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ABSTRAKT

Cilem disertani prace bylo studium vybranych polymernich matéridpohledu jejich

schopnosti podléhat biodegradaci. Biodegradace bidgovany metodami zaloZzenymi na
materialové charakterizaci polynderprodukci plyri béhem procesu biodegradace a byly
zkoumany moznosti pouziti molekulé&rnbiologickych metod. Sledovan byl rozsah
biodegradability fipravenych vzork polyethyler s iznymi prooxidanty, které byly
podrobeny abiotické oxidaci. Biodegradace byly tekiovany v progsiedi pidy a kompostu.
PodrobrjSi vyzkum byl ¥novan zavedeni vybranych molekul&rbiologickych metod
v laboratdi fakulty, zvlas¢ technice gelové elektroforéze v teplotnim gradigfiiGGE). S
touto separéni technikou byly optimalizovany souvisejici postypko izolace nukleovych
kyselin, polymerazovaettzova reakce (PCR), vyhodnocovani TGGEugeélonovani a
sekvenovani. Sledovéana byla také biodegradace ipglglkoholu (PVA) za denitrifikénich
podminek v progedi aktivovaného kalu. Rovh byla zkoumana dynamika a slozeni
mikrobialniho spol&enstva dastniciho se biodegradace kyseliny polymé& (PLA)
v zavislosti na jeji forré a distribuci molekulovych hmotnosti. Vyzkumy bydyovadny jak
v prostedi pidy, tak kompostu. V uvedenych experimentech bylyikapany zvolené
molekularé biologické metody, abychom identifikovali mikroamjsmy zodpo¥dné za
rozklad polymeru.

Kli ¢ovéa slova:PE, PVA, PLA, prooxidanty, izolace DNA, PCR, TGGEkvenovani, SEM



ABSTRACT

The thesis studied selected polymeric materials #Hredr biodegradation using
methods based on material characterization of petgm gas production during
biodegradation process and selected moleculardyattethods. Biodegradability of prepared
polyethylene samples with various prooxidants presty subjected to abiotic oxidation were
studied in the environment of soil and compost.tiamr research was focused on the
introduction of selected molecular biology methadghe laboratory of the faculty, especially
gel electrophoresis in the temperature gradientGEY This separation technique was
optimized along with related procedures such aderu@cid isolation, polymerase chain
reaction (PCR), evaluation of TGGE gels, cloningl greparation of DNA samples for
sequencing. Biodegradation of polyvinyl alcohol @®\Wunder denitrifying conditions in an
activated sludge was also investigated subsequentitiythe dynamics and composition of the
microbial communities involved in the biodegradataf polylactic acid (PLA), depending on
its form and the molecular weight distribution. $heexperiments were conducted in the
compost. In these experiments, the selected maleoukthods were applied to identify the
microorganisms responsible for the degradatiornobfrpers.
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1. SOUCASNY STAV RESENE PROBLEMATIKY
1.1. Problematika odpadi obsahujicich polymerni materialy

Problém neustale se zvysujiciho mnoZstvi plastowdgadu se snazigdci esit jiz
n¢kolik let. Davod, pr@ stale nedochazi k redukci tohoto mnozZstugdgtavuje pokrok
v modernich technologiich, kteééni ze syntetickych polymémiedevsim cenavdostupny a
tedy ugednosiovany material. A tak se skladky odgadale plni vyrobky na jedno pouZiti,
které vykazuji vysokou odolnostisi degradaci za nizkou pimaovaci cenu. Chceme-li tedy
plastovy odpad, jakozto vSudyfomnou sodast naSeho Zzivotniho prestli, redukovat,
feSenim je hledani alternativ, fapouziti biodegradabilnich matefialJejich vyhodou by
mohla byt nejen jejich rozlozitelnost pomoci mikrganisni, jsou-li vneseny dojaly, ale
také mozZnost kompostovat tyto materidly spolu atoghi sloZkami biologicky
rozlozitelného podilu komunalniho odpadu. Nevyhotkmto material jsou ovSem jejich
horSi zpracovatelské a mechanické viastnosti, \y#&itnost najp obahl a vyssi cena [1] [2] .

| kdyZz se na trhu jiz objevuji biodegradabilni kaotmé polymery [3] , stéle je podil
téchto rozlozitelnych obalovych materialkteré jsou spoebiteli nabizeny, nedosiaici.
Nebude-li vyvijen tlak na firmy, fiedstavujici hlavni producenty obalovych matériaby
zmenili svou vyrobni politiku, nebude mozné dostat @dam wvici EU dle snérnice
Evropského parlamentu a rady (ES)98/2008 o odpadech, kterd stanovuje i@wat na
ochranu Zivotniho prosdi a lidského zdravitedchazenim néfznivym vlivam vzniku
odpad: a nakladani s nimi.

Konkrétni aplikace ¢casto uzivanych konvénich plast (Tab. 1), povazovanych
pievazré za nebiodegradabilni, a biodegradabilnich polyneérmateriai (Tab. 2) [4], jsou
piehledré shrnuty niZe.

Tab. 1 Prehled kazdoderwvyuzivanych plastovych mateniglpievazré nebiodegradabilnich (upraveno dle [4])
Typ polymeru UZiti/aplikace

Polyethylen (PE) Velmi Siroka aplikace, jelikoZigany
Venkovni ndbytek, podlahova dlazba, obalové
a zenddelské folie, lahve, trubky, desky
Vstiikovaci vyrobky denni péeby,
Vysokomolekularni polyethylen (HDPE) velkoobjemové nadoby, pytle, mikrotenové
saky

Breka na piti, kelimky na jogurty, narazniky
automobiti, trubky, félie, viakna

Obaly, potravinové misky, kelimky, podnosy,
Polystyren (PS) plastové nadobi na jedno pouzitfiqory, boxy
na CD a kazety

Kanaliz&ni potrubi, elektronickéifstroje,
Akrylonitril butadien styren (ABS) nag. pasitatové monitory a klavesnice,
tiskarny.

Kanaliz&ni potrubi, sprchovaci zésy, okenni
ramy, podlahoviny

Kontaktni¢ocky, ¢asti svitidel, kabiny letadel,
zubni technika, vyroba plexiskla

Polytetrafluoretylen (PTFE) &Breni, antiadhezni vrstvy (teflon)

Nizkomolekularni polyethylen (LDPE)

Polypropylen (PP)

Polyvinylchlorid (PVC)

Polymetylmetakrylat (PMMA)




Tab. 1 Prehled kazdodernvyuZzivanych plastovych materidl prevazié nebiodegradabilnich (pokravani,
upraveno dle [4])

Typ polymeru Uziti/aplikace
Pouziti v letecké a vojenské technice,
Polyetereterketon (PEEK) implantaty, jeden z nejdrazSich koririch
polymefi
Polyethylentereftalat (PET) Lahve, vlakna, félie
Polykarbonaty (PC) ch:)Iie ochranné Stity a okna, semafagcky,
Smes vytv&i pevrgjsi polymer — vyroba
PC/ABS vnitfnich a vejSich¢asti automobi, vyroba

téla mobilnich telefoh

Textilni a jina vlidkna (silony — ryligtvi),
Stétiny kartakd na zuby, zi#

Vyroba molitanu, technicka vlakna (vlasce,
kart&e), izola&ni psny, vélce v tiskarnach
Brzdové materidly, lepidla, bakelit, elektricke
zasteky, lisovaci hmoty

Lisovaci hmoty, ztuzovadla textilu a papiru,
Iékaiska pojiva, devotiskové desky

Finalni povrchy stdi a ndbytku, podlozky
Melaminformaldehydové pryskige (MF) v elektrotechnice, nahrada keramickych
hrnicku, tacki, misek (pro dti)

Polyamidy (PA)

Polyuretany (PUR)

Fenoplasty (PF)

Mocovinoformaldehydové pryskice (UF)

Tab. 2 Aplikace biodegradabilnich polymernich materi@ipraveno dle [5])

Typ polymeru uziti

Vstrebatelné né, kontrolovatelné
uvoliovani I€iv, implantaty

Mulc¢ovaci félie, kompostovatelné pytle,

Kyselina polyglykolova (PGA)

Kyselina polymléna (PLA) systém postupného uvavani pesticid a
hnojiv
Mul&ovaci a jiné zegdelské folie,
Polykaprolakton (PCL) nadoby pro sazenice, pro vyrobu systému

pomalu se uvdiujicich I&iv

Lahve, séky, obalovy materidl, pleny na
Polyhydroxybutyrat (PHB) jedno pouziti, nosipro kontrolované
uvoliovani |&iv

Biochemické aplikace, systém pro

Polyhydroxyvalerat (PHV) kontrolované uvalovani |I€iv a
insekticidi
VI&kna, zahufovadlo a stabilizator
Polyvinylalkohol (PVA) suspenzi, chirurgické ®itvyroba barev a

lepidel, apretace papiru a textilu
Kompostovatelné pytle, félie pro
Polybutylen adipat tereftalat (PBAT) zentdéIské &ely, pro ptimysl rychlého
obcerstveni

1.2. Biodegradace polymernich materiah

Pod pojmem biodegradace jsou zahrnuty procesyyrkiedochazi k odbouravani
organickych latek fisobenim mikroorganisin (negasgji pomoci mikroskopickych hub a
bakterii) [4] Biodegradace byva ovligma teplotou, fitomnosti kysliku, Zivin, vihkosti, pH,
swtlem, ale také procesy jako je abioticka oxidacdpdxidaceci mechanické narusovani
materialu apod. [6]. Polymerni latky, zvl&a8y syntetické, fedstavuji pro mikroorganismy
material obec# Spat® pristupny a rozlozitelny. Problémriqustavuje fedevSim velka



molekulovd hmotnost, dlouh&tézce, hydrofobnost polymera jejich chemicka struktura.
Rychlost biodegradace byva také oviima sfovanim a wtvenim rettzce polymerni
molekuly¢i krystalickym a semikrystalickym uspadanim polymer [7].

Biodegradace polymernich matetigrobiha v skolika na sebe navazujicich krocich:

» biodeteriorace vlivem MO a/nebo abiotickych faktbrdochdzi k dezintegraci
materialu tvorbou trhlin, pdr atd.

» depolymerizace pasobenim MO a jejich katalytickych latek (specificky
extracelularnich enzyim a pogipac volnych radikah nebo abiotickych faktdr
(swtlo, teplo, chemickacinidla) dochazi ke 8peni polymernich molekul na
oligomery, dimeryi monomery, které jsou schopné poté projagspbugcnou stnu
nebo cytoplasmatickou membranu mikroorganismu abfftrwyuzity v dalSim kroku
biodegradace

» asimilace zalereni transportovanych molekul do metabolismu mikramigmu
v cytoplazng, nastava produkce energie, biomasy a tvorba pnicidr a
sekundarnich metabalit

* mineralizace kone&né produkty, jako C& CH,; N, HO a dalsi soli jsou
vylu¢ovany do extracelularniho prosti [6, 8].

1.2.1.Enzymaticka biodegradace

Zvlastnim druhem biodegradace je biodegradace estaxana pomoci mikrobialnich
enzymi, makromolekul katalyzujicich chemické reakce. MiKaIni enzymy pedstavuji
biologicka agents, které poskytujéidny nastroj pro biodegradaci polynieraniz by byly
dale ohroZeny jiné slozky Zivotniho priegti [7, 9].

VSechny mikroorganismy produkuji a %zné mie uvohuji, do vrgjSiho prostedi,
enzymy v Sirokém spektru aktivit. Kranpodminky strukturniffbuznosti Stpitelnych vazeb
s vazbami v firodnich substratech, enzymaticka biodegradacenpaty zavisi i v tomto
piipadt na gFistupnosti jednotlivych molekul polymeru pro intecas enzymem. Je znamo, ze
se zvysSujicim se stupm krystalizace polymeru je limitovan pohyeizci, ¢imz se snizuje
schopnost biodegradlaich agens (n&p mikrobidlnich lipdz) napadat tyt@ttzce (Obr. 1)
[10, 11].

Amorfnipodil
Krystalicky podil

Enzymy,

O napf. esterdzy, lipazy

enzymy jsou schopny rozkladat amorfni podil polywmer hloubka biodegradace je oviwra g@itomnosti
krystalického podilu (upraveno dle [10])



Z pohledu biodegradace polymernich matériaé enzymy, které se aktigmpodileji na
tvorbé nizkomolekularnich latek, rozit do dvou kategorii: extracelularni a intracehalia
depolymerazy [12].

Z nich nap. enzym laktaza produkovana aktinomycetdhodococcus ruber by se
mohla uplatnit i biodegradaci PE, kde by byla napomocna v oxitiéavniho C-Hietzce
[9, 13]. Jako dalsi enzymy, eventu&lmapomocny P biodegradaci PE, jsou uvédy
proteazy, produkované drutBrevibacillus sp. aBacillus sp. [13]. Lipaza produkovana
druhemRhizopus delemer a polyuretanova esteraza produkov@oéamonas acidovorans je
zodpowdna za degradaci nizkomolekularni PLA, zatimco kgswlekularni PLA degraduje
druh Amylotopsis sp. [9, 12]. DalSi enzymy zodpiiné za degradaciznych typi polymefi
jsou uvedeny v Tab. 3.

Tab. 3 Piehled vybranych druhhub a bakterii €astnicich se biodegradace polytnéipraveno dle [9])

Zdroj Enzym Mikroorganismus Substrat Lit.
glukosidaza | Aspergillusflavus PCL [13]
o . Polybutylen
kutinaza Aspergillus oryzae jantaran (PBS) [14]
katalaza, . .
protedza Aspergillus niger PCL [13]
Houby neznamy Sreptomyces PHB, PCL [13]
ureaza Trichoderma sp. PUR [15]
kutinaza Furasium PCL [16]
neznamy Amycolaptosis sp. PLA [16]
serinova Pgstalotmpss PUR [17]
hydrolaza microspora
lipaza Rhizopus delemer PCL [13]
neznamy Firmicutes PHB, PCL, PBS [13]
; o Penicillium, Rhizopus | Polyethylen adipat
Bakterie - P yethy P
lipaza arrizus (PEA), PBS, PCL | 19
serinova .| Polyhydroxy-
hydrolaza Pseudomonas stutzeri alkanoaty (PHA) [16]

ZjednoduSe# Ize mechanismus enzymatické biodegradace popsaivea fazich.
Mikroorganismy nejprve vylati extracelularni enzymy, které se adheruji na sabst
(polymerni materidl) a poté dojde k hydrolytické&tpeni materialu (Obr. 3y, 9].

Mikroorganismy

L

Vylouteni extracelulamich enzymn

L

Adheze enzymi na povrch polymemiho materialu

L

Stipani polymemiho fetézce

L

Namifovani povrchu polymem

L

Tvorba koneénych produkth (COs, HaO, CHa)

Obr. 2 ZjednoduSeny mechanismus enzymatické biodegradsagmer (upraveno dle [9])



1.3. Vybrané typy biodegradabilnich polymeni

1.3.1.Polyethylen (PE) s prooxidanty

PE je obect povazovan za polymer nepodléhajici biodegrad&aireejen proto, Ze ma
vysokou molekulovou hmotnost, je hydrofobni a nabioge polarni funéni skupiny, které
by mohly byt napadnutelné enzymy mikrobialniho spehstva, ale také préakvali obsahu
antioxidanti a stabilizatal, které zabrauji oxidaci PE vlivem &inki vnéjSiho prostedi [20].

V 30. letech 20. stoleti byly intenzi¥rekoumany moznosti stabilizace PE, jelikoz
podléhal vlinam prostedi a byl nestaly. Tato problematika bylaie§ena Hdavkem
antioxidanti a stabilizatak pri vyrobnim procesu. Nicménjiz koncem 80. let 20. stoleti byly
syntetické polymery tak haojrvyuzivany, Ze se jimi bylo nutné zabyvat, vzhledetomu, Ze
zataly tvarit podstatnowast komunalniho odpadu [21].

Pokud PE modifikujemetfdavkem prooxidarit které zvysSuji citlivost polymerniho
fetézce \aci termo- a/nebo foto-oxidaci, sniZzuje se odolnadymeru vici abiotickym vlivim
prostedi a dochazi ke vzniku biodegradabilnich nizkokdbenich produki. Tyto produkty
jsou jiz vice hydrofilni a mohou ipstupovat do vodného presti a tim i do buk
mikroorganisni [22], kde nastava jejich Upln& mineralizace.

Podstatou prooxidamtjsou ionty gechodovych ko, vétSinou gidavanych ve form
organickych komplek (naf. stearaty F&, Mn?*, Cd™"). Komplexy F&" & Cu?** pridavané do
matrice PE podporuji foto-oxidaci materialu, zatm@mplexy MiA* a CS* jsou nezbytné
pro zahajeni termo-oxidace [23, 24].

Navzdory mnozstvi publikovanych praci zabyvajicéeh biodegradaci PE, neni stale
jisté, zda mikroorganismy hraji hlavni rolii peho rozkladu. Prokazén byl ovSeidst MO na
povrchu polymeru a také degradace nizkomolekularpfodukfi abiotické oxidace pomoci
Arthrobacter paraffineus [25] ¢i Rhodococcus rhodochrous [26].

Biodegradabilita PE je zkoumana &ejtji v prostedi mdy ¢i kompostu. V sotasné
doke je otadzka jejich biodegradability aguevSiméasového horizontwthto gremén stéle
otewena, nicméd se zda, Ze tyto materidly nemohou byt v souladussgasnymi
technickymi normami definujicimi pojem ,biodegradabpolymerni material“.

1.3.2.Polyvinylalkohol (PVA)

(|}H
cH —(‘Hg}n

Obr. 3Vzorec PVA

Polyvinylalkohol (Obr. 3) je synteticky polymer qmzstny ve vod. PVA neni ziskavan
piimo polymeraci monomeru. Polymer vznik4 hydrolyzooztoku polyvinylacetatu
v kyselém nebo zasaditem piesti [27]. Diky hydrofilnosti polymernihdetzce je PVA
Siroce vyuzivan v @myslovych aplikacich jako adhezivum, v textilnim papirenském
pramyslu, zlepSuje povrchy fillha pouziva se k vyra@hbarev a lepidel na vodni bazi. Svym
chovanim v mnohémiypomina Zelatinu, proto se pouziva hap potravinédském ptmyslu
pro vyrobu ovocného Zelé, v chemickémimyslu jako ochranny koloid pro suspenzni
polymerace a jelikoZ je to polymer nerozpustnyejioh, tucich, nebo benzinu pouZziva se pro
piipravu impregnénich hmot [28].



Biodegradace PVA se &aa zkoumat jiz fed 70. lety. Prvnim mikroorganismem, ktery
byl v této souvislosti identifikovan byla houlfeusarium lini B [29]. Paatkem 70. let
20. stoleti doslo k zintenzi¢ni vyzkumi, které odhalily konkrétni druhy podilejici se na
rozkladu tohoto syntetického a ve vodozpustného polymeru. Mikroorganismy byly
izolovany jak z gdy, nag. Pseudomonas borealis O-3 [30, 31], tak Zi¢ni vody @Alcaligenes
fecalis KK314 [30]). DalSim vyznamnym rodem podilejicim sa utilizaci PVA je rod
Sphingomonas [33].

Polyvinylalkohol neni toxicky, jeho zvySena konaewt v odpadnich vodach je ovSsem
nezadouci. PVA nejspiS prochazi procesaésteni nacistirné odpadnich vod, aniz by byl
zcela odbouran. Jeho zvySené mnozstvi ve wadle k produkci gny, ktera brani festupu
kysliku do vody a fedstavuje vaznou hrozbu pro vodni organismy [34].

Vyzkum biodegradace PVA pokmge i v dneSni doh coz lze dat do souvislosti
s rostouci spe#ebou tohoto polymeru zvl&Stv Asii, z4padni Evrap a USA [34].
Odbouravani PVA z zZivotniho praetli nebrani jeho chemicka struktura, jako tomu je u
vétSiny polymeti. Nedostaujici jsou informace o moZné biodegradaci za poeéRin
anaerobnich [35].

1.3.3.Polyestery (PES) a kopolyestery

Polyestery pedstavuji skupinu plasts Sirokym vyuZzitim. Z pohledu konmiiho
vyuZiti jsou gredevsim pouzivany aromatické polyestery, jako ety€n tereftalat) (PET)
nebo poly(butylen tereftalat) (PBT), pro jejich wWajici mechanické vlastnosti. Tyto
polymery jsou ale doposud povazovany za nebiodegyibud [36].

Zménu predstavuje kombinace alifatickych a aromatickych omoafi, kdy vznika
kopolyester vyznaijici se vybornymi mechanickymi vlastnosti s dobitmadegradabilitou
[37] nag. poly(butylen adipat tereftalat) (PBAT) podobny material s kom@&@rim nazvem
Ecoflex [38].

Vyznamnym zastupcem polyesierje kyselina polymléna (PLA). PLA a jeji
kopolymery jsou v poslednich desetiletichfestledovany a to zejména proto, Ze je mozné ji
vyrobit z obnovitelnych zdrgj (cukrovaiepa, pSenice [39]), jeji mechanické vlastnosti jsou
podobné polyolefilm a méa schopnost se rozlozit jak v lidskéta,ttak v girode [40].

Biodegradabilnim plastem vyr&ym z obnovitelnych zdraj je také polyf-
hydroxybutyrat) (PHB). Jednéa se o termoplasticklygster, netoxicky a ve veéderozpustny
polymer. Jako biokompatibilni polymer se Siroceziya ve zdravotnictvi (implantéty,
chirurgické ni€) a ve farmacii. Svymi zpracovatelskymi a uzZitnywhastnostmi se podoba
polypropylenu (PP), avSak jeho rychla termicka ddgce v blizkosti teploty tani, fyzikalni
starnuti a vysoké cena brani jeh&Simu uplaténi, nag. v obalové technice [41]. LepSich
mechanickych vlastnosti PHB, Ize dosahnotipnavou snisi tohoto polymeru s jinym
materialem, nap s polyhydroxyvaleratem (PHV) [42] s-kaprolaktonem [41].

Zastupcem alifatickych polyestervyrakenych z petrochemickych prekurzorje
polykaprolakton (PCL). | kdyZ tento plast neni & z obnovitelnych zdrgj je povaZzovan
za zcela biodegradabilnifggevsim v progedi aktivovaného kalu, kompostuidy a mdské
vody [43]. Jelikoz m& PCL nizkou teplotu tani (T88-64°C) jeho vyuziti, jako nahrady za
konvertn¢ vyuzivané nekompostovatelné plasty je obtizné.uZisa se spiSe v kombinaci
s jinymi polymery, nap se Skrobem. Timto je mozné dosahnout lepSiclcapatelskych a
mechanickych vlastnosti [44].
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2. METODY STUDIA BIODEGRADACE POLYMER U

Posuzovat biodegradabilitu matetiallze pomoci metod zaloZzenych na studiu
rozlicnych charakteristik, ndjklad na redukci grmeérné molekulové hmotnosti [45], 2Zme
mechanickych vlastnosti a povrchu materidlu [46}odpkci CQ [47], zkoumani
mikrobialniho ataku [48, 49], apod. Pro zkoumarddeigradace materialu lze také pouzit
metody molekularni biologie, které jsou rychlé, lepdivé, reprodukovatelné a relativtevné
[50].

Nekteré postupy zaloZzené na vySe uvedenych metodijsdchnormovany sstovymi
standardizénimi institucemi, nap 1SO (International Organization for Standardiaajj
ASTM (American Standard Test Method), CEN (Europ8tandardization Committee) [51].

2.1. Metody zaloZené na materidlové charakterizaci polyeri

Primérni vliv na rozklad polymérv procesu biodegradace ma jejich strukturatedr
podilu krystalické a amorfni slozky polymerniho eratlu mize slouzit k blizSimu odhadu
chovani materidlu v procesu biodegradace. Biodegiadejsnaze podléha amorfni podil
materialu, jelikoXastifetzca v téchto mistech maji&sSi moznost pohybu a také jsou wgin
uspdadany. Takto je umoZna rychlejsi difuze malych molekul, faody, do materialu.
K urceni stupg krystalinity lze vyuzit termoanalytickou metoduifedencialni skenovaci
kalorimetrii (DSC)¢i rentgenovou difrakci [52].

Miru biodegradace je mozné pozorovatémou mechanickych vlastnosti materialu.
Urcujicim faktorem miZze byt snizeni molekulové hmotnosti, coz vedein&p sniZeni
pevnosti materialu v tahu [53].

Biodegradaci materialu Ize posuzovat také uzitinowe permeé&ni chromatografie
(GPC). GPC umaiuje ukit distribueni kiivku molekulové hmotnosti polymeru a z jejich
zmeén v pribéhu procesu Ize hodnotit charakter biodegradace, t. najvorbu
nizkomolekularnich frakci [53].

K ziskani vizualnich a kvantitativnich charaktekist struktue povrchu materialu byva
vyuzivan opticky a skenovaci elektronovy mikrosk@EM). SEM poskytuje detaisi
informace o této strukite, nap. charakterizuje topografii povrchui{fpomnost trhlin, dr),
krystalickou strukturu, chemické slozZeni atd. Poh®€M je mozné sledovat tvorbu biofilmu
na studovanych polymerech [54].

DalSi chemické zgmy, které mohou nastat v materidléhbm biodegradace, lze
studovat infréervenou spektroskopii ) [55]. Pomoci € Ize sledovat vznik novych
chemickych vazebi skupin. Nap. v pfipact PE Ize nakstem karbonylového indexu, ktery je
ziskan vypétem z podilu absorbanci karbonylového piku (v&tdl713 crit) a piku -CH -
(vinoset 1465 crif) urit miru oxidace testovaného polymerghbm biodegradaiho
procesu. Z grafické zavislosti karbonylového indewaxase, po ktery byl vzorek vystaven
abiotické oxidaci Ize pozorovat, jak se hapdobou termooxidace zvySuje stigexidovani
materialu [23].

2.2. Metody zaloZené na produkci plyri

Tyto metody maji nezastupitelny vyznam v posuzovdodegradability polymér Lze
jimi studovat kon&nou mineralizaci materidlu na zakkadyprodukovaného mnozstvi G@
spotebovaného @ Podil mineralizace odpovida vyvinutému mnozstyido uhlicitého
Z posuzovaného materialu. Ze zji¢ho mnozstvi vyprodukovaného €@ prepcaiitana
mineralizace uhliku z materialu, na jeho zakladoretického mnozstvi v materialu, ktery
muze byt uten elementarni analyzou nebo vitmm [56].
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Vyprodukovany CQ mize byt n&ien respirometrickou metodou kumulativni (CMP-
cumul ative measurement respirometric) ¢i primou (DMP-direct measurement respirometric).
V piipact metody CMP je vyvinuty C@zachycovan do roztoku NaGii Ba(OH), a poté je
rozpusény CQ, titrovan znamou koncentraci ;850,. Metoda DMP vyuziva k dgeni
produkce CQ plynovou chromatografii (GG |C spektroskopii [56, 57].

2.3. Moznosti pouziti molekularné biologickych metod

Metody molekularni biologie nachazi vyuZziti zejménadentifikaci a monitorovani
mikroorganisni pii biodegradaci v firozenych prosedich, nafiklad pidé. K identifikaci se
negasgji pouziva amplifikace genu 16S rDNA, protoze temen je pitomen ve vSech
bakteriich a existuji velmi bohaté databaze jelkvesaci.

PCR amplifikace genu 16S rDNA umaie pochopit sloZzeni spalenstev, pedevsim
mikroorganisni piitomnych v prosedi, které nejsou kultivovatelné a neni je tedy mooz
studovat metodami klasické mikrobiologie [58].

Mezi nejvice pouzivané kulti¢a¢ nezavislé metody patDGGE (gelova elektroforéza
v gradientu denatutaich ¢inidel) ¢i TGGE (gelova elektroforéza v teplotnim gradientu)
Vyhodou TGGE je, Ze metoda pracuje na jednodussintipu a je vhodna pro separaci
dlouhychtettzch DNA a RNA [58, 59]. Red pouzitim metody DGGEi TGGE je nutni
izolace DNA a PCR amplifikace fragmentu vhodnéhouydednou ziednosti &chto technik
je moznost izolace DNA fragmeantz jednotlivych bandél a jejich nasledna identifikace
(Obr. 4).

lzolace DNA z envirenmentélnich vzorkd

l

Amplifikace genu 165 rDNA

e T
Wytvofeni DNA knihovny l TGGE fingerprinting

Sekvenace klond nebo wyFiznutych TGGE bandi

l

Identifikace DNA pomoci databaze Genbank

Obr. 4 Schéma na sebe navazujicich Kraperimentu od izolace DNA z environmentalniho rikmp po
konetnou identifikaci fragmentu DNA z TGGE gelu

Jako dalsi molekulagbiologickou metodu, ktera se pouziva pro vyzkuodbgradaci,
je mozné zminit RFLP (restriction fragment lengtilymorphism). Technikou Ize obdoln
jako u TGGEi DGGE, ziskat fingerprint komplexniho mikrobialnibpol€enstva [60].

