladem. U konvencnich plastu Ize diky jejich odolnosti pouZit silna oxidacni
¢inidla, nejcastéji peroxid vodiku [101], rovnézZ Ize pouzit enzymatickou degradaci [35].

Nasledné je tfeba vzorky identifikovat a kvantifikovat. Zasadnim krokem, kterym lze pfimo
a rychle zjistit povrchovou strukturu, je vizudlni identifikace. Mikroplasty je pak mozné
klasifikovat podle jejich charakteristik jako je velikost, tvar a barva. Lze je tak tfidit
do velikostnich skupin, ale i kategorii dle tvaru — vlakna, fragmenty, kulicky, péna a film [101].
Pouziti mikroskopie je jednoduché, rychlé a levné, nevyhodou je velkd chybovost — faleSné
pozitivni a negativni vysledky analyz [102]. Vizualni detekce je tedy nepfesna a meéla by byt
kombinovana s jinymi metodami. Jiz pouze kombinaci se spektrofotometrickymi metodami
(FTIR a Ramanova spektroskopie) je mozné definitivné potvrdit pritomnost a identitu castic
a jejich polymerni typ. FTIR je moZné poutZit pro ¢astice <10 um, pro ¢astice <1 um se pak
pouzivd Ramanova spektroskopie, kterd je ale vhodna pouze pro materidly odoldvajici
fotodegradaci, napf. PVC [98]. Hlavni nevyhodou téchto technik je jejich ¢asovd ndrocnost,
mald reprezentativnost, robustnost a nezbytna priprava vzorku. Zpresnéni analyzy je moiné
dosdhnout vyuzitim elektronového mikroskopu [98, 103].

Stdle castéji jsou vyuzivany destruktivni analytické metody zalozené na pyrolyze vzorku.
Ty maji potencial pfekonat nevyhody mikroskopickych metod, a to jak pfi pfiprave vzorku, tak
v umoznéni semi-kvantitativnich az kvantitativnich analyz [104]. Dobfe zavedenou metodou
pro stanoveni mikroplastd je pyrolyzni plynovd chromatografie s hmotnostné-
spektrometrickou detekci (Py-GC-MS) [103]. Tato technika eliminuje potrebu predpfipravy
vzorku, protoZze zkouma primo vzorek pevného polymeru a Ize ji pouzit k soucasné identifikaci
typu polymerl vcetné jejich organickych prisad [98]. Dalsi vhodnou analytickou metodou
ke stanoveni mikroplastli ve vzorcich pady je termogravimetrie (TG) [104].

Rovnéz jsou vyvijeny metody pro kvalitativni a kvantitativni analyzu ¢astic biodegradabilnich
polymer(, které mohou byt kvili své pomalé a nedokonalé degradaci také zdrojem velkého
mnozstvi mikroplastl v Zivotnim prostredi. Je zndma metoda zaloZena na propanolytické
a hydrolytické depolymeraci plastového materidlu a stanoveni vzniklych produktli pomoci
iontové chromatografie, vyuzivd se pro stanoveni P3HB a polyhydroxyvalerdtu (PHV)
v aktivovaném kalu [105]. Pro stanoveni PLA byla vyvinuta metoda vyuZzivajici Py-GC-MS [106].

Problematickd je i analyza mikroplastl pozitych drobnymi Zivymi organismy jako je
zooplankton, a to jednak kvali nizké koncentraci, tak velikosti ¢astic [107, 108]. Metody
pouzivané pro kvantifikaci mikroplastd zahrnuji fluorescencni znaceni mikroplastl
kombinované se spektrofotometrickymi technikami [107, 109, 110], stereo-mikroskopické
techniky [111-121], stanoveni objemové koncentrace castic pomoci analyzator( velikosti
Castic [122], gravimetrické metody [121], vySetfeni obsahu stfev organismi [116, 123], nebo
Py-GC-MS [124]. Mnohé z téchto metod vSak mohou mit vyznamna omezeni -
napf. fluorescenéni znaceni mlize vést k vymyvani barviva v télech organismu. Tento fakt maze
vést k falesné pozitivnim vysledkim. Pfi vizudIni kontrole mohou byt nékteré castice
prehlédnuty a pfi pouziti metod digesce k ziskani mikroplast( ze strev, ptipadné pfi rozkladu
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celych organism( muZe potencidlné dochazet ke ztraté ¢asti mikroplastll, a to zejména u méné
odolnych biodegradabilnich mikroplastt [118, 125].

6. Vliv mikroplastli na akvatické organismy

Mikroplasty mohou mit velmi odlisné typy ucinkd na slozky Zivotniho prostfedi (Obrazek 9).
U¢inky na vodni organismy jsou pozorovatelné pfi vysokych koncentracich mikroplast
v akvatickém ekosystému. Malé rozméry ¢astic umoznuji jejich poziti Zivymi organismy a tim
jejich akumulaci v potravnim fetézci. PoZiti mikroplastli organismy vede k omezeni pfijmu
potravy a nasledné ke snizeni energetickych zasob, ¢imz jsou ovlivnény i dalsi fyziologické
funkce [33, 126]. MnoiZstvi morskych ZivocCichli Zije prisedle na udlomcich plastd -
mikroorganismy, ale i vétsi organismy kolonizuji povrch plastovych Glomki. Tyto organismy
mohou byt spolu s plasty prenaseny na velké vzdalenosti do neplvodnich stanovist [33]. Ackoli
vétSina studii byla doposud zamérena predevSim na ekologicky problém kontaminace
morskych ekosystému plasty, nékteré nedavné vyzkumy zdlraznily, Ze jsou stejné zavaznym
environmentalnim rizikem i pro sladkovodni ekosystémy [127].

molekularni organismalni uroven
uroveri urovefi ekosystémii
vliv na: troficky transfer
oxidaéni stres o .
pfijem potravy pfenos
. rust nepuvodnich
genova exprese . .
chovani druhd
reprodukci na hova
preiiti stanovisté

Obrdzek 9: Vliv mikroplasti na vodni biotu. Prevzato a upraveno dle [59].

Vzhledem ke svym vlastnostem jsou mikroplasty schopné adsorbovat hydrofobni latky, jako
jsou perzistentni organické polutanty, pfitomné ve vodnim prostredi. Ty pak mohou byt spolu
s Casticemi mikroplastl prenaseny na dlouhé vzdalenosti. Takto zprostifedkovany transport tak
muze zvySit mobilitu téchto latek [128, 129]. Vzhledem k tomu, Ze koncentrace polutantt
nasorbovanych na ¢asticich mikroplastd mlze byt o nékolik radd vyssi nez v okolni vodé a ze
mikroplasty jsou pfijimany Sirokou Skalou organism0, muizZe dochazet i ke zvySenému prijmu
téchto polutantl vodnimi organismy [130]. Nasledné muze v télech organismU dochazet k
uvoliovani nejenom téchto latek, ale i chemickych aditiv pfidavanych ke zlepSeni vlastnosti
plastl (plastifikatory, retardéry hofeni, tepelné stabilizatory, aj.). Mimo potencidlnich fyzickych
dopadl po poziti mikroplastt tak mlze dochdzet i k nepfiznivym ucinkiim na zdravi organismi
[126, 131]. Ekotoxikologické studie zabyvajici se mikroplasty se proto zaméruji na dva typy
latek —na chemickeé latky samotného polymeru a jeho pfisad, a na chemické latky nasorbované
na povrchu mikroplastd z okolniho prostredi (polychlorované bifenyly, kovy, aj.). Tyto latky
mohou byt toxické, mutagenni, nebo plsobit jako endokrinni disruptory [132].
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VétsSina zdjmu o mikroplasty a jejich vliv na vodni spolecenstva se soustfedila predevsim
na Zivé organismy. Rostlinné organismy byly do znacné miry zanedbdvany, i kdyz hraji
v ekosystémech Ustredni roli, a to jak troficky, strukturné, tak funkéné [133, 134]. Mimo to
rostliny, jakoZto organismy na rozhrani mezi abiotickymi a biotickymi slozkami ekosystému,
prebiraji dllezitou roli systém( véasného varovani. Tyto systémy jsou nezbytné pro vcasné
zachyceni kontaminace s potencidlem omezit tak biomagnifika¢ni procesy jak v potravnim
retézci, tak v Zivotnim prostredi [135]. Ceschin a kol. [127] uvadi, Ze hlavnimi fytotoxickymi
ucinky mikroplasti jsou inhibice fotosyntézy, omezeni rdstu vyhonkl a kofenU a rovnéz
respiracnich aktivit. K tomu pravdépodobné dochazi kvali adsorpci mikroplasti na povrsich
rostlin a tim tvorbé fyzické blokady pro svétlo a vzduch.

Mikroplasty s nizkou hustotou jsou distribuovany v hornich vrstvach pomalu tekoucich vod,
kde se Casto setkavaji s pleustofyty, vodnimi rostlinami volné plovoucimi na hladiné, které maji
koreny a spodni plochu v pfimém kontaktu s vodou. Velmi rozsitenymi pleustofyty jsou okfehky
(Lemnaceae), které, i kdyz se vyznacuji velmi drobnou vegetativni ¢asti, jsou schopny vytvorit
plovouci rostlinny povrch, ktery mGze snadno zachytit plastové ¢astice v pomalu tekouci vodé
jezer, rybnikd, mensich vodnich nadrzi, kanal(, ale i fek [127, 136]. Vzhledem k tomuto faktu
by mohly byt tyto rostliny pouZity pro odstranovani plasti z vodniho prostredi fytostabilizaci.
Ta zahrnuje stabilizaci a vazbu kontaminantu adsorpci na listy a kofeny, ¢imz se snizi jeho
disperze ve vodé. Mulze to byt zplsobeno elektrostatickymi silami celulézovych slozek
rostlinnych bunék, které mohou pritahovat mikroplasty a jejich adsorpce je usnadnéna
drsnosti rostlinnych povrchu, které poskytuji mnoho mist pro plastové c¢astice. DuleZitou roli
muze hrat i povrchova morfologie rostlin — u fas plati, Ze ¢im sloZitéjsi je povrchova struktura
stélky, tim vétsi je jejich schopnost zachytit mikroplasty [127, 137].

Prvni studii, kterd se zabyvala ucinky mikroplastli pfitomnych v akvatickém ekosystému
na biotu, proved| roku 2008 Brown a kol. [138]. Zabyvali se translokaci ¢astic mikroplastt
ze strev do obéhového systému organismu mlze Mytilus edulis (Slavka jedld). Pocet
provedenych studii roste od roku 2012, nejc¢astéji jsou zaméreny na morské Zivocichy, a to
od drobnych korysl, pres ryby aZ po savce a ptaky. Biotesty se sladkovodnimi organismy
vyuzivaji pfedevsim drobné koryse (Daphnia magna) a ryby (Danio rerio). Sledovany jsou rlizné
ekotoxikologické efekty, jako je mortalita, vliv na reprodukci, neurotoxické ucinky,
biotransformace enzym(, genotoxicita, fyzické zmény, zmény v chovani, oxidacni stres nebo
cytotoxicita [139].

Vlivem PE a PET mikroplastd pfipravenych ze ¢ty komercénich produktl se zabyvali Kokalj
a kol. [112]. Organismy D. magna a Artemia franciscana byly exponovany casticim o velikosti
0,02 az 200 um v koncentraci 100 mg:I"1. Ve vech pfipadech byly ¢astice mikroplastd nalezeny
ve vnitfnostech testovacich organism0. Zatimco u organismu D. magna nebyly pozorovany
zadné akutni ucinky, u A. franciscana doslo k inhibici rastu. Akutnim vlivem PET mikrovlaken
v koncentraénim rozmezi 12,5 az 100 mg-It na kory3e D. magna se zabyvalii Jemec a kol. [116].
Mortalitu pozorovali pouze v pfipadé, kdy nebyly organismy pred testem nakrmeny. Nicméné
vysledky jejich pozorovani ukazaly, Ze organismy D. magna byly schopny pozfit nejen kratka
vldkna o délce 300 um, ale i ta velmi dlouhd (1400 um). Akutni vliv sekunddrnich PET
mikroplastll o velikosti <53 um nezaznamenali ani de Castro a kol. [140], nicméné béhem
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chronického testu pozorovali snizeni a zpozdéni reprodukce, mikroplasty rovnéz pfilnuly
k télesnym schrankam organismu Daphnia similis, coz zpUsobilo zmény v jejich chovani.

Rehse a kol. [141] se zabyvali vlivem PE mikrocastic ve dvou velikostnich frakcich 1 az 4 um
a 90 az 106 um a Sesti koncentracich v rozmezi 12,5 aZz 400 mg-I"t na organismus D. magna.
Po 96hodinové expozici pozorovali u mensich ¢astic narlist imobilizace organism0 se zvySujici
se davkou a ¢asem, vétsi ¢astice nemohly byt organismem poZity, a pravdépodobné proto
nevyvolaly zZddné pozorovatelné ucinky. Vlivem poZziti PE mikrocastic (63 az 75 um, 25 az
100 mg-I't) na organismus D. magna se zabyvali i Caniff a kol. [113]. Nepozorovali Zadny
vyznamny Ucinek na prezZiti a reprodukci. Navic se zabyvali i vlivem téchto ¢astic na rlist fasy
Raphidocelis subcapitatus, béhem 5denniho testu zjistili, Ze prfitomnost PE ¢astic o koncentraci
130 mg-I"t v médiu vedla ke stimulaci rdstu rasy.

Uginkem PE mikroplastl o velikosti 1 az 10 pm na 3 rdzné druhy perlooéek (D. magna,
Daphnia pulex a Ceriodaphnia dubia) se zabyvali Jaikumar a kol. [142]. Provedl|i prodlouzeny
akutni test (72 a 96 h) a sledovali i vliv teploty (18, 22 a 26 °C) jako dalSiho moZného stresoru.
U druhl D. magna a D. pulex citlivost organismU s teplotou prudce vzrostla a mikroplasty mély
pro oba druhy podobny ucinek na mortalitu, u C. dubia byla reakce stabilni napfic teplotami,
ale mikroplasty pro né byly toxic¢téjsi. Mortalita byla silné zavisld na ¢ase a vzrostla
po 48hodinové expozici. Nasledné provedli se stejnymi druhy korys( i studii porovnavajici
chronické ucinky téchto mikroplastl. Vysledky ukdzaly inhibici reprodukce viech sledovanych
druh( v zavislosti na ddvce. Citlivost druhU rostla se zmensujici se velikosti téla — C. dubia byl
nejcitlivéjSim druhem, D. magna pak nejméné citlivym druhem [143].

Akutni a chronicky vliv PS mikrocastic o velikosti 6 um na rizné staré organismy sledovali
Eltemsah a Bghn [144]. Organismy mladsi 24 h a dospélé jedince ve véku 9 dni druhu D. magna
vystavili PS mikrokuli¢ckdm v koncentracich 5 az 300 mg-It. BEhem 48 h nebyla pozorovana
akutni toxicita, avSak do 120 h doslo ke zvySeni mortality, pficemz mladsi organismy byly cca
0 50 % citlivéjsi. Chronicky test byl proveden v koncentraénim rozmezi 5 az 100 mg-1%. | v tomto
pripadé byly mladsi organismy citlivéjsi — doslo k mirnému zvySeni mortality oproti kontrole,
snizeni rstu a ovlivnéni reprodukce. Devitidenni organismy nevykazovaly zvySenou mortalitu
a byla u nich pozorovana stimulace reprodukce oproti kontrole, s rostouci koncentraci
mikroplastl klesala rychlost rlistu a velikost tél potomkd.

Ucinkem PS mikro¢astic na organismus D. magna se zabyvala i prace De Felice a kol. [114],
ve které byly pouZity ¢astice o velikosti 1 a 10 um v koncentracich 0,125 aZ 12,5 mg-I™. U obou
velikosti ve vSech koncentracich byl pozorovan vyskyt ¢astic PS v zaZivacim traktu testovacich
organismul, a to i po 96 h od konce testu, kdy byly organismy umistény v Cistém médiu.
V nejvyssi koncentraci byla zaznamendna stimulace rlstu, zvySeni plavecké aktivity a zmény
ve fototaktickém chovani. Rovnéz doslo ke zvySeni reprodukéni aktivity. Zménu v plavecké
aktivité Ize vnimat jako snahu organismu odplavat z kontaminovaného prostredi, pfipadné jako
pokus zbavit se nezadoucich ¢astic, stimulaci reprodukéni aktivity je pak mozné vylozit jako
usili organism( v nepfiznivém a znecisténém prostiedi investovat zbylou energii namisto
do preziti, do zachovani rodu. Byly tak ovlivnény vlastnosti a chovani koryse D. magna, které
mohou potencidlné vést knegativnim dopadlim na populaéni dynamiku tohoto
zooplanktonického druhu.
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PS mikrocasticim o velikosti 1 az 5 um vystavil organismus D. magna i Bosker a kol. [145],
10denni jedince umistil po 10 organismech do Cistého média. Rozvinutou populaci po 30 dnech
exponoval po dobu 21 dni mikroplastidm. Pozoroval vyrazné nepfiznivé ucinky na populaci,
tj. snizeni poctu jedincl i jejich celkové biomasy. Tento fakt muze, vzhledem k vyznamu
organismu D. magna v potravnim retézci, mit dopad na fungovani sladkovodniho ekosystému.

Martins a Guilhermino [146] provedly studii transgeneracnich ucink( ¢astic mikroplasta
o velikosti 1 az 5 um na 4 generace organismu D. magna. Monitorovana byla mortalita
materskych organismd, jejich rlst a reprodukce, véetné rychlosti rastu populace. Koncentrace
0,1 mgl?! vedla k10 az 100% mortalité, u dalSich sledovanych parametrd doslo k jejich
vyznamnému zhorSeni napfi¢ jednotlivymi generacemi. Vysledky této studie naznacuiji,
Ze zotaveni organismu D. magna z chronické expozice ¢asticim mikroplast(i muze trvat nékolik
generaci a Ze nepretrzita expozice po celé generace mlze vést az k vyhynuti populace.

Uginky nebiodegradabilnich PE a PS srovnali sucinky biodegradabilniho
polyhydroxybutyrdtu (blize nespecifikovano) v ekologicky relevantnich koncentracich
Zebrowski a kol. [147]. Sledovali vliv téchto polymer(i ve formé mikrocastic o velikosti 23 az
27 um na tfi rGzné dvojice blizce pfibuznych planktonnich druhd rodu Daphnia: D. pulex
a D. magna, D. magna a Daphnia galeata, D. pulex a D. galeata. Vysledky ukazaly, Ze kazdy typ
mikroplastu ma jiny vliv na populaci daného druhu; v pritomnosti PE a PS doslo ke sniZeni
poctu jedincl odolnéjsiho druhu v kazdé ze tfi dvojic, coz bylo alespon ¢astecné zplsobeno
mortalitou  materskych  organismid, nikoliv reprodukéni  aktivity. V pfitomnosti
polyhydroxybutyrdtu doslo ke zvySeni hustoty populace organismu D. magna na Ukor ostatnich
druh(. Pritomnost mikroplastll rovnéZz ovlivnila rychlost eliminace podfadného druhu.
Vysledky tedy naznacuji, Ze dlouhodoba expozice ekologicky relevantnim koncentracim jak
biodegradabilnich, tak nebiodegradabilnich mikroplastli maze ovlivnit hustotu populace spolu
s druhovym zastoupenim ve spolecenstvech zooplanktonu, a tim i fungovani vodnich
ekosystému.

Subletalni efekt a vliv na ptijem potravy organismu D. magna v pritomnosti mikrocastic
polyhydroxybutyratu a PLA, ale i konvencnich plastd sledovali Savva a kol. [148]. Organismy
mladsi 24 h byly vystaveny jak samotnym mikrocasticim, tak i jejich vyluhtim. Vysledky ukdzaly,
Ze negativni UCinky samotnych biodegradabilnich mikrocastic byly 5krat vyssi nez ucinky
vyvolané jejich vyluhem. Zaroven byl jejich ucinek byl vyraznéjsi nez u konvencnich
mikroplastl. Chronickym uc¢inkem PLA, PVC a polyuretanu (PUR) v porovnani s pfirodnim
kaolinem na organismus D. magna se zabyvala studie autor(i Zimmermann a kol. [149]. PouZzity
byly ¢astice mensi nez 59 um v koncentracich 10 az 500 mg:I'1. Ze studie vyplyva, Ze vSechny
3 typy mikroplast negativné ovlivnily testovaci organismy, pricemz nejvétsi vliv na reprodukci
byl zaznamenan u PVC, nejvyssi mortalitu pak zplsobovala pfitomnost PLA. Ze studie tedy
vyplyva, Ze bioplasty a biodegradabilni plasty tak mohou vyvolat negativni ucinky jako
konvencni materialy.

