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Souhrn

Alifatické polyestery, polykarbonaty a jejich kopolymery piedstavuji nejvice studované
biodegradovatelné syntetické polymery. V této habilita¢ni praci je pozornost vénovana (1)
ptipravé biodegradovatelnych polyester a polykarbonatii s definovanou délkou fetézci a
koncovymi skupinami, (2) pfipravé telechelickych polymeri a amfifilnich blokovych
kopolymert a (3) studiu mechanismi biodegradace a abiotické degradace ve vztahu ke
struktufe materialu. Syntetizované materialy byly studovany jak z hlediska moznosti ptipravy
autonomné se pohybujicich mikromotorti tak mikro/nanocastic se schopnosti enkapsulace
fluorescenénich barviv a biomolekul DNA. Studie enzymatické a abiotické hydrolyzy
polyesteri vedly k ziskani poznatkii o vlivu nadmolekularni struktury a pfitomnosti plniva na
bazi oxidu grafitu na mechanismus degradace. V ptipadé alifaticko-aromatickych
kopolyester byla pro biodegradaci rozhodujici vedle jejich pocate¢niho sloZzeni také

ptitomnost specifickych mikroorganismu v prostiedi kali a kompostu.

Summary

Aliphatic polyesters, polycarbonates and their copolymers represent the most extensively
studied biodegradable synthetic polymers. This Thesis is focused on (1) the preparation of
biodegradable polyesters and polycarbonates with controlled chain length and chain end
groups, (2) the preparation of telechelic polymers, and amphiphilic block copolymers, and (3)
the study of mechanism of the biodegradation and abiotic degradation in the relation with the
material structure. Synthesized materials were studied for their potential to constitute both
autonomously propelling micromotors and micro/nanoparticles with the encapsulation
capability of fluorescent dyes and DNA biomolecules. Studies of polyesters’ abiotic and
enzyme-catalysed hydrolysis afforded deeper knowledge of the impact of morphology and the
presence of graphite oxide-based filler on the degradation mechanism. In the case of aliphatic-
aromatic copolyesters, the presence of specific microorganisms in sludge and compost soil

played an important role in addition to the starting material composition.
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1 Uvod

Alifatické polyestery a polykarbonaty a jejich kopolymery piedstavuji biokompatibilni,
biodegradovatelné a resorbovatelné materialy, které mohou byt syntetizovany s vlastnostmi
Sitymi ,,na miru“ pro konkrétni aplikace zahrnujici jak biomaterialy (skafoldy, stenty,
implantaty, chirurgické nitg) tak systémy nosi¢i 1é&iv a biologicky aktivnich latek." Dobie
prostudovanou cestou pro piipravu (ko)polyesterti a polykarbonatu s fizenou mikrostrukturou
a uzkou distribuci molarnich hmotnosti je koordina¢ni polymerace za otevieni kruhu
cyklickych esteri/karbonatii katalyzovana/iniciovana organokovovymi slougeninami.’> Od
relativné jednoduchych homoleptickych sloucenin cinu, zinku a hliniku byl vyzkum zaméten
na ptipravu takzvanych ,single-site” katalyzatord. MiZeme je popsat obecnym vzorcem
L.MX, kde M je centralni atom kovu, X nejcastéji alkoxidova skupina a L, pfedstavuje
ligandy, které se nepodileji pfimo na rustové reakci, ale stericky a elektronové ovliviiuji
centralni atom a brani agregaci komplexi.® V praci [P1] jsme studovali potencial komplexu
dimethylaluminia [AlMe;, {*-0,0'-[4,5-(P(O)Ph,)stz]}] s 0,0’-bidentatnim 4,5-
bis(difenylfosforanyl)-1,2,3-triazolovym  ligandem pro  polymerace e-kaprolaktonu
V pfitomnosti vybranych alkoholl jako inicidtori a ovéfili jsme také moZznost ptipravy

blokovych kopolymert za iniciace poly(ethylenoxidem), (PEO).

Vedle tradi¢ni organokovové katalyzy vstoupila do poptedi polymeraci laktoni a laktida také
chemoselektivni organokatalyticka polymerace za otevieni kruhu.* ®> Hedfords a kol. v roce
2005 pripravili enzymaticky katalyzovanou polymeraci e-kaprolaktonu za vyuziti 2-
sulfanylethanolu jako iniciatoru poly(e-kaprolakton), PCL s koncovymi thiolovymi (-SH)
skupinami.® Diky tdmto reaktivnim skupinam bylo moZné vazat na polymerni Fetézce
nanocastice platiny, zlata a oxidi Zzeleza a pfipravit tak hybridni materialy polymer/kov
s novymi vlastnostmi.” V praci [P2] jsme se zabyvali piipravou sférickych nanoéastic pro
enkapsulaci fluorescen¢niho barviva - Nilské cerveni (NR) a pfipravou mikrocastic pokrytych
vrstvou platiny, vychazejice v obou piipadech z PCL skoncovymi hydroxy a thiolovymi
skupinami. Prokazali jsme, ze Pt/PCL mikrocastice, autonomné se pohybujici Vv roztoku

peroxidu vodiku, jsou schopny po kolizi s PCL nanocasticemi je zachytit a transportovat.

Mezi nejvice studované kopolymery biodegradovatelnych polyesterd a polykarbonati patii
amfifilni blokové kopolymery s hydrofilnim blokem na bazi biokompatibilniho PEO, které
maji schopnost se samouspoiadat ve vodé jako selektivnim rozpouéte“:dle.8 PEO vystupuje pfi
polymeraci za otevieni kruhu cyklickych ester/karbonatti jako makroiniciator a podle poctu

koncovych hydroxy skupin poskytuje nejcastéji diblokové nebo triblokové kopolymery typu
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A-b-B nebo A-b-B-b-A. V praci [P3] jsme piipravili sérii kopolymert S centralnim PEO
blokem a hydrofobnimi bloky na bazi alifatického poly(trimethylenkarbonatu), (PTMC)
s rozdilnou délkou fetézcti a Sstudovali jsme vliv slozeni na schopnost krystalizace blokt

Vv zavislosti na tepelné a mechanické historii.

Vedle syntézy materialu s vlastnostmi vhodnymi pro konkrétni aplikaci je u
biodegradovatelnych polymer zna¢na vyzkumna pozornost vénovana také studiu
mechanismu a kinetiky degradace z diivodu piipravy kontrolované rozlozitelnych materiala
po uplynuti jejich funkéni doby =za vzniku netoxickych produktt. Alifatické
polyestery/polykarbonaty diky pfitomnosti esterovych/karbonatovych vazeb V fetézcich
podl¢haji abiotické hydrolyze ¢i enzymaticky katalyzované degradaci vedouci ke vzniku
rozpustnych oligomernich produkt.’ V' polymernim vzorku nerozpustném ve vodg probiha
hydrolyza podle rychlosti difuze molekul vody do polymerni matrice bud’ soucasné v celém
jeho objemu, nebo se uplatiiuje pouze v povrchové vrstvs jako eroze.’® O uplatnéni daného
mechanismu rozhoduje vedle vlastniho chemického okoli hydrolyzované vazby piedevsim
nadmolekularni struktura (obsah krystalické faze), molarni hmotnost, pomér plochy povrchu k
objemu vzorku a piitomnost enzymi v degradaénim médiu.'' V pracich [P4-P6] jsme se
vénovali studiu mechanismi (bio)degradace PCL filmu v zavislosti na zpisobu piipravy a
odlisné morfologie, bimodalni distribuci molarnich hmotnosti a pfitomnosti plniva na bazi

oxidu grafitu.

Pfi modelovych studiich se zenzyml na S$tépeni vazeb Vv fetézcich PCL a PTMC
(ko)polymeru uplatiuji typicky lipasy, které piirozené katalyzuji hydrolyzu triacylglyceroli
na fazovém rozhrani olej/voda.12 V piipadé poly(laktidu), (PLA) byla prokazana degradace
aktivitou proteasy.™® V praci [P7] jsme pisobenim proteinasy K za definovanych podminek
reprodukovatelné docilili degradace nevodivého polymerniho povrchu a zpfistupnéni vnitini
matrice s vodivym grafenovym plnivem pro vyuziti kompozitu PLA a grafenu ve formé¢ 3D-

vytisténych elektrod v elektrochemii.

V pracich [P8-P10] jsme studovali mechanismus biodegradace alifaticko-aromatickych
kopolyesteri. na bazi pouzitétho poly(ethylentereftalatu), (PETP) modifikovaného
zabudovanim laktatovych jednotek. Kopolyestery byly degradovany za termofilnich
podminek (55-58° C) jednak ve vyhnilém kalu a kompostu a jednak v roztocich pufrit pro
vyhodnoceni abiotické hydrolyzy. Biologické testy fytotoxicity laboratorniho kompostu po
degradaci kopolyesteri neprokazaly toxické G¢inky rozpustnych degradacnich produktt, coz

je naprosto zasadni pfedpoklad pro kompostovatelné odpadni materidly.
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2 Komentar k vybranym publikacim
2.1 Syntéza polyesteri a jejich kopolymeru a priprava polymernich nanoc¢astic
Priprava poly(e-kaprolaktonu) s definovanymi koncovymi skupinami

Isopropoxidy hliniku [Al(O-i-Pr)3] jsou znamy vice nez ¢tyii desetileti jako tradi¢ni iniciatory

% Nevyhodou t&chto jinak dobie

koordina¢ni polymerace laktonli za otevieni kruhu.
dostupnych a netoxickych sloucenin je zejména na rozpoustédle a teploté zavisla agregace
vedouci ke vzniku trimernich (A3) a tetramernich struktur (As) S rozdilnou polymerizaéni
aktivitou.”® Pozdgjsi generace heteroleptickych komplexnich katalyzatorii obsahovaly dobie
modifikovatelnou ligandovou sféru, ktera minimalizovala jak vznik agregati tak nezadouci

postranni transesterifika¢ni reakce na riistovém centru.

Mezi stabilni monometalické komplexy pattil komplex dimethylaluminia [AlMe;{k?-0,0'-
[4,5-(P(O)Phy),tz]}] (1), ktery wvznikl koordinaci obou kyslikovych atomt 4,5-
bis(difenylfosforanyl)-1,2,3-triazolového ligandu k centralnimu kovu Al(+11l) za vytvofeni
sedmiGlenné cyklické struktury®. V praci [P1] jsme studovali aktivitu tohoto komplexu pro
polymerace za otevieni kruhu g-kaprolaktonu (e-CL) v roztoku chlorbenzenu pii 40 a 60° C.
Vznik polymeracné aktivni alkoxidové vazby na centradlnim kovu byl docilen alkoholyzou
komplexu 1 bezvodym alkoholem (1 ekv. k komplexu 1) in situ v roztoku, do kterého byl po
30 min davkovan monomer (Obr. 1). O vzniku aktivniho centra a inzerce molekuly e-CL do
alkoxidové vazby svéd¢il vznik polymert zakonfenych methyl-, isopropyl- a

benzylesterovymi skupinami.

N Koiniciator Iniciator
o/AI\o
/ \ MeOH A—O—CH3
" )P et
N N
N BnOH Al—o—CHz@
. OH-PEO-OH A|—oJFCH2—CH2—01»H
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Obr. 1 Struktura studovaného komplexu a iniciatory pro polymerace e-CL

U studovaného systému probihaly fizené¢ pouze polymerace iniciované komplexem 1
s benzyloxidovym ligandem pii pocate¢ni koncentraci monomeru 0,5M (200 nasobek

monomeru K iniciatoru) a v rozmezi 40 - 60° C za vzniku polymert s nizkou disperzitou (P =



1.2) a molarni hmotnosti nastavitelnou pomérem monomeru k iniciatoru a konverzi. U fady
alkoxidovych komplexd hliniku bylo prokazano, ze benzylalkohol (BnOH) pisobi jako
OBn. Také v nasem ptipadé vedl dvojnasobek BnOH (2 ekv. k1) po 6 h polymerace ke
vzniku polymeru o pfiblizné poloviéni molarni hmotnosti a nizsi disperzité (M, =6 kg-mol‘l,
D =1,1) nez pti ekvimolarnim poméru BnOH a komplexu 1 (M, = 11 kg-mol'l, Db=12), coz
potvrzovalo pienosovou reakci. Vedle fizené syntézy PCL s definovanymi koncovymi
skupinami a délkou fetézci byl pomoci komplexu 1 a makroinicidtoru dihydroxy PEO,
0 molarni hmotnosti 400 g'mol™ pfipraven triblokovy kopolymer PCL-b-PEO-b-PCL o
M, = 37 kg'mol* a = 15.

Biodegradabilni polymerni mikromotory

PCL je biodegradovatelny a biokompatibilni alifaticky polyester, ktery diky moznosti
funkcionalizace fetézce a variabilit¢ tvorby od 2D lamelarnich struktur, nanovlaken az po
mikro/nanosféry nasel uplatnéni v oblasti autonomné se pohybujicich chemickych mikro- a
nonomotort.’” V praci [P2] jsme na zékladé chemoselektivity enzymatického katalyzatoru
vici sulfanylalkoholu pfi iniciaci polymerace ptipravili a-hydroxy-m-thio funkcionalizovany
PCL 0 M,=10kgmol™ a = 15. Ztohoto polymeru byly metodou odliti z roztoku
ptipraveny tenké folie, na jejichz povrch byla nanesena vakuovym napafovanim vrstva platiny
(~ 40 nm). Pusobenim ultrazvukové lazné byl film v disledku nizké molarni hmotnosti
polymeru dezintegrovan na nepravidelné mikro¢astice dlouhé 35-125 um s primérnou
tloustkou 400 nm, které se zavinuly za vzniku tubularni struktury (Obr. 2). Jelikoz Pt vrstva
katalyzovala rozklad peroxidu vodiku za vzniku kysliku, tyto mikrocastice byly schopné
vyuzivat bublinky plynu jako pohon a autonomné se pohybovaly v 1% vodném roztoku H,0,
s rychlosti 43+14 pm's'l. Pro srovnani v dosud publikovanych studiich polymerni lamely18 a
mikrosféry19 na bazi PCL-SH s vazanymi nanocasticemi Pt dosahovaly obdobné rychlosti pii
10 a 15% koncentraci H,O, ve vode¢. Vyssi vykon mikromotortu lze vysvétlit sférolitickou
morfologii povrchu PCL filmu, ktera byla vytvotena krystalizaci pti odpafovani rozpoustédla

a predstavuje vyssi povrch pro depozici Pt nez hladky, amorfni povrch.

Mezi klicové funkce mikro- a nanomotorid patii jednak zachyceni a transport biomolekul a
buné¢k z biologickych vzorkti anebo naopak transport a uvolnéni kontrastni latky, 1é¢iva nebo
fluorescencniho barviva v cilové tkani nebo prostfedi.20 V nasi studii byly z t¢hoz vychoziho

polymeru piipraveny nanosféry o velikosti 400 nm (disperzita 0,3) za enkapsulace



modelového hydrofobniho barviva NR. Pfipravené nanosféry obsahovaly 2 ng NR/1mg PCL-
SH. Tubularni mikromotory pii srazce zachycovaly nanosféry chemisorpci thiolovych skupin

na povrchu platiny? a transportovaly je dale béhem svého pohybu.

Kuvolnéni barviva dochéazi difuzi pti hydrolytické degradaci nanosfér, ktera je vyznamné
urychlena enzymatickou katalyzou. Lipasy vSak $tépi i esterové vazby v mikromotoru, kde
vSak degradace probiha mnohem pomaleji diky semikrystalickému charakteru. Mikroskopické
analyzy prokazaly, ze nanosféry a mikromotory podstupovaly hydrolytickou degradaci
pusobenim lipasy izolované z Rhizopus arrhizus rozdilnou rychlosti. V nasi studii byl tedy
navrzen a prokdzdn koncept biodegradovatelného mikromotoru jako nosice

biodegradovatelnych nanocastic s enzymaticky fizenou rychlosti degradace.

SEM HV: 2.0 kV WD: 3.00 mm | MAIA3 TESCAN| SEM HV: 4.0 kV WD: 4.98 mm | | MAIA3 TESCAN|
View field: 106 ym Det: In-Beam SE 20 ym View field: 97.6 pm Det: In-Beam SE 20 ym
Stage Tilt: 0.0° Date(m/dly): 05/03/18 Performance in nanospace Stage Tilt: 0.0° Date(m/dly): 05/03/18 Performance in nanospace

Obr. 2 SEM snimky tubularnich mikromotora vzniklych desintegraci a svinutim PCL filmu
pokrytého vrstvou Pt.

Amfifilni triblokové kopolymery

Amfifilni blokové kopolymery s polykarbondtovym hydrofobnim blokem nebyly dosud tak
intenzivn¢ zkoumany jako kopolymery s polyesterovymi hydrofobnimi bloky typicky
tvofenymi PCL nebo PLA.? %V préci [P3] jsme piipravili sérii 7 triblokovych kopolymeri
PTMC-b-PEO-b-PTMC polymeraci trimethylenkarbonatu (TMC) katalyzovanou bezvodym
HCI v dietyléteru a za iniciace dihydroxy-terminovanymi PEO o molarnich hmotnostech 1, 2

as kg-mol’l. Pripravené blokové kopolymery nabyvaly molarni hmotnosti M, 5-9 kg-mol'l a

10



D < 1,20 a obsahovaly v souladu se slozenim polymera¢ni nasady 7-67 mol. % TMC jednotek
v fetézcich. U pfipravenych kopolymert byly studovany termické vlastnosti a zejména
schopnost krystalizace, nebot krystalinita vyznamn¢ ovliviiuje fyzikalni a chemické vlastnosti
polymerniho materidlu. Zatimco homopolymerni PTMC je vSeobecné v odborné literatuie
povazovan za amorfni elastomer se schopnosti krystalizace pod napétim, PEO je
semikrystalicky a jeho schopnost krystalizace v kopolymeru souvisi s celkovym zastoupenim

komonomernich jednotek a délkou fetszen?”.

Rentgenovd praskova difrakce (WAXD) prokéazala pritomnost krystalické faze v
homopolymeru PTMC (M, =3 kg'mol™, P =1,20), ktery byl piipraven jako referenéni
srovnani s difraktogramy PTMC a PEO homopolymerid byla u kopolymerd s vice nez
42 mol. % TMC jednotek zjisténa difrakéni maxima krystalické faze PTMC bloku.
Pritomnost krystalickych fazi jak PTMC tak PEO bloku byla potvrzena pro kopolymer
s39mol. % TMC jednotek a pfi jejich niz§im pomérmném zastoupeni doslo ke krystalizaci
pouze PEO bloku.

Vysledky diferencidlni skenovaci kalorimetrie prokazaly pfevazné amorfni charakter PTMC
homopolymeru, nebot’ endoterm tani pfi 33°C (37 J-g™') patrny pii prvém ohfevu, jiz po
druhém ohfevu nebyl nalezen a material vykazoval teplotu skelného prechodu Ty = -25 °C.
K upotadani fetézcti doSlo pouze pii dostate¢né dlouhé dobé krystalizace amorfni matrice
PTMC. Stejné tak kopolymery obsahujici 39-67 mol. % TMC jednotek byly amorfni, se
schopnosti dokrystalizace amorfniho podilu Vv zavislosti na tepelné a mechanické historii
vzorku. V souladu svysledky rentgenové strukturni analyzy vykazovaly kopolymery
obsahujici 7-36 mol. % TMC jednotek v disledku pravidelného uspotfadani PEO fetézcu
krystalicky charakter nezavisle na historii vzorku. Obsah krystalické faze PEO bloku
kopolymeru byl vSak vzdy niz§i nez samotnych PEO homopolymera o stejné molarni

hmotnosti.

Kli¢ovou vlastnosti blokovych amfifilnich kopolymerid je schopnost samouspotadani se do
agregatil nabyvajicich od sférické morfologie s hydrofobnim jadrem a hydrofilnim plastém po
polymersomy, ve kterych kopolymerni membrana obaluje vnitini kavitu vyplnénou vodou.?®
Z kopolymerti o hrani¢nim sloZeni komonomernich jednotek (7 a 67 mol. % TMC jednotek)
byly pfipraveny nanosféry o velikosti do 130 nm s disperzitou <0.2 a zdpornym zeta-

potencialem (-30 mV). Analyzou dynamickym rozptylem svétla (DLS) byla prokazana ochota
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nanocastic podstupovat enzymatickou degradaci lipasou izolovanou z Mucor miehei, pficemz

mechanismus a rychlost degradace byly ovlivnény slozenim kopolymeru.

Metodou odpatrovani rozpoustédla byl docilen vznik polymersomil, do kterych byla tspésné
enkapsulovana DNA se 70% enkapsula¢ni u¢innosti (Obr. 3). Prokazali jsme tak potencial

studovanych kopolymert jako biodegradabilnich nosi¢t biomolekul.

Y (um)

(wn) x

Obr. 3 Tomografické mikroskopické snimky kopolymernich vesikul s enkapsulovanou DNA
(Nanolive 3D Cell Explorer)

2.2 (Bio)degradace alifatickych polyestera
Vliv morfologie povrchu a distribuce molarnich hmotnosti na mechanismus degradace

Studie vlivu sloZeni a struktury (ko)polymerniho materidlu na mechanismus hydrolytické
degradace jsou Casto provadény in vitro v piitomnosti modelového enzymu v roztoku pufru o
konstantnim pH pifi 25-37 °C a za pravidelné vymény média s degrada¢nimi produkty.26
Pfipadna rozdilna reaktivita esterovych vazeb v fetézcich vii¢i enzymatické hydrolyze by byla
jasn¢ uplatnitelna v roztoku. V pevném, ve vodé nerozpustném polymernim filmu probiha
enzymatickd degradace v povrchové vrstvé na rozhrani fazi, kde svoji roli hraje dostupnost
vazeb v amorfnich ¢i krystalickych segmentech s rozdilnou mobilitou. Mechanismus $tépeni
vazeb je ovlivnén i specifitou zvoleného enzymu, kdy enzym katalyzuje pfednostné $té€peni
vazby v blizkosti koncti fetézcli anebo hydrolyzu vazeb nahodné podél fetézct. Proto je vedle

prost¢ enzymatické hydrolyzy (ko)polymerni materidl laboratorné degradovan za
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definovanych podminek také v médiu obsahujicim izolované mikrobidlni kmeny z divodu
produkce celé fady extracelularnich enzymii s riznou specifitou in situ.?’” P vlastnich
degradacnich studiich jsme tedy vychazeli z metod popsanych v literatute za vyuziti enzymu a

mikroorganismil, které se nam jevili jako perspektivni pii predbéznych testech.

V praci [P4] jsme studovali vliv pogateéni morfologie PCL filmii (M, =18 kg'mol™, & =2,7)
na pribéh jejich degradace lipasou z Aspergillus oryzae. Filmy o tloustce ~100 um byly
ptipraveny jednak lisovanim (CM) a jednak odlitim z roztoku a odpafenim rozpoustédla (SC).
O uplatnéni enzymatické degradace u obou typd vzorki formou eroze povrchu svédcily
ubytky hmotnosti, vznik trhlin a maly pokles hmotnostn¢ primérné molarni hmotnosti My, 0
10 % po 42 dnech inkubace. Zatimco u CM filmu doslo pravdépodobné k nahodnému §tépeni
esterovych vazeb v amorfnich doménach na povrchu filmu, u SC filmi byly pfednostné
Sté€peny pro enzym dostupné vazby v amorfni mezivrstvé v prostoru mezi lamelami sférolita.
Interlamelarni amorfni vrstva obsahuje zvySenou koncentraci koncovych karboxylovych a
hydroxylovych skupin niZe-molekularnich Fetézct vyloucenych z krystalizace?®, coz by
vysvétlovalo selektivitu pusobeni enzymu v dusledku analogie s nizkomolekularnimi
substraty. Sekundarni krystalizace polymernich segmentt, které ptivodné spojovaly jednotlivé

lamely, poté vedla u SC degradovaného filmu dokonce k 40% nartstu podilu krystalické faze.

V praci [P5] jsme zkoumali mechanismus hydrolytické degradace PCL s bimodalni distribuci
molarnich hmotnosti (M, ~20 kg-mol'l, D =6,5-6,8) ve form¢ filmi o tloustce ~100 um
ptipravenych odlitim zroztoku. Laboratorni testy byly vedeny jednak za podminek
enzymatické hydrolyzy jako v ptedchozi praci [P4] a jednak pisobenim bakterialniho kmene
Bacillus subtilis (CCM 1999) v zivném médiu. Mikroorganismus Bacillus subtilis produkoval
extracelularni enzymy in situ v disledku ptidavku malého mnozstvi olivového oleje jako
pfirozen¢ho substratu s esterovymi vazbami. V piipadé bakteridlni degradace byl prokazan
mechanismus nahodného Stépeni esterovych vazeb podél fetézcl, kdy nejdelsi fetézce
degraduji rychleji nez kratsi, coz se projevilo sniZzenim pocate¢ni My, 0 70 % za vzniku

monomodalni distribu¢ni kiivky s novym, nartstajicim pikem oligomernich produktt §tépeni.

U enzymatické degradace lipasou z Aspergillus oryzae vedle poklesu pocetné primérné
molarni hmotnosti M, 0 25 % doslo naopak k vzrustu disperzity (D =7,5), coz svéd¢i o
mechanismu S$tépeni esterovych vazeb v blizkosti koncl fetézci vedoucim k depolymeraci.
Znamenalo by to, Ze krat$i fetézce depolymeruji rychleji nez dlouhé, které nepfispivaji

k sekundarni krystalizaci, a podil krystalické faze dokonce mirn¢ klesl.
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Vliv pritomnosti oxidu grafitu jako plniva na mechanismus degradace

V praci [P6] jsme se zabyvali studiem vlivu pfitomnosti plniva oxidu grafitu (GO) na
mikrobialni degradaci PCL filmi (M, =18 kg'mol™, P =1,5). Disperze GO plniva byla
v prvni kroku smiSena s roztokem PCL a po odpaieni rozpoustédla byla smés lisovana za
vzniku filmu o tloust’ce ~250 um a s obsahem plniva 2,7 % (GO/PCL film). Termicka analyza
potvrdila, ze GO plnivo pusobilo v PCL matrici jako nukleacni ¢inidlo, coz vedlo ke zvySeni

teploty tani i teploty krystalizace kompozitu oproti samotnému PCL.

Pro degradaci byl pouzit mikrobialni kmen Bacillus subtilis, ov§em vzorky byly degradovany
za ttepani v médiu obsahujicim pouze glukosu jako pocatecni, dostupny zdroj uhliku, a navic
bez pravidelné vymény média. Ubytky hmotnosti a vznik trhlin na povrchu filmi svédgily o
uplatnéni se abiotické i enzymatické hydrolytické degradace v povrchové vrstvé jak PCL
tak GO/PCL filmu. Jelikoz pocatecni hodnota pH =7 degradacniho média v dasledku
metabolické aktivity mikroorganismu rostla v pozdéjsi fazi experimentu do alkalické oblasti
(pH = 8,5-9,0), neslo vylougit synergické pisobeni bazicky katalyzované hydrolyzy?® vedle
enzymatické degradace. Lze vSak konstatovat, ze GO plnivo neovliviiuje mechanismus
degradace PCL filmu, nebot’ u obou PCL i GO/PCL degradovanych filmt doslo v dasledku
Stépeni fetézcl Ke srovnatelnému posunu maxima chromatografickych elu¢nich kiivek do
nize-molekularni oblasti za vzniku novych piku oligomernich produktti. Na druhou stranu
rychlosti enzymatické hydrolyzy. Je znamo, Ze GO umoziuje diky piedev§im hydrofobnim a
Gastend také elektrostatickym interakcim imobilizaci fady lipas®®, které se v diisledku

konformaénich zmén mohou stat méné piistupné pro makromolekularni substraty.

Podil krystalické faze u obou degradovanych filmt vzrostl. Lze shrnout, ze degradace
probihala v amorfnich doménéch jednak za vzniku rozpustnych oligomert a jednak za vzniku
nerozpustnych fetézcli plivodné nezaclenénych do primdrnich krystali a schopnych se
reorganizovat. Narast krystalinity byl zaznamenan u fady degradovanych biodegradabilnich
polyesteri a experimentalni data koreluji s matematickym modelem krystalizace piivodné

amorfnich fetdzct indukované jejich §t&penim.*" 2

Enzymaticka degradace 3D elektrody z kompozitu poly(laktidu) s grafenovym plnivem

Filament, komercné dostupny pod obchodnim nazvem Black Magic filament na bazi PLA

matrice s grafenovym plnivem (8% podle vyrobce), je mozné technologii 3D tisku tavenou
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strunou zpracovat do tvaru elektrod a senzori. Nevyhodou téchto cenové piijatelnych a na
miru tvarovanych elektrod je nizka nebo nulova odezva kvuli povrchové vrstvé nevodivého
polymeru. Elektrodu je mozné aktivovat kratkym vystavenim dimethylformamidu (DMF) za
rozpusténi urcitého podilu PLA.*® DMF je v8ak toxické vySe-vrouci rozpoustédlo, které je
nutné z materialu odstranit prodlouzenym susenim za vyssi teploty a snizeného tlaku. V praci
[P7] jsme se proto zabyvali povrchovou erozi PLA/grafenové elektrody piipravené
technologii 3D tisku ptisobenim enzymu proteinasy K (Tritirachium album). Elektrody byly
vystaveny pusobeni enzymu v Tris-HCI pufru o pH =8 pfi 37° C za tfepani a pravidelné
vymény média s enzymem kazdych 24 h. Elektrody béhem pocateéni 4 h faze absorbovaly
vodu, pficemz nasakavost v roztoku s enzymem byla vyssi (7 %) nez v Samotném kontrolnim
pufru (4 %), vdiasledku rychlejsi enzymatické hydrolyzy za vzniku hydrofilnich
karboxylovych a hydroxylovych skupin. V dal§im c¢ase jiz pouze u enzymaticky
degradovanych vzorkli dochézelo ke vzniku rozpustnych oligomernich produkti, které
difundovaly do roztoku za celkového 4% ubytku hmotnosti vzorku (po vysuSeni) po 28 h.
Prodlouzena doba enzymatické degradace byla vyloucena, nebot po 72h v
dusledku pokracujici degradace z povrchové vrstvy do celého objemu doslo ke ztraté integrity
elektrody. Enzymaticky degradovana elektroda, testovana redoxnim systémem
ferrokyanid/ferrikyanid vykazovala pfiblizné 40% nartst rychlosti pfenosu elektrond oproti
elektrodé vystavené DMF rozpoustédlu. Znamena to tedy, ze vytvofeni porézniho povrchu
enzymatickou hydrolyzou vede k zachovani makroskopickych rozméri, nebot’ probiha pouze
Vv povrchové vrstvé, pfitom vSak za dosazeni vétsi plochy mérého povrchu zpiistupnéného

grafenového plniva.