2.3.1.1zolace DNA
Prvnim krokem #¥tSiny molekularg biologickych metod je izolace genetického

materialu. 1zolace DNA z environmentalnich vabdpaiva v extrakci nukleovych kyselin z
burgek mikroorganisni, odstragni kontaminujicich slozek a eliminace sienin, které
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inhibuji ¢i snizuji citlivost nasledujicich analyz (polymeo&aietzova reakce, hybridizai
techniky, apod.) [61].

Jelikoz je k dispozici népberné mnozstvi izataich protokol, které mohou vyznamn
ovlivnit slozeni mikrobialni komunity, volba vhodriéchniky je kléovou zalezitosti [62].
Vybér zavisi na povaze zkoumaného vzorku [63, 64, 654 &elu, ke kterému budeme déle
s DNA pracovat. Nap uziti ultrazvuku [66Fi techniky kombinujici mleti, zmrazovani a tani
[62] vzorku pro rozruSeni bdgk MO se jevi byt Us§Ené v pipadt, kdy pracujeme stglou
s vysSim obsahem jilu/blata a chceme-li ziskat Di\Wysoké molekulové hmotnosti (cca 20
kb) [61, 62, 63, 67]. Zvolime-li k fyzik&lnimu rareni buik kulicky (negastji sklergné),
ziskdme obeen vysSi vytzek nukleové kyseliny, ktera je ttema pevazré kratkymi
fragmenty DNA [68]. Nicmé# tento zisob lyze je inngjsi pro G bakterie, jelikoz dokaze
rozrusit jejich komplikova&Si buré¢nou sénu, tvaenou silnou vrstvou peptidoglykanu.

Pro extrakci DNA je moZno vyuzituzné techniky, nap lze zminit fenol-
chloroformovou extrakci a pouziti chromatografickykolonek. Pomoci fenol-chloroformové
metody se extrahuji nukleové kyseliny rozgnstve vodném pro&di a odstrsuji se ostatni
slozky lyzatu, nap proteiny, lipidy, nizkomolekularni latky [61]. EBakce DNA pomoci
kombinace chromatografickych kolonek a centrifugabgvd vyuzivdno v komené
dostupnych kitech.

Vzrustajici p@et publikaci zabyvajici se iza@laimi protokoly a extraknimi
technikami, ukazuje naitkzZitost €chto kroki v molekularni biologii a to fgdevsim z toho
duvodu, Ze volbou extra@kiho protokolu je mozné ovlivnit vyslednou fylogénkou
diverzitu ziskané DNA [62, 69, 70]. Tud&m vice ,drasticky” izol&ni protokol pouzijeme,
tim je wtsi pravédpodobnost ziskani DNA, nag G bakterii, ze zkoumaného vzorku.

2.3.2.TGGE

TGGE pgedstavuje techniku pouzivanou v molekularni bidldgie pomoci ni rychle a
spolehliv charakterizovat sloZeni mikrobialniho spelestva a studovat jeho #ny v
prostoru &ase [71].

Metoda je zaloZzena na separaci DNA fragmenstejnégi podobné velikosti, které se
liSi poradim nukleotid. Smés DNA fragmeni se @li elektroforeticky v akrylamidovém gelu,
ktery obsahuje denatwra cinidla: matovinu a formamid. V zavislosti na obsahu
denaturanich ¢inidel v gelu, teplat a obsahu G-C a A-T parv amplikonech, dochéazi
k jejich postupné denaturaci a jejich zastavenéu.gZ pivodni dvouetzcové molekuly se
stavacasténé jedndetézcova struktura.

Aby byly zlepSeny deteki schopnosti TGGE, obsahuje jeden z primézv. forward,
GC-svorku, tveenou GC nukleotidy [72, 73]. Ta j&gipojena k 5 -konci primeru a ma délku
asi 40 pat bazi (bp) [70]. R postupu DNA fragmerit akrylamidovym gelem nenastane
v oblasti GC-svorky 0pIné rozvaini dvouetzcové struktury DNA (dsDNA) na
jednaetzcovou (ssDNA). Dojde pouze ke skokovému sniZenbility tohoto DNA
fragmentu v gelu. Pomoci GC svorky se signaly jédry@h bandi stavaji osejSimi [74].

Na TGGE systému lze vzorky separovaidbparalelg ¢i kolmo wici teplotnimu
gradientu. Zatimco kolm& TGGE je hlavmuzivana k optimalizaci podminek separace,
paralelni TGGE (Obrazek 4) poskytuje rychlou analgznych vzorki [75].

Vysledkem separace je tzv. fingerprint, ktery jezeh z jednotlivych barig které
reprezentuji dané mikrobialni sp&dmstvo [70, 71], (Obr. 5).
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Obr. 5 Vysledny paralelni TGGE gel z procesu biodegradamgmerniho materialu. Drahy 1-Ggustavuji

vzorky odebrané v danych dnech biodegradace. Jedndiandy zobrazuji signdly dominantnich diuh
mikroorganisnd béhem procesu. V horndasti gelu je patrné zesilovani intenzity bandu, poiikazuje na
mnozeni witého MO, ktery vyuziva polymer pro @wist

Fragmenty DNA nandSené na TGGE gely jsou obvykbelykty PCR. V zavislosti na
puvodu amplifikovaného DNA fragmentu vzorku @&e&avaneé velikosti amplikdn jsou
voleny gislusné primery. Je mozZné pouzit primery univeiizéinspecifické. S pomoci
univerzalnich primeér [72] mizeme nafiklad amplifikovat 16S rDNA gen vSech eubakterii
ve vzorku. Specifické primery pouZijeme k ziskamformaci o zvolenych taxonomickych
skupinach mikroorganisim Tzn. ve vzorcich z biodegradace PLA budemakéavat
duleZitost aktivity aktinomycet, jako dominantnich gdedéfi. Pro amplifikaci cilenych
fragmentt DNA tedy pouzijeme specifické primery pro aktinarety [76], abychom na
TGGE gelu ziskali signaly odpovidajici této skummikroorganisni.

VySSi speciitnosti a zvysSeni mnozstvitipravenych PCR produktnanaSenych na
TGGE gely, je mozno dosdhnout modifikaci technilofymerazovérettzové reakce, tzv.
nested PCR (Obr. 6). Amplifikace genu 16S rDNA jpinédbv tomto pipadt dvoufazoe.

V prvni fazi, s 20-30 amplifikenimi cykly, je pomoci jedné dvojice primienamnoZena delSi
sekvence nukleové kyseliny. Takto ziskané amplikgoy geneseny do nové amplifikai
zkumavky obsahujici druhou dvojici prinGeispecifickych k vninimu Useku amplikan Ve
druhé fazi, opt s 20-30 amplifikanimi cykly, ziskame amplikony s kratSi vimi sekvenci.
Touto modifikaci PCR Ize dod&t® zredit inhibitory polymerazy. Nevyhodou nested PCR
muze byt vysSi riziko kontaminace [77].
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Obr. 6 Princip nested PCR

Jednim z dalSich faktior ktery ovliviiuje vysledny TGGE gel je systém pouZitych
pufri. Zvolit Ize nap. TAE (tris- acetat — EDTAgI TBA (tris- borat- EDTA) pulfr.

Vizualizaci DNA fragmeni v TGGE gelu Ize provad riznymi barvicimi technikami.
Je mozné pouzit interk&lai barviva jako naip ethidiumbromid, SYBR Green, GelRed nebo
barvit gely pomoci $tbra. Jednotlivé techniky se od sebe lisi citlizoZa velmi citlivou
metodu je povazovana detekce fragmieDNA pomoci stibra, které obarvi i ty nejmén
vyrazné fragmenty DNA. Nevyhodou tohoto barvenijgbo ¢asovd nérénost, finagni
stranka a skutmost, Ze takto obarvené gely Ize obizouzit pro dalSi praci s DNA [78].
Alternativou, umo#ujici sledovat méh dominantni fragmenty DNA, @iZe byt barvivo
GelRed. Barvivo neZsobuje obarveni pozadi a Ize jej bezgdikvidovat [78].

Silnou strdnkou techniky TGGE je mozZnost izolaceADNjednotlivych band. Misto
v gelu obsahuijici zajimavy bandiae byt vyiznuto a DNA z tohoto kousku gelu izolovana a
po pecisteni a sekvenaci, identifikovana. Tento postup m&\&a Uskali, v podabmozné
piitomnosti ¥tSiho mnoZstvi sekvenci obsazenych v jednom badagpveé narénosti a
degradace DNA vlivem UV %éni [72, 75].

Metoda je dale vyuzivani i vjinych vyzkumnych adtlech jako je mikrobiélni

ekologie, molekularni biologie, lékstvi (sledovani mutaci) [72], apod.

2.3.3.Fylogeneticka analyza

Studium vzjemnych vztéhmezi tiznymi taxonomickymi jednotkami Ize uskdret
pomoci fylogenetické analyzyriBuzenské vztahy Ize posuzovat hapa zaklad geneticke
piibuznosti [79].

Grafickym znazorénim fylogenetické analyzy je fylogeneticky stromb§O7).
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Obr. 7 Fylogeneticky strom sekvenci ziskanych z TGGE ayaly

V nekterych fylogenetickych stromech mohou misto taxomilych jednotek
vystupovat pimo jednotlivé biologické druhy nebo i jednotlivérty [79].

V naSem pipak je ve fylogenetickém stromu vizualizovanaibpznost mezi
sekvencemi bazi genu kodujiciho 16S rDNA nalezensgmizorku.

2.3.4.Tvorba a sekvenace DNA knihoven

VloZime-li specificky fragment DNA do klonovacihcektoru (plazmidu, kosmidu,
bakteriofagu, apod.) a tuto rekombinantni molekDINA pomnoZime v hostitelské hoe
(nejéastji bakterii) ziskame identické kopie neboli klongoubor &chto rekombinantnich
plasmidi nesouci vioZzené fragmenty DNAgulstavuje tzv. DNA knihovnu [80].

Tvorbou takovychto DNA knihoven Ize alternatévnzkoumat spokenstvo
mikroorganisni pri biodegradacich. Sés DNA fragmeni se rozdli do kloni, ty se pomnozi
a pak se sekvenuji. Ngjstji se timto zfisobem zkoumaiji pr&wsekvence genu 16S rDNA.

2.3.5.Real- time PCR (RT-PCR)

Stanoveni mnoZstvi &ité sekvence DNA ve vzorku, se provadi pomoci teal-time
PCR (téZ oznsvana jako kvantitativni PCR; gPCR). Mnozstvi ammianého produktu je
sledovano pomoci fluoresagrich sondi barviv na zakladl zmeny intenzity fluorescemiho
z&eni, ktera je fmo anernd mnozstvi produktu. Prakticky se tento druh RE&adi na
cyclerech, kdy se v kazdém cyklu PCR detekuje #soence. Kvantifikace se provadi
pomoci amplifikénich Kivek, které vznikaji vynesenim fluorescence oppaitadi cyklu
[81].

Tato metoda znamenalareprat v molekularni diagnostice, pgawkvili moznosti
kvantifikovat mnozZstvi uité sekvence DNA ve vzorku [81].
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3. CILE PRACE

Cilem pedkladané disertai prace bylo studium biodegradovatelnych polynadrni
materiah, predevSim jejich biodegradace v piesti pidy, kompostu fipadré ve vodném
prostedi. Zavést a aplikovat vybrané molekutariiologické metody pro studium
mikrobiologie biodegradace polynieMNaSimi cily bylo:

1. Sledovat biodegradaciiipravenych abioticky oxidovanych vzdrkpolyethyleri
S prooxidanty.

2. Zavest vybrané molekul&frbiologické metody v laboratofakulty a demonstrovat
jejich pouzitelnost pro studium biodegradace polyrfeh latek. Kléové zde bylo
zavedeni metody gelové elektroforesy v teplotniadgmntu.

3. Sledovat biodegradaci PVA za denitriftkdch podminek, ifjpadré aplikovat zvolené
molekularrg biologické metody pro studium této problematiky.

4. Sledovat mikrobiologii biodegradace PLA v zavisiosa jeho formd a distribuci
molekulovych hmotnosti pomoci zvolenych molekudbiologickych metod.
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4. ZVOLENE METODY ZPRACOVANI

Studium biodegradace matefidbylo provedeno pomoci inkuér@ich tesh s plynow
chromatografickou koncovkou. Sledovan byl Ubytekperu véase.

Soutasre byly aplikovany molekulamh biologické metody pro ziskani informaci o
mikrobiologii degradace zkoumanych polyrinePomoci metody izolace nukleovych kyselin
byla ziskana DNA vzotk a vhodnou PCR metodou byl amplifikovan gen 16S ADN
Technikou TGGE doSlo k ziskani sigh&tflominantnich mikroorganisim G¢astnicich se
procesu biodegradace. Paratebylo mozné vysledky TGGE potvrdit vytkenim knihovny
klona zvoleného genu a sekvenovanim zvolenéhupgchto kloni.

4.1. Stanoveni miry biodegradace

4.1.1.Uprava vzorku pro biodegradaini testy

Abiotick& oxidace, ktera byla provedenaiipac studia biodegradace PE, simulovala
starnuti materialu, za podminek vystaveniwiivprostedi (s¥tla, tepla), po ufitou dobu.
Docilena byla redukce molekulové hmotnosti polymartvorba nizkomolekularnich latek,
které pak mohly byt asimilovany mikroorganismy [54]

4.1.2.Biodegradatni testy

Vzorek polymeru byl smichan s perlitem, ktery Zdjigprovzdugiovani pidy ci
kompostu, mineralnim médiem, které slouZilo proadesi dostatmé vihkosti progedi a
jako zdroj esencialnich pnikpro mikroorganismy a inokulem.

Biodegradani testy probihaly v biometrickych lahvich (Obr.. 8o dobu #kolika
meésial byly z lahvi odebirany vzorky plynné faze, ktesdabanalyzovana metodou plynove
chromatografie. Zjigovano bylo mnozstvi vyvinutého G@ spotebovaného @ MnoZstvi
vyprodukovaného C© vlahvi nam poslouzilo pro stanoveni stéprbiodegradace
zkoumaného polymeru.

Obr. 8 Biometricka lahev pro sledovani miry biodegradaglgmeri, ktera je opatna uzasrem se septem pro
odher vzorku plynné faze a dma dalSimi otvory pro provzdidvani
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4.2. Stanoveni miry biodegradace PVA ve vodném proigedi

Biodegradani testy s polyvinylalkoholem byly provéay ve vodném prostdi za
denitrifikacnich podminek. Biometrické lahve obsahovaly mimérahédium, zkoumany
polymer, KNQ jako termindlni akceptor pro denitrifikaci a aktamy kal, jako zdroj MO.
Koncentrace PVA byla v fibéhu biodegradace zji®vana jodometricky.

4.3. Molekularn & biologické metody

Prvnim krokem, pro praci s jednotlivymi vzorky, ayéxtrakce DNA pomoci vhodné
metody. Nasledh byly vzorky amplifikovany metodou PCR, kontrolapé&Snosti postupu
byla provedena pomoci agarézoveé elektroforézy. afi6kPCR fragmenty byly separovany
s uzitim gelové elektroforézy v teplotnim gradierf@o skotieni TGGE byly z vysledného
gelu vyriznuty bandy, DNA vdchto signalech byla sekvenovana a identifikovamatabazi
GenBank (ttp://www.ncbi.nlm.nih.gov/genbank/  pomoci aplikace BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.qggi

4.3.1.1zolace nukleovych kyselin

Kli¢covou roli zde hralo rozruSeni membran mikroorgaiisannasledna separace a
purifikace nukleovych kyselin. Byl zvolen kit, kfezahrnuje v izolénim protokolu tepani se
sklerenymi kulickami (tzv. bead beating), jelikoZ byldqupokladano, Ze vyznamnou ulohu
v biodegrad&nim procesu hraji Gbakterie, u nichZz je znamo, Ze maji odolnoudsnou
stenu. UzZitim jiného druhu izotmiho protokolu doSlo ke zkresleni vysledku.

4.3.2.PCR

Ziskana DNA byla amplifikovana pomoci techniky PCRrto vzorky ziiznych
prostedi byla metoda vzdy modifikovana, tj. byl zvolemodny druh PCR metody, vybrany
vhodné primery s ohledem na&ekavany vysledek, upravena nasedaci, tzv. anneakbng
teplota primel, paiet cykii, apod.

Kontrola Usgsnosti postupu byla uskuigmvana pomoci agardzové elektroforézy.
Dokumentace vysledkbyla provedena pomoci dokumettigho systému.

4.3.3.TGGE

PCR fragmenty DNA byly separovany pomoci TGGE M8ystému (Obr. 9). Dle
povahy separovanych fragmériyl vytvoren akrylamidovy gel oifisluSnych koncentracich
denaturanich ¢inidel. Byl zvolen vhodny rozsah denatéméch teplot. Fragmenty
odpovidajici pitomnym bakteriim byly separovany sa$€ji v rozsahu 35-55°C [74], kdezto
fragmenty pitomnych aktinomycet ptgbovaly vyssi teplotni roz 40-60°C [76], jelikoz
obsahuji ¥tSi podil GC péar. Dale byla na fistroji nastavena délka separace a elektrické
napsti.

Po skowrteni elektroforézy byl gel neprodienmabarven vhodnou metodou, hap
interkal&nimi barvivy. K vizualizaci jednotlivych signéal DNA byl pouZzit stejny
dokumentani systém, jakoifp praci s agar6zovym gelem.
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Obr. 9 TGGE Maxi Systém pro separaci PCR amplikon
4.3.4.Excise a purifikace bandi

Signal na TGGE gelu byl identifikovan tak, Zze ka#tki band byl viiznut a DNA,
obsazena v bandu, byla eluovana do roztoktisdp eluce DNA byl postugroptimalizovan
pro jednotlivé vzorky. Eluovand DNA byla reampldéna se stejnymi primery (s
vynechanim GC svorky) a nasleédoyla precisténa a sekvenovana.

4.3.5.Klonovani a tvorba DNA knihovny

Slozeni mikrobialniho spatenstva podilejiciho se na zkoumaném procesu |zde\si
také gistupem s vytvilenim DNA knihovny.

Metodou PCR byl fragment 16S rRNA genu amplifikoy@moci vhodnych primérze
vSech pitomnych bakterii. Fragment DNA bytegiStén pomoci elektroforézy v agarézovém
gelu. Restrikni S€peni vektoru (plasmidu, kosmidu, bakteriofagu) senu probhlo jak se
ziskanim lepivych tak tupych koic dle vykiru restrikknich endonukleaz. rpravené
fragmenty DNA (tedy izolované vektory a geny) by$pojeny ligaci, do funinich
rekombinantnich replikan Naslednym procesem transformace byla rekombinambhekula
DNA viloZzena do zivé hiky (bakterie E. coli). Zde doslo k &kolikanasobné replikaci
vloZzeného genu. Nasledovala selekce transforimaat Petriho miskach s antibiotikem, ke
kteremu poskytoval gen na klonovacim vektoru resigt Pomoci optimalizovaného postupu
byla vyizolovana plasmidova DNA z vybranych kinfro potvrzeni fitomnosti jak vektoru,
tak plasmidu ve vzorku (klonu), byla provedena rik&hi analyza. Na z&v probshlo
sekvenovani zvoleného ¢a nadhodg zvolenych klofi, ¢imZ byla umoz#na identifikace
vétSinovych mikroorganisinve zkoumaném spalenstvu.

4.3.6.Real-time PCR (RT-PCR)

Touto metodou bylo stanoveno mnoZzstviitdr sekvence DNA ve vzorku pomoci
fluorescenich sond (interkataich barviv). Reakce byly slozeny ze stejnych reatgako
u klasické metody PCR s tim rozdilem, Ze bytalgna fluorescemi znaka, kterou byla
zajiS€na moznost kvantifikace vzorku. Analyza byla prayréa na pirodowdecké fakulkt
Univerzity Karlovy v Praze.
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5. PUBLIKOVANE PRACE

Tato kapitola se zabyva stnym popisemdétyt publikovanych praci v odbornych
casopisech, které vznikly ¢hem doktorského studia. Prace jsou #bey do dvou
tématickych cell, vzhledem ke kombinaci pouzitych metod a matérial

Prvni celek, ktery se sklada ze dvou publikaciy§aovan studiu biodegradability
polyethylenovych folii obsahujici prooxidanty. Begtadabilita PE byla sledovana
v prostedi midy a kompostu pomoci konvérich metod.

V druhém tématickém celku, obsahujicim r&ndw publikace, byl pibeh
biodegradace sledovan s kombinaci kowwérh a vybranych molekul&tnbiologickych
metod. Konkrétd byla sledovana schopnost biodegradace PVA zardiaitnich podminek
v prostedi aktivovaného kalu a mikrobiologie biodegradBté v zavislosti na jeji forra
distribuci molekulovych hmotnosti.

Kazda podkapitola je&movana konkrétni publikaci.

5.1. Srovnani biodegradability riznych PE f6lii obsahujici prooxidanty (Riloha
P1)

Studiu biodegradability byl podroben vysokohustdt#DPE), nizkohustotni (LDPE) a
linearni (LLDPE) polyethylen ve foréntenkych folii s#éznym sloZzenim a mnoZstvim
prooxidanti. Podstatu prooxidaftvoril organicky komplex pechodovych ko v kombinaci
Mn**a Fé*, Mn**, Feé* a C&* v riznych koncentracich.

V prvni ¢asti studia rozsahu biodegradace PE félii s praotid byla provedena
abioticka uprava jednotlivych vzarkPolymery byly podrobeny tzv. urychlenému starweti
specialni tomu wené komee. Davka zéeni a stupe oxidace materialu odpovidal vystaveni
venkovnimu prosedi po dobu asi 3 let za podminek odpovidajicibedsievropskému
klimatu v letnim obdobi. #obenim sétla a tepla, tj. fotooxidaci a termooxidaci, doaiéaz
ke starnuti polymeru, coZ do za nasledek fiehnuti materialu vlivem redukce molekulové
hmotnosti polymeru a tvorbu nizkomolekularnich pitd. Stup& oxidace materidlu byl
sledovan pomoci FTIR, NMR a gelové perir@ahromatografie.

Druha ¢ast experimerit byla wnovana sledovani vlastni biodegradaci PE folii.
Abioticky predupravené PE félie byly stasré podrobeny, jak inkubaci v prdaeti
mineralniho média zacasti Cistého kmene bakteri®@hodocccus rhodochrous, tak byla
sledovéana jejich schopnost biodegradace v fFdspidy a kompostu.

Metabolickd aktivita bakterialni kultury v miner@m médiu byla zjiSovana pomoci
stanoveni mnozstvi adenosintrifosfatu (ATP). Byl@stgno, Ze povaha prooxidantje
hlavnim faktorem ovlisujici biodegradaci PE f6lii. Wujici je zejména vzajemné mnoZstvi
kovii v organickém komplexu. Konkrétrbylo zjis€no, Ze vyssi koncentrace €donti v
matrici PE folii vedla k inhibici metabolismR rhodochrous, tedy nizkym hodnotam ATP a
k nizké Zivotaschopnosti békna konci experimentu.

K ziskani informaci o fibéhu biodegradace PE folii v komplexnim piesti byly
provedeny pokusy viaé a kompostu. U vybranych polynierbyla biodegradabilita
stanovena ®fenim produkce CQ Paralelg byly testovany referemi latky, které, jak se
dalo a@ekavat, byly ze 100% biodegradabilni, kipad celulézy v horizontu 140 dna u
hexadekanu 250 dnv prostedi kompostu. Latkou nejsnaze podléhajici biodegratyl
LLDPE, ktery byl mikrobialnim konsorciem metabolZm z 24% za dobu 317 @inHDPE
piedstavoval matrici velmi Spatnpodléhajici biodegradaci. Obdobnych 2t bylo
dosaZeno v biodegratfsich pokusech provedenych se stejnymi polymeryosiedi pidy.

Vysledky ziskané z obou &gohi inkubace PE félii byly nejen souhlasné navzajdm, a
také se shodovaly se zfly dosaZzenymi pomoci techniky SEM. Byla potvrzehada mezi
schopnosti polymeru podléhat biodegradaci a tvoloiiimu na povrchu polymeru.

21



Studie byla uskutséna ve spolupraci s kolegy na unive¥zi Clermont-Ferrand,
piedkladatelka disertai prace mila na starosti biodegrattd pokusy v komplexnich
prostedich tj. fidé a kompostu, podilela se raéna gipraw a redakci publikace.

5.2. Aerobni biodegradace polyethylenovych folii obsahigi prooxidanty a
uhli¢itan vapenaty jako plnivo (Priloha P2)

Hlavnim cilem této studie bylo zkoumani vlivu plaitj. mletého uhtitanu vapenatého
v PE na piib¢h biodegradénich proces.

Biodegradaci byly podrobeny vzorky LDPE ve f@rnenkych félii s prooxidanty
(Mn?") a jeden vzorek obsahoval jegnmamlety uhkitan vapenaty.

Folie byly nejprve pedupraveny abiotickou oxidaci, konkréttermooxidaci. Stupe
oxidace materialu katalyzovany prooxidanty byffem pomoci FTIR. NiZSiho karbonylového
indexu, tj. nizSiho stupgnoxidace, bylo dosazeno vipact LDPE s plnivem, coz byloiejmeé
zpisobeno dkterym ze stabilizénich &inka plniva CaCQ.

Jako dopiujici experiment, potvrzujici oxidaci materialu, Idyprovedeno rreni
prodlouzeni fi pretrzeni. U obou vzorkbylo zjiS€no zhorSeni mechanickych vlastnosti, tj.
Ztrata pevnosti.

K urceni distribéni kiivky molekulové hmotnosti polymér byla uZzita gelova
perme&ni chromatografie.

Vlastni biodegradace terméloxidovanych PE folii byla sledovana v piesti pidy a
vyzralého kompostu. Zkoumany bylyegalevsim rozdily v gibéhu a rozsahu biodegradace
mezi polymery s a bez obsahu plniva.

Pritomnost CaCe@ pii biodegradaci vdnim prostedi nelo zanedbatelny vliv na
biodegradabilitu LDPE folii, coz potvrzuji také sy ziskané ze skenovaci elektronové
mikroskopie, kdy na povrchu materialu dochazeledtt& biofilmu.

Naopak, biodegradace v prisdi vyzralého kompostu poukazovala na vyznamn
rychlejSi mineralizaci LDPE bez plniva. Tentoulpth mineralizace byl prawgodobré
ovlivnén vySSi teplotou id inkubaci, ¢imZz mohla byt zfisobena snazSi dostupnost
biodegradabilnich frakci materialu a projevil s&3$iystup oxidace materialu bez plniva.

Ucast a pitomnost mikrobialniho konsorcia na mineralizaciteni@lu byla potvrzena
technikou SEM. Tvorba husté &ibakterialnich vlaken byla charakteristicka prantefilni
aktinobakterie.

Tato studie byla provedena ve spolupraci s koledgyeatra polymernich systém
fakulty technologické Univerzity TomaSe Bati ve rgli Autorka diserténi prace nila na
starosti biodegra@ai pokusy v komplexnich prasdich tj. mdé a vyzralém kompostu,
podilela se row¥ na gipraw a redakci publikace.

5.3. Biodegradace PVA za denitrifikatnich podminek (Riloha P3)

Schopnost biodegradace PVA za denitrifikieh podminek byla sledovana v presi
aktivovaného kalu, ktery byl ziskan z centrai@®V Zlin-Malenovice. Pro srovnani jiséhu
biodegradace byly experimenty provedeny také zanpoek aerobnich. K ziskani informaci o
konkrétnim degradéru tohoto polymeru bylo vyuzitombinace konveimich a molekular®
biologickych metod.

Patateini experimenty inkubace polymeru s mineralnim m@di@ cerstvym
aktivovanym kalem obohacenym o diumgny (denitrifik&ni kal) nebyly usgsné. Za dchto
podminek nebyla mikrobialni kultura téhrschopna PVA vyuZivat jako zdroj uhliku. Situace
se zmnila s obohaceninterstvého denitrifikéniho kalu inokulem mikroorganisinz
piedeSlého a uk@eneho experimentu biodegradace PVA. Takto byl postziskan tzv.
adaptovany kal s obohacenou mikrobialni komunitSuuzitim adaptovaného kalu byl
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eliminovan vyskyt lagoveé faze v patku biodegradace PVA a mikrobiélni konsorcium bylo
schopno polymer hned vyuzivat. Srovnanitivek demonstrujicich béh biodegradace
PVA za aerobnich a anaerobnich podminek bylo ktmsiao, Ze bakterialni komunita
utilizujici polymer neni na koncentraci kysliku diw vazana, tj. tyto mikroorganismy lze
zaradit do skupiny fakultativhanaerobnich MO.