Studie zabyvajici se ucinky mikroplastt na sladkovodni rostliny jsou stdle vzacné a tykaji se
velmi malého poctu druhd, jsou to napf. mikrofasy rodu Scenedesmus a Chlorella a nékteré
rostliny jako je Lemna minor a Myriophyllum spicatum. Nékteré z téchto studii vSak ukazuji,
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Ze obecné jsou rostliny ovlivnény pouze tehdy, jsou-li koncentrace mikroplastl vyssi, neZ je
v Zivotnim prostredi bézné [127].

Vlivem PS mikroplastd na sladkovodni fasu Chlorella pyrenoidosa se zabyvali Mao
a kol. [150]. Sledovali u&inky ¢astic o velikosti 0,1 a 1 um v koncentracich 10 az 100 mg-I?!
po dobu 30 dni. Od pocatku expozice do rané exponencialni faze rlstu pozoroval nepfiznivé
ucinky zdavislé na ddvce: inhibice rdstu, snizeni fotosyntetické aktivity a fyzické poskozeni
bunécénych struktur. Mechanismy ucink( Ize pfipsat fyzickému poskozeni a oxida¢nimu stresu.
Po adaptaci ras na prostredi, béhem konce exponencidlni faze ristu a stacionarni faze, doslo
ke stimulaci rlstu, zvySeni fotosyntetické aktivity a uzdraveni bunécnych struktur. Wu
a kol. [151] se zabyvali vlivem PP a PVC mikrocastic na fotosynteticky systém fasy
Ch. pyrenoidosa a sinice Microcystis flos-aquae. V nizsich koncentracich (5 az 10 mg-I"!) doslo
ke zvySeni fotosyntetické aktivity vlivem snahy organisml odoldvat stresu, ve vyssich
koncentracich (50 aZ 500 mg:I™) byl pozorovan negativni Gcinek. Rasu Chlorella vulgaris
vystavili PS mikroplastiim o velikosti 0,5 um Tunali a kol. [152], u vy$Sich koncentraci (50 aZ
1 000 mg-I"t) pozorovali vyznamnou inhibici rdstu a snizeni obsahu chlorofylu a. Mira inhibice
s Casem klesala. Studie zamérené na fasu Chlamidomonas reindhardtii ukazuji, ze PS a PVC
mikro¢dstice mohou negativné ovlivnit nejen rust, ale i koncentraci chlorofylu a [153, 154].

Vlivem mikrokuli¢ek PE z kosmetickych produktl v koncentracich 10 az 100 mg-I?
na sladkovodni rostlinu L. minor se zabyvala prace Kalcikové a kol. [136]. Specifickd rychlost
rastu ani obsah chlorofylu a a b nebyly po 7dennim experimentu ovlivnény. Mechanické
korenovych bunék. Stejného vysledku po expozici rostliny L. minor PE mikro¢asticim dosahli
i Mateos-Cardenas a kol. [155], navic uvadi, Ze PE mikroplasty se mohou adsorbovat
na povrchu rostliny. Uvedené vysledky potvrzuje u rtiznych typ( mikroplastl i prace Rozman
a kol. [156]. Ve své dalsi praci Rozman a kol. [157] rovnéZ zmifuje, Ze k negativnimu vlivu
na specifickou rychlost rlstu, obsah chlorofylu, celkovou antioxidacni kapacitu (TAC), aktivitu
elektronového transportniho retézce (ETS) a obsah energeticky bohatych molekul nedoslo ani
po 12tydenni expozici rostliny L. minor PE mikroplastim.
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CiL DISERTACNI PRACE

Jak vyplyva z prfedchazejicich ¢asti, v soucasnosti roste zajem odborné i laické verejnosti
o poznatky tykajici se vlivu mikroplast(, at uz konvencnich nebo biodegradabilnich, na Zivotni
prostfedi a na Zivé organismy. Je tomu tak proto, Ze plasty stdle vice kontaminuji Zivotni
prostfedi, vnémZ mohou degradovat a fragmentovat na malé c¢astice. Jak bylo jiz také
zminéno, mikroplasty mohou vznikat i pouZivanim biodegradabilnich plastd, které jsou
povazovany za ekologi¢téjsi variantu oproti konvenénim plastlim. Vznik mikroplastU je v tomto
pfipadé predevsim duUsledkem nedokonalého nebo zpomaleného rozkladu, a to predevsim
v situaci, kdy neni dosazeno optimalnich podminek pro biodegradaci. Studie zabyvajici se
problematikou mikroplastll z biodegradabilnich plastl prozatim nepfinesly jednoznacné
odpovédi tykajici se jejich mozného vlivu na Zivé organismy. Navic, stavajici studie se ve vétsi
mite zaméruji na akutni ucinky. Autofi praci dosli ve vétsiné pripadud k zavérlim, Ze mikroplasty
nemaji zadny, nebo jen velmi maly akutni dopad na testovaci organismy. Proto je pro posouzeni
dopad(l na ekosystémy nezbytné se zaméfit na chronické, pripadné pak multigeneracni testy.
Rovnéz je také dulezité se nezabyvat pouze béiné sledovanymi parametry, jako je mortalita,
inhibice, rychlost rlstu nebo reprodukéni schopnosti testovacich organism(, ale zamérit se i
na dalsi ekotoxikologické ukazatele, poukazujici na efekty na suborganismalni Urovni jako jsou
napr. biomarkery oxida¢niho stresu.

Studii zabyvajicich se chronickym vlivem mikroplastl, a to jak konvencnich, tak
biodegradabilnich, je tedy zatim velmi malo na to, aby Slo délat jakékoliv zavéry o jejich vlivu
na Zzivé organismy zdlouhodobé perspektivy. JestliZe nahrada konvencnich plastd
biodegradabilnimi povede k rychlejSimu vzniku mikroplast(, jak predpovidaji néktefi autofi
[80, 158], je velmi duleZité zabyvat se potencidlnimi vlivy biodegradabilnich mikroplast(
na vSechny slozky Zivotniho prostredi.

Tato prace se snazi prispét k pochopeni vysSe zminénych problému. Z téchto davodl byly
pro vSechny experimenty uvedené v této disertacni praci zvoleny mikroplasty na bazi P3HB, tj.
biodegradabilni plast, ktery si ziskdva stale vétSi pozornost a popularitu. V nékterych
experimentech byl pro srovnani pouzit také konvencni PET, jako zastupce
nebiodegradovatelnych polyester(. V préci byl sledovan vliv téchto mikroplastl na vybrané
organismy sladkovodniho ekosystému z fad producentl a konzument(i — fase Desmodesmus
subspicatus, rostliné Lemna minor a korysi Daphnia magna. Vychozimi metodikami pro tuto
praci byly odpovidajici normy vyuZivané ke stanoveni ekotoxicity pomoci prislusnych biotestt
(OECD). Za statisticky vyznamné rozdily ve srovndni s kontrolou povazujeme ty, u kterych p-
hodnota pti pouZiti Dunnetova testu byla mensi 0,05. Dalsi kapitolou prace jsou pak vybrané
analytické metody vhodné ke stanoveni mnoZstvi mikroplastl pozitych Zivymi organismy.

Z vySe uvedeného textu a literarni reSerse tedy vyplyvaji dil¢i vyzkumné otazky:

= 01: Vyvold pritomnost biodegradabilnich mikroplastl P3HB negativni efekt
u sladkovodni rostliny L. minor?

»  02: Bude v pfitomnosti P3HB mikroplastl pozorovan vliv na rast fasy D. subspicatus?

= 03:Je mozné stanovit mikroplasty pozité drobnymi planktonnimi organismy bez jejich
extrakce pripadné digesce organismu?
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®  04: Ovlivni pfitomnost P3HB mikroplastl negativné organismus D. magna?

V nasledujicich kapitolach jsou diskutovany vysledky dosazené béhem doktorského studia
autorky této prace. Cast vysledkd jiz byla publikovana, ¢ast bude publikovéna v nejblizéi dobé
(viz ptilohy na konci této prace) a ¢ast dosazenych vysledkl nelze pro publikaci pouzit ale jsou
zde uvedeny pro podporu nékterych tvrzeni. Uéelem nasledujiciho textu je informovat étenare
o vysledcich disertacni prdce a zaroven predstavit myslenkové postupy, ziskané zkuSenosti
a rlizné pristupy, které byly zkoumany.

Presto, Ze experimenty byly provadény vyhradné autorkou disertaéni prace, nasledujici text
je psan v plurdlu. Je tomu tak proto, Ze nékteré uvadéné myslenky a zavéry jsou vysledkem
spolec¢né diskuse vice autorll a konkrétniho autora je tak nékdy tézké urcit.
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DISKUZE VYZKUMNYCH OTAZEK

1 Vyzkumnda otazka 1: Vyvola pritomnost biodegradabilnich mikroplastd P3HB
negativni efekt u sladkovodni rostliny L. minor?

Mozny negativni efekt mikroplastll P3HB na sladkovodni rostlinu L. minor, jakoZto zastupce
producentl sladkovodniho ekosystému, byl sledovan prostfednictvim ekotoxikologickych
experimentll na zakladé literarni reserse (viz vyse) a bézné pouzivané normy pro testovani vlivu
chemickych latek na tuto rostlinu OECD No. 221 [159]. Pfedchozi studie uvadi, Ze pritomnost
konvencnich mikroplastd muze ovlivnit rdst a vyvoj rostlin z ¢eledi Lemnaceae [127, 160].
Rovnéz uvadi, Ze pfirodni materidly jako napf. mikroc¢astice dfeva nebo celulézy nemaji
na rostlinu L. minor zadny vliv [161]. Z toho tedy vyplyva, Ze nejprve byly provadény akutni
testy z jejichz vysledk( pak vyvstaly dalSi otazky a hypotézy, a ty byly ddle ovérovany.

Jak je uvedeno v Priloze A, ¢asti 2.1 Priprava mikroplastt, byly P3HB mikroplasty nejprve
za mokra presitovany na ocelovych sitech o velikosti ok 63 a 125 um a nasledné byly obé
velikostni frakce (mikroplasty <63 um a 63 az 125 um) suseny za laboratorni teploty v digestofi.
DulezZité je zminit, Ze (jak je uvedeno v Priloze A, Obrazek S1 a S2, Supporting information)
vySe zminéna velikost ¢astic neodpovida presné velikostem <63 um a 63 az 125 um. Je tomu
tak proto, Ze Castice mikroplastll nebyly pred sitovanim oddéleny, jako tomu bylo ddle
pfi pfipravé suspenzi (Pfiloha A, ¢ast 2.2 Design experimentu). V ndsledujicim textu jsou
nicméné velikostni frakce P3HB mikroplastl oznacovany jako Castice <63 um a Castice
<125 um, a to kvili jednodussi a prehlednéjsi orientaci.

Studium kratkodobého vlivu mikroplasti P3HB na rostlinu L. minor

Vzhledem k tomu, Ze zatim nebyl publikovdn Zadny standardizovany nebo zdvazny postup
pro testovani ekotoxicity mikroplastll, vyuzili jsme nékolik ,tradi¢nich” pfistupl pro expozici
rostliny L. minor mikroplastdm P3HB: tj. sledovali jsme vliv (i) suspenze mikroplast(i P3HB
(bez vymény po celou dobu testu), (ii) s vymeénou suspenze béhem testu podle Li a kol. [162],
(iii) vyluhu z mikroplastd P3HB a (iv) metodou pfimého navdieni mikroplastli P3HB
do testovaci nadoby (kvili povrchovému napéti zlstaly nékteré nedostateéné smacené Castice
P3HB plavat na hladiné). Prfesné postupy jsou popsany v Priloze A, ¢ast 2.2 Design
experimentu, zde jsou uvedeny pouze ve zkratce: na zakladé vyse uvedené normy OECD
No. 221 [159] probihaly experimenty za kontrolovanych podminek (teplota 24 + 1°C,
fotoperioda 16:8 svétlo:tma, svételna intenzita 4200 Ix) po dobu 7 dni. Sledovan byl vliv dvou
velikostnich frakci P3HB, ato Castic <63 um a ¢astic <125 um v koncentracich 0, 10, 50
a 100 mg-I"t v suspenzi/vyluhu na specifickou rychlost ristu, obsah fotosyntetickych pigment(
a délku korene rostliny L. minor. Abychom zjistili, zda néjaky efekt nemd i samotna
biodegradace P3HB, byly vysledky porovndvany s efektem vyvolanym pfitomnosti PET
mikroplastll o stejné velikosti a ve stejnych koncentracich, v tomto pripadé byla ale testovana
pouze suspenze. Dlvodem pro pouziti PET mikroplastl byly jednak podobné fyzikalné-
chemické vlastnosti jako ma P3HB (hustota, smacivost) a také to, Ze se jednda o material
ze skupiny polyesterua.
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Ziskané vysledky ukdzaly, Ze specifickd rychlost rlstu byla negativné ovlivnéna pouze
pfi testu s vyluhem pfipravenym z mikroplastl P3HB, tj. ve varianté (iii). Tento efekt byl navic
zavisly na koncentraci P3HB ve vyluhu: vyluh pfipraveny z mikroplastl P3HB v koncentracich
10, 50 a 100 mg-I"t zpGsobil inhibici ristu 4,7 %, 4,0 % a 16,0 % u ¢astic<63 um a 2,8 %, 7,6 %
a 17,7 % pro C&astice <125 um. Ke statisticky vyznamné inhibici tedy dochazelo pouze
v nejvyssich koncentracich (Pfiloha A, Obrazek 1). Rovnéz nebyl v Zddném pripadé pozorovan
negativni vliv na obsah zkoumanych fotosyntetickych pigmentl (chlorofyly, karotenoidy)
v listech rostliny L. minor ve srovnani s kontrolou (Priloha A, Obrazek 2 a 3). Predpokladame,
Ze zanedbatelny vliv pfitomnosti suspenzi mikroplastl P3HB na rust rostliny L. minor a obsah
fotosyntetickych pigmentl v listech muiZe byt zplsoben omezenym kontaktem castic
s rostlinnou. ProtoZe P3HB md hustotu vyssi, neZ je hustota vody (pfiblizné 1,23 g-cm) [61],
klesa rychle ke dnu a zanechdva rostliné dostatek plochy potfebné pro rlst. Z vysledkd testu
tedy vyplyva, Ze nebyl pozorovan Zadny vyznamny negativni efekt pfitomnosti mikroplastt
P3HB na rostlinu L. minor béhem akutnich testu.
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Obrdzek 10: Porovndni délky kofent rostliny L. minor po 7denni expozici mikroplastii P3HB <63 um,
vpravo kontrolni oSetfeni, vlevo nejvyssi testovand koncentrace (100 mg-I). Viastni fotografie.

Nicméné, bylo pozorovano, Ze pfitomnost mikroplastti P3HB ovlivnila rlst kofene ve smyslu
prodlouZeni jeho délky v porovnani skontrolou (Obrazek 10). Tento efekt byl zavisly
na koncentraci mikroplast P3HB, tj. s rostouci koncentraci se prodluzovala délka korene. Efekt
byl statisticky vyznamny témér u vSech variant a u obou velikostnich frakci mikroplast(i P3HB
(Pfriloha A, Obrazek 4). Naproti tomu, u PET mikroplastd dochazelo ke statisticky vyznamné
stimulaci rGstu kofene pouze v nejvy$si koncentraci (100 mg:I, Pfiloha A, Obrazek 4).
Z literarni reSerSe vyplyva, Ze rostou-li rostliny v prostfedi s nedostatkem Zivin (predevsim
dusiku), rust jejich korend se paradoxné zrychluje a mlze dochdzet i k rozSiteni vétveni
postrannich koren(; vie se da popsat jako snaha rostliny zvysit absorpcni kapacitu kofenového
systému [163]. NasSe pozorovani jsou v souladu s poznatky autorl Cedergreena a Madsena
[164], ktefi uvadi, Ze vysoké koncentrace Zivin v médiu vedou ke zkraceni, ale i k Uplné absenci
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kofene rostliny L. minor, zatimco nizké koncentrace Zivin a stopovych prvkd zpUsobuji jeho
prodluzovani. Vzhledem k tomu, Ze L. minor je rostlinou bez postrannich kofenu, ale pouze
s jednim hlavnim kofenem, jeho prodlouZeni je tedy jedinym zplsobem, jak zvétsit jeho
absorpcni kapacitu. Vyse uvedené informace nds vedly ke dvéma moznym zavértim, které by
mohly vysvétlit pFiciny vyCerpani Zivin v médiu a s nim spojenym prodluzovanim kofene
rostliny L. minor. Domnivame se, Ze to mohlo byt zplsobeno bud' 1) v dlsledku sorpce Zivin
na mikroplasty P3HB a jejich nedostupnosti pro rostlinu, jak uvadi He a kol. [165], nebo
2) tvorbou biofilmu na povrchu biodegradabilniho polymeru, a tedy konkurenénim vyuzivanim
zZivin mikroorganismy.

V navaznosti na hypotézu 1) jsme provedli sorpéni experimenty, jejichZ postup je podrobné
popsan v Priloze A, ¢asti 2.5 Sorpcni experiment. Ve zkratce, obé velikostni frakce mikroplastu
P3HB a PET byly pfipraveny ve stejnych koncentracich a vystaveny stejnym podminkdm jako
pfi testu s rostlinou L. minor viz Priloha A, ¢ast 2.2 Design experimentu. V Case 0, 24 a 168 h
byly odebrany vzorky suspenze, ve kterych byl po filtraci spektrofotometricky stanoven obsah
dusi¢nanového dusiku. Bylo zjisténo (viz Priloha A, Obrazek S5, Supporting Information),
Ze mikroplasty P3HB byly schopné adsorbovat vice N-NOs nez PET mikroplasty, coZ je
v souladu s faktem, Ze vyznamné prodluzovani délky kofene rostliny L. minor bylo pozorovano
ve vSech testovanych koncentracich P3HB. Naproti tomu, PET mikroplasty zpUsobily statisticky
vyznamné prodlouZeni délky korene pouze v nejvyssi koncentraci. Hypotézu 2), kterd bere
v potaz rozvoj biofilmu na povrchu mikroplast, jsme ovéfili vizualné. Dokladem je, mimo jiné,
i fotografie ¢astic mikroplastd P3HB a PET o velikosti <63 um na zacatku a na konci testu
s rostlinou L. minor (viz Pfiloha A, Obrazek 5). Pozorovali jsme, Ze rozvoj biofilmu probiha
ve VEétsi mife a zastoupeni mikroorganism( je rozmanitéjsi na mikroplastech P3HB.

Adsorpce Zivin i rozvoj biofilmu tedy probihaly u obou typl mikroplasti odlisné, a to
navzdory podobné smacivosti P3HB a PET [166] a srovnatelné velikosti ¢astic. Dlvodem
pozorované vétsi a rychlejsi tvorby biofilmu na mikroplastech P3HB muzZe byt skutecnost,
Zze P3HB je (snadno) biodegradabilni plast a predstavuje zdroj uhliku pro celou fadu
mikroorganismG [167]. Dostupna literatura tykajici se tvorby biofilmu na biodegradabilnich
plastech poukazuje mimo jiné na fakt, Ze rlst biofilmu lze pozorovat jiz béhem nékolika hodin
az dni ajeho pritomnost muZe vyrazné ménit nékteré vlastnosti mikroplastd, pricemz
v nékterych pripadech mlze dokonce zvysit jejich environmentalni rizika a ekotoxicitu [168,
169]. Mezi vlastnosti mikroplastli, které biofilm ovliviuje patfi hydrofobicita (zména
kontaktniho Uhlu), zmény funkénich skupin (vznikaji C-O a C=0 vazby, tvofi se alifatické
a aromatické slouceniny), celkovd mérnd hmotnost, velikost mikroplastu, mérny povrch
a drsnost, a obecné dochazi ke zméndm ve fyzikalnim a chemickém chovani [170]. Jak uvadi
nékteré studie [171, 172], biofilm vytvoreny na &asticich PE, kromé jiz zminéného snizeni
hydrofobicity a zvétSeni specifického povrchu, také zvysil adsorpci polutanti. Na povrchu
mikroplastll mlze navic dochdazet ke koncentraci nutrientl rozptylenych v okolnim prostredi,
ty jsou dulezité pro tvorbu audrieni biofilmu [173]. Biofilmy vytvorené na cdsticich
mikroplastl takto mohou ovlivnit cykly dusiku a fosforu v prostfedi [174]. Z vySe uvedeného
tedy vyplyvd, Ze snizeni koncentrace nutrientd v médiu a nasledné prodluzovani korent
rostliny L. minor bylo pravdépodobné zptsobeno tvorbou biofilmu na ¢asticich P3HB.