2.3 Biodegradace alifaticko-aromatickych kopolyesteri

Zatimco alifatické polyestery podstupuji abiotickou i1 enzymatickou hydrolyzu v relativné
kratkém cCasovém horizontu, polyestery s aromatickymi jednotkami v fetézcich jako
poly(ethylentereftalat), (PETP) degraduji v pfirodnich podminkach velmi pomalu tak, ze
prakticky nejsou povazovany za biodegradovatelné. Koncept alifaticko-aromatického
kopolyesteru Ecoflex (BASF, Né&mecko) ziskaného transesterifikatnimi reakcemi
poly(butylentereftalatu), butan-1,4-diolu a adipové kyseliny inspiroval fadu vyzkumnych
skupin k vyvoji a vyzkumu biodegradabilnich materialti za vyuziti odpadniho PETP napftiklad

z lahvi®*®"  Alifaticko-aromatické  kopolyestery byly pfipraveny bud’  analogicky
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transesterifika¢nimi reakcemi anebo depolymeraci PETP a naslednou kopolymeraci s laktony,
laktidy ¢i mlécnou kyselinou. Vysledné materialy si zachovaly piijatelné mechanické a
zpracovatelské vlastnosti za zvysené ochoty podstupovat abiotickou ¢i enzymaticky
katalyzovanou hydrolyzu. Problematikou biodegradabilnich kopolyesterii z pouzitého PETP
se zabyvala také vyzkumna skupina doc. Prokopové ptisobici na Ustavu polymert VSCHT
Praha pfed mym nastupem se zacilenim na podminky syntézy za vyuziti polykondenzaéni

aparatury.*®*

Nase prvotni studie biodegradaci modifikovanych alifaticko-aromatickych kopolyestert
vychazely z pouziti mikrobidlnich kment a podminek, které jsme jiz uspéSné ovefili pro
biodegradace alifatickych polyesterovych filmi.** Kopolyesterové folie obsahujici 42 mol. %
aromatickych a 58 mol. % laktatovych jednotek vSak byly zcela inertni vaci pusobeni
lipasovych enzymu izolovanych z Candida rugosa, Aspergillus niger, Rhizopus arrhizus,
Penicillium roqueforti, Mucor miehei a Thermomyces lanuginosus po dobu 21 dni pii teploté
25 a 37° C. Stejné tak inkubace s pidni bakterii Bacillus subtilis, mikromycétnim kmenem
Rhizpus arrhizus a ligninolytickou houbou Phanerochaete chrysosporium nevedla
k detekovatelnému hydrolytickému $tépeni v povrchové vrstvé folii. Pouze pti inkubaci
kopolyesterovych folii za zvySené teploty 55° C v Zivném médiu se v dusledku zvySené
mobility fetézci uplatnila abiotickd hydrolyza nejdelSich fetézci za poklesu molarni
hmotnosti a to nezavisle na pfitomnosti termofilniho bakterialniho kmene Geobacillus
stearothermophilus. Bylo tedy ziejmé, Ze biodegrada¢ni studie je nezbytné provadét v uzkém
intervalu mezi teplotou degradace a Ty kopolyesterové matrice pro dostatecnou mobilitu
segmentl a idedlné také v prostiedi se zvySenou koncentraci hydroxidovych iontl. Z fady
studii je znamo, ze alifatické polyestery a typicky PLA ochotné podstupuji bazicky
katalyzovanou abiotickou hydrolyzu v prostiedi o hodnots pH ~9.*

Studium biodegradace alifaticko-aromatickych kopolyestera v kalu

V praci [P8] jsme studovali biodegradaci Ctyi kopolyesterd obsahujicich tereftalatové a
laktatové jednotky o molarnich pomérech 41:59-60:40 pfipravenych depolymeraci PETP a
naslednou polykondenzaci a transesterifikaci oligomernich produktd a L-mlééné kyseliny.
Kopolyestery byly amorfni s jedinou hodnotou Ty 63-67 °C, coz dokazuje jejich ndhodnou
mikrostrukturu. Pro vyhodnoceni mechanismu degradace byly kopolyestery lisovanim
pievedeny na folie o tloustce ~700 um (Ctvercové vzorky o rozmérech 10 X 10 mm).

Biodegradaéni studie byly provadény (1) ve vyhnilém kalu odebraném z Ustiedni Gistirny
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odpadnich vod (UCOV) v Praze a (2) v takzvaném deaktivovaném kalu, ktery byl pied
biodegrada¢nim testem vystaven tlaku 2 bar a teplot¢ 150° C po dobu 2 h pro potlaceni
mikrobialni aktivity. Deaktivovany kal m¢l slouzit jako referencni abiotické prostiedi, ovsem
testy enzymatickych aktivit vném piesto prokazaly pfitomnost lipas a esteras, 1 kdyz

V podstatné mensi mife nez ve vyhnilém kalu.

Pro posouzeni vlivu enzymatické a abiotick¢é hydrolyzy byla provedena pocatecni studie
nasakavosti a to pravidelnym vazenim zbotnalych vzorkt po dobu 216 h. Vzorky byly
inkubovany v prostiedi anaerobn¢ stabilizovaného, vyhnilého kalu (pH = 8), deaktivovaného
kalu o pH =89, fosfatového pufru (pH =7,5) a boratového pufru (pH =8,0) pii teploté
55° C. Srostoucim podilem aromatickych jednotek v fetézcich klesal hydrofilni charakter
materiald a tedy jejich schopnost absorbovat vodu jak v kalech, tak v pufrech. U vzorku s 41-
57 mol. % aromatickych jednotek byla patrna podstatné vyssi absorpce vody v kalech oproti
pufrim. Ve vyhnilém kalu byly hodnoty absorpce vody vyssi nez v deaktivovaném, coz lze
pfi¢ist enzymatickym aktivitim. U té€chto folii tedy dochdzelo v disledku enzymatické
degradace ke zvySeni koncentrace hydrofilnich karboxylovych a hydroxyskupin v povrchové
vrstvé za nasledného zvySeni absorpce vody az ke vzniku péra a trhlin. Naopak u vzorku s
nejvys$im podilem hydrofobnich aromatickych jednotek (60 mol. %) a nejvyS$im rozdilem
mezi Ty (67° C) a teplotou média (55° C) byla schopnost absorpce vody zanedbatelna a to

nezavisle na prostiedi.

Analyza ubytkth hmotnosti a poklesu molarni hmotnosti folii vystavenych pisobeni kalu a
fosfatovému pufru po prodlouzenou dobu 29 dni potvrdila zasadni roli jak vychoziho slozeni
kopolyesteru tak ptitomnosti enzymut pro katalyzovanou hydrolyzu. Je zapotiebi vSak také
zminit, Ze studie byla provadéna za termofilnich podminek (55° C) pro zajiSténi dostate¢né
mobility fetézct a v alkalickém prostfedi, kde se vedle enzymatické hydrolyzy uplatnila také
bazicky katalyzovana abioticka hydrolyza fetézct. Strukturni i termicka analyza
degradovanych materiald potvrdily, ze jsou prednostné Stépeny esterové vazby mezi
alifatickymi jednotkami za zachovani delSich aromatickych sekvenci, coz se projevilo
castecnou krystalizaci a nerozpustnosti rezidui folie v béznych organickych rozpoustédlech.
Soucasné s degradacni studii byla provadéna dlouhodobé inkubace po dobu 394 dni za méfeni
produkovaného bioplynu. Kompletni biodegradace, tedy mineralizace folii, vyjadiena jako
procentualni podil teoretického vyt&Zku bioplynu vypogitaného podle Buswellovy rovnice®,

dosahovala hodnot 34 - 69% v zavislosti na vychozim slozeni materialt.
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Studium biodegradace alifaticko-aromatickych polyesterti v kompostu

V praci [P9] jsme studovali biodegradace kopolyestert o stejném slozeni jako v praci [P8] ve
form¢ folii o tloust’ce 900 um (50 x 50 mm) v modelovém, laboratornim kompostu pii 58° C
a v kompostu z Centralni kompostarny Brno po dobu 21 dni. Z analyzy ubytkd hmotnosti a
poklesu molarni hmotnosti vyplyva, Ze rychlost degradace klesala s rostoucim podilem
aromatickych jednotek a ke Stépeni fetézcti dosSlo v disledku jak bazicky tak enzymaticky
katalyzované degradace Vv principu analogicky jako v prostiedi kalt. Na druhou stranu
zatimco nejvice hydrofilni kopolyester degradoval stejn¢ rychle bez ohledu na podminky,
folie s vyssim podilem aromatickych jednotek (57 a 60 mol. %) degradovaly podstatné vice
Vv pfirodnim kompostu, kde pusobi rtizna mikrobialni konsorcia v zavislosti na fazi zrani
kompostu. Strukturni a termicka analyza prokazaly, ze se b&hem degradace Stépily
hydrolyticky labilni alifatické esterové vazby za ndrastu aromatickych jednotek V reziduich
folie az na 75 mol. % (centralni kompostarna). ZvySeni obsahu del$ich aromatickych sekvenci

schopnych krystalizace vedlo ke ztraté rozpustnosti v béznych rozpoustédlech pro analyzu.

Nedilnou souéasti hodnoceni odpadnich plastovych materialt z hlediska jejich vhodnosti pro
kompostovani je testovani toxicity produktli degradace. Normované biologické testy jsou
provadény v laboratofi za definovanych podminek a ztohoto pohledu je jednoznacné
vyhodny modelovy laboratorni kompost pro ziskani reprodukovatelnych vysledkd. V praci
[P10] jsme zkoumali fytotoxicitu laboratorniho kompostu s degradovanymi kopolyesterovymi
foliemi v navaznosti na praci [P9] a to hodnocenim vlivu rozpusténych produkti degradace
podle normy CSN EN 13432 na rist dvoud&loznych rostlin; fefichy seté (Lepidium sativum) a
je¢mene obecného (Hordeum vulgare). Ke kultivaci semen byla pouzita specialni zemina
obohacena o kompost v hmotnostnich pomérech 25 a 50 %. Z testu kli¢ivosti semen rostlin
podle normy CSN EN 13432* vyplynulo, Ze rozpustné produkty degradace studovanych
kopolyestert nejsou fytotoxické. U rostlin nebyly pozorovany znamky nekrdozy ¢i opadu listd

a naopak doslo k nartistu hmoty biomasy oproti kontrolnimu vzorku.
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3 Zavér

V habilitacni praci jsou shrnuty zasadni vysledky moji prace v ramci vyzkumnych projekti
fesenych na Ustavu polymerd VSCHT Praha a &asteéné na Ustavu chemie materialdt VUT
Vv Brné. Vyzkumna pozornost byla vénovana piiprave alifatickych polyesterti a polykarbonat
a jejich kopolymerd a studiu mechanisma jejich degradace v modelovém prostiedi za
pifitomnosti enzymi a vybranych mikroorganismu. Vybrané (ko)polymery byly studovany z
hlediska piipravy nosiCovych systému latek S fizenou dobou degradace. Biodegradace
modifikovanych alifaticko-aromatickych kopolymerti byla studovana také v prostiedi

realnych Kompostl a kalti S vyhodnocenim toxicity uvolnénych degradac¢nich produktu.
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4 Seznam zkratek a symbolu

CM
D
DLS
e-CL
Mn
Mw
NR
PTMC
PCL
PEO
PLA
PETP
SC
T™MC

polymerni film piipraveny lisovanim
disperzita (My/My)

dynamicky rozptyl svétla

e-kaprolakton

pocetné primernd molarni hmotnost
hmotnostné primérna molarni hmotnost
Nilské ¢erven
poly(trimethylenkarbonat)
poly(e-kaprolakton)

poly(ethylenoxid)

poly(laktid)

poly(ethylentereftalat)

polymerni film ptipraveny odlitim z roztoku

trimethylenkarbonat
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Abstract Novel triazole-based aluminum complex {0,0'-[4,5-P(O)Ph,tz]-AlMe,
was studied as the catalyst for the ring-opening polymerization of caprolactone
(e-CL) in chlorobenzene. In the presence of methanol, isopropanol, and bifunctional
poly(ethylene glycol), the catalytic system produced polymers with high conversion
(81-85 %) but broader distribution (M,,/M,, = 1.5-1.8). The system of catalyst and
benzyl alcohol produced relative monodisperse PCLs (M,,/M,, ~ 1.2) with defined
molecular weight at 1/1ratio, 60 °C and an initial concentration of &-CL equal to
0.5 mol/L.

Keywords Aluminum - Polycaprolactone - Ring-opening polymerization

Introduction

Biodegradable and biocompatible aliphatic polyesters have played a leading role in
specialty biomedical and pharmaceutical polymer applications such as resorbable
implant materials and drug delivery systems (DDS) namely since the control of their
degradation rate through the composition and processing can be realized [1, 2].
From this point of view, the availability of suitable synthetic method producing
polymers of the required molecular weight (according to monomer to initiator ratio)
and defined chain end groups is of the utmost importance. Polymerization of
di/lactones via ring-opening polyaddition (ROP) mechanism has been known as a
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synthetic strategy enabling fine tailoring the physico-chemical properties of
polyester products [3]. Among important ROP initiators, aluminum alkoxides are
particularly interesting especially because of their high selectivity, polymerization
efficiency, and ability to produce the polyesters having both defined and predictable
end groups. Besides classical coordination initiators based on aluminum isoprop-
oxides [Al(O-i-Pr);] and bimetallic u-oxo-alkoxides [4, 5] reported by Teyssié et al.,
a series of aluminum alkoxides (aryloxides) modified by ancillary ligands with
various electronic and steric characteristics having a significant influence on the
polymerization performance have been developed. Monodisperse polyesters were
produced by monomeric [6] and dimeric Al complexes with O,0-bidentate ligands
[7-9], (porfinato)aluminum alkoxides with N,N,N,N-donor atoms [10], Al com-
plexes with O,N,N-tridentate [11], O,0,N-tridentate [12] or O,O,N,N-tetradentate
ligands [13, 14], and phenoxyimine aluminum complexes with N,O-bidentate
ligands [15-17].

The objective of our work was to study the polymerization behavior of a novel
aluminum complex with O,0O-bidentate ligand sphere; {0,0’-[4,5-P(O)Ph,tz]-
AlMe,} denoted as 1 for e-caprolactone polymerization.

Experimental

All manipulations were carried out under a dry nitrogen atmosphere (99.999%, Siad,
CZ) using vacuum/inert manifold and standard Schlenk techniques. Chlorobenzene
(p-a.) and e-caprolactone (e-CL) supplied by Lach-ner, CZ were purified with
calcium hydride and freshly distilled prior to use. Anhydrous benzyl alcohol
(BnOH, 99.8%), anhydrous methanol (MeOH, 99.8%), and anhydrous isopropanol
(iPrOH, 99.5%) supplied by Aldrich, tetrahydrofuran (THF, p.a) supplied by Lach-
ner, CZ, and deuterochloroform (CDCl5, 99.8%) supplied by Isosar, CZ were used
without further purification. Poly(ethylene glycol) 400 (PEG, bifunctional,
M, = 400, Fluka) was degassed at 130 °C for 8 h under vacuum prior to use.

{0,0'-[4,5-P(O)Ph,tz]-AlMe,} denoted as 1 was synthesized by Dr. Moya-
Cabrera’s group according to the published procedure [18].

Typical polymerization procedure

Polymerization reactions were carried out in a double-neck glass Schlenk flask
(25 mL) with a magnetic stirring bar. To the flask containing the solution of
aluminum complex 1 in chlorobenzene, the nucleophilic agent as benzyl alcohol
(BnOH), methanol (MeOH), isopropanol (iPrOH), and poly(ethylene glycol) 400
(OH-PEG-OH) were added via microsyringe and the solution was stirred (600 rpm/
min) for 30 min to form initiating species (I). The dosing for a particular run was as
follows: 1 (31 pmol, 16 mg) and BnOH (31 umol, 3.3 mg); 1 (42 pmol, 22 mg) and
MeOH (42 pmol, 1.3 mg); 1 (23 umol, 12 mg) and iPrOH (23 pmol, 1.4 mg), 1
(29 pmol, 15 mg) and OH-PEG-OH (29 pumol, 11.4 mg).

Afterward, a defined amount of &-CL ([e-CL]y/[1]o = 200) was added keeping the
ratio of solvent to monomer equal to 10 and the mixture was stirred at constant
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temperature (50, 60, and 70 °C). The polymerization reaction was quenched after
the prescribed time (6, 8 h) by adding a few drops of an acetic acid solution. The
polymerization mixture obtained was poured into cold methanol (—10 °C) and the
white precipitate formed was collected by filtration and dried under vacuum until a
constant weight was obtained. The crude product was purified three times by
dissolving in THF and precipitating in cold methanol (—10 °C).

Polymer characterization

'"H NMR spectra of the polymers were measured in CDCl; on Bruker Avance
300 MHz equipment. The chemical shift was determined with respect to residual
proton signals from CDCl;. Gel permeation chromatography (GPC) was performed
on Agilent Technologies 1100 Series instrument equipped with a refractive index
(RI) detector, two PL gel Mixed columns 300 x 7.5 mm with particle size of 5 um
using THF as an eluent at a flow rate of 1 mL/min. Molecular weight and molecular
weight distribution were calculated using a series of polystyrene standards
(M, = 316500 — 162).

Results and discussion

Within this work, we studied the catalytic efficiency of the novel triazole-based
aluminum complex (1) for the ring-opening polymerization (ROP) of e-caprolac-
tone. A series of polymerization runs was carried out using 1 as the catalyst and
different alcohols with well-known ROP initiator properties; methanol, isopropanol,
benzyl alcohol, and the macroinitiator—bifunctional poly(ethylene glycol) at 60 °C
in chlorobenzene. The '"H NMR spectra of synthesized PCLs are presented in
Figs. 1, 2, 3, 4.

Fig. 1 "H NMR spectrum of [O o o d f c
PCL produced by 1/MeOH in J\/\/\/ _H
CDCl3; polymerization b_o d f ° \[(\e/\\e/\o
conditions: 60 °C, 0]
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0 = 1.37 ppm [m, 2H, a
(-CH,-)], § = 1.64 ppm
[m, 4H, (-CH,-)], b
8 = 2.30 ppm [t, 2H, d
(-CH,CO-)], § = 3.62 ppm
[t, 2H, (-CH,OH)],

& = 3.67 ppm [s, 2H, (CH;0-)], e
0 = 4.05 ppm [t, 2H,
(-CH,0-)] 368 3.66
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Fig. 2 '"H NMR spectrum of
PCL produced by 1/iPrOH in
CDCls; polymerization
conditions: 60 °C,
chlorobenzene, 8 h. P(¢-CL)
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0 = 4.00 ppm [t, 2H,
(-CH,0-)]

Fig. 3 'H NMR spectrum of
PCL produced by 1/PEG(400) in
CDCls; polymerization
conditions: 60 °C,
chlorobenzene, 8 h. P(¢-CL)
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Based on the results obtained (Table 1), one can suggest that the influence of the
steric hindrance of a particular alkoxide ligand, has a significant impact on the
activity of catalytic species, compared to its electronic contribution as a Lewis
acidic center. Thus, both 1/MeOH and 1/iPrOH formed effective ROP catalytic
systems with the monomer conversion of 81-88% after a polymerization period of
8 h. For 1/OH-PEG-OH, a prolonged period of 20 h was necessary to reach a
comparable conversion of 85 %. Based on well correlation between theoretical and
experimental molecular weight, we can suggest the participation of both hydroxylic
end groups of PEG during the initiation of ROP. The presence of the phenyl ring
close to the polymerization active center of the 1/BnOH probably led to poorer
access of monomer molecules resulting in both the decrease of the polymerization
rate as well as the inhibition of side reactions.
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Fig. 4 "H NMR spectrum of
PCL produced by 1/BnOH in
CDCls; polymerization
conditions: 60 °C,
chlorobenzene, 8 h. P(¢-Cl)
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Moreover, the triazole-based aluminum complex 1 produced the polymer
(M, = 25,000, M/M, = 1.5) in 6 h of polymerization performed under identical
conditions even in absence of alcohol initiator. However, the yields were very low
(of about 3-5%) with poor reproducibility, hence chain end-group NMR analysis
was not carried out. Most probably, the monomer insertion took place either in a
small portion of the aluminum-carbon(methyl) bonds or in Al-O bond of the ligand
sphere, which has been already reported for some complexes [19].

Furthermore, polymerization study focused on the promising system of benzyl
alcohol along with 1 as catalyst was performed in order to find the best conditions
for producing polymers with the well-defined molecular weight (consistent with
monomer to initiator ratio), predicted end groups, and a relative narrow
polydispersity (M/M, < 1.2).

The 'H NMR spectra of the PCLs (Fig. 4) synthesized using ratio of
1/BnOH = 1/1 (Table 1) confirmed the presence of the methylene signals from
both benzylalkoxyl (6 = 5.1 ppm) and hydroxyl (6 = 3.63 ppm) chain ends, which
correlate well with the expected character of active species. Thus, we assumed that
the initiation step proceeds through a monomer insertion into the Al-O bond of the
aluminum benzylalkoxide intermediate, which is formed “in situ” with the
concomitant evolution of methane (Fig. 5). Monomer molecules are subsequently
cleaved in a way that maintains the growing chains having benzylalkoxide dead end
attached to the aluminum atom through an alkoxide bond. Consequently, the
quenching of these aluminum active bonds by hydrolysis results in the hydroxyl end
group.

Regarding the discrepancy between the actual values of molecular weights of the
polyesters and those determined by GPC using polystyrene standards, '"H NMR
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Table 1 Screening of ROP efficiency of 1

Run ROH t () Yield® (%) M, (GPC) M,° (NMR) M," (Theor.) M,/M, (GPC)
MeOH 8 88 53,000 25,000 20,000 1.8

2 iPrOH 8 81 42,000 16,000 18,000 1.7

3 OH-PEG-OH 20 85 37,000 25,000 20,000 1.5

4° BnOH 8 60 26,000 11,000 14,000 1.3

5¢ BnOH 8 66 24,000 11,000 15,000 1.2

6° BnOH 8 67 25,000 15,000 15,000 12

7° BnOH 8 67 24,000 9,000 15,000 1.2

Polymerization conditions: 7= 60 °C, chlorobenzene, [¢-CL], = 0.7 mol/L, [1]o/[ROH]y/[¢e-CL]y =
1/1/200

# Isolated yield
® GPC values according PS standards

¢ M, value was estimated by the "H NMR spectrum based on the intensity of the methylene protons at the
PCL chain (6 = 4.05 ppm) and that of protons derived from BnOH (J = 5.10 ppm) according to the
equation: M, (PCL) = [(¢/b + 1) x M(e-CL)] + M(BnOH), where ¢ and b are the integral intensities of
peaks at 4.05 ppm and 5.1 ppm, respectively. In case of PCL,/PEGo/PCL,, copolymer, the presence of one
PEG molecule per one copolymer molecule was assumed. In one PEG monomer unit (-CH,—CH,—O-),
there are four hydrogens, so the total number of hydrogens per one PEG molecule with polymerization
degree equal to 9 was calculated to be 36. Consequently, the signal integral for methylene protons of PEG
(0 = 3.58 ppm) was set to represent 36 hydrogens. The intensity of the methylene protons at the PCL
chain (6 = 4.00 ppm) was used to calculate relative number of PCL protons (2n) per one PCL,/PEGy/
PCL,, copolymer molecule. Since the intensity signal at 6 = 4.00 ppm is related to only two hydrogens, the
ratio of signal integrals should be multiplied by 18 instead of 36. Molecular weight of the copolymer was
calculated according to the equation M,(PCL/PEG/PCL) = [(a/c x 18) x M(¢-CL)|] + M(PEG), where
a and c are the integral intensities of peaks at 4.00 and 3.58 ppm, respectively

4 Calculated from initial molar ratio [e-CL]o/[ROH]y x 114.15 x conversion yield, considering one
active alkoxide (RO-) group per Al complex. In case of OH-PEG-OH, the theoretical molecular weight of
triblock copolymer was calculated using the same equation, since the composition at quantitative con-
version is expected to be PCL;o/PEGy/PCL 00

¢ [e-CL]p = 0.5 mol/L

0
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Fig. 5 Suggested mechanism for the ROP initiated by 1/BnOH system
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spectra of the PCLs synthesized under identical conditions (60 °C, chlorobenzene,
8 h, [e-CL]y = 0.5 mol/L) were used as well to determine their actual chain lengths
(Fig. 4). By comparison of M,, values obtained using GPC and those calculated from
certain intensities of the proton signals of PCL in NMR spectra [19], the correction
factor of 0.58 was estimated. Consequently, the values of M, (GPC) of the PCLs
produced were multiplied by this factor to give the actual values denoted as M,
(corr).

The evaluation of data from the runs performed simultaneously at the same
conditions (runs 4—7 in Table 1) confirmed a high reproducibility of PCL yields,
which was estimated to be of about 3%. However, the deviations of values of
molecular weight and polydispersity index determined by GPC method could be
ascribed to its accuracy.

To understand better the role of BnOH in the polymerization system, the different
ratios to 1 (0.5 and 2 equiv. to Al) were examined (see in Table 2). In the case of
the 0.5/1.0 ratio of BnOH/1, PCLs were obtained in high yield (92-93 %) after 6
and 8 h of polymerization (runs 4 and 5, respectively, in Table 2). The increase in
polydispersity (M /M, > 1.6) can be ascribed both to the occurrence of side
reactions at high monomer conversions and to the participation of different active
species in the polymerization process. The aluminum complex 1 which was in
excess, could participate on the polymer chain growth along with the 1/BnOH
initiating system.

On the other hand, the polymerization with two equivalents of BnOH to 1 (Run 5
in Table 2) produced PCL in a low yield of only 21%. Taking into account the good
correlation between the theoretical and experimental molecular weights (calculated
according to the ratio of [¢-Cl]o/[BnOH],), we can suggest the benzyl alcohol
functions as a chain transfer agent. Reversible exchange of growing polymer chain
between BnOH and active aluminum-alkoxide center resulted in participation of all

Table 2 Effect of the Al-complex (1) to BnOH ratio

Run [1]o/[BnOH],/ t (b Yield® MP M, ME MM,
[e-CL]o (%) (GPC-corr) (NMR) (Theor.) (GPC)

1 1/0/200 6 3 15,000 n.a. - 15

2 1/1/200 6 45 11,000 9,000 10,000 12

3 1/1/200 8 67 15,000 14,000 15,000 12

4 2/1/200 6 92 12,000 17,000 21,000 1.6

5 2/1/200 8 93 15,000 na. 21,000 1.7

6 1/2/400 6 37 6,000 n.a. 8,000 1.1

7 1/2/400 8 21 3,000 4,000 5,000 1.4

Polymerization conditions: 7 = 60 °C, chlorobenzene, [1]o = 0.003 mol/L, [¢-CL], = 0.5 mol/L
 TIsolated yield
® Corrected values in the brackets obtained according to the equation M, (Corr) = 0.58 x M, (GPC)

¢ Calculated from initial molar ratio [e-CL]y/[BnOH], x 114.15 x conversion yield, considering one
active benzoxide group per Al complex
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Table 3 Effect of polymerization temperature and initial concentration of ¢-caprolactone

Run 7 (°C) [e-CL]," Yield® (%) Mn° (GPC-corr) M, (NMR) M," (Theor.) M,/M, (GPC)

1 40 0.5 5 3,000 n.a. 1,000 1.1
2 50 0.5 23 6,000 8,000 5,000 1.2
3 60 0.5 45 11,000 9,000 10,000 1.2
4 60 0.7 72 16,000 12,000 17,000 1.4
5 60 1.4 99 23,000 n.a. 23,000 1.8
6 70 0.5 95 16,000 17,000 22,000 1.8

Polymerization conditions: initial molar ratio [e-CL]o/[Al]o/[BnOH], = 200/1/1, chlorobenzene, activa-
tion period 30 min, [1]o = 0.003 mol/L, t = 6 h

# Initial molar concentration of e-caprolactone [mol/L]
® Isolated yield
¢ Corrected values in the brackets obtained according to the equation M,(Corr) = 0.58 x M, (GPC)

4 Calculated from initial molar ratio [e-CL]¢/[BnOH]y x 114.15 x conversion yield, considering one
active benzyl alkoxide group per Al complex

BnOH molecules in ROP initiation. Furthermore, the overall polymerization rate
decreased since the chain transfer reaction competed with the propagation step.

Moreover, the overall polymerization rate increased with the temperature
(Table 3). Every temperature increase by 10 °C in the range of 50-70 °C resulted in
almost a double increment with regard to the previous polymer yield. However, the
polydispersity increase at 70 °C (M,/M, = 1.8) indicated possible occurring
undesired transfer reactions. In the same manner, the increase on the original
monomer concentration in the polymer mixture caused higher yields accompanied
with lower control over the propagation step as expressed by a rise in the
polydispersity (Runs 3-5 in Table 3).

The conditions during which relative monodisperse PCLs (~ 1.2) were synthe-
sized were considered as 60 °C, initial concentration of ¢-CL equal to 0.5 mol/L,
and equivalent ratio of 1/BnOH = 1/1. The subsequent polymerization experiments
performed at selected conditions confirmed a living character of the process due to
both a linear dependency of M, on conversion and a relative narrow polydispersity
of PCLs prepared (M,,/M, = 1.2-1.3) (Fig. 6).