Izolace pipadnych degrad&rPVA nejprve probhla konvegnim zpisobem. Vzorky s
obohacenou mikrobiélni komunitou bylygmeseny na selektivni agar, nicraée nepoddo
degradéra vyizolovat.

Uziti molekularg biologickych metod bylo kéiovym bodem k izolaci a nasledné
identifikaci druhu podilejicim se na mineralizacVA& za denitrifikatnich podminek.
Technikou TGGE, zaloZzenou na amplifikaci 16S rRNz&g V3 hypervariabilniho regionu,
byla zkoumana, v jednotlivyakasovych intervalech, dynamika biodegradace PVA .|yuwa
TGGE profili geli byl vyselektovan potencialni a dominantni degrgudyvinylalkoholu.
K potvrzeni pevahy degradéraripbiodegradaci, byla vytiena DNA knihovna klok genu
16S rDNA gitomnych v konsorciu. Z 60-ti naho&lwvyselektovanych klain previadaly dva
typy patici do tidy Gammaproteobakterii. Jednalo se o dsehoidobacter sp. ZUMI 37 a
Dokdanella sp. LM.

Fylogenetickd analyza ziskanych sekvenci z TGGE petvrdila gibuzenské vztahy
mezi Seroidobacterem sp. ZUMI 37, aerobnim PVA degradérem izolovanymudy, a
sekvenci ziskanou z obohaceného konsorcia v ndralai. Predpokladany degradér
polyvinylalkoholu za denitrifikénich podminek byl ozian Seroidobacter sp. DP.

Kvantifikace zastoupeni sekvence&eroidobacter sp. DP ve vzorcich v fbchu
degradace byla provedena pomoci techniky gqPCR. ritmpsty potvrdily skuténost, Ze
mnozZstvicasti sekvence odpovidajici bakterialnimu rdderoidobacter sp. DProstla se
spotebou polyvinylalkoholu.

Zawrem lze konstatovat, Ze PVArqustavuje polymer podléhajici biodegradaci za
denitrifikacnich podminek.

Studie byla vytvéena za @asti spolupracovnik na fakulé technologické Univerzity
ToméSe Bati ve Zlih a s pomoci koleg z prirodowdecké fakulty Univerzity Karlovy
v Praze. Autorka disertai prace spolupracovala na uskukmi biodegradénich pokué a
samostaté provadla molekularg biologické metodiky (tj. TGGE, klonovani, souvieg
prace) vedouci k identifikaci degradéra.

5.4. VIiv molekulové hmotnosti a formy PLA na jeji biodegradaci (P¥iloha P4)

V této studii byla sledovana mikrobiologie biodetgee PLA v zavislosti na jeji forn
a distribuci molekulovych hmotnosti pomoci zvolemyoolekularg biologickych metod.

Biodegradanim tesitm v kompostu byly podrobenytyii razné vzorky PLA s
molekulovou hmotnosti v rozsahu 34 000-160 000 ¢jinve forme jemného prasku, félie a
povlaku na inertnim materiélu. Zikek popisujicich pibéh biodegradace je patrnégadeini
zpomaleni odbouravani polymeru ¥pgads vysokomolekularnich PLA (109 000 g.riol
160 000 g.mat). Naopak lagové faze zcela cligbou nizkomolekularni PLA (34 000 g.n)l
a stedrsmolekularni PLA (61 000 g.md).

Stejre jako molekulovd hmotnost, tak forma PLA owovala biodegradai pokusy.
Zajimavym zjis¢nim byla skuténost, Ze vysSi specificky povrch prasku nehral ayanou
roli v pfipadt nejvysSi molekulové hmotnosti a biodegradace btéast totozna
s mineralizaci PLA folii. Jinak tomu bylo u vzérlPLA piipravenych jako tenky poviak na
perlitu. Zde byl zaznamenan nejrychlejSialgth biodegradace u vSech vzorka u
vysokomolekularnich PLA byla vyznamn zkracena doba péateniho zpomaleni
biodegradace.
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Pro ugeni sloZeni mikrobialniho spélenstva dastniciho se biodegradace kyseliny
polymlé&né byla aplikovana technika TGGEiskané profily TGGE gélodkryly jak signaly
bakterialniho konsorcia ¢astniciho se biodegradace PLA, tak signaly pouzcifigké
komunity obsahujici aktinomycety. Zastupci tétongmné skupiny grampozitivnich bakterii
jsou ¢asto spojovani s mineralizaci polymier kompostu a jejich dast byla potvrzena také
v piipact biodegradace PLA. Gelova elektroforéza v teplotngradientu neodhalila
vyznamné rozdily v mikrobialnim spdéknstvi v zavislosti naizné molekulové hmotnosti.
Naopak bylo zjid&ino, Ze vSechny zkoumané vzorky (s ohledem timau molekulovou
hmotnost a formu) byly degradovany stejnym mikremigmem.

Pomoci mikrobialni kultivace byly ziskany kolontgstého kmene rostouciho na
mineralnim médiu se suspenzi PLA jako jedinym zirojuhliku a energie. Sekvenaci
16S rRNA genu mikroorganismu a srovnanim ziskakeesee s viejnou databazi Genbank
byl vyizolovany ¢isty kmen s 98% pra¥gpodobnosti shodny s bakteihermopolyspora
flexuosa. Pomoci TGGE a sekvemi analyzy byla prokazana shoda mezi identifikovany
druhem mikroorganismu z mineralniho média a signateikroorganismu (band na TGGE
profilu) zodpowdnym za biodegradaci PLA. Druh identifikovan pom@dGGE analyzy byl
ozna&en jako Thermopolyspora flexuosa FTPLA a je povaZzovan za ktivy organismus
podilejici se na biodegradaci PLA.

Studie byla uskut#¢na ve spolupraci s kolegy na Univeézfomase Bati ve Zli
piedkladatelka disertai prace se podilela na biodegratah experimentech, studiu
zastrenych mikroorganisrin pomoci zvolenych molekul&rbiologickych metod a rowi
se podilela naifpraw a redakci publikace.
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6. ZAVER

Disert&ni prace se zabyvala zkoumanim biodegradabilityraryfech polymernich
materiali s vyuzitim kombinace konvénich a molekularh biologickych metod.
Biodegradani experimenty byly uskut@ovany v fiznych prostedich, tj. @dé, kompostu, a
v prostedi vodném. Schopnost podléhat biodegradaci bydarakna konkréthu PE, PVA a
PLA.

Béhem doktorského studia vzniktyti odborné publikace (jedna z nich zatim neni
prijata), které mohou byt roztény do dvou celk, vzhledem ke kombinaci pouzitych metod a
materiati.

V prvni ¢asti, obsahujici dv publikace, byla zkouméana biodegradabilita
polyethylenovych folii obsahujici prooxidanty porhdmnvergnich metod. V druhé&asti,
obsahujici rovéZ dw publikace, byl pibéh biodegradace sledovan s kombinaci kotmérh
a vybranych molekulaegnbiologickych metod.

Konkrétre byly v experimentech popsanych v prvni publikacidgs podrobenytizné
PE folie (HDPE, LDPE, LLDPE) obsahujici rovnovaingoZzstvi antioxidarita prooxidani
(Mn?*, Fe*, Cd). Jednotlivé vzorky byly abioticky rpdupraveny fotooxidaci a
termooxidaci, coz vedlo ke starnuti polymertghouti materialu a tvoémizkomolekularnich
produkti. Schopnost biodegradace zkoumanych polynigta sledovana jednak v proesdi
mineralniho média zacasti ¢istého kmene bakteriBhodococcus rhodochrous, ale také v
prostedi pidy a kompostu. Stanovenim mnozstvi ATP bylo &jiSt Ze povaha prooxidant
je hlavnim faktorem ovlitwjici biodegradaci PE folii. Bakterie dokazaly asiwat téner
vechny zkoumané PE félie, vyjmé&ch s vysokym obsahem GD Pomoci techniky SEM
byla potvrzena shoda mezi tvorbou biofilmu na pbur@olymeru a schopnosti polymeru
podléhat biodegradaci.

Druhd studie rfla za hlavni cil prozkoumat vliv plniva, tj. mlet@huhlicitanu
vapenatého v PE matrici, natipgh biodegradénich proces v piadé a kompostu s vyuzitim
konvertnich metod. Srovnavany byly mezi sebou vzorky LD&WSahujici prooxidanty
(Mn?"), jeden znich navic obsahoval CaC@ako plnivo. Stup# oxidace abioticky
termooxidovanych vzoikk byl méen pomoci FTIR. V{fipak LDPE s plnivem, bylo
dosazeno nizSiho karbonylovéeho indexu, tj. nizShgré oxidace. Fitomnost plniva fi
biodegradaci vi{dé mela zanedbatelny vliv na biodegradabilitu LDPE félNaopak,
vyznammé rychlejSi mineralizace LDPE f0lii byla zaznamenamavzorki bez plniva
v prostedi vyzralého kompostu. Zde se projevil vySSi siupeidace materialu. Oba typy
vzorka byly prozkoumany skenovaci elektronovou mikroskokiera potvrdila fitomnost
bakterii na jejich povrchu. Jednalo se o termofiktinobakterie.

Ucelem teti studie, zabyvajici se schopnosti biodegradatg Pa denitrifikasnich
podminek v progedi aktivovaného kalu, byla identifikadeonkrétnino degradéra PVA
piedevsim pomoci vybranych molekul&rdniologickych metod. Konveami zpisoby izolace
piipadnych degradé&rna selektivnim agaru se ne#itla Uziti molekularr biologickych
metod bylo kléovym bodem k identifikaci druhu podilejicim se p#lizaci PVA za
denitrifikatnich podminek. Analyzou TGGE prdfilgeli byl vyselektovan potenciélni a
dominantni degradér PVA a jeho potvrzerdvahy i biodegradaci bylo provedeno pomoci
DNA knihovny klomi genu 16S rDNA fitomnych v konsorciu. Fylogeneticka analyza
ziskanych sekvenci z TGGE gelpotvrdila gibuzenské vztahy mezi aerobnim PVA
degradérensteroidobacterem sp. ZUMI 37 a sekvenci ziskanou z konsorcia v naSiraiari.
Degradér PVA byl ndmi ozian jako Steroidobacter sp. DP. Technikou gPCR bylo
kvantifikovano zastoupeni sekvenc&eroidobacter sp. DP ve vzorcich v fib¢hu
biodegradace a byla potvrzena skaotsst, Ze mnozstvicasti sekvence odpovidajici
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bakteridlnimu roduSteroidobacter sp. DP rostla se sgebou PVA. Polyvinylalkohol
piedstavuje synteticky polymer podléhajici biodegcada denitrifik&nich podminek.

Zawrecna studie, v této disertai praci, se zabyvala vlivem molekulové hmotnosti a
formy kyseliny polymléné na jeji biodegradaci. Mikrobiologie biodegraddeeA byla
sledovana fevazre pomoci molekulard biologickych metod. Biodegradiai testy probihaly
v prostedi kompostu a byly jim podroberiyii raizné vzorky PLA sttznou molekulovou
hmotnosti (34 000-160 000 g.ridlve forms jemného prasku, folie a povlaku na inertnim
materialu. Stej& jako molekulovd hmotnost, tak forma PLA owlowvala biodegradmni
pokusy. Bez lagové faze byly mineralizovany vzonkgkomolekularni a s¢drémolekularni
PLA. NejrychlejSi piibéh biodegradace byl zaznamenan u vaoBLA pripravenych jako
tenky povlak na perlitu. Technika TGGE byla aplikoa pro ufeni sloZzeni mikrobialniho
spole&enstva dastniciho se biodegradace PLA. Bylo zj&t, Ze vSechny zkoumané vzorky,
jak s fiznou molekulovou hmotnosti, tak formou, byly degnahy stejnym
mikroorganismem. Pomoci TGGE a sekd@n analyzy byla prokazana shoda mezi
identifikovanym druhem mikroorganismu z mineralnifmédia a signdlem mikroorganismu
zodpowdnym za biodegradaci PLA. Kbvy organismugodilejici se na utilizaci PLA byl
nami ozné&en jakoThermopolyspora flexuosa FTPLA.

Béhem doktorského studia byly pouzity metodieyzaté z literatury, zdokonaleny
stavajici metody, ale také zavedeny nové, kteréksealy jako prosgsné. Konkréta se
poddilo modifikovat a zdokonalit metodu dfeni CQ v piipadt biodegradénich
experimeni. VyieSeny byly problémy s ngnosti biometrickych lahvi, kdy byl aplikovan
novy typ zatky, ktery zvysSilésnost lahve. Komplikacefipodbéru vzorki pro plynovou
chromatografii byly odstramy pouZzitim vhod&siho typu plynatsné stikacky a jehly.

Nov¢ zavedenou molekul&nbiologickou metodou v nasi labor&tdoyla gelova
elektroforéza v teplotnim gradientu. Nejprve jsmeiseli gekonat poatesni technické
piekazky u souvisejicich praci, zvi&spii pripraw PCR smisi bylo nutno pedejit
kontaminaci, kterou Zjsobovaly vSudyptomné bakterie. Modifikovana byla samotn&
technika PCR, stefntak jako sloZzeni affprava TGGE gél. Odstragny byly problémy s
tvorbou krystalk soli v matrici polyakrylamidového gelu dilpavost gel k polybond félii.
Byla vyieSena otazka s dostatgm pirichodem elektrického proudu, nanasenim viark
gel, barvenim gél bobtnanim a scvrkavanim gelu, DNA extrakci, reifikaci a pfipravou
sekvenanich snési. Pro doplani vysledki ziskanych z na sebe navazujicich molekglarn
biologickych metod byly modifikovany techniky projtvoieni knihovny kloih vybranych
geni z bakterialni komunity podilejici se na biodegtadeh procesech PVA.
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The biodegradability of high density polyethylene films (HDPE), low density polyethylene films (LDPE) and
linear low density polyethylene films (LLDPE) with a balanced content of antioxidants and pro-oxidants
(manganese + iron or manganese + iron + cobalt) was studied. Abiotic pre-treatment consisting of
photooxidation and thermal oxidation corresponding to about three years of outdoor weathering
(including 3—4 months of exposure to daylight) was monitored by FTIR and SEC measurements. The
oxidized samples were then inoculated with the strain Rhodococcus rhodochrous in mineral medium, and
incubated up to 180 days. The metabolic activity of the bacteria was assessed by measuring adenosine
triphosphate content (ATP) and the viability of the cells. Complementary experiments were performed by
IH NMR spectroscopy to monitor the biodegradation of soluble molecules excreted from the polymer in the
incubation medium. Finally SEM was used to visualize the formation of a biofilm at the surface of the
polymer. Three samples among the 12 tested were investigated in compost and soil environments.
The results show that the main factor controlling the biodegradability of the polyethylene films is the
nature of the pro-oxidant additive and to a lesser extent that of the matrix. Except for the samples con-
taining very high content of cobalt additive, the various polymer films were used as substrates by the
bacteria.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

basically transition metal complexes inducing photo or thermal
oxidation, are manufactured. The fine balance of antioxidant and pro-

Increasing waste disposal problems from polymer packaging
materials have resulted in constant endeavours to replace inert and
non-biodegradable materials by biodegradable alternatives. Mate-
rials scientists have created new compositions and blends of known
biodegradable materials, and invented new principles and ideas, in
order to transform existing conventional materials into biodegrad-
able ones. In this context polyethylene films containing pro-oxidants,

* Corresponding author at: CNRS, UMR 6504, F-63177 Aubiére, France. Tel.: +33
473 40 77 14; fax: +33 473 40 77 17.
E-mail address: A-Marie. DELORT@univ-bpclermont.fr (A.-M. Delort).

0141-3910/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymdegradstab.2010.03.009
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oxidant contents guarantees that after the preset period of service
life, relatively fast abiotic oxidation begins. As a consequence, the
material loses its mechanical properties and disintegrates into small
fragments. These features provide a perspective solution to the
problems of “visual pollution” by plastic litter that are constantly in
the centre of public attention, although it may open a new problem of
a medium-long term pollution by micro-fragments in the environ-
ment. On the molecular level the abiotic oxidation results in polymer
chain fragmentation dramatic reduction of molecular weight, intro-
duction of polar groups and increase of hydrophilicity. Such an
oxidation process is thought to make the material much more
vulnerable to microbial attack, which in the longer term could then
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reduce the accumulation of such micro-fragments in the
environment.

However, before being considered as eco-compatible products
and introduced in the market, the biodegradability of such new
polymers has to be tested. Basically two types of approaches have
been developed to test the biodegradability of these specific
materials; as already described in details by Koutny et al. [1] and
Koutny and Delort [2].

First, the biodegradability of pro-oxidant activated PE can be
evaluated in complex media like soil, waste water sludge or
compost. The approach allows using a diverse microbial inoculum
and apparently close relations to the real conditions in the nature
and/or in waste treatment processes. This approach was used by
Chiellini et al. [3] who showed 50—60% and 80% mineralization of
a pre-oxidized film incubated under soil or compost conditions,
respectively, after approximately one and a half year of incubation.
Jakubowicz [4] claimed even 60% mineralization during only six
month incubation. Quite recently, Ojeda et al. [5] reported about
12% mineralization after 90 days in compost.

A second approach is to use controlled experimental conditions,
i.e. experiments with identified microbial strains in a medium
formulated from defined chemical compounds. This type of
experiments allows a better understanding of the process funda-
mentals, while it could also become the basis of standardised, easy
to reproduce tests. Biodegradation with defined microbial strains
was evaluated in several studies, most recently with Pseudomonas
aeruginosa strain [6,7]. The authors brought some rather qualitative
evidences that bacteria used some substances from polyethylene to
support their metabolism. In a previous paper [8] we have
proposed a new methodology to assess the biodegradability of
polyethylene films containing pro-oxidants. Thermo and photo-
oxidized films were incubated in mineral media containing the
polymer as sole carbon source in the presence of pure microbial
strains previously tested for oxidized PE degradation [9,10]. To
follow the growth and development of microbial cultures the
method for determination of adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) was used. ATP is the key molecule of
all living cell energetic metabolism. Its level reflects metabolic
activity of a culture. This test method is extremely sensitive and
quantitative, and it allowed us to show that the cell populations in
presence of the oxidized PE samples were in a better energetic state
than the control cultures that did not contain any polymer. It sug-
gested that the cells were able to grow and to maintain their
energetic status over months.

In this work, we decided to use this ATP test to assess the biode-
gradability of a large number of oxidized PE films. Three types of PE
matrices were used, namely high density polyethylene films (HDPE),
low density polyethylene films (LDPE) and linear low density poly-
ethylene films (LLDPE), and three different pro-oxidant additives
were compared: P1 complex (manganese + iron), P2 complex
(manganese -+ iron) and P3 complex (manganese -+ iron + cobalt).
The exact composition of these complexes is detailed in Table 1.
Additive-free PE films served as reference samples.

The objective of the study was to compare these various
films to determine which factors are more favourable for their
biodegradability.

In addition to ATP content measurements, ADP content and cell
viability were assayed. Complementary experiments were also
performed by 'H NMR spectroscopy to monitor the biodegradation
of soluble molecules extracted from the polymer into the incuba-
tion medium. Finally SEM was used to visualize the formation of
biofilms at the surface of the polymer. Further, among the twelve
samples tested, three of them have been incubated in soil and
compost and CO, produced during polymer biodegradation have
been measured.
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2. Materials and methods
2.1. Tested material

The material samples were transparent HDPE, LDPE and LLDPE
films whose thickness ranged from 43 to 59 pm (Table 1). The films
contained iron photo-inducer supplying radicals through a photo-
redox process and an organometallic type cobalt and/or manganese
thermo-inducer, catalyzing the primary hydroperoxide decompo-
sition (see Table 1). To antagonise the prodegradant activity
of the photo- and thermo-inductor during the first year of storage
and use under indoor conditions phenolic antioxidants were
utilized in the blends. Due to the added antioxidants the thermal-
induction period was longer than 400 h at 60 °C in the dark. The
oxidation state of the catalysts was Co®*, Mn?* and Fe>* and the
ligand was stearate.

Elemental concentrations (wt%) of the different films were
determined by X-Ray fluorescence on a Bruker S4 Pioneer spec-
trometer. Samples were measured under vacuum with excitation
provided by a Rhodium X-ray tube and in a wavelength dispersive
configuration with a 34 mm mask. Semi quantitative analysis was
performed leading to a total concentration close to 100%, results are
expressed as ratios of concentration of the detected element
(Manganese, Iron, and Cobalt) to the total amount of carbon.
A specific crystal (OVO-C) was used to measure this light element.

2.2. Abiotic treatment

The samples were exposed 10—40 h in the accelerated photo-
ageing unit SEPAP 12.24 [9,11] (A > 300 nm, temperature of the
exposed surface was set at 60 + 1 °C). After the exposure in SEPAP
12.24 the samples were considered sterile and treated in a sterile
way. These 10—40 h of exposure corresponded to the photochem-
ical induction period (total photo-transformation of phenolic
antioxidants into inactive compounds).

Exposure in SEPAP was followed by 192—1224 h of treatment of
the films in an aerated oven at 60 °C. Based on the activation energy
determined when thermal oxidation proceeded (after the total
consumption of phenolic antioxidants), i.e. the end of the total
induction period. 300 h of thermal oxidation at 60 °C was equiva-
lent to 2—3 years of thermal oxidation at room temperature in the
dark (particles buried in the soil or particles not exposed to
sunlight). The thermal treatment of additive-free films was
extended to 2940—3912 h.

In the phase of true thermal oxidation beyond the induction
period, the apparent activation energy was determined to be
100 kJ/mol, whereas in the phase corresponding to the thermal-
induction period during which phenolic antioxidant counteracted
the influence of the pro-oxidant additive, the apparent activation
energy was only 40 kJ/mol.

The monitoring of the oxidation extent was carried out by
transmission FTIR spectrophotometry with the non-fragmented
films and by micro-FTIR spectrophotometry (FTIR spectrometer
equipped with IR microscope) with the oxidized particles obtained
after fragmentation.

2.3. Strains of bacteria

Rhodococcus rhodochrous ATCC 29672 was purchased from
American Type Culture Collection.

2.4. Medium and conditions of cultivation

Mineral medium utilized throughout the study had the
following composition: 3.8 g Na,HPO4-12H20, 1.8 g KH»PO4, 0.02 g
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Table 1

1013

Variation of the absorbance measured at A — 1715 cm~ for different PE films containing or not pro-oxidant additives after abiotic treatment and metabolic and viability

evaluation after incubation with Rhodococcus rhodochrous cells.

Additives Rat:iq;xﬁétéllcarb

B M ol et

Time of Exposure  Film thickne
(um)

Absorbance  Viability [ADPYIATP]
incre  tes - e

. 350t 1200

T
8
47

59
59

3
59

nd: not determined. (—) no growth in TS medium after 180 days, (+) growth in TS medium after 180 days. x is the thickness of the film in microns. When the absorbance

measured at 1715 cm ™! is equal to x/100, PE fragmentation is observed.

MgS04-7H20, 0.03 g Fe(NH4)2(S04)2.6H20, 0.01 g CaClp-2H;0, 0.5 g
NaCl, 0.3 g NH4Cl and 1 ml of trace element solution in litre. The
trace element solution contained 0.20 g MnSOy4, 0.029 g, H3BO3,
0.022 g ZnS04-7H>0, 1.0 g NazMoOy, traces of Co(NO3)z, and traces
of CuSO4 dissolved in 500 ml of water.

Thimerosal at final concentration 0.01% (w/w) was added into
abiotic control cultivations as a growth inhibitor.

In general incubations for SEM, SEC and NMR spectroscopy
observations were done in closed 100 ml glass flasks with 20 ml of
media, incubation for ATP level determination in 4 ml closed glass
vials with 0.4 ml of media. In both cases the head spaces were
sufficiently large to provide the cultures with oxygen; moreover the
flasks and vials were opened weekly so that the head-space air
could be refreshed. Gas-tight sealing of the vessels was necessary to
prevent water evaporation during the long incubation. The cultures
were kept at 27 °C with gently shaking. PE substrate concentrations
were about 4 mg/ml for flask cultures and about 5 mg/ml for
cultures in vials.

2.5. FTIR measurements

Small fragments whose section could be as small as 1000 pm?
were analyzed by micro-FTIR spectrophotometry (NEXUS, Thermo
Nicolet) with CONTINUUM microscope. The IR beam entering the
spectrophotometer was focused on a predefined 1000 um? zone of
the small fragment and micro-FTIR spectrum was recorded in the
transmission mode with a resolution of -2 cm~! and absorbance
defined with £0.001 precision. u-FTIR spectra were recorded on
a Nicolet 800 p-FTIR spectrometer connected to a NIC-PLAN IR
microscope.

2.6. Size exclusion chromatography (SEC)

HPDE samples: A few milligrams of each sample were put in 10 ml
vials, then the solvent 1,2,4-trichlorobenzene (from Sigma Aldrich,
Saint Louis, Missouri, USA) was added. The solvent was stabilized
with 0.025% by weight of 2,6-di-tert-butyl-4-methylphenol (BHT).
A concentration of approximately 0.5 mg/ml was obtained. The vials
were placed in a heating and shaking PL—SP 260VS plate (from
Polymer Labs, Church Stretton, UK) at the temperature of 160 °C for
about 45 min. Once the dissolution had taken place, the vials were
transferred into the carrousel of the chromatograph autosampler. The
solution was also filtered when some non-dissolved material
appeared to remain in the vial after the heating step.

Molecular weight distributions were determined with high
temperature GPC system Waters (Milford, Massachusetts, USA)
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Alliance GPC2000 for polyethylene samples, equipped with a pre-
column (Shodex UT-G) and separation columns Shodex UT 806 M
(3x) and Shodex UT 807 and a PolymerChar (Valencia, Paterna
46980, Spain) IR-4 infrared detector as concentration detector.
NTeq GPC software (hs GmbH, HauptstraBe 36, D-55437 Ober-
Hilbersheim) was used for data acquisition and treatment.

The flow rate was 1.0 ml/min and the working temperature was
145 °C. The injection volume was 400 pl.

Solutions of polystyrene molecular weight standards were used
for the calibration, according to the ISO 16014-2 method (Universal
calibration).

LPDE and LLPDE samples: Solutions of 1,2,4-trichlorobenzene
containing 0.1% at room temperature of oxidized LLDPE and LPDE
films, and 1 g/l of BHT were prepared at 150 °C for 1 h without
agitation and filtered on a 0.50 pm membrane using a Polymer
Laboratories PL-SP260 apparatus. A volume of 400 pl of this solu-
tion at room temperature was injected in the SEC apparatus
(GPCV2K,Waters) equipped with three columns, 2 Shodex
AT-806MS (Showa Denko) and 1 Styragel HTGE (Waters).
The injector and column compartment were maintained at 145 °C
and the pump compartment at room temperature. The pump flow
was 1 ml/min, he solvent was filtered on a 0.45 um membrane.

2.7. ATP and ADP assays

ATP Biomass Kit HS by Biothema (Sweden) was used for ATP
determination. For each determination ATP from entire culture in
4 ml vial was extracted. At least three vials were analyzed for each
time point. ADP was determined after transformation of ADP to ATP
directly in the luminometer cuvette. Reaction mixture contained
30 pl of the sample extract, 240 pl of diluent B from the ATP kit,
amended with 20 mM KCl and 2 mM MgSOy, and 10 pl of solution
containing 0.1 M phosphoenolpyruvate and 5 mg/ml protein kinase
in 0.05 M Tris—acetate buffer pH 7.2 [12]. The mixture was incu-
bated 10 min at 37 °C, 15 min equilibrated to the lab temperature
and then the light producing reaction was started by addition of
60 pl ATP reagent HS (Biothema), reconstituted with 2.5 ml of ATP
free water. Blank experiment was done simultaneously to correct
results for the background signal of the reagents.

2.8. Scanning electron microscopy

SEM micrographs were obtained using a ZEISS MEB Feg, type
SUPRA 55VP.

Polymer samples were centrifuged in filtration tubes (0.2 pm);
fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7,4) [13]
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for 1-2 h at 4 °C, rinsed three times with 0.1 M phosphate buffer
and finally dehydrated with a series of ethanol mixtures (50%, 70%,
95% and 100%) three times for 15 min at room temperature [14].
These samples placed in dried oven maintained at 27 °C for 30 min
were mounted on aluminium stubs, sputtered with gold nano-
particles before SEM imaging.

2.9. NMR spectroscopy

NMR spectra were recorded after filtration of the media through
0.2 pm porosity filter.

NMR samples were prepared as follows: Supernatants (540 uL)
resulting from biodegradation tests were supplemented with 60 pL
of a2 mM solution of TSPd4 (sodium tetra deuterated trimethylsilyl
propionate, Eurisotop) in D>0 (Eurisotop). D20 was used for locking
and shimming while TSPd4 constituted a reference for chemical
shifts (0 ppm) and quantification. "H NMR spectra were recorded at
400.13 MHz on a Bruker Avance 400 spectrometer at 21 °C with
5 mm-diameter tubes containing 600 pL of sample. 128 scans were
collected (90° pulse, 6.84 s acquisition time, 1.0 s relaxation delay,
4789.272 Hz SW, 65536 data points). Water signal was eliminated
by pre-saturation. An exponential filter was applied before Fourier
transformation and a baseline correction was performed on spectra
before integration with Bruker software. Under these conditions,
the limit of quantification is in the range of 0.05 mM.