Tento zavér pak potvrzuje i fakt, Ze pouze u experimentt, kde byl pouzit vyluh mikroplasta
P3HB doslo k vyznamné inhibici rlistu rostliny L. minor, a to u obou velikostnich frakci. Existuje
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moznost, Ze by inhibice mohla byt zplsobena chemikaliemi, které byly pouzity pti vyrobé P3HB
a mohly se z mikroplastll vyluhovat do média béhem pfipravy vyluhl. Jednd se napf.
o chloroform pouzivany k extrakci P3HB, konkrétné k lyze bunék, které P3HB (bio)syntetizuji
[175]. Jako pravdépodobnéjsi se ale jevi mozinost, Ze jiz béhem pripravy vyluhu doslo k tvorbé
biofilmu na povrchu ¢astic P3HB, sorpci a spotfebé nutrientl biofilmem a vyluh pouzity
pro test ekotoxicity tak obsahoval nutrienty v mnohem nizsi koncentraci, coz vedlo k ovlivnéni
rastu rostliny a prodlouzeni korene.

Pro potvrzeni hypotézy, Ze nedostatek Zivin v médiu muize vést k prodluzovani korene
rostliny L. minor, byly dale provedeny experimenty s mensim mnozstvim nutrientd v médiu.
L. minor byla proto inkubovana v ,,ochuzeném” Steinbergové médiu obsahujicim 0 5 %, 10 %,
20 %, 30 % a 40 % méné nutrientl neZ kontrola. Experiment probihal za stejnych podminek
jako varianta s mikroplasty (Pfiloha A, 2.2 Design experimentu). Vysledky potvrdily vyse
uvedenou hypotézu: s klesajici koncentraci nutrientl dojde k mirné inhibici rastu L. minor
ve srovnani s kontrolou (nejvyssi zaznamenana inhibice Cinila 6,5 % a to ve vzorku s nejnizsi
koncentraci nutrientd), navic ve vSech pripadech doslo ke stimulaci rastu kotene, ktera
se zvySovala s klesajici koncentraci nutrient(i v médiu (Pfriloha A, Obrazek 6).

Obecné je zndmo, Ze ponorené rostliny jsou schopné pfijimat nutrienty jak kofeny, tak svymi
vyhonky, pficemz pfijem nutrientll ze sedimentu se odviji od jejich dostupnosti ve vodé. Arts
a kol. [176] uvadi, Ze méreni délky korene proto muze byt citlivéjSi metodou pro stanoveni vlivu
polutantl na ponorené rostliny nez napf. hodnoceni rdstu a mnoZstvi biomasy. Plovouci
rostliny, jako je i L. minor, jsou jedinecné v tom, Ze pro prijem nutrientl koreny i vyhonky
vyuzivaji stejného zdroje [164]. Dostupnost Zivin ve vodé tedy mlZe mit na tyto rostliny
mnohem vétsi vliv. Je tfeba také zminit, Ze podobny problém s dostupnosti nutrientd mohou
mit i suchozemské rostliny. Brtnicky a kol. [177] uvadi, Ze pridavek mikroplastli P3HB do pudy
zvySuje mikrobidlni aktivitu diky preferenénimu vyuziti P3HB jako snadného zdroje uhliku.
Rychld biodegradace P3HB tak vede krychlému vycerpani plGdniho dusiku v plastisfére
(mikrobidlni okoli mikroplastu) a také v okoli kofenU rostlin, coZ ma za ndsledek silné inhibi¢ni
ucinek na jejich rast. Nicméné, pldy jsou diky velkému zastoupeni mikroorganismu
mikrobialné aktivnéjSim prostredim nez voda, ve vodnim prostredi proto mohou byt do ,,boje”
o pfijem nutrientl mezi rostlinami a mikroorganismy zapojeny i abiotické faktory, jako je
sorpce.

Z kratkodobého ekologického hlediska stimulace rlstu korene v pfitomnosti mikroplast
P3HB pro rostlinu L. minor pravdépodobné nepredstavuje velky problém. Dulezité vsak je,
Ze tento efekt poukazuje na fluktuaci koncentrace nutrientll ve vodé zplsobenou tvorbou
biofilmu a biodegradaci P3HB. Fluktuace mohou byt vyznamné pro rist fas a vodnich rostlin,
které jsou zdrojem potravy pro mnoho malych bezobratlych Zivocicha a ryb. Kul a kol. [178]
uvadi, Ze nedostatek dusiku sniZzuje koncentraci chlorofylu v listech rostlin, obsah proteint
a Skrobu a ma negativni vliv na mnozstvi kvét(i a plodl. Nicméné, v naSem pfipadé jsme zmény
v obsahu fotosyntetickych pigment( u rostliny L. minor nepozorovali a ve vétsiné pripad(
nebyly pozorovany ani negativni zmény v jejim rlstu. Z nasich vysledkl tedy vyplyva,
Ze za danych podminek se rostlina sniZzené koncentraci nutrientd v médiu prizplsobila pouze
prodlouzenim korfene a vyznamny negativni ucinek tak nebyl pozorovan. Nicménég, jak bylo
zminéno vySe, prodlouZeni kofene je indikatorem stresu, ktery mize pfi dlouhodobéjsim
pUsobeni predstavovat pro kondici daného organismu problém. Z tohoto divodu bylo potireba
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se pro objektivni posouzeni vlivu P3HB mikroplastd na tuto rostlinu zaméfit i na jejich
dlouhodoby vliv.

Studium dlouhodobého vlivu mikroplasti P3HB na rostlinu L. minor

Béhem dlouhodobého experimentu jsme na zdkladé vyse uvedenych vysledkl vystavili
rostlinu L. minor po dobu 12 tydn( suspenzim P3HB a PET mikroplastl <63 um v koncentraci
100 mg-I"%. Experiment byl proveden za stejnych podminek jako kratkodoby test (viz PFiloha A,
2.2 Design experimentu). Kazdy tyden byla rostlina presazena do nové pfipravenych suspenzi.
Mimo vlivu na rychlost rlstu a délku korene, které byly sledovany kazdy tyden, byl pro
hodnoceni pfipadného stresu vyvolaného pritomnosti mikroplastli kazdy druhy tyden
stanoven také obsah fotosyntetickych pigmentl v listech L. minor, celkova antioxidacni
kapacita (TAC), aktivita elektronového transportniho retézce (ETS) a obsah energeticky
bohatych molekul, konkrétné sacharidd a protein(. Pro sledovani vlivu pfitomnosti P3HB a PET
mikroplastll na TAC, aktivitu ETS aobsah energeticky bohatych molekul, byly vzorky
homogenizovany v draselno-fosfatovém pufru, odstfedény a supernatant byl nasledné pouzit
pro dalsi analyzu dle prace Rozman a kol. [157].
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Obrdzek 11: Prumérnd rychlost ristu rostliny L. minor v priibéhu dlouhodobého experimentu
s mikroplasty P3HB a PET o velikosti <63 um v koncentraci 100 mg-I*. Hvézdi¢ka znadi statisticky
vyznamné rozdily ve srovndni s kontrolou (p-hodnota <0,05).

Rychlost rastu rostliny L. minor byla vyznamné ovlivnéna pouze ve dvou pripadech:
pro P3HB mikroplasty ve 3. tydnu experimentu a pro PET mikroplasty v 9. tydnu experimentu
(Obrazek 11). To koresponduje s vysledky kratkodobého (7denniho) experimentu, kdy nebyla
ani v koncentraci mikroplast 100 mg:It zaznamendna vyznamna inhibice rGstu L. minor (viz
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vysSe a Priloha A, Obrazek 1). Rovnéz jsou tyto vysledky v souladu s praci Rozman a kol. [157],
ktera uvadi, Ze ani PE mikroplasty nemély po 12 tydnech experimentu vyznamny Gcinek na rlist
rostliny L. minor.

Vyznamny vliv na rlst kotenU rostliny L. minor byl pozorovan po celou dobu experimentu
(Obrazek 12). Nejvyssi stimulace rastu kofen( byla zaznamendna ve druhém tydnu (u P3HB
byla délka korene 3,2x vyssi, u PET pak 2x vyssi), ndsledné se postupné sniZzovala a na konci
experimentu dosahovala v pfipadé P3HB mikroplastl dokonce nizSich hodnot nez po prvnim
tydnu. V pfipadé PET mikroplastl byla stimulace rlstu kofenl na zacdtku a na konci
experimentu srovnatelnd. Tyto vysledky potvrzuji nase vySe uvedené zavéry, Ze v pfitomnosti
mikroplastll P3HB dochazi k vétsim ubytk(m nutrientll v médiu, a to pravdépodobné vlivem
tvorby biofilmu na povrchu ¢astic mikroplastl. Domnivame se, Ze v pfipadé dlouhodobé
expozice je mozné, Ze se rostliny zacaly na dlouhodoby nedostatek nutrientli adaptovat,
a proto pozorovana stimulace ristu koren( s ¢asem klesala.
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Obrdzek 12: Pomér délky koreni rostlin exponovanych suspenzim mikroplasti (P3HB, PET <63 um,
v koncentraci 100 mg-I*) ku kontrole v priibéhu dlouhodobého experimentu.

Ani obsah fotosyntetickych pigment( v listech rostliny L. minor nebyl ve vétSiné pfipad
vyznamné ovlivnén (Obrazek 13). Mu a kol. [179] uvadi, Ze nedostatek dusiku ma vliv
na fotosyntézu rostlin. Celkovy obsah chlorofylu v listech rostliny L. minor byl oproti kontrole
vyznamneé snizen pouze v 6. a 10. tydnu experimentu. Domnivame se, Ze rostlina byla schopna
na Ubytek Zivin v médiu reagovat predevsim prodlouZenim kofene a tato reakce byla pro jeji
nasledny rlist a udrZeni Zivotaschopnosti dostatecnd. Sledovani dlouhodobych ucinku
mikroplastti P3HB a PET na rostlinu L. minor tedy ukdzalo, Ze pritomnost mikroplast(i zdsadné
neovlivnila rychlost rlstu rostliny a ani obsah fotosyntetickych pigmentu, coz je v souladu i se
studii Rozman a kol. [157]. Navic je pravdépodobné, Ze je rostlina L. minor schopna, diky své

35



vysoké adaptabilité na rizné polutanty [180, 181], tolerovat vysoké koncentrace mikroplastt
i vdlouhém ¢asovém obdobi.
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Obrdzek 13: Obsah fotosyntetickych pigmenti v listech rostliny L. minor v pribéhu dlouhodobého
experimentu s mikroplasty P3HB a PET o velikosti <63 um v koncentraci 100 mg-I*: A — koncentrace
chlorofylu a, B — koncentrace chlorofylu b, C — celkovd koncentrace chlorofyli, D — koncentrace
karotenoid(. Hvézdicka znaci statisticky vyznamné rozdily ve srovnadni s kontrolou (p-hodnota <0,05).

Vysledky dalSich analyz, tj. TAC, aktivity ETS a obsah sacharid(i a protein(i, ukdzaly podobny
trend: vétSina znich se v pfitomnosti mikroplastli ve srovnani s kontrolou nezménila
(Obrazek 14). Jak ve své praci uvadi Liao a kol. [182], nizké hodnoty TAC mohou znacit oxidacéni
stres, nebo zvySenou ndchylnost k oxidaénimu poskozeni. Nicméné, v nasem pfipadé
bylo vyznamné snizeni TAC pozorovano pouze ve druhém tydnu experimentu, kdy doslo
i k nejvétsSimu narudstu v délce korene L. minor. Vzhledem k tomu, Ze v dalSich tydnech jiz tento
efekt pozorovadn nebyl, domnivdme se, Ze se rostlina na pfitomnost mikroplastli adaptovala.
Pritomnost mikroplastl tedy nezplsobuje u rostliny L. minor vyznamny oxidacni stres, coz
potvrzuji i minimdlni zmény v obsahu fotosyntetickych pigmentud k jejichZ ovlivnéni béhem
oxidac¢niho stresu také béiné dochazi [183]. Podobné ve vétSiné pripadd nedoSlo ani
k vyznamnym zméndm v aktivité ETS, kterd je ukazatelem metabolické aktivity a respirace
organismuU [184]. ZvysSeni aktivity ETS bylo pozorovdno pouze po dobu prvnich ¢tyr tydn(
experimentu, nasledné se hodnoty vratily na Uroven kontroly (Obrazek 14), rychlost respirace
rostliny L. minor se tedy celkové nezménila. Podobny efekt ve své studii zaznamenali i Rozman
a kol. [157], ktefi sledovali dlouhodoby vliv pfitomnosti PE mikroplastl na L. minor. Zvyseni
aktivity ETS pozorovali pouze po prvnim tydnu experimentu a nasledné se hodnoty vratily
na uroven kontroly. V souladu se malym pozorovanym vlivem obou typld mikroplastl
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na rychlost rUstu a respiraci rostliny L. minor nebyl ve vétSiné pfipad( ovlivnén ani obsah
energeticky bohatych molekul (sacharidd a protein(, Obrazek 14). Pozorované zmény byly
spiSe sporadické a zahrnuji napf. narlst v obsahu proteinl v poslednim, tj. 12. tydnu,
experimentu.

[ lkontrola
I P3HB

20 {» T I PET
- v'; 44
-chfL 161 EL’L
= 2 %
g 12+ £
()]
Sl 9 2
Q w
’3: 8
44 = "
<
©
0 0-
2 4 6 8 10 12 2 4 6 8 10 12
C Doba experimentu [tyden] D Doba experimentu [tyden]
0.030+ __ 10+
<E TU,E
ga 0.025 g s
. (o]
2 0.020 =
= 3 °
£ 0.015 =
3 5 4
E_ 0.010 4 g
o o
@ 0.0051 8 27
e 0
o [e)
0.000 + 0+

4 6 8 10 2 4 6 8 10 12
Doba experimentu [tyden] Doba experimentu [tyden]

Obrdzek 14: A — Celkova antioxidacni kapacita, B — aktivita elektronového transportniho retézce, C —
obsah proteini a D — obsah sacharidi. Hvézdicka znaci statisticky vyznamné rozdily ve srovndni
s kontrolou (p-hodnota <0,05).

Pfestoze ani pri dlouhodobé interakci nebyl pozorovan vyznamny negativni vliv pfitomnosti
mikroplastli P3HB a PET na rostlinu L. minor, je ziejmé, Ze interakce mezi mikroplasty a vodnimi
rostlinami mohou mit dilezZité ekologické dusledky. Napf. vysoké koncentrace mikroplastu
spojené s rostlinnou biomasou by mohly, vzhledem k tomu, Ze vodni rostliny jsou dllezitym
zdrojem potravy pro fadu organismd, ovlivnit troficky transport mikroplast do vyssich urovni
potravniho retézce [185, 186].

Odpovédi na vyzkumnou otazku 1 tedy je, Ze mikroplasty P3HB v kratkodobém
ani dlouhodobém meéfitku nevykazuji negativni ucinek na rust rostliny L. minor. Je dulezité
zminit, Ze ve vSech pfripadech dochazelo k vyznamnému narUstu délky korfene ve srovnani
s kontrolou. Vytvofili jsme a ¢astecné i potvrdili hypotézu, Ze tento efekt je zplisoben Ubytkem
Zivin v médiu, a to pravdépodobné vlivem tvorby biofilmu na povrchu biodegradabilnich
mikroplastt P3HB.
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2 Vyzkumna otazka 2: Bude v pfitomnosti P3HB mikroplastd pozorovan vliv na rast
rasy D. subspicatus?

Dalsi otdzkou, ktera byla v ramci této prace reSena, bylo posouzeni vlivu pritomnosti ¢astic
P3HB na rust sladkovodni fasy D. subspicatus. Tento druh jsme zvolili nejen proto, Ze je
v laboratofi Ekotoxikologie na Ustavu chemie a technologie ochrany Zivotniho prostiedi
(Fakulta chemicka, Vysoké uceni technické v Brné) pouzivan ke krmeni laboratorni kultury
organismu D. magna, ale hlavné proto, Ze je uveden jako vhodny druh normou OECD No. 201
[187] pro stanoveni vlivu chemickych latek na sladkovodni fasy. Podle této normy bylo také
postupovano béhem experimentu. Stejné jako u rostliny L. minor neni dosud normovany
pristup ke stanoveni vlivu mikroplastli na rasy, proto jsme zvolili dva r(izné postupy, a to
stanoveni vlivu vyluhu ptipraveného z mikroplastti P3HB a vlivu suspenze.

Prvni fazi bylo samotné zavedeni a validace testu s fasou D. subspicatus. Jako referenéni
latka byl pouzit 3,5-dichlorfenol. Nasledné byly na zdkladé vyse uvedené normy OECD No. 201
[187] provedeny za kontrolovanych podminek po dobu 72 h samotné experimenty. Opét byl
zjistovan vliv dvou velikostnich frakci P3HB (¢astice <63 um a ¢astice <125 um) v koncentracich
10, 50 a 100 mg-I* na rychlost rdstu fasy D. subspicatus. Pro kultivaci Fasy bylo po konzultaci
s prof. RNDr. Ludkem Blahou, Ph.D. z pracovisté RECETOX, Masarykova Univerzita, Brno,
kde toto médium s Uspéchem pouzivaji, pouzito 50 % ZBM médium (kombinace Zehnder
média a Bristol modifikovaného Bold média).

Jak vyplyva z vysledkl (Obrazek 15), v obou pripadech dochazelo k inhibici rdstu, avsak
tento efekt nebyl jednoznacné zdvisly na koncentraci P3HB, a to ani v pfipadé vyluhu,
ani v suspenzi. Vyluh pfipraveny z mikroplastd P3HB v koncentracich 10, 50 a 100 mg-I?t
zpUsobil inhibici rdstu 3,1 %, 12,1 % a 14,8 % u Castic <63 um, respektive 7,9 %, 11,3 % a 2,0 %
pro <125 um. V ptipadé suspenze pak po 72 h byla pozorovana inhibice rlstu 9,5 %, 4,6 %
al,5% pro castice P3HB <63 um, respektive 16,0 %, 29,3 % a 6,4 % u castic <125 pm.
Vzhledem k tomu, Ze nebylo moZné stanovit pocet fasovych bunék v suspenzi, byly uvedené
inhibice rlstu vypocitany z hodnot optickych hustot rasovych suspenzi pred a po testu.
Hodnoty u suspenzi byly korigovany optickou hustotou suspenze samotnych mikroplastU.
Z vysledki tedy vyplyva, Ze pfitomnost mikroplastli P3HB negativné ovliviiuje rlst sladkovodni
rasy D. subspicatus.
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Obrdzek 15: Rustovd rychlost rasy D. subspicatus ve vyluhu (A) a v suspenzi (B) pfipravené z mikroplasti
P3HB.

V pripadé vyluhu mUiZe byt tento efekt zpisoben jednak tim, Ze stejné jako v predchazejicim
pfipadé s rostlinou L. minor dochdazi béhem jeho pfipravy ksorpci nutrientd potrebnych
pro rust fasy na mikroplasty P3HB a tvorbé biofilmu na povrchu castic, ktery rovnéz Ziviny
spotrfebovava. Druhou moznosti, jak jiz bylo uvedeno vyse, je moiné uvolnéni chemikalii
pouzitych pti vyrobé P3HB do vyluhu. Nicméné, tuto moznost jsme, vzhledem k povaze efektu,
jenz byl pozorovdn u rostliny L. minor, vyloudili (vyznamna inhibice rdstu byla pfi testu
svyluhem pozorovdna pouze ve vysokych koncentracich, viz Priloha A, Obrazek 1).
Domnivdme se tedy, Ze jiz na zaCatku testu tak méla fasa D. subspicatus ve srovnani
s kontrolnim vzorkem k dispozici omezené mnoizstvi Zivin. Lze tak vysvétlit zvySeni inhibice
jejiho rustu spolu s rostouci koncentraci mikroplastd P3HB <63 um. Mensi ¢astice maji vétsi
specificky povrch, umozniujici intenzivnéjsi sorpci, coz bylo potvrzeno vyse, kde uvadime, Ze
v pfitomnosti vétsi velikostni frakce mikroplast(i P3HB (<125 um) dochazi k pfiblizné o 10 %
mensimu Ubytku dusi¢nanového dusiku nez v pfipadé mensi velikostni frakce (viz Priloha A,
Obrazek S5, Supporting Information). Tato skutecnost vysvétluje i vysledky experimentu
s vyluhem pfipravenym za pouZiti vétsi velikostni frakce mikroplastll P3HB. Zde byla vyssi
inhibice rGstu pozorovédna pouze u koncentrace 10 a 50 mg-It. Pokles inhibice v nejvyssi
koncentraci (100 mg-I) mdzZe byt pravdépodobné zplsoben tim, Ze dochdzi k vétsi a rychlejsi
agregaci Castic mikroplastli P3HB, a tedy ke sniZeni velikosti specifického povrchu, ktery je
k dispozici pro sorpci nutrientd z média. Toto tvrzeni podporuji i vysledky sorpcniho
experimentu, u kterého jsme sledovali procentudlni Ubytek dusi¢nanového dusiku v médiu
pro rostlinu L. minor. Dusik je zakladnim makronutrientem, jeho koncentrace vyznamné
ovliviiuje rUst ras a jejich biochemické sloZeni — pfti vycerpani dusiku v kultivaénim médiu
dochazi ke snizeni produkce biomasy, a naopak ke stimulaci produkce lipid(i [188]. Toto bylo
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potvrzeno jiz v dfivéjSich pracech, napriklad Yang a kol.[189] pozoroval v podminkdach
s nedostatkem dusiku inhibici rdstu fasy Chlamydomonas reinhardtii az o 31,7 %.