Regarding the synthesis of PCL with the lowest polydispersity index
(M /M, = 1.1) at 40 °C, we can expect the proceeding of polymerization process
at 30 °C in the living manner as well. However, the polymerization period should be
prolonged over 24 h to obtain yields comparable with those produced at higher
temperatures.

On the basis of the results, ROP of &-CL catalyzed by the novel aluminum
complex 1 proceeded in a controlled manner with high catalytic efficiency under
optimized conditions producing PCLs with defined molecular weight. The catalytic
efficiency of 1/BnOH for ROP of ¢-CL at 60 °C and the excess of monomer of 200
to 1 estimated on the bases of [Mn(Theor.)/(Mn(NMR)] is close to 1, which is
comparable with the efficiencies of aluminum amine bis(phenolates)/BnOH under
similar conditions [12].
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16 = Mn(GPC-corr)
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Fig. 6 The relationship between M, (GPC-corr (filled square)) and its distribution (M/M,)
(open triangle) and the conversion for 1/BnOH/e-Cl = 1/1/200 system. Polymerization conditions:
[e-CL]y = 0.5 mol/L, chlorobenzene, 60 °C

Conclusions

In conclusion, an efficient system based on novel aluminum complex 1 and benzyl
alcohol for ROP of e-caprolactone was obtained. The living character of the
polymerization process was supported by the low polydispersity index (M,/M, =
1.2) of the PCL at certain conditions. Further details of the character of active
species and the relationship between the alkylgroup attached to the Al-complex and
the alcohol are under investigation.
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ABSTRACT: Nano/micromotors based on biodegradable
and biocompatible polymers represent a progressively
developing group of self-propelled artificial devices capable
of delivering biologically active compounds to target sites. The
majority of these machines are micron sized, and biologically
active compounds are simply attached to their surface.
Micron-sized devices cannot enter cells, but they provide
rapid velocity, which scales down with the size of the device;
nanosized devices can enter cells, but their velocity is
negligible. An advanced hierarchical design of the micro/
nanodevices is an important tool in the development of
functional biocompatible transport systems and their
implementation in real in vivo applications. In this work, we

|
Hs > \\ NN

H,0 +1/20, H,0, v

demonstrate a “mothership” concept, whereby self-propelled microrobots transport smaller cargo-carrying nanorobots that are

released by enzymatic degradation.

B INTRODUCTION

Self-propelled micro- and nanomachines are at the forefront of
research on materials. These machines have been intended as
carriers in a new possible form of drug delivery and for
biomedical applications.' > Micro/nanomotors composed of
biodegradable and biocompatible materials are of particular
interest because they have potential applications in environ-
mental remediation® and chemical cargo transport under
physiological conditions, respectively.”~'* Polymers are among
the most promising materials for construction of micro/
nanomotors as they offer elasticity and stimulus—response
'Y12 Moreover, asymmetric polymer-based
micromotors are capable of both, aggregating and leaving the
swarm dynamically, depending on fuel conditions."’

Such microrobots were fabricated from poly(e-caprolac-
tone) (PCL), which is a highly valued polymer in biomedical
research due to its biodegradability, biocompatibility,"* and
feasibility of further functionalization.'*'® This allows surface-
functionalized thin films, nanoparticles (NPs), and polymer
lamellae to be decorated with metal nanoparticles."® Multi-

motion behavior.

-4 ACS Publications  © 2019 American Chemical Society

functional micromotors composed of single PCL crystals and
Pt, Au, and Fe;O, NPs attached to the crystals surface were
first introduced by Li and co-workers in 2013."” Various
asymmetric PCL sheet-like and nonregular sphere-like micro-
motors have been previously fabricated.'*'*~*°

Here, we present a novel concept that uses an enzymatically
degradable microrobot (mothership) to deliver cargo-carrying
nanospheres. Nile Red was chosen as a fluorescent hydro-
phobic probe for visualization of loading of the nanoparticles
by the polymeric mothership. Both the cargo and micromotors
are susceptible to hydrolytic scission by the action of lipase
isolated from Rhizopus arrhizus (RA) but at different rates.
This allows the design of a biodegradable delivery system
(Scheme 1).
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Scheme 1. Fabrication Process and Enzymatically Triggered Disintegration of Micromotors Loaded with Polymer Particles”
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“Thiol-functionalized poly(e-caprolactone), PCL was drop-cast and Pt-covered making sheet-like and tubular micromotors after sonication. The
PCL-based cargo nanospheres with Nile red incorporated were obtained by the single emulsion. The cargo was loaded by the contribution of thiol-
platinum and hydrophobic interactions. Both the cargo and micromotor were hydrolysed by lipase from Rhizopus arrhizus.

B MATHERIALS AND METHODS

Materials. Immobilized lipase from Candida antarctica (CALB,
Novozyme 435) with an activity of 2.5 U'-mg™" and lipase from R.
arrhizus with an activity of 2 U-g™' were obtained from Fluka and
used as received. Poly(vinyl alcohol) (PVA) with a Mw of 31 kg
mol™", 2-mercaptoethanol (99%), hydrogen peroxide (30%), and
sodium dodecyl sulfate (SDS, 98.5%) were obtained from Sigma-
Aldrich. Monomer, é&-caprolactone (99%) was supplied by Across
Organics, dried with CaH,, and freshly distilled prior to polymer-
izations.

Procedures. Enzymatically catalyzed ring-opening polymerization
of e-caprolactone was performed according to published procedure."
For micromotor preparation, an aqueous solution of PVA (1%, 300
uL) was deposited on the surface of a coverslip. Then, a solution of
PCL-SH in dichloromethane (150 L, 1 mg:-mL™") was drop-cast on
the PVA layer. The bilayer structure was left to dry for 2 h. In the
second step, a platinum (99.99%) layer was deposited on top of the
thiol-functionalized polymer film by e-beam vacuum evaporation at a
pressure of 1 X 10~mbar. The thickness of the deposited Pt layer was
controlled by a quartz crystal microbalance (QCM) monitor. The
deposition was performed at ambient temperature, and the temper-
ature did not exceed 40 °C during the evaporation procedure. The
slide with the as-prepared layered structure was then immersed in
deionized water and sonicated for 25 min to disintegrate upon
dissolution of the PVA layer.

PCL-SH nanospheres were prepared by single emulsion and
solvent evaporation methods. Thiol-functionalized PCL (10 mg) and
Nile Red (0.1 mg) were dissolved in 1 mL of dichloromethane and
emulsified into 10 mL of 0.2% w/v aqueous PVA solution using a
high-speed homogenizer (Ultra Turrax T, 18). After complete solvent
evaporation, the nanospheres were collected by centrifugation (10000
rpm, 10 min) and rinsed with demineralized water. This was repeated
three times to remove any nonencapsulated dye.

The encapsulation efficiency of the dye in nanospheres was
evaluated using UV—vis spectroscopy (Avantes).

For micromotor propulsion experiments, Pt/PCL-SH micromotors
in the presence of 9% H,0, solution and 3% SDS were used. For

cargo transport demonstration, volume aliquots of NR PCL-SH
nanospheres (S yL) were added to the micromotors’ suspension.

To perform enzymatic degradation of the micromotors, a solution
of lipase from R. arrhizus in phosphate buffer at pH 7.0 (0.4 mL, 9.3
mg-mL’l) was added to the suspension of Pt/PCL-SH micromotors
(0.6 mL). The suspension was shaken at room temperature for 6 days.
Afterward, the supernatants were collected by centrifugation and the
solid residues were rinsed, with buffer solution and demineralized
water, and subjected to microscopic analyses.

The course of enzymatic degradation of the PCL-SH nanospheres
was followed by measuring Z-averaged and light scattering intensity of
the polymer particles in time according to the procedure reported in
the literature.”> A lipase solution in phosphate buffer at pH 7.0 (80
4L, 9.3 mgmL™") was added to the dispersion of copolymer particles
in water (120 uL, 1 mg~mL_l) in a cuvette. The measurement was
performed directly in the cuvette at 37 °C. The relative light
scattering value derived from the count rate (RLS) was calculated as
follows: RLS = DCRt/DCRO, where DCRt is the derived count rate
of the sample in a specific measurement interval and DCRO is the
derived count rate of the sample at time = 0 h.

Characterization of Micromotors and Particles. The
morphology and height profiles of the micromotors were analyzed
by an optical profilometer (Senofar S neox) using the confocal
method. The morphology of the micromotors and particles was
examined by a scanning electron microscope (SEM) with an FEG
electron source (Tescan MAIA3 Triglav) using an in-lens secondary
electron detector (5 kV beam) and a transmitted electron detector (7
kV beam). Elemental composition and mapping were performed by
using an energy dispersive spectroscopy (EDS) analyzer (X-MaxN)
with a 150 mm? silicon drift detector (Oxford Instruments) and
AZtecEnergy software. SEM-EDS analysis was carried out using a 10
kV electron beam in analysis mode (not using the field immersion).

The motion of the Pt/PCL-SH micromotors in aqueous solutions
of H,0, of various concentrations and SDS as surfactant (1% w/v)
was recorded by an Olympus BX43 microscope equipped with a
FastCam mini camera. Motion analysis of the captured video was
done by using NIS-Elements AR software.
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Figure 1. Microscopic analyses of PCL-based micromotors: (A) optical profilometer image of starting PCL-SH film without platinum layer (view of
film’s top side). (B and C) SEM images of representative PCL-SH/Pt micromotors. (D) energy-dispersive X-ray mapping from SEM images.
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Figure 2. (A—E) Trajectories of PCL-SH/Pt micromotors at different H,0, concentrations. (F) Correlation of micromotor velocity as a function
of H,0, concentration. Error bars indicate the standard deviation of 20 micromotors. All videos were recorded in the presence of 1 wt % SDS. Scale

bar = 200 ym.

To measure PCL particles size, dynamic light scattering (DLS) was
applied (Malvern Instruments Zetasizer Nano ZS with 633 nm laser
and 175° detection optics) at 25 °C.

To confirm the loading of PCL with Nile Red, an inverted
fluorescence microscope (Olympus IX73) was used with a Chroma
51003 filter cube and a X-Cite 120 Q 120W broadband light source.
The fluorescence images of the Nile Red-loaded PCL were taken with
a Retiga R1 camera.

B RESULTS AND DISCUSSION

We fabricated micromotors and nanosphere-based cargo from
biodegradable and biocompatible poly(e-caprolactone) (PCL).
Fabrication of the micromotors and cargo, loading release, and

10620

disintegration processes are illustrated in Scheme 1. Thiol-
functionalized poly(e-caprolactone) (PCL-SH) was synthe-
sized by green ring-opening polymerization, achieving a molar
mass of 10 kg'mol™' and 60 mol % of thiol end groups.
Polymerization and thermal analysis results are summarized in
the Supporting Information, Table S1. Figure S1 shows the 'H
NMR spectrum of the polymer, confirming the structure of
PCL and the presence of the introduced thiol groups. Once we
obtained the PCL sheets, the PCL-SH/Pt micromotors were
fabricated. PCL-SH powder was first dissolved in dichloro-
methane and deposited by drop-casting onto a PVA-modified
glass slide to create a film layer (Figure 1A). This layer was
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Figure 3. Microscopic images of NR-loaded PCL-SH spheres. (A) STEM image of the PCL deposited on a carbon-coated TEM grid at different
resolution. (B) Polymer particles dispersion in water. (C) Fluorescence microscopy image of the deposited PCL particle loaded with Nile Red. (D)
Size distribution of PCL particles according to DLS analysis. (E) Time profile of DLS analysis for NR-loaded PCL-SH spheres incubated with
lipase from R. arrhizus (black squares = derived count rate ratio calculated as DCR,/DCRy; blue circles = Z-Average of spheres).

then coated with Pt via evaporation to deposit a compact layer
(40 nm).

Afterward, the glass slide was sonicated in water, and the
PCL-SH/Pt bilayer structure was disintegrated into sheet-and
tubular-like micromotors with lengths from 35 to 125 ym (see
SEM images, Figures 1B and 1C) and an average thickness of
400 nm. The height profile obtained by the optical
profilometer is shown in Figure S2, and the representative
images are shown in Figure S3. Tubular micromotors were
formed by the self-rolling of platinum-PCL bilayer microsheets
due to internal stress resulting from nonhomogenous Pt
coating on one side. This is advantageous since rolled-up
tubular micro/nanomotors have exhibited a high catalytic
performance and a cazpability to be tailored for the perform-
ance of specific tasks.”” In addition, the tubular micromotors
are formed by their self-rolling directly in situ; this has the
potential of being a simple economical template-free approach
to microrocket fabrication. Qiang He et al. have recently
reported the preparation of rolled-up microrockets by a
template-free approach based on the combination of layer-
by-layer (LbL) assembly and microcontact printing.”* This
combination of methods ensured the production of defined
LbL micromotors with the capability to transport the cells.

Interestingly, a wrinkled morphology was observed on the Pt
surface (inset Figure 1C), which was attributed to the
spherulitic pattern of the starting PCL-SH film (Figure 1A)
formed during evaporative crystallization. The surface of the
self-rolled tubular micromotors appeared smooth since this was
the bottom face of the starting film, which was in contact with
the PVA layer on the substrate.

The presence of thiol groups and the formation of a Pt layer
on the micromotors’ surface was confirmed by EDX analysis
(Figure 1D). The occurrence of platinum—thiol interaction

between the polymer and Pt was assumed to prevent Pt
leaching during the micromotors’ washing, storage, or motion
analysis.

Motion performance of the obtained micromotors was
studied in a hydrogen peroxide aqueous solution containing
the sodium dodecyl sulfate (SDS) surfactant. Representative
trajectories of the micromotors at H,O, concentrations varying
from 1 to 10 wt % are presented in Figures 2A—E and
Supporting Information Videos S1 and S2 recorded at 1 and 10
wt % H,0,, respectively. Movement of the micromachines by
bubble propulsion can be clearly observed. The average
velocities were calculated from the motion of 20 different
micromotors at different concentrations of H,0, (0—10%).

Lipase from R. arrhizus was used to demonstrate the
biodegradability of PCL-SH micromotors. Both PCL-SH
microsheets and PCL-SH/Pt micromotors were subjected to
incubation with lipase for 6 days. It is well-known that
enzymatic hydrolysis takes place first in amorphous regions of
the polymeric film surface. As degradation progressed, the
microsheets disintegrated into lamellar-like structures as a
consequence of hydrolytic scission occurring preferentially in
the loosely chain-packing domains of the spherulitic surface.
The degradation progress is depicted in Figures S4. The
increase in intensity of the absorption band at 1185 cm™ in
ATR-IR spectra (data not shown) of the degraded samples
confirmed the degradation in the amorphous phase as
compared with that in the spectra of the starting material.
This was later utilized when well-guided and detectable
micromotors were disassembled into daughter ships upon
reaching the target location.

To create biocompatible and biodegradable cargo compat-
ible with PCL-SH/Pt micromotors, the same polymeric
material was used to fabricate soft nanospheres. These
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Figure 4. Consecutive image frames of the loading (A and B) and transport (B—H) of NR-loaded PCL-SH nanospheres (objects inside yellow
circle in Figure 4A) by PCL-SH/Pt micromotors (objects inside red circle in Figure 4A). Experimental conditions: 1 wt % H,0, and 1 wt % SDS.

Scale bar = 53 ym.

nanospheres were loaded with a fluorescent compound, Nile
Red (NR). The spherical shape of the NR-loaded PCL-SH
nanospheres was demonstrated by SEM images (Figure 3A and
inset). The presence of NR in the nanospheres (Figure 3B)
was verified by fluorescence microscopy (Figure 3C). These
nanospheres had a hydrodynamic size of 440 nm and a
polydispersity index (PdI) of 0.3 according to dynamic light
scattering (DLS) analysis. Figure 3D shows the size
distribution of PCL particles according to DLS analysis in
demineralized water. The particle size obtained by the DLS
measurements was in agreement with the results obtained from
analysis of the SEM images. Moreover, encapsulation efficiency
of NR in PCL-SH nanospheres was estimated to be 20%
(according to UV—vis analysis) with a loading of 2 yg of NR
per 1 mg of PCL-SH polymer.

To evaluate enzymatic digestion of the nanospheres by
lipase from R. arrhizus, a dispersion of the nanospheres was
mixed with aliquots of the lipase solution directly in a cuvette
and changes in Z-averaged and derived count rate (DCR) were
followed in time. A decrease of the DCR was clearly observed,
which can be attributed to the decreasing amount of the
nanospheres. Concomitantly, the size of nanospheres de-
creased during the 3 h period, confirming the occurrence of
surface erosion (Figure 3E).

The capability of the PCL-SH/Pt micromotors of cargo
loading and transport was evaluated in an aqueous solution
containing 1 wt % of H,O, and 1 wt % of SDS at room
temperature. Supporting Information Videos S3 and S4 show
the micromotors before the cargo loading and during the cargo
transport, respectively. Consecutive image frames of loading
and transport of NR-loaded PCL-SH nanospheres (objects
inside yellow circle in Figure 4A) by a PCL-SH/Pt micromotor
(object inside red circle in Figure 4A) are presented in Figure 4
(A-H).

Efficient loading started 1S s after addition of the NR-loaded
PCL-SH nanospheres to the solution containing the micro-
motors (Figures 4A,B). Interestingly, the micromotors were
able to transport and collect additional polymer spheres during
the next 80 s (Figures 4C—H). Moreover, the high catalytic
activity of PCL-SH/Pt micromotors in H,0, decomposition to

O, for self-propelling was demonstrated by massive bubble
production (Figure 4E—H). A successful loading of poly-
styrene microspheres onto Pt/PCL micromotors via magnetic
or hydrophobic interactions at increased temperature have
been currently reported.”’

In this work, the contribution of the thiol—platinum
interaction to efficient loading is suggested as polymer spheres
had thiol groups on their surface and micromotors possessed a
Pt layer on one side.

To demonstrate enzymatically triggered disassembly of the
micromotors, nanosphere release, and degradation of the
whole transport system, the micromotors loaded with nano-
spheres were exposed to lipase. More specifically, the PCL-
SH/Pt micromotors were incubated with NR-loaded PCL-SH
nanospheres for 2 min. The images in Figure SA show that the
NR-loaded PCL-SH nanospheres were successfully attached to
the micromotors. After that, an aliquot of the lipase solution
was added to obtain a final concentration of 20 mg/mL and
the system was incubated for 22 h. Figure SB shows that
complete degradation of the nanospheres occurred. After 88 h
of continuous incubation, just small pieces of PCL-SH/Pt
micromotors were observed, confirming their disintegration
(Figure 5C).

It is worth noting that in these experiments, lipase
concentration was increased compared with that in enzymatic
degradation of micromotors without cargo (Figure S4 in SI).
Accelerated enzymatic hydrolysis resulted in the desired
degradation pattern of the amorphous nanospheres into
soluble oligomers. For micromotors, which are on a micro-
meter scale and comprise a semicrystalline polymer layer, the
disintegration occurred as a consequence of the hydrolysis by
surface erosion and scission of chains in the amorphous
regions.

Bl CONCLUSION AND OUTLOOK

In this study, we prepared a thiol-functionalized polymer for
the design and fabrication of biocompatible and biodegradable
micromotors and nanospheres used as transport devices for a
dye-based cargo. The successful functionalization of poly(e-
caprolactone) and Nile Red dye loading was demonstrated by
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Figure S. (A) NR-loaded PCL-SH nanospheres attached to PCL-SH/
Pt micromotors after 2 min. (B) Complete degradation of NR-loaded
PCL-SH nanospheres after 22 h. (C) PCL-SH/Pt micromotor
disintegration after 88 h. The experiments in (B) and (C) were
carried out in the presence of lipase enzyme in PBS (pH 7.0,
concentration of enzyme in final solution 20 mg/mL). Scale bar = 100

pm.

"H NMR and UV—vis spectroscopic analyses, respectively. The
prepared PCL-SH/Pt micromotors showed good performance
in terms of velocity. The conditions of enzymatic degradation
of the PCL-SH-based transport vehicles were optimized to
enzymatically trigger dye release and micromotor disintegra-
tion. In summary, we reported on the design of a
biocompatible micromotor and cargo system with a desired
degradation pattern. This represents a proof-of-concept for a
transport system that uses enzymatically triggered drug release
and micromotor disassembly.

Autonomously propelled micro- and nanomotors are
considered as advanced drug delivery platforms, which offer
passage across tumor environments, overcoming elevated
interstitial fluid pressure, or across body fluids with varying
viscosity. When they reach a target location, eflicient release of
cargo should occur thus providing bioavailability. From this
point of view, the rational design of biodegradable cargo and
micro/nanomotors, which undergo degradation at a time that
coincides with the time of payload delivery, is a challenging
issue to be addressed. Enzyme-triggered release using disease-
associated enzymes or external enzymes added on purpose
represents a prospective concept for therapeutic and diagnostic
(theranostics) applications.
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Abstract: Aliphatic polycarbonate-based block copolymers have received consid-
erable attention as carriers for targeted drug and gene delivery because of their bio-
compatibility and biodegradability. However, there is little understanding of their
phase behaviour and physicochemical characterization of the particles made from
them. Here, we prepared a series of well-defined poly(trimethylene carbonate) (PTMC)-
based copolymers with molar masses of 3-9 kg:mol™ by metal-free ring-opening
polymerization using dihydroxy-terminated poly(ethylene oxide) as a macroinitia-
tor. Micellar nanoparticles self-assembled from copolymers had a size of less than
130 nm. They were degraded by the action of a model lipase from Mucor Miehei at
37 °C, which is of high importance for biodegradability in the living organism. X-ray diffraction and differential scanning calorimetry
proved that amorphous copolymers with more than 39 mol% of carbonate units and representative particles were prone to the rear-
rangement of PTMC chains during storage and to thus undergo post-crystallization. Our findings can contribute to the comprehensive
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nanoparticles.
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characterization of polycarbonate biomaterials for medical applications.

Keywords: amphiphilic copolymers, crystallization, self-assembly, enzyme degradation.

1. Introduction

Poly(trimethylene carbonate), PTMC, and its copolymers are
biocompatible resorbable aliphatic polycarbonates and polyes-
ter carbonates applicable in the regeneration of soft tissues and
drug delivery.”® PTMC is a promising candidate for drug deliv-
ery vehicles because it is hydrolysed into nonacidic degradation
products (1,3-propanediol and carbon dioxide) when subjected
to in vivo conditions due to enzymatically induced surface ero-
sion.” For the purpose of transporting various payloads, PTMC
was formed into particles, disks, and gels.'*"!

To extend delivery potential, amphiphilic copolymers com-
posed of hydrophobic PTMC block and hydrophilic, mostly
poly(ethylene oxide), PEO, block were synthesized. Cytotoxic-
ity study proved that such copolymers are nontoxic biomateri-
als to chondrocytes.'? Biocompatible hydrophilic PEO moiety
increased the vehicles’ resistance towards non-specific adsorp-
tion of proteins and cells compared to PTMC-based hydrophobic
particles.®™> Moreover, core-shell type particles or polymer-
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somes made from these copolymers '8 are particularly attrac-

tive due to their capability to accommodate poorly water-soluble
drugs with high encapsulation efficiency (around 90%).1°%

The morphology and crystallinity of block copolymers are
known to significantly influence degradation rate of polymer
matrix and drug release profile** Until now, there is little
understanding to the crystallization properties of PTMC-b-PEO
di- and triblock copolymers. Simplified cases were mostly con-
sidered. For example, PTMC block is amorphous and PEO block
can crystallize when the fraction of TMC units is less than 63.5
mol%." The possibility of PTMC phase crystallization in diblock
copolymer; mPEQ;-PTMCy;, was suggested by Zhang et al relat-
ing to the occurrence of a broad single melting endotherm with
the heat of fusion higher than that corresponding only to the
PEO block.”

In the present study, morphology and physicochemical
properties of a series of triblock PTMC-b-PEO-b-PTMC copoly-
mers were studied in order to obtain a comprehensive image
of their phase behavior. The copolymers were assembled into
micellar nanoparticles with the core formed by PTMC hydro-
phobic matrix (Scheme 1). To understand the effects of PTMC
block length on the physicochemical properties of nanoparti-
cles, representative samples were extensively characterized using
scanning electron microscopy (SEM), dynamic light scattering
(DLS), nanoparticle tracking analysis (NTA), thermal analysis

© The Polymer Society of Korea and Springer 2018
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Scheme 1. Preparation of polycarbonate copolymer-based micellar nanoparticles with hydrophobic PTMC core and hydrophilic PEO shell.

(DSC) and powder diffraction (WAXD). Enzymatic degradation
of particles in vitro was evaluated by the action of lipase from
Mucor miehei.

2. Experimental

Trimethylene carbonate (TMC) was purchased from Labso Chimie,
France, and twice recrystallized from diethyl ether. Dihydroxy-
terminated PEOs (M,=1000, 2000, 4000 g'mol ™) were purchased
from Sigma Aldrich. All PEOs were dissolved in dichloromethane,
precipitated in diethyl ether and dried under vacuum before
polymerization. Dichloromethane (DCM) was supplied by Penta,
CZ and was dried over CaH, prior to use. Phosphate buffer (PB,
pH=6.9, 56 mM) was prepared according to standard procedure.

2.1. Synthesis of copolymers and characterization of their
constitution

Polymerization reactions were performed according to a pro-
cedure reported by Hyun et al* Reference PTMC homopoly-
mer was synthesized by ring opening polymerization of TMC
(14.7 mmol; 1.5 g) initiated by benzyl alcohol (0.3 mmol; 29 uL)
and HCI in diethylether (0.3 mmol; 150 L) in dichlorometh-
ane (7.4 mL) for 24 h.

'H and "*C{'H}-NMR spectroscopy analyses of prepared copo-
lymers were performed on Bruker Avance IlI™ at 500 MHz and
Bruker 600 Avance™ at 126 MHz respectively. The analyses were
performed at 25 °C in CDCls. The "H and **C NMR spectra of
PTMC-b-PEO-b-PTMC copolymers were interpreted according
to the studies of Feng et al.'® and Liao et al,** respectively. Rep-
resentative proton signals are as follows:

'H NMR of PTMC-b-PEO-b-PTMC, CDCl;: 6=1.92 ppm [p, 2H,
(-CH,)], 5=2.05 ppm [p, 2H, (-CH,-)], 5=3.64 ppm [t, 2H, (-CH,0-)],
6=3.73 ppm [t, 2H, (-CH,O0H)], 6=4.24 ppm [t, 4H, (-OCH_-)], 6=
4.30 ppm [t, 2H, (-CH,-)].

13C{*H}-NMR of PTMC-b-PEO-b-PTMC, CDCl;: 5=28.04 ppm (-O-
CH,-CH,-CH,-0-C0-), §=31.56, 31.64ppm (HO-CH,-CH,-CH,-O-
CO0-),6=58.97 ppm (HO-CH,-CH,-CH,-0-C0-), 6=64.29 ppm (-CH,-
CH,-CH,-C0-),6=67.07,67.87,68.89 ppm (-0-CO-0-CH,-CH,.0-), &

© The Polymer Society of Korea and Springer 2018

=70.58 ppm (-CH,-CH,-0-), 6=154.91 ppm (-C=0).

The 'H NMR and “*C{*H}-NMR spectra of prepared copoly-
mers are presented in Supporting information. Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra of
copolymers were obtained on Nicolet 6700 FTIR spectrometer
(Thermo-Nicolet, USA) equipped with a diamond ATR acces-
sory GladiATR (PIKE, USA). Spectra were recorded at 4 cm™
resolution for 64 scans in the scan range of 4000-400 cm™.

SEC analysis was employed to determine M,, weight-aver-
age molar mass, M,, number-average molar mass, and disper-
sity D (M,,/M,)). Measurements were performed on SEC Waters
Breeze chromatograph equipped with two PSS Lux LIN M 5 um
(7.8 mmx300 mm) columns and refractive index detector (RI
880 nm). The mobile phase (THF) flow was 1 mL-min™ and the
analysis temperature was 35 °C. Polystyrene standards were
used for calibration.

2.2, Particles preparation and characterization of dis-
persions

To have particles with different composition and comparable
hydrodynamic sizes solvent displacement method was applied.
THF solution (1 mL) containing 10 or 25 mg of copolymer sam-
ple was emulsified in 10 mL of ultrapure water under stirring
(5000 rpm™) for 2 h. Residual THF was distilled off under vac-
uum (Biichi rotary evaporator, 35 °C).

The particle size was analysed by dynamic light scattering
(DLS) method (Malvern Instruments Zetasizer Nano ZS, 633 nm
red laser, 175° detection optics) at 25 °C, using the refractive index
of PEO=1.456. To measure zeta potential the micellar disper-
sions were transferred to a folded capillary cell (DTS1061, Mal-
vern Instruments) and measured at 25 °C with an applied voltage
of 150 V (Malvern Instruments Zetasizer Nano ZS).

Nanoparticle Tracking Analysis (NTA) was applied to char-
acterize copolymer particles using Nanosight NS300 instrument
equipped with a green laser device (532 nm) and an intensi-
fied sSCMOS camera. For the measurement, camera shutter and
gain were manually adjusted as follows. The camera aperture
settings were set to camera shutter 391 and camera gain 99,

Macromol. Res.
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detection threshold (DT) was set to 14. Maximal capture time
of 215 s was selected.”® The temperature during the acquisi-
tion was held at 25 °C. The software used for capturing and
analyzing was NTA version 3.2.

The dispersion of sample 1 (1 mg-mL™) was diluted 100-fold
and 200-fold for the measurement, whereas dispersion of sam-
ple 7 (1 mg'mL™) was measured undiluted and 2-fold diluted.
The NTA software analysis resulted in particle size distribution,
mode size (main peak), mean size and its standard deviation
values. The values are presented as an average of five measure-
ments performed under the same capturing settings and con-
ditions directly exported from the software.

2.3. Characterization of phase composition and morphology

The phase composition was evaluated by wide-angle X-ray dif-
fraction (WAXD) on an XRD PANanalytical X'Pert PRO diffrac-
tometer using CuKa radiation (40 kV, 30 mA) at 25 °C with step
size 0.0390° 26 and 5.0187-59.9307° 26 angle range. Glass-transi-
tion temperatures (7,) and melting points (7,,) along with the
heat of fusion (AH,,) were measured by differential scanning
calorimetry (DSC) on Q200 Differential Scanning Calorimeter
(TA Instruments) under nitrogen flow (50 mL-min) at scan-
ning rate of 5 and 10 °C-min™.