2.10. Biodegradation in compost and soil

Previously oxidized samples were disintegrated into frag-
ments less than 2 mm, and mixed with mature compost (or fresh
forest soil) and perlite in the ratio 1.5:2.5:10. All components
were weighed into biometric flasks (1 g of oxidized polyethylene
per flask) equipped with septa on stoppers and fitted with
another two valves for aeration between measuring cycles.
Sample flasks were incubated at 25 °C for biodegradation in the
soil environment and at 58 °C for biodegradation under compost
conditions. In the compost experiment presented here the
temperature is, unlike in a real composting, artificially main-
tained at the preset value during the whole incubation period, so
that conditions ideal for the intensive metabolism of thermo-
philic microorganisms are ensured. Head-space gas was sampled
at appropriate intervals through the septum with a gas-tight
syringe and then injected manually into a GC instrument (Agilent
7890). Sampling intervals were operatively adapted to actual CO;
production and O, consumption. From the CO, concentration
found, the percentage of mineralization with respect to the initial
sample’s carbon content was calculated. Endogenous production
of CO, by soil or compost in blank incubations was always sub-
tracted to obtain values representing net sample mineralization.
In parallel, oxygen concentration was also monitored to provide
a control mechanism so as to ensure samples did not suffer from
hypoxia. Three parallel flasks were run for each sample, along
with four blanks and positive control flasks, one with micro-
crystal cellulose as standard reference for hydro-biodegradable
polymers and hexadecane as a reference with polyethylene like
molecular structure, for both compost and soil incubations.
Due to the technical problems during the test setup the LLDPE
sample in compost was run in two parallel flasks only.

3. Results
3.1. The abiotic treatment

The following procedure was aimed at preparing samples cor-
responding to the material after weathering during the predefined

40

time period in outdoor conditions (see Section 2.2). After this
period by the action of the pro-oxidants, light and heat, the
material should be substantially chemically transformed, and thus
more susceptible to a microbial attack.

To obtain the samples required for the experiments with
microorganisms large areas of additive-containing HDPE, LDPE and
LLDPE film were exposed briefly (10—40 h) in the SEPAP 12.24
photo-aging unit. The unit was originally designed for the exposure
of small samples.

The pre-photo-oxidized films were transferred to a sterile box
and submitted to thermal oxidation at 60 °C during 192—1224 h. At
the end of the abiotic treatment the absorbance increase at
1712 cm™! determined by micro-FTIR spectroscopy varied from
1.04 to 3x/100 (where x was the film thickness).

As will be described in detail later, some substances can be
released from the oxidized polymers to the water phase. Motivated
by the concern for the washing out of pro-oxidant additives under
humid or aquatic environment, some experiments were also
carried out where the samples were exposed submersed in water in
the SEPAP 12.24 H photo-aging unit. Similar results were obtained
under these conditions compared to exposure under dry condi-
tions, suggesting that the additives were not leached out to
a significant extent.

3.1.1. Asessment of oxidation extent in fragmented
and non-fragmented films

As shown in Table 1, the additive-free LDPE, HDPE and LLDPE
polymer films were slowly oxidized to a low extent, or even
remained completely non-oxidized after 3912 h as in the case of
HDPE. The short SEPAP 12.24 exposure was not able to
completely convert the phenolic antioxidants into inactive
compounds. In contrast (Table 1), the oxidation extent of the
polymers with additives was much higher in the presence of pro-
oxidant species than in their absence. The cobalt-P3 complexes
induced the highest degree of oxidation for the 3 matrices
examined. In the presence of every pro-oxidant additive, the
HDPE matrix was the less sensitive to oxidation. This is likely due
to the lower content of vinylidene defects which were shown to
be directly correlated to the oxidized functions [15]. Also there
are fewer tertiary carbons in HPDE material and its molecular
weight is much higher (see Table 2).

In most PE films loss of 50% of mechanical properties was
observed when absorbance increase at 1715 cm ™! of acidic groups
was equal to x/100, where the observed x is the thickness in
microns of the oxidized film. Spontaneous fragmentation, ie.
fragmentation without the application of significant mechanical
stress occurred when absorbance increase at 1715 cm ™! was around
x/100, depending on the oxidation mechanisms and on the film
process conditions.

3.1.2. SEC results

The average molecular weights of the polymers samples
before and after abiotic treatments are presented in Table 2. After
the abiotic treatment the Mn and Mw values of the oxidized
polymers were much lower that those of the initial polymers.
Clearly the presence of pro-oxidant additives enhanced the chain
breakage of PE chains under thermo and photooxidation. The
reduction of molecular weight Mn and Mw of the different
polymers exposed to abiotic treatment is consistent with the
degree of oxidation measured. For instance, in the case of the
HPDE matrix, whatever the additives, Mw was higher than for
the other matrices and the degree of oxidation always lower.
Also, when comparing the nature of the pro-oxidant, the Co
additive led to a higher degree of oxidation, whatever the matrix,
and the Mw was relatively lower.
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Table 2

Average molecular weight of the polymers samples before and after the abiotic and biotic treatment.

samples

L

Abjotic -
 After biodegradation

None

Ref. without cells

Muw, weight average molecular weight; My, number average molecular weight; Ip, polydispersity index (Mw/Mn).

3.2. Evaluation of the biodegradability of PE films
by R. rhodochrous strain in mineral medium

All of the following experiments were done in a medium con-
taining only necessary growth supporting mineral ions and where
the tested material was present as the only source of carbon and
energy so that no objection could be raised that the microorgan-
isms were profiting from other media component than the tested
material. Because in the previous studies [8—10] the bacterial strain
R. rhodochrous a ATC 29672 was found to be the most active in
terms of biofilm formation on the PE surface and metabolic activity
on PE films, it was thus chosen for the evaluation of biodegrad-
ability in the present study. In addition, Rhodococcus genus is
abundant in the environment, particularly in soils and was shown
to be very active towards the higher molecular weight hydrocar-
bons [16].

3.2.1. PE films containing P1 pro-oxidant (Mn + Fe)

In order to follow the evolution of the microorganism culture
and its metabolic activity ATP content was determined in given
time intervals, the results obtained for the three matrices tested are
presented in Fig. 1a. For the three samples, the ATP concentration
increased quickly after 4 days of incubation and then remained
stable over time during 180 days although a small initial decrease
was observed between 4 and 8 days in the case of LPDE before
stabilization. In contrast cells incubated in the absence of polymer
had a much lower amount of ATP. These experiments show that
R. rhodochrous cells were able to use the three different polymer
materials as a carbon source. It can be noted the ATP content reached
after 4 days was much lower for cells incubated with HPDE film (ATP
concentration about 7 pmol ml~1) than those incubated with LDPE
and LLDPE films (ATP concentration about 20 pmol ml~): this could
be due to the lowest degree of oxidation of this film (see Table 1).

The metabolic state of the microbial population can be better
characterized with the knowledge of the other adenylate nucleo-
tide contents. ADP contents were determined in addition to ATP.
The ADP/ATP ratio can be considered as a measure of the cell’s
energetic state. The lower is this ratio, the higher is the energetic
state of the cells. We previously showed [8] that cultures of
R. rhodochrous in rich complete Trypcase Soja medium at the end
of the exponential growth phase, and therefore with a very high
energetic state, had an ADP/ATP = 0.25 whereas cultures in the
absence of polymer, with a low level of energy, had an ADP/ATP of
about 6.0. In this study (Table 1), the ADP/ATP ratios obtained after
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180 days of incubation with LDPE and LLDPE films were of 0.3 and
0.2 respectively, confirming the very good metabolic state of the
cells. The value for the HDPE matrix is a bit higher (ADP/ATP = 1.0)
but still bacteria show a high metabolic activity when incubated
with this polymer.

To confirm the viability of the cells at the end of the incubation,
the incubation medium was spread on Petri dishes containing a rich
medium (Tripcase Soja); the three types of film bacteria could grow
actively after 180 days (Table 1).

To explain the maintenance of the high metabolic state of the
bacteria when incubated with the different polymers, we hypoth-
esize that some soluble substances could be extracted by the
aqueous medium from the oxidized PE film and subsequently
consumed by bacteria.'H NMR spectra of the liquid phase of the
incubation media in the presence or absence of R. rhodochrous with
the various polymers were recorded at regular time intervals. Fig. 2
shows the results obtained in the case of LDPE films containing P1
additive. Fig. 2a shows the 'H NMR spectra collected after 0, 90 and
180 days of incubation in the absence of bacteria, the observed
NMR signals correspond to small molecules eluted from the poly-
mer into the incubation medium. Many signals are present
between 0.8 and 3.7 ppm, these chemical shifts are consistent with
substituted or not CH and CH; groups. Other signals are present
between 721 and 8.46 ppm, they are likely to correspond to
molecules containing C=C bonds, carboxylic or carbonyl groups.
Some specific signals can be easily assigned such as those of ethanol
resonating at & = 3.67 and 1.20 ppm, and that of formic acid reso-
nating at 6 = 8.46 ppm. All these small molecules are consistent
with derivatives of short oxidized PE polyethylene fragments.
Although most of these signals remain unassigned, the evolution of
their integrals can be followed with time and can be used as
a fingerprint to assess their quantitative evolution with time. Fig. 2¢
shows that most of integrals remained stable after 20 days of
incubation, except that of the signal resonating at 7.21 ppm which
was slowly decreasing with time and that of the signal resonating
at 1.2 which was slowly increasing. The results obtained in the
presence of bacteria in the incubation medium are quite different:
i) first the signals resonating at § = 7.51, 7.21, 8.46, and 1.72 ppm are
no longer present in '"H NMR spectra (Fig. 2b); ii) the integrals of the
signals have been decreased by a factor 10 in the presence of
Rhodococcus cells (Fig. 2d) compared to those measured in the
absence of bacteria (Fig. 2c). These results clearly show that Rho-
dococcus cells metabolize the soluble molecules eluted from the
LDPE films containing P1 additive.
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Fig. 2. Evolution with time of the soluble molecule content present in the incubation media of the LDPE film containing P1 additive. 'H NMR spectra were collected at various time

of incubation in the absence (a,) or the presence (b) of R. rhodochrous. The time courses of the integrals of NMR signals resonating at 6 = 0.9, 1.2,1.3, 155, 1.72, 2.2, 242, 7.21 and
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In order to compare the different polymers and simplify the
figures of the manuscript we have decided to take one of these
signals (6 = 1.3 ppm) as its evolution is parallel to the other ones and
can be used as a representative probe for these soluble molecules.
Fig. 3a and b show the evolution of the signal at = 1.3 ppm for the
three PE films additivated with P1 pro-oxidant, incubated without
or with cells respectively. Clearly in the presence of cells the inte-
grals of the signal at 6 = 1.3 ppm are about ten time lower than after
the incubation without cells, showing that the bacteria use these
small molecules as a substrate to maintain a high energetic state.
However HPDE film releases many fewer molecules that LDPE and
LLDPE films (Fig. 3a) providing lower amount of substrates for the
cells.

These results are fully consistent with the ATP and ADP/ATP
values measured above. There are also consistent with the degree
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of oxidation of the different films (see Table 1), the more oxidized is
the polymer, the greater is the initial amount of molecules present
in the aqueous phase.

Fig. 4 shows SEM pictures of the three different PE films addi-
tivated with P1 complex, at the end of the incubation with R. rho-
dochrous cells. A dense biofilm formation was observed at the
surface of the LDPE and LLDPE polymer (Fig. 4a, ¢) while bacteria
were more dispersed on HDPE film (Fig. 4b). This result also
supports our previous conclusions (ATP and NMR results) showing
that the HPDE film behaves differently than the two other matrices
and was not so favourable for microbial metabolism. In the absence
of cells, as expected no biofilm formation was observed (Fig. 4f).

Finally SEC experiments were performed on polymers at the end
of the incubation with R. rhodocchrous cells (Table 2). For any of the
three materials the analysis did not reveal any significant difference
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Fig. 3. Time courses of the integrals of the NMR signal resonating at § = 1.3 ppm collected on incubation media with oxidized LDPE films (< ), HDPE films (M) and LLDPE films (A ).
PE films containing P1 additive incubated in the absence (a) or the presence (b) of R. rhodochrous. PE films containing P2 additive incubated in the absence (c) or the presence (d) of
R. rhodochrous. PE films containing P3 additive incubated in the absence (e) or the presence (f) of R. rhodochrous. PE films containing no additive incubated in the absence (g) or the

presence (h) of R. rhodochrous.
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Fig. 4. SEM observation of the oxidized PE film surface after 180 days of incubation. (a) LDPE film containing P1 additive incubated with R. rhodochrous (Magnification cca. 5000 );
(b) HDPE film containing P1 additive incubated with R. rhodochrous (Magnification cca. 1000 ); (c) LLDPE film containing P1 additive incubated with R. rhodochrous (Magnification
cca. 1000x); (d) LDPE film containing P2 additive incubated with R. rhodochrous (Magnification cca. 1000x); (e) HDPE film containing P3 additive incubated with R. rhodochrous
(Magnification cca. 1000 ); (f) LDPE film containing P1 additive incubated in the absence of R. rhodochrous (Magnification cca. 1000x ).

in Mw distribution between the biotic sample and the abiotic
control. The observations suggest that the microbial attack was
only superficial probably involving chain end carboxylic acids and
that the microorganisms were not able to perturb the whole
material volume during the experimental period.

3.2.2. PE films containing P2 pro-oxidant (Mn + Fe)

Fig. 1b shows the evolution of the ATP content with time for
R. rhodochrous cells incubated in presence of three types of PE films
(LDPE, HDPE and LLDPE) containing P2 pro-oxidant. As observed
previously for PE films containing P1 pro-oxidant, the ATP
concentration increased during the first days of incubation and
remained rather stable with time up to 90 days, during the last
period it decreased during incubations with LDPE films, increased
with LLDPE films and remained stable with HDPE films. The
maximum ATP concentration value was around 16 pmol ml™!
(Fig. 1b) and was reached within 12 days instead of 4 days. When
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cells were incubated in the absence of polymer, the ATP content did
not increase with time and remained low (ATP concentration close
to 2.0 pmol mI~") showing the low metabolic status of the bacteria
under these conditions.

More precise data were obtained by measuring ADP/ATP ratios
at the end of the incubations (Table 1). For the three P2 pro-oxidant
polymer samples, the values obtained were a bit higher than in the
case of polymers containing P1 pro-oxidants, but again the meta-
bolic state of the bacteria was better in the incubations with LDPE
and LLDPE films (ADP/ATP = 0.9 and 0.8 respectively) than in the
incubations with HDPE (ADP/ATP = 1.9), showing this compound
was used less efficiently by the cells. This result is also correlated
with a lower degree of oxidation (Table 1) and the higher Mw
measured after abiotic treatment (Table 2).

The metabolic activity of the cells was confirmed by their
viability at the end of the experiments, growth was observed in
Petri dishes for the three PE film incubations (Table 1).
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TH NMR spectroscopy was used to monitor the amount of
soluble molecules released in the culture medium and its evolution
with time. In Fig. 3¢ and d are reported the time courses of the
integrals of the signal resonating at 6 = 1.3 ppm. As explained
earlier, this signal is used as a representative probe for the rest of
the signals. Clearly the amount of molecules released in media
without cells (Fig. 3¢) is much higher (factor 10) that that in culture
media (Fig. 3d) showing the use of these molecules by the bacteria
to maintain their energy status. This is in agreement with ATP
measurements.

Observation by SEM of P2 additivated LDPE polymer film at the
end of the incubations (Fig. 4d) showed that a biofilm was present on
its surface, although it was less dense than in the case of LDPE film
containing P1 additive (Fig. 4a). This result might be related to the
relatively lower ATP content measured with LDPE films containing P2
pro-oxidant compared to those containing P1 pro-oxidant.

Finally SEC experiments showed no difference before and after
biotic treatment for the three polymers (Table 2).

3.2.3. PE films containing P3 pro-oxidant (Mn + Fe + Co)

The same methodology was used to test the biodegradability of
PE films containing P3 pro-oxidant, but quite different results were
obtained with this additive compared to P1 and P2 additives.

First, the ATP content did not increase with time and remained
very similar, whatever the matrix, to that observed in incubations
without polymer (Fig. 1¢), and the maximum ATP concentration
value was less than 4 pmol L™,

This lack of energy was confirmed by the ADP/ATP ratio values
(Table 1), the values obtained for the HPDE and LLDPE films were
5.8 and 4.9; i.e. very high values, reflecting a very low metabolic
state of the bacteria. For technical reasons the ADP/ATP ratio could
not be determined for the LDPE sample.

None of the cells present in these incubation media were able to
grow on Petri dishes (Table 1), indicating that the cells were dead at
the end of the experiments.

TH NMR spectra showed that actually a large amount of soluble
molecules were present in the incubation media in the absence of
cells; this is shown by the time courses of the reference signal at
1.3 ppm (Fig. 3e). This result is in agreement with the lower Mw
measured by SEC experiments (Table 2). However, bacteria did not
metabolize these organic compounds during the incubation as the
integral of these signals remained stable with time (Fig. 3f). Because
the strain and the soluble molecules are the same in the various
experiments, we can conclude that bacteria do not lack substrate to
maintain their metabolism but their metabolism was inhibited by
this specific pro-oxidant containing cobalt. In addition the HDPE
film containing P3 additive was not covered by any biofilm as
shown by SEM observations (Fig. 4e). This negative result can be
related to the low metabolic state and non viability of the bacteria
when incubated with these materials.

In this case, SEC experiments again did not reveal any change in
the presence of Rhodococcus cells.

3.2.4. PE films without pro-oxidant

In these experiments the tested films had similar matrices than
in the sections 3.1, 3.2 and 3.3, namely LDPE, HDPE and LLDPE films,
but did not contain any pro-oxidant additive.

Fig. 1d shows the evolution with time of the ATP content of
R. rhodochrous cells incubated with the LLDPE and HDPE films (the
LDPE film could not be studied for technical reasons). In all cases,
the ATP concentration measured was quite low and close to what
was observed in the absence of polymer. This result indicates that
the energetic status of cells remains very low. ADP/ATP ratio values
confirmed this information as the obtained values were 6.0 and 7.8
(Table 1). Bacteria present in the incubation media containing HDPE
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and LLDPE films were still alive and could grow on Petri dishes
(Table 1), showing that no toxic compound was present in the
tested PE matrices.

TH NMR experiments showed that only few molecules were
released into the incubation media (Fig. 3g), which is consistent
with the very low oxidation degree and the higher Mw (Table 2)
observed for these polymers due to the absence of pro-oxidants.
These molecules were degraded by the cells (Fig. 3h), but the
amount of carbon molecules was too low to maintain a high
metabolic state of the cells, and bacteria could only survive under
starving conditions.

SEC experiments did not show any difference before and after
biotic treatment (Table 2).

3.3. Evaluation of the biodegradability of PE films
in soil and compost

Among the twelve PE samples tested above using Rhodococcus
strain in mineral medium, three have been tested in complex media,
namely compost and soil that contain microbial consortia and
complex organic carbon sources. The biodegradability was estimated
by measuring CO» production. Cellulose and hexadecane used as
reference samples were tested in parallel. The three PE samples were
chosen as follows: 2 samples were representative of those giving the
“best results” with Rhodoccocus cells, namely LDPE and LLDPE
matrices containing P1 pro-oxidant; 1 sample was the one giving the
“worst result”, namely HDPE film containing P3 pro-oxidant.

The time courses of carbon mineralization of the various
samples are reported in Fig. 5A and B for compost incubations and
Fig. 5C and D for soil incubations.

As expected for easily degradable compounds, cellulose was
efficiently degraded in compost; 100% degradation was reached
after 140 days, while the percentage of hexadecane mineralization
was close to 100% after 250 days. Values over 100% observed for
cellulose at the end of the observation period can be explained by
so called “priming effect” [17] and were observed also by other
authors [5]. Although the biodegradation rate was much lower,
LDPE and LLDPE films containing P1 complexes were bio-trans-
formed in compost incubation; after 317 days the percentage of
mineralization reached about 16% and 24% respectively. In contrast,
for the HPDE sample containing P3 complex the mineralization
reached less than 6%. Moreover, this value essentially corresponds
to the initial burst of CO, during first about 20 days of incubation
and can be related to the consumption of easily biodegradable
compounds possibly extracted into agueous media. After this short
period CO, production nearly stopped. These results are fully
consistent with the result described in Section 3.2 using Rhodo-
coccus strain and mineral salt.

The same type of results was obtained in incubations with soil;
although all the samples were mineralized much slower than in
compost. The percentages of cellulose and hexadecane minerali-
zation reached 69% and 47%, respectively after 352 days of incu-
bation. Again the HPDE sample containing P3 pro-oxidant was
mineralized to a significantly lower extent (<5%) while the LDPE
and LLDPE samples containing P1 pro-oxidant reached 9% and 12%,
respectively, and rates of their biodegradation were clearly positive
in the end of the observation period.

The results obtained in both soil and compost are in complete
agreement with the ADP/ATP ratios obtained for the samples
incubated with R. rhodochrous (see Table 1).

4. Discussion and conclusions

In the present work, we have studied the potential biodegrad-
ability of PE films containing pro-oxidant additives that could be
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considered as part of a new branch of polymer materials with time-
dependent mechanical properties. The objective was to compare
the influence of the type of PE matrix (LDPE, HDPE and LLDPE) and
the nature of the pro-oxidant additive (complexes of Mn + Fe with
or without Co) on the ability to go through abiotic and biotic
transformations.

The first important result is that, whatever the pro-oxidant used,
the HDPE matrix is less efficiently oxidized than the other two types
of PE. As a result the amount of low molecular weight molecules
which are soluble in the incubation media and detected by 'H NMR
spectroscopy and the molecular weight distribution measured by SEC
experiments are directly proportional to this degree of oxidation. A
lower amount of compounds is extracted from HDPE films compared
to the others. This result confirms previously published data [8]. The
clearest demonstration is given in the case of additive-free polymers
which are poorly oxidized and consequently poorly transformed into
small molecules as shown by 'H NMR and SEC measurements.
Following this logic, these small molecules which were probably the
low molecular weight degradation products of polyethylene chains
most often terminated with carboxylic group already observed in
other studies [18,19] can serve as carbon substrates for bacteria,
participating in the biodegradation of the polymer. Again when only
a limited amount of substrate is available, as in the case of additive-
free PE polymers, and although bacteria remain alive after 180 days,
their metabolic state is very low (ATP, ADP measurements) as a result
of a low biodegradation activity. When soluble molecules resulting
from the abiotic oxidation are readily available for bacteria, their
metabolic state can be high even after a long period of incubation:
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this is true for PE films containing P1 and P2 pro-oxidants but not for
those containing P3; because bacteria are not substrate limited when
incubated with PE films containing P3 pro-oxidant, it can be sug-
gested that this additive inhibits the metabolism of R. rhodochrous
while the other metal complexes do not. The second important result
of this study is thus that the nature of the pro-oxidant additive is the
major factor controlling the biodegradability of the PE film. In
particular the relative amounts of metals in the complex is deter-
minant. For example in this study P3 contains a combination of Mn,
Fe and a high concentration of cobalt. This high concentration of Co
seems to be a limiting factor since, as it was previously shown that
HDPE and LDPE films containing a Co + Fe additive with lower Co
content did not inhibit R. rhodochrous cells and could serve as carbon
substrates for the cells during at least 200 days [8].

Cobalt is not toxic at low concentrations and can be used as pro-
oxidant in PE films with limited and controlled concentrations.

The third important result deals with the link between the
efficiency of polymer biodegradation and the formation of a biofilm
at the polymer surface. It is important for bacteria to adhere to the
PE film to be able to metabolize it. The more oxidized is the PE
polymer, the more hydrophilic it becomes, and the highest is the
interaction with Rhodococcus cells (except in the case of the high
Co-content additivation, for which cells do not form any biofilm
because they are basically dead). This result confirms previous data
showing that R rhodococcus cells formed more dense and compact
biofilms on the surface of oxidized LDPE films compared to less
oxidized HDPE films [8]. R. rhodochrous was also shown to form
biofilms on other oxidized PE polymers [10].
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Finally, an important result is that experiments performed in
compost and soil, which are more complex and less controlled but
closer to environmental conditions, were absolutely consistent
with the results obtained under our simplified conditions using one
pure strain of Rhodococcus with the polymer film as sole carbon
source and evaluating the biodegradability with the “ATP test”, we
developed earlier [8]. We reached the same conclusions concerning
the influence of the pro-oxidant additives: while PE films con-
taining P1 and P2 complexes were biodegraded under simplified or
complex conditions, the PE film containing P3 complex was not. It
also shows that these two tests are complementary and consistent;
this work thus validates the pertinence of using the “ATP test”. Also
it underlines the interest of using simplified and highly controlled
media and conditions as we were able to run NMR spectra and
other complementary experiments that gave insights in the
involved mechanisms. For instance the biodegradation activity was
shown to be connected with the amount of small and soluble
molecules, the degree of oxidation and the formation of a biofilm.

In conclusion, the data reported here show that Rhodococcus
cells were able to remain metabolically active on at least six types of
PE films containing pro-oxidants during 180 days, suggesting that
they gain energy from the material, hence from an ongoing
biodegradation. The nature of PE matrix is important but the most
important parameter is the nature, the composition and the
concentration of the metals present in the complexes used as pro-
oxidant additives. This was observed both under laboratory
conditions using the ATP test in mineral medium and Rhodoccoccus
strain, but also under experiments performed in soil and compost.
Although it is not possible to make even a rough estimation of the
process extent and eventually the time necessary for the ultimate
biodegradation of the sample under applied laboratory conditions,
we believe that the results presented here allow to progress in the
understanding and possibly the applications of the processes put
into evidence. The combination of appropriate PE matrices and pro-
oxidants could lead to manufacture biodegradable products for
some applications, although it should be always kept in mind that
this biodegradation will be at a slow rate, in particular when
compared with the much faster rate of fragmentation caused by the
polymer oxidation.
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Two low density polyethylene films, which contained pro-oxidant additives, where investigated, one
of them containing micro-milled calcium carbonate filler. Both materials were subjected to controlled
thermal oxidation, the oxidation was obviously retarded in the filler-containing sample. Following this,
the biodegradability of samples pre-oxidized for 40 and 80 days was investigated. The levels of carbon
mineralization reached 13% and 16% for the 40 and 80 days pre-oxidized polyethylene containing filler,
respectively, after approximately 16 months in a soil environment at 25 °C, and both types of sample
were mineralized to about 19% in compost environment at 58 °C during the same period. The sample not
containing filler was mineralized to about 7% in soil after 13 months, and about 23%, after 8 months in
compost. Scanning electron microscopy revealed dense colonization of the sample surfaces in both soil
and compost. The data presented here provide clear quantitative evidence that part of the polyethylene
material was biodegraded.

Scanning electron microscopy
Thermal oxidation

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few decades a growing public aversion to common
polymer wrapping materials has inspired many attempts to
develop competitive biodegradable materials. One of them, origi-
nally dating from long prior to 1980 [1], was a trial to promote
biodegradation in conventional polyolefin materials, especially
polyethylene. The approach consisted of adding oxidation inducing
additives, i.e. pro-oxidants, and was later shown to be very efficient
when in soil the recorded extent of carbon mineralization during
the biodegradation of LDPE film, which contained pro-oxidants,
reached approximately 50% after 600 days [2], and even about 60%
after 200 days in a laboratory composting unit [3]. However, such
high mineralization results have never been reproduced and
confirmed. Instead, later studies reported significantly lower [4] or
merely limited [5,6] progress of biodegradation. Quite recently,
Ojeda et al. [7] reported about 12% mineralization after 90 days in
compost. In our laboratory, minimal carbon mineralization was
repeatedly observed during biodegradation experiments with
abiotically pre-oxidized polyethylene containing pro-oxidant.
Nevertheless, significant rates of biodegradation were seen with
several samples, reaching levels of mineralization of about 15% after
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one year of incubation in soil or mature compost (results not
published).

Presented here are results concerning a promising sample
tested i.e. low density polyethylene film containing Mn ion based
pro-oxidants filled with micro-milled calcium carbonate. Thermal
oxidation of the material was previously investigated through
a combination of FTIR and an innovative luminescence method, the
latter bringing yet more direct evidence to support the conven-
tional idea that metal ions in pro-oxidants act though catalysis of
hydroperoxide decomposition [8]. This work examines the
biodegradation of previously thermally-oxidized material in soil
and compost environments. The same biodegradation experiments
were also conducted with another LDPE film containing Mn based
pro-oxidant additive, but without calcium carbonate filler. The two
materials were characterized and found comparable except for the
filler content (Table 1). Results from both materials were compared.