Inhibice rlstu rasy byla pozorovana i v pfipadé suspenzi pfipravenych z obou velikostnich
frakci mikroplastd P3HB, pficemzZz vétsi efekt byl zaznamenan v suspenzich pfipravenych
z mikroplastl P3HB <125 um. Pro obé velikostni frakce byl v nejvyssi testované koncentraci
(100 mg-I') pozorovdn pokles inhibice ristu. Su a kol. [190] uvéadi, Ze pFitomnost
biodegradabilnich mikroplastli zplsobuje podobnou toxicitu jako konvencni mikroplasty.
Porovnavali vliv konvenénich mikroplastl PA a PE s biodegradabilnimi PLA a PBS na motskou
fasu Chlorella vulgaris, maximalni zaznamenana inhibice pro PE byla 47,2 % v koncentraci
1 000 mg-I%, pro PA, PLA a PBS pak 40,4 %, 48,0 % a 34,3 % v koncentraci 100 mg-I"t. Zmiruje,
Ze fyzikalné-chemické vlastnosti mikroplastl a chemické zmény pfispivaji k jejich inhibi¢nim
ucinkdm na rust ras a Ze inhibi¢ni Ucinky zplsobené biodegradabilnimi mikroplasty lze pficist
jejich heteroagregaci s fasovymi bunkami.

Nicméné, k ndmi pozorované inhibici rdstu fasy D. subspicatus v suspenzi mikroplast(i P3HB
je nutno pristupovat kriticky. A to proto, Ze navzdory kontinualnimu tfepani suspenzi dochazelo
béhem testu k agregaci a sedimentaci mikroplastd P3HB na dno testovacich nadob a zde pak
nasledné k rozvoji biofilmu. Jak uvadi Nava a kol. [191], mikroplasty predstavuji dostupny
povrch pro kolonizaci fadou fytobentickych organismi pfitomnych ve sladkovodnich
ekosystémech a malé povrchy mikroplastli mohou hostit mnoho rliznych druhl tas. Spolu
s homoagregaci ¢astic mikroplastli P3HB tak mohlo dochazet i k heteroagregaci mikroplastt
artasy D.subsapicatus, a nasledné k rychlejSi sedimentaci. RGzné druhy fas vyvolavaji
degradaci polymert, protoZe fasami syntetizované enzymy pomahaiji sniZzovat aktiva¢ni energii
potfebnou k pferudeni chemickych vazeb polymeru. Rasy by tak mohly potencidlné byt jednou
z moznosti pro odstranéni plastl z Zivotniho prostredi pomoci bioremediace [192].

Odpovédi na vyzkumnou otdzku 2 tedy je, Ze v pritomnosti mikroplastd P3HB dochazi
pravdépodobné k inhibici rlstu fasy D. subspicatus. Stejny vliv na tento organismus ma i vyluh
pfipraveny z mikroplastd P3HB. Nicméné, z naSich vysledkd vyplyvd, Ze metoda zvolena
pro zjisténi vlivu suspenze nebyla idealni vzhledem k sedimentaci ¢astic na dno testovaci
nadoby a tvorbé biofilmu. Pro spravné pochopeni mechanismu puUsobeni, ale i ovéreni
spravnosti ziskanych vysledkd bude potreba jesté dalsi vyzkum. Vhodné by bylo zajistit udrzeni
mikroplastl v suspenzi po celou dobu testu, coz lze bud’ intenzivnéjSim michanim, sonikaci
nebo za pomoci pomocnych latek. Je ziejmé, Ze posledni dvé mozZnosti by mély podstatny vliv
na cely experiment. MoZnosti by tedy bylo provddét experiment misto se suspenzi s plasty
umisténymi do experimentalni nadobky a sledovat tak alespon vliv P3HB na rust fasy na jeho
povrchu. Dale pak je mozno zvolit k hodnoceni rychlosti rlstu fasy jinou metodu, nez je méreni
optické hustoty suspenze, tj. pouzit naptiklad nékterych mikroskopickych technik. Dale pak se
zamérit na mozné dalsi efekty, které pritomnost mikroplastti P3HB m{ze u fas vyvolavat, naptr.
obsah fotosyntetickych pigmentd, aj.
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3 Vyzkumna otazka 3: Je mozZné stanovit mikroplasty pozité drobnymi planktonnimi
organismy bez jejich extrakce pfipadné digesce organismu?

Béhem prace na literdrni resersi tykajici se vlivu mikroplastli na sladkovodni organismus
D. magna jsme zjistili, Ze se mnozstvi studii zabyva poZitim ¢dstic mikroplastd. PoZiti
mikroplastl bylo doposud popsdno u vice nez 70 sladkovodnich organismu [193]. Bylo zjisténo,
Ze poziti mikroplastl maze zpUsobit blokaci dalsi pfijimané potravy, agregovat a blokovat tak
travici trakt organism0, omezit pfijem potravy nebo mohou byt mikroplasty translokovany
do obéhového systému. Nicméné studii, které by poskytovaly informaci o mnozstvi poZitych
mikroplastl drobnymi sladkovodnimi organismy je prekvapivé jen omezené mnoizstvi. To lze
vysvétlit tim, Ze kvantitativni a kvalitativni analyza mikroplastl pozitych zooplanktonnimi
organismy je stdle vzhledem k velikosti téchto organismd spolu s malym mnozstvim pozitych
mikroplastl naro¢na. Naptiklad, Lin a kol. [121] pouzili gravimetrické stanoveni mikroplastt
pozitych organismem D. magna. Velikostné sjednocené organismy exponovali Cistému médiu
a PS mikroplastiim a jejich celkovou hmotnost na konci experimentu porovnavali. Tento pfistup
je vsak problematicky vzhledem k proménlivé hmotnosti jednotlivych organism(. Napriklad,
jak je uvedeno v Priloze B, ¢4sti Diskuze suchd hmotnost organismd D. magna se v nasem
pripadé pohybovala vrozmezi 160 az 660 pg. Dalsi metody zahrnuji fluorescencni znaceni
mikroplastll kombinované s vyuzitim spektrofotometrickych metod, stereo/mikroskopicka
stanoveni, stanoveni objemové koncentrace c¢dastic pomoci analyzator( velikosti castic,
kontroly obsahu travicich trakti organismu, nebo pyrolyzni plynovou chromatografii ve spojeni
s hmotnostni spektrometrii [107, 109-124]. Tyto metody vSak ¢asto vyzaduji bud narocnou
predupravu vzorku nebo pouzité metody nemaji dostatecné nizké meze detekce.

Jak bylo diskutovdano vyse a v Priloze B, mnohé metody bézné pouzivané k analyze
mikroplastl poZitych Zivymi organismy maji vyznamna omezeni. Zaméfili jsme se proto
na vyvoj pristupu pro pfimou kvantifikaci mikroplast v malych vodnich organismech, pro tyto
ucely jsme se rozhodli vyuzit zakladni termoanalytické metody, jako je diferencni kompenzacni
kalorimetrie (DSC) a termogravimetrie (TG). Obé tyto metody jsou robustni, citlivé a bézné
pouzivané pro kvalitativni i kvantitativni analyzu vzorkd. Vzhledem k navaznosti na nase dalsi
experimenty byl jako modelovy organismus pouzit sladkovodni bezobratly D. magna, ktery
neselektivné poziva Castice o velikosti <1 um az do pfiblizné 70 um [111] a rovnézZ je hojné
vyuzivanym modelovym organismem pfi studiu vlivu mikroplastl [194]. Pfesné postupy
pripravy vzorkd a pouzitych metod, véetné podrobnych vysledki jsou popsany v Priloze B.

Metody termické analyzy se pouzivaji ke stanoveni mikroplastl v rliznych slozkach Zivotniho
prostiedi, vétSinou jako pyrolyzni techniky spojené s analyzou plyna [195, 196]. Metoda DSC
byla jiz dfive pouzita ke stanoveni mikroplastl v rdznych environmentalnich matricich, a to
predevsim u vzorkd vody po jejich predchozim zakoncentrovani a suseni [197-203]. Ani DSC,
ani TG vSak zatim nebyly pouzity k pfimé analyze mikroplastl pozZitych zooplanktonem bez
jakékoliv Upravy (kromé suseni). Podstatou DSC méreni bylo stanoveni enthalpie tani pozitého
mikroplastu P3HB, kterd je umérna obsahu krystalického podilu P3HB. S vyuZitim znalosti
obsahu krystalického podilu (obvykle kolem 50%, pfipadné ji Ize dopfedu stanovit) a enthalpie
tani pro 100% krystalicky P3HB (tabelovand hodnota) Ize pak snadno spocitat podil P3HB
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v organismu. U TG byl pak vyuzit odecet hmotnostniho Ubytku organismu s a bez P3HB
v teplotnim intervalu 200-400°C.

Vysledky obou metod, DSC i TG, vykazovaly stejny trend, a to nardst mnoZstvi P3HB
ve vzorku spolu s rostouci koncentraci P3HB v suspenzi pfi ptripravé organismU D. magna
(Pfriloha B, Obrazek 2 a 4). Konkrétné, pti pouZziti DSC byl obsah P3HB v pfipadé organismu
vystavenych suspenzi P3HB v koncentraci 100 mg-I? pro mensi velikostni frakci <63 um
10,3 hmotnostnich %, pro frakci <125 um pak 6,3 hmotnostnich %. To odpovida 34 ug poZzitych
mikroplastli P3HB <63 um jednim organismem D. magna po 21denni expozici, resp. 22 ug
u frakce <125 um. Vysledky dosaZzené metodou TG byly srovnatelné (Priloha B, Obrazek 4).
Vzhledem k povaze vzork(i bohuZel nebylo moiné stanovit limit detekce (LOD), ani limit
kvantifikace (LOQ) pro Zadnou z metod. Proto jsme pro ovéreni citlivosti provedli DSC
mikroplastd P3HB v suspenzi (1,56 mg-I'l). Tento experiment prokazal, Ze DSC je dostateéné
citlivou metodou k posouzeni pfitomnosti P3HB v tomto typu vzorku. Rovnéz takto stanovené
mnozstvi P3HB ve vzorku odpovida mnozZstvim, ktera jsme ziskali v pfipadé vétSich mnozstvi
vzorku.

U DSC byl v pfipadech nizsi expozi¢ni koncentrace P3HB mikroplast( (1,56 a 3,125 mg-I?)
pfi pfipravé vzorkd organismO D. magna pozorovan posun teploty tani o 3 °C kvysSim
hodnotam oproti samotnému P3HB. Vyssi expozi¢ni koncentrace naopak vykazovaly minimalni
rozdily v teplotdch tani v porovnani s Cistym P3HB (Pfiloha B, Obrazek 6). Domnivame se,
Ze tento posun muze byt zpUsoben distribuci mikroplastl v travicim traktu organismu
D. magna. Je-li expozi¢ni koncentrace mikroplastl nizsi, organismy jsou schopné pozit vétsi
mnozstvi potravy, mikroplasty pak penetruji dale do organismu, a jsou tak v jejich travicim
traktu lépe tepelné izolovany. To ndsledné zplsobuje posun jejich teploty tani méreny
metodou DSC k vyssSim hodnotam. Naopak v pfipadé vysSich expozi¢nich koncentraci P3HB
mikroplastd (6,25 az 25 mg-I?), které jsou spojeny s vétsi mirou jejich pFijmu organismy,
dochdzi v travicim traktu organism0 k agregaci ¢astic mikroplastU. Tyto agregaty jsou pak méné
izolovany a neproniknou tak hluboko v télech organism( D. magna, nedochdzi zde tedy
k velkému rozdilu v hodnotdach teplot tani oproti Cistému P3HB.

Jak jiz bylo zminéno, vysledky ziskané pouzitim obou metod (DSC i TG) byly srovnatelné
a lisily se pouze v nizkych koncentracich (viz Pfiloha B, Obrazek 5). Zminéna odchylka mlze byt
zplUsobena odectem dvou TG kfivek (TG kfivky organismu exponovanému P3HB mikroplastim
a organismu pochazejiciho z kontrolniho oSetteni), coz mohlo zpUsobit chybu kvantitativniho
stanoveni P3HB mikroplast(.

Mimo vyhod, které se s pouzitim DSC poji, jako je robustnost, citlivost, ale i moZnost
analyzovat vzorek bez jeho predchozi pfipravy, ma tato metoda i jistd omezeni. V pfipadé nasi
aplikace je to teplota tani studovanych mikroplastl, je nutné totiz respektovat teplotni
degradaci schranek organismu. D. magna patfi do fadu Cladocera, téla téchto organism( jsou
uzaviena nekalcifikovanou schrankou, kterd je z velké ¢asti sloZena z chitinu [204]. Tento
polysacharid zacind degradovat pfi teplotdch mirné nad 200 °C [205], coZ potvrzuji i ndmi
provedené TG analyzy (Priloha B, Obrazek 3). V pfipadé analyzy pfi vyssi teploté, by pak
degradacni produkty D. magna zpUsobily problémy v DSC peci, doslo by k jeji kontaminaci,
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ktera ma za nasledek zhorseni citlivosti pfistroje a v nejzazSim pfipadé i poskozeni cely. Nami
navrzenda metoda je tedy pouZitelna pro analyzu mikroplastd s nizSimi teplotami tani jako je
HDPE (T: = 125 °C), LDPE (T: = 106 — 112 °C), PLA (T = 150 — 160 °C), PP (T: = 130 — 171 °C),
méné vhodna je pak pro PVC (Tt = 115 — 245 °C), a nevhodna pro PET (T: = 245 - 265 °C) a PS
(Tt = 207 — 297 °C) [206-213]. RovnéZ je nutné zminit, Ze pouziti DSC by mohlo byt
problematické i pti stanoveni nezndmych vzorkd mikroplast(l, a to proto, Ze napt. krystalinita
zkoumaného P3HB neni vZidy znama a muze se liSit. P3HB pouZité v nasi praci mélo krystalinitu
49 %, literatura vSak uvadi hodnoty mezi 50 az 80 % [75, 214, 215]. Nicméné, vyssi hodnoty
D. magna. Rozdilna krystalinita neni problémem v pfipadé, Ze by tato metoda byla pouzita
k hodnoceni poziti mikroplastl organismy béhem ekotoxikologickych studii nebo experimentt
v mezokosmu, kde Ize vlastnosti materidlu kontrolovat a predem analyzovat.

Odpoveédi na vyzkumnou otazku 3 tedy je, Ze pomoci metod termické analyzy jako jsou DSC
a TG je mozné stanovit mikroplasty pozité drobnymi planktonnimi organismy bez predchozi
Upravy vzorku, jakymi jsou extrakce, digesce a apod. Obé metody jsou rychlé a robustni
a poskytuji informace o hmotnosti mikroplast(i vztazenych k hmotnosti organismu, které je
pozily, nemohou tedy poskytnout Udaje o poctu ¢astic. Nicméné, metoda DSC se jevi jako
metoda citlivéjsi k analyze mikroplastd pfitomnych ve vzorku v nizkych koncentracich. Prestoze
jsme pfi vyvoji této metody analyzovali pouze jeden typ mikroplastli (P3HB), Ize predpokladat,
Ze za splnéni predpokladu nizké teploty tani (viz vyse) je tato metoda vhodna pro vice typl
polymer( pripadné i analyze rGznych typt mikroplastu v jednom organismu. Zde by pak bylo
nutné poutzit k separaci pikl tani napriklad dekonvolu¢ni metody.
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4 Vyzkumna otazka 4: Ovlivni pfitomnost P3HB mikroplastli negativné organismus
D. magna?

Posledni otdzka, kterd byla vramci prace feSena, se tykala moiného negativniho vlivu
mikroplastti P3HB na drobného sladkovodniho koryse D. magna. Jak vyplyva z literarni reserse
(viz vySe), D. magna je béiné pouZivanym modelovym organismem pro studium vlivu
mikroplastl na sladkovodni biotu. To je dano predevsim diky jeho globalnimu zastoupeni
ve vodnim prostredi a jeho vyznamné roli v potravnim fetézci, kdy spojuje primdrni producenty
a konzumenty vyssich trofickych drovni. VySe uvedené studie upozornuji na mozny negativni
vliv konvenénich mikroplastli na organismus D. magna. Vzhledem k ocekdvanému nar(istu
pouziti biodegradabilnich plastli v mnoha odvétvich primyslu je tedy vhodné zjistit, zda maji
tyto materialy podobny nepfiznivy ucinek. V nasi praci jsme proto sledovali vliv pfitomnosti
mikroplastll P3HB na organismus D. magna, a to opét ve dvou velikostnich frakcich. Jak je
uvedeno v Priloze C, ¢ast 2 Material a metody, kde jsou popsany presné postupy. V praci jsme
vyuzili postupy uvadéné v OECD normach [216, 217]. V kratkosti, organismy D. magna byly
za kontrolovanych podminek — teplota 20 + 1 °C a svételny reZim svétlo:tma 16:8 (800 — 1 000
lux) — exponovany suspenzim mikroplastl P3HB ve dvou velikostnich frakcich (<63 um
a <125 um). V pripadé akutniho testu jsme organismy D. magna ve dvou vékovych kategoriich
(mladsi 24 h a staré 7 dni) vystavili po dobu 96 h plsobeni vyluhu z mikroplastl a jejich
suspenzim v koncentracich 0, 6,25, 12,5, 25, 50 a 100 mg-I"! po dobu 96 h. Chronické testy pak
byly pro obé velikostni frakce mikroplastli P3HB provedeny pouze se suspenzi, koncentracni
rozmezi zde muselo byt vzhledem k vysoké mortalité testovacich organism( upraveno na 0,
1,56, 3,13, 6,25, 12,5 a 25 mg-I1. V pfipadé multigeneraénich experiment( pak byl sledovan
vliv suspenze P3HB v koncentraci 1,56 mg-I"t na ¢tyfi po sobé jdouci generace organismu
D. magna.

Zjistili jsme, Ze 96hodinova expozice suspenzi ani vyluhu z ¢astic mikroplastd P3HB nevede
ke zvySeni imobilizace a mortality, a to jak u juvenilnich, tak ani u 7 dni starych organisma. Jak
zminujeme vySe a v Pfiloze C, nedavné studie ukdzaly, Ze ani v pripadé konvencnich
mikroplastll, jako je PE, PET nebo PS, nebyla béhem standardni doby expozice pfi akutnich
testech toxicity (48 h) pozorovana zvysena inhibice a mortalita, nicméné po delsi expozi¢ni
dobé (96 az 120 h) dochazelo k jejich postupnému zvyseni [112, 113, 116, 141, 142, 144].
Zvysujici se mortalitu, spolu s rostouci koncentraci P3HB mikroplastl v suspenzi, jsme vsak
zaznamenali pfi chronickych experimentech, a to u obou velikostnich P3HB (<63 um a <125
um, Pfiloha C, Obrazek 1). Spolu s rostouci koncentraci dochdzelo rovnéZ k postupnému
snizovani velikosti organismd D. magna a k inhibici jejich reprodukéni aktivity. Tento efekt
autofi nepozorovali u mikroplast(i PE a PET, nicméné byl pozorovan u mikroplast PS [114, 140,
143, 144]. Savva a kol. [148], porovnavali vliv pfitomnosti biodegradabilnich mikroplastd PLA
a polyhydroxybutyratu s konvencnimi mikroplasty HDPE. Uvadi, Ze pfitomnost
biodegradabilnich mikroplastd muize mit vyraznéjsi subletalni Gclinky a sniZuje schopnost
pfijmu potravy organismu D. magna. Mirnou inhibici rlUstu organism( a mirné snizeni
reprodukéni aktivity v nasledujicich generacich jsme pozorovali i béhem multigeneraéniho
experimentu (Priloha C, Obrazek 2), kdy byl sledovan vliv nizké koncentrace P3HB mikroplastt
(1,56 mgIt) na 4 generace organismu D. magna (pfesny postup viz Pfiloha C, {ast
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2.5 Multigeneracni experiment). Mirny vliv pfitomnosti mikroplastli pozorovali i autofi Schir
a kol. [218]. Po expozici organismu D. magna PS mikroplastdm zaznamenali zvySenou
mortalitu, snizenou reprodukéni aktivitu a omezeni rlstu organismu. Pro vylouceni moznosti,
Ze je tento efekt zplsoben samotnou pritomnosti ¢astic, pouzili jako kontrolu prirodni ¢astice
kaolinu, v jehoZ pfitomnosti k vySe uvedenym ucinkim nedochdzelo.