Synthesized copolymers were subjected to analyses directly
after drying. Oligomeric PEOs used as macroinitiators showed
melting transition during the first heating with the maxima as
follows: PEO 1000, T,=31°C (144 J-g"); PEO 2000, T,,=49 °C
(163 J-g") and PEO 4000, T,,=58 °C (167 ]-gH).

To analyse the phase composition and thermal properties of
the particles, their dispersions (1 mg trehalose/1 mg polymer)
were immersed in liquid nitrogen and then freeze-dried over-
night (L4-110 PRO freeze dryer, Gregor Instruments). Lyo-
philized samples were retrieved from fresh dispersions and
dispersion incubated at 25 °C for 7 days and characterized. DSC
thermogram of threhalose is shown in Supporting informa-
tion. The morphology of the particles was examined by scan-
ning electron microscope (SEM) with a FEG electron source
(Tescan MAIA3 Triglav™). The images were acquired at 7 kV
beam energy in high-resolution immersion mode using in-beam
secondary electron detector.

2.4. Genomic DNA encapsulation

The procedure was adopted from a published study.?® Briefly,
50 L of human genomic DNA in RNase-free water (43 ng-uL™)
was emulsified in a DCM solution of copolymer sample 1 (5 mg-
mL™) by sonication for 5s (Bandelin Sonorex). The emulsion
was transferred into 3 mL of ethanol under moderate stirring.
After 10 s, 3 mL of ultrapure water was added. The dispersion
was stirred for 10 min, followed by evaporation under vacuum
for 1 h (Biichi rotary evaporator, 37 °C). The dispersion was
centrifuged for 30 min (Universal 320 R centrifuge, Hettich,
14,000 rpm, 4 °C), the supernatant was removed and particles
were re-suspended in 2 mL of PBS. The concentration of DNA
in the supernatant was determined using NanoDrop ND 1000
spectrophotometer (Thermo Scientific). The re-suspended polym-
ersomes were directly analyzed along with the original disper-
sion by tomographic microscopy (Nanolive 3D Cell Explorer)
using the associated STEVE software.

2.5. Enzymatic hydrolysis of particles

The occurrence of enzymatic hydrolysis was analysed by mea-
suring Z-Average and light scattering intensity of polymer par-
ticle suspension in time according to a procedure reported by
Trousil et al*” and Li et al. ® A lipase solution was added to the
dispersion of copolymer particles in water (1 mgmL™) to achieve
final lipase concentration of 1610 U-mL™ The measurement
was performed directly in a cuvette at 37 °C. Relative light scat-
tering value from derived count rate (RLS) was calculated as
follows: RLS=DCR,/DCR,, where DCR; is derived count rate of
the sample in a specific time of the measurement t; DCR, means
derived count rate of the sample in time t=0 h.

3. Results and discussion

3.1. Physicochemical characterization of prepared copoly-
mers

A series of triblock PTMC-based copolymers with central PEO
block (M,=1000, 2000, 4000 g'mol™) was synthesized by con-
trolled ring-opening polymerization of TMC monomer according
to the literature.?? Molar ratios of the EO:TMC units in almostall

Table 1. Ring-opening polymerizations of TMC initiated by dihydroxy-terminated PEO and HCI/Et,0 catalyst

Sample No. PEO“ (kg-mol™) TMC:EO feed” TMC:EO copol® M, (NMR)* (kg'mol™) M, (SEC)® (kg-mol?) p°
PTMC 100:0 100:0 3 1.20

1 1 63:37 67:33 6 1.17

2 1 62:38 56:44 4 4.5 1.13

3 2 40:60 42:58 5 1.23

4 2 40:60 39:61 5 1.16

5 2 39:61 36:64 6 1.08

6 4 20:80 23:77 7 7.5 1.14

7 4 10:90 7:93 5 6.5 1.09

“Macroinitiators: PEOs with molar mass M, of 1, 2, and 4 kg-mol ™. "EO=ethylene oxide units, mol fractions of TMC and EO in the feed. “mol fractions of TMC and
EO in copolymer determined by 'H NMR spectroscopy (CDCl;). ‘M, (NMR) was calculated according to integral ratio of peaks at 2.05 and 3.64 ppm according
to the formula as follows: M,=(I,¢s/l364* X - 102)+M, (PEO)+204, where x means number of PEO hydrogen atoms. ‘M, (SEC), apparent number-average molar
mass and dispersity D were determined by SEC analysis with RI detector, based on polystyrene standards.

Macromol. Res. © The Polymer Society of Korea and Springer 2018



Macromolecular Research

CH,in PTMC CH, in PEO

Absorbance [a.u.]

o AT
Q
5= O
(2]

3200 3000 2800 2600

wavenumber [cm™']

1 1 1 1 1 J
1800 1600 1400 1200 1000 800 600

wavenumber [cm']

Figure 1. ATR-IR spectra of synthesized copolymers 1-7; (a) C-H stretching region; (b) the region of 1800-700 cm™.

copolymers corresponded well with the feed ratio and prepared
dried samples showed narrow dispersity of 1.08-1.23 (Table 1).

ATR-IR spectra of synthesized copolymers are shown in
Figure 1. The peaks at 2976 cm™ and 2912 cm™ corresponded to
the C-H bonds of PTMC units, whereas absorption band at
2883 cm™ was attributed to the C-H bonds of PEO block (Fig-
ure 1(a)). Strong absorption of carbonyl group at 1737 cm?,
stretch vibration of carbonate C-O group at 1225 cm™ and stretch-
ing vibrations of O-C-C at 794 cm™ were associated to PTMC
units in copolymer.” Ether stretch at 1110 cm™ and CH, rock-
ing at 842 cm™ were assigned to PEO in copolymer. The latter
was suggested as an evidence of crystalline PEO phase (Figure
1(b))*° Appeared absorption bands associated with both car-
bonate monomeric units and PEO blocks confirmed desired
block structure.

To reveal the crystallization capability of the covalently linked
blocks, resulting copolymers were analyzed by X-ray powder
diffraction (WAXD). According to literature, higher-molecular
PTMC homopolymer is assumed as an amorphous elastomer
whereas PEO is a semicrystalline polyether with crystalline peaks
at 19° and 23° (26) in the WAXD pattern.**? The occurrence of
crystalline PEO phase in samples with 93-64 mol% of EO units
(samples 5, 6, 7) was evidenced by diffraction maxima corre-
sponding to starting PEOs’ pattern (Figure 2(a)).

For copolymers with 58-33 mol% of EO units (samples 1, 2, 3),
diffraction maxima at 15.8°, 20.7°, and 26.6 °(26) were observed
reflecting the regular arrangement of PTMC blocks. The diffrac-

Table 2. Thermal properties of copolymers

PTMC

dnox3

10 15 20 25 30 35 40 45 50
2007

60 40 -20 0 20 40 60
el

Figure 2. Characterization of physical structure; (a) WAXD patterns of
synthesized PTMC and PTMC-b-PEO-b-PTMC copolymers; (b) DSC thermo-
grams of representative samples; solid line=1st heating, dash line=
2nd heating.

tion maxima for PEO almost disappeared and the diffraction pat-
tern obtained corresponded with that of a comparative PTMC
homopolymer. For the sample with the ratio of 61:39 mol%
EO:TMC units (sample 4) both blocks were found out to con-
tribute to an amorphous halo, which prevailed in the diffrac-
tion pattern, and slightly to crystalline phases.

Differential scanning calorimetry (DSC) was employed to study
the intrinsic thermal behaviour of copolymers with regard to
obtained crystallographic data. DSC results are summarized in
Table 2 and thermograms of chosen samples are presented in
Figure 2(b). Crystallization of the PEO block occurred in copo-

sample No. T,/ (°C) T (°C) AH, (0g") Th (°0) AH (g
PTMC -25 33 37 - -
1 -36 36 35 - -
2 -40 36 17 - -
3 -43 38 44 - -
4 -43 27/33 17/19 - -
5 -30 45 87 43 54
6 -33 46 87 44 73
7 n.d. 54 129 50 111

“Glass transition temperature, T, was determined according to the 2nd heating run. "Melting temperature, T,, and heat of fusion AH,, were determined accord-
ing to the 1st heating run. ‘Melting temperature, T,, and heat of fusion AH,, were determined according to 2nd heating run at heating rate 5 °C-min™.

© The Polymer Society of Korea and Springer 2018
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lymers with EO molar fraction higher than 61 mol% (samples
5, 6, 7) as it was documented by melting endotherms observed
during both the first and the second heating runs. Such results
do not correspond with those of Zhang, who determined crys-
talline PEO blocks by DSC in the copolymer with 15.6 wt% of
PEO.'

The discrepancy could be ascribed to the influence of PTMC
chains’ length, which is another important parameter in addi-
tion to molar ratio. During the first heating of copolymers with
67-42 mol% of TMC units (samples 1-3) melting endotherms
(T,,=36-38 °C) were detected and no crystallization occurred
after cooling the melt during DSC analysis. According to litera-
ture PTMC with molar mass lower than 12 kg'-mol ™ was shown
to crystallize displaying T, of 36 °C with a small heat of fusion
(4.5-10 J-g").*® For the copolymers no. 1-3 the creation of crys-
talline domains could be explained by the impact of sufficient stor-
age time during which an arrangement of PTMC chains took place.

Altogether, both PEO and PTMC blocks hindered regular
arrangement of each other as documented by lower both T,
and heat of fusion of copolymers in comparison with those of
starting PEOs (experimental section) and comparative PTMC
(Table 2).

Glass transition temperature, T, was determined from the
second heating scan to avoid the effect of thermal history."
Almost all copolymers showed only one T, which was between
those of homopolymers. One value of T, could mean partial
miscibility of blocks, but in our case it would be suggested for
mostly amorphous samples. The reason is that for highly crys-
talline PEOs glass transition is difficult to be observed by con-
ventional DSC.

3.2. Physicochemical characterization of particles

Utilizing the precipitation method two types of particles from
the copolymer with the highest (sample 1) and lowest (sample
7) TMC unit content were prepared and characterized by DLS
and SEM. The size of particles was 124 nm with zeta-potential,
(£), -32 mV starting with copolymer 1. Copolymer 7 afforded
particles with the size 128 nm and () -22 mV. The polydisper-
sity index (PdI) was 0.12 and 0.21 for sample 1 and sample 7,
respectively. Such hydrodynamic size and negative surface charge
are advantageous for medicinal applications since particles with
size less than 200 nm are prevented against an uptake* by the
reticuloendothelial system and against nonspecific electrostatic
interaction with blood cells, respectively.** According to SEM
observation the particles with fusiform shape had slightly larger
size about 300 nm as could be seen in Figure 3. However, the
copolymer with higher TMC unit content was more favourable
to form solid nanoparticles than that with dominating PEO con-
tent during SEM analysis due to vacuum applied causing water
evaporation. This implies that long hydrophobic PTMC block
providing kinetically frozen core enables the creation of nano-
spheres with greater stability than micellar nanoparticles com-
posed of copolymers with shorter PTMC block.*® On the other
hand, copolymeric nanoparticles with low PEO density are known
to form larger aggregates upon freeze-drying,*” which explains
almost twice fold higher size of copolymeric spheres (Figure 3)

Macromol. Res.

Figure 3. SEM images of particles made from copolymer 1; inset: par-
ticle detail.

in comparison to that obtained by DLS.

Water dispersions of copolymer particles were characterized
by nanoparticle tracking analysis (NTA) method, which com-
bines laser light scattering microscopy with a charge-coupled
device (CCD) camera analyzing Brownian motion of illuminated
particles in real-time.***

Before starting the measurement, the camera-level (CL) ie.
shutter speed and camera gain, and the detection threshold
(DT) are suggested to be optimized for observation of the par-
ticles.>*° On the base of screening measurements and compar-
ison of size distributions obtained by DLS and NTA methods,
NTA measurement parameters were set-up to evaluate whole
populations of particles (Supporting information). The result-
ing size distributions are presented in Figure 4. The distribu-
tions of particle sizes obtained by DLS and NTA measurement
were comparable for both copolymer samples. However, the
absolute size values of the distribution obtained by NTA were
shifted towards larger particle size. The main peaks (modes) in
the NTA obtained distributions were 131 and 147 nm for sam-
ples 1 and 7, respectively, in comparison to approx. half value of
79 nm for both samples obtained by DLS. The overall distribu-
tion was shifted towards larger sizes as opposed to corre-
sponding DLS measurements. Such results can be ascribed to
the underrepresentation of particles under 100 nm in the overall
NTA distribution, thus shifting modes towards larger sizes.

This is caused by the lower contrast of refractive indices of
polymer particles and water in comparison with, for example,
the RI difference between gold and water.*®*!

To evaluate the possibility of overrepresentation of larger
particles, the samples were filtered through 0.45 pm filter and
diluted by mixing equivalent volumes of their dispersions with
ultrapure water. Figure 5 shows that number distribution of an
undiluted dispersion divided by two corresponded well with
that of twice diluted. It shows that higher concentration of par-
ticles in the sample cannot be directly linked to the peak shift
and the obtained results can be compared among dispersions
with various concentrations.

To reveal an occurrence of the crystallization in copolymer
particles they were freeze-dried and analyzed by DSC and pow-
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size distribution obtained by NTA (right); (a) 100-fold diluted dispersion of particles made from sample 1; (b) undiluted dispersion of particles
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Figure 5. Comparison of particle size distribution obtained before (blue)
and after (red) dilution by (a) NTA for sample 1; (b) DLS (number) for
sample 1; (c) NTA for sample 7 and (d) DLS (number) for sample 7.

der diffraction methods. Trehalose, a non-reducing disaccharide,
was selected as a lyoprotectant.** Saccharides are assumed to
form amorphous phase immobilizing the copolymer particles
to protect them against stress and aggregation during freeze-
drying. According to DSC results presented in Table 3 particles

Table 3. Thermal properties of nanoparticles made from sample 1 and 7

made from sample 1 were considered amorphous.

When the particles were left to incubate in water at room
temperature for one week and then freeze-dried a slight increase
in PTMC crystallinity was observed as the consequence of post-
crystallization. As presented in Figure 6 powder diffraction data
corresponded well with thermal analysis. For particles made
from copolymer 7 with 93% of EO units a crystallization of PEO
blocks on the particle surface could be expected during freez-
ing steps.”® As shown in Table 3, freeze-dried particles from
sample 7 had melting transition corresponding to PEO in the
copolymer (DSC thermogram is shown in Supporting informa-
tion). However, the decrease in PEO crystallinity by 50% as com-
pared to starting copolymer 7 could be ascribed to hindered
crystallization of PEO chains due to the detrimental effect of
trehalose.

Altogether, the obtained results from thermal analysis and X-
ray diffraction of starting copolymers were significantly helpful
in obtaining information on the phase morphology of dried
nanoparticles.

3.3. Model enzymatic hydrolysis

PTMC implants are known to degrade in vivo faster than in a
buffer due to enzymatic activity. Since these enzymes have not

Sample No. Time (days) T,” (°C) T, (°C) AH,Y (J-gh Tae (°C) AHE (J.g™M)
1 0 -34 1
7 -33 6
7 0 n.d. 61 38 52

“T, was determined from the 2nd heating run. "The 1st heating run. “2nd heating run at heating rate 5 °C-min.

© The Polymer Society of Korea and Springer 2018
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Figure 6. Characterization of physical structure: (a) WAXD patterns of lyophilized particles from sample 1; (b) thermograms of lyophilized par-

ticles from sample 1; solid line=1st heating, dash line=2nd heating.

been determined, selecting an appropriate enzyme for degra-
dation experiments in vitro represents important task. More-
over, majority of lipolytic enzymes active for polyesters do not
function for polycarbonates. Based on screening degradation
experiments (data not shown) we selected a lipase from Mucor
miehei (MM) as a model enzyme for accelerated hydrolytic scis-
sion. Particle dispersions were combined with lipase in a mea-
suring cuvette and changes in hydrodynamic diameter and derived
count rate (DCR) were monitored. Since DCR ratio could be
considered as a measure of particles’ concentration in the com-
parison between various samples, its decrease was assumed as
a reduction in particles amount. As shown in Figure 7(a), DCR
ratio of particles dispersions with MM lipase dropped within
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30-60 min reflecting the occurrence of hydrolytic degradation.
The decrease in light scattering intensity appeared faster for
particles with shorter PTMC blocks (sample 5, 37 mol% of TMC
units) than for particles with longer PTMC blocks (sample 1,
67 mol% of TMC units).

The enzymatic degradation of representative particles made
from copolymers with 67, 36, and 7 mol% of TMC units pro-
ceeded in equilibrium unimers since DCR ratio declined in time
(Figure 7(a)). Lipases, being soluble in water, are expected to
diffuse through hydrated PEO shell acting on ester bonds on the
surface of hydrophobic PTMC core. Once ester bonds between
PEO and PTMC chains were cleaved, the core-shell structure
collapsed. Consequently, due to hydrophobic interactions between
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Figure 7. Enzymatic degradation by the action of lipase from Mucor Miehei; time profile of DLS measurement for (a) particles made from samples 1, 5,
and 7; (b) particles made from sample 1; (c) particles made from sample 7; (d) particles made from PCL3;-b-PEQO,s-b-PCL3; copolymer. The copoly-
mer particles concentration was 1 mg'mL™* and enzyme concentration was 1610 U-mL™.
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PTMC moieties in more or less degraded chains the aggregates
were formed as evidenced by an apparent increase in hydrody-
namic radius (Figure 7 (b)-(c)).

The rate of enzymatic degradation was almost the same for
nanoparticles with 67 mol% of TMC units, previously incu-
bated for one week. However, the increase in PTMC core crys-
tallinity was too low to impact bulk degradation behaviour.

To obtain comparison with analogous polyester-based parti-
cles, MM lipase was combined with particles made from PCL3;-
b-PEQ,5-b-PCL3; copolymer. As seen in Figure 7(d) the course
of hydrolytic scission followed the same pattern and thus the
same mechanism could be suggested for particles with carbon-
ate units.

3.4. Polymersomes for human genomic DNA encapsula-
tion

As it was proved in previous section, synthesized polycarbon-
ate-based copolymers could assemble into nanosized micelles
and spheres with solid, PTMC-based core by solvent displacement
method. By changing the preparation method, micrometre-sized
polymersomes were prepared to further demonstrate the ver-
satility of studied copolymers. In contrast to nanospheres and
micelles, in polymersomes studied copolymer formed mem-
brane surrounding internal cavity with water, which could accom-
modate hydrophilic drug or nucleic acid. As a-proof-of-concept
of designing DNA delivery systems based on aliphatic polycar-
bonate copolymers we encapsulated human genomic DNA with
70% encapsulation efficiency into polymersomes composed

PEO

a /PTMC
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¥ lp _and’

!%‘ ! il

Figure 8. Representative Nanolive 3D scans of DNA-containing poly-
mersomes, colour differentiated as follows: PEO-purple, PTMC-pink,
genomic DNA-turquoise; (a) top view, (b) side-view with enlarged poly-
mersome.
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from copolymer 1. The polymersome 3D scans were obtained
via microscopic tomography (Nanolive SA). Representative images
of resulting DNA-polymersome system are depicted in Figure
8. Using the STEVE software, the domains with different refrac-
tive indices were each assigned a representative colour indicating
their distribution in the polymersome. This colour differentia-
tion allowed distinct localization of genomic DNA within the
polymersome cavity. These DNA-loaded polymersomes respon-
sive to enzymes in tissues and cells have potential for genomic
DNA transport to antigen-presenting cells via internalization,**
allowing their utilization in immunotherapy.***’

4. Conclusions

To develop efficient drug delivery system, an understanding of
physicochemical properties and degradation behaviour of
copolymer matrix represents an important task. We showed
that among PTMC-b-PEO-b-PTMC copolymers with 67-7 mol%
of TMC units those with more than 39 mol% of TMC units were
initially amorphous and susceptible to post-crystallization during
storage at room temperature. Moreover, rearranging of PTMC
chains from disordered to more ordered morphology occurred
also in initially amorphous nanoparticles made from copoly-
mer with 67 mol% of TMC units during their one-week incubation
at room temperature in water. On the base of in vitro experiments,
almost all copolymer particles were susceptible to hydrolytic
degradation by the action of lipase from Mucor miehei. NTA
analysis, an advanced method for particle sizing, was applied to
evaluate size distributions of various copolymer particles with
different concentration affording complementary results to
DLS method. We believe that our comprehensive study of the
synthesis conditions and behaviour of biodegradable nanopar-
ticles based on polycarbonates with hydrophilic corona will have
strong impact on drug delivery applications of such systems.
We have also presented a proof-of-concept of the materials’ use
for human genomic DNA transport.

Supporting information: Information is available regarding
NMR spectra of prepared copolymers, DSC curves of cryopro-
tectant and selected particles, particles size under various NTA
settings and temperature optimum of MM lipase. The materials
are available via the Internet at http://www.springer.com/13233.
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Poly(e-caprolactone) (PCL) films with M, = 18 kDa obtained by compression molding
(CM) or solution casting (SC) were subjected to Aspergillus oryzae (AO) lipase action
in a phosphate buffer at pH 7 at 37°C. The appearance of randomly oriented cracks on the
surface of incubated PCL films accompanied by a decrease of the weight-average molecular
weight (M,,) by 10% was observed after 42 days. The increase of crystallinity and surface
morphology pattern of PCL samples exposed to AO lipase action supported the fact that
the degradation proceeded in the amorphous phase of the aged films. SC films were
degraded faster, probably due to better accessibility of ester bonds in the amorphous phase
of spherulites.

Keywords: Aspergillus oryzae; CLSM; Degradation; DSC; Lipase; Poly(e-caprolactone)

INTRODUCTION

Poly(e-caprolactone) (PCL), a representative of aliphatic polyesters, is one of
the most promising biodegradable and biocompatible semicrystalline polymers.!!)
PCL has been used for temporary therapeutic applications such as matrices of
sustained drug delivery systems, surgical sutures, scaffolds for tissue regeneration,
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among others.>¥) PCL has also become an attractive material in environmental
applications for biodegradation by the action of microorganisms frequently present
in the ecosystem. PCL-based materials have been used as mulch films in agriculture
and as packaging material.[)

Biodegradation of polymers is affected both by the degrading activity of micro-
organisms and ambient conditions and by the polymer structure and morphology,
including molecular weight and initial crystallinity, respectively. It is evident that
the rate of biodegradation can be significantly influenced by the polymer surface
morphology including the size and type of spherulite and/or lamellar structure.
Bikiaris et al.”! found out that increasing the propylene succinate content in copoly-
mers of poly(butylene-co-propylene succinate) led to faster enzymatic degradation,
which correlated with their initial reduced crystallinity and lower melting points.
Albertsson et al.[ reported on the influence of both the microorganism type and
initial morphology of PCL films on PCL surface erosion pattern and degradation
mechanism. Parallel cracks were observed in film-blown films aged in compost or
in mineral medium inoculated with compost microorganisms, while spherulites were
formed in film-blown films exposed to Aspergillus fumigatus and in melt-pressed
films aged in compost.[”)

Extensive studies have been carried out also on the enzymatic chain-cleavage
degradation of PCL in vitro by the action of lipase-type enzymes.® ' Lipases (tria-
cylglycerol hydrolases, EC 3.1.1.3) are naturally occurring biocatalysts capable of
hydrolysis of triacylglycerols into glycerol and fatty acids at a lipid-water interface.!'"”
The Aspergillus sp. lipases appertaining to a group of fungal lipases have attracted
considerable research attention due to several properties of immense industrial impor-
tance, such as their pH and temperature stability; a few reports regarding the prom-
ising degradation capability of PCL and other polyesters have been published.!®!> !

The aim of this work was to obtain deeper insight into the influence of different
processing on biodegradation behavior of PCL by a simple enzyme system. PCL sam-
ples were in the form of disks (& 1cm, 100 um) prepared by solution casting (SC) or
compression molding (CM) from PCL powder of M, = 18kDa synthesized at our
institute. The 'H NMR analyses of neat PCL homopolymer confirmed the presence
of both hydroxylic and benzoxylic end groups. The degradation experiment was per-
formed in a phosphate buffer solution at 37°C using a simple enzyme system, i.e.,
commercially available Aspergillus oryzae (A0) lipase. The degraded PCL samples
were periodically weighted and analyzed by differential scanning calorimetry
(DSC), gel permeation chromatography (GPC), and confocal laser scanning
microscopy (CLSM) to evaluate eventual changes in PCL structure as a consequence
of lipase action. The pH optimum, temperature activity optimum, and temperature
stability of Aspergillus oryzae lipase were determined spectrophotometrically using
p-nitrophenyl-laurate (pNPL) as a substrate before the PCL degradation experiment.

METHODS AND MATERIALS
Assay of Activity of Aspergillus oryzae Lipase

Lipase from Aspergillus oryzae (WE-Nr. 916028) was obtained from Mucos
Pharma. Lipolytic activity, independent of PCL characteristics, was determined by
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using a Helios Delta UV /vis spectrophotometer (Thermo Spectronic, U.K.) using
p-nitrophenyl-laurate (pNPL) as a substrate, which was dissolved in ethanol. The
reaction mixture consisted of 0.25mL enzyme solution (0.5mg/mL), 3.25mL of
50mM phosphate buffer (pH=7), and 0.25mL of 2.5mM pNPL in ethanol. The
hydrolytic reaction was carried out at 37°C for 30 min and afterwards, 0.5mL of
0.1 M Na,CO; was added to stop the reaction. Subsequently, the absorbance at
420 nm was recorded. One unit of lipase activity (U) was defined as the amount of
enzyme that caused the release of 1 pmol of p-nitrophenol from pNPL in one minute
under the test conditions.

Determination of pH Optimum, Temperature Activity Optimum, and
Temperature Stability

The optimal pH was evaluated by the 4O lipase activity measurement using
pNPL as a substrate as described previously. The effect of pH on the 40 lipase
activity was studied in a pH range of 5.00-11.0 at 37°C using the following
50mM buffers: citrate-phosphate (pH 5-6), phosphate (pH 7), boric acid-borax
(pH 8-9), glycine NaOH (pH 10), and Britton-Robinson (pH 11).

The temperature dependence of lipolytic activity was determined by measuring
the AO lipase activity in 50 mM phosphate buffer (pH = 7) at different temperatures
in the range from 30° to 50°C under the spectrophotometric assay described above.

The temperature stability of the 4O lipase was determined by spectrophotome-
try with pNPL as a substrate after incubation for 1 h at different temperatures (30°—
55°C). The enzyme samples were diluted in 50 mM phosphate buffer (pH =7).

Degradation Study

The "H NMR analyses of PCL homopolymer were performed in a solution of
CDCls. The presence of both hydroxylic and benzoxylic (-CH,OBn) end groups was
confirmed. The observed proton signals were: 0 =1.35ppm [m, 2H, (-CH,-)],
0=1.63ppm [m, 4H, (-CH,-)], 6=2.29ppm [t, 2H, (-CH,CO-)], § =4.04 ppm [t,
2H, (-CH,O-)] 6=3.46ppm [s, 1H, (-OH)], 6=3.63ppm [t, 2H, (-CH,OH)],
0=>5.09 ppm [s, 2H, (-CH,OBn)].

PCL samples were prepared for biodegradation tests in the form of circular
discs of 10mm in diameter. The discs were cut from 100 um thick films produced
by casting of PCL dichloromethane solution or by compression molding of PCL
powder between poly (ethylene terephtalate) (PET) foils over a period of 6 min at
65°C and a pressure of 300 kN, employing a Fontijne hydraulic press. Afterwards,
both types of films were sterilized by UV irradiation for 30 min in an Aura Mini
laminar box (BioTech Instruments, Prague, Czech Republic).

The degradation study was carried out in a phosphate buffer solution at
pH=7. PCL films were placed in a test tube containing 3 mL of 50 mM phosphate
buffer and a 0.5mg/mL of A0 lipase and then incubated at 37°C. The 4O lipase
used for the PCL degradation study showed the highest activity value at pH=7
and 37°C (0.0347 U/mg), determined spectrophotometrically using pNPL as a sub-
strate, which is why the degradation experiment was performed under these
conditions.
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The buffer/enzyme system was changed every 72h in order to maintain the
original level of enzymatic activity. After 14, 28, and 42 days of incubation, the films
were removed, gently washed with distilled water, and dried to constant weight
under vacuum. The control samples were treated in the same way; their incubation
was carried out in a buffer without enzyme, but sodium azide 0.02% (w/w) was
added to the solution to prevent contamination.

Testing Methods

Melting temperature and crystallinity of PCL samples were determined by
DSC using TA Instruments Q 2000 apparatus. The samples of about 1.5 mg were
heated at 10°C/min to 100°C.

An Agilent Technologies 1100 Series GPC device equipped with a refractive
index (RI) detector, utilizing two PLgel mixed columns, 300 x 7.5 mm, with a particle
size of 5 pm, was used to determine molecular weight averages of PCLs against poly-
styrene standards.

The surface morphology of (bio)degraded PCL samples was studied by CLSM
using Olympus Lext OLS 3000 equipment.