2. Experimental
2.1. Materials

The first material (LPa) used in the study was previously
described and characterized in [8]. The sample was low density
polyethylene Bralene RB 0323 as a semi-transparent film, 50—55 pm
thick and containing Omyalen 2021 P (15% w/w) micro-milled lime
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Table 1
Metal contents and MW changes during thermal oxidation at 70 °C.

LPa80, after 80 days of thermal oxidation.

as a filler in addition to commercial Addiflex HE (5% w|w) pro-
oxidant additives based, according to the producer, on manganese
ions.

The second material (LPb) was low density polyethylene trans-
parent film, 30—35 pm thick containing pro-oxidant additives
based on Mn and Fe stearates. To compare both materials transition
metal contents and molecular weight distribution parameters of
initial and oxidized films were determined and are summarized in
Table 1.

2.2. Abiotic thermal oxidation, FTIR, GPC, elongation
at break, metal contents

Sample films were cut into strips 10 cm long and 2 cm wide and
incubated at 70 °C in air. At predetermined times, the strips were
taken out and their transmission FTIR spectra (Mattson 3000,
UNICAM, UK) recorded. The carbonyl index was calculated as the
ratio of absorbance values at 1713 and 1465 cm ™.

Information about molecular weight distribution was obtained
by gel permeation chromatography on a PL-GPC 220 instrument
(Polymer Laboratories) with refractometric and viscometric
detection, which was equipped with 3x PL gel 10 um MIXED-B
columns and used 1,2,4-trichlorobenzene as a mobile phase. All
operations were done at 160 °C. The corresponding data obtained
were processed with Viscotek TriSEC software.

Elongation at break was measured in Tensometer 2000 (Alpha
Technologies) at 100 mm per minute; results are averages from 5
subsamples for each time point.

Metal content was analyzed by ICP-MS (Agilent 7500 CE)
equipped with collision cell microwave digestion (Milestone
MLS1200) according to the manufacturers instructions.

2.3. Biodegradation

Samples, previously oxidized in the aerated oven for 40 days
(LPa40 and LPb40) and 80 days (LPb80), were disintegrated into
fragments less than 2 mm, and mixed with mature compost
(or fresh forest soil) and perlite in the ratio 1.5: 2.5: 10. All
components were weighed in biometric flasks (1.5 g of sample
fragments per flask) equipped with septa on stoppers and fitted
with another two valves for aeration between measuring cycles.
Sample flasks were incubated at 25 °C for biodegradation in the soil
environment and at 58 °C for biodegradation under compost
conditions. Head space gas was sampled at appropriate intervals
through the septum with a gastight syringe and then injected
manually into a GC instrument (Agilent 7890). Sampling was
operatively adapted to actual CO; production and O, consumption.
From the CO, concentration found, the percentage of mineraliza-
tion with respect to the initial sample carbon content was calcu-
lated. Endogenous production of CO, by soil or compost in blank
incubations was always subtracted to obtain values representing
net sample mineralization. In parallel, oxygen concentration was
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also monitored to provide a control mechanism so as to ensure
samples did not suffer from hypoxia. Three parallel flasks were run
for each sample, along with four blanks and positive control flasks
with microcrystalline cellulose for both compost and soil.

2.4. Microscopy

First, PE film fragments were fixed with 4% formaldehyde
(overnight at 4 °C) and then stained with carbolfuchsin for optical
microscopy or coated with thin gold/palladium layer for scanning
electron microscopy on VEGA LMU (Tescan s.r.o., CZ).

3. Results and discussion
3.1. Abiotic oxidation

The two investigated samples were first incubated at 70 °Ciin an
aerated oven and the degree of oxidation monitored by FTIR (Fig.1).
This procedure was necessary to promote a certain level of pro-
oxidant catalyzed oxidation in the samples, thereby simulating
several years of ageing at an environmental temperature. As shown
in Fig. 1, it seems that in cases of both samples the oxidation
reached some extent over a period of time and then remained
constant. Here the plateau appears on the curve after approxi-
mately 33 days and 23 days for LPa and LPb, respectively. Despite
about one-third lower pro-oxidant content LPb displayed shorter
induction period (about 5 days) and, in particular, significantly
higher extent of oxidation at the end of the experiment. Actually
the final carbonyl index of LPa was relatively low compared with
similar materials and probably such behaviour could be attributed
to some stabilization effect of calcium carbonate filler. Analogous
curves were also obtained at 60 °C and 80 °C [8], as well as with
other similar materials in our laboratory (data not published). As
a complementary parameter, elongation at break was additionally
measured at identical time points. Shortly after entering a fast
oxidation period, at around day 20 for LPa, the materials totally lost
all strength and became very brittle. For both samples the curves
showing the deterioration of mechanical properties were exactly
opposite to those of material oxidation (Fig. 1).

In order to resolve the question of whether changes in material
continued after the oxidation had reached the plateau and if these
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Fig. 1. Carbonyl index (grey) and elongation at break (black) evolution during thermal
oxidation of LPa (A ) and LPb (@) at 70 °C. FTIR spectra of the LPa at selected time
points in the inner section. Error bars corresponds to double a standard deviation
(n = 3 for carbonyl index and n = 5 for elongation at break).
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affected the biodegradability of the material, samples were
prepared from LPa, which were aged for 40 (LPa40) and 80 (LPa80)
days at 70 °C. Both samples had almost identical carbonyl indexes
and spectra (Fig. 1b).

It is generally believed that molecular weight reduction during
abiotic oxidation is of crucial importance to biodegradation [S].
Contrary to FTIR, molecular weight distribution curves revealed
some evolution between LPa40 and LPa80 samples (Fig. 2). LPa80
distribution was significantly narrower, lacking some higher
molecular weight components present in LPa40. The overall
parameters of distributions are summarized in Table 1. Mw of LPa40
is strongly influenced by the long right shoulder adjacent to the
major peak. Although some changes in distribution curves were
observed, they were not dramatic. The part of the material around
and below the molecular weight of 1000, believed to be the most
susceptible to biodegradation, did not seem to change remarkably,
but here it must be noted that there are limitations to the applied
method’s performance at such a low molecular mass range. The
conclusion can be made that thermal oxidation changes in the
material were significantly retarded after day 33. A lack of high
molecular weight shoulder in LPa80 distribution can also be
explained by subsequent processes, e.g. cleavage of ester bonds [10]
or disruption of some intermolecular bridges formed during
thermal oxidation.

LPb was analyzed after 40 days of pre-oxidation at 70 °C.
[ agreement with higher carbonyl index attained molecular weight
distribution was shifted even more towards lower values than in
case of LPb. On the other hand molecular weight distributions of
both initial materials were comparable (Fig. 2, Table 1).

LPb40 was completely soluble in 1,2,4-trichlorobenzene at
160 °C, insoluble portions of LPa40 and LPa80 were equivalent to
the filler content, so the samples contained no or only a little gel.

3.2. Biodegradation in soil and compost environments

Pre-oxidized LPa40, LPa80 and LPb40 samples were tested in
laboratory biodegradation experiments. The aim was to evaluate
biodegradation of the materials in a soil environment and in
compost, to find out whether there are differences in the extent
and/or course of biodegradation between LPa40, LPa80 samples
and to compare the sample containing calcium carbonate filler
(LPa40) with similar sample without the filler (LPb40).

In soil (Fig. 3), during the first few days, significant production of
carbon dioxide was observed mainly for LPa40, LPa80, marking
rapid consumption of easily degradable small molecular weight
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Fig. 2. Changes in molecular weight distributions during thermal oxidation at 70 °C.
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Fig. 3. Biodegradation in soil environment. Carbon mineralization of the reference
compound (cellulose) is displayed on the right axis. Error bars corresponds to double
a standard deviation (n = 3).

compounds which are released from the material [5]. Then all
samples entered into a period of slower CO, production, with LPa40
possessing a slightly higher slope with respect to LPa80, which
could be attributed to greater abundance of biodegradable material
in the longer thermally-oxidized sample. From around day 300,
LPa40, LPa80 curves progressed approximately in parallel, and their
slopes remained significantly positive till the end of the observation
period, thus witnessing continuous biodegradation in both
samples. After more than 460 days, the final values of carbon
mineralized as CO; were about 13% in the case of LPa40 and about
16% for LPa80. In contrast with previously documented higher
oxidation and more important fragmentation of polymer chains in
LPb, CO, release from this sample nearly stopped after 280 day of
incubation and final values of about 7% mineralization were
significantly lower that for both LPa40 and LPa80.

In compost at 58 °C (Fig. 4), rapid biodegradation again took
place initially for all samples. CO, production in LPa40 and LPa80
samples was identical. This means that the higher temperature in
compost incubation promoted changes in material that relatively
quickly equalized the susceptibility of both samples towards
biodegradation. It might also be suggested that the higher
temperature probably did not initiate further alterations in a longer
oxidized sample, as LPa80 did not maintain its lead. From approx-
imately day 200, the biodegradation rate slowed down a fraction.
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Fig. 4. Biodegradation in compost environment. Carbon mineralization of the refer-
ence compound (cellulose) is on the right axis. Error bars corresponds to double
a standard deviation (n = 3).
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It proved technically impossible to record FTIR spectra at the end of
incubation period, this being due to the presence of polyethylene as
fragments of less than 1 mm in diameter in mixture with soil or
compost. At this point, the final values of carbon mineralized as CO
were approximately 19% for LPa40 and LPa80.

LPb40 mineralization grew significantly faster than the two
previously discussed samples with some gradual deceleration, after
about 60 and 180 days of incubation, and reached very interesting
final value of 23% carbon mineralization after 244 days of
incubation.

During the compost experiment, cumulative carbon minerali-
zation in flasks with cellulose as a positive control substance rose to
over 100%. This discrepancy could eventually be attributed to a so-
called “priming effect”, as described earlier [11,15], wherein an
easily degradable compound promotes mineralization of a larger
amount of carbon from compost matter than occurs in a blank
experiment.

LPa contained 15% (w/w) of micro-milled calcium carbonate
filler. In order to evaluate the amount of carbon mineralized as CO

Vac: Hivac
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during biodegradation, it is necessary to take into account that
some of the CO, evolved can actually originate from the filler.
Considering the known composition of the material, carbon from
CaCO03 accounts for about 2.5% of the total carbon in the material.
Therefore, should all the carbon in CaCOs be released as CO», 2.5%
would have to be subtracted from the final mineralization results
listed above. We believe that the real percentage of recorded COy
originating from the filler was significantly lower.

3.3. Microscopic observation

At the end of the incubation period, some of the material frag-
ments were withdrawn from the incubation flasks and inspected
via optical and electron scanning microscopy. In addition, electron
microscopy of the initial material and the samples following
thermal oxidation was conducted. In both microscopy techniques
there was no marked difference between the LPa40 and LPa80
samples, although some differences between compost and soil
could be seen (Fig. 5). The surface of the initial LPa material when

VEGALTEBCAN g
Digital Microstopy imaging ﬂ

Fig. 5. Scanning electron microscopy of LPa surface. A, initial material (mag. 1000x); B, after 40 days of thermal oxidation at 70 °C (mag. 800x); C1, after about 450 days in compost
(mag. 3000x); C2 detail of C1 (mag. 10 000x); D1, after about 450 days in soil (mag. 1000x); D2 detail of D1 (mag. 5000x).
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Fig. 6. Scanning electron microscopy of LPb surface. A, initial material (mag. 1000x); B, after 40 days of thermal oxidation at 70 °C (mag. 5000x ); C, after about 200 days in compost

(mag. 3000x); D, after about 350 days in soil (mag. 5000 ).

intact was relatively smooth and grains of inorganic filler were
visible as highly reflexive white spots using the material contrast
enhancing WD detector (Fig. 5a). After thermal oxidation, the
appearance of the LPa material changed dramatically. The surface
became highly deteriorated, with numerous chips of the material
detaching completely from the surface (Fig. 5b). The appearance
was also completely different from the material without filler
(LPb40) or our experiences from previous studies [5], where only
minor surface deterioration could be found on pre-oxidized
samples after a thorough inspection at a higher magnification
(Fig. 6b).

After biodegradation in compost and soil environments, the
surfaces of all samples showed a relatively dense covering of
microorganisms. In soil (Figs. 5d1, d2 and 6d), individual cells were
visible and some segmented bacterial filaments were discovered in
case of both LPa and LPb (Fig. 6d). Such features are typical for
rhodococci, earlier suggested as playing a role in polyethylene
biodegradation [12,13], although such identification is highly
speculative. Optical microscopy (not shown) also revealed a high
number of fungi filaments laying on the material's surface. Fungi
filaments were not preserved and probably detached during
preparation of the samples for electron microscopy. In compost,
a dense network of non-segmented bacterial filaments formed,
which were of a type characteristic for thermophilic actinobacteria,
in addition to various individual bacterial cells (Figs. 5¢c1, c2 and 6¢).
Enodospores are visible at the side branches of filaments in the
figure with higher resolution (Figs. 5¢2 and 6¢). Overall, it could be
expressed that the relatively dense microbial colonization was in
accordance with the significant degree of biodegradation deter-
mined. Moreover, it is our suggestion that the presence of filler led
to greater deterioration of the surface, which consequently
increased the availability of biodegradable compounds and thereby
biodegradation of the material especially in soil incubation
experiments.
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4. Conclusions

During the observation period all pre-oxidized materials
investigated were significantly biodegraded in both soil and
compost environments. The interesting point of the study appears
to be the discrepancy when comparing the relative results of
samples containing the filler (LPa40 and LPa80) and the sample
without filler (LPb40) in soil and compost. It seems, that the pres-
ence of calcium carbonate filler was likely to have positively
influenced the bioavailability of biodegradable compounds in the
material and observed carbon mineralization. In particular, the
extent of biodegradation in soil was important and higher with
respect to the material without filler. Earlier, similar biodegradation
promoting effect was observed with montmorillonite filled oxo-
biodegradable polyethylene [14]. On the other hand the filler has
negative effect on the abiotic pre-oxidation of the sample. The
observation, that more oxidized but less deteriorated sample LPb
exhibited faster mineralization in the compost experiment, could
be explained by the idea that there the diffusion and bioavailability
of the biodegradable fraction of the material was supported by
higher temperature so the higher total content of this fraction
prevailed. Differences between microflora in compost and soil
could also be some part of the explanation.

At the end of the incubation period, slopes of biodegradation
curves were still significantly positive (except of LPb40 in soil) thus
highlighting ongoing biodegradation. Comparing the LPa40 and
LPa80 samples revealed that even when the carbonyl index reached
its plateau, some changes in the material can continue and influ-
ence the biodegradability of the material.
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Polyvinyl alcohol was biodegraded under denitrifying conditions with a microbial community originated
from a municipal wastewater treatment plant. The derived microbial consortium was capable of poly-
vinyl alcohol degradation under both denitrifying and aerobic conditions. The community dynamics was
monitored by temperature gradient gel electrophoresis, and a principal utilizing organism was identified
and assigned as Steroidobacter sp. PD. The possible role of Steroidobacter sp. PD was also investigated by
sequencing the 16S rDNA clone library prepared from the degrading community. gPCR analysis showed
that the fraction of the microorganism in the community was very low initially (0.02%) and had reached
to about 16% by the end of the biodegradation experiment. The study revealed that polyvinyl alcohol can
be biodegraded in a water environment not only under aerobic but also under denitrifying conditions.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polyvinyl alcohol (PVA) is a water soluble polymer produced on
amass scale. Its annual production exceeds 1 megaton and a steady
rise in this figure (IHS Handbook, 2007) is discernible. PVA is used
as a thickening, emulsifying or film-forming agent or as an adhesive
in many household and industrial applications, especially in the
paper, textile and chemical industries. Due to such mass production
and utilization a considerable amount is expected to leak from the
afore-mentioned processes into the environment, especially into
waste-water.

Fortunately, PVA was found to be biodegradable despite its full
carbon backbone. It has, however, also gradually become apparent
that PVA-degradation capacity is not ubiquitous, and that it is rather
sparsely distributed among some bacterial and fungal taxa. Most
such bacterial degraders were classified among pseudomonads but
especially sphingomonads (Kawai, 1999). Some other bacterial
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degraders comprise Gram-negative species like Alcaligenes faecalis
(Matsumura et al., 1994) but also Gram-positive ones, e.g. Bacillus
megaterium (Mori et al., 1996). Examples of some fungal degraders
identified so far include Penicillium (Qian et al., 2004), and Aspergilus
(Jecu et al., 2010; Stoica-Guzun et al,, 2011). From the literature it is
obvious that substantial biodegradation can mainly be expected in
an aerobic aquatic environment, while PVA removal from soils is
very limited and can be mostly a result of the non-specific action of
lignolytic enzymes (Mejia et al., 1999; Chiellini et al., 2003). There
are some indications describing partial anaerobic removal of rela-
tively low molecular weight PVA (Matsumura et al., 1993; Gartiser
et al., 1998) or partial anaerobic removal of PVA as a component of
a polymer blend with other easily biodegradable constituents
(Hrncifik et al.,, 2010). Yu et al. (Yu et al., 1996) have suggested that
the addition of nitrates could enhance PVA removal in a sequential
anaerobic—aerobic bioreactor. However, none of these reports
identified the relevant microorganisms or judged at least whether a
specific PVA degradation was observed.

Two principal enzyme systems have been described. The first one,
which relies on secondary alcohol oxidase (Shimao et al., 1983) with
oxygen as an electron acceptor, can in principle be functional under
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aerobic conditions only. The second, constitutes a PVA degradation
pathway beginning with the action of PQQ containing periplasmic
dehydrogenase (PVADH), from which electrons are probably con-
ducted to soluble cytochrome c and further toward a terminal
acceptor; oxygen, most likely under aerobic conditions (Shimao etal,,
1996). The process should be feasible under anaerobic conditions in
the presence of an alternative electron acceptor, e.g. nitrogen con-
taining electron acceptors (Zumft, 1997), Reimann et al, 2007).
Subsequently, B-hydroxyl ketone products of PVA dehydrogenase can
be hydrolyzed in an aldolase like reaction catalyzed by a related hy-
drolase (Hirota-Mamoto et al., 2006; Kawai and Xiaoping, 2009), and
shorter fragments of the polymer can then probably be assimilated.

The authors sought to investigate such a possibility in a series of
experiments. The study reports on PVA specific biodegradation
under denitrifying conditions and brings to light evidences of PVA
consumption related to denitrification, in addition to identifying
microorganisms relevant to the process.

2. Materials and methods
2.1. Sampling of the microbial community

Waste-water sludge from the denitrifying compartment of the
Zlin-Malenovice municipal waste-water treatment plant (Czech
Republic) was sampled in March 2010, and then on two more oc-
casions at about two-month intervals. The sludge was immediately
purged with nitrogen, filtered through a screen (4 mm?) to remove
macroscopic particles, washed twice with mineral medium of pH
7.2 (Muchova et al., 2009) by centrifugation (5000 g, 12 min), and
purged with nitrogen again.

2.2. Biodegradation experiments

Incubations were conducted in glass bottles (total volume,
320 ml) containing 280 ml of the mineral medium (in g 1-1: KH,PO4
0.09, Na;HPO4-12H,0 0.96, NH4Cl 1.0, MgSO4-7H0 0.1, Fe(NH4)x(-
$04)2.6H,0 0.03, CaCl, 0.01, KNO3 0.86, trace element solution
(Muchova et al., 2009) 1.0 ml), 100 mg 1= of PVA (POVAL 205, 87—
89% of hydrolysis; Kuraray Co. Ltd., Japan), 500 mg -1 of NO;~ (as
KNO3), 1 g 1! dry weight of the preprocessed sludge from the first
instance of sludge sampling. The cultures were purged with nitro-
gen and sealed with stoppers equipped with a rubber septa and
incubated anaerobically on a magnetic stirrer (each bottle contained
amagnetic bar; 250 rpm) at 25 °C. The experiments were carried out
in three replicates. As an alternative, the PVA biodegradation
experiment was also conducted under an aerobic condition in
500 ml flasks equipped with gas permeable stoppers filled with
100 ml of identical media under vigorous shaking (180 RPM).

The PVA concentrations were assayed in microplates (Joshi et al.,
1979; Vaclavkova et al,, 2007). After removing biomass by centri-
fugation (15,000 x g, 15 min), 20 pl of a sample, 42 pl of boric acid
solution (40 g per liter) and 10 pl of I /KI solution (12.7 gl and 40 g
KI per liter) were pipetted into a well, and after 5 min an absor-
bance reading of 660 nm was made. Actual PVA concentration was
deduced from a calibration curve.

Nitrates were assayed potentiometrically with an ion-selective
electrode (Perfection NO3 combination, Mettler Toledo) according
to the manufacturer's instructions. KNOs3 solutions in above
described mineral medium were used for calibration.

2.3. Isolation procedures
2.3.1. Preparation of enriched PVA degrading consortia

Fresh media of the described composition were inoculated with
preprocessed sludge from the second instance of sludge sampling
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and cultivated for 60 days under identical conditions. PVA con-
sumption was verified and the culture was used to inoculate
another fresh medium, and this cultivation was held for 30 days.
Then the microorganisms were collected by centrifugation
(5000 x g, 12 min) and used for inoculating fresh medium with
increased concentrations of nutrients (PVA, 150 mg FLENOs7,
1000 mg I=1); the initial dry weight of the inoculum was set to
100 mg I~ L. After four weeks of cultivation the culture was diluted
ten times with fresh medium of the latter composition and culti-
vated again for another four weeks. Following this, the culture was
supplemented three times in three week intervals in a manner that
the PVA concentrations were set to 200 mg 1=! and nitrate con-
centrations to 1000 mg 1~; this culture was designated “B”. In an
identical way the sludge sample from the third instance of sam-
pling was processed and the final culture designated “D”. After
every manipulation, cultures were always purged with nitrogen
and sealed.

2.3.2. Isolation attempts

After the enrichment procedure, microorganisms from “Culture
B” were collected by centrifugation, carefully resuspended, and a
series of dilutions were prepared and transferred onto agar plates
containing mineral agar with nitrate (BMA, control), mineral agar
with nitrate and 500 mg 1= PVA (BMA-PVA), and mineral agar with
nitrate, succinate and ethanol (BMA-SE, 500 mg 1~! of each carbon
source). Variants of the described solid media containing 20 pg |55t
of pyrroloquinolino quinone (PQQ) were also used. The plates were
incubated at 25 °C anaerobically (anaerostat MERCK, Anaerocult A)
or under aerobic condition.

2.4. DNA isolation, PCR and TGGE conditions

DNA from denitrifying cultures was extracted using a commer-
cial DNA extraction kit (PowerSoil, MoBio) according to the man-
ufacturer’s instructions, involving an initial bead-beating step. The
primers fD1 and rD1 (AGAGT TTGAT CCTGG CTCAG and AAGGA
GGTGA TCCAG CC, respectively) were used to amplify nearly a full-
length 16S rRNA gene (Weisburg et al., 1991). Each 25 pl PCR re-
action contained 12.5 pl of GoTaq Green hot start master mix
(Promega), 1 pl of each primer solution (12.5 pmol), 9.5 pl of water
for molecular biology, and 1 pl (5—10 ng) of bacterial DNA. All
amplifications were carried out in Piko Thermal Cycler (Finn-
zymes); the temperature profile was as follows: initial denaturation
at 94 °C for 5 min; 30 cycles at 94 °C for 1 min, 55 °C for 1 min, and
72 °C for 1 min; and a final extension at 72 °C for 10 min. Subse-
quently, 1 pl of the first PCR product was used as a template for
nested PCR amplifying the V3-hypervariable region of the 16S rRNA
gene with the primer pair 341fGC and 518r (ATTAC CGCGG CTGCT
GG and CCTAC GGGAG GCAGC AG, respectively), where the GC
clamp (CGCCC GCCGC GCGCG GCGGG CGGGG CGGGG GCACG
GGGGG) was covalently attached to the 5 end of the forward
primer (Muyzer et al,, 1993). The temperature program consisted of
1 min at 94 °C and 30 cycles of 1 min at 94 °C, 1 min at 55 °C, 1 min
at 72 °C, and a final extension at 72 °C for 10 min. TGGE separation
of the amplified PCR products was achieved on a TGGE Maxi system
(Whatman-Biometra) in an isocratic denaturing gel (8% acrylamide,
20% deionized formamide, 1x TAE, 2% glycerol and 8 M urea). Two
to five micro liters of PCR products (60—100 ng DNA) were loaded
into each well. A 100-bp DNA ladder (NEB) was loaded as a marker
(Das et al., 2007). Electrophoresis was performed at the constant
voltage of 130 V for 18 h and the optimal gradient was found to be
from 35 °C to 55 °C. Afterward, the electrophoresis gels were
stained with GelStar (Cambrex), according to the manufacturer’s
instructions, and documented. The whole procedure was repeated
twice with identical results.
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2.5. Phylogenetic analysis

Phylogenetic analysis of relationships between sequences
retrieved from TGGE bands and the most closely related GenBank
sequences were conducted in MEGA 5.05 (Nei and Kumar, 2000;
Tamura et al, 2011). The distance was computed using the
Neighbor-joining p-distance method and bootstrap test (1000
replicates).

2.6. Clone library and sequencing

PCR fragments containing almost full-length 16S rRNA genes
from the investigated samples were amplified with the help of fD1,
rD1 primers equipped with cohesive adaptors (ATGGG ATCCA
GAGTT TGATC CTGGC TCAG, CAGCT GCAGA AGGAG GTGAT CCAGC ()
under the above-described PCR conditions, purified and subse-
quently ligated into pUC19 vector between the restriction sites
EcoRI and HindIll with the aid of an In-Fusion HD Cloning Kit
(ClonTech) following the manufacturer’s instructions. Then CaCl-
competent Escherichia coli DH50. cells were transformed with the
ligation mixture, and transformants were selected on ampicilin
containing LB (Sigma—Aldrich) agar plates. About 60 clones were
selected randomly, and plasmid DNAs were isolated via a High-
Speed Plasmid Mini Kit (GeneAid). The clones were checked for
correctness of the ligation by restriction analysis using EcoRI and
HindlIll restriction endonucleases. The sequences of correct-length
inserts were determined (JCU, Czech Republic).

2.7. Quantification of the PVA degrading strain by gPCR

A quantitative polymerase chain reaction (qPCR) was used in
order to determine the relative amount of the PVA-degrading strain
in the bacterial culture. The total number of bacteria in the culture
was determined using the primers 341f and 518r described in
(Muyzer et al., 1993), which anneal to the conserved sequences
spanning the V3 hypervariable region of 165 rRNA gene and should,
therefore, amplify the genomic sequence of any bacterial strain.
Another primer pair was used to quantitate the PVA-degrading
strain, which was designed to selectively amplify the 16S rRNA of
the degrader with respect to other 16S rRNA sequences obtained by
the cloning method described above. More specifically, these
primers amplify a 220 bps portion of the V5 and V6 hypervariable
regions of the gene (sequences: AGGGT CTGCC TCTCG GTG and
CGCAT CTCTG CAGGA TTCC). All PCR reactions were carried out in
triplicate in LightCycler 96-well plates sealed with adhesive foil
(Roche) using a LightCycler 480 II instrument (Roche) in a total
volume of 10 pl. Each reaction consisted of 5 pl of LightCycler 480
SYBR [ Green Master (Roche), 1 pl of template DNA (isolated DNA
from bacterial culture or plasmid standard) and 2 pM of final
concentrations of both forward and reverse primers. In order to
eliminate contamination by ambient bacteria, which might cause a
false positive signal when using universal bacterial primers, stock
solutions of primers, water and the 96-well plate were irradiated
with UVC light (1 = 254 nm) for 30 min prior to mixing the reaction.
Initial denaturation for 1 min at 95 °C was followed by 45 cycles of
10 s at 95 °C, 30 s at 56 °C, and 30 s at 72 °C. The threshold cycle
numbers were then determined from fluorescence intensities ac-
quired during the PCR runs by the 2nd derivative maximum
method using LightCycler 480 software (Roche).

Serial tenfold dilution of the 16S rRNA gene of the degrader
cloned in pUC19 plasmid was in parallel amplified with both primer
pairs and served thus as standard for absolute quantification of
both targets. Initial concentration of plasmid DNA prior to dilution
was determined spectrophotometrically at 260 nm (Nanodrop
ND-1000, Thermo Scientific). The concentration ranges of these
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standards covered such ranges actually measured in the samples.
The relative amount of the degrader was then calculated as the
ratio of the 16S rRNA gene copy number, as determined by ampli-
fication with specific-primers, to the 16S rRNA gene copy number
determined by amplification with universal primers.

2.8. DNA sequences

Sequences from the clone library were deposited in a GenBank,
the accession numbers running from JQ726646—]Q726696. Almost
a full 16S rDNA sequence of Steroidobacter sp. PD possesses the
GenBank accession number JQ726645.