VysSe zminéné efekty byly vyraznéjsi v pripadé, kdy byla pouzita mensi velikostni frakce
mikroplastl P3HB (<63 um). S velikosti mikroplastl souvisi i schopnost organismu tyto ¢astice
pozfit — jak je uvedeno vyse a v Priloze B, kdy organismy D. magna byly schopny pozfit vice
Castic mikroplastl P3HB v pripadé mensi velikostni frakce. Vliv velikosti potvrzuje i studie,
kterou provedli Gonzalez-Pleiter a kol. [219]. Autofi uvadi, Ze sekunddarni nanocastice P3HB
zpUsobily akutni imobilizaci u 85 % organisma D. magna po 48 h expozice.

Potencidlni biologické ucinky biodegradabilnich plastd na Zivé organismy zatim nejsou
znamy, jesté méné informaci mdme o tom, zda jsou tyto ucinky néjakym zpUsobem ovlivnény
biologickou rozlozZitelnosti plastd. Jak je uvedeno vyse, biodegradace je spojena s rozvojem
biofilmu na povrchu mikroplastd. Pritomnost biofilmu v pfitomnosti mikroplast(i P3HB jsme
pozorovali v rdmci feSeni Vyzkumné otazky 1 a je popsana v Priloze A. Literatura uvadi, ze
octnou-li se plastové castice, nebo produkty ve vodnim prosttedi, velmi rychle se na nich
vytvori vrstva adsorbovanych anorganickych a organickych polutanti. Nasledné dochazi na
povrchu plastu k tvorbé biofilmu, a to v fadu hodin [168, 169]. Tvorba biofilmu je dynamicky
proces, ktery obecné zahrnuje mikrobidlni adhezi, sekreci extraceluldrnich polymernich latek
a mikrobialni proliferaci [172]. Jak bylo uvedeno dfive, pfitomnost biofilmu na povrchu
mikroplastl mUzZe ménit jejich vlastnosti, jako je napf. hustota, velikost povrchu, aj.

Mimo to mlze tvorba biofilmu na povrchu mikroplast( ovlivnit i jejich dostupnost pro vodni
organismy — biofilm muZe do okolniho vodniho prostfedi uvolfiovat signaly, tzv. infochemikalie,
které priméji organismy ktomu, aby mikroplasty pozZily. Tento jev je zvlasté vyznamny
u organism0, které prijimaji potravu selektivné a za béinych podminek by tak Castice
mikroplastl nepoziely [220]. DalSim problémem spojenym s tvorbou biofilmu na povrchu
mikroplastl je jeho potencidl transportovat patogeny, a to nejen napfi¢ ekosystémem,
ale i do tél Zivych organismu [221].

Jak vyplyva z nasich vysledkl, doslo v pfitomnosti P3HB mikroplastl k uréitému posunu
mortality organismu D. magna oproti mortalité organism( vystavenym konvenénim
mikroplasttiim (PE, PET a PS). Vzhledem k tomu, Ze tento organismus je schopny mikroplasty
P3HB pozfit, jak uvadime v Priloze B, domnivame se, Ze pfiCinou pozorovaného ¢asového
posunu v mortalité organismu D. magna, kterd byla pozorovana az béhem chronickych
experimentli, mohl byt pravé rozvoj biofilmu. Predpokladdme, Ze organismy mohly s P3HB
mikroplasty pozfit i biofilm pfitomny na jejich povrchu a nasledné jej vyuzit jako zdroj zivin.
K mechanickému zablokovani jejich traviciho traktu tak dochazi pozdéji, nez tomu je
v pfipadné konvencénich mikroplastl, na jejichz povrchu se biofilm netvofi tak rychle (viz
Priloha A, Obrazek 5).

Jak je uvedeno vyse, biodegradace biodegradabilnich polymer( neni vidy zarucena.
Primarni problém je v tom, Ze se jedna o proces vyZadujici specifické podminky jako je teplota,
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vlhkost, pH a pfitomnost mikroorganism( [222]. V pfipadé, Ze tyto podminky nejsou splnény,
degradabilita biodegradabilnich a konvencnich mikroplastd je z hlediska Zivotnosti podobnd
a oba typy materiadll tak prispivaji k tvorbé plastového odpadu a podileji se na znecisténi
Zivotniho prostredi [62, 223]. Navic k tvorbé biodegradabilnich mikroplasti mize dochazet
rychleji, nez je tomu v pripadé konvencnich materialt [224]. Nékteré studie navic ukazaly, Ze
tvorba biofilmu na povrchu mikroplastd chrani tyto ¢astice pred plUsobenim UV zéreni
a podporuje jejich usazovdni na dné vodniho télesa a omezuje tak rychlost jejich
degradace [225].

Odpovédi na vyzkumnou otazku 4 tedy je, Ze mikroplasty P3HB nevykazuji zadny negativni
akutni ucinek na organismus D. magna, nicméné béhem chronickych a multigeneracnich
experimentl dochazi ke zvyseni mortality, snizeni reprodukéni aktivity a pomalejSimu rastu
organismU. Tento jev je zavisly nejen na koncentraci mikroplastli P3HB v testované suspenzi,
ale i na velikosti ¢astic — mensi velikostni frakce zplUsobovala vyraznéjsi efekt. Domnivdame se,
Ze vySe uvedené souvisi s pozitim mikroplastd P3HB organismem D. magna a blokaci jeho
traviciho traktu. Rovnéz se zda, ze pritomnost biodegradabilnich mikroplastld ma potencial byt
pro organismus D. magna nebezpecnéjsi, nez je tomu u konvencnich mikroplastd (tedy
s ohledem na soucasné znalosti dané problematiky).
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ZAVER

S neustale rostoucim problémem se znecisténim Zivotniho prostredi plasty pfitahuji stale vétsi
pozornost biodegradabilni plasty. Tyto nové materidly jsou v uréitych aplikacich povazovany
za eko-ndhradu konvencnich plastll. Pfedpokldda se, Ze by se tyto materidly mély v Zivotnim
prostfedi rozloZit, biodegradovat na CO; (u aerobni biodegradace), CO, a CHa (v pfipadé
anaerobni biodegradace), H.O a N.. Problémem vsak je, Ze proces biodegradace vyzaduje
specifické podminky, jako je teplota, pH, vlhkost a pfitomnost mikroorganisma, kterych neni
v zivotnim prostfedi vidy dosazeno. Pokud nejsou tyto podminky splnény, je Zivotnost
konvencnich a biodegradabilnich plastl v zdsadé stejna a po vstupu do Zivotniho prostredi tak
muZe dochdzet kjejich fragmentaci a tvorbé biodegradabilnich mikroplastl. Jejich
environmentalni a ekologické ucinky, jako je adsorpce a uvoliovani toxickych latek, véetné
jejich role jako vektor( mikroorganismu a rostlin, je tedy potreba studovat.

Zatim existuje madlo studii, zabyvajicich se dopadem biodegradabilnich mikroplastt
na sladkovodni ekosystém. V nasi praci bylo zjisténo, Ze prfitomnost biodegradabilniho P3HB
béhem kratkodobého ani dlouhodobého testu nevyvold negativni efekt na rdst a obsah
fotosyntetickych pigmentd rostliny L. minor. Jedinym pozorovanym efektem byl rast délky
kofene spolu s rostouci koncentraci P3HB v suspenzi. Jednoznacné negativni efekt na rychlost
rastu v pritomnosti P3HB nebyl pozorovan ani u fasy D. subspicatus. Béhem akutnich
experiment( s organismem D. magna rovnéz nebyl zaznamenan negativni vliv na mortalitu.
Nicméné, béhem dlouhodobych experimentl dochdzelo k narlstu mortality, omezeni rlistu
a reprodukéni aktivity organism(. Navic, jak ze vSech naSich experimentl vyplyva, mensi
Castice mély vétsi negativni efekt na sledované organismy.

Pozorované efekty byly pravdépodobné zplsobeny tvorbou biofilmu na povrchu
biodegradabilnich mikroplastli P3HB a s nim spojenym sniZzenim koncentrace Zivin v médiu.
K tvorbé biofilmu na povrchu mikroplastl dochdzi velmi rychle, vytvoreny biofilm
(a mikroorganismy v ném Zijici) m(ze jednak zpUsobit rychlejsi vyCerpani Zivin ve vodnim
prostfedi, ale rovnéZz mad vliv na rychlost poZiti mikroplastl Zivymi organismy. Vzhledem
k tomu, Ze ndmi testované druhy organism( jsou zdkladem potravy pro organismy vyssSich
trofickych Urovnich, maze tak jejich prostfednictvim dochazet i k ovlivnéni dalSich organismu.
Je tedy zfejmé, Ze negativni vliv biodegradabilnich mikroplast(i na akvaticky ekosystém muze
byt za urcitych podminek srovnatelny, nebo dokonce i vétsi, nez vliv konvenénich materiala.
Jejich vyuziti a nakladani s nimi tedy vyzaduje peclivé zvazZeni a je vidy nutné posoudit i jejich
potencidlni dopady na Zivotni prostredi.
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ARTICLE INFO ABSTRACT

Keywords: The extensive production and use of plastics have led to widespread pollution of the environment.
Biodegradable plastics As a result, biodegradable polymers (BDPs) are receiving a great deal of attention because they
Duckweed

are expected to degrade entirely in the environment. Therefore, in this work, we tested the effect
Microbeads of two fractions (particles <63 pm and particles from 63 to 125 pm) of biodegradable poly-3-
Micro-bioplastics hydroxybutyrate (P3HB) at different concentrations on the specific growth rate, root length,
P3HB and photosynthetic pigment content of the freshwater plant Lemna minor. Microparticles with
similar properties made of polyethylene terephthalate (PET) were also tested for comparison. No
adverse effects on the studied parameters were observed for either size fraction; the only effect
was the root elongation with increasing P3HB concentration. PET caused statistically significant
root elongation only in the highest concentration, but the effect was not as extensive as for P3HB.
The development of a biofilm on P3HB particles was observed during the experiment, and the
nutrient sorption experiment showed that the sorption capacity of P3HB was greater than PET’s.
Therefore, depleting the nutrients from the solution could force the plant to increase the root
surface area by their elongation. The results suggest that biodegradable microplastics may cause
secondary nutrient problems in the aquatic environment due to their biodegradability.

Ecotoxicity

1. Introduction

Due to the growing problem of plastic waste and pollution from conventional plastics, there is an increasing interest in producing
environmentally friendly products from degradable materials [1,2]. Biodegradable polymers (BDPs) are polymeric materials that can
be decomposed under aerobic conditions into carbon dioxide, water, and biomass by the enzymatic action of microorganisms or under
anaerobic conditions to methane [3]. Simply put, they become plastics when mixed with additives, which improve their processability
and properties. BDPs are being promoted as a viable alternative to conventional plastics in several industrial sectors, some in medicine,
others in textile, personal care products, agriculture, and especially as packaging materials [4,5]. BDPs can be made from petro-
chemicals or renewable materials; they can be polymers produced by extraction from biomass (polysaccharides, polypeptides, lipids),
polyesters made by microorganisms and plants or their mixtures [3,6,7].
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Considerable attention is paid to polymers produced from renewable sources, including polyhydroxyalkanoates (PHAs), a group of
biodegradable linear polyesters 3, 4, 5, and 6-hydroxy acids, which can be produced under aerobic and anaerobic conditions by various
gram-negative and gram-positive bacteria that use them as intracellular reserve materials [8-12]. PHAs were discovered through
poly-3-hydroxybutyrate (P3HB) [13,14]. P3HB is a relatively hydrophobic material with a crystallinity greater than 50 %, a high
melting point (180 °C), and low elasticity. These properties complicate its processing and limit its possible use on an industrial scale
[15,16]. The mechanical properties of P3HB can be improved by various additives, either polymers or plasticizers, or by forming
copolymers [17]. However, these additives can have a negative effect on the biodegradation rate of the resulting material [18].
Therefore, substances that facilitate biodegradation, such as starch, are also added to these mixtures. Another disadvantage of P3HB is
its high production cost, which can be slightly reduced by using waste materials as feedstock, e.g., used rapeseed frying oil [19].
Biomass, waste products of the sugar industry, or coffee bean hydrolysates can also be used for their production [20].

Similar to conventional plastics, biodegradable plastics can break down into small particles under natural conditions, resulting in
large quantities of microplastics [17,21]. Despite their biodegradability, these particles can have a very long life because their
degradation is influenced by biotic and abiotic environmental factors such as temperature, humidity, pH, biologically active sub-
stances, and the presence and activity of microorganisms [22,23]. Biodegradation processes of BDPs often needs specific environ-
mental conditions, and the biodegradation cannot be completed in many natural environments [24]. BDPs mainly showed high
degradability in soil and compost environments. However, this is not always the case of the aquatic environment, for example the
degree of biodegradation of polyhydroxybutyrate vary from 30 to 99 % depending on the conditions and the type of water [25].

Microplastics from BDPs have also been found to negatively affect freshwater and marine organisms [26]. In the freshwater
amphipod Gammarus fossarum, a reduction in biomass gain was observed following exposure to polyhydroxybutyrate compared to the
control as a result of their ingestion [27]. The effect of polylactic acid (PLA) microparticles on the marine organism Arenicola marina
and microalgal biomass on the sediment surface was investigated by Green et al. [29]. There was no adverse effect of PLA on the
viability of A. marina, but there was a significant decrease in microalgal biomass in PLA-containing sediment compared to the control
[28]. However, in general, microplastics from BDPs are largely understudied, so understanding their impacts on the nvironmentt is still
limited.

Due to the gradual acceptance of biodegradable replacements for conventional plastics, increased exposure of environmental
components by micro-bioplastics can be expected due to their incomplete biodegradation. For this study, we selected P3HB due to its
widespread applications and its growing, extensive use in packaging, agriculture, and biomedicine [29]. Further, the price of P3HB
production is decreasing [30,31]. Consequently, it can be expected to be widely used in other branches, mainly as a replacement for
polypropylene [32]. For those reasons, this study aimed to evaluate the effect of P3HB microplastics on the freshwater floating plant
Lemna minor and compare the observed results to effects caused by PET microplastics with comparable properties. The effects of
microplastics on the specific growth rate, photosynthetic pigments content, and root length are investigated.

2. Materials and methods
2.1. Preparation of microparticles

The P3HB (ENMAT Y3000) microplastics with a spherical shape were used for ecotoxicological tests with L. minor. They were
obtained as a powder from TianAn Biologic Materials Co., Ltd. (Ningbo City, China). A suspension of P3HB microplastics in MilliQ
water was sieved on 63 and 125 pm mesh stainless-steel sieves, and both size fractions (<63 pm and from 63 to 125 pm) were sub-
sequently dried in glass beakers at room temperature in a fume hood.

The PET microplastics were obtained as a powder produced during mechanical recycling from PETKA CZ a.s. (Brno, Czech Re-
public), repeatedly washed and then prepared similarly to P3HB to obtain the same size fractions.

2.2. Experimental design

The L. minor came from a laboratory culture at the Institute of Chemistry and Technology of Environmental Protection (Faculty of
Chemistry, Brno University of Technology, Czech Republic). The plant was cultivated in Steinberg medium [33] under controlled
conditions (temperature 23 + 2 °C, photoperiod 16/8 h).

Due to the lack of standardised protocols for microplastic ecotoxicity testing, there is no accepted procedure for how organisms
should be exposed in ecotoxicity tests. Accordingly, we used several approaches to expose L. minor. The effects of (i) suspension
(without replacement), (ii) suspension exchange during the test, which used Li et al. [34] procedure in tests with TiO5 nanoparticles,
(iii) leachate and (iv) direct weighing (due to surface tension, some insufficiently wetted PSHB particles remained floating on the
surface). Tests were conducted with both size fractions.

The suspension (i) was prepared by weighing the desired amount of P3HB and transferring it to a volumetric flask; then, the
volumetric flask was filled to the mark with Steinberg medium. The suspension thus prepared was ultrasonicated for 10 min to disperse
the particles.

In the case of the exchange test medium (ii), the suspension thus prepared was exchanged twice during the test.

Leachate (iii) was prepared as follows: a suspension of P3HB in Steinberg medium was prepared and then incubated for seven days
under the same conditions as the L. minor test. The medium was then filtered through a 0.8 pm pore size filter.

In direct weighing (iv), PSHB was weighed in the required amount, transferred to a test vessel, and 100 mL of medium was added.

Since the results (Section 3) showed no significant difference between the preparation methods, the test was performed with PET in
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suspension only (i). Also, leachate from PET was not tested because our previous study showed no effects of PET leachate on various
endpoints of L. minor [35].

The experiments were conducted in 150 mL glass beakers, and each was filled with 100 mL of test suspension, leachate, or medium.
The concentration of P3HB microparticles was 0, 10, 50, and 100 mg/L, corresponding to 3.20 10'® particlesin 1 g for the fraction <63
pm and 2.39 10'3 particles in 1 g for the fraction <125 pm. The number of particles was determined based on their distribution in
suspension (figure S1-S4 in Supporting Information). This concentration range was selected based on our initial tests and previous
studies on the toxicity of microplastics to L. minor [36]. The PET was used in the same concentrations as P3HB.

Each experiment involved three replicates of the same exposure concentrations was repeated three times and was carried out
according to the OECD guideline No. 221 [37] and used in many studies when microplastics were tested [36,38-40]. The initial
number of leaves was nine, so more than 50 % of the surface area was available for plant growth. Roots were carefully removed from
the plants before the start of the test. This experiment was conducted at a temperature of 24 + 1 °C, and evaporation of the medium
was prevented during the test by covering it with polyethylene foil. A photoperiod of 16/8 h (light/dark) was set at a light intensity of
4300 Ix at the plant level, and the duration of the experiment was seven days.

Images of P3HB and PET microplastics were taken with an optical microscope and ocular camera, 10 x /0.25 objective before and
after the experiment.

At the end of the experiment, the number of leaves was counted (n = 9), and the average specific growth was calculated (details are
given in section 2.6, Data analysis).

2.3. Measurement of root length

L. minor (n = 75) were placed on laminated graph paper and photographed with a Nikon D3100 digital camera and an AF-S Micro
NIKKOR 40 mm 1:2.8 G lens (Nikon, Japan). Afterward, the root length was evaluated in the ImageJ program.

2.4. Photosynthetic pigment determination

Photosynthetic pigments (n = 9), chlorophyll a and b, and total carotenoids were determined by a modified Arnon method
described by Radi¢ and Pevalek-Kozlina [41]. Approximately 30 mg of fresh plant material from each treatment was used for the
photosynthetic pigment analysis. The samples were homogenized in 80 % ice-cold acetone (w/v), and the absorbance of the super-
natant was read at 470, 642.8, and 646.2 nm.

2.5. Sorption experiment

Both P3HB and PET microplastic fractions were incubated in the Steinberg medium for seven days at the same concentrations (0,
10, 50, and 100 mg/L) and under the same conditions as in the L. minor assay. Media samples were collected at 0, 24, and 168 h and
filtered through a 0.45 pm pore size nylon filter. The nitrate-nitrogen concentration in these samples was determined spectrophoto-
metrically using a commercial kit (Spectroquant®, Millipore, 109713).

To evaluate the effects of nutrient depletion of the medium, an additional test was also prepared in which the medium contained 5
%, 10 %, 20 %, 30 %, and 40 % less nutrients than the original Steinberg medium. The ecotoxicity test with L. minor was then per-
formed as described for P3BH.