RESULTS AND DISCUSSION

It is well known that extracellular enzymes secreted by microorganisms in the
presence of PCL (being a lipophilic substrate) act as depolymerases reducing poly-
mer chain length enough to penetrate through cellular membranes.*” Thus, the
degradation of CM and SC PCL films by the action of 4O lipase was primarily eval-
uated by weight loss and changes in molecular weight. It can be seen in Table I that
the weight loss of both CM and SC PCL samples increased with degradation time up
to 3.6 wt.% and 5.8 wt.%, respectively, and the weight-average molecular weight
(M,,) of both types of samples gradually decreased by ~10% during 42 days in com-
parison with the original PCL film. The results are in agreement with a reported bio-
degradation pattern of PCL proceeding as surface erosion with minor reduction of

Table I. Characteristic data of PCL before and after degradation experiment*

Period Weight M, M,, (GPC) Tt T2nd
Sample* days  loss%  (GPC)kDa kDa M /M xlsty Tx2do,  oC o]
SC_PCL 0 — 18.0 477 2.7 63.5 522 63.0 553
CM_PCL 0 — 18.0 477 2.7 65.1 48.1 62.6 558
SC_14d 14 1.1 18.3 44.5 24 67.9 56.5 638 557
SC_28d 28 33 18.5 44.5 24 65.0 54.4 638 555
SC_42d 42 5.8 18.0 429 24 88.3 73.1 64.5 559
CM_14d 14 1.1 17.6 44.5 2.5 67.3 46.1 63.6 557
CM_28d 28 2.6 17.8 43.4 24 66.9 46.2 627 558
CM_42d 42 3.6 17.3 43.0 2.5 69.6 477 632 56.0

*SC: solution casting, CM: compression molding, PCL: poly(¢-caprolactone).
" Crystallinity calculated from the first (1st) and second (2nd) heating as a ratio of AH,,/ AHS

), Where
AH’of PCL is 139.5J/g.
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molecular weight.?!) Hydrolytic degradation of PCL was excluded due to only
negligible weight loss (<1wt.%) of control samples even after 42 days for both
sample types. The representative GPC chromatograms of the original and aged
PCL films are presented in Figure 1. The slight shift of high molecular weight peak
towards the lower molecular region was observed for both CM and SC samples,
suggesting the cleavage of the longest polymer chains during 42 days exposure.
The similar character of elution curves as well as the same reduction of M,, leads
to the idea that different processing of PCL films did not have significant effect on
the enzymatic degradation process.

Since the PCL samples differed in morphology, crystallinity, and probably also
inner structure because of different preparation procedures (SC versus CM), the
eventual structure changes as a consequence of enzyme action or solely phosphate
buffer solution action were studied by DSC, the method designed for indirect obser-
vation of polymer morphology.

The DSC data revealed structure variance between studied SC and CM sam-
ples as a consequence of the 40 lipase action due to the different shapes of melting
endotherms and different crystallinities (X.) and crystallization temperatures (T.)
(Table I). In the case of T, the original SC sample crystallized at 31°C, whereas
the original CM sample crystallized at 34°C. Even after 14 days, the T, increased
to 34°C for SC samples, while it remained the same for CM samples, and no change
was shown until the end of the experiment for both sample types (Figures 2 and 3).
Thus, it seems that a nucleating effect occurred in SC samples, probably as a result of
enzyme-catalyzed chain scission.

—PCL

original
- - --14d

6,0 6.5 7.0 75 8,0 85 9,0 95 10,0
Retention time [min]

Figure 1. GPC clution curves of SC PCLs films exposed to A0 in phosphate buffer at pH 7 and 37°C.
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2.0+

Heat flow [W/g]

337°C

ini 33.8°C
I 338°c
313°C]

—— cryst SC-14d
—— cryst SC-28d
---- cryst SC-42d

--- cryst PCL

Temperature [°C]

50 60 70

Figure 2. DSC crystallization curves of SC samples unaged (PCL) and aged for 14, 28, and 42 days.

The comparison of the first heating X, of SC samples exposed to 40 lipase
action with that of control samples revealed that significant change of DSC data
occurred only after 42 days since the data after 14 and 28 days were identical
(Table I). Thus, during 28 days of the experiment the 4O lipase action was rather
negligible and only the annealing effect of the phosphate buffer solution was respon-
sible for a slight increase of X. with respect to the original PCL. It should be noted
that the degradation experiment was performed at a temperature far above the glass
transition temperature of PCL, —60°C, and that is why amorphous chains of PCL
were in a rubber-like state and therefore able to crystallize. A significant increase
of the first X, of the SC sample by 40% after 42 days remained the same after the
second heating, while no increase was observed for CM samples after the second

348°C

34.4°C f{ 33.6 °C
i} 347°C

—--cryst PCL

—— cryst CM-14d
—— cryst CM-28d
--- cryst CM-42d

1.0
= 0.5
=3
3
= 0.0
®
)
I
-0.51
-1.0 —
0 10

20 30 40
Temperature [°C]

50 60 70

Figure 3. DSC crystallization curves of CM samples control (PCL) and aged for 14, 28, and 42 days.
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Figure 4. DSC first heating curves of SC samples control (PCL) and aged for 14, 28, and 42 days.

heating (Table I); thus, it must have been a result of the 40 lipase action. The X of
controlled samples remained without change as well. The increase of the first X, of
the CM sample by 9% after 42 days is, therefore, attributed only to secondary crys-
tallization of amorphous PCL chains without evident influence of the 40 lipase.
The X, data corresponded well with the variance of endotherm shape. The
shape of the first endotherms of SC samples the same in aging time (Figure 4) dif-
fered from those of CM samples, which revealed shoulders around 49°C (Figure 5)
except for the original sample. It is assumed that the shoulder is a consequence of the
secondary crystallization because a shoulder of endotherms reflects different lamella
thickness and the endotherm width is connected with crystallite size.?*’ However,

S

2

Ke)

=

g

e P R | 1 I I — 1% PCL
— 1" CM-14d
—— 1" CM-28d
------- 1% CM-42d

T T T T T T T T T
40 50 60 70 80 90

Temperature [°C]

Figure 5. DSC first heating curves of CM samples control (PCL) and aged for 14, 28, and 42 days.
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Figure 6. DSC second heating curves of CM samples control (PCL) and aged for 14, 28, and 42 days.

because the shoulder appeared even after 14 days and its position as well as size did
not change in time, the ordering of amorphous chains was especially initiated by
annealing of the phosphate solution. This also confirmed the second endotherms
of CM samples being without shoulders and of the same shape (Figure 6). The
inverse situation was observed for SC samples (Figure 7), which was probably also
connected with different supramolecular structures of the original SC and CM sam-
ples. The shape of the second endotherms differed in time and shoulders were
observed on them. Both facts verified chemical degradation of PCL chains (scission)
if one takes into account that both thermal and mechanical history should be lost
after the first heating and cooling. Although different structures must have been
formed after cooling, 25% difference between the second X, of SC and CM samples

0.0
-0.5
g -1.0
3 -15-
=
3
T -2.04
1 —— 2" sc-14d
254 —— 2™ sC-28d
——————— 2" sC-42d
-3.0 T T T T T T T T T T T
40 45 50 55 60 65 70

Temperature [°C]

Figure 7. DSC second heating curves of SC samples control (PCL) and aged for 14, 28, and 42 days.
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after 42 days adverted to shorter and long chains, respectively, and/or loss of critical
amount of low-molecular-weight species, which were rejected from crystallization.

A minor increase of the first T}, (melting temperature) in time, more evident for
SC samples, can be explained by physical aging of the solution medium because the
T, of control samples was the same as those of the original and aged samples for
both heating cycles (Table I). Nevertheless, chemical degradation occurred not only
for SC samples, as the CLSM images show.

It can be assumed that the 40 lipase preferentially attacked the amorphous
phase where the macromolecules are loosely packed and hence are more susceptible
to degradation. Further, once the degradation initiated, the accumulation of
water-soluble oligomeric species, which were the chain scission products of the poly-
mer, probably caused an osmotic inflow of water, accelerating the degradation
process.”*) The formation of oligomeric species possessing carboxylic end groups
during the degradation test as evidenced from pH decrease to 6.8 could further
contribute to faster chain scission due to autocatalysis. However, the extreme pH
changes were excluded by regular changing of buffer solution during the degradation
experiment. The decrease of pH was not detected in solution with control samples,
which means that simple hydrolysis did not proceed.

Figure 8. CLSM micrographs showing the PCL surface of (a) original CM film, (b) CM film after 42 days
of degradation, (c) control of CM film after 42 days in phosphate buffer solution, (d) original SC film, (e)
SC film after 42 days of degradation, and (f) control SC film.
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Further, pores formed during the progressive degradation process made poss-
ible the release of water-soluble oligomeric and monomeric species, which diffused
into the solution; microscopic cracks then started to be visible on sample surfaces
exposed to the A0 lipase (Figure 8). The increase of crack size and number together
with gradual weight loss in time confirmed surface erosion of both SC and CM
samples as compared with control samples. The initial surface of CM samples was
amorphous, while that of SC samples was formed by spherulites. The latter repre-
sents ordered structure with amorphous sites only in certain directions among
crystallites. Consequently, just the occurrence and the amount of the amorphous
region governed the formation of cracks, which were spread homogeneously on
CM sample surfaces but spokewise in spherulites of SC samples, where much longer
cracks grew up.

CONCLUSION

Based on the results obtained, it can be concluded that PCL sample processing
(CM versus SC) had significant influence on the 4O lipase attack, namely because of
different initial structures, on the surface and probably inner as well. Although the
AO lipase attacked the amorphous phase, suitable sites for PCL chain cleavage
seemed to be more available for the 4O lipase among ordered chains in spherulites,
as was observed.

Enzymatic hydrolysis was the surface erosion process where PCL chains were
degraded initially by the action of the AO lipase, as seen from the drop of
weight-average molecular weight, M,,. Subsequently, surface erosion occurred
because randomly oriented cracks were formed on surfaces of PCL films obtained
by both compression molding and solution casting, and the 40 lipase action was
accompanied by weight loss in comparison with the unchanged control samples.
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ABSTRACT: Poly(e-caprolactone) (PCL) of bimodal molecular weight distribution was exposed to the action of enzymes-lipases from
Aspergillus oryzae in phosphate buffer at pH 7 and 37°C, and those produced in situ by Bacillus subtilis in nutrient medium at 30°C
for 42 days. The occurrence of biodegradation is proved on the basis of the weight loss, decrease of molecular weight, carbonyl index,
crystallinity, and development of cracks on the PCL surfaces. In the case of Bacillus subtilis, the degradation (10 wt % loss of PCL)
proceeds faster in comparison with lipase from Aspergillus oryzae (2.6 wt % loss of PCL), where the degradation process seems to
stop during 14 days of experiment. The gel permeation chromatography results reveal that preferential degradation of lower molecu-
lar portion did not occur but it is assumed that PCL chains were cleaved in accordance with particular degradation mechanism that
depends significantly on biological agent. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Poly(e-caprolactone) (PCL) has recently returned back into the
arena of smart biomaterials due to its good processability
related to its superior rheological and viscoelastic properties
over many other aliphatic polyesters and development of novel
manufacturing technologies.”

Biodegradability of PCL-based materials represents other impor-
tant feature, for example, for food packaging applications
because PCL can be decomposed by the action of microorgan-
isms and their enzymes even when the monomer - ¢-caprolac-
tone is obtained by chemical synthesis from fossil resources.”’
In most cases the polymer degradation begins with deposition,
adhesion, and colonization of microorganisms on polymer sur-
face followed by the formation of a biofilm.* Then, an excretion

of enzymes-lipases into surrounding as a consequence of the
presence of lipidic carbon source proceeds.

Biodegradation initiated by enzyme action is assumed to consist
basically of the enzyme adsorption on polymer substrate, fol-
lowed by the formation of transition-state complex between the
polymer and enzyme, which leads to specific chain scission of
polymer chains.’

Three basic processes participating in enzyme-catalyzed ester
bonds cleavage were suggested including random chain scission
irrespective of chain lengths, specific chain-end scission, and/or
synergic participation of both processes.’

Up to now, the degradation mechanisms of PCL were confirmed
and discussed in details in case of controlled thermal and noni-
sothermal degradation studies.”®*°

Additional Supporting Information may be found in the online version of this article.

© 2012 Wiley Periodicals, Inc.
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It was also found out that the degradation mechanism of PCL-
based implants in vivo could be attributed to random hydrolytic
chain scission of ester bonds in the first step and was identical
with in vitro hydrolysis at 40°C."!

According to number of studies in a variety of different environ-
ments, biodegradation of PCL was postulated to be the surface
erosion process accompanied by only minor decrease in molecular
weight (MW).'? Furthermore, the rate and pattern of biodegrada-
tion is governed by certain principal factors including PCL charac-
teristics (crystallinity, weight-average molecular weight (M,,), sur-
face morphology), type of microorganism or enzyme and last but
not least by mode of pretreatment of polymer specimen,'>'*!>'¢

The initial M,, together with crystallinity (X.) of studied polymer
materials represent an important factor influencing the rate of deg-
radation and therefore, they can serve as parameters indicating the
degree of degradation. It was found out that extracellular enzymes
as triacylglycerol hydrolases (lipases), secreted by microorganism
due to the presence of PCL as the lipophilic substrate, act as depo-
lymerases and reduce polymer chain length to be small enough to
penetrate through cellular membranes. The reduction of MW was
shown to be the rate-limiting factor of degradation of many poly-
mers."” The higher the initial MW of polymer the lower the weight
loss as it was clearly observed during degradation of series of PCLs
(number-average molecular weight (M,) = 10.0, 43.0, 80.0 kDa)
by the action of Pseudomonas lipase."® Moreover, the MW value is
believed to affect the penetration of water molecules and/or
enzymes into the polymer matrix and, thus, to influence diffusion
phenomena as well. The dependence of the degradation rate on
the MW distribution was already revealed in 1974 when Fields et
al."” found out direct relationship between the degradation rate
and the content of low molecular species in bimodal PCL samples
exposed to Aureobasidium pullulans.

It was shown that enzymatic degradation of monomodal PCL
depends on its initial crystallinity which can decrease'®?® or
increase'™'® during the degradation process. But the influence
of medium without microorganisms or enzymes on X, should
also be taken into account.?’ The change of crystallinity is con-
nected with the mechanism of biodegradation and is usually
accompanied by the change of surface morphology'®** and/or
molecular weight.”>*!

The aim of this work was to study the biodegradation of PCL
with bimodal molecular weight distribution, because up to now,
there are only a few studies evaluating the effect of the MW dis-
tribution on subsequent degradation of polymer. Bimodal PCL
was exposed to Bacillus subtilis (BS) in nutritious medium con-
taining 1 % (v/v) olive oil and 2 % (w/v) glucose at 30°C.
Simultaneously, bimodal PCL was incubated in the presence of
commercially available lipase from Aspergillus oryzae (AO) in
phosphate buffer at pH 7 and 37°C. The degradation experi-
ment with commercial AO lipase with particular substrate spec-
ifity carried out under defined conditions (37°C, pH 7) served
as a model system which helped understanding the trends
observed in case of complex PCL/BS/medium system.

PCL samples were in a form of disks (1 ¢m in a diameter, 100
um of thickness) and the degradation experiment was per-
formed in a period of 42 days. The degraded PCL samples were
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periodically weighted (14, 28, 42 days) and analyzed by differen-
tial scanning calorimetry (DSC), gel permeation chromatogra-
phy (GPC), Fourier transform infrared spectroscopy (FTIR),
and confocal laser scanning microscopy (CLSM).

EXPERIMENTAL

Materials

Polymer Sample. PCLs were synthesized in the Laboratory of
Polymer Synthesis, Brno University of Technology.”” Two runs
were simultaneously performed under the same polymerization
conditions to have polymer with tailored bimodal distribution
and in a high yield for degradation study. The results of GPC
and NMR analyses of PCLs samples denoted as BS-PCL and
AO-PCL are as follows:

GPC characteristics of PCLs

Sample? M, (kDa) M., (kDa) MM,
BS-PCL 19.4 132.0 6.8
AO-PCL 25.4 165.0 6.5

NMR spectroscopic analysis confirmed the presence of hydroxylic
and benzoxylic end groups, "H NMR (400 MHz, CDCls, §) spectrum
in CHCl; was as follows: 1.37 (m, 2H; CH,), 1.64 (m, 4H; CH,),
2.29 (t, ] = 7.5 Hz, 2H; CH,CO), 3.64 (t, ] = 6.5 Hz, 2H; CH,OH),
4.05 (t, ] = 6.7 Hz, 2H; CH,0CO), 5.11 (s, 2H; OCH,Ph).

PCL powder was processed by dissolving in chloroform (2
wt %). The solution was cast into Petri dishes, air-dried for
2 days and vacuum-dried until constant weight to prepare PCL
films. The samples suitable for the degradation study were cut
out from PCL films (3 cm in diameter) in a form of circular
disks of 1 cm in a diameter and of about 100 um thickness. All
specimens were sterilized by UV irradiation for 30 min in an
Aura Mini laminar box, BioTech Instruments, Prague, CZ before
degradation experiments.

Biological Agent

BS and culture conditions. The bacterial strain BS CCM 1999
was obtained from the culture collection of the Czech Collec-
tion of Microorganims, Masaryk University Brno, Faculty of
Science. Tested culture was maintained on nutrient agar at 30°C
for 3 days before the degradation experiment.

AO. The lipase from AO (WE-Nr. 916,028) was obtained from
Mucos Pharma.

Assay for lipase activity. Lipolytic activity was determined by
p-nitrophenyl-laurate (pNPL) as a substrate dissolved in ethanol
on UV/VIS HELLIOS spectrophotometer (DELTA Thermospec-
tronic, England).

The reaction mixture consisted of 0.25 mL enzyme solution (0.5
mg mL~' of AO lipase), 3.25 mL of phosphate buffer
(¢ = 0.050 in water, pH 7) and 0.25 mL of pNPL (¢ = 0.0025
in ethanol).

In the case of BS, 0.25 mL of the cell-free culture supernatant
containing expected extracellular enzymes was added into the
reaction mixture.
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Hydrolytic reaction was carried out at 37°C for 30 min and
afterward 0.5 mL of Na,COs (¢ = 0.1 in water) was added to
stop the reaction. Subsequently, the absorbance was recorded at
420 nm. One unit of lipase activity (U) was defined as the
amount of enzyme that caused the release of 1 umol of p-nitro-
phenol from pNPL in one minute under the test conditions.

The pH optimum of lipase activity was measured using pNPL
as a substrate by incubating 0.25 mL of enzyme solution (AO)
or 0.25 mL of the cell-free culture supernatant (BS) with follow-
ing buffers (¢ = 0.050 in water): citrate-phosphate (pH 5-6),
phosphate (pH 7), boric acid-borax (pH 8-9), glycine NaOH
(pH 10), and Britton-Robinson (pH 11) at 37°C for 30 min.
The temperature optimum was determined under constant pH
of 7 at 30, 35, 37, 40, 45, and 50°C.

The lipase thermal stability was determined spectrophotometri-
cally with pNPL as a substrate by measurement of residual ac-
tivity after 1 h incubation at different temperatures (30, 40, 50,
60, and 70°C) in phosphate buffer (¢ = 0.050 in water, pH 7).

The initial activity of BS lipase, independent of PCL studied,
was 0.0643 U mL~" of enzyme at pH 7 and 30°C.

The initial activity of AO lipase, independent of PCL studied,
was 0.0343 U mL™" of enzyme at pH 7 and 37°C.

Degradation Experiment

Degradation experiment with AO lipase. PCL disks were
inserted into vials containing 3 mL of phosphate buffer solution
(pH 7) and 1.5 mg of AO lipase and placed in a thermostat at
37°C. The enzymatic solution was renewed every 3 days to
restore the original level of enzymatic activity.

The control samples were treated in the same way but their
incubation was carried out in phosphate buffer without enzyme
and sodium azide 0.02 % (w/w) was added into the solution to
prevent contamination.

Degradation experiment with BS. For inoculum preparation, 1
mL of distilled sterile water was added into nutrient agar inocu-
lated with BS. The colonies were rubbed carefully with a sterile
vaccination loop and transferred into 100 mL of nutritious me-
dium in a sterile Erlenmeyer flask (250 mL). The nutritious me-
dium (100 mL) was prepared from peptone (3.0 g), yeast
extract (1.0 g), NaCl (0.5 g), glucose (2.0 g), olive oil (1.0 mL),
and distilled water. The medium was sterilized in an autoclave
at 121°C and 103.4 kPa for 20 min. Inoculated Erlenmeyer
flasks were dynamically cultivated (90 rpm) for 1 h. Then, PCL
specimens were added into it. The medium was renewed every
4 days to restore the original level of lipase activity.

The control samples were treated in the same way but their
incubation was carried out in the absence of bacterial strain and
0.02 % (w/w) sodium azide was added into the solution to pre-
vent contamination.

Methods and Testing

Weight loss measurement. PCL specimens were withdrawn after
14, 28, and 42 days from the degradation medium, washed
gently with distilled water and vacuum-dried at lab temperature
for 1 week. Then the samples were weighted and the values
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obtained were compared with those of original and control
samples.

DSC. DSC measurements were carried out in two heating runs
on calorimeter TA Instruments Q 2000 in the temperature range
from -80°C to 90°C under nitrogen (50 mL min~'). The test
schedule used was as follows: (i) cooling from room tempera-
ture to 0°C, (ii) heating from 0°C to 100°C at 10°C min "}, (iii)
5 min isothermal at 100°C, (iv) cooling down to -80°C at
5°C min~ ', (v) 5 min isothermal at -80°C, and (vi) heating
from -80°C to 90°C at 5°C min~'. The melting temperature
was evaluated from the endothermic peak maximum and melt-
ing enthalpy was used to determine PCL samples crystallinity
(X.) both from the first and the second heating scans.

GPC. GPC was used for measurement of the relative molecular
weight (M, M,) and polydispersity index (M,/M,) of PCLs
using an Agilent Technologies 1100 Series device equipped with
refractive index (RI) detector and two PLgel MIXED Columns
300 x 7.5 mm with particle size of 5 pum. Tetrahydrofuran
(THF) was used as the mobile phase at a flow rate of 1 mL
min~' at room temperature. Polystyrene standards were used
for calibration (Mp = 316500-162).

FTIR. The change of chemical structure in terms of ester bond
cleavage in PCL films was evaluated by FTIR measurement on
spectrometer Thermo Scientific Nicolet iS10 in a simple transmis-
sion mode. The transmission spectra were recorded in the spectral
range of 4000400 cm ™' at the resolution 6 cm™ ' and 128 scans.

Preweighed amount of PCL film was dissolved in dichlorome-
thane to obtain 3 % solution which was cast on KBr disk. The
traces of dichloromethane were subsequently removed under
vacuum to yield films for FTIR analysis.

CLSM. Morphology of PCL sample surfaces was analyzed by
confocal laser scanning microscope Olympus LEXT OLS 3000.

RESULTS AND DISCUSSION

Degradation study of PCL with bimodal distribution by the
action of bacterial and fungi lipase was performed. The degra-
dation experiments were carried out under conditions of the
optimum action of both types of lipases. The production of
lipase BS was stimulated with olive oil added into the cultiva-
tion medium because the extracellular lipase produced by BS is
suggested to have inducible character.”® Degradation process
was evaluated from the weight loss, GPC, FTIR, DSC, and
CLSM measurements. PCL molecular characteristics before and
after the degradation test are summarized in Table 1.

The weight loss of the samples exposed to BS gradually
increased up to 10 wt % during 42 days of experiment. Signifi-
cant reduction of number-average molecular weight (M,) as
well as weight-average M, was observed. The reduction of M,
by 45 % can be explained by preferred interaction of the active
enzyme site with ester groups situated near PCL chain ends fol-
lowed by repeated selective abstraction of segments with the
same size such as monomer, dimer, or trimer.”> The decrease of
M, by 70 % indicates scission of the longest PCL chains. More-
over, the shape of the elution curves changed during the degra-
dation period. Besides shifting of chromatograms to lower
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Table I. Characteristics of PCL exposed to biological action

Period Weight M, (GPC)® M, (GPC)°
Sample® (days) loss (%) (kDa) (kDa) MM,
BS-PCL 0 - 19.4 132.0 6.8
BS-14d 14 0.5 12.0 50.0 4.1
BS-28d 28 55 11.7 46.7 4.2
BS-42d 42 10 10.6 37.8 3.2
AO-PCL 0 = 25.4 165 6.5
AO-14d 14 2.6 23.5 142 6.2
AO-28d 28 2.6 22.6 143 7.7
AO-42d 42 2.8 19.0 143 7.5

?BS labels PCL samples exposed to Bacillus subtilis while AO labels PCL
samples exposed to lipase from Aspergilus oryzae; the number after the
abbreviation denotes aging time in days.

®Determined by GPC using polystyren (PS) standards.

molecular region, the elution curve became almost monomodal
with a tail in oligomeric region (Figure 1). The amount of
smaller low-mass fraction decreased after 42 days probably as a
consequence of the diffusion of low MW species into the degra-
dation medium that corresponds with the weight loss. Accord-
ing to the results, one can suggest the synergic process of the
chain-end depolymerization and random scission of ester bonds
along PCL chains, irrespective of their lengths.*>**

PCL samples exposed to AO action in phosphate buffer revealed
the decrease in M, by 25 % and M,, by only 13 % and hence
lower degradation rate as compared with BS aged samples. Sim-
ilarly, lower weight loss being 2.6 wt % after 14 days did not
gradually increase during further degradation period. The
observed low level of enzymatic degradation could be explained
on the basis of both, substrate binding to fungal lipases and
their substrate specifity.””

The AO lipase could initially interact with hydroxyl end group
of PCL chains through hydrophilic binding sites and with PCL
segments representing fatty acid chains through aliphatic site to
direct the substrate into the right binding mode for catalysis.
Subsequently, the depolymerization from PCL chains ends with

—— PCL (0 days)
----BS 14days
------ BS 28 days
W BS 42 days

7
Retention time [min]

Figure 1. GPC chromatograms of PCLs exposed to BS action.
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—— PCL (0 days)
----AO0 14 days
------ AO 28 days
- AO 42 days

Retention time [min]

Figure 2. GPC chromatograms of PCLs exposed to AO action.

hydroxyl groups toward their centers can be assumed due to the
decrease of the area under molecular weight peaks (Figure 2). It
is also probable that some conformation defects of PCL seg-
ments could terminate the unzipping process after 14 days of
the experiment because there was no change in tested parame-
ters at that time observed. Moreover, the acting of AO lipase at
a specific position on ester bonds of PCL chains, as a conse-
quence of 1,3-regiospecifity of Aspergillus sp. lipases reported in
literature, could be assumed as well.?®

It should be mentioned that in the case of BS the whole enzyme
potential of microbial cells is implemented during the degrada-
tion process. This fact together with lower initial molecular
weight of studied PCL could contribute to the more rapid deg-
radation process in comparison with lipase from AO.

In the case of control samples, the weight loss was negligible, as
well as changes in M, (Figure 3) and thus the occurrence of
hydrolytic degradation caused by water solvolysis was excluded.
Such finding correlates well with the study of Pitt et al. who did
not observe the weight loss until approx. 2.5 years of PCL

—— PCL (0 days)
————— control 42 days

5 6 7 8 9 10
Retention time [min]

Figure 3. GPC chromatograms of original PCL and PCL immersed in
phosphate buffer for 42 days as a control sample (M, = 23.0 kDa,
M,, = 162 kDa, M,/M,, = 6.9).
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42 days of exposurej\L
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Figure 4. FTIR spectra of PCL films before and after immersion in medium enriched with BS in the region of 5001900 and 2500-3500 cm ™' for (a) 0

days, (b) 14 days, (c) 28 days, (d) 42 days.

in vitro degradation test, when the M, of PCL was reduced to
5000 and thus, PCL oligomers started to diffuse from tested
material bulk.”

The degradation process through ester bonds cleavage was fur-
ther confirmed by the decrease of the intensity of the band at
1726 cm ™' detected in drop-cast FTIR spectra of incubated

PCLs (Figures 4 and 5). The decrease was pronounced in the
case of BS incubation in accordance with observed higher
weight loss. In a similar way, the reduction of carbonyl index
calculated as a ratio of 1726/1398 cm™"' '>*° documented differ-
ent rates of degradation taking place in AO and BS incubated
PCL samples (Table S1, Supporting Information).

AO

42 days of exposurej\k

28 days of exposure/\\L

14 days of expoy\k

't

0 days of exposure / \\/\

3500 3000 2500

2000

1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR spectra of PCL films before and after immersion in phosphate buffer enriched with AO in the region of 500-1900 and 2500-3500 cm "

for (a) 0 days, (b) 14 days, (c) 28 days, (d) 42 days.
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Table II. DSC characteristics of PCL exposed to biological action

Period lstXC 2rdeC lstTm 2ndTm
Sample®  (days) (%) (%)° rCr rCr
PCL 0 64.1 50.7 63.5 55.8
BS-14d 14 60.8 49.0 63.5 541, 56.2
BS-28d 28 59.1 48.5 62.7 54.2
BS-42d 42 53.8 411 61.6 52.3,55.5
AO-PCL 0 63.6 52.2 3.5 55.9
AO-14d 14 53.4 447 63.6 56.5
AO-42d 42 54.7 421 64.7 56.7

?BS labels PCL samples exposed to Bacillus subtilis while AO labels PCL
samples exposed to lipase from Aspergilus oryzae; the number after the
abbreviation denotes aging time in days.

bX, labels crystallinity calculated according to the AHmW/AHC ratio where,
AH.O of PCL is 139.5 J g~ . 1st, 2nd labels the first and second heat-
ing, respectively.

°T.n represents melting, temperature, 1st, 2nd labels the first and second
heating, respectively.

DSC data confirmed the degradation process of bimodal PCL
both by BS bacteria and AO lipase although the degradation
mechanism was evidently different.

The structure change of PCL samples exposed to BS bacteria was
manifested by the gradual decrease of crystallinity (X.) that
achieved 16 % after 42 days and by the slight decrease of melting
(T;,) together with crystallization temperature (T;; Table II). DSC
data of control samples were nearly without change in time sug-
gesting no significant impact of PCL conditioning in nutrient me-
dium without bacterial strain on its structure. It can be seen that
the first heating endotherms split from one peak to double one
during the second heating, whereas no split was observed for con-
trol samples (Figures 6 and 7). It is evident that the original peak
gradually shifted to lower T, and only small peak remained on its
place after 42 days. It means that crystallites were predominantly

PCL
‘jf AO_14d
AO_42d
~ / AO-c_14d
— AO-c_42d
'O
S, BS_14d
= BS_28d
¢}
= BS_42d
—
®
[0}
T ﬂ BS-c_14d
BS-c_28d
W BS-c_42d
W 1st heating run
T T T T T T T T
40 50 60 70 80

Temperature [°C]

Figure 6. DSC first heating curves of all PCL samples including the con-
trol ones (PCL denotes the original polymer, AO_14d denotes PCL
exposed to AO for 14 days, BS-c_42d denotes control sample for bimodal
PCL sample exposed to BS for 42 days).
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Figure 7. DSC second heating curves of all PCL samples including the
control ones (the meaning of DSC curves titles is the same as in
Figure 6).

formed by shorter chains produced by scission of the longest
ones, as revealed by GPC. Simultaneously, the endotherm shape
turning from the narrow one for the original PCL through forma-
tion of a shoulder up to double peak reflected gradual bond scis-
sion. The scission of PCL bonds was also confirmed by the
decrease of the second heating X in time with respect to the orig-
inal PCL, because no decrease of the second heating X. was meas-
ured for control samples. The trend of the second X. was the
same as of the first one (Table II). Thus, the DSC data support
the occurrence of enzyme-catalyzed chain cleavage as proved by
FTIR measurement.