3. Results
3.1. PVA biodegradation experiment

Minimal mineral medium with nitrate content was supple-
mented with PVA as the sole carbon substrate, and inoculated with
sludge from the denitrifying compartment of the municipal waste-
water treatment plant. These cultures were flushed with nitrogen,
sealed and incubated anaerobically. At regular intervals samples
were taken and the PVA concentration monitored. Initially, the
polymer concentration remained stable, until about day 12 when
the apparent lag-phase seemed to be over and a relatively fast
decrease in PVA concentration commenced (Fig. 1). This experi-
ment was repeated several times with the same sludge sample and
the sludge samples drawn from the same location, but about two
months later and then again four months later, with very similar
results. If the same medium was inoculated with the microbial
community sampled at the end of the previously described
experiment, in other words with the PVA-acclimated microbial
community, no lag-phase was observed and PVA was quickly
consumed (Fig. 1). Nitrate concentration decreased along with PVA
biodegradation and, on the contrary, PVA concentration remained
almost unchanged if no nitrate was present in the medium (Fig. 1),
so PVA degradation in the absence of oxygen was apparently
dependent on the presence of nitrate. These observations could
indicate that the original sludge contained a relatively low con-
centration of a microorganism or a microbial consortium able to
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Fig. 1. PVA concentration in biodegradation experiments under various conditions. ,
mineral medium inoculated with a PVA-non-adapted sludge microbial community
with 500 mg L' nitrate; M, mineral medium inoculated with a PVA-adapted sludge
microbial community with 500 mg L~" nitrate; <, mineral medium inoculated with a
PVA-non-adapted microbial community without nitrate; O, Steroidobacter fraction in
the bacterial community. The table inserted shows degrader fractions (SF) at respective
points in time. Values are given as means + 1 standard deviation (n = 3).
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degrade and assimilate PVA under conditions supporting
denitrification.

Another series of experiments was conducted with the enriched
PVA degrading consortium “D” obtained by the procedure
described. Again, under anaerobic conditions, PVA was consumed
in the presence of nitrates whereas in their absence only a slight
decrease in PVA concentrations at the beginning of the observation
period was observed (Fig. 2A). Simultaneously, nitrate concentra-
tions were monitored (Fig. 2B), showing that PVA degradation was
accompanied by said nitrate consumption. About 150 mg of the
nitrates per liter was consumed, which corresponds to about 60% of
the theoretical amount necessary for the complete mineralization
of the PVA inserted (about 240 mg of nitrates per 100 mg of PVA).
Some degree of nitrate consumption in the incubation without PVA
can be explained by the denitrification of carbon substances
introduced with the sludge biomass (flocs) used as the inoculum.

An identical series of experiments was repeated under aerobic
conditions. Here (Fig. 2C), both cultures, with and without nitrates,
exhibited a rapid decrease in PVA concentrations, witnessing the
ability of the consortia to degrade the polymer aerobically and
suggesting that the key organisms of the consortium probably are
facultative anaerobes. No nitrate consumption was detected in any
variant of the media (i.e. with or without PVA, Fig. 2D), which is
well consistent with the general idea of aerobic-anaerobic
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metabolisms switching and the preference for oxygen in facultative
anaerobic denitrifiers (Zumft, 1997).

3.2. Isolation attempts

The active microbial communities from biodegradation experi-
ments were subjected to the described series of dilutions and
reinoculations with the aim to enrich the key microorganisms and
to dilute out the others. Dilutions of the enriched culture desig-
nated “B” were transferred onto the described selective agar media.
After two months of cultivation no differences were observed be-
tween control BMA and BMA-PVA plates, distinct colonies were,
however, found on BMA-SE plates, and finally 21 pure strains were
isolated. Subsequently these strains were individually tested in
liquid media for PVA biodegradation under denitrifying conditions,
with and without PQQ addition, and for denitrification with suc-
cinate and ethanol. Despite the majority of the strains being
capable of denitrification with the standard organic substrates,
neither of them was able of PVA biodegradation under denitrifying
conditions. Consortia composed from all isolated strains or their
combinations did not prove active, either. Later the series of
isolation attempts were repeated, in addition to which aerobic
conditions were tested as well, but again without a positive result.
After that, several further attempts for degrader’s isolation were
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Fig. 2. Biodegradation experiment with the enriched microbial consortium “D” under anaerobic and aerobic conditions. Panel A (anaerobic) and panel C (aerobic), concentrations of
PVA: W, inoculated mineral medium with 500 mg L~ of nitrates; <, inoculated mineral medium without nitrates; [J, inoculated mineral medium with 500 mg L~ of nitrates, after
preparation the culture was autoclaved. Panel B (anaerobic) and panel D (aerobic), concentrations of nitrates: M, inoculated mineral medium with 100 mg L~! of PVA; O, inoculated
mineral medium without PVA; [J, inoculated mineral medium with 100 mg L' of PVA; after preparation the culture was autoclaved. Values are given as means + 1 standard

deviation (n = 3).
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made. Briefly, on the base of Fahrbach's description of Ster-
oidobacter (Fahrbach et al, 2008), BMA plates amended with
glutamate or acetate were inoculated with different dilutions of
acclimated culture “B” and later the same was done with BMA
plates with PVA amended with 5% of autoclaved acclimated culture
“B" and BMA plates with partially oxidized PVA. Despite such effort
and identification of many colonies found on above mentioned
agars, none of them was identified as Steroidobacter or proved to be
the degrader.

3.3. Investigation of PVA degradation by cultivation-independent
techniques

Simultaneously, the PVA degradation experiment depicted in
Fig. 1 was followed by temperature gradient gel electrophoresis
(TGGE) based on amplification of the 165 rRNA gene V3 hypervar-
iable region (Fig. 3). The microbial community in the experiment
inoculated with the original sludge was sampled at time intervals,
the DNA was isolated, and TGGE profiles compared with and
examined against the PVA degradation curve. Time evolution of the

PVA biodegradation Control
14 18 2228 38 M 7 2238 M B

M 1

Fig. 3. TGGE profiles of the denitrifying PVA degrading microbial community. M, DNA
marker; numbers on the top of the gel denote days during degradation or the control
experiment (Fig. 1, #); B and D, microbial communities from enrichment cultures,
where concentrations of the degraders were increased by the sequence of dilutions
and transfers to fresh media. Sequences were successively obtained from the
numbered bands and phylogenetic assignation made (Fig. 4).
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TGGE profiles was also monitored in a blank experiment with an
identical initial bacterial community but without PVA presence in
the media.

It is quite obvious that a new band (Band 2) appeared between
day 18 and day 22, which gradually increased in intensity. The same
band was apparently missing in the control incubation. Comparing
the time evolution of the investigated band with the curve in Fig. 1,
one could see a clear concurrence of the onset of PVA consumption
with the appearance of the band. Another interesting band
(designated Band 1) exhibited a brief increase in intensity around
day 22, which could also be related to the initiation of PVA con-
sumption. The above-mentioned bands, along with other promi-
nent bands from the last day of incubation, were excised and
sequenced. The authors failed to obtain a quality sequence for some
of them, which is often the case with TGGE. For the bands where
sequences were successfully retrieved, their phylogenetic affilia-
tions were sought out and are depicted in Fig. 4. Band 2 was
assigned as a putative PVA utilizing organism closely related to the
Steroidobacter strain found in the database.

The DNA from cultures used for isolation attempts, where
enrichment for specific PVA degrading denitrifying microorgan-
isms was induced, was processed in an identical way and the TGGE
patterns visualized. Starting material for these incubations was
sludge from the second and third instances of sampling at the same
location. Both the obtained bacterial consortia “B” and “D" exhibi-
ted rapid consumption of PVA under denitrifying conditions, and
both had highly intense bands at exactly the same position as the
Band 2 previously identified. Later sequencing proved that these
bands are identical with Band 2. It is worth mentioning that other
significant bands found in patterns from the biodegradation
experiment are apparently not present in patterns from enrich-
ment cultures “B” and “D” and vice versa. These findings strongly
supported the opinion that Band 2 represents a signal of a specific
and dominant PVA utilizing organism in the described microbial
community.

To obtain further independent information on the PVA
degrading bacterial community, the DNA at day 38 of the same
experiment was amplified using universal bacterial primers span-
ning almost the full length of the 16S rRNA gene, following which
the fragments obtained were cloned and about 60 randomly
selected correct clones were sequenced (Table 1). About 29% of the
sequences from 51 correctly sequenced clones belonged to the
bacterium previously identified from the TGGE band. Almost the
complete length of its 16S rRNA gene was sequenced (GenBank
]Q726645), the result revealing that the organism is closely related
(97% identical) to the database strain Steroidobacter ZUMI 37
(GenBank AB548216.1); which, according to the note submitted
with the sequence, was described as an aerobic PVA degrader iso-
lated from soil.

Another dominant sequence found was closely related to the
Dokdonella strain. Here assignment of the corresponding TGGE
bands was not straightforward, as several relatively intense bands
(Bands 4, 5, 9, and 10) could probably be related to this sequence.
However, all these bands possessed constant intensity during the
entire biodegradation experiment, and could also be found in the
control incubation without PVA. Likewise, these bands are appar-
ently missing or at least exhibit very low intensity in both enrich-
ment cultures.

3.4. Monitoring the Steroidobacter fraction in the course of PVA
biodegradation by gPCR

Absolute quantification of both Steroidobacter specific 165 rRNA
and total 16S rRNA by qPCR was used to monitor the changes of the
putative degrader fraction in the culture during the course of the
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Fig. 4. Phylogenetic relationships of TGGE retrieved sequences and closely related sequences (GenBank). The distance was computed using the Neighbor-Joining p-distance method
and bootstrap test (1000 replicates). Only bootstrap values over 50% are shown. PB, proteobacteria.

PVA biodegradation experiment. DNA isolated from the bacterial
culture samples taken on days 1,14, 22, and 38 of the cultivation was
used as template for qPCR reactions, each sample with both Ster-
oidobacter-specific and universal primer pairs. The 16S rRNA gene of
the organism cloned in pUC19 plasmid was used as a calibration

standard. Day 1 corresponded with the inoculation of the medium,
while by day 38 almost all the PVA present in the medium had
already been degraded. The fractions of Steroidobacter in the culture
on the individual days of cultivation were calculated and the results
were compared with the PVA degradation curve (Fig. 1).

Table 1
Frequency and affiliations of retrieved sequences.
Clones® Closest related organism, accession number Identity Taxonomic group
16/51 Dokdonella sp. LM 2—5, F|455531.1 98% Gamma-PB, Xanthomonadales
15/51 Steroidobacter sp. ZUMI 37, AB518216.1 97% Gamma-PB, Xanthomonadales
7/51 Bacterium Ellin6095 (Burkholderia), AY234747.1 91% Beta-PB, Burkholderia
2/51 Caldilinea aerophila DSM 14535, AB067647.1 86% Chloroflexi
2/51 Phenylobacterium koreense MKC7, EF173338.1 99% Alpha-PB, Caulobacter
2/51 Candidatus Microthrix parvicella M2, FJ638889.1 99% Actinobacteria
1/51 Alpha proteobacterium ZLJ-0, GU247516.1 99% Alfa-PB
1/51 Chromatiaceae bacterium MTPP2IF163, FN293071.1 98% Gamma-PB
1/51 Comamonadaceae bacterium PIV-20-1, A]505862.1 99% Beta-PB, Burkholderia
1/51 Paucibacter toxinivorans 2B5, AY515391.1 89% Beta-PB, Burkholderia
1/51 Clostridium sp. SH-C52, F]424481.1 98% Firmicutes
1/51 Longilinea arvoryzae, AB243673.1 84% Chloroflexi
1/51 Alpha proteobacterium WD28, HQ341736.1 97% Alfa-PB

2 Number of given sequences versus total number of obtained sequences; PB, Proteobacteria.
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This experiment shows that the PVA utilizing strain is present in
the original sludge in a negligible fraction with respect to the other
bacteria (~0.02%). During cultivation its fraction grew continu-
ously up to the value of approximately 16%, which is in general
accord with the result obtained from sequencing individual 16S
rRNA clones amplified from the same bacterial culture. Moreover,
the trend of the data corresponds with the degree of degradation of
PVA in the culture, further supporting the findings obtained from
the biodegradation experiment.

4. Discussion

The biodegradation experiment proved that PVA degradation is
possible under anoxic conditions using nitrate, as the terminal
electron acceptor. These results indicated the presence of PVA
degrading microorganisms that were probably initially present in a
rather low concentration. To obtain further information, the
microbiology of the process was investigated with both cultivation
and cultivation-independent techniques. While attempts to isolate
degrading strains on agar media, despite considerable effort, failed
for the time being, TGGE revealed a distinct band which appeared
to increase its intensity in correlation with decrease in PVA con-
centration. This band was sequenced, and later a corresponding
almost full 16S rDNA sequence was obtained, showing high simi-
larity with the 16S rDNA sequence of the previously identified
aerobic PVA degrading strain Steroidobacter sp. ZUMI 37. The strain
is also related to Steroidobacter denitrificans (GenBank EF605262.1),
isolated as a denitrifying degrader of some steroid compounds
(Fahrbach et al., 2008). This supports the idea that PVA utilization
and denitrification could be connected to one organism. On the
other hand, the inability to isolate the pure degrading strain on agar
media could suggest that the PVA degrader requires another mi-
crobial partner(s) or some environmental factor(s) either for its
growth or PVA utilization.

Other bands present in TGGE profiles seemed constant during
incubation but also constantly present in the control incubation
without PVA, therefore, they should not be connected with PVA
biodegradation. The only other exception was Band 1, briefly
increasing its intensity at the end of the lag phase. The sequence
from the band was retrieved and found to be related to sequences
from Brevundimonas strains. Interestingly, Brevundimonas vesicu-
laris (formerly described as Pseudomonas vesicularis) was earlier
identified as an aerobic PVA degrader (Watanabe et al., 1976).
Although the band demonstrates low intensity in later phases of
PVA degradation, sequencing the 16S rRNA gene library made at
the end of the degradation period provided about 4% sequences
which were affiliated with Phenylobacterium koreense MKC7
(Table 1), a member of the same taxonomic group Caulobacteraceae
like Brevundimonas. Thus, it is possible that the organism repre-
sented by Band 1 could play a role at the beginning of degradation,
while it is later overgrown by a Steroidobacter related strain
(denoted further as Steroidobacter sp. DP), representing at the end
about 29% of the bacterial community (according to the clone li-
brary sequencing).

Another suggestion about the role of Steroidobacter sp. DP
comes from the TGGE patterns of cultures “B” and “D", originating
from the second and third instances of sludge sampling, respec-
tively, exhibiting both strongly dominant bands of the same or-
ganism. Microscopic observation of the enrichment cultures
revealed the prevalence of Gram negative rods, which was
consistent with the expected Steroidobacter phenotype. The rela-
tively high number of other minor bands in the enrichment culture
might result from the presence of the specified amount of acetate
substituents on the PVA backbone that can be easily hydrolyzed
and utilized by bacteria.
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The correlation of PVA consumption and Steroidobacter sp. DP
concentration was further confirmed by the qPCR experiment.
Fractions of Steroidobacter sp. DP were calculated for several
days selected during cultivation, and a clear trend was observed
showing that this species grows in accord with PVA consumption.
Moreover, the determined fraction at day 38 of the degradation
experiment, which was 16%, agreed reasonably with the fraction of
Steroidobacter sp. DP sequences retrieved from the clone library
(29%). This small difference might be attributed to slightly different
primer affinities in both methods, varying ligation efficiency for
different sequences, the small set of sequenced clones, or a com-
bination of these. Thus, a close correlation is observed between
monitoring PVA consumption and growth of the Steroidobacter sp.
DP fraction determined by qPCR, as well as between the final
fraction of Steroidobacter sp. determined by sequencing clones and
qPCR. All this evidence supports the hypothesis that PVA can be
efficiently degraded during denitrification.

5. Conclusion

In the described experiments polyvinyl alcohol was bio-
degraded under denitrifying conditions with a microbial commu-
nity originated from a municipal waste-water treatment plant.
Steroidobacter sp. DP was the principle PVA utilizing microor-
ganism, and a number of indirect evidences suggest that the or-
ganism had an important role in PVA biodegradation under
denitrifying conditions. Subsequent experiments also proved that
the consortium dominated by Steroidobacter sp. DP is capable of
aerobic PVA degradation. As stated in the introduction PVA is
produced on a massive scale and in some cases could leak into
waste-water or directly into the environment in considerable
quantities. The findings presented here broaden our knowledge
regarding the biodegradation of PVA and full carbon synthetic
polymers in general. They also show that such processes can pro-
ceed in anaerobic environments as well, for example, in anaerobic
compartments of waste-water treatment plants, but also in natural
sediments, and raise the confidence in the relative environmental
safety of PVA.
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Abstract

Biodegradation of four poly(L-lactic acid)
(PLA) samples with molecular weights
(MW} in the interval from about 34 to
about 160 kg mol-1 was investigated under
composting conditions, Biodegradation
rate decreased and an initial retardation
was discernible with increasing MW of the
polymer. Also the specific surface area of
the polymer sample was identified as the
important factor accelerating
biodegradation. Microbial community
compositions and dynamics during the
biodegradation of different PLA were
monitored by temperature gradient gel
electrophoresis, and were found to be
virtually identical for all PLA materials
and independent on MW. A specific PLA
degrading bacteria was isolated and
designated Thermopolyspora flexuosa

FTPLA. The addition of limited amount of
low MW PLA did not accelerated
biodegradation of high MW PLA
suggesting that the process is not limited
with the number of specific degraders
and/or the induction of specific enzymes.
In parallel the abiotic hydrolysis was
investigated for the same set of samples
and their courses found guasi identical
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with biodegradation of all four PLA
samples investigated. This suggests that
the abiotic hydrolysis represented a rate
limiting step in the biodegradation process
and the organisms present were not able to
accelerate depolymerisation significantly
by the action of their enzymes.

polylactic acid;
hydrolysis.

Key words:
biodegradation; abiotic



1. Introduction

Plastic  litter represents a  serious
environmental problem, provoking
increasing concern among the broader
public. The situation appears to be
particularly  alarming in  developing
countries without fully efficient waste
management  systems.  Biodegradable
polymeric materials represent a promising
alternative to conventional polymers, at
least for some applications [1,2]. Polylactid
acid is a particularly promising member of
this family of polymers [3,4]. Previously,
applications of PLA were limited to the
biomedical sector because of its high cost
and relatively low molecular weight [5].
Recently, new techniques which allow for
economical production of high molecular
weight (MW) PLA (greater than 100,000
Da), with relatively good mechanical,
thermal and processing properties, have
brought about further diversity of PLA
utilization [5,6]. Presently, this material
can be used in a wide spectrum of products
as a4 consequence, including packaging
materials, mulching films and bottles, as
well as in manufacturing fibers for
nonwoven items, textiles and carpets [7].
PLA also represents a material that can be
produced from renewable resources, as its
monomer can be obtained by fermentation
of various plant materials.

During its environmental degradation ester
bonds of PLA must be cleaved either
hydrolytically or by extracellular enzymes
to enable the PLA monomers or oligomers
to be assimilated. Both parallel processes
can be influenced by several factors. The
enzymatically catalyzed process depends
on  the  presence of  specific
microorganisms, which seems to  be
sparsely distributed in some environments
[1] and presumably by optical purity [8]
and crystallinity of the material [9]. It was
proposed that amorphous regions are more
vulnerable towards hydrolysis by model
enzymes [l10]. Abiotic hydrolysis is
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critically influenced by temperature [11],
where its rates differ considerably in the
interval  between 20 and 60 °C,
Crystallinity with the preference of
amorphous regions seems to play a role as
well [12].

In the compost environment PLA
biodegradation proceeds relatively easily
and was rather extensively documented
[13,14]. Conditions, especially during the
thermophilic phase of the composting
process, appear favorable both in spite of
the presence of degrading microorganisms
[15] and the promotion of hydrolysis under
elevated temperature [11].

It was suggested that abiotic hydrolysis
represent  a first  step in PLA
biodegradation but a clear data
documenting such statement are not readily
available [16]. On the other hand,
experimental data proved very fast and
efficient decomposition of PLA by some
enzymes [15,17] and the presence of
hydrolytic enzymes produced by PLA
utilizing microorganisms [18,19]. Finally,
the specific surface of the testing specimen
can have an important role probably
especially during first phases of the
biodegradation process [20,21].  Quite
recently Pantani and his colleagues (22,23)
showed that D-monomer content and
processing history had a critical influence
on sample crystallinity which further
influenced hydrolysis and biodegradability,
where they also observed the importance
of sample morphology.

As it was outlined, biodegradation of a
particular PLA grade can be influenced by
many conflicting factors. Here we
attempted to test four available PLA grades
processed each into three different sample
forms under identical experimental
conditions and monitored and evaluated
parallel  processes of hydrolysis  and
microbial decomposition by comparing
data  from  different  experimental
techniques employed.



2. Materials and methods
2.1 Materials

Polylactic acid samples PLA1 and PLAZ,
were synthesized through direct melt
polycondensation of L-lactic acid [24,25];
PLA3  puchased from NatureWorks®
Ingeo™ grade 2002D (USA), PLA4 from
VUCHY (Slovak Republic).

2.2 Polymer processing

The original polvmers were processed to
obtain three other forms of polymer
samples with different specific surface
areas.

Powder. PLA solution in chloroform
(12.5 mg.mL-1) was gradually dispensed
into 2.5 wvolumes of ethanol and the
mixture Was vigorously  stirred.
Subsequently, the precipitate obtained was
decanted and rinsed twice with ethanol to
remaove chloroform. Finally, the
precipitated PLA was filtered out and dried
on air for 24 hours to evaporate ethanol
and the residues of chloroform. As a result,
a fine powder with a high specific surface
was obtained. Its inspection with scanning
electron microscopy and subsequent image
analysis (Imagel) revealed porous particles
of about 20 um average size.

Films., PLA films 100 pm thick were
compression molded via heating for 1
minute to the processing temperature of
180 °C, then molded for 2 minutes and
then immediately cooled under pressure by
transferring the material to a second press
set to 25°C,

Thin coating on an inert surface. The
exact amount of PLA (50 mg) was applied
as a chloroform solution (5 mg mL-1) to
the surface of a pre-weighed porous inert
material (petrlite, 5 g) in biometric flasks
and stirred thoroughly. The solvent was
then stripped out with air flow for 24
hours, leaving the polymer deposited as a
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thin coating with a high specific surface
area.

2.3 Gel permeation chromatography

Molecular weight and distributions were
determined by gel permeation
chromatography, carried out on the Breeze
chromatographic system (Waters, Milford,
MA) equipped with a PLgel Mixed-D
column (300 O 7.8 mm, 5 pm; Polymer
Laboratories, Ltd.) and detected with the
Waters 2487 dual-gbsorbance detector at
239 nm. Data was processed via Waters
Breeze GPC software (Waters), and the
weight average molar mass (Mw), number
average molar mass {(Mn) and subsequently
polvdispersity indexes (Mw/Mn) were
caleulated.

2.4 Thermal properties and crystallinity

Determining the thermal properties of
particles was performed by differential
scanning calorimetry (DSC) on the Mettler
Toledo DSC1 STAR  System., All
measurements were carried out in nitrogen
flow (20 c¢m3 min-1). The samples were
heated from 0 °C to 190 °C at the rate of
10 “C.min-1), followed by annealing at
190 °C for 1 min, followed by a cooling
scan from 190 to 0 °C (at 10 *C.min-1),
plus an isothermal step at 0 °C for 1
minute, and finally the second heating scan
from 0 to 190 °C (at 10 °C.min-1). Melting
point temperature (Tm) as well as the
exothermal response, relating to
crystallization temperature (Tc), were
obtained from the first heating cycle. From
the second heating scan the glass transition
temperature region (Tg) was determined.
The degree of crystallinity, yc, was
calculated from the measured heat of
fusion (AHf) and crystallization (AHc)
according to the following equation:

AH, —&H, | o
Ho =" g x100%,

am



where AHOm is the enthalpy of fusion for
100 % crystalline PLA (93.1 J.g-1) (Lim et
al., 2008.).

2.5 Content of D- and L- monomers.

Ratios of both monomers were
determined with Kruss P1000 polarimeter
at 25 °C using the procedure and data
found in Feng et al. [26].

2.6 Biodegradation under composting
conditions

The method utilized was based on a
previously published protocol by Difmal et
al. [27] with some modifications. Polymer
films were cut into 2 mm pieces, then 50
mg of polymer, 5 g of perlite and 2.5 g of
dry weight of compost were weighed into
each 500 mL biometric flask, The flasks
were sealed with stoppers equipped with
septa and incubated at 58 *C. Headspace
gas was sampled at appropriate intervals
through the septum with a gas tight syringe
and then injected manually into a GC
instrument (Agilent 7890), equipped with
Porapak ©Q (1.829 m length, 80/100
MESH) and 5A molecular sieve (1.829 m
length, 60/80 MESH) packed columns
connected in series, and a thermal
conductivity detector (carrier gas helium,
flow 53 mL.min-1, column temperature 60
°C). Sampling intervals were operatively
adapted to actual CO2 production and 02
consumption. Concentrations of CO2 and
02 were derived from the calibration curve
obtained using a calibration gas mixture
with  declared  composition. The
endogenous  production of CO2 by
compost in blank incubations was always
subtracted to obtain values representing net
sample  mineralization.  From  the
concentration found, the percentage of
mineralization with respect to the initial
carbon content of the sample was
calculated M% = mge/({mswc), where M%
is the percentage of mineralization, mge is
the mass of carbon evolved as CO2 and
obtained from GC analysis, ms is the
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weight of a polymer sample, and we is the
percentage {(w/w) of carbon in the polymer
investigated. The value of we for the given
polymer (50.0 %) was determined on a
Flash Elemental Analyzer 1112 (Thermo).
In parallel, oxygen concentration was alzo
monitored to provide a control mechanism
s0 as to ensure samples did not suffer from
hypoxia. Three parallel flasks were run for
each sample, along with four blanks.

2.7 Abiotic hydrolysis

Three sets of experiments at different
temperatures were performed to determine
the extent of PLA hydrolysis in the aquatic
environment. Purified PLA powder (80
mg) was suspended in 40 ml of phosphate
buffer (0.1 mol.L-1, pH 7) in triplicate for
each temperature (25, 37, and 58 °C). 1.5
ml aliquots were taken in regular time
intervals, centrifuged (10 000 g, 10 min),
and the supernatants were analyzed for
dissolved organic carbon (TOC 5000A
Analyser, Shimadzu). The percentage of
hydrolyzed polymer for the given time
point was calculated from the amount of
dissolved carbon and the initial amount of
the material.

27 DNA isolation, PCR and TGGE
conditions

Total DNA was extracted from 0.25 g of
compost samples using the PowerSoil®

DMA  Isolation  Kit (MoBio, USA),
according  to the  manufacturer’s
instructions, involving an initial bead

beating step. In the first PCR round,
universal bacterial primers D1, and rDI
{AGAGT TTGAT CCTGG CTCAG, and
AAGGA GGTGA  TCCAG  CC,
respectively) were used to amplify nearly
the full length 168 rRNA gene [28].
Alternatively,  aclinomycete  specific
primers 5-C-Act-235-a-5-20-GC, and 5-C-
Act-878-a-A-19
(CGCGGCCTATCAGCTTGTTG,
CCGTACTCCCCAGGCGGGG,
respectively) were used to amplify the V3

and



to V5 regions of the 165 rRNA gene [29].
Each 25 pl PCR reaction contained 12.5 pl
of GoTag Green hot start master mix
(Promega), 1 ul of each primer solution
(12.5 pmol), 9.5 pl of water for molecular
biology and 1 pl (5-10 ng) of DNA. All
amplifications were carried out on the Piko
Thermal Cycler (Finnzymes). The
temperature profile for universal primers
was as follows: initial denaturation at 94
°C for 5 min.; 30 cycles of 94 °C for 1
min., 535 °C for 1 min,, 72 °C for 1 min,;
and final extension at 72 °C for 10 min. An
alternative program for actinomycete
primers  went as  follows:  initial
denaturation at 95 *C  for 4 min 45 s,
followed by 10 cycles of 95 °C for 30 s;
annealing temperature stepdowns of 0.5 °C
each cycle (from 72 °C 1o 68 “C); 72 °C
for 1 min. The annealing temperature for
the final 15 cycles equaled 68 °C with
denaturation and extension phases as
above. Subsequently, 1 pl of the first PCR
round was used as a template for nested
PCR amplifying of the V3-hypervariable
region of the 16S rRNA gene with the
primer pair 341fGC and 518r (ATTAC
CGCGG CTGCT GG, and CCTAC
GGGAG GCAGC  AG, respectively),
where the GC clamp (CGCCC GCCGC
GCGCG GCGGG  CGGGG  CGGGG
GCACG  GGGGG)  was  covalently
attached to the 5" end of the forward
primer [30]. After 5 minutes of initial
denaturation at 94 °C, reactions were
subjected to 35 cycles through a TD
(touch-down) PCR program (94 °C for 30
s, 61 °C for 30 s and 72 °C for 1 min.,
followed by a 0.5 °C decrease of the
annealing temperature each cvele). After
completing 10 cycles in the TD PCR, 25
additional cycles were conducted (94 °C
for 30 s, 56 °C for 30 s and 72 °C for 1
min,) and 10 minutes of the final extension
at 72°C. After each PCR amplification
round, the size of the PCR product was
verified in 2 % agarose gel. TGGE
separation of amplified PCR products was
achieved on the TGGE Maxi system
(Whatman-Biometra). PCR products (60-
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100 ng DNA) from the second
amplification process were loaded onto
isocratic denaturing gel (8 % acrylamide,
20 % deionized formamide, 50 O TAE (20
mM Tris. 10 mM acetate, 0.5 mM EDTA
pH 7.4), 2 % glycerol and 8 M urea). A
100-bp DNA ladder (NEB) was loaded as a
marker  [31].  Electrophoresis  was
performed at the constant voltage of 130 V
for 18 h and the optimal gradient was
found to be from 40 to 60 °C. Afterwards
the electrophoresis gels were stained with
GelStar  (Cambrex), according to
manufacturer's instructions, and
documented. The whole procedure was
repeated twice with identical results,
Relevant bands were excised, DNA eluted
and re-amplified with the same primers,
but without GC clamp and send for
sequencing.