2.6. Data analysis

The average specific growth rate after seven days of exposure was calculated according to ISO 20079 (2005) as follows:

y= In(N;) t_ In(N;)

where p (d™1) is the average specific growth rate, N; (/) is the number of leaves at the end of the experiment, N; (/) is the number of
leaves at the beginning of the experiment, and t (d) is the exposure time (seven days).

o1, = P =11 S 100
Hc

where %I, is the percentage inhibition of the average growth rate, y. is the mean growth rate for control, and ur is the mean u for
specific sample treatment.

The content of photosynthetic pigments was calculated according to Lichtenthaler [42]. Results are given in mg of chlorophyll per
gram of fresh plant mass.

The statistical significance of the differences between control and individual concentrations was determined using Dunnett’s test in
the R program, with differences considered significant if p < 0.05.
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Fig. 1. Results of specific growth rate: A to E for particles <63 pm (A - suspension (i), B — exchange of suspension (ii), C — leachate (iii), D — direct
weighing (iv) of P3HB, and E — suspension of PET) and F to J for particles from 63 to 125 pm (F — suspension (i), G — exchange of suspension (ii), H -
leachate (iii), I — direct weighing (iv) of P3HB, and J — suspension of PET). Asterisks denote statistically significant differences compared with the
Sontrol treatment (p-value <0.05).

3. Results
3.1. Effect of P3HB on the specific growth rate of Lemna minor

The results of this study showed that the specific growth rate of L. minor was not affected in the case of suspension test (i), exchange
suspension during the test (ii), and direct weighing of P3HB microplastics into the test vessel (iv). Similarly, suspension of PET
microplastics did not affect the specific growth rate under those exposure scenarios (Fig. 1).

On the other hand, leachate (iii) from both size fractions of P3HB showed a statistically significant difference at the highest
concentrations — 100 mg/L for particles <63 pm, 50 and 100 mg/L for particles from 63 to 125 pm. The specific growth rate inhibition
was concentration dependent: leachates from 10, 50, and 100 mg/L caused 4.72 %, 4.01 %, and 15.95 % for particles <63 pm, and
2.79 %, 7.61 %, and 17.69 % for particles from 63 to 125 pm, respectively (Fig. 1).

3.2. Effect of P3HB on chlorophyll content

Both fractions of P3HB microplastics in the different treatments ((i) — (iv)) did not have a negative effect on the content of
photosynthetic pigments in L. minor leaves (chlorophyll a and b, carotenoids). Similarly, PET did not affect photosynthetic pigment
content compared to the control (Figs. 2 and 3).

3.3. Effect on root growth

Both P3HB size fractions had statistically significant effects on L. minor root growth in all treatments. The effect was concentration-
dependent regardless of the preparation of the suspension ([i], [ii], [iv]); the leachates (iii) of P3HB also caused a statistically sig-
nificant elongation of the roots of L. minor.

Similarly, the length of the roots increased with increasing concentration of PET microplastics, but a statistically significant dif-
ference from the control was observed only at the highest concentration (100 mg/L, Fig. 4).

3.4. Sorption experiment

To determine the degree to which the presence of microplastics affects the composition of the medium, a series of sorption ex-
periments were conducted on both PET and P3HB. In the presence of microplastic particles <63 pm, there was up to 30 % reduction of
the concentration of N-NO3 in the case of P3HB, while there was only 12 % for PET (figure S5). For the second size fraction of
microplastics (from 63 to 125 pm), the depletion of N-NOj in both cases was slightly higher. Thus, sorption occurs for both types of
plastics, but a statistically significant effect on root growth was observed only for P3HB and the highest concentration of PET (Fig. 4).
In addition, biofilm growth on the settled P3HB and PET was observed at the bottom of the beaker, where filamentous microorganisms
occurred (Fig. 5). However, only in the treatments with P3HB did visual inspection indicate other microbial cells attached to particles
(Fig. 5B).

3.5. Effect of nutrient depletion

Additional experiments with depletion of nutrients in the Steinberg medium (containing 5 %, 10 %, 20 %, 30 %, and 40 % fewer
nutrients than the control under the same conditions as the P3HB and PET tests) confirmed that with decreasing nutrient concen-
trations in the medium, there was a slight inhibition of growth compared to the control (the highest was 6.5 % in the sample with the
least amount of nutrients, i.e., 40 % fewer nutrients than in the control. No changes in photosynthetic pigment content were observed.
However, a statistically significant increase in root length was observed at all concentrations and increased with decreasing nutrient
concentrations in the medium (Fig. 6).

4. Discussion

Recent research on microplastics has shown that different types of microplastics can affect growth and development of aquatic
plants [43,44]. In contrast, natural particles such as wood or cellulose particles showed no effects [40]. Therefore, we aimed to
investigate the effect of bio-based and biodegradable P3HB and compare it with that of non-biodegradable PET. PET was selected for
its P3HB-like properties mainly density (1.38 g/cm®) and wettability — the contact angle of PET varies between 66° and 81°, that is, it is
also poorly wettable compared to P3HB [45]. In fact, both particles belong to the group of polyesters, but P3HB is, unlike, a biode-
gradable polymer. Although, recent work [46] suggested that PET hydrolysis can also occur under specific conditions, e.g., about 4.5
years is needed for 50 % PET degradation under neutral pH in marine water, it can be concluded that the lifetime of P3HB and PET
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Fig. 2. Results of average content of total chlorophylls: A to E for particles <63 pm (A - suspension (i), B — exchange of suspension (ii), C - leachate
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Fig. 4. Results of measurement of root length: A to E for particles <63 pm (A - suspension (i), B — exchange of suspension (ii), C - leachate (iii), D —
direct weighing (iv) of P3HB, and E — suspension of PET) and F to J for particles from 63 to 125 pm (F - suspension (i), G — exchange of suspension
(ii), H - leachate (iii), I - direct weighing (iv) of P3HB, and J - suspension of PET). Asterisks denote statistically significant differences compared
\ﬁliﬂ'l the control treatment (p-value <0.05).

A

Fig. 5. P3HB particles <63 pm before the test (A) and after seven days of exposure (B), PET particles <63 pm before the test (C) and after seven days
of exposure (D). The arrows in Figure B indicate the different types of organisms in the biofilm formed on P3HB microplastics versus PET.

microparticles in natural systems significantly differ.

In general, there are very few studies on the impact of biodegradable microplastics on aquatic organisms; their effects on aquatic
ecosystems were not studied until 2015 when Green et al. [28] found that, in some cases, they can negatively affect organisms in the
same way as conventional microplastics. Their work compared the effect of PLA, polyethylene (PE), and polyvinyl chloride micro-
plastics on the health and biological activity of lugworms A. marina and the nitrogen cycling and primary productivity of the sediment
they inhabit. All three types of microplastics, including biodegradable PLA, significantly reduced the biomass of microalgae in the
sediment [28]. Su et al. [47] compared the effect of PLA, polybutylene succinate, PE, and polyamide (PA) microplastics (the sizes of
each type of microplastic were 57.4, 53.3, 77.8, and 59.9 pm) on the marine algae Chlorella vulgaris. PLA showed the most substantial
inhibitory effect on the growth of C. vulgaris. Interestingly, in contrast to our study, the microplastics appeared to stimulate the
contents of photosynthetic pigments (e.g., chlorophyll a, chlorophyll b, and carotenoids), which was attributed to their ability to act as
cellular defences against stress induced by microplastics.

The ecotoxicological research on P3BH is limited, but, for example, tests with secondary P3HB nanoparticles by Gonzalez-Pleiter
et al. [48] demonstrated that with the presence of P3HB nanoparticles (spherical particles with a diameter of around 200 nm, the
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enoids, D — average root length. Asterisks denote statistically significant differences compared with the control treatment (p-value <0.05).

highest concentration was 100 mg/L) in the medium, there was a significant reduction in the growth of bacteria Anabaena (90 %) and
algae Chlorella reinhardtii (95 %); there was 85 % immobilization of Daphnia magna after 48 h. This contradicts our results, which
showed no significant acute effect on L. minor. This confirms that chemical composition, concentration, and particle properties (and
related sorption properties, e.g., towards micropollutants or nutrients) are important ecotoxicological factors in the ecotoxicity testing
of micro/nanoparticles.

The results of this study showed limited effects of P3HB microplastics on various endpoints of growth and development of L. minor.
The minimal effect of P3HB on the specific growth rate of L. minor may be caused by the limited contact of the microplastics with the
plant biomass. As mentioned earlier, P3HB microplastic particles settled due to their higher density than water (approximately 1.23 g/
cm®) [49], thus leaving enough space on the surface for normal plant growth. Similarly, results of the photosynthetic content analysis
suggest a low impact of PSHB microplastics on L. minor, as photosynthetic pigments were also not affected by P3HB microplastics. A
similar conclusion was reached by Kal¢ikova et al. [36] when investigating the effect of PE microbeads on L. minor. However, P3HB
microplastics can be temporarily resuspended in the water column because of turbulence, water flow, or during thunderstorms [50].
The contact angle of P3HB is reported to be between 70° and ~81°, making it slightly hydrophobic [45]. Hydrophobic material
naturally tends to separate from water molecules [51]. Accordingly, before the surface of P3HB microparticles is wetted and begins
settling, they can float on the water surface and be adsorbed to the leaves and roots of floating plants.

Furthermore, no differences were found between the exposure scenarios (the ways that L. minor was exposed to microplastics), so
we concluded that using microplastic suspension (i), microplastic suspension exchange (ii), and direct weighing (vi) are appropriate
methods for microplastic testing.

Although there was no effect on growth rate and photosynthetic pigment content, P3HB microplastics affected root growth and
caused root elongation. A lack of nutrients can cause root length elongation, and consequently, the ability of the root system to nourish
increases — the foraging capacity [52]. For example, Cedergreed and Madsen [53] reported that high concentrations of nutrients lead to
the shortening or the complete absence of L. minor roots, while low levels of nutrients and trace elements lead to elongation, as shown
in Fig. 6. As the L. minor is a plant with no lateral roots but only one main root, extending the roots is the only way to increase the root
area to absorb nutrients from the medium. No other changes (thinning of roots, reduction of root cell viability) were observed during
this research. Based on the results of this study, it is plausible that root elongation could be a result of nutrients depletion either 1) due
to nutrient sorption on P3HB microplastics as reported by He et al. [54] or 2) the effect of biofilm formed on the surface of the
biodegradable polymer.

Both adsorption of nutrients and biofilm development proceeded differently on P3HB and PET microplastics, although they have
equal plastic wettability [45] and comparable sizes. P3HB adsorbed more N-NOj3 than PET (figure S5), and a significant effect on roots
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(elongation) was observed regardless of the P3HB concentration tested. In contrast, the PET microplastics only caused statistically
significant root elongation at the highest concentrations. This difference may be due to the fact that P3HB is biodegradable and thus
more suitable for biofilm growth than PET (Fig. 5). This supports the uptake of nutrients on P3HB particles compared to PET (figure
S5). This is significant mainly for those particles below 63 pm. As can be seen in figure S5, particles between 63 and 125 pm showed a
similar trend. We speculate that this may be caused by a change in the specific surface area caused by more extensive aggregation of
P3HB particles. In principle, biofilm formation modifies the surface wettability, thereby promoting the rate and extension of the
aggregation. In other words, in the presence of denser biofilm on P3HB (Fig. 5), the aggregation is caused by charge-charge in-
teractions. In contrast, in the case of PET, it is caused mainly by the aforementioned separation from water. As a result, the sorption of
nutrients by P3HB decreased. Further, it also seems that the biofilm characteristics on PET and P3HB were different (Fig. 5), which
influenced the aggregation behaviour of both plastic particles.

The reason for the development of the biofilm on P3HB can be attributed to their biodegradability, as they represent a carbon
source for microorganisms and thus are degraded in the aquatic environment [55]. The formation of biofilm on microplastics can
significantly alter their properties and, in some cases, even increase environmental risks and ecotoxicity. Microbial attachment to the
surface of plastics and biofilm formation can occur within a few days [56]. It can affect properties such as hydrophobicity, density,
functional groups, size, surface area, the roughness of microplastics, and their physical and chemical behaviour [57]. For example, the
attached biofilm could reduce the hydrophobicity of PE [58,59] and increase the specific surface area and, thus, the adsorption of other
pollutants [57]. In addition, the surface of microplastics can also concentrate nutrients dispersed in the surrounding environment to
provide sufficient nutrients for biofilm formation [60]. This aligns with the results of Chen et al. [61], who reported that microplastic
biofilms could potentially affect the N and P cycles — the N cycle by enhancing denitrification capacity and the P cycle by sorption and
microbially mediated P transformation. N and P can be assimilated into and released to the surrounding waters via biofilms, depending
on their developmental stage and environmental conditions.

In addition, the specific growth rate of L. minor was statistically significantly affected in the test with leachate for both size
fractions. This might be caused by chemicals that may be leached from the microplastics during the incubation period (e.g., chloroform
for the extraction of P3SHB (lysis of cells during PSHB production) [11]. Still, it is more plausible that the effect was also related to
nutrient depletion, as it is credible that nutrients were adsorbed to P3HB and utilized by the biofilm during the preparation of the
leachate, so the leachate used for the ecotoxicity test had a much lower concentration of nutrients that affected the root growth and
induced root elongation.

A fundamentally similar, though not identical, problem with the availability of nutrients for plants in soil is also mentioned in the
work of Brtnicky et al. [62]. The authors found that adding P3HB to the soil increased microbial activity due to the preferential use of
P3HB as a carbon source. This leads to soil nitrogen depletion around the plant roots, strongly inhibiting plant growth. However, soils
are a more microbially active environment than water due to the significantly higher number of microorganisms present. Therefore,
abiotic factors such as sorption can be involved in the competition for nutrients between plants and microorganisms in the aquatic
system. Even in terrestrial plants, the root: shoot ratio increases due to nitrogen deficiency, and lateral roots shorten, while high
concentrations of N-NOj in soil solution inhibit root growth [63]. Kul et al. [64] also state that nitrogen deficiency reduces chlorophyll
in the plant leaves and reduces flowering, fruiting, protein, and starch content. In our case, changes in the content of photosynthetic
pigments in leaves were not observed; in most cases, there were no changes in the growth of L. minor. Thus, it seems that the plant
adapted to the reduced content of nutrients in the medium by root elongation, and no acute effect was observed. Accordingly, focusing
on the long-term effect of P3HB microparticles on L. minor is important.

In submerged rooted plants, which can take up nutrients through both roots and shoots, nutrient uptake by roots from sediment
depends on nutrient availability in the water. In contrast, floating plants are unique because roots and leaves receive nutrients from the
same source [53]. Root length measurements may be more sensitive than other endpoints (growth and biomass), such as exposure to
submerged macrophytes to pesticides [65]. Roots are more critical in nutrient uptake when availability is low, and leaves contribute
more at high nutrient concentrations [53]. From an ecological perspective, the increase in the length of the L. minor root in the
presence of P3HB microparticles is not a large problem for the plant in the short term. Importantly, however, this effect indicates a
reduction in nutrient concentration in the water. Nutrients are essential for the growth of algae and aquatic plants, which are a food
source for many small invertebrates and fish.

5. Conclusion

This research showed that the presence of P3HB microplastics had no adverse effects on growth or the photosynthetic pigment
content in leaves. The only effect observed was an increase in root length with increasing concentration of P3HB, which was shown to
be related to the depletion of nutrients from water, but this effect may be transient especially during the initial rapid biodegradation.
Furthermore, we speculate that in the short term, L. minor can compensate for the shortage by root extension. Even so, L. minor serves
as a food source and habitat for other organisms, and it is difficult to predict how the lack of nutrients would affect it in the long term.
Finally, if P3HB or other rapidly biodegradable plastics are used in marine applications, it is also important to understand that rapid
biodegradation could negatively affect aquatic ecosystems and lead to nutrient depletion especially if used in high concentration. For
those reasons, the ecological implications of biodegradable plastics should be further investigated.
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Fig. S1 The repeated measurements of size distribution of P3HB particles <63 um suspended in deionized water
after sonification. The suspension was measured with the dynamic light scattering system HELOS Particle Size
Analysis System from Sympatec GmbH
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Fig S2 The repeated measurements of size distribution of P3HB particles 63 to 125 um suspended in deionized
water after sonification. The suspension was measured with the dynamic light scattering system HELOS Particle
Size Analysis System from Sympatec GmbH
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Fig. S3 The repeated measurements of size distribution of PET particles <63 pm suspended in deionized water
after sonification. The suspension was measured with the dynamic light scattering system HELOS Particle Size
Analysis System from Sympatec GmbH.

1000 Param 1 x(10 %) x(25 %) x(30 %) x(50 %) x(75 %) x(90 %) x(99 %)| === I t = ! t == 3200
975 ymooumopmoym o pm o opm m =195
950 | M PETI2S 724 2053 245 3845 5384 6823 Be2t 190
925 -~ PET 125 782 2163 2554 3839 5259 6359 7353 = 185
200 E J1.80
875 E s
850 F J170
825 F 188
800 E 1.0
TI5E J1ss
750 £ 150
725 F J1as
700E 140
875 F J13s
850 £ J130
825 E J12s
s WO 120
g TSE e
g ssO0E Jro €
5 sesE 105 £
5 s00F J100 §
3 a5E o5 3
5 es0f oo 2
E s2sE —oss ©
© woE Joso
WS Hors
BOE Joro
325 F Joss
300E Joso
zsE Joss
250 Joso
25F Joas
200F Jo4o
175 E Jo3s
150 E Jo3o
125E Jo2s
100 Jo20
75 Jo.1s
50E Ho10
25 o5
00 E 1 1 | 141 1 1 I | 1 1 1 S S | -AOD
01 02 04 06 08 10 2 4 6 & 10 20 40 60 80 100 200 400 500 8001000 2000

particle size /ym

Fig. S4 The repeated measurements of size distribution of PET particles 63 to 125 pum suspended in deionized
water after sonification. The suspension was measured with the dynamic light scattering system HELOS Particle
Size Analysis System from Sympatec GmbH
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Abstract

Due to the serious environmental impacts associated with plastic pollution, some
conventional plastics have been replaced by biodegradable ones. However, these
biodegradable alternatives can also fragment and form microplastics and can be then ingested
and affect biota. The common methods for quantifying ingested microplastics involve digestion
of gut or whole organism by acidic, alkaline, or oxidative methods. However, biodegradable
microplastics may be more likely destroyed by these aggressive methods, leading to erroneous
results. Therefore, in this study, we employ thermal analysis methods, specifically differential
scanning calorimetry (DSC) and thermogravimetry (TG), to quantify the ingestion of
biodegradable microplastics of poly-3-hydroxybutyre (P3HB) by freshwater crustacean
Daphnia magna. Organisms exposed to P3HB of sizes <125 and <63 um and concentrations
ranging from 1.56-25 mg-L™" during chronic experiment were analyzed. DSC identified an
endothermic peak associated with the melting of semicrystalline P3HB, and its enthalpies were
utilized to compute the number/mass of P3HB ingested by D. magna. Notably, shifts in melting
points suggested that higher concentrations induced particles agglomeration and the
agglomerates could not penetrate deep into the organism. The TG approach was based on
the subtraction of mass loss between 200-400°C in D. magna specimens exposed to P3HB
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suspensions and controls without P3HB. Both methods provided comparable data and
revealed that depending on particle size, individual D. magna ingested up to 10 % of their body
weight. Our findings indicate that both methods are effective for detecting P3HB (and
potentially other plastic fragments), with DSC demonstrating superior sensitivity. The
introduced methods broaden the scope for detecting ingested microplastics, especially in

zooplankton.
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Introduction

At present, plastic pollution is among the most frequently discussed environmental issues.
It is estimated that 10% of the plastics currently produced enter the oceans [1], with an
exponential increase in the coming years [2]. Large plastic particles, macroplastics, are easily
visible and adversely affect wildlife organisms through entanglement, ingestion, and
lacerations [3]. Microplastics (MPs), plastic particles between 1 and 1 000 um [4], due to their
size, can be taken up by a number of organisms. Their ingestion and negative effects have

been demonstrated in freshwater and marine organisms across food chain [1,2,5-7].

As the issue of plastic waste and environmental pollution from traditional plastics intensifies,
there is a rising demand for eco-friendly and degradable materials. Biodegradable polymers
(BDPs) are increasingly in the spotlight due to their ability to biodegrade, offering a solution to
the challenge of enduring plastics. Under aerobic conditions, BDPs break down into carbon
dioxide, water, and biomass, while methane is produced under anaerobic conditions. They are
used across various sectors — including medicine, textiles, personal care manufacturing,
agriculture, and packaging — as alternatives to traditional plastics [8—10]. However, similar to
their conventional counterparts, BDPs can break down into small particles in natural settings,
leading to the accumulation of significant quantities of so called microbioplastics (i.e.,
biodegradable microplastics [9,11]; a note: in this work, we use for both biodegradable and
non-biodegradable plastic particles a term microplastics). Even with their biodegradable
nature, these microplastics can persist for extended periods of time. This is because
biodegradation is a lengthy process, influenced by both biotic and abiotic environmental factors
such as temperature, humidity, pH, active biological substances, and enzymes. Depending on
the specific polymer, BDPs might remain in the natural environment for several years or even

decades [12,13].