DSC data of PCL samples exposed to AO lipase are summarized
in Table II. The samples were measured after 14 and 42 days of
experiment. It was shown insignificant change of T, during
42 days and no change in T, was observed for control samples.
The same situation was observed after the second heating both
for degraded and control samples, where no change in endo-
therm shapes occurred (Figures 6 and 7). These facts imply that
the longest PCL chains were not broken and oligomeric species
were not formed. However, both the first and the second crys-
tallinity decreased by about 16 % even after 14 days with
respect to control PCL and no decrease of X. was observed for
control samples both after the first and the second heating dur-
ing the same period. Based on the results obtained, the enzyme-
catalyzed PCL chain cleavage occurred but under different
mechanism compared with the action of BS bacteria. The X,
did not change within period 14-42 days which together with
the weight loss reflected action of AO lipase on PCL substrate
only during the first 14 days, even if the AO/buffer system was
renewed every 72 h. It is supposed that the enzyme-catalyzed
cleavage of PCL chains occurred also in crystalline region
because both the surface of PCL samples was not amorphous
and the original X, was relatively high (64 %).

The decrease of crystallinity of PCL with monomodal molecular
weight distribution exposed to phosphate buffer solution con-
taining lipases was reported by Gan et al. and Sekosan et al.'®*°
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Figure 8. CLSM micrographs of PCL sample surfaces exposed to BS (a) original PCL film (scale bar is 15 um), (b) PCL film aged for 14 days (scale bar
is 15 um), (c¢) PCL film degraded for 14 days (scale bar is 30 um), (d) PCL film degraded for 28 days (scale bar is 30 um), and (e) PCL film degraded

for 42 days (scale bar is 30 um).

Unfortunately, the first did not explain degradation in detail
and there are also no data of PCL crystallinity. The latter stated
that biodegradation occurred also in crystalline region if X. of
the studied polymer was originally high (more than 45 %). On
the other hand, the crystallinity increased during the degrada-

tion of PCL with originally low X.. Yoshioka et al. observed the
increase of X, of monomodal PCL immersed only in phosphate
buffer solution by 16 % in 12 weeks without the weight loss
and decrease of My, although the original X. of PCL was high
(56.5 %).>' The reason was the fact that amorphous chains were

MA%B WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38078 7
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Figure 9. CLSM micrographs of PCL sample surfaces exposed to AO. (a) Original PCL film (scale bar is 15 um), (b) PCL film degraded for 14 days
(scale bar is 15 um), (c) PCL film degraded for 42 days (scale bar is 30 um), (d) PCL control sample immersed in phosphate buffer for 14 days (scale
bar is 30 pum), and (e) PCL control sample immersed in phosphate buffer for 42 days (scale bar is 30 um).

in rubber-like state under conditions of experiment, and, there-
fore, able to crystallize.

In this work, PCL amorphous phase was also in rubber-like state but
crystallinity of PCL samples degraded by AO and BS action
decreased. It is assumed that the main reason was relatively high ini-

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38078
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tial X, of the PCL material, which did not increase under given exper-
imental conditions of degradation test. This statement is supported
by the fact that in control samples no change of X, was observed.

It is supposed that microbial biodegradation occurs in amor-
phous phase. Nevertheless, the ability of microorganism
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adhesion on polymer surface and its influence on subsequent
biodegradation pattern should be taken into account as well. It
is also assumed that the released enzymes will act on available
substrate in immediate vicinity. Because of the solution casting,
PCL surfaces were formed by spherulites. This means that PCL
surface was not amorphous and plain because spherulites have
3D structure, where lamellar units are tilted under different
angles. The cracks distributed in certain directions (certain pla-
ces) were observed on PCL surfaces exposed to BS action by
CLSM [Figure 8(a—e)]. They could be the consequence of the
preferential bacteria adhesion to pits and grooves of 3D surface,
where they were protected against friction and shear forces.”" As
the BS/degradation medium was renewed every 4 days the com-
pact biofilm was not observed and hence, bacterial adhesion
supposed to take place via reversible physicochemical interac-
tion between bacteria and PCL surfaces. Subsequently, the
release of depolymerizing enzymes should occur. Based on the
results obtained, one can suggest that the enzyme-catalyzed
chain cleavage occurred also in crystallites because the polymer
crystallinity decreased. However, this statement probably
involves the cleavage of bonds in amorphous phase of
crystallites.

The cracks were observed on AO degraded sample surfaces
using CLSM as in previous case reflecting the enzyme action,
whereas no cracks were observed on control sample surfaces
[Figure 9(a—e)]. Because spherulites covered surfaces of PCL
samples the enzyme could attack also crystallites, which corre-
sponds with the decrease of X.. It is evident that number and
size of cracks did not change after 14 days which corresponds
well with the observed trends in FTIR spectra, weight loss and
molecular weight. It is worth mentioning that both the number
and size of cracks were much higher as compared with BS
exposed samples. The reason could be the synergic action of
phosphate buffer solution, where the osmotic inflow of water
could accelerate degradation process.

Thus, with no doubt, the biodegradation is a complex process,
where both initial characteristics of polymer specimen and its
processing, biological agent, degradation medium, and condi-
tions have specific influence.

CONCLUSIONS

PCL of bimodal molecular weight distribution was exposed to
the action of enzymes-lipases from AO and those produced in
situ by BS. The occurrence of biodegradation was proved on the
basis of the weight loss, decrease in molecular weight (M, M,),
carbonyl index, and crystallinity together with cracks observed
on PCL sample surfaces in comparison with control samples.
Random chain scission dominated during the exposition of
PCL to BS bacteria in nutrient medium. On the contrary, the
action of AO lipase in phosphate buffer lead to the degradation
of PCL chains by the unzipping mechanism. It is assumed that
scission of PCL bonds occurred also in amorphous regions of
crystallites due to the high crystallinity of the original PCL.
This is also supported by crystallinity decrease during degrada-
tion and the presence of the cracks observed in spherulites.

MAh\Tlfu’s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE -

ACKNOWLEDGMENTS

This work was supported by the Ministry of Education, Youth and
Physical Training of the Czech Republic under the research project
no. MSM 0021630501.The authors would like to thank prof. Ing.
Ladislav Omelka, DrSc.
Slavickovd, and Zdenka Vyroubalova for technical assistance.

for fruitful discussion and Radka

REFERENCES
1. Woodruff, M. A.; Hutmacher, D. W. Prog. Polym. Sci. 2010,
35, 1217.

2. Herrmann, B. G.; Debeer, L.; Wilde, B.; De, K.; Patel, M. K.
Polym. Degrad. Stabil. 2011, 96, 1159.

3. Tokiwa, Y.; Calabia, B. P.; Ugwu, U.; Aiba, S. Int. J. Mol. Sci.
2009, 10, 3722.

4. Sivan, A. Curr. Opin. Biotech. 2011, 22, 422.

5. Sivilingham, G.; Chattopadhyay, S.; Madras, G. Chem. Eng.
Sci. 2003, 58, 2911.

6. Ponsart, S.; Coudane, J.; Saulnier, B.; Morgat, J. L.; Vert, M.
Biomacromolecules 2001, 2, 373.

7. Persenaire, O.; Alexandre, M.; Degeé, P.; Dubois, P. Bioma-
cromolecules 2001, 2, 288.

8. Sivilingham, G.; Madras, G. Polym. Degrad. Stabil. 2003, 80,
11.

9. Ioshi, P; Madras, G. Polym. Degrad. Stabil. 2008, 93, 1901.

10. Aoyagi, Y.; Yamashita, K; Doi, Y. Polym. Degrad. Stabil.
2002, 76, 53.

11. Sun, H.; Mei, L.; Song, C; Cui, X.; Wang, P. Biomaterials
2006, 27, 1735.

12. Hakkarainen, M. Adv. Polym. Sci. 2002, 157, 115.

13. Shah, A. A.; Hasan, F.; Hameed, A.; Ahmed, S. Biotechnol.
Adv. 2008, 26, 246.

14. Lucas, N.; Bienaime, C.h; Belloy, C.h; Queneudec, M.; Sil-
vestre, E; Nava-Saucedo, J. -E. Chemosphere 2008, 73,
429.

15. Khatiwala, V. K.; Shekkar, N.; Aggarwal, S.; Mandal, U. K. J.
Polym. Environ. 2008, 16, 61.

16. Sekosan, G.; Vasanthan, N. J. Polym. Sci. Pol. Phys. 2010,
48, 202.

17. Mueller, R. J. Process Biochem. 2006, 41, 2124.

18. Kulkarni, A.; Reche, J.; Hartmann, J.; Kratz, K.; Lendlein, A.
Eur. J. Pharm. Biopharm. 2008, 68, 46.

19. Fields, R. D;; Rodrigues, E; Finn, R. K. J. Appl. Polym. Sci.
1974, 18, 3571.

20. Gan, Z.; Liang, Q.; Zhang, J.; Jing, X. Polym. Degrad. Stabil.
1997, 56, 209.

21. Yoshioka, T.; Kamada, F; Kawazoe, N.; Tateishi, T.; Chen,
G. Polym. Eng. Sci. 2010, 50, 1895.

22. Lefebvre, E; David, C.; Wauven, C. V. Polym. Degrad. Stabil.
1994, 45, 347.

23. Neumayerovd, Z. Polycaprolactone-Synthesis, Characteriza-
tion and Degradability. Thesis, Brno University of Technol-
ogy, 2010.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38078



10

ARTICLE

24.

25.

26.
27.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38078

Treichel, H.; De Oliveira, D.; Mazutti, M. A.; Di Luccio, M.;
Oliveira, J. V. Food Bioprocess Tech. 2010, 3, 182.

Jarrett, P; Benedict, C. V.; Bell, J. P.; Cameron, J. A.; Huang,
S. J. In Polymers as Biomaterials, Shalaby, S. W.; Hoffman,
A. S.; Ratner, B. D.; Horbett, T. A., Eds.; Plenum Press:
New York, 1985; pp 181-192.

Reiche, J. Thin Solid Films 2008, 516, 8821.

Norin, M.; Haeffner, F.; Achour, A.; Norin, T.; Hult, K. Pro-
tein. Sci. 1994, 3, 1493.

28.

29.

30.

31.

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

Contesini, F. J.; Lopes, D. B.; Macedo, G. A.; Nascimento,
M. G.; Carvalho, P. O. J. Mol. Catal. B Enzym. 2010, 67,
163.

Pitt, C.; Hibionada, E; Klimas, D.; Schindler, A. J. Appl.
Polym. Sci. 1981, 26, 3779.

Hadad, D.; Geresh, S.; Sivan, A. J. Appl. Microbiol. 2005, 98,
1093.

Vu, B.; Chen, M.; Crawford, R. J.; Ivanova, E. P. Molecules
2009, 14, 2535.

WILEY fi@ ONLINE LIBRARY



J Polym Environ (2014) 22:190-199
DOI 10.1007/s10924-013-0630-y

[P6]

ORIGINAL PAPER

Structure and Morphology of Microbial Degraded
Poly(e-caprolactone)/Graphite Oxide Composite

Radka Balkova - Sona Hermanova - Stanislava Voberkova -

Pavel Damborsky - Lukas Richtera - Jirina Omelkova -

Josef Jancar

Published online: 8 November 2013
© Springer Science+Business Media New York 2013

Abstract Biodegradation of poly(e-caprolactone) com-
posite with graphite oxide (GO) by the action of Bacillus
subtilis (BS) was studied in this work. Nanocomposite
produced in a form of thin film was exposed to nutrient
cultivation medium with BS as well as to abiotic nutrient
medium (control run) at 30 °C. The matrix itself was
exposed to the same conditions for comparison. Biodeg-
radation was demonstrated by the weight loss and the
decrease of molecular weight during 21 days of the
experiment as well as by changes in the surface morphol-
ogy and structure. Both degraded and control materials
were characterized by confocal laser scanning microscopy,
differential scanning calorimetry, thermogravimetry, and
Fourier transform infrared spectroscopy with attenuated
total reflectance. The bacterial growth expressed as the
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measure of the optical density/turbidity in McFarland units
and pH of medium were measured in situ during the
experiment. Lipolytic activity of BS was determined by
spectrophotometric assay. Degradation process was
accompanied by the increase of matrix crystallinity degree.
GO served as nucleating agent and facilitated absorption of
cultivation media into the composite which led to the
increase of the crystallinity degree also for control nano-
composite specimens. It was not evaluated to be promoter
of biodegradation. The surface cracks formation was ini-
tiated by BS action. Large surface cracks were formed on
BS-degraded composite surfaces while surface erosion was
more significant on BS-degraded matrix.

Keywords Poly(e-caprolactone) - Graphite oxide -
Biodegradation - Lipase - Structure

Introduction

Poly(e-caprolactone) (PCL), an aliphatic semicrystalline
polyester, is still found for wider applications due to its
biocompatibility, non-toxicity, and biodegradability both in
human body and environment. PCL was found to be rela-
tively stable against abiotic hydrolysis [1-3] but degraded
in many biotic environments including river, lake and
seawater, sewage sludge, farm and paddy soil, different
types of sediments, compost, sponges, and soil by hydro-
lysis caused also by enzymes action [1-14]. It was shown
that mechanism and rate of PCL degradation varied with
molecular weight, crystallinity degree, and morphology [3,
4, 7-10, 14-17] except ambient conditions. Degradation
process starts in amorphous phase and is accompanied by
the increase in crystallinity degree. Moreover, the crystal
size and the amount of loosely chain-packed regions
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(crystal defects) in a lamellar crystal are important factors
governing the rate of enzyme-catalyzed hydrolysis. It is
supposed that aliphatic polyesters such as PCL are degra-
ded by different hydrolases from crystal edges and lateral
sides of loosely chain-packed regions [4, 16].

One of the main disadvantages of biodegradable mate-
rials for engineering applications including PCL is their
poor physical and mechanical performance. Many proper-
ties of such materials are usually improved by appropriate
blending, filling, reinforcing, and copolymerization.
Because fillers and reinforcements change the structure and
thus, properties of the polymer matrix, the impact of them
on the degradation process could be expected. For exam-
ple, organoclay/PCL nanocomposites were found both to
enhance biodegradability in organic compost together with
reduced oxygen permeability [18] and to delay degradation
rate in compost with respect to homopolymer PCL [19, 20]
but also to have nearly no effect on degradation of PCL
matrix by bacteria isolated from compost [20]. Except or-
ganoclay, silica and graphene-based polymer composites
are produced which found their applications in automobile
and aerospace industry and in the electronic industry for
thermal management because incorporation of graphene
oxide into the polymers greatly improved their thermal
stability, electrical, and mechanical properties. But they
can find the application also in packaging for food, medi-
cine, electronics and beverages due to low permeability of
gas molecules such as N,, O,, moisture, and CO, [21].

Graphene-based fillers are promising enforcing filler for
polymers because functional groups on the surface of
graphene sheets can enhance compatibility between them
and the polymer matrix. Graphite oxide (GO) was, for
example, presented to enhance the Young’s modulus and
tensile strength in composite with PCL [22]. GO is highly
hydrophilic and readily exfoliated in water, yielding stable
dispersion consisting mostly of single layered sheets
(graphene oxide) [21]. Similar degree of exfoliation of GO
was also attained for N,N-dimethylformamide (DMF),
tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP)
and ethylene glycol [21].

Although a lot of work has been done on the synthesis,
properties, and characterization of PCL blends, copolymers
and composites, little attention has been paid toward bio-
degradation study of these materials and in case of
graphene and graphite/graphene oxide, long term fate,
health, and environmental risk assessment is widely lack-
ing [23]. Recent studies of graphene-containing polymer
nanocomposites also offer con-tradictory results regarding
possible biocompatibility, antimicrobial activity, and toxic
effects on a variety of microorganisms [24, 25]. These all
are the reasons why biodegradation study of graphene-
based PCL composites is an open and useful field to be
engaged in.

This work wants to contribute into this field of research
with biodegradation study of PCL/GO composite, the
material potentially used for packaging, exposed to Bacil-
lus subtilis (BS) at the optimum growth conditions of this
microbial strain. The growth of BS was in cultivation
medium monitored by the measurement of optical density/
turbidity during 21 days of the experiment and the lipolytic
activity of cell-free supernatant was determined by stan-
dard spectrophotometric method together with the pH
measurement of cultivation medium. The effect of BS
action on the surface morphology, structure and thermal
stability of PCL and PCL/GO composite immersed in
biotic medium, and for control run in abiotic medium, was
determined from the weight loss and molecular weight
measurements, by confocal laser scanning microscopy,
differential scanning calorimetry, thermogravimetry, and
Fourier transform infrared spectroscopy with attenuated
total reflectance.

Experimental
Materials

Poly(e-caprolactone) used was commercial synthetic
polyester supplied in a form of pellets by Sigma Aldrich
(molecular weights stated by supplier are as follows:
M,, = 14,000, M,, = 10,000).

Graphite was supplied in a form of square rod by Kar-
botechnik, Ltd, the Czech Republic.

Bacillus subtilis (BS, bacterial strain, CCM 1999), a
sporulating rod-shaped Gram-positive bacterium present in
almost all ecosystems [26, 27], was obtained from the
culture collection of the Czech Collection of Microorgan-
isms (CCM), Masaryk University Brno, Faculty of Science.
Bacterial strain was maintained on Meat Peptone Agar
medium.

The culture medium for degradation study was nutrient
broth medium. The medium consists of peptone (30 g dm™>),
yeast extract (10 g dm™), NaCl (5 g dm™>), and for degra-
dation experiment was supplemented with glucose
(20 g dm ™). All other chemicals were used as received.

Preparation

Graphite oxide was prepared by chemical oxidation of
graphite in a mixture of H,SO, and KMnO, according to
the simplified Hummer’s method described, for example,
in [28]. The mixture was stirred for 3 days to ensure
complete oxidation accompanied by the color change from
dark purplish green to dark brown. To stop the oxidation
process, H,O, solution was added and the color of the
mixture turned to bright yellow, indicating high oxidation
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level of graphite. GO formed was washed 3 times with 1 M
of HCl and repeatedly washed with deionized water until
pH of 4-5 was achieved using a simple decantation. GO
experienced exfoliation during the washing process with
deionized water which led to the thickening of GO solution
and formation of stable colloid of graphene oxide. This
nanomaterial was freeze-dried to obtain solid GO which
was analyzed by X-ray diffraction and Fourier-transform
infrared spectroscopy with attenuated total reflectance
(FTIR-ATR). It was shown that oxidation process breaks
graphite crystallites and separate particular sheets (the
interplanar spacing increased from 3.37 to 8.50 A for
graphite and GO, respectively, and the average size of
crystallites decreased from 60 nm to 30 nm for graphite
and GO, respectively). But the obtained GO still remained
well-defined layered structure even if more open with
respect to graphite. Vibrations of reactive carbonyl together
with hydroxyl groups and C-O in ester and C—OH bonds
were detected in FTIR-ATR spectra of solid GO. The
intensity of the band assigned to the stretching vibration of
carboxyl groups on the edges of the layered GO planes or
conjugated carbonyl groups was relatively small.

PCL/GO composites were prepared by solution mixing
and subsequent compression molding. PCL dissolved in
DMF (1.0 g/20 ml) at 90 °C was mixed with GO dispersed
in DMF (0.1 g/100 ml) by ultrasound for 24 h at 50 °C.
The solid product obtained by vaporization of DMF was
dried in vacuum at 90 °C for 3 days and at 25 °C for
1 week as it is also described in [22]. Dissolving of PCL
and the addition of GO (2.7 wt%) was performed at inert
atmosphere (nitrogen, 99.995 %). The dried composite
material was compression molded at 65 °C for 6 min under
pressure 300 kN to form films of approximate thickness of
250 um. PCL pellets were processed in the same way to
keep preparation conditions of PCL/GO composite to
prepare specimens for comparison. The production of well-
dispersed  graphene-based polymer nanocomposites
depends on GO exfoliation prior to incorporation into a
polymer matrix. Direct exfoliation of solid GO in DMF
was enhanced with mechanical exfoliation by ultrasound
and stirring and colloidal suspension of GO was obtained.
But it has not the same character as that of graphene oxide
obtained before freeze-drying of is.

Biodegradation

PCL and PCL/GO composite films were sectioned into
10 x 10 mm* specimens, which were sterilized by UV-
lamp for 30 min. The sterilized specimens were immersed
into 6 ml of nutrient medium with BS in L-test tubes to
perform biodegradation test (one specimen into one L-test
tube). The initial pH was 7, the temperature was kept at
30 °C, and the L-test tubes were continuously agitated at

@ Springer

Table 1 The specimens’ code system used in the work

Code Material
PCL Original poly(e-caprolactone) thin film
PCL-BS, PCL degraded by the action of Bacillus subtilis
PCL+BS
PCL_7d PCL degraded by the action of Bacillus subtilis for
7 days
PCL-c Control sample of PCL aged in abiotic medium
PCL-c_7d Control PCL aged in abiotic medium for 7 days
GO Graphite oxide
PCL/GO Original composite of PCL with GO—thin film
PCL/GO-BS, PCL/GO composite degraded by the
PCL/GO+BS action of Bacillus subtilis
PCL/GO_7d PCL/GO composite degraded by the
action of Bacillus subtilis for 7 days
PCL/GO-c Control composite material aged
in abiotic medium
PCL/GO-c_7d Control composite material aged

in abiotic medium for 7 days

160 rpm. The biodegradation experiment was performed
for 21 days. The control specimens of PCL and PCL/GO
were treated in abiotic medium at the same conditions and
again one specimen was inserted into one L-test tube.

The antimicrobial effect of GO in PCL/GO composite
was examined in Petri dishes with meat peptone agar
medium in the presence of bacterium BS for 24 h as it is
also described in [29]. The test was done as a preliminary
screening before biodegradation study to exclude inhibition
action of tested material on the growth of utilized
microorganism.

The specimens’ code system used in this work is
explained in Table 1.

Characterization

Optical density/turbidity and pH of nutrient medium was
measured in situ during the biodegradation test. The den-
sitometer used was McFarland DEN-1B, CZ. The lipase
activity of the cell-free culture supernatant, prepared after
the particular degradation test (7, 14 and 21 days) was
determined. Lipolytic activity was determined using col-
orimetric assay system with p-nitrophenyl laurate (pNPL)
as the substrate. The absorbance of p-nitrophenol formed
after 30 min of reaction of lipases with pNPL at 37 °C and
pH 7.2 was measured at 420 nm using UV/VIS HELIOS
DELTA spectrophotometer Thermospectronic, United
Kingdom. One unit of activity is the amount of enzyme,
which released one pmol p-nitrophenol from pNPL per
minute under the assay conditions. Lipolytic activity
measurement was done six times and other experiments
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were run in triplicate to determine mean values and stan-
dard deviations.

SEC-MALLS

Molecular weight averages (M,,, number-average molecu-
lar weight and M,,, weight-average molecular weight) were
determined by size exclusion chromatography (SEC-
MALLS) on Waters Breeze chromatographic system
equipped with RI detector operating at 880 nm and multi-
angle laser light scattering miniDawn TREOS from Waytt
with laser wavelength 658 nm, using dn/dc = 0.079 ml/g
according to [30]. The system consists of Waters 2,410
refractive index detector, Waters 1,515 pump, Waters 717
plus Autosampler, and column heater. Separation was
performed on one Polymer Laboratories Mixed column at
35 °C in THF at an elution rate of 0.8 ml/min. Polymer/
composite sample (15-20 mg) was dissolved in 5 ml of
THEF. Before analysis, the prepared solution was filtered
through 0.45 pm PTFE microfilters. Different conditions of
SEC analysis and solid state of the specimens tested is the
reason for the difference in the initial molecular weight of
PCL film and that of PCL pellets.

Weight loss

Both control and degraded specimens were after 7, 14, and
21 days of the exposition to BS and abiotic medium removed
from the medium, washed with distilled water and dried to
constant weight. The specimens were stored in a desiccator
before morphology and structure characterization.

DSC

Calorimetric (DSC) measurements were performed on
DSC 204 F1, Netzsch using specimens of the weight
2.2-4.7 mg sealed in standard aluminum pans. The speci-
mens were heated at 10 °C/min in nitrogen (40 ml/min)
from laboratory temperature to 90 °C. Three measurements
were done for neat PCL and PCL/GO specimens and two
ones for control specimens after 21 days.

TGA

Thermogravimetric (TGA) measurements were done on
TGA Q500, TA Instruments in nitrogen (60 ml/min). The
specimens weighting 1.1-3.5 mg were heated at 5 °C/min
from laboratory temperature to 650 °C.

FTIR-ATR

The surface functional groups of solid specimens were
identified using spectrophotometer Tensor 27, Bruker with

ATR using diamond crystal. The spectra were recorded at
room temperature in the spectral range 4,000-600 cm™ ' at
the resolution 2 cm™'. One spectrum was the result of 128
scans. The spectra were recorded from three surface points
of each specimen. The FTIR-ATR spectra were studied in
the range 1,800-1,600 cm ™! upon normalization on the
signal corresponding to the [-(CH,)n—] stretching group at
1,466 and 1,398 cm™! (carbonyl index determination) in
order to evaluate changes on the peak corresponding to
ester groups of polymer chains (1,723 cm™') as it is
described also in [6].

CLSM

The surface morphology of PCL and PCL/GO specimens
was studied on confocal laser scanning microscope
(CLSM) LEXT OLS 3000, Olympus at laboratory tem-
perature using the laser beam of 408 nm. Both surfaces of
each specimen were observed.

Results and discussion
Microbial activity on PCL, PCL/GO and GO materials

The screening of potential antimicrobial effect of GO in
melt-pressed PCL/GO composite against selected bacte-
rium BS revealed no zone of inhibition on the composite
specimen surfaces as well as on the control ones under
tested conditions. The similar effect was observed by Ruiz
et al. [31] but was not reported in other papers dealing with
similar material systems [24, 25, 29].

The systematic study of microbial degradation was
performed at the optimum growth conditions of BS from
the viewpoint of aeration (agitation), nutritional factors,
pH, and temperature. The measurement of the optical
density showed that exponential growth of BS proceeding
occurred during the first day of the experiment at the same
rate in all types of media (nutrient medium, medium and
PCL, medium and PCL/GO) as it is seen in Fig. 1. After-
wards, the growth curve became horizontal as a conse-
quence of the stationary phase. The time profile of BS
growth in nutrient medium reflects prolonged stationary
phase and slight decline occurring in the population during
lag phase. BS started to grow again after 5 days of the
experiment in the presence of PCL and PCL/GO, which
indicates the effect of diauxie. At first, BS utilized glucose
as a simple carbon source together with peptone and then
started to utilize more complicated substrate, probably
scission products released from the polymer as a result of
its degradation.

Lipolytic activity of BS was monitored supposing that
lipases play dominant role in enzyme-catalyzed PCL chain
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Fig. 1 Time profile of BS bacterial growth (expressed as optical
density in McFarland units) in cultivation media and the optical
density of control abiotic nutrient medium
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Fig. 2 Lipolytic activity of BS in nutrient cultivation medium and
that enriched with PCL and PCL/GO specimens measured after 7, 14,
and 21 days of the experiment

scission. The highest values of lipolytic activity of BS were
measured in the presence of PCL in nutrient medium. This
fact demonstrates stimulating effect of oligomeric chains
gradually released into the medium during the degradation
process on the the lipases production (Fig. 2). The presence
of GO in PCL supported good cell growth but extracellular
lipase production was lower than only in nutrient medium
(Fig. 2). This phenomenon will be further studied.
Almost identical pH profiles of BS-inoculated media
were observed, which can reflect utilization of similar
substrates and hence, only little metabolic changes in the
presence of polymer or GO. The pH of medium increased
from 7.0 to 8.5-9.0 both in the presence of PCL and PCL/
GO after 14 days of the experiment and the value was
always slightly higher as compared to medium inoculated

@ Springer

with BS (8.5). This fact could consequently contribute to
faster degradation of PCL chains, previously partially
degraded by the action of enzymes, in alkaline environ-
ment [17]. The value of pH of control abiotic nutrient
medium with PCL-based specimens was constant i.e. 7
during the experiment.

Molecular weight and weight loss of PCL and PCL/GO
materials

Both PCL and PCL/GO specimens exposed to BS gradually
lost the weight contrary to control specimens as can be seen
in Table 2. There was no difference between PCL and
PCL/GO specimens after 7 days but then the matrix itself
became more prone to degradation and lost nearly three
times higher mass after 21 days compared to nanocom-
posite. The shift of the chromatograms peeks maxima
observed both for PCL and PCL/GO specimens supports
random cleavage of the longest chains as a consequence of
BS action after 14 days (Fig. 3a). Small tails developed on
the lower molecular side of elution curves become visible
already after 14 days and were pronounced after 21 days of
degradation experiment (Fig. 3b). The tails indicated the
formation of lower molecular chains entrapped in the
polymer matrix. Since pH values of BS-innoculated med-
ium increased to alkaline region after 14 days of the
experiment due to metabolites production, the contribution
of base-catalyzed abiotic hydrolysis is assumed after
21 days as well. The number-average molecular weight
(M,) decreased by 33 % in case of PCL and by 28 % in
case of PCL/GO nanocomposite degraded for 21 days so
we can assume that degradation of ester bonds close to the
polymer chain ends also occurred (Fig. 3b). Abiotic
hydrolysis to PCL chains of control specimens immersed in
abiotic medium at constant pH of 7.0 did not proceed
significantly since negligible changes in molecular weight
and its distribution were measured (Table 2).