2.8  Microbiological analysis and
isolation of the degrading strain and its
identification

During biodegradation  experiments,
counts of total heterotrophic bacteria,
actinomycetes, and fungi were monitored
on tryptone yeast agar (HiMedia), glycerol
nitrate agar (Pitt, 1979), and yeast glucose
chloramphenicol agar (HiMedia),
respectively, atter 7 days at 58 °C.

To isolate PLA degrading strains, one
gram of the material from PLA
biodegradation experiments was suspended
in 9 mL of suspension media [32] and
shaken for 15 min. The suspension was
then spread in different dilutions on
mineral agar media with PLA1 suspension
[33] as the sole carbon source and
incubated for five days at 58 °C, Dry white
colonies were isolated to purity and their
growth on PLA verified. Almost the entire
sequence of its 165 rBRNA gene was
sequenced (GeneBank accession number:
JX255731) and compared with the public
database (GenBank).



3. Results and discussion

3.1. Characterization and processing of
PLA samples

For all four PLA samples used in this
study, properties that could be critical for
the interpretation of relatively difficult and
time-consuming biodegradation
experiments were investigated.
Measurements with gel chromatography
proved that selected materials had their
MW  well distributed over a relevant
interval and the polydispersities of their
MW distribution curves were comparable
for three of the four materials but higher in
the case of PLAZ (Table 1). Thermal
analysis can be efficiently used to estimate
the crystalline part of polymer materials, It
is believed that the amorphous regions are
biodegraded preferentially and some
authors interpreted an increase in
crystallinity during incubations as the
proof of biodegradation [34,35]. DSC
measurements  were performed for all
polymer samples and their forms and
degrees of crystallinity were deduced
{Table 1), with the exception of the thin
coating sample form, for which the
analysis was not feasible. In principle,
crystallinity  could  significantly  be
influenced by the processing of samples,
For the investigated sample forms,
crystallinities were roughly comparable
and the crystallinities of powder forms
were always lower than film forms,
probably reflecting the shorter time
available for crystallite formation during
the powder form preparation,
Crystallinities of PLA1, PLA3 and PLA4
were roughly comparable with somewhat
higher values found with PLAZ,

The properties of PLA are influenced by
the content of D- monomer. Even a low
content of the D monomer could markedly
decrease crystallinity thus promote the
abiotic hydrolysis [12]. It seems that D
monomer content do not also inhibit the
enzymatic hydrolysis, which in contrary
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can be further supported with the lower
crystallinity [36]. To address this aspect
the stereochemistry of  incorporated
monomers was determined by polarimetry
(Table 1), and it was found that the D
monomer contents were comparable in all
PLA samples.

3.2. Biodegradation of PLA samples in
compost

The described PLA  samples were
incubated for about 100 days under
composting conditions at 58 “C (Fig. 1).
The initial lag phase of about 20 days
duration at the beginning of biodegradation
could clearly be distinguished for two
higher MW samples, whereas it was
apparently missing with the lowest MW
PLA. For PLAZ2, the lag phase could not be
clearly observed but the curves exhibited
some level of acceleration at about day 23.
It could be concluded that, for PLA with a
MW of over approximately 60 kg mol-1,
this  higher MW caused significant
retardation of the biodegradation onset.
The curves presented also reflected the
type of the sample. Whereas for the low
MW sample all its curves are perfectly
parallel and the lower specific surface area
of the film sample did not limit
biodegradation, for higher MW film
samples biodegradation of this sample type
was markedly retarded. Interestingly, in the
case of the highest MW sample, the higher
specific surface area of the powder sample
did not represent a significant advantage
and biodegradation was almost identical to
that of the film form. Somewhat specific
was the behavior of samples prepared as a
thin coating on the inert porous material
perlite. The biodegradation of this
particular sample type was the fastest with
all MWs tested, and even for the highest
MW PLA, it was significantly less retarded
at the beginning. One can speculate that
the thin coating form provides an
additional surface of highly porous perlite
for microbial colonization, and thus
promote faster biodegradation, and/or this



form has a significantly higher specific
surface even over the powder form.

The same data as in Fig. 1 are also
represented in Fig. 2 ABC, but with a
different arrangement that makes possible
to compare PLA samples with different
MWs for individual sample forms. It is
evident that the biodegradation rate was
dependent on MW for all sample forms,
and that higher MW samples exhibited
retardation during the initial phase, which
could be described as a lag phase or
autocatalytic onset of biodegradation. In
later  phases, biodegradation rates
decreased with increasing MW for all
sample forms, As has already been
mentioned, the thin coating sample form
always exhibited the highest
biodegradation rates, which is even more
evident in this representation of the data.
The initial retardation appeared gradually
more pronounced with increasing MW for
all sample forms.

The retardation of higher MW PLA
biodegradation could be caused by several
factors. One such possible explanation
comprises the idea that low MW PLA
better supports the growth of degrading
microorganisms, and eventually the
induction of necessary specific enzyme
systems. Not possessing this potency, high
MW PLA biodegradation could suffer
from the slower onset of enzyme activities
and initially only a slowly growing number
of specific degraders. In such a case, the
relatively limited addition of low MW
PLA could induce the enzymes and the
growth of the degraders and significantly
accelerate the biodegradation of high MW
PLA. It was decided to test this hypothesis
in a separate experiment (Fig. 2D).
Mixtures of PLAT and PLA4, with weight
ratios from 5/95 to 20/80, were monitored
in the composting experiment along with
pure PLA1 and PLA4 samples, all in
powder form, The data shows that the
additions up to 20% of PLAl did not
significantly enhance the biodegradation of
high MW PLA4; the acceleration during
the first 30 days corresponded to the added
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fraction of low MW PLAI only, Based on
these results, the above hypothesis that the
retardation is caused by the low number of
initially  slowly growing  degrading
microorganisms or low induction of
specific enzymes by high MW PLA
seemed less likely.

3.3 Abiotic hydrolysis of PLA

Both abiotic and enzymatic hydrolysis can
participate on PLA biodegradation. To
estimate the importance of the abiotic
hydrolysis for the particular PLA samples
in the study an experiment was set up
where the hydrolysis  in  agueous
environment in the presence of a microbial
growth inhibiting substance (NaN3) was
followed as the total soluble organic
carbon released to aqueous environment.
The effect of elevated temperature on PLA
hydrolysis could be crucial for the good
biodegradability of PLA under composting
conditions [11] and was tested as well (Fig.
3). It 13 evident that the hydrolysis of all
PLA samples was markedly accelerated
with temperature whereas at individual
temperatures the hydrolysis rates followed
MW of PLA samples with lowest MW
PLA as the fastest.

Interesting information comes from the
comparison of data from biodegradation in
compost at 58 °C and from hydrolysis at
58 °C (Fig. 1). It is evident that the
hydrolysis curve of the material powder
form almost copies the same material
biodegradation curve. In composting
experiment at 100% relative humidity
hydrolysis rate should be comparable.
Under such assumption the results suggest
that the abiotic hydrolysis controlled the
rate of biodegradation in the system
described and the observed initial
retardation of biodegradation can be a
result of suggested autocatalytic nature of
PLA hydrolysis [9] and consequently the
role of a specific enzymatic hydrolysis of
PLA ester bond could only be limited.



3.4 Microbial community during PLA
biodegradation

In theory, the differences in biodepradation
between different PLA samples in the
study could be explained by differences in
the participating microorganisms. For
example specialized  strains  could be
necessary to decompose high MW PLA.
Firstly, a classical approach was employed
to isolate the degrader from the
composting experiments. One visually
identical strain intensively growing on
mineral agar with PLA suspension as the
sole source of carbon and energy was
successively isolated from biodegradation
experiments with all different PLA
samples, The strain was identified by 165
rDNA sequencing as highly similar to
Thermopolyspora flexuosa DSM 43186
(accession number FN66T7472.1, 98%
identity) belonging to the taxonomical
group of thermoactinomycetes  and
designated Thermopolyspora  flexuosa
FIPLA (GenBank accession number
JX255731).

To gain further information about the
microbiology of PLA biodegradation a

cultivation independent method  was
employed. Temperature gradient gel
electrophoresis  (TGGLE) can  visualize
microbial communities during  the

composting experiments and their temporal
dynamics. Furthermore, separated DNA
species from microorganisms present can
subsequently be sequenced, and thereby
the taxonomy of individual
microorganisms  revealed. [t must be
admitted that the method is capable of
identifying the major members of the
community only and some minor but
possibly crucial microorganisms need not
to be recognized, but still it represents an
excellent tool for comparing microbial
community in different composting
experiments and its evolution in time. PCR
generated DNA fragments in selected time
points of composting experiments with the
powder form of PLAT and PLA4 (Fig. 2B)
were TGGE separated and visualized (Fig.
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4A). Without explaining the method in
details, it may be simply expected that
each bhand represents an individual
bacterial strain. Universal bacterial PCR
primers were used for the left half of the
gel, so the signals of all bacteria present
should be visible. This approach did not
revealed any signals of candidates for the
specific PLA degrading bacteria since all
the signals, which eventually increased
their intensity, were also present in blank
incubations without PLA, Considering the
above described results of PLA degrading

strain  isolation and literature data
suggesting the importance of

actinobacteria in PLA degradation under
composting conditions [37] it was decided
to focus on this particular group of
microorganisms. Microbiological analysis
proved that thermophilic actinobacteria
counts increased markedly during the
composting experiment (from 106 to 108
CFU in 1 g of the culture dry weight),
whereas total thermophilic bacteria counts
were relatively stable (about 108 CFU in 1
g of the culture dry weight) and fungi were
not present at all at the given temperature.
Primers specific for actinobacteria were
used in second TGGE analysis (Fig. 4A,
right) so that only the signals of bacteria
from this taxonomic group would be
visible and the eventual changes
highlighted. Using actinomycete specific
primers, one of the bands (band 1) was
markedly intensified in connection with
PLA biodegradation and its sequencing
proved that it is identical to the above
described strain Thermopolyspora flexuosa
FTPLA. To obtain more detailed
information about the actinomycete
community, especially at the beginning of
degradation as well as on the lag phase
phenomenon, DNA  from  another
compoesting experiment was isolated and
analyzed using TGGE with actinomycete
specific primers (Fig. 4B). It is clearly
visible that band 2 (identical according to
its sequence to band 1 from Fig. 4A) is
absent at day 0 but had already appeared at
day & in the presence of all the PLA types



investigated, and intensified at the end of
the lag phase when acceleration of the
biodegradation began. Accordingly, the
band intensity comesponded to  the
mineralization curves of different MW
PLA samples (Fig. 2B). It is thereby
evident that the acceleration of PLA
biodegradation at the end of the lag phase
oceurs simultaneously with the
multiplication of the degrader., Bands 3
and 4 were more difficult to interpret, For
PLAIL, they also intensified during the
incubation period; in incubations with
higher MW PLA2 and PLA3, they are
present from the beginning and they could
also be clearly recognized (proved with
sequencing) in the blank incubation. Thus,
it might be concluded that bacterial strains
corresponding to these microorganisms
probably were not primary PLA degraders.
The TGGE profiles of blank incubations
clearly documented the different structure
of bacterial community in the absence of
PLA. Some of the intensive bands could be
identified and were found different from
those in PLA presence, identification of
selected bands is provided in the Figure 4

caption.

In sum, despite of the differences in PLA
samples investigated especially  wvery
different MW, all PLA samples were
biodegraded by the same principal
degrader, which was isolated and
identified.

¢, Conelusions

Biodegradation of four PLA grades with
different MW and different forms of the
samples was investigated. Among PLA
materials the rate of biodegradation
followed the pattern of increasing MW
with  characteristic lag-phase or
autocatalytic shape of the curves apparent
for higher MW samples. The specific
surface area also proved to be an important
factor promoting fast biodegradation
especially with higher MW samples.
Material properties of the PLA samples did
not seemed to influence the composition of
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microbial communities degrading  the
samples, The same organism,
Thermopolyspora  strain, was always

discernible as the principal degrader with
all PLA samples, where the increase of its
guantity was simultaneous with the
acceleration of biodegradation at the end of
the lag phase. The addition of limited
amount of low MW PLA did not
accelerated bindegradation of high MW
PLA so it seems that the biodegradation is
not limited with the number of specific
degraders and/or the induction of specific
enzymes. The most important finding, in
accordance with the above conclusion
points, appears to be the observation that
the course of the biodepradation was quasi
identical with the course of abiotic
hydrolysis for all PLA grades investigated
so the abiotic hydrolysis. and not the
enzymatic  one, was the  major
depolymerization mechanism and the rate
controlling step of the biodegradation
process.
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TABLE 1 Properties of various PLA samples and the thermal properties of their mdividual
. sample forms _
Sample M ' Il Bl L-lactide Form T TE Xe

gmoll | % ¢l %

; Film | 1444 344 395

PLA 1 4000 |0 2 955 | i
Powder 1515 509 297

~ Film | 1653  508| 383

FLA 2 &1000 2.9 34.6

T Powder | 1628 | 543 411
 PLAZ | 109000 23 38 |
! Powder = 1680 555 354

FLA 4 160000 1.9 56.0

Powder | 1673 351 339

M., weight average molecular weight, Mo/, pelydisperaty, Ty, melting point temperature;

T,, glass transition temperature; ¥, degree of crystallinity.
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Figure 1. Biodegradation of PLA with various MWs in the compost experiment, comparison with the
abiotic hydrolysis of powder form PLA. Comparison of sample forms with different specific surface
arcas. m thin coating: A powder; # film (100 pm); e cellulose (reference compound); < abiotic

hydrolysis of the powder form sample. Error bars correspond to twice standard deviation (n=3).
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Figure 2. Panels A, B, and C: Biodegradation of PLA sample forms with different specific surface

areas in the compost experiment. Comparison of PLA samples with various MWs. m, PLAT;

o, PLA2; o, PLA3; A, PLA4, Panel D: Biodegradation of PLA] and PLA4 powder mixtures

in various ratios in the compost experiment. m, 100% PLAL; A, 20% PLAT + 80% PLA4;

o, 10% PLA1 + 90% PLA4 ; o, 5% PLAl + 95% PLA4; + 100% PLA4. e, cellulose

(reference compound). Error bars correspond to twice standard deviation (n=3).
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A Unhverzsl becterlal primers Actincenycele specific primars
PLAA FLAS Blank PLAY Blark
Od |20d 40d 704 200 40d 70d 20d 40d Od | 20d 40d v0d  20d 40d 70d |5 20d 40d| M

B Acfinomyoete spechic primers
PL&1 2 PLAT Blark
Od B4 c13d 230654 6d 130 23d 65 B 42d 23d BSE M 204 454 67

Figure. 3. TGGE profiles documenting temporal dynamic of microbial communities
during biodegradation of PLA with different MW. Either the total bacterial
community (Universal bacterial primers) or actinomycete community only
{Actinomycete specific primers) were monitored, Numbers featuring "d™ denotes the
number of days from the beginning of the bindegradation experiment. IS: An isolated

degrading strain designated as Thermopolyspora flexuosa FTPLA, Blank: The blank

incubation was conducted under identical conditions but without PLA. Identification
of TGGE bands (band number, sequence number, organism name, percentage of
identity): 1, JIN188948.1, Thermopolyspora sp. YIM 75076, 97%; 2, IN188O48.1,
Thermopolyspora sp. YIM 75076, 97%; 3, Thermomonospora sp, 522-23, 98%, 4,
AM932264.1, Thermomonospora sp. 522-23, 98%; 5, GU412146.1, Arapobium sp.,
93%; 6, IN187087.1, Serinicoccus sp. B8J2, 91%; 7, HQG88671.1, Thermobifida

sca DY -3, 86%.
it
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Priloha P5: Use of temperature gradient gel electropresis for the investigation of
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Use of temperature gradient gel electrophoresis
for the investigation of poly(vinyl alcohol)
biodegradation

L. Huzarova, I. Ruzicka, H. Marusincova and M., Koutny

Abstrgct— The application of tempecature gradient gel
clectrophoresis (TGGE) as a culture-independent method to
manitor changes in the composition of bacterial community
during PVA degradation under denitrification conditions is
reparted, TGGE was used to separate DNA fragments after
PCR  amplification from total DHA  extracted from the
acclimated denitrifying sludge with universal bacterial primers
targeted the region of the 168 rRNA gene, TGGE proved to be
usefil and enable to visualize potential degraders and their
time dymamics during the biodegradation expesiment.

Kepwords— poly(vinyl alcohol), waste waler treatiment
sludge, temperature gradient gel electrophoresis (TGGE).

I. INTRODUCTION

P::-I}'(vln}'lu]cnhnl} (PVA) iz watcr-spluble  synthetic
polymer which has a wide range of application in
industrial sectors. Its properties comprize viscosity, fexibility,
film forming, dispersing power and adhesive strength, Due to
these properties PWVA is mainly used in sectors such food,
chemical, paper and textile industries. This polvmer belongs as
well as  Polyvinylethwlen (PE) o group of bislogical
degradable plastics. Among the most common microorganisms
degrading PVA Pscudomonas or Sphingomonads can be
found. PYA is biodegradable under aerobic conditions [1] and
partially in anaerobic environment [2], [3], but in latter case 2
longer time for degradation of PV A is apparently needed.
DA based microbial community fingerprinting techniques
like temperature gradient gel electrophoresis (TGGE) or most
often denaturing gradieat pgel electrophoresis (DGGE) have
been so far extensively applied to describe the structure of
procaryolic communities [4], [5]. They allow simultancous
processing of a larger number of samples and provide an
estimate of diversity independent to conventional cultivation
techniques. TGGE and DGGE are based on the separation of
DMA fragments of the identical size differing in their

Manuseript received September 23, 2010, Thiz zwody was panzally
supporied by the Cxech Ministry of Fdueation, Youth and Sports, project Mo,
MASRA TOREIS210] mnd grand GACR PI1OSSTO200.

L. Himamva, 1. Rumicka, H Mamsincovn, M. Kowlmy are with Department
ol Envirpnmental Protection Engineering, Faculty of Techaolegy, Tomis
Bata University m Zlin, 762 72 #lin, Crech Republic {comesponding authar,
phisne: HI]-IIDW-SEU-EH-L e=-miul rnklsulny-@ Muth i)
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nueleotide sequence [6], [7]. Sequence separation occurs in
acryl amide gels with a denaturing gradient, where each
fragment migrates and finally stops at its melling point.
Melting point is directly related with its guanine-cytosine (GC)
content [7], [8].

Cur main goal was to adapt the TGOE technigue to monitor
changes in the composition of bacterial community during
PVA degradation under denitrification conditions,

II. BATERIALS AND METHODS

A Degradation experinehis.

Denitrifving sludge was used from a municipal waste water
treatment plant. The sludge was kept under nitrogen until its
use, PYA (100 mg.|™") and KNOy (1000 mgJ") were dissolved
in mineral medium and this solution (culture mediom) was
purged with a stream of nitrogen. The minerzl medium
contained  (mgl"): 50 mg MpS0, TH.;, 30 mg
Fe(ME (80006010, 10 mg CaCl,2H0; 500 mg MHCL
0086 mg MnSO0L5H0p 0014 mg HIBEG,; 0086 mg
NS0 THO; 0074 mg (NH ) MaosDy: 005 mg
CoMNOy )2 6H,0; 0.08 mg Cu30y, SH,0; 181 mg K,HPO, and
1912 me MNaHPO,.12 HaO

The acclimated denitrifying sludge was centrifuged at 4600
RPM for 10 minutes. Then the wet sediment (l;;.l"“j Wi
suspended in culture medium, This suspension or its dilutions
in colture medium (107,10%and 107 & 'Y were filled in the
test gasprool flasks (110 ml)} end bubbled through with
nitrogen again. Test flasks were incubated at 25°C and stired
at 250 RPM, Samples were taken by injection syringe and
centrifuged {10 000 RPM, 200 minutes), The wet scdiments
were saved for analysis of DMNA and concentrations of PVA in
supernatants were determined by a iodomeltric method [9].

B DNA extraction and PCR amplification

DNA was isolated trom using a commercial DMNA extraction
kit according to the instructions of the manufacturer (Mo Bio),
Eubacterial 165 rRMA pene was amplified with universal
primers D1 and I3 [10]. In the second nested PCR the
primer pair 341 and 5180 (5°-ATT ACC GOG GOT GOT GG-
3" and 3-CCT ACG GGA GGC AGC AG-3 with a GO
clamp (3°-CGC CCO CCG COC GCG GOG GOC GO0 GCG
GGG GCA OGG GGG G-37) | 11] attached to the forward
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primer was used. Hot-start PCR was carried oot in a 25 ul
reaction mixure containing 125 pl of GoTeg green hot start
master mix {Promega), | pl of each primer solutions (12.5
pmall, 8.3 pl of water and 2 pl (3-10 ng) of bacterial DNA
solution. Samples were amplitied in Piko Thermal Cyeler
(Finnzymes) using the following program: initial denaturation
at 947C for 3 min; 30 cyeles of denaturation at 94°C for 1 min,
annealing at 35°C for 1 min, extension at T2°C for 1 min, and
final extension at 72°C for 10 min. Subsequently, 1 pl of the
first PCR product was used as a template for nested PCR, with
the primer pair 34100GC and 518r, Temperature program
consisted of 1 min at 94°C and 30 cycles of 1 min at 94°C, 1
min annealing ab 35°C, | min extension at 72°C end final
extension at 72°C for 10 min, The size and amount of the PCR
products was confirmed by agarose gel electrophoresis.

O TG E conditions

TGGE Muxd system (Whatman-Biometra) was used for the
separation  of nested PCR products, Electrophoresis was
performed in 1 mm thick polvacrylamide gel (st constant
current  30maA), Denaturating gels (8% acrvlamide, 20%
deionized formamide, 1x TAE (Tris-acetate-EDTA  buffer),
2% glycerol and &M urea) were made with 2x TAE bufter,
After i, the pel was polymerized by adding 110 pl of
NN M Sletramethy lenediomine (TEMED) and 50 gl of
10% ammoniom  persulfate (APS) to 50 ml of the gel
components mixture, Then, the gel was lel o polymerize at
least for 2 hours. Consequently, two o five micro lilers of
PCR products (60-100 ng DMA) were loaded inlo each well
and run at 134 % for 18h, For our purpose, the optimal thermal
gradient was found to be from 40 to 60°C, Finally, gels were
developed by silver staining following & modification of a
protocol [12], [13]. The gel was fixed in the solution of 10%
(v} ethanol and 0.5% acetic acid for 1h. Then, it was
impregnated with 0.2% (wlv]) silver nitrale for 5 min. After
two thoroweh washes with distilled water, the freshly prepared
developing solution containing sodium hydroxide (15 gl™)
and 37% HCOH (2 mlI™") was poured onto the gel. After 5
min the selution was removed and the gel was dried. The gel
image was then talen using a digital camera (Syngene).

It was found in some previous experiments thal PYA s
degraded under anaerohic denitrification conditions by the
hacterial community present in the sludge from denitrification
compartment of the local municipal waste water treatment
plant. To investigate the bacterial community and visualize its
dynamics TGGE technique was chosen and applied to monitor
changes in the community during a biodegradation experiment,
Denitrification  supporling media conlaining PYVA as sole
spurce of carbon and energy were inoculated with series of
dilutions of the hacterial community from the waste waler
sludge previously acclimated under denitrification conditions
with PWA,

RESULTS AND DISCUSSI0N
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Course of PVA biodegradation was followed in these
cultures for about 30 days and the results are depicted in
figure 1.

& Povaw 208 [ma.]

WOW W T N =

l.]. 2 4 8 EowWw 12
{id]

Figure 1. Monitoring of gradual decrease of PV A during
denitrifying conditions, culture inoculum with = | g|”, 0.1
g.l'l, & 001 g.l", ~ (001 E,I" of sludge,

It is evident that for two highest inoculations PVA was
consumed very fast without any lag phase on the beginning of
the ohservation period. However for the medium inoculation
density (001 g of slodge per liter of medium) the rate was
strongly retarded with an evident lag phase. For the highest
dilution the active microorganisms seemed to be diluted out,
Samples taken from culiures inoculated with 0.1 and 001 g of
the sludge per litler were chosen lor lurther experiments,

Whole hacterial DNA was isolated from the samples taken
in  selected days of the degradation cxperiment  and
subsequently fragments of bacterial 165 riMNA gene were PCR
amplified and resolved with help of TGGE. Patterns of bands
visible in individual lines represent bacterial communities ina
given day of incubation (Fig. 2.). Virtually, ezch band should
represent an individual bactesial strain. For both dilutions
samples at beginning (day 03, in the middle and st the end of
PV A consumption were investigated. Main attention was paid
to & search for an intensive band not present or having weak
appearance on the beginning of the experiment (day ) and
becoming  indensive  during  the phase of  intensive
biodegradation. Such band was identified and designated in
Figure 2 a3 *d". Additional new bands appeared in the late
phase of biodegradation {days 6 or 21 and bands a, b, c, ). We
speculated that respective bacterial strains probably wtilized
some degradation products of PVA formed by the action of the
strain related 10 the band “d® which we assumed was the
principal degrader of PYA in the described experiment. Some
changes i band intensitics (bands ¢, g) remain more difficult
to interpret.

The study proved that TGGE is suilable and could be
extremely helpful method in further investigation of PYA
I}ind:gmdaﬁ-:m.
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Figure 2. Temperature gradient gel electrophoresis profile of
PCR produets of 165 fDNA of changing bacterial communities
during denitrifying biodegradation of VA, A {cultured
inoculum with 0.1 g1 of sludge), B {cultured inoculum with
0,01 71" of shudge).
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Identification of several factors affecting
biodegradation of aromatic-aliphatic copolyester

Petr Stloukal, Jiri Jandak, Lucie Husarova, Marck Koutny, Sophie Commereue and Vincent Verney

Abstraet — Aromatic-aliphatic polyesters aspire to be an eco-
friendly replacemant of conventional non-biodegradable polymers.
Biodegradation of studied  arcmatic-oliphatic  copolyestee  was
estimated in soil and compost, The material was introduced into the
tests in four forms differing above all by their specific surface, The
copolyester in principle proved 1o be biodegradable under compost
conditions, Biodepradation was also tested in five well selected and
charscierized agricultural soils, Here its biodegradability was not
found to be significant, The specific surfoce of sample specimean wag
showm to be an important fisctor affecting the mle of biodegradation
in compost, where biodegradation sample forms with higher specific
surface was significontly secelerated over sumple specimens with low
gpecific surtaces.

Kepwords — bindegradabion, compusting, copelyester, mulching
filrm, sl

I INTRODUCTION

LASTHC litter represents not only a serious environmenlal

but also 2 social problem. Public is greatly alarmed at the
omnipresence of plastic liter in the environment. The problem
is particularly striking in less developed countries where
functioning of waste managetment systemns s insufficient, Tt
should be pointed out that still the most recommended way of
plostic waste (reatment remaing recycling but for many
applications this approach tend to be cconomically not feasible
due to the high cost of collection, separation and cleaning of
the raw material. Plastic films are also still more extensively
used in agriculture as mulching films. Here also the collection
and especially cleaning is problematic,

In the past vears growing interest is paid o the development
of biodegradable polymers that could be able to replace
conventional polyolefin films in meny applications including
mulching films and packaging applications [1,2]. The
particularly perspective branch of such materials is represented
by synthetic copolyesters with content of aromatic  and
aliphatic components [3,4], Changing the component ratio ong
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is ahle to balance processing properties of the copolyester and
its biodegradability [5,6,7]. In principle, aliphatic parts of the
copolyester favor bindegradability of the polymer [R]. Several
these matenials were already commercialized and they are
available on the market [9].