As a consequence, microplastics from both biodegradable and non-biodegradable plastics
can be ingested by various organisms as previously documented. For example, Cole et al. [1]
found that thirteen zooplankton taxa could ingest polystyrene (PS) beads ranging from 1.7 to

3
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30.6 um in size. The rate of uptake varied based on the taxon, life stage, bead size, and the
appendages of the exposed zooplankton. Scherer et al. [14] further confirmed the ingestion of
microplastics by freshwater invertebrates, using species like Daphnia magna, Chironomus
riparius, Physella acuta, Gammarus pulex, and Lumbriculus variegatus. All these species
ingested PS microspheres of 1 and 10 um. But the probability ingestion is influenced by several
factors: the type of microplastics, their concentration, and the frequency with which these
particles fall within the size range of naturally consumable items for the organism [15]. The
methods used for quantification of microplastics includes fluorescence labeling of microplastics
combined with spectrophotometric techniques [1,16,17], stereo/microscopic examinations
[15,18-27], and determining particle volume concentration through particle size analyzers [28],
gravimetric methods [27], gut content inspection [22,29] or pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS, [30]). However, many of these methods can have important
limitations as for example Schur et al. [24] caution that fluorescent labeling might result in dye
leaching within the organisms, potentially leading to false positives in microplastic detection.
During the visual inspection, some particles can be overlooked and when employing digestion
methods to recover microplastics from gut or the whole organisms the digestion can lead to a
potential loss of certain microplastics. For example, a digestion of fragile Bakelite microplastics
led to 20% loss of the mass of particles [31]. This can be also true for biodegradable

microplastics that are supposedly less persistent.

In this context, we aimed to develop approach for direct quantification of microplastics in
small aquatic organisms. For this purpose, the water flea D. magna was selected as model
filter-feeding zooplankton. This organism non-selectively consumes particles ranging in size
from less than 1 ym to about 70 ym [15] and is a widely used model organism in microplastic
research [32,33]. Poly-3-hydroxybutyre (P3HB) was chosen as model microplastic particles
because of recent interest in the use of P3HB in various applications [34,35] and thus the
possibility that they will enter the aquatic environment in high extent. We focused on using of

two fundamental thermoanalytical methods such as Differential Scanning Calorimetry (DSC)
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and Thermogravimetry (TG). Both methods are robust and sensitive and commonly used for
qualitative and quantitative analysis of samples which can be used with any special sample

pretreatment.

The objectives of this study are:

i) to develop an approach for both qualitative and quantitative analysis of P3HB particles

ingested by D. magna,

ii) to investigate the influence of particle size on the quantity of P3HB ingested by D. magna

iii) to compare the reliability of the employed methods.

Materials and Methods

Microplastics

The P3HB (ENMAT Y3000) microplastics with a spherical shape were used (from TianAn
Biologic Materials Co., Ltd., Ningbo City, China). A suspension of P3HB microplastics in MilliQ
water was sieved on 63 and 125 pm mesh stainless-steel sieves, and both size fractions (<63
pm — referred as “63” and from 63 to 125 ym — referred as “125”) were subsequently dried in
glass beakers at room temperature in a fume hood. Importantly, as follows from the distribution
enclosed in Supporting information (Figure S1 and S2), the size of the particles does not
correspond exactly to those size, because the particles were not ultrasonicated, as described
further on. However, for easier orientation in the text, we use the size of the mesh used for

particles preparation.

Exposure of D. magna to microplastics

The test organism D. magna from laboratory culture at the Institute of Chemistry and
Technology of Environmental Protection (Faculty of Chemistry, Brno University of Technology,

Czech Republic) was cultured in ASTM reconstituted hard water [36] amended with selenium,
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vitamins (biotin, thiamine, cyanocobalamine, according to the OECD guideline 202 [37]) and
20 pL/L seaweed extract (Marinure, Glenside, Scotland) according to [38]. The medium was
changed three times a week and the organisms were fed with green algae Desmodesmus
subspicatus equivalent to 200 pg carbon per organism daily. The culture was kept at

temperature 20 £ 1°C and a light:dark regime of 16:8 (800-1000 lux).

According to the preliminary experiment, the concentration range of P3HB particles in
suspensions was selected to 0, 1.56, 3.125, 6.25, 12.5 and 25 mg-L"'. The suspensions of
particles were prepared by weighing the desired amount of P3HB and transferring it to a
volumetric flask; then, the volumetric flask was filled to the mark with ASTM reconstituted hard
water enriched with vitamins and seaweed extract (see above). The suspension thus prepared
was ultrasonicated for 10 min to disperse the particles. The experiments were conducted in
150 mL glass beakers, and each was filled with 100 mL of test suspension. Each experiment
(63 and 125 um) involved ten replicates of the same exposure concentrations and was
repeated three times. Into each test vessel, one juvenile of D. magna younger than 24 h was
placed. The experiment conditions were identical to culture conditions. At the end of the test,
alive organisms D. magna were carefully rinsed with deionized water to assure that P3HB

particles did not remain on their surface. Subsequently, they were air-dried.
Analysis of P3HB content in D. magna

Differential scanning calorimetry (DSC) TA Instruments Q250 (Delaware, New Castle, USA)
was used to analyze the melting enthalpy of P3HB in D. magna. Either 6 or 7 specimens of
D. magna were placed into the aluminium Tzero pan, non-hermetically sealed to ensure that
the D. magnais in the contact with the bottom of the pan. Following temperature program was
used. 1) Heating from 30 to 105 °C by heating rate 10 °C-min’, 2) an isotherm for 1 minute, 3)
heating to 200 °C by heating rate 10 °C-min'. The same method was used for the
measurement of P3HB. Samples were measured in triplicate with some exceptions. P3HB
melts around 170 °C, therefore, for the analysis of P3HB content in D. magna was used the

third run. Here, an endothermal peak corresponding to P3HB melting appeared in D. magna

6
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exposed to P3HB suspension. The peak was analyzed for its area (melting enthalpy) and onset

temperature.

Samples analyzed by using DSC were then collected, removed from the pan, and measured
using thermogravimetry (TG) TA Instruments Q550 (Delaware, New Castle, USA). Heating
from laboratory temperature (25 °C) to 700 °C by 10 °C-min' was used to analyse moisture
content (up to 200 °C) and mass loss between 200-400 °C. Also, in this case were analyzed
both D. magna exposed to P3HB suspension and control without P3HB. As followed from
obtained TG records of pure P3HB and samples, P3HB degrades in the temperature interval
200-400 °C. For that reason, the determination of P3HB content in D. magna were subtracted

mass loss of D. magna with and without P3HB in this temperature interval.

The determination of the P3HB content using DSC was analyzed as follows: 1g of purely
crystalline P3HB would give the enthalpy 146 J [39,40], therefore, the measured enthalpy
divided by 146 and multiplied by 1 g would give the content of crystalline part digested by
D. magna. An exemplary measurement of 6 pieces of D. magna treated with 125 ug P3HB at
25 mg-L" provided a melting peak with 0.0138 J. Calculation of (0.0138/146)x1=9.5x105 g or
9.5x102 mg of P3HB with 100% crystallinity. However, the crystallinity of P3HB used in this
work is not 100%, instead for pure P8BHB DSC experiments showed a single peak with onset
temperature 164.5 + 0.2 °C and melting enthalpy 71.2 + 0.6 J-g'. Accordingly, the crystallinity
of P3HB used in this work is approximately 49%, i.e. (71.2/146)x100=48.7%. Therefore, taking
into account also the amorphous part of P3HB, the recalculation gives 0.19 mg of P3HB in
measured sample of D. magna. This content is then used for determination of the content of

P3HB in D. magna.

Results

DSC analysis
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As aforementioned in Experimental part, melting enthalpy of P3HB is proportional to its
content in the sample of D. magna exposed to P3HB suspension. Figure 1 shows exemplary
records of D. magna exposed to 1.56 and 25 mg-L' P3HB suspension, fraction 125 and control
treatment with no P3HB. Melting event appeared at temperatures around 170 °C and was very
noticeable even in individuals exposed to the lowest concentrations of P3HB. In addition, the
peak area corresponding to the content of P3HB increased with increasing initial concentration
of P3HB in suspension. On the contrary, D. magna from control treatment with no P3HB gave

no melting event.

—— 25 mg-L™"
0.0 - ———1.56 mg-L™’
——— control
-0.1
o
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2 -o;zj//////,,/f“”’#’#frr—Fh—_Hmmg“‘\\h,/f‘k‘“\x\\
= ‘\\
©
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temperature [°C]

Figure 1. Exemplary DCS records between 120-200 °C of D. magna exposed fo suspensions 25 and
1.56 mg-L"'" P3HB and D. magna from control treatment with no P3HB. In the record are exothermal

process oriented up.

The amounts of P3HB in D. magna exposed to various concentrations are reported in Figure
2. The results confirm the preliminary observation (Figure 1) that with increasing initial

8



182  concentration of P3HB in suspension increases also the content of P3HB in D. magna. Notably,
183  in D. magna exposed to 125 um P3HB, the amount detected by DSC ranged from 0.5-6.3 wt%,

184  in D. magna exposed to 63 um it ranged from 0.5 to 10.3 wt%.
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__ ] 63um }
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N
|

—_
o
|
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content of P3HB in D. magna [%]
(o))

1.56 3.125 6.25 125 25

concentration [mg-L™"]
185

186  Figure 2. Content of P3HB in D. magna analyzed using DSC in dependency on initial concentration of

187 the P3HB suspension for both size fractions.
188
189 TG analysis

190 The TG experiments were based on a comparison of the TG record (i.e., mass losses) of
191  D. magna exposed to P3HB microplastics and those from control treatment. In Figure 3 are
192  reported the derivative TG records. In fact, up to approximately 200 °C takes place mainly the
193  evaporation of water, above 200 °C starts the degradation which proceeds to approximately

194 650 °C. The comparison of the DTG record of D. magna with and without P3HB indicates that



195 the differences on DTG curves are noticeable in the range from 200 to approximately 400 °C.

196  Differences in mass losses in the range of 200-400 °C were therefore used to determine the

197  P3HB content in D. magna.

O
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©
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198

199 Figure 3. Exemplary TG records between 100-650 °C of D. magna exposed to P3HB suspensions

200 25mgq-L, fraction 125 um and from control treatment with no P3HB.

201 TG results (Figure 4) showed the same trend as DSC (Figure 2), i.e., an increased content
202 of P3HB in D. magna exposed to higher concentrations of P3HB in suspension. As it can be
203  seenin Figure 5, which compares the results of both DSC and TG, the results were comparable

204  in the concentration range from 3.125-25 mg-L", whereas at 1.56 mg-L' the results differed

205  substantially.
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Figure 4. Content of P3HB in D. magna analyzed by using TG in dependency on initial concentration

of the P3HB suspension for both size fractions.
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Figure 5. Comparison of P3HB content in D. magna obtained by TG and DSC for both size fractions

together.

Last parameter, which was determined from DSC data was the onset temperature of melting
P3HB in D. magna. The results were compared with results of pure P3HB. The results are
summarized in Figure 6 and show that the largest differences were observed in D. magna
exposed to lower concentrated suspensions (1.56 and 3.125 mg-L™"), whereas the higher

concentrations showed no difference when compared to pure P3HB.

12
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Figure 6. Differences of melting temperatures of PSHB in D. magna and pure P3HB for both size

fractions.

Discussion

Quantitative and qualitative analysis of microplastics ingested by zooplankton is challenging
due to the small size of the organisms studied and the associated low concentrations of
ingested microplastics. Many of the methods used to date have numerous limitations, are time
consuming, and loss of particles during analysis is common problem. To overcome these
problems, we tested DSC and TG methods for rapid qualitative and quantitative analysis of
microplastics. We demonstrated that the use of DSC and TG methods is feasible, and they

can reliably detect microplastics P3HB in the water flea D. magna.
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DSC has been used for the determination of microplastics in various environmental
matrices, mainly in water (after sample preconcentration and drying, [41-47]). Nevertheless,
the used approaches were never designed to analyze the ingested MPs directly in zooplankton
and with no pretreatment. In this study we evaluated the mass of ingested P3HB (from Figure
2) and results showed that about 4-22 and 3-34 pg of P3HB for 125 and 63 ym fractions,
respectively were ingested by one D. magna. An average air-dried D. magna weight was

around 426 pg including about 10% moisture.

The approach reported here did not allow to calculate neither level of determination (LOD)
nor level of quantification (LOQ) for both methods. To test the method sensitivity, an additional
DSC experiment with only one piece of D. magna exposed to the lowest concentration
(1.56 mg-L") of P3HB gave 3 ug of P3HB per one D. magna for 63 pym fraction and 4 ug for
125 um. This showed that DSC is sensitive enough to determine the presence of P3HB in one
D. magna specimen. Quantitatively, the result obtained for one D. magna at both particle sizes
corresponds to the data obtained for measurements with a larger amount of D. magna
(explained above) confirming that DSC can be reliably used for different masses of

investigated organisms.

Furthermore, higher concentrations of P3HB showed minimal differences in melting
temperatures compared to pure P3HB, whereas at lower concentrations were the
temperatures about 3 °C higher. We speculate that this may be due to the distribution of
particles in the guts of D. magna. When the concentration is lower, the particles are separated
deeper inside the daphnia which thermally insulates the particle, causing a "delay" i.e., a higher
melting point. On the contrary, higher concentration induces aggregation, larger aggregates
are less isolated by the body of D. magna and are not located so deep in the body of D. magna.
As aresult, there is no difference compared to pure P3HB, or it is smaller. In both size fractions,
we observed the aggregation from a concentration of 6.25 mg-L' of P3HB in suspension.

Since there was a difference in the amount of P3HB in D. magna between the individual

14
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fractions, it can be assumed that aggregation occurred in the D. magna itself after it was

ingested.

Nevertheless, the DSC method has also some limitations and one of the most important is
the melting point of microplastics. P3HB has a relatively low melting point while the
temperatures above 200 °C would lead to temperature degradation of D. magna (see TG
record Figure 3). It is a matter of experience that the degradation products may cause problems
in the DSC cell. In other words, the DSC method is applicable to the analysis of microplastics
such as high density polyethylene (HDPE, melting temperature 125 °C [48], low density
polyethylene (LDPE, 106-112 °C [49]), polylactic acid (PLA, 150-160 °C [50]), polypropylene
(PP, 130-171 °C [51,52]), and it is less suitable for polyvinylchloride (PVC, 115-245 °C [53])
and unsuitable for polyethylentelephtalat (PET, 245-265 °C [54]), polystyrene (PS, 207-297 °C

[55]), etc.

Thermal analysis methods are used for the determination of microplastics in various
environmental compartments mostly as pyrolysis techniques associated with gas analysis
[56,57]. However, there are also works that use gravimetric determination. For example, in the
paper (see above [27]), the authors exposed 100 pieces of D. magna of similar size to PS
microplastics and compared their total weight with 100 pieces of D. magna, which were not
exposed to microplastics. However, this approach is problematic regarding the variable weight
of D. magna individuals. For example, in this work their weight ranged from 160-660 pg, which
can strongly compromise the above-mentioned approach. The use of TG eliminates this
problem by using only parts of the weight loss of D. magna, i.e., it considers the % loss in

individuals and not their total weight.

Both DSC (Figure 2) and TG (Figure 4) showed that the increase of P3HB in D. magna was
nonlinear, reaching a maximum between 12.5 and 25 mg-L" in the 125 um series, while in
63 um was still sharply increasing. As already mentioned, the D. magna can ingest a particle
smaller than 70 ym [15]. According to particle size distribution (Figure S1 and S2), almost all

of the particles could be ingested by D. magna so the reason why in the treatment with highest
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concentration of 125 ym P3HB particles were not ingested in the same extent as of 63 pym is

most likely due to the above-mentioned agglomeration of the particles.

Furthermore, the results of both methods were comparable (Figure 5) and results showed
that they differ only in low concentration. The position of 1:1 line suggests the TG data
deviation. This may be because in this case we subtracted two TG curves from each other,
which can introduce an error to the P3HB quantitative determination. However, it should be
noted that in the case of unknown microplastics, even the use of DSC could be problematic,
given that the crystallinity of PSHB is not always known. In our work, we obtained 49%
crystallinity. However, the literature data also reports values between 50-80% [58—-60], which
would slightly lower the P3HB content. However, different crystallinity is not a problem if we
are carrying out ecotoxicological or mesocosm experiments/studies where the

material/microplastics properties can be determined/controlled and analyzed.

Conclusion

In this work we introduced fast thermoanalytical approaches providing proxy data for
determination of microplastics ingested by zooplankton. Both methods are fast and robust and
do not require sample visualization or any chemical (e.g., digestion) or physical sample
pretreat (e.g., grinding). The provided data give the information in the mass of the microplastics
per mass of an animal/organism, therefore, they cannot provide the data on particle count as
for example microscopy. Nevertheless, DSC method appeared to be able to analyze
microplastics at low concentrations in single D. magna. Although we analyzed only one type
of microplastics, it can be assumed that mainly DSC could be used for more polymer types
providing that their melting temperatures are far enough to analyze individual peaks. In
addition, to reach more precise data, use of DSC would be more beneficial to analyzed
zooplankton obtained from experiments carried out under controlled conditions, with known

crystallinity of microplastics.
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Abstract

Microplastics, pervasive contaminants in freshwater ecosystems, have raised ecological
concerns. Efforts are underway to replace conventional plastics with biodegradable
alternatives that should be more easily decomposed in the environment. However, the
biodegradation of these alternatives is contingent on specific conditions such as temperature,
humidity, pH, and microorganisms, which are not always met. Consequently, these
biodegradable alternatives can also fragment and generate microplastics, which can be
ingested and affect biota. In this study, we investigated the acute, chronic, and
multigenerational effects of two fractions (particles <63 pm and particles <125 um)

of biodegradable poly-3-hydroxybutyrate (P3HB) at varying concentrations on the inhibition,



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

mortality, reproduction activity, and growth of the freshwater invertebrate Daphnia magna. No
acute effects were observed for either size fraction. However, during chronic and
multigenerational experiments, an increase in the concentration of P3HB microplastics
corresponded with increased mortality, reduced reproductive activity, and slower growth
among the mother organisms. Given the important role of D. magna in the food chain, these
findings suggest that biodegradable microplastics may indeed negatively affect freshwater

ecosystems.

Keywords

P3HB, biodegradable microplastics, biofilm, D. magna, reproduction, growth.

1 Introduction

Microplastics (MPs), defined as small plastic particles ranging from 1 to 1 000 um in size [1],
have become ubiquitous, found in diverse locations worldwide, spanning from urban centers
to remote regions, both on land and in the ocean [2]. Currently, there is a growing scientific
and societal concern about their impact on freshwater and marine organisms [3]. Nevertheless,
research on microplastic contamination in freshwater ecosystems remains comparatively
limited when compared to the marine realm [4]. This discrepancy may be attributed to the
conventional perception of freshwater environment solely serving as conduits for transporting
microplastics into the oceans. However, the widespread presence of microplastics in
freshwater environments around the world has prompted a swift evolution in studies exploring

their potential impacts [5].

The risks associated with microplastics are related to their physical and chemical
characteristics, encompassing factors such as composition, shape, and even color [6]. Their

size renders them accessible as a potential food source for a wide range of organisms [7].
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Subsequently, this can result in the obstruction of feed appendages, leading to reduced food
intake, aggregation causing blockages in the digestive tract of organisms, or potential
translocation into the circulatory system [8,9]. Furthermore, MPs have the capacity to introduce
toxic substances into organisms. This occurs through two mechanisms: firstly, the gradual
leaching of additives added during production to enhance plastic properties, and secondly,
their large surface area and hydrophobic properties enable microplastics to accumulate
hydrophobic organic pollutants from the environment, which may subsequently be released

within the bodies of organisms after ingestion [10,11].