Thermal properties of PCL and PCL/GO materials

Slight increase of crystallinity of BS-degraded PCL after 14
and 21 days (Table 2) corresponds with the weight loss and
molecular weight increase as a consequence of the release
of low molecular species formed by PCL chain scission.
Secondary crystallization of loosen and cleaved PCL
chains is supposed to occur onto the preexisting crystals
after 21 days due to the appearance of the right shoulder on
the melting peak as it is seen in Fig. 4a. Random scission
of small amount of the longest PCL chains evidenced by
SEC-MALLS is responsible for the stable melting tem-
perature of PCL. The crystallinity of control PCL remained
the same and no change in supramolecular structure is
evident from DSC curve shapes shown in Fig. 4a.
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Table 2 Molecular characteristic, weight loss and DSC data of the original, control and BS-degraded PCL and PCL/GO materials

Material Aging [day] Weight loss [%] M, b Melting temperature Crystallinity [%]
T [°C] Tz [°C]
PCL 0 - 18 1.5 58.8 £0.3 60.0 £ 0.3 70 +£ 3
PCL-BS 7 29+ 0.1 16 1.5 58.7 £0.3 594 £ 0.3 69 £+ 3
PCL-BS 14 8.6 + 0.9 15 1.6 58.7 £03 76 £ 2
PCL-BS 21 12.0 £ 0.9 12 1.8 594+ 0.3 Right shoulder 75+ 3
PCL-c 7 0.5 + 0.01 16 1.6 59.8 £0.3 71 £3
PCL-c 14 04+ 0.6 16 1.5 59.8 £ 0.3 68 + 3
PCL-c* 21 0.0 £ 0.0 17 14 583 +£03 69 + 2
PCL/GO 0 - 61.0 £ 1.7 65 +3
PCL/GO-BS 7 27+09 15 1.5 60.2 + 1.2 72 +£2
PCL/GO-BS 14 5.1+£0.5 15 1.5 58.6 £ 14 76 £ 3
PCL/GO-BS 21 47 +£04 13 1.7 58.9 £ 09 75 +£2
PCL/GO-c 7 02+0.2 17 14 589 £ 1.1 75 +2
PCL/GO-c 14 0.8 £ 0.6 17 1.5 59.3 £ 0.8 72 +2
PCL/GO-c" 21 04 £ 0.0 17 14 60.7 £ 0.9 72+ 3

M, is number average molecular weight; D is molecular weight dispersity; 7,,; and T,,, represents melting temperature evaluated as the
maximum of endothermic peaks of specimens heated once and twice, respectively; the degree of crystallinity was determined with
AHS1 = 139.5 J/g [3, 14] for 100 % PCL; c in the material title means control

# the control PCL and PCL/GO samples were maintained at constant pH of 7.0

GO particles act as nucleating agent because PCL
crystallization temperature increased from (24.9 £ 0.3) °C
to (28.8 & 0.1) °C for the original PCL and PCL/GO,
respectively, and thus, they are responsible for lower
degree of crystallinity and higher melting temperature with
respect to the original PCL. Nanocomposites degraded by
BS (BS-degraded) revealed higher crystallinity with respect
to the original one, however, nanocomposite control
specimens revealed the increase of crystallinity as well.
This is prescribed to the action of cultivation medium
penetrating into nanocomposite specimens easily at PCL/
GO interface due to the polar surface of GO. The medium
is supposed to be preferentially absorbed into the amor-
phous phase improving motion of loosely packed polymer
chains and their ordering because biodegradation test was
performed highly above PCL glass transition region. But, if
one takes into account the scatter of crystallinity results,
the PCL crystallinity degree was always higher in PCL/GO
composites exposed to biotic medium with respect to
control ones exposed to abiotic medium, which corre-
sponds with the fact that PCL chains scission occurred too
as detected by SEC-MALLS. The degree of the chain
scission is lower compared to PCL specimens exposed to
biotic medium due to GO supporting microbial growth
(Fig. 1) and lowering lipolytic activity in comparison with
original PCL (Fig. 2). The decrease in the activity of
lipases-extracellular hydrolases being known to catalyze
PCL chains scission could have the impact on degradation
kinetics. Secondary crystallization together with PCL bond

scission in PCL/GO composites is reflected by the variance
of their DSC curve shapes in time (Fig. 4b).

Although the melt of PCL decomposes in thermogravi-
meter during heating and thus, it is without direct connection
to supramolecular structure of solid materials, BS-action and
the presence of GO changed decomposition process of PCL
asitis shownin Fig. 5 on the example of the original and BS-
degraded PCL and PCL/GO materials after 21 days.
Decomposition process of PCL shifted to lower temperature
after 21 days in biotic medium and GO contributed to less
gradual weight loss up to 360 °C compared to the original
PCL. The first decomposition step of PCL/GO forgoing the
main decomposition step disappeared after 21 days in biotic
medium and the main decomposition step shifted to lower
temperature. The main difference is obvious between BS-
degraded PCL and BS-degraded PCL/GO where the first
decomposition onset temperature shifted from 284 to
349 °C, respectively. The reason is very probably specific
interaction of PCL chains with GO in all nanocomposites
together with different rate of washing out/erosion of low
molecular chains and random scission of the longest PCL
chains can be prescribed to lower temperature of the main
decomposition step of PCL.

FTIR-ATR analysis of PCL and PCL/GO materials
The FTIR-ATR spectra of all tested specimens, control and

BS-degraded, PCL and PCL/GO, were nearly the same and
also the intensity of the band at 1,722 em™! belonging to
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Fig. 3 a SEC chromatograms of the original PCL (solid line), PCL-
BS and PCL/GO-BS (dot and dash-dot, respectively), control PCL and
control PCL/GO (grey, solid line) after 14 days. b SEC chromato-
grams of the original PCL (solid line), PCL-BS and PCL/GO-BS after
21 days (dot and dash-dot, respectively)

carbonyl group in ester bonds did not change. The PCL
bonds of all specimens exposed to BS are supposed to be
cleaved by enzyme-catalyzed hydrolysis which results in
the presence of intensive carbonyl peak in time. The
change of the FTIR carbonyl peak intensity is observed if
microorganisms, enzymes, and by-products of the degra-
dation survive water washing prior to characterization [20]
or the molecules with other than carbonyl groups are
formed [6]. These changes are usually described by the
change of carbonyl index. In this work, carbonyl index of
BS-degraded PCL and BS-degraded PCL/GO materials was
nearly without change.

The fact that PCL was of high crystallinity degree also
in GO nanocomposites was verified by the presence of the
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Fig. 4 a First heating DSC curves (endothermic response, exo up) of
the original, BS-degraded and control PCL aged for 7, 14, and
21 days. b First heating DSC curves (endothermic response, exo up)
of the original, BS-degraded and control PCL/GO aged for 7, 14, and
21 days

intensive band at 1,722 cm™!, by the band of medium
intensity at 1,297 cm™!, and the broad band at around
1,172 cm™" splitting into the other one at 1,186 cm™',
which all are associated with ordered conformations of
PCL chains [6, 32, 33]. The presence of PCL amorphous
phase is indicated by broadening the band at 1,722 to
1,737 cm ™! and the broad band at 1,172 cmfl, which also
hides the band of amorphous PCL phase occurring at
1,161 cm ™.

The second-order derivatives of carbonyl peaks [34]
show that the amount of crystalline phase on BS-degraded
surfaces decreased with the degradation time and this
decrease is higher for PCL. No change is seen for control
materials (Fig. 6). It corresponds with the surface degra-
dation and erosion of BS-degraded specimens, especially
PCL ones. The second-order derivatives of carbonyl peaks
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Fig. 5 TGA curves of the original and BS-degraded PCL and PCL/
GO materials after 21 days together with TGA curve of GO
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Fig. 6 Second-order derivatives of carbonyl peak of the original,
control, and BS-degraded PCL and PCL/GO after 14 days

of BS-degraded PCL and BS-degraded PCL/GO materials
for 14 and 21 days did not differ much which reflects the
same mechanism of degradation together with washing of
low molecular species out of the surface.

CLSM imaging of PCL and PCL/GO materials

Even if pressed, morphology of small spherulites was
nicely visible on the original PCL specimen surfaces. The
surface cracks regularly spread on PCL surfaces were the
result of seven-day BS-degradation (Fig. 7a). The cracks
observed after 14 days were not so sharp and were in less
numbering but the surface itself became rougher as a
consequence of surface erosion (8.6 % weight loss). The
process of the surface degradation continued during other
week (12.0 % weight loss) by erosion together with new

crack formation (Fig. 7b). The erosion process is assumed
to occur in the vicinity of the chain-ends due to SEC-
MALL. The surface cracks were not formed in any stage of
aging of PCL control specimens in biotic medium. Several
spherulites on the surface of PCL control specimens aged
for 21 days seemed to be uncovered due to reorganization
of loosely packed chains in the surface amorphous region.

The addition of GO caused on composite surfaces for-
mation of less developed spherulites looking twice larger
with respect to neat matrix. The surface cracks were pro-
duced on PCL/GO specimen as a consequence of BS action
whereas the size and depth of them increased gradually
with time of degradation (Figs. 7c, d) but no cracks were
formed on PCL/GO control specimens.

Surface erosion and formation of cracks, voids, and
cavities are signs of the action induced by enzymes fol-
lowed by medium penetration into the surface micropores.
It is evident that the formation of surface cracks was in
both types of specimens (PCL and PCL/GO) initiated only
by BS action because no cracks were formed on surfaces of
control specimens. Cultivation medium diffusion into the
nanocomposite specimens is mainly responsible for the
formation of large cracks compared to PCL. It is also very
probable that final drying contributed to the enlargement of
the cracks as well. The development of tensile residual
stresses that reduce toughness and induce premature failure
of the polymer exposed to microbial action was reported in
[15]. The action of enzymes was not in case of PCL/GO
specimens as significant as in case of PCL ones because the
surface erosion was not so extensive and also the weight
loss was nearly three times lower.

Conclusion

The biodegradation of PCL and its nanocomposite with GO
by BS was demonstrated by the weight loss and the
decrease of molecular weight even after 14 days of the
experiment. PCL degradation was initiated by BS because
control materials were not degraded however at constant
pH of 7.0. During the last period of the experiment, the
base-catalyzed abiotic hydrolysis could contribute to the
whole degradation process because pH of medium
increased up to 8.5-9.0. Since the control samples were
maintained at constant pH of 7.0 the biotic and abiotic
degradation could not be distinguished. Higher amount of
low molecular chains were formed in PCL than in PCL/GO
as the consequence of scission of ester bonds close to the
PCL chain-ends in preference and random cleavage of the
longest chains occurred both in neat matrix and nano-
composites. The latter is responsible for unchanged melting
temperature of PCL in both BS-degraded material types.
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Fig. 7 a CLSM image of cracks on PCL-BS surface after 7 days. b CLSM image of PCL-BS surface after 21 days. ¢ CLSM image of cracks on
PCL/GO-BS surface after 7 days. d CLSM image of cracks on PCL/GO-BS surface after 21 days

BS-degradation is assumed to occur in amorphous phase
because the degree of crystallinity increased both in PCL and
PCL/GO accompanied by the washing out of low molecular
chains as seen from the weight loss. BS-degradation became
evident by surface erosion and surface cracks formation (no
cracks were observed on any control specimen). Extensive
surface erosion was observed on PCL specimens even after
14 days while large cracks were formed on nanocomposite
surfaces. Easy diffusion of cultivation media through PCL/
GO interface was caused by polar GO surface supported
formation of large cracks together with the second crystal-
lization of PCL also in nanocomposite control specimens,
which revealed only negligible weight loss. GO acts as
nucleating agent and caused the increase of decomposition
onset temperature of PCL together with washed out/eroded
low molecular species. GO was not evaluated to be promoter
of biodegradation.
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3D printing technologies are currently appealing for the research community due to their demonstrated
versatility for different scientific applications. One of the most commonly used materials for 3D printing is
polylactic acid (PLA), a biodegradable polymer that can be fully or partially digested by enzymes such as
proteinase K. This work seeks to exploit PLA's biodegradability to selectively and reproducibly sculpt 3D-
printed graphene/PLA surfaces to turn them into sensitive electroactive platforms. Proteinase K-catalyzed
digestion of 3D-printed graphene/PLA electrodes is proposed as an environmentally friendly, highly
controllable, and reproducible activation procedure of 3D-printed electrodes. Proteinase K digests PLA in
a controllable fashion, exposing electroactive graphene sheets embedded within the 3D-printed
structures to the solution and therefore achieving a tailorable electrode performance. A proof-of-concept

biosensing application is proposed, based on the immobilization of enzyme alkaline phosphatase at the
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sculptured electrodes with the subsequent electrochemical detection of 1-naphthol in aqueous media.
This work attempts to continue demonstrating the potential of 3D printing in electroanalytical
applications, as well as to explore the exciting possibilities arising from merging biotechnological
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Introduction

The number of 3D printing applications in scientific research
has been rapidly increasing in the last few years."” 3D printing
technologies have found their way into research laboratories as
affordable and fast tools to create scale models or prototypes
and objects for routinely laboratory use.>” The rising variety of
printable materials, together with the possibility of shape cus-
tomization without design constraints, has gained the interest
of a wide research community, especially in biomedical
sciences.>® However, micro and nanoscale sculpting of the
surfaces of large objects remains a challenge.
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processes with these manufacturing procedures.

With the advent of conductive printable materials, 3D print-
ing has entered the field of electrochemistry at a fast pace with
the fabrication of 3D-printed electrodes for energy storage®
and sensors.>® Of particular significance for the field is the
manufacture of low cost metal-free objects, utilizing desktop
3D printers based on Fused Deposition Modelling (FDM).”°
The availability of conductive filaments made from carbon/
polymer composites for FDM, such as the commercial gra-
phene/polylactic acid (PLA) filament, has recently been
exploited in different electrochemical systems.*'" ™7 Our group
recently reported 3D-printed electrodes made from this com-
posite to detect picric acid and ascorbic acid.® There is a sig-
nificant drawback of the “as printed” 3D graphene/PLA electro-
des as they show no electroactivity and they need to be acti-
vated by the organic solvent method or electrochemical
pretreatment.®'>"* This problem arises from the high bulk
content of the thermoplastic polymer concealing the electro-
des after 3D printing, hindering the conductive and electro-
active carbon-based part from exposition to the electrolyte.

The common objective of the activation methods proposed
so far is to uncover the graphene embedded within 3D-printed
objects without disrupting their structural and mechanical
properties. We herein propose a distinct approach based on an

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Representation of the 3D-printed graphene/PLA electrodes’
fabrication, digestion/activation and application: first, coin-shaped elec-
trodes from the graphene/PLA composite filament are 3D-printed with a
Fused Deposition Modelling printer. The as-printed electrodes are elec-
trochemically irresponsive towards the ferro/ferricyanide redox pair.
After proteinase K-mediated PLA digestion, the electrodes’ surface
becomes eroded and electroactive. The resulting activated surface is
used to immobilize alkaline phosphatase (ALP) enzyme via adsorption.
ALP catalyzes the conversion of 1-naphthyl phosphate into 1-naphthol,
which is electrochemically oxidized at the surface of 3D-printed
electrodes.

environmentally friendly, highly controllable biocatalytic
process consisting of partial digestion of 3D-printed electrodes
by proteinase K-mediated PLA hydrolysis. PLA’s widespread
use in 3D printing technologies, particularly FDM, brings up
the advantages of its biodegradability: PLA belongs to a family
of polyesters called “biodegradable plastics”.'® It undergoes
abiotic hydrolysis, which is significantly accelerated by extra-
cellular enzymes produced by microorganisms naturally occur-
ring in a soil environment. Among enzymes hydrolyzing
protein-like substrates, serine proteases such as proteinase K
play an important role.'® Proteinase K-catalyzed degradation of
PLA is a topic that dates back to 1981 and has been thoroughly
reviewed in the literature.”® We seek to apply this well-charac-
terized, nature-inspired process to achieve controlled pattern-
ing of 3D-printed surfaces to be used as working electrodes.
We explore the application of the digested surfaces not just as
electrodes but also as biosensors, showing that these
enzymatically sculptured 3D-printed objects can serve as
immobilization platforms for biomolecules and electro-
chemical transducers (Scheme 1).

Experimental
Chemicals

Potassium ferrocyanide and ferricyanide, magnesium chloride
hexahydrate and potassium chloride were purchased from
Lach-Ner (Neratovice, Czech Republic). Proteinase K from
Tritirachium album (>30 units per mg protein), tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCI), alkaline
phosphatase, 1-naphthyl phosphate monosodium salt mono-
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hydrate, phosphate buffered saline tablets and calcium
dichloride were acquired from Sigma-Aldrich. Milli-Q water
was used in all experiments.

3D printing and proteinase K-mediated digestion/activation

The graphene/PLA filament was acquired from Black Magic 3D
(New York, USA). The electrodes were designed with sketch-up
3D modeling open-source software and printed with Fused
Deposition Modeling (FDM) technology, using a TRILAB 3D
printer (DeltiX, Czech Republic). Each 3D-printed specimen
(coin-shaped, for specific dimensions see disc-shaped electro-
des in ref. 8) was immersed in a proteinase K 0.2 mg mL ™"
solution prepared in Tris-HCl buffer (Tris 100 mM, CaCl,
1 mM, pH 8) and incubated at 37 °C for 28 or 72 h. The
enzyme/buffer was replaced every 24 h to restore enzymatic
activity, avoiding the pH value decrease. Afterwards, the
degraded samples were rinsed thoroughly with distilled water
at 4 °C to stop further degradation and then dried under
vacuum until constant mass. Mass loss (%) was calculated
according to (m, — m,)/m,, where m, and m;, represent the dry
weights of the specimens before and after degradation,
respectively. For the purpose of water uptake determination,
wet specimens were periodically withdrawn, gently dried with
filter paper and their mass was taken. Water uptake (%) was
determined according to (my — my)/mo, with my, representing
the wet weight of the specimens taken at specific times during
degradation.

Characterization

The morphology and elemental mapping of the 3D-printed
objects were examined by scanning electron microscopy (SEM)
using a FEG electron source (Tescan Lyra dual beam micro-
scope) coupled with an energy dispersive spectrometer (Oxford
Instruments, UK). An optical microscope (Olympus IX73,
equipped with 10x, 20x and 50x objective lens, and a high-
speed camera (Retiga R1™ CCD) was also used to investigate
the morphological characteristics of the electrodes before and
after degradation. Carbon composition of the electrodes
before and after digestion was assessed with X-ray photo-
electron spectroscopy (XPS) by performing high-resolution
scans of the C 1s region. The XPS system was based on an
XR-50-MF X-ray source with a p-Focus monochromator and
Phoibos 150 2D CCD hemispherical detector (SPECS,
Germany). An iS50R FTIR spectrometer (Thermo Scientific,
USA) was used to carry out Fourier-transform infrared spectro-
scopy (FTIR) measurements. The measurement was performed
using a diamond ATR crystal, DLaTGS detector and KBr
beamsplitter in the 4000-400 cm™" range at a resolution of
4cm™.

Biosensor

The digested 3D-printed electrodes were immersed in 3 mL of
solution containing ALP fragments (1.25 U mL™") prepared in
PBS 1x (137 mM NaCl, 2.7 mM KCIl and 10 mM phosphate
buffer solution, pH 7.4) and were incubated for 30 min at
room temperature. A control experiment was carried out by
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incubating a digested 3D-printed electrode in PBS 1x without
ALP for the same period of time. After rinsing the specimens
with the same buffer, the electrodes were carefully dried under
a nitrogen flow and placed in an electrochemical cell contain-
ing 1-naphthyl phosphate 12 mM prepared in Tris buffer
(Tris-HCI 0.5 M, MgCl, 0.5 mM, KCI 0.1 M, pH 9.8).>" After
3 min of enzymatic reaction, the measurement was carried out
via cyclic voltammetry in the potential range 0 to 0.6 V at a
scan rate of 100 mV s~ '. After extensive rinsing with water,
subsequent measurements were carried out to assess whether
ALP remained physiosorbed on the 3D-printed surfaces.

Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out at a scan
rate of 100 mV s~ at room temperature using a three-electrode
configuration. The supporting electrolyte was KCI 0.1 M for
the ferro/ferricyanide redox pair (KsFe(CN)s : K4Fe(CN)s) 1 mM
and Tris buffer (Tris HC1 0.5 M, MgCl, 0.5 mM, KCl 0.1 M, pH
9.8) for 1-naphthol detection. KCI 1 M Ag/AgCl was used as the
reference electrode and a platinum wire was used as the
counter electrode, both purchased from CH Instruments
(Texas, USA). The measurements were performed with an
Autolab PGSTAT 204 (Metrohm Autolab, Switzerland), con-
trolled by Nova 2.1 software (Metrohm Autolab, Switzerland).
The 3D-printed graphene electrodes were directly held by a cro-
codile clip and placed in a 5 mL electrochemical cell. A glassy
carbon (GC) electrode (geometrical surface area: 0.0707 cm?),
purchased from CH Instruments, was employed for compari-
son. 1.98 cm® was the estimated geometrical surface area of
the 3D-printed electrodes based on the region immersed in
the electrolyte.

Results and discussion

Coin-shaped 3D-printed electrodes were printed from a gra-
phene/PLA filament using an FDM printer. A biocatalytic
method for activation consisting of proteinase K-mediated
hydrolysis of PLA fragments was performed on these electro-
des. Here, the terms “proteinase K-treatment”, “degradation”
and “digestion” are interchangeably used to refer to this acti-
vation process. The terms “as-printed” and “blanks” refer to
the specimens or electrodes used after 3D printing without
any treatment and to those samples exposed to an enzyme-free
solution under exactly the same conditions as those with pro-
teinase K activity, respectively. Enzymatic digestion of 3D
printed electrodes was characterized in terms of morphologi-
cal changes (by SEM and optical microscopy), bulk analysis
during enzymatic hydrolysis (water uptake, mass loss), surface
chemistry (FTIR and XPS) and electrochemical response
towards an electroactive redox species.

Fig. 1 shows the morphological changes of 3D printed elec-
trodes induced by the enzymatic digestion process. The repre-
sentative SEM images reveal that the treatment with proteinase
K results in an increased exposition of graphene-based struc-
tures at the surface (wire-like®'? and sheet morphologies can
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Fig. 1 Morphology of 3D-printed graphene/PLA electrodes before and
after treatment with proteinase K: typical SEM images of (A) as-printed
electrodes; (B) blank specimen*; (C and D) proteinase K-treated electro-
des. Scale bars: 5 pm (grey-lined) and 2 pm (blue-lined). Optical
microscopy images taken with 10x, 20x and 50x objective lens of (E-G)
blank electrodes* and (H-J) proteinase-treated electrodes. Scale bars:
100 pm (grey-lined) and 20 pm (blue-lined). *Blanks refer to 3D-printed
specimens subjected to the same digestion conditions but in the
absence of proteinase K.

be seen in Fig. 1C and D, respectively), significantly differing
from the morphological characteristics of the as-3D-printed
electrodes (Fig. 1A) and the blank specimens (Fig. 1B). A close-
up look on the wrinkled features of the exposed graphene
sheets can be seen in Fig. S1.7 The blanks represent an impor-
tant control experiment that evaluates the contribution of
abiotic hydrolysis occurring at pH 8 and 37 °C. A broader over-
view of the surfaces (optical microscopy) shows that the
blank specimens display a plastic-like “sealed” appearance
(Fig. 1E-G), whereas the digested electrodes present an eroded
aspect with pores of substantial size (Fig. 1H-]), resembling
the degradation pattern observed for proteinase K-degraded
PLA films.?® Fig. S21 shows low-magnification SEM images
coupled with EDS mapping, displaying surface features and
carbon/oxygen composition after 3, 6 and 28 h of proteinase K
treatment. As the digestion reaction progresses, the PLA
regions (shown as dark spots rich in oxygen) seem to decrease
while the contrast of the overall micrograph increases. The
clearer areas (less oxygen-rich) represent the conductive
regions being further exposed with longer digestion times.

To gain further insight into the degradation process, water
uptake/mass variation of the blanks and the proteinase
K-treated electrodes was monitored throughout 28 h (Fig. 2A).
It is desirable to be able to digest the 3D-printed electrodes in
a well-controlled and timely manner, thus the process was
monitored for 28 h. Longer digestion times were also tested:
72 h of degradation time resulted in disintegration of the 3D-
printed specimens. After 28 h, the mechanical properties were
maintained, while achieving significant PLA loss at the
surface, as will be discussed later. The process begins with
water gradually diffusing into the polymer matrix during the
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Fig. 2 Characterization of the proteinase-K digestion process and
electrode activation: (A) mass variation during proteinase K treatment of
3D-printed electrodes (inset: initial water uptake of the blanks* and the
proteinase K-treated specimens shown in black and red bars, respect-
ively); (B) mass loss value distribution (reproducibility) of the enzymatic
degraded samples (the dotted line represents average mass loss: red for
proteinase K-treated and black for blanks*); (C) FTIR spectra of the as-
printed, blank* and proteinase K-treated specimens; (D) electrochemical
characterization of blank* and proteinase-K digested 3D-printed elec-
trodes via cyclic voltammograms (CVs) of the ferro/ferricyanide pair
(IFe(CN)gl*~ < [Fe(CN)gl*>7); scan rate: 100 mV s, supporting electro-
lyte: KCl 0.1 M. *Blanks refer to 3D-printed specimens subjected to the
same digestion conditions but in the absence of proteinase K.

initial phase of degradation. Formation of hydroxyl and car-
boxylic groups by starting chain scission contributed to an
increase of water uptake (i.e. increased hydrophilicity), which
at the same time favors the proceeding degradation process
due to faster diffusion of the enzyme into the hydrophilic
polymer network.>>>* The next stage of the degradation is
characterized by a significant mass loss due to proteinase
K-catalyzed chain scission and diffusion of oligomeric frag-
ments to the solution. Progressive surface erosion increased
the porosity of the matrix.>” The inset in Fig. 2A shows that the
specimens start to take up water up to ca. 7% after 4 h. From
this point on, a progressive mass decrease (from 4 h to 28 h)
was recorded for the proteinase K-treated samples as proof of
degradation, whereas the blanks presented negligible mass
variation in both 0-4 h (water uptake) and 4-28 h (mass loss)
time windows (Fig. 2A). The pH of the degradation media
was also monitored up to 48 h (data not shown), given that
PLA degradation products are acidic and thus pH slightly
decreases during the digestion process. After 24 h and 48 h,
the pH decreased by 0.1 and 0.3 units, respectively, whereas
for the blank specimen the pH remained unaltered. pH
decrease during degradation can reduce the enzymatic
efficiency, thus the enzyme/buffer system should be exchanged
every 24 h.

The average mass loss, determined in the dry state, was
4.1% (n = 11) (Fig. 2B), with a relative standard deviation (RSD)
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of 11.6%. Considering the specimen-to-specimen variations
inherent to the FDM fabrication technology (the initial mass
of the as-printed electrodes presented an RSD value of ca. 6%),
the digestion process can be considered highly reproducible
due to the fine control of degradation conditions. The blanks
presented a mass loss average of 0.2%, confirming that abiotic
hydrolytic cleavage is negligible as compared to highly
efficient enzymatic degradation.

Fig. 2C shows the FTIR spectra of the as-printed, blank and
proteinase K-treated 3D-printed specimens, in the region
between 2000 and 800 cm™' showing characteristic bands of
the active ester and methyl groups of PLA. The weak absorp-
tion bands located at ~1540 cm™' and ~1575 cm™" can be
assigned to the carboxylate -O-C=O- groups and skeletal
vibrations of the graphene sheets, respectively.>>>° Strong
absorption at ~1746 and ~1080 cm™ ', ascribed to the sym-
metrical stretching of the C=0 and -C-O- groups of the ester
bonds of PLA, respectively, can be seen for the three samples.
A shift to lower frequency (~5 cm™') was evidenced for the
degraded specimen due to hydrolysis of the -C-O- ester bond,
whereas the carbonyl group C=O0 band attributed to the ester
bond did not shift.>” Further changes in the structure of PLA
due to the chain-scission of polyester bonds in the hydrolysis
reaction were noted in the ~1449 cm™" (C-H bending vibration
of CHj;), ~1264 cm ', ~1178 cm ' and ~1080 cm ' (C-O
stretching vibrations), ~954 cm™" and ~914 cm™" (crystallinity-
related ring skeletal vibrations) absorptions.>’ > The amide I
band near 1650 cm™', characteristic of proteins, is not
observed in the spectrum collected for the proteinase K-treated
specimen,?® suggesting that most of the enzyme is successfully
washed off the surface of the 3D-printed samples after treat-
ment. However, small traces of protein can be present (see
electrochemical results later).

Further characterization was performed with XPS to
examine the carbon functional groups before and after pro-
teinase-K treatment. Fig. S31 shows the C 1s regions of the as-
printed (S3-A) and proteinase-K-treated electrodes (S4-B) taken
at four different sites of the surface. The as-printed electrodes
show the contributions of C=O moieties (~289.2 eV) from
the PLA structure, as well as C-O (~287 eV) and C-C
(~284-285 eV) bonds accounting for the presence of graphitic
carbon as well. The presence of carbides is also evidenced at
lower binding energies,"® which can be associated with the
presence of impurities.>'® After enzymatic digestion, the XPS
showed a significantly decreased intensity of the C-O and
C=O0 peaks, indicating that most of the PLA has been cleaved
off the surface. The four different C 1s spectra of the treated
electrodes systematically point to the C-C graphitic nature of
the surface with stronger sp® contributions and a higher
degree of uniformity after digestion."?