However  biodegradation of such  materials was  not
extensively enough studied especially regarding  different
conditions where and how the biodegradation should oceur.

The present study deals with one particular example of the
described  materials. We  wanted  to show  that  its
hindegradation can be greatly affecied by the form of the
sample specimen and can differ in various environments,

II. MATERIAL AND METHODS

A, Material

The polymer used throughoot the study was aromatic
aliphatic copolyester containing units of terephtalic acid,
adipic acid and 1 d-butane-diol (molar  ratio 22:28:50,
respectively).

&, Polymer processing

Faw polymer in the form of pellets was processed to obtain
different forms of the polymer with different specific surfaces.

Filmg, Films were prepared by compression molding at
1407C, According to the inserted steel frame films of 100 wm
and 300 pm were prepared.

FPowder. Chioroform solution of polymer (50 mgfml) was
poured inte four volumes of cthanol and the mixture was
vigorously stirred, Obained precipitate was filtered out and
dried on air. Resolting powder was characterized by
microscopy (Fig. 1A, 1B). There were of irregular shape with
diameters up o 500 pm. Electron microscopy with ligher
magnification revealed the important specific surface of the
particles (Fig, 1B

Thin coating on inert surface. Caleulated volume (4 mil) of
the elloroform solution of polymer (50 mg/ml) was applied on
the surface of pre-weighed porous inert material (perlite, 7 g)
and atirred, Then the solvent was stripped out with air leaving
the polymer coating on the surface of perlite.

. Bindegradaiion experimeni

Three components were weighed into 500 ml biometric
flasks; polymer samples (200 mg), mature compost or any of
tested soils (5 g of dry weight) and perlite 7 g Biometric
flasks were equipped with sepla on sioppers. Sample flasks
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Fig. 1. A, clectron microscopy of precipitated polymer powder (200+); B, electron microphetography of polymer powder at
higher magnification (2000x) showing high specific surface of the povder particles; C, electron microphotography of polymer
coating (upper left part of the microphotograhpy) on the surface of perlite (1000x); D, optical microscopy of bacterial
flaments on the surface of 100 pm polymer film after ingubation in compost (1000x), filamenis were stained with
carbolfuchsin and then observed under immersion oil, endospores typical for thermoactinemycetes ane apparent as tiny
nodules, the picture could not be made well focused everywhers because the film was not perfectly flat.
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Fig. 2. Biodegradation of different forms of the polymer in
compost experiment. 0, thin flm (100 pm); &, thick film
(300 pm); =, powder; =, thin coating; +, cellulose
(reference compound). Error bars coorespond to bwice
standard deviation (n=3).

D, Microseapy

For optical microscopy of the surface biofilm the polymer
film fragment was fixed with 4% farmaldehyde (overnight at
4°C) and then staiped with carbolfuchsing For scanning
electron microscopy a polymer sample was coated with thin
gold/palladium layer and observed in VEGA LMU {Tescan,
CZ) instrurment,

[T, REsULTS

Investigated copolyester was designed to be a bindegradable
material with potential applications in apriculture, Preliminary
experiments showed (data not presented) that biedegradation
of relatively thick compression {100 pm) molded polymer
films appeared to be relatively slow. We decided to test
whether this phenomenon was caused by low specific surface
of the films, To answer the guestion we prepaved  two other
forms of the polymer with higher specific swfaces, salvent
precipitated  powder of the polymer and deposition of the
polymer on high specific surfaice inert material {perlite).
Furthermore  we  iotended  to compare  the  polymer
biodegradation  under composting  conditions  and  its
biodepradation in a sel of selected soils,

A, Blodegradation (i conipost

Results feom compost experiment are well illustrated by
Figure 2. Samples in forms of thin and thicker films behaved
almost egually and end wp with about 20% carbon
mineralization after 90 days of incubation. Final valoes must
be evaluated as relatively poor and hardly acceptable in an
industrial composting plant.

However for the two forms of sample with higher specific
surfaces the results are clearly more optimistic with about 45%
carbon mineralization in the case of polymer coating on ieh
material with high specific surface (perlite). The fastest and
most pronounced biodegradation was observed with  the
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powder of the polymer, where it reached more than 30% at the
end of the observation period and was comparable with the
biodegradability of microctystaline celluloge powder used as a
reference material,

B, Bindegradation in soil

Bindegradation of the described forms of polymer was also
tested in soil environment, Five agricultural soils were used in
the test and their classification types and basic strocmeal and
physical-chemical characteristic were determined {Table [).
Basic microbiological characteristic were also obtained {Table
0} to prove that all five soils were fertile and capable to
support biodegradation,

However, the results of biodegradation experiments with all
five soils were identical; in no one of the soils any significant
biodegradation of any of the polymers forms was observed,
levels of minerslization observed was not  significantly
different from zero,

IV, DISCUSSION

The polymer proved its good biodegradability under
composting  condilions. However, our experiments clearly
showed that specific surface of polymer specimens affects
greatly the rate of biedegradation. For most applications the
polymer will be applied in the form of films with a relatively
low specific surface and subsequently retarded biodegradation.
It must be admitted that the films wsed throughout our
experiments were thicker than films that woeuld be prepared for
real applications, We was not capable to prepare films thinner
than 100 pm - by compression molding, in real industrial

TABLEI
FH\’S.:“ALF_EHHMI.NmurlF;gnFmM

Spil  Herizon  Soil lype hfﬂ'm !5:40 P SOM
51 rf;:ﬁl cf““::m Loam  T.I0 S8 2.5
82 Pﬂf Dople SR a3 167
2 P.'::f,h E,i’,f':,:m Siltlam 728 628 105
34 Topsail E{-I]:EI:L Siltloam .04 549 430
+ PJI:U # clﬂﬁn Loamy .06 152 a7

pH Haid = Soil pH i distilled watsr, pil KCI= Soil pH s M EKCL SO0
= Snil arganic matber [10] .

production the film would be prepared by blowing process and

TABLEN
FLASIE MICROBIGLOGICAL CHARACTERISTIC OF 80018
Saoil FIHLT‘H:““!' mumMHoplu Aclinomyoeles
a1 .51 0 4,50 10" 3aAdx b
81 3, w10 5.26% 10" 2u2x100
X AT 56510 31,4100
a4 2, 25u10° o R1=" AT
35 46510 4.83= 10" 4. B3= 10"

Mumbers reppesends colony-forming units (CFUT) per gmm of soil dry
weight.
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wotld be thinner (about 20 pm).

On the conmrary, the polymer revealed © be non
biodegradable in soil environment at least under conditions
and time scale defined in our experiments. This finding is not
complelely  surprising, because biedegradation of similar
materials in soil was not clearly reported in the literature ved.
Also longer time studied polyester poly lactid acid (PLA) was
showm to be virtually non-biodegradable in soil environment,
while readily biodegradable under composting conditions
[11,12, 13].

Reozons for such behavior of polyesters are not completely
understood. It is known that extracelullar lipases andior
peptidases play crtical role dunng depolymerization process
and make polymer fragments available for microorganisms.
Thus higher abilicy of compost specific microbial communitics
o produce such enzymes could be an explanation of faster
hipdegradation  of  described  polyester  in compost
environment, This explanation can be supported by the
ohservation of hiofilm  of bacterial flaments  bearing
endospores (Fig., 1D) that could be tentatively indentified az
thermo-aclinomycetes, which is the typical taxonomic group
participating on the decay of organic matter in compost.

Mot fully rejected there is still the hypothesis that polyesters
can be hydrolyzed abioticaly or enzymatically and the
increased temperature in compost (about G0FC) kinetically
accelerales the reaction.
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Preparation of submicroparticles based on
biodegradable co-polyester

Petr Stlowkal, Viadimir Sedlarik, Lucie Husarova, Vera Kasparkowva, Marck Koutny

Absiract—  The preparation of submiceo  particles  from
biedegradable copolyesther by the method of emulsification and
solvent evaperation ol reduced pressure was investigated. During the
study the influence of varous process parmelers and comditions
sueh ag stirving speed, amplitude of sonisation and concentration of
polymer on the particle diwmeter and particles size distribution was
observed, It was found that il is not possible 1o schieve a dismeter
lawer than 1 pm without sonication at o relatively high concentration
of capelyesther, Without sonication the typical mean diameter ranged
from 1=10 pm. Om the other hand, sonication enabled to prepare
particles with dismeter lower than | pme A significant influence of
the eoncenivation of pelymer on final diameter was found, too.

Keywords—microparticles, Oil-in-water ((W) enulsion solvent
evaporation methed, biodegradable copalymer

I INTRODUCTHM

HE increasing interest in the area  of  polymer

microparticles 15 due to a wumber of promising
applications in pharmacology [1], [2], agriculure [3], [4], and
environmental engineering, One of such applications is filling
polvimer mictoparticles with bioactive a low molecular weight
compound which is subsequently, under suitable conditions,
released in a contralled way. This applicalion has been
extensively studied in recent years, A ceniral issue is the
releasing rate of active agents, which is imfluenced by various
parameters, for instance particle diameters or particles size
diatribution (FSD), as described in [3]. The size of particles
and PED depends on the chosen methed of preparation and the
process parameicrs and conditions.

Micro and submicroparicles can be prepared in several
wiays, However, in the literature, two preparation processes
predominate. The first one is the Oil-in-water {OZW) emulsion
solvent evaporation method [6], [7]. 1t is & popular way to get
microparticles, which is described in a number of research
papers in details and can also be readily realized in the

Manuseript received Seplernber 20, 30100 This wark was supported by the
intermal grant of TEL in Zlin Mo, A TETAWD fonded from ibe resoorces
af specific university rescarch,

P Stloukal, M. Koutny and I. Hesarova ore wilhk Depariment af
Erviranmental Prolection Engineering, Faculty of Technalogy, Tomas Bata
University in Zlin, 762 72 Zlin, Ceuch Republic {ooresponding awthor,
phvnime; DD420-604-550-681; e-mail: mbowtnyg itutb.cz).

. Sedlarik is with Polymer Centre Faculty of Technology, Tomas Bata
University in Zlin, 762 72 Zlin, Crech Republic,

W, Kasparkawa is with Diepartiment of lpids, tensides and cosmetics, Faculty
of Techrology, Tomns Buta University in Zlin, 762 72 Zlin, Czech Republic,

84

laboratory without the need for specialized equipment [8]. On
the other hand, the second method, which is based on the
utilization of supercritical fluids [%], [10], requires more
sophisticated laboratory equipment.

Repgarding the availability of the O/ method and the lack
of sufficiznt data taking inlo account the influence of process
parameiers  and  condiions on the  resulting  particles
diameter/PSD, the present work s focosed on investipation
and evalvation of these effects,

In some of rescarch works [2), [30. [5], [7] which are
oriented primarily on the release of bicactive compounds, the
influence of the concentration of stabilizer in suspension,
stirring speed [5], [7] and solvent [7] were ohserved. However,
after closer study of the OW emuliion solvent evaporation
method, it is possible o find that the particles diameter and
PED are influenced by other process parameters  and
conditions, such #s concentration of polymer in solvent,
solventiwater ratio in emulsion or type of stabilizer, Particles
which were investigated in all of these studies comprised
encapsulated bicactive compound. It is presumable that even
such low molecular weight compounds can have a cerlain
influence on the size of particles.

In some papers [1L1]-[13] wulirasonication, which can
considerably help to achieve smoller particles in the resulting
suspension, was used during preparation, Although it is an
indispensahle factor in the preparation by the O/W method, the
impact of process parameters such as time and amplitude on
the resulling diameter and PET has not been satisfactorily
investigated and described yer,

In this smdy the possibilities of preparation of micro and
submiscroparticles from commercially available biodegeadable
copolyester were lesled. The influence of stirring speed of the
homogenizer and  sonication  amplitude on the  particle
diameters and PSD 15 evalunted and compared with the
literamre,

Il. MATERIALS AND METHODS

A, Materials

Polymer used throughout the study was sromatic-aliphatic
copolyesther  Ecollex  purchased from BASF  (Germany),
Airvol 205 - polyvinylaleohol (TWP, Tapan) was applied as an
emulzion stabilizer in the form of 0.5 % aqueouns solution,

B Proeparation of particles
Micro and submicroparticles  were prepared by the
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oil-in=water emulsion solvent evaporaiion lechmique. This
method was carmied out in the following way.

Firstly, the polymer (2, 1.5, 1, 05, .25 g) was dissolved in
10 ml of chloroform. The resulting concentration of polymer
in chloroform (PAC concentrationm) was 200, 1530, 100, 50,
25 mg mi™. Chiorofiorm was primarily used because it has the
higher boiling point i comparison with similar solvents such
as dichloromethane, The relatively high value of boiling point
ensures that chloroform will not evaporate from the mixire
when the emulsion is prepared by vigorous stimring.

Then, the polymer solution was emulsified into 0.5 % (w/v)
water solution of PWA (emulsifying agent) snd dispersed
under the continuous stiring by the homogenizer Ultraturax
(KA T18, Germany) at stirring speeds of G000, 100040, 14000,
18000, 22000 and 24000 rpm. The mixture was stirred for
10 min. and during this period the produced emulsion was
cooled with ice. The ratio between water solution of PWA and
chloroform  solution of Ecoflex was the same in all
experiments (4:17.

Individual senies of samples were marked 5, U, A, C. For
samples 5 ultrasonication was not wsed in second step of the
procedure,

For labelings U, A, C, the obtained emulsion was
ultrasonicated by ultrasonic probe (Hiclscher UP 4005,
Germany) for 5 min, when the cycle of sonication was 0.5 and
amplitunde 20, 25, 30, 35, 50, 70 %,

AL last, the prepared emulsion (for all labels) was placed

into the erlenmayer flask and stirred, Subsequently the organic
solvent was evaporated from the emwlsion under reduced
pressure and the suspension of microparticles was formed,
Beduced pressure was created by a membrane pump. The
samples were stored in freezer at <20 °C for analyses.

¢ Particle characlerization

Particle parameters were measured with the help of optical
microscope. During the microscopic investigation, the samples
were placed on a glass slide with a graduated grid.

Where the diameter of particles allowed (particles smaller
than 5 pm), the particle distribution was measured with
Fetasizer (fetasizer Mano 25, Malvern Instruments, UK).

D, Evaluaiion of images from the optical micrascopy

The length of the edge of a square in graduated field was
50 pm, From each image, six squares were randomly chosen
for evaluation. The number of particles was counted in each
square for all predetermined size intervals,

III. BESULTS AND MSCUSSHON

Table I shows the conditions used w prepare the micro and
submicroparticles and the obtained mean diameter (weighted
average relative to the intensity of scattering). As can be seen,
except for samples of 51-86, the mean diameter of particles
below | pm wag achieved due to sonieation,

In comparizon with Ifcratre [5]-[7], where preparation was

TABLET
THE COMDITIONS USED TO PREPARE THE MICRO AND SUBMICROPARTICLES AND THE OBTANED INAMETER

Sample Stirring speed Polymer Uilrasonication Amplitude (%) Mean diameter of
{rprm) conceniration particles (pum)
{myg mi")
51 A000n oo nia - 944
52 1000 oo il - 4.74
53 14000 T i - 260
54 1 000 [THY] no - i
55 22000 1o na - 1.94
56 240040 104 na - 1.74
ut a0 1o yEs 33 not determined
uz 1 00D 1040 s 35 0.54
u3 1 4004 100 yes i 0.79
L4 | B000 ey yies 35 0.54
s 22000 100 yes 35 0.87
L& 240040 108 yes 35 057
Al 24004 1K) yes 20 088
A2 24004 104 yes 25 079
Al 24000 1iH) yes T} hEY]
Ad 24000 100 yes 35 0,57
AS 24000 100 yes hil} .59
Af 24000 100 yes Ly .72
Cl 24000 23 yes 35 040
2 24004 11 yos 35 .61
3 24000 100 yes 35 0.57
4 24000 150 yes 35 0.55
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performed without sonication, the dismeter of the obtained
particles wes always in order of micrometers, whereas in
rescarch papers [12]-[14], where sonication was used, particles
soaller than 1 i were achieved.

The results are discussed in details in further parageaphs, [t
is meoessary loosay thal the comparisen with the mentioned
research papers has some limitations, which will be discussed,
o,

A, Tnflwence aof gtiveing speed an particle disiribution

The mean dismeters of particles for samples 51-56
{described in Table 17 are shown in Figurs 1.
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Fig. 1 Dependence of the mean particle size on stirfing speed
without wlirasonication

As can be seen, whereas o the interval from G000 mom o
14K} rpm the particle size is strongly affected by the slirring
speed, for speeds over 14000 rpm the medium particle size
remains almost constant. The application of higher stirring
speed than 14000 rpm iz not very efficient for the further
reduction of mean dizgmeter. As mentioned before, with stirring
only we did rot succeed to prepare particles under diameter 1
i In samples which were stimed at speed 14000 rpm and
higher, the lurgest particles were reduced and mean diameter

over 3 pm was achieved, However, the certain number of

particles was bigger than 5 pm, therefore z-gizer could not be
uzed o measure their diameters.

In the research work [§], where the same method and similar
process conditions were used, the diameter of particles in the
order of miceometer was also obtained. The authors observed
polymer with the molecular weight higher thun 100,000, which
comesponds with ours (polymer molecular weight higher than
110, 000,

It is presumable that the achievement of the dizmeter under
| pmy, when the similar polymer (molecalar weigh higher than
100,000} and process conditions are wsed, s impossible
without sonication. Howewver, the particles with the diameter
lwrer than | pm could be successfully obtained i some
process parameters, such as initial concentration of polymer in
the organic solvent, are changed. Unformunately, there is a lack
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of information from the literature, to prove our presumptions,
The particles diameter obtained with each stirring speed was
ealeulated from the data in Figure 2. In this figure, the
comparison of particles size distributions for diffevent shiming
speeds is presented. The overall shift and the decrease of
particle size distributions with the increasing stirring can be
ohserved, The larger parlicles disappear  gradually  and
Jpracticatly, only smaller ones remain, The shift of PSD o the
levwer values af particle diameters can be probably achieved by
ustng longer time of stirring, However, the mentioned

assurmplion should be verified by further investigation.

Figurz 3 shows the sipnificant difference betwesn particles
prepared by the lowest stiing speed (6000 rpm) and the
highest speed (24000 rpm), The diameter of all particles was
approximately determined with the help of calibrated grid,
which is perceptible in the figure,

.f‘ L

T
BT T

.. =
"IEF"H

Fig. 3. Particles prepared at 8000 rpm (left) and 24000 rpom (right)
the size of calibration chamber squares is 50 pm

Ag gan be seen, the number of particles increased and size
decreased with higher of stirring speed. This trend results in
the inaccuracies of the measurement of the particle diameter
and subsequent calculations for higher stirving speeds,
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Fig. 4 Dependence of the mean particle size on stirming speed with
ultrosonieation, poinls are averages from 3 messurements, Error bass
represent twice slandard deviations,
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Fig. 2 Comparison of particles size distributions for different stirring speeds,

Figure 4 shows the dependence of particles diameters on
stirring speeds. In this case ulttasonication was used during the
preparation, The process parameters for samples Ul- U ane
described in Table 1.

The mean particle diameter was reduced under | pm. Afier
ultrasonication, P50 were shifted significantly toward lower
diameters, which made possible to wse z-sizer for their
characterization. As can bhe seen in figure 4, the measured
valies of particles diameter for stiveing speed G000 rpm were
not used because they sesm to be unieliable. The wider
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standard deviation of pamicle diameter for stiring speed
18000 rpm is probably caused by non-homogensity of the
gsample. T0 is evidenl that the particle diameter  after
ultrasenication is not so strongly dependent on the stirring
speed, For almost all stirring speeds the particles diameters are
wery similar, However, for the highest homogenization stirring
speed (24000 rpm) significantly smaller particles  were
abtained.

In literature [12]-[14], much smaller particle diameter was
achieved. Main reason seems to be the use of considerably
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lower concentrations of polymers, which had, together with
amount of stabilizer in suspension, important influence on the
final mean diamsters and PSD,

In [13] tower particle diameter was achieved even with
electromagnetic stirring only (stirring speed 500 rpm). It is
possible that ultrasonication has bigger influsnces on particles
diameter and PSI) than stirring speed. However, in all of these
research papers the polymers with the molecular weight lower
than 100,000 were nsed in contrast with Ecoflex which has the
molecular weight higher than 1040, 0040,

/. Optimization of wlivesonication procedure

Figure 5 presents the dependence of particle size on the
amplitude of ultrasonication for the series of samples A1 — A0,
Az can be seen, the amplitude was in the cange of 20 % to 70
Y. A sharp eritical value close to 35% amplitnde is apparent
from the figure. It is very interesting that larger particles are
formed for the amplitude 70 % than for the 35 %

1000
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g
T 8l
g
E 00
o
k-
("1 H:I'U'
Z
5=
‘Fﬂ 500 7 -
o 10 3a 50 T a0

Amplitude [%5]

Fig, & Dependence of mean particle size on (he amplinde of
ultrazonication pazameter, Points are averages from 3 measuremenis,
Errosr bars represent twice standord deviations.

It could be explained by the partial agglomeration of
particles inatead of their reduction, which iz caused by the
preat amount of energy delivered into the emulsion and
possibly the local increase of temperatere using  higher
amplitades.

L0 Influence of fhe podymer concentration

Finally, the measurement was performed for the series of
samples C1-C5. The influence of polymer concenlralion was
investigated.

As can be seenm from Figure 6, the particle dismeter
increased rising the concenmrations, The trend of inereazing
particle diameters with rsing concentrations was also detected
in [12] and [14] and could be explained in various ways, for
example oo small volume of the water phase, oo short time of
stirring and ultrasonication for higher concentrations of the
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polymer. The concentration of emulsion stabilizer (FVA) in
emulsions has probably a crecial influence. For a large
quantity of Ecoflex in the emulsion, the amount of stabilizer is
unihle to cover the surface of all of the small particles formed.
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Fig. & Dependence of the mean particle zsize on the enacentration
of Ecoflex solutien. Points are means from 3 measurements, Ercor
bars represents fwice standard deviations,

In the paper [14] authors presumed that the enlargement of
nanoparticles is probahly cansed by the increasing viscosioy of
dispersed phase (more concentrated polymer  solution),
resulting of a poorer dispersability of the polymer solution into
the agueous phase cansed by a high viscous resistance against
the shear forces during emulsification. From which it follows
that it iz possible to obtain smaller particles from more
concentrated polymer solutions by vsing either longer time of
stirring or nlirasonization or hoth,

In our case, the linear dependence of the particle diameter
on the concentration of Ecoflex solution can be obzerved, In
[E4], where three different but rather low concentrations werne
investigated the wvalues of particles diameters for the two
lowesl concentrations were almost identical, It is possible, that
lower dinmeters are not achieved by further reduction of the
concentration under some it

IV. ConCLUSION

The study has proved that it is possible to prepare micro and
submicro polymer particles in the procedure comprising
emulsification and organic solvent evaporation at reduced
pressure,  Among  the investigated processing  parameters,
sonication was found to he the erecial step in particle
prepacation that makes possible to prepare particles of
diameters under | pm,

Further research should be focused on the investigation of
the influence of other process parameters, namely the nature of
the emulsifying agent and concentrations of all components
wsed throughout the procedure and their influence on the
particle size,
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Abstract: - Thermooxodation curves of two low density polyethylene films containing prooxidant additives
were compared between original fresh samples and the same samples stored three years in refrigerator at 4°C. It
was observed that both investigated films changed its behavior dramatically and after the storage exhibited
depletion of antioxidant capacity with was manifested mainly as decrease or complete disappearance of the
initial induction period, Such phenomenon could have important consequences on the applicability of this type

of materials,

Kep-Words: - polyethylens, prooxidants, thermooxidation, biodegradation, FTIE

1 Introduction

Many recent studies have tocused on polyethylens
(PE) as a material which is widely employed
especially due to its low cost. This is the reason why
we are surrounded by il everywhere, PE is utilized
on a massive scale as packaging material, films (as
mulehing films in agriculture, stretch films in
grocery), shopping bags, sacks etc. Maoreover,
products from PE are single-used which is in
contrary with PE’s long lifetime [ 1. 2].

Thought PE is non-toxic it is impossible to look
over the fact that discarded packaging is responsible
for the death of a large number of mammals by
ingestion and strangulation [3].

Because PE i3 material with an extremely high
maolecular weight his resistivity in the environment
is increased. Chains are assembled from uniform —
CH;- units, hence, the polymer is hydrophobic and
bicinert for microorganisms (MO}, 1. e. PE can not
be assimilated by MO [4].  Separation and
recyclation of PE is ofien economically and
energetically expensive, therefore new methods of
degradation are searched and examined with
hiodegradation heing one of the most promising,
Majority of PE products contain stabilizers which
prevent their oxidation not only during the
processing but also at subseguent decomposition.
The degradation process can be accelerated by
addition of compounds called prooxidants, which
support  oxidation of the polymer chains after
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The basic principle of prooxidants function is the
incorporation of transition of metal ions (Mn®,
Co®', Fe') [5] that induce accelerated oxidation in
the material, Also with participation of UV radiation
andfor heat the polymer is fragmented, chains of PE
become shorter, contain more polar groups and are
mare available for MO [6],

In our previous papers [7, 8] we investigated PE
with prooxidants and showed that thermooxidation
of the material is characteristic by two distinet
phases. First, when introduced antioxidant capacity
is consumed and the material retains its mechanical
and spectroscopic properties and second beginning
after the consumption of prooxidants when material
is rapidly oxidized, loosing its  mechanical
properties. This process can be easily monitored by
FTIR spectroscopy and accelerated by increase of
temperature. One of the conclusions from these
studies was that the process does not have simple
linear Arhenius temperature dependence.

Here we present study where we repeated the
previously deseribed experiments after the material
was stored for three years at 4°C. In theory and
considering only the linear Ahenius temperalure
dependence we should observe almost no change
comparing to three years old experiments. We also
expanded our observations to lower lemperatures,
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2 Materials and methods

2.1 Tested material

Two materials were studied LDPE-1, low density
polyethylene film 50-55 pm thick and which
contained 15% of micro-milled lime as filler and 5%
of commercial prooxidant additives (Addiflex HE).
The additive is based on manganese ions and LDPE-
2, low density polyethylene film 30-35 pwm thick
films containing prooxidants based on manganese
and iron ions,

1,2

3 Results and discussion

Two distinel phases of the material oxidation can
be clearly seen on the curves oblained with fresh
material relatively short tfime after it was processed.
First, initial lag phase or induction phase, when
antioxidants present in the material are consumed,
and then a wery fast oxidation phase that follows,
These data were previously published and
commented [7, 8]. After three years of storage we
expected having qualitatively the same curves with
important increase of lag phase for 50°C incubation.
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—— | DOPE-1 70°C

Fig.l. Carbonyl index evolution of LDPE-1 samples thermooxidated at different temperatures,
Fresh samples and samples stored three years at 4°C were compared.

2.2, FTIR

Both samples were cut into regular rectangular
flakes 3 cm long and 2 cm wide and stored at 4°C
for three years then the samples were incubated at
50 and 60°C on air for approximately 20 days,
subsamples were withdraw in regular intervals and
characterized.

Structural changes occurring in these materials
were investigated using FTIR spectroscopy. The
FTIR specira were recorded at regular intervals
using a  Mattson 3000 (UNICAM, UK)
spectrophotometer [Y]. The carbony! index (CT) was
calculated as the ratio of absorbance values at 1713
and 1465 em™.
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In fact it was broadly supposed that at 4°C the
consumption of antioxidants was so slow that il
could be regarded as insignificant. Contrary o this
expectation we saw dramatic differences in the
characters of the curves and in the lengths of the
described induction phase.

[n the case of LDPE -1 (Fig. 1), the induction
phase in 60°C incubated samples disappeared
completely or was so unexpectedly short that could
not be noticed,  The curve for 30°C was parallel
with the 60°C curve obtained three years ago,
LDPE-2 sample altered its behavior even more
dramatically when comparing with previously
reported results (Fig. 2.
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Fig.2. Carbonyl index evolution of LDPE-2 samples thermooxidated at different temperatures, Fresh samples
and samples stored three years at 4*°C were compared.

For both  temperatures  induction  phases
disappeared completely, but also the oxidation
phase was altered and was slower and almost linear
which is contrast with previously observed very
steep and short oxidation period followed with a
platean.

The observed changes are quite complex and
canngl be explained in a sufficiently straightforward
way but it is evident that important part of
antioxidation capacity was consumed in LDPE-1
and that it was depleted probably completely in
LDPE-2 during the storage period.

4 Conclusion

Contrary to the expectations and general believe
it was found that during the storage even at
relatively lo temperature 4°C the balance between
prooxidant and antioxidant activity in the material
was dramatically changed., Antioxidant activity
decreased considerably so the whole idea of
preprogrammed properties of the polyethylene with
prooxidant additives could prove to be insufficiently
robust.
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