With the growing effort to replace conventional plastics with eco-friendly alternatives,
degradable materials are coming to the fore [12,13]. Biodegradable polymers (BDPs),
emerging as viable substitutes for conventional plastics across various industrial sectors, are
polymeric materials capable of undergoing decomposition by microorganisms into carbon
dioxide, water, and biomass under aerobic conditions, or into methane and carbon dioxide
under anaerobic conditions [14—16]. Similar, to conventional plastics, BDPs can also break
down naturally into small particles, generating a substantial quantity of microplastics [17,18].
However, despite their biodegradability, these MPS can persist for extended periods due to the
influence of various biotic and abiotic environmental factors such as temperature, humidity,
pH, biologically active substances, and the presence and activity of microorganisms [19,20].

These conditions are rarely met in aquatic environments.

Poly-3-hydroxybutyrate (P3HB) is a notable representative of biodegradable polymers. It is
a polymer that belongs to the group of biodegradable linear polyesters known as
polyhydroxyalkanoates (PHAs), which are synthesized by various gram-negative, and gram-
positive bacteria as an intracellular reserve for carbon and energy sources, thriving under
aerobic and anaerobic conditions [21-23]. P3HB is a relatively hydrophobic material with an
approximate crystallinity of 50%, a high melting point of 180 °C, and low elasticity. Its density

of 1.23 g/cm?® suggests a propensity to settle down in aquatic environments, although factors
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such as turbulence, water flow, and thunderstorms can lead to its resuspension within the water

column [24-26].

The commonly used model organism for studying the influence of MPs on freshwater biota
is the aquatic invertebrate Daphnia magna. This filter-feeding species is capable to ingest non-
selectively particles ranging from <1 um to approximately 70 um in size [27,28]. According to
Scherer et al. [29], the probability of MPs ingestion by freshwater invertebrates depends on
factors such as the properties of MPs and their concentration. Daphnids are also preferred for
these studies because of their global abundance in aquatic environments and their significant

role in bridging primary producers and higher trophic level consumers [30].

The majority of research in this domain has focused on the impact of conventional plastics
on zooplankton including polystyrene (PS), polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), polyethylene terephthalate (PET), and others [31]. While PE, PET, and PS
MPs did not induce negative responses such as immobilization and mortality of D. magna
during the standard acute exposure period (48 h), adverse effects became evident with longer
exposures (96 to 120 h) [30,32—36]. In chronic tests, PE and PET MPs exhibited detrimental
effects on the growth and reproductive activity of D. magna [37,38], while PS MPs were found
to increase mortality and affect growth and reproduction, depending on the initial age of the
test organisms [30,39]. Bosker et al. [40] also observed a negative effect of MPs on the
population size and biomass of these organisms highlighting potential repercussions for the

freshwater ecosystem due to the importance of D. magna in the food chain.

Several studies have ventured into investigating the effects of biodegradable microplastics.
Savva et al. [41] compared the sublethal effects and food intake of D. magna in the presence
of polyhydroxybutyrate (PHB, not specified), PLA MPs, and conventional ones revealing that
biodegradable MPs had a more pronounced toxic impact. The chronic effect of PLA, PVC, and
polyurethane (PUR) was investigated by Zimmermann et al. [42] who observed that all 3 types
of MPs negatively affected the test organisms, with PVC showing the most significant impact

on reproduction and PLA causing the highest mortality. While the authors did not draw specific

4
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conclusions regarding the potential toxicity of biodegradable MPs, recent research suggests
that their presence might lead to nutrient depletion in the medium due to biofilm formation and

biosorption [43].

Hence, it is evident that the anticipated rise in the usage of biodegradable plastics will lead
to a corresponding surge in environmental contamination by MPs. While conventional MPs
pose various risks to aquatic organisms, it remains uncertain whether biodegradable MPs have
similar adverse effects. Therefore, the aim of this study was to assess the impact of P3HB
microplastics on the freshwater organism D. magna. WWe examined both the short-term and
long-term consequences, including the effects on mortality and reproductive activity of these

organisms, with a focus on multigenerational outcomes.

2 Material and Methods

2.1 Preparation of microparticles

Spherical P3HB (ENMAT Y3000) microplastics from TianAn Biologic Materials Co., Ltd.,
Ningbo City, China were used. To prepare size fractions, a suspension of P3HB microplastics
in MilliQ water was sieved through stainless-steel mesh sieves with openings of 63 and
125 um. Subsequently, both size fractions (<63 pm and <125 um) were dried in glass beakers
at room temperature in a fume hood. The particle sizes do not precisely match both size
fractions (for details see Prochazkova et al. [43]) because ultrasonication was not applied
during the process. However, for clarity in the text, we refer to the mesh size used for particle

preparation i.e. <63 um and <125 um.

2.2 Daphnia magna culture

The D. magna test organism obtained from laboratory culture at the Institute of Chemistry and

Technology of Environmental Protection (Faculty of Chemistry, Brno University of Technology,
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Czech Republic) was cultured in ASTM reconstituted hard water [44]. This water was enriched
with selenium, vitamins (biotin, thiamine, cyanocobalamine, according to the OECD guideline
No. 202 [45]), and 20 ul/L seaweed extract (Marinure, Glenside, Scotland) according to
Rosenfeldt et al. [46]. The medium was regularly replaced three times a week and the
organisms were nourished with green algae Desmodesmus subspicatus providing an
equivalent to 200 ug carbon per organism daily. The culture was maintained under controlled

conditions with a temperature of 20 + 1 °C and a light-dark cycle of 16:8 (800 — 1 000 lux).

Twenty-four hours prior to initiating the experiments, all offsprings were removed from a set
of mother cultures. After an additional 24hour period, all newborn neonates were collected with
a plastic pipette and quantified. These age-synchronized test organisms were randomly

distributed among various treatment and control groups.

2.3 Acute experiments

In the acute experiments, both size fractions of PS3HB microplastics (<63 and <125 um) were
examined using two exposure methods: testing in P3HB suspension and testing of P3HB
leachate. The suspension was prepared by weighing the desired amount of P3HB and then
transferred to a volumetric flask, which was subsequently filled with culture medium (as
described in Section 2.2). This suspension underwent a 10 min ultrasonification to disperse
the particles. For the leachate, a suspension of P3HB in a culture medium was prepared and
then incubated for 96 h under the same conditions as the acute test with D. magna. Following

incubation, the medium was filtered through a 0.8 um pore size filter.

The acute experiments were conducted in 150 mL glass beakers, with each beaker
containing 50 mL of either test suspension, leachate, or medium. The concentration of P3HB
microparticles was 0, 6.25, 12.5, 25, 50, and 100 mg/L, which corresponded to 3.20-10"
particles in 1 g for the fraction <63 um and 2.39-10" particles in 1 g for the fraction <125 um

[43]. This concentration range was selected based on previous studies on the toxicity of MPs
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to D. magna [32,33,35] as well as the concentration limit stipulated for acute toxicity testing of

chemicals according to OECD guideline No. 202 [45].

For each treatment, two acute experiments were conducted: 1) newborn neonates of
D. magna <24 h old, and 2) 7-day-old D. magna individuals (age-synchronized neonates were
fed with green algae for 7 days) were exposed to prepared suspensions, leachates, or media.
The observation period was prolonged from 48 h to 96 h, during which immobilization of
individual D. magna was visually assessed at 24, 48, 72, and 96 h. According to OECD
guideline No. 202 [45] the animals were not provided with food, and the medium, suspension,
or leachate was not changed throughout the experiments. Each experiment consisted of four

replicates of the same treatment and the experiment was repeated three times.

24 Chronic experiments

Chronic experiments were conducted for both size fractions of P3HB microplastics (<63 and
<125 ym). We investigated the effects of chronic exposure on fundamental life-history
parameters in D. magna, specifically focusing on survival, growth, age at first reproduction,
and total offspring number after exposure to various concentrations of P3HB microplastics.
The experiments were designed according to the standard OECD No. 211: 21-d Daphnia

reproduction test [47]. The organisms were exposed as neonates (<24 h old).

Initially, we utilized the same concentrations of P3HB microplastics as in the acute test
(6.25, 12.5, 25, 50, and 100 mg/L) along with a control group. However, due to the high
mortality observed in the test organisms at high concentrations, we subsequently reduced the

P3HB microplastics concentrations to 1.56, 3.13, 6.25, 12.5, and 25 mg/L.

The neonates were individually incubated in 150 mL glass beakers filled with 100 mL of test
suspension or control medium. These vessels were maintained at 21 °C under a 16:8 light:dark
cycle, and the organisms were provided with a daily diet of green algae D. subspicatus

equivalent to 200 ug carbon per organism daily. Test suspensions and control medium were

7
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changed three times per week. Each test vessel held one neonate, and there were ten
replicates within each concentration. Each experiment was repeated three times and lasted

21 days.

2.5 Multigenerational experiments

For multigenerational experiments, we subjected four consecutive generations (FO — F3) of
D. magna to exposure to P3HB microplastics. The exposure of each generation followed the
OECD guideline No. 211 [47] and the setup and conditions were consistent with those
employed in the previous chronic experiments (see Section 2.4). The exposure concentration
was set at 1.56 mg/L and both size fractions of P3HB microplastics were evaluated. In addition,
for each experiment, a control group (consisting of only the medium) was included. The
suspensions were changed three times per week and Daphnias were provided with a daily diet

of green algae D. subcapitatus (equivalent to 200 ug of carbon per organism).

To initiate the next generation, the offsprings originating from the third brood, sourced from
at least three different parental animals, were pooled and exposed as previously described.
Each generation was exposed for a period of 21 d, during which parameters including survival,

growth, age at first reproduction, and total offspring number were determined.

2.6 Determination of the growth rate of D. magna

All D. magna organisms, both before and after the chronic and multigenerational experiment
(survivors) were positioned on laminated graph paper and captured using a Nikon D3100
digital camera equipped with an AF-S Micro NIKKOR 40 mm 1:2.8 G lens (Nikon, Japan). The
body lengths were subsequently measured utilizing the ImageJ software, extending from the

apex of the helmet to the base of the apical spine [48].
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2.7 Data analysis

The average growth rate after 21 days of exposure was calculated as follows:

_Le_Lb
Tt

U

where u (d) is the average growth rate, L. (/) is the body length at the end of the experiment,
Ly is the body length at the beginning of the experiment, and ¢ (d) is the exposure time (21

days).

The statistical significance of the differences between the control and individual
concentrations was assessed using Dunnett’s test in the R program, with differences being

deemed significant when p < 0.05.

3 Results

3.1 Acute experiments

In this experiment involving P3HB MPs (whether suspension or leachate and whether with
neonates or 7-day-old organisms), no instance resulted in an increase in daphnid mortality,

even after 96 hours of exposure.

3.2 Chronic experiments

The preliminary experiments involving higher concentrations (6.25, 12.5, 25, 50, and 100 mg/L)
of both size fractions of P3HB microplastics in suspension revealed a diminishing reproductive
activity of maternal organisms with increasing concentration (Figure S1A). Notably, for the
larger size fraction (<125 um), a marginal stimulation of reproductive activity, compared to the
control group, was initially observed up to a concentration of 25 mg/L. In addition, for P3HB
microplastics <63 um, there was a delay in the onset of the first brood at high concentrations

(50 and 100 mg/L), while for P3HB microplastics <125 um, this phenomenon was only
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observed at the highest concentration, i.e. 100 mg/L (Figure S1B). A substantial mortality rate
among maternal organisms was recorded for both size fractions, specifically reaching 53.3%
for P3HB microplastics <63 um and 46.7% for microplastics <125 um at a concentration of
100 mg/L (Figure S1C). Due to this high mortality, we subsequently reduced the concentration

of P3HB particles in suspension to 1.56, 3.13, 6.25, 12.5, and 25 mg/L.

In the subsequent experiment involving a lower concentration of P3HB microplastics,
a minor stimulation of reproductive activity was noted for the smaller size fraction (<63 um)
when compared to the control group. However, the reproductive activity exhibited a decline
with increasing microplastic concentration (Figure 1A). Conversely, for the larger size fraction
(<125 pm), an inhibition of reproductive activity was observed only at a concentration of
25 mg/L of P3HB microplastics in suspension (Figure 1A). Additionally, a slight delay in the
average day of the first brood of juveniles was observed for both size fractions at all
concentrations of P3HB microplastics in suspension (Figure 1B). Moreover, an increase in the
concentration of P3HB microplastics in suspension led to elevated mortality rates among
mother organisms for both size fractions (Figure 1C). The last parameter monitored was the
growth rate of the mother organisms. For both size fractions of P3HB microplastics, following
a minor growth stimulation at the lowest microplastic concentrations in suspension, there was

a subsequent slight inhibition of growth (Figure 1D).
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Figure 1: Results of chronic experiments involving both size fractions of P3HB microplastics (<63 um
and <125 um; n = 30): A — average number of offsprings per mother organism, B — average day of first
brood, C — mortality of mother organisms, D — specific growth rate of mother organisms from the
beginning to the end of the 21-day experiment. Asterisks indicate statistically significant deviations from
the control (p < 0.05).

3.3 Multigenerational experiments

The same effects as in the chronic experiment were also observed in the multigenerational
experiment. The impact of the lowest concentration (1.56 mg/L) of both size fractions of P3HB
microplastics on the organism D. magna was assessed, specifically focusing on reproductive

activity, the day of the first brood, mortality of mother organisms, and growth rate.

In the first generation (FO) of maternal organisms, a stimulation of reproductive activity was
documented for both size fractions of P3HB microplastics. However, in the subsequent
generations (F1-F3), a slight inhibition of reproductive activity was observed in all instances

(Figure 2A). Furthermore, a delay in the first day of reproduction was observed in all cases

11
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(Figure 2B) along with a slight increase in the mortality of mother organisms, consistent with

the results of the chronic experiment (Figure 2C).

For the smaller size fraction (<63 um), a decline in the growth rate of the mother organisms
compared to the control was observed in the F2 and F3 generations. Conversely, for the larger

size fraction (<125 um), this decrease in growth rate was evident as early as the F1 generation
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>
(ov)

(Figure 2D).
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Figure 2: Results of multigenerational experiments involving both size fractions of PS3HB microplastics
(<63 um and <125 um, concentration 1.56 mg/L; n = 30): A — average number of offsprings per mother
organism, B — average day of first brood, C — mortality of mother organisms, D — specific growth rate of
mother organisms from the beginning to the end of the 21- day experiment. Asterisks indicate the
statistically significant deviations from the control (p < 0.05).

4 Discussion

The extensive utilization of plastics resulted in a pressing environmental concern such as the
pollution caused by MPs. Numerous studies have highlighted the impact of conventional MPs

on aquatic organisms, particularly D. magna, a keystone species in freshwater ecosystems.
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This study introduces P3HB, a possible alternative to conventional plastics, and seeks to shed

light on its potential ecological implications.

Recent studies [30,32—36] showed that while conventional MPs such as PE, PET, or PS do
not induce an increased immobilization and mortality of D. magna in acute tests (48 h),
an extended exposure period (96 to 120 hours) gradually escalates their negative effect.
Interestingly, the results of this study diverge from this pattern, as we did not observe an
elevation in D. magna immobilization even after 96 hours in any of the tested scenarios
(suspension/leachate, juveniles/7-day-old organisms). However, during chronic experiments,
an increase in mortality alongside increasing concentration of both size fractions of P3HB in
suspension was observed. Additionally, there was a progressive reduction in the growth of
daphnia and an inhibition of their reproductive activity. In contrast, PE and PET MPs did not
exert a negative influence on growth and reproductive activity, even during chronic experiments
[37,38]. On the contrary, PS particles have been found to elevate mortality levels and disrupt
the growth and reproduction of organisms [30,39]. In addition, Savva et al. [41] have suggested
that the sublethal effects and their impact on food intake in D. magna may be more pronounced

in the presence of biodegradable MPs such as PHB and PLA compared to conventional MPs.

In the multigenerational experiment, a slight inhibition of reproductive activity and
a deceleration in the growth of organisms were observed in the subsequent generations F1 to
F3. Schir et al. [27] reported that PS MPs induced a multigenerational effect in D. magna.
Over the course of four generations, exposure to MPs resulted in increased mortality in
D. magna, as well as reduced reproduction and growth. To make a comparison with the effects

of natural particles, they used kaolin, which did not yield such an effect.

The observed adverse effects on growth, reproduction, and mortality during chronic
experiments highlight the pressing need to address MPs pollution. These effects can be
attributed to multifaceted mechanisms, which may involve mechanical damage to organisms
through adsorption to their appendices and body surface [49], nutrient depletion in test medium
[43], and the ingestion of microplastic particles [7]. Savva et al. [41] reported that biodegradable
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microplastics (PHB and PLA) showed a greater post-exposure inhibition effect on the feeding
activity of D. magna than high-density polyethylene (HDPE). As recently reported in our work
[50], the ingestion of P3HB microplastics depended on both their size and concentration in the
surrounding environment. For example, at a concentration of 25 mg/L, D. magna ingested
P3HB microplastics up to 10.3 wt% of particles <63 um and 6.3 wt% of particles <125 um,
respectively. Furthermore, as the concentration of P3HB MPs in suspension increased, so did
the content of P3HB found in D. magna. Therefore, the escalating mortality and growth
inhibition of D. magna with increasing P3HB MPs concentration in suspension (as depicted in
Figure 1C and Figure 1D) is probably related to a higher ingestion of PBHB MPs from the
suspension. The fact, that a more pronounced effect was observed with smaller particles
(<63 um) confirms our assumption that the impact of P3HB microplastics on D. magna is
particle size-dependent. This observation aligns with the research conducted by [51], who
reported that secondary P3HB nanoplastics induced up to 85 % immobilization of D. magna

after 48 h of exposure.

The potential effects of biodegradable plastics on biota are poorly understood, but even
less is known about whether these effects are influenced by their biodegradability.
Biodegradation is associated with the development of a biofilm on the surface of the plastics
[52], which applies also to P3HB MPs [43]. The formation of biofilm on MPs can alter their
ingestion by organisms, for example, some MPs coated with biofilms can release into the water
noxious signals, known as infochemicals, prompting nearby organisms to ingest them [53].
The development of biofilm on the surface of P3HB MPs could possibly be influenced by the
time lag in the mortality of D. magna when compared to conventional ones. When plastic
particles or products are released into the aquatic environment, a coating layer of inorganic
and organic pollutants rapidly forms on their surface. Subsequently, biofilm formation on the
plastic surface, lasting minutes to hours, is mostly likely the initial interaction with the
surrounding biota [52]. During the acute test (96 h) the organisms might ingest not only P3HB

MPs but also the biofilm presents on their surface, using it as a source of nutrients. However,
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after a longer period (during chronic experiments), mechanical blockage of the digestive tract

due to accumulated P3HB microplastics probably led to increased mortality.

In the presented experiment with D. magna, the test conditions were checked and adjusted
to be optimal for the organisms. However, in the natural environment, biodegradable plastics
may pose some additional, secondary problems. They are expected to degrade well in the
natural environment, even if their complete degradation is not always achieved due to
unfavorable conditions (e.g. low temperature, unsuitable pH, microorganisms), they generally
degrade faster than conventional plastics [54]. Therefore, their biodegradation can lead to
oxygen depletion and affect nutrient levels, as shown in our previous study [43]. This in turn
can affect organisms that are sensitive to lower oxygen level or plants that require certain
nutrients for their growth. Another issue associated with biofilm formation on microplastics is
its potential to transport pathogens [55]. Therefore, further research is essential to elucidate
the precise mechanisms responsible for the observed differences and to assess the broader
ecological consequences of adopting P3HB particles as a more environmentally friendly

alternative.

5 Conclusion

This research has demonstrated that the presence of P3HB MPs did not induce acute effects
on D. magna. However, in chronic and multigenerational experiments, we observed an
increase in mortality, a decrease in reproductive activity, and a slower growth rate of mother
organisms, all of which were dependent on the concentration of P3HB MPs in suspension.
Furthermore, smaller MPs appeared to elicit more pronounces effects. Both of these
phenomena can be attributed to the ingestion of MPs, which increases with higher
concentrations of MPs in suspension and smaller particle sizes. The formation of a biofilm on
the MP surface also facilitates their ingestion. Subsequently, the blockage of the digestive

tract in D. magna leads to adverse consequences. It is evident that biodegradable MPs can
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be comparable or even more hazardous to D. magna than conventional MPs, which requires
careful consideration of their use and management to mitigate their potential environmental
impacts. Balancing the benefits of biodegradability with the risks of increased toxicity is

therefore a crucial challenge for policymakers, researchers, and industries.
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SUPPORTING INFORMATIONS
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Figure S1: Results of chronic experiments involving both size fractions of P3HB microplastics (<63 um
and <125 um; n = 30) in higher concentration range (0 — 100 mg/L): A — average number of offsprings
per mother organism, B — average day of first brood, C — mortality of mother organisms. Asterisks
indicate statistically significant deviations from the control (p < 0.05).