Up to this point, the digestion process of 3D-printed elec-
trodes has been characterized in terms of morphology, mass
variation related to the activity of proteinase K and changes in
surface chemistry before and after digestion. The next step was
aimed at performing electrochemical characterization of these
electrodes by means of cyclic voltammetry (CV) measurements
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in the presence of a surface-sensitive redox molecule, ie.
ferro/ferricyanide redox pair. Fig. 2D shows the CVs of gra-
phene/PLA 3D-printed electrodes in the presence of this redox
pair, where it can be seen that these surfaces become highly
electroactive after enzymatic digestion. A typical quasi-
reversible redox process, characteristic of the well-known ferro/
ferricyanide system, was obtained with a peak separation of ca.
350 mV. This signifies an ~40% improvement of the hetero-
geneous electron transfer rate compared to our previous
activation method, based on dimethylformamide-assisted PLA
dissolution.® However, the rate dramatically improves when
the DMF method is followed by electrochemical pre-treatment,
as recently shown by Browne et al.,"* outperforming what we
have obtained after proteinase-K treatment in terms of peak
separation (ca. 180 mV). dos Santos et al.'* also showed that
electrochemical activation works well with these electrodes,
reaching ca. 250 mV of peak separation with the ferro/ferri-
cyanide pair. These findings suggest that incorporating an
electrochemical activation step can be beneficial after PLA
digestion. We show in Fig. S4f the typical SEM images of
different treatments, where the different contrasts/porosities
rendered after each treatment can be appreciated.

Fig. 2D also shows that blank specimens were not electro-
chemically responsive towards the ferro/ferricyanide system,
despite the morphological changes these electrodes underwent
compared to the as-printed ones (Fig. 1A and B). Such
morphological features, together with the mass loss recorded
for the blanks (0.2%), indicate that a small degree of PLA degra-
dation takes place in water medium after 28 h. However, the
mass loss of the digested electrodes was ca. 20 times higher
than that of the blank specimens, which can account for this
marked difference in the electrochemical performance.

A shoulder peak located at ca. 0.76 V seen in ferro/
ferricyanide voltammograms (Fig. 2D, 1% scan) can be
assigned to the inherent protein electroactivity due to electro-
oxidized amino acid residues (tyrosine, tryptophan, and
cystine).** Traces of adsorbed proteinase K are thus present on
the surface of 3D-printed electrodes after digestion, even after
extensive washing. The peak is no longer seen at a second
voltammetric scan (data not shown), as will be discussed
below for 1-naphthol’s system.

Once confirmed that 3D-printed graphene/PLA structures
are electrochemically active after the proteinase K-mediated
digestion, we proceeded to look into their electroanalytical
applications. Graphene-based materials are beneficial for the
adsorption of certain aromatic molecules (e.g. phenolic com-
pounds) mainly via n-n interaction.>*?® We focused on the
detection of 1-naphthol as a model analyte due to its wide-
spread use as an enzymatic product in biosensing
schemes.’””** This molecule is also analytically relevant as an
industrial phenolic contaminant found in wastewaters and as
a biomarker for the assessment of occupational and environ-
mental exposure to carbaryl and naphthalene pollutants.*’ We
investigated the electrooxidation of 1-naphthol directly on the
3D-printed surfaces and glassy carbon electrode (GC) as the
reference substrate (Fig. 3A). The cyclic voltammetric response
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Fig. 3 Electrooxidation of 1-naphthol at the digested 3D-printed sur-
faces: (A) CVs performed on the activated 3D-printed electrodes and
glassy carbon electrode (GCE) in the presence of 1-naphthol (60 pM); (B)
progression of maximum current density (j,) and peak potential (E)
with the number of scans, on activated 3D-printed surfaces; (C) CV
measurements carried out in the supporting electrolyte, without
1-naphthol, on activated 3D-printed surfaces; (D) enlarged region of the
forward CV scans showing the oxidation peak of 1-naphthol at increas-
ing concentration levels on 3D-printed electrodes (the dotted line rep-
resents the highest 1-naphthol concentration at non-activated blank
electrodes). The inset shows the calibration plot of current density peak
versus concentration. Scan rate: 100 mV s™%, supporting electrolyte: Tris
buffer (Tris-HCL 0.5 M, MgCl, 0.5 mM, KCL 0.1 M, pH 9.8).

obtained for the GC electrode diminished for repeated cycles
with a marked potential peak shift (data not shown) and the
complete absence of redox peaks from the third scan, indicat-
ing passivation of the electrode surface.** It is well known that
naphthol easily undergoes electrochemical polymerization
analogously to phenol. The resulting polymer film, poly
(naphthalene oxide), forms a passivating layer on the surface
of the electrode,*® a process reported before for screen-printed
and carbon paste electrodes.*>** This is seemingly consistent
with the continuous insulating films formed on platinum elec-
trodes, free from bulky pinholes or defects, not allowing elec-
troactive molecules to reach the electrode surface.*® In con-
trast, the voltammetric behavior of 1-naphthol on 3D-printed
electrodes suggests that the surface is not fully passivated
under the same conditions. The peak potential (E,) (Fig. 3B)
initially decreases after the first scan (from 260 to 250 mV),
possibly as a result of an electrochemical activation.'?
Subsequently, £, shifts towards more positive potentials after
the second scan, which together with the gradual decrease in
maximum current density, j,, indicates that surface passiva-
tion is taking place, although not reaching completion
even after 50 scans. We attribute the incomplete passivation
to the large surface area and porous features of the eroded
3D-printed surfaces. Although passivating films have shown
interesting properties for corrosion protection,*”*° catalysis®®
and as permselective membranes in biosensor research,’® the
formation of such films has its drawbacks for electrochemistry.
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A few examples include the interference of electrode
passivation with the electrochemical treatment of phenolic
wastes, as well as with electrochemical immunoassay
schemes.”""?

The shoulder peak associated with intrinsic protein electro-
chemistry, previously seen for the ferro/ferricyanide system,
was also observed in the cyclic voltammograms of 1-naphthol-
containing samples. Its disappearance with the second scan
was confirmed with CV measurements done in the supporting
electrolyte without 1-naphthol, suggesting that the protein
may be desorbed off the surface (Fig. 3C) or underwent irre-
versible changes. We assessed the analytical response of the
3D-printed electrodes towards different concentrations of
1-naphthol (Fig. 3D). Differences in E, up to 50 mV can be
seen, attributed to the previously mentioned FDM-related
inter-electrode variation. The calibration plot shown as the
inset spans over two orders of magnitude starting from 3 pm
(R* > 0.98), demonstrating the potential of these 3D-printed
platforms for the electrochemical detection of phenolic com-
pounds, e.g. in contaminated wastewaters, with the added
advantage of not undergoing complete electrode passivation
after a few voltammetric cycles. Table S11 shows a comparison
of different electrochemical methods for the detection of
naphthol.

We carried out a proof-of-concept evaluation of the biosen-
sing capabilities of these 3D-printed structures by immobiliz-
ing an enzyme via physical adsorption and utilizing
1-naphthol as an enzymatic redox product. The enzyme, alka-
line phosphatase (ALP), can convert a specific electroinactive
substrate, 1-naphthyl phosphate, into the electroactive
1-naphthol. In routine clinical laboratory tests, the activity of
ALP is usually monitored for the diagnosis and therapeutic
observation of bone and hepatobiliary diseases.>® The detec-
tion of ALP activity is typically based on measuring its ability
to catalyze the hydrolysis and transphosphorylation of phos-
phomonoesters usually by detecting the final product of the
enzymatic conversion. ALP is also one of the most commonly
used labeling tracers in immunological®** and DNA hybridiz-
ation assays.”™*! Fig. 4 shows the voltammetric response of
the ALP-based 3D-printed biosensing system. Before carrying
out these experiments, we pre-treated the electrodes with one
voltammetric scan in a supporting electrolyte in order to elim-
inate the potential interference of the proteinase K-related oxi-
dation peak seen before in the blanks (Fig. 3C). The oxidation
of 1-naphthol on ALP-modified electrodes takes place at a
higher potential than that of bare electrodes due to its hin-
dered diffusion through a layer of physiosorbed ALP enzymes.
Fig. 4A shows the response of ALP-modified digested 3D-
printed electrodes where the oxidation peak of 1-naphthol is
detected at 365 mV. In bare electrodes, 1-naphthyl phosphate
is not converted to 1-naphthol, thus there is no electro-
chemical response in that potential window (Fig. 4B).
Physisorption of the enzyme is quite strong on these surfaces,
as shown in Fig. 4C, where it is noted that after two sub-
sequent washing cycles, the presence of ALP is still detected
on the surface of the electrode.
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Fig. 4 Electrochemical response of the digested 3D-printed biosensor:
(A) detection of 1-naphthol as the enzymatic product of 1-naphthyl
phosphate conversion on ALP-modified electrodes; (B) absence of the
oxidation peak of 1-naphthol in the presence of 1-naphthyl phosphate
at bare electrodes; electrochemical response of ALP-modified electro-
des in the presence of 1-naphthyl phosphate: (C) initially, after the first
wash and after the second wash (blue, purple and red lines, respect-
ively); (D) in neutral pH and (E) in neutral pH without co-factor Mg?*
(dotted lines represent the response of bare electrodes). Scan rate:
100 mV s~ Supporting electrolyte: tris buffer (Tris-HCL 0.5 M, MgCl,
0.5mM, KCL 0.1 M, pH 9.8 or 7.4 and Tris-HCL1 0.5 M KCL 0.1 M, pH 7.4).

To further confirm that the electrochemical response is
merely due to the presence of the immobilized ALP, the activity
of this enzyme was investigated under suboptimal conditions.
The dephosphorylation activity of ALP relies on: (1) an alkaline
environment and (2) the presence of a co-factor, i.e. Mg”>*. We
assessed the effect of other reaction buffers where ALP activity
is expected to be considerably lower, ie. neutral pH and
neutral pH in the absence of the co-factor. Fig. 4D and E show
that ALP’s activity is significantly compromised in a neutral
reaction medium and in the absence of the metallic co-factor.

The enzyme-sculptured and digested 3D-printed surfaces
show great promise for aqueous-based sensing and biosensing
applications. Its graphene-based composition is beneficial for
strong immobilization of biomolecules, as well as for the
detection of aromatic molecules that are active in the anodic
potential window. The large surface area and porosity of these
electrodes seem to prevent complete electrode passivation
after many voltammetric scans, which represents an
important advantage for electroanalytical applications where
the adherence of such insulating films interferes with the
measurements.
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Conclusions

We have demonstrated a conceptually novel method of acti-
vation of 3D-printed electrodes made from a graphene/PLA
composite based on the proteinase K-mediated partial digestion
of the PLA filament and the exposure of active graphene edges.
The process results in the electrochemical activation of these
surfaces, exposing graphene structures after reducing the
amount of PLA concealing the 3D-printed objects. We demon-
strated that this biotechnological activation process turns elec-
trically irresponsive 3D-printed structures into actual active elec-
trodes, turning them into sensitive platforms for electroanalysis.
We carried out electrochemical detection of 1-naphthol, either
directly or via a biosensing approach, by immobilizing alkaline
phosphatase, capable of converting 1-naphthyl phosphate into
1-naphthol. Our findings should revolutionize the way
3D-printed polymer structures are post-processed.
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ABSTRACT

A series of poly(ethylene terephthalate-co-lactate) copolyesters with random microstructure was pre-
pared from PET waste beverage bottles and 1-lactic acid. Square specimens, sectioned from melt-pressed
film, were incubated in thermophilic sludge (55 °C, alkaline environment) for 394 days. The biode-
gradability of the samples, determined from biogas yield, reached 34—69 % depending on the starting
aromatic to aliphatic units' ratio.

Water uptake study in sludge and abiotic buffers at 55 °C showed sharp border around 57% of aromatic
units in copolyester composition between polymers susceptible and resistant to both hydrolytic attack by
hydrolases and the abiotic hydrolysis. Samples biodegraded in sludge and those abiotically aged in
buffers were characterized by TH NMR, ATR-FTIR, SEC, DSC, and TGA analysis to gain an insight into the

Aromatic oligomers as model of copolyester degradation intermediates were prepared and proved to

Sludge chain scission mechanism.
Biodegradation

Hydrolysis biodegrade in sludge as well.
Waste

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(ethylene terephthalate), PET, represents the highest-
volume produced polyester with a broad range of applications.
Excellent properties of this material are accompanied with its high
resistance to degradation. Up to now enormous research effort was
paid on the development of PET waste recycling technologies. With
chemical recycling approach, monomer, bis(2-hydroxyethyl tere-
phthalate), BHET, could be obtained from PET waste [1,2]. Another
way consists in transesterification reactions of PET and aliphatic
polyesters or copolymerization of PET depolymerisation products
and aliphatic co-monomers [3—9].

The incorporation of aliphatic units in principle causes the
decrease in ethylene terephthalate units sequence length and thus
improves the flexibility of rigid aromatic chains. Aliphatic ester
linkages introduced were proved to be more susceptible to abiotic
and enzyme-catalysed hydrolytic scission under different envi-
ronmental conditions [4,10—12]. The advantage of the plastics
biodegradation in sludge over that in compost, landfill, and soil

* Corresponding author. Tel.: +420 2 2044 3189/3192; fax: +420 2 2044 3175.
E-mail address: sona.hermanova@vscht.cz (S. Hermanova).

http://dx.doi.org/10.1016/j.polymdegradstab.2014.11.007
0141-3910/© 2014 Elsevier Ltd. All rights reserved.

consists in the production of biogas, which is composed of methane
as energy recovery along with carbon dioxide and water vapour.
The measured amount of biogas evolved gives polymer biode-
gradability under certain test conditions. For the BTA polyester
(50 mol % of 1,4-butanediol, 30 mol % of adipic acid, and 20 mol % of
terephthalic acid) a biogas formation of about 11% was calculated
after 42-day cultivation at 37 °C in anaerobic sludge [13].

It is well known that the aliphatic-aromatic copolyesters with
blocky or random microstructure undergo the hydrolytic scission at
reasonable rate when the experiment is performed at temperatures
close to their melting or glass transition temperatures. Hydrolytic
degradation of poly(ethylene terephtalate-co-lactate)s was
considerably accelerated at 60 °C in phosphate buffer solution (pH
7.40) in comparison with that at 45 °C [10]. The overall thermal
properties of the copolymer matrix are proposed to control the
biodegradability as documented by the biodegradation studies on
defined model copolyesters containing terephthalate units [14]. At
elevated temperatures an increased mobility of polymer chains
both arranged in crystalline regions and embedded in amorphous
glassy matrix is supposed to liberate hindered ester bonds in the
vicinity to aromatic moiety to be available for hydrolytic scission.
Enhanced polyester degradation rate at higher temperatures is also
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caused by different microbial community occurring at thermophilic
(50—60 °C) conditions in comparison with that at mesophilic
(~37 °C) ones [15]. The blends containing poly(ethylene ter-
ephtalate-co-lactate) with 35 mol % of aromatic ester units and
thermoplastic starch (25 and 35 wt. %) were completely dis-
integrated in sludge under thermophilic conditions (55 °C) within
four months accompanied with an intensive biogas production
with the yield up to 350 ml per g of substrate [16].

In this study, we report on the synthesis of poly(ethylene tere-
phthalate-co-lactate) copolyesters with aromatic to aliphatic molar
ratio of 41:59—60:40 from PET waste and their biodegradation
under thermophilic conditions in digested sludge. Aromatic oligo-
mers were prepared as models of possible degradation residues
rich in ethylene terephthalate sequences. Their biodegradation was
also studied in separate runs.

2. Experimental part
2.1. Materials

L-lactic acid (85% aqueous solution), bis(2-hydroxyethyl tere-
phthalate) from Sigma—Aldrich, zinc octanoate, zinc acetate dihy-
drate (99%) from Fluka AG, and ethylene glycol from Lachema
Neratovice were used as received. Poly(ethylene terephthalate) was
obtained from colourless beverage bottles, which were carefully
washed and cut into flakes.

Digested sludge from thermophilic digesters of the Central
Waste Water Treatment Plant (CWWTP) in Prague, Czech Republic
was used as the inoculum (Table 1). For the purpose of water uptake
test the digested sludge was heated at 160 °C at a pressure of about
4 bar for 2 h (deactivated sludge). As control buffer solutions so-
dium borate buffer (pH 8.0) and phosphate buffer (pH 7.5) were
used.

Total solids (TS), volatile solids (VS), total suspended solids
(TSS), and volatile suspended solids (VSS) were determined ac-
cording to APHA/AWA/WPCF (1998) [17].

Chemical oxygen demand (COD) was determined according to
ISO 15705 Internal standard [18].

2.2. Methods

2.2.1. Preparation of the copolyester samples and model aromatic
oligomers

PET flakes (25 g) were treated with lactic acid (30, 25, 15, and
10 ml of 85% aqueous solution for sample A, B, C, and D) in the
presence of zinc acetate (0.075 g for each synthesis) at 250 °C for
30 min [16]. The acidolysis product, a mixture of low-molar-mass
aromatic-aliphatic esters, was then polycondensed in a melt
(250 °C) at a pressure gradually decreasing from 133 Pa to 1 Pa for
certain time period. Total reaction time was 3 h for sample A, 2.5 h
for B, 2 h for C, and 1.5 h for D. The virgin samples, which have
character of glassy yellowish solids, were processed by melt
pressing (temperature 105 °C, 3 min, pressure 0.35 MPa) into film

Table 1

Properties of the inoculum used (thermophilic digested sludge).
TS VS TSS AN CODy COD¢
[g/] [g/] [g/] [g/] (g (g
28.56 14.67 26.71 13.54 22.70 1.90

TS total solids, VS volatile solids, TSS total suspended solids, and VSS volatile sus-
pended solids were determined according to APHA/AWA/WPCF (1998) [17].

COD chemical oxygen demand was determined according to ISO 15705 Internal
standard [18].

form. Square specimens with dimension of 10 x 10 x 0.7 mm,
sectioned from films, were used for the degradation study. Films
were subjected to 'H NMR, DSC, SEC, and ATR-FTIR analysis.

Glycolysis of PET waste (20 g) with ethylene glycol (7.5 g), cat-
alysed by zinc octanoate (0.024 g), was conducted at 220 °C under
argon atmosphere for 40 min. The glycosylate, crushed into the
powder, was extracted with distilled water to eliminate remaining
ethylene glycol. Further extraction of PET glycolyzate in methanol
yields fractions rich in aromatic trimer and dimer, respectively,
since majority of BHET was extracted off by distilled water. After
that, glycolysate was dissolved in boiling methanol and insoluble
fraction was filtered off. Hot filtrate was cooled to room tempera-
ture to precipitate the first fraction comprising dimer and trimer.
An evaporation of the cold methanol solution afforded the second
fraction, composed of monomer and dimer.

Correlation experiments (COSY, HMQC) were done to assign 'H
NMR signals to monomer, dimer, and trimer structures.

TH NMR spectrum of cold methanol soluble fraction comprised
following signals: (3, DMSO) 8.1 ppm (q, 4H, aromatic CgHy),
5.0 ppm (t, 1H, OH), 4.7 ppm (s, 0.97H, internal), 6 4.3 ppm (q, 2H,
CO—CHy), 3.7 ppm (m, 2H, CH,—OH), corresponding to 50:50 mol/
mol % of monomer to dimer.

TH NMR spectrum of cold methanol insoluble fraction
comprised following signals: (5, DMSO) 8.1 ppm (m, 4H, aromatic
CgHy), 5.0 ppm (t, 1H, OH), 4.7 ppm (d, 2.34H, internal), 6 4.3 ppm (t,
2H, CO—CH;), 3.7 ppm (q, 2H, CH,—OH)), corresponding to
85:15 mol/mol % of dimer to trimer.

2.2.2. Biodegradation, abiotic control test, and water absorption
test

Batch test was carried out in 120 ml serum bottles at the tem-
perature of 55 + 1 °C under the nitrogen atmosphere. Thermophilic
digested sludge from operating digesters at CWWTP in Prague,
Czech Republic was used as the inoculum (digested sludge) or as
the culture medium after its deactivation (deactivated sludge). The
copolyester samples (two specimens with total mass approxi-
mately 0.2 g) were fixed in the frames to be easily withdrawn and
then placed into the serum bottle with 80 ml of sludge. For the
abiotic degradation study, copolyester was immersed (two speci-
mens) in 80 ml of phosphate buffer and borate with sodium azide
(0.03%). The flasks were incubated at the same temperature as that
for degradation experiment.

The biogas production was measured volumetrically at regular
time intervals using a gas-tight burette with NaCl saturated solu-
tion as a stop liquid. The bottles were stirred before each mea-
surement. The gas composition was analysed by a gas
chromatograph (Fisons Instruments GC 8000Top) equipped with a
thermal conductivity detector HWD 800 and a Separon AE
(200—300 pm) glass column (2.5 m, 3 mm inside diameter). Argon
was used as a carrier gas at a pressure of 100 kPa.

Biodegradability of the copolyester samples is expressed as an
achieved percentage of the theoretical biogas yield calculated ac-
cording to Buswell equation [19]. Lag phase time is reported for the
period with no biogas production. Start of fast biogas production
was evaluated as an intersection of maximal slope of biogas pro-
duction curve with time axis.

All samples were after the incubation in sludge washed with
distilled water several times, vacuum dried, and subjected to ana-
lyses. The mass loss of the films was calculated according to the
relationship as follows:

mass loss (%) = (mg — my)/mg x 100,

where mg means initial mass of the film, and my denotes the mass
of the dried degraded film.
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Water absorption test was conducted by immersing the specimens
in sludge (initial pH 8.0), deactivated sludge (initial pH 8.9), sodium
borate buffer (initial pH 8.0) and phosphate buffer (initial pH 7.5) at
55 °C for nine days. Specimens were removed at regular intervals,
carefully blotted with filtration paper and weighed. The final results
were obtained by averaging three separate runs. The water absorption
was calculated according to the weight difference as follows:

water uptake (%) = (my — mg)/mg x 100,

where mg denotes the initial mass of the film and m,, means mass
of wet sample.

2.3. Characterization methods

Molar masses were determined using SEC with RI detection
(Watrex P102 pump, Schambeck RI2000 detector). Separation was
performed on one PL Mixed C column 8*300 mm, 5 um in CHCl3 as a
mobile phase at flow rate 1 ml/min. Sample concentration was cca.
1 mg/ml, injection volume 20 pl. Relative calibration using narrow
PS standards (580—3,250,000 g/mol) was used to calculate
apparent molar masses. Data were evaluated using Clarity 5.0 data
processing software.

FTIR spectra were collected on FTIR spectrometer Nicolet 6700
(Thermo Scientific, USA) equipped with a diamond crystal GladiATR
(PIKE Technologies, USA). ATR-FTIR spectra were measured with a
resolution of 4 cm™! in the range of 4000—400 cm ™' (64 scans) and
corrected against the background spectrum of air.

TH NMR spectra were measured on NMR Spectrometer Bruker
Avance DRX 500 in CDCl3 and DMSO, respectively, at lab temper-
ature and tetramethylsilane (TMS) was used as the internal stan-
dard. The assignment of proton signals (see Supporting
information) observed in measured 'H NMR spectra was per-
formed according to the study of Olewnik [6].

For the DSC experiments, DSC Q100 (TA Instruments) was used.
Samples were encapsulated in hermetic aluminium pans, typically
4 mg of sample. The samples were heated and cooled at a rate of
5 °C/min under a nitrogen gas flow (50 ml/min). The measurement
was started by heating the samples from 0 °C to 300 °C and then
cooling to 0 °C. A thermal analyser TGA Q500 (TA Instruments, USA)
was used to measure the sample mass loss under nitrogen atmo-
sphere up to 800 °C at the heating rate of 20 °C/min.

Surface morphology was evaluated by Vega Tescan SEM
microscope.

3. Results
3.1. Synthesized copolyesters and aromatic oligomers

For the purpose of biodegradation study model aliphatic-
aromatic copolyesters were prepared by the acidolysis and

subsequent melt-polycondensation of waste PET with L-lactic acid.
Concretely, four poly(ethylene terephthalate-co-lactate) copo-
lyesters consisted in 41 mol % (sample A), 43 mol % (sample B),
57 mol % (sample C), and 60 mol % (sample D) of aromatic T units
and corresponding aliphatic L units were prepared and subjected to
the biodegradation study. The sequential length, number-average
sequential length, and the degree of randomness were deter-
mined by adopting the calculation method of Tessier and Fradet
[20] (for calculation details see Supporting info). The co-monomer
composition, microstructure characteristics, and thermal proper-
ties of the samples under investigation are summarized in Table 2.
Both the degree of randomness in the range of 0.8—0.9 and single T
along with no melting endotherm support almost random micro-
structure of the obtained copolyesters. The single glass transition
temperature, which was for all samples below T of both reference
PLA and PET, also evidences that the copolyesters do not exhibit
phase segregation phenomenon.

Aromatic oligomer mixtures serving as model degradation in-
termediates were separated by methanol extraction from PET
waste glycolysate and were subjected to the incubation in sludge.
The thermal and spectroscopic characteristics of these oligomers
were in accordance with published literature (Fig. 1) [2,21]. Fraction
insoluble in cold methanol consisted in aromatic dimer and cor-
responding trimer (85:15 mol %) and is denoted as d + t. The
fraction soluble in cold methanol comprised BHET and its dimer,
(50:50 mol %) and is denoted as m + d.

3.2. Copolyester biodegradation under anaerobic conditions in
sludge

Studied copolyester samples A—D were incubated at compara-
ble initial organic loading rate of inoculum in the range of
0.18—0.25 g COD/g VSS. To determine the appropriate ratio of
polymer specimen to sludge, COD of the copolyester samples was
estimated to be 1.24—-1.34 g/g.

For all samples (A—D) the occurrence of an initial lag phase
without the biogas production is apparent (Fig. 2, Table 3). It is
also evident that the increased starting content of aliphatic L
units in the molecular structure reduced the length of the lag
phase. The first indication of the initiated biodegradation, i.e.
slow biogas production, was detected already after 3 days of in-
cubation for sample A, after 14 days for B and C, and after 44 days
for sample D.

The rate and extent of the copolyester decomposition increased
with increasing starting aliphatic content in the original material.
Biodegradability declines from the maximum of 69% for sample A
to 34% for D. The biogas yield is up to 663 ml/g of original material
(sample A) (under standard conditions). Biogas contains 63—67 % of
energy-rich methane (Fig. 2) as the product of copolyester miner-
alization beside carbon dioxide, water vapour, and other minor

Table 2
Composition ("H NMR) and thermal properties (DSC) of synthesized PET/LA copolyesters and bio/degraded representatives.
Sample denotation T:L? Sequential Number-average Degree of randomness Ty (°C) T (°C)
length sequential length
YL Xer Lyt Lpgr B
Aod 41:59 2.0 2.0 22 3.0 0.79 63.4 —
A 29 d buffer 45:55 1.9 2.1 2.0 33 0.79 57.7 —
A 29 d sludge 37:63 1.9 1.8 2.6 3.1 0.70 61.2 —
B 0d 43:57 1.9 1.9 1.9 2.8 0.90 62.2 -
cod 57:43 1.8 29 1.6 4.2 0.86 64.7 —
D od 60:40 1.7 35 14 4.2 0.94 67.4 —
D 29 d buffer 64:36 14 3.6 1.8 6.5 0.70 65.7 180.4 (10.6 J/g)
D 29 d sludge 68:32 14 3.6 1.5 6.1 0.85 66.2 175 (17.7 J/g)

2 T:L molar ratio of aromatic and aliphatic units in copolyesters.
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Fig. 1. ATR-FTIR and DSC (endothermic response, exo up) of aromatic oligomers
(m + d, monomer and dimer; d + t, dimer and trimer).
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Fig. 2. Specific biogas production related to sample mass (TS) in anaerobic biodegra-
dation test of samples A — D in sludge at 55 °C. Theoretical (100% biodegradation)
specific biogas production is from 1150 (sample A) to 1200 ml/g (sample D).

Table 3
Biodegradability, biogas, and methane production.

Biodegradability® Time of 90% Biogas CHy4 Lag Start of
decomposition yield® yield” phase fast biogas

production
[%] [day] [ml/g] [ml/g] [day] [day]
A 69 130 663 420 3 22
B 59 145 573 365 14 24
C 51 165 506 340 14 22
D 34 265 340 228 44 44
d+t 58 90 611  — 2 0
m+d 82 43 865 — 0 0

¢ Biodegradability of the copolyester samples is expressed as an achieved per-
centage of the theoretical biogas yield calculated according to Buswell equation [19].

b To sample mass (TS), under standard conditions (STP- temperature of 273.15 K
and pressure (10° Pa).
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Fig. 3. Specific biogas production related to sample mass (TS) in anaerobic biodegra-
dation test of samples m + d and d + t in sludge at 55 °C. Theoretical (100% biodeg-
radation) specific biogas production is about 1270 ml/g for both samples.

gases. During incubation of unmodified PET no release of biogas
was detected.

The degradation behaviour of aromatic oligomers, respectively
mixtures of them (m + d, d + t) was studied in separate run to
prove their biodegradability. The decomposition of both oligomeric
samples starts almost at the same time within the first few days of
incubation. It is worth mentioning that three-week lag phase was
observed after 8 days of the initiated biodegradation. Afterwards
the decomposition continued at the same rate as before lag phase
(Fig. 3). The decomposition of both these aromatic oligomers
(m + d, d + t) is significantly faster than those of samples A—D, as
evidenced by the time of 90% decomposition (Table 3). Intensive
biodegradation and higher biogas yield was achieved for sample
m + d (BHET and dimer, 50/50 mol %), for which biogas yield
significantly exceeds the values determined for all copolyester
samples A—D. This could be ascribed to higher availability of water-
soluble BHET as a substrate.

3.3. Water uptake study

The emphasis was paid on water absorption study in order to
evaluate the extent of abiotic and the enzyme-catalysed hydrolysis
occurring during the initial phase of the samples incubation in
sludge. For this purpose borate and phosphate buffers with alka-
linity close to those measured initially or during sludge incubation
were selected as comparative abiotic media. The deactivated sludge
was supposed to mimic abiotic environment with the same alka-
linity and namely buffering capacity as digested sludge. During
digested sludge thermal pre-treatment the changes in NH3/NHZ
and HCO3/CO3™~ equilibrium resulted in a pH value shift from 8.0 to
8.9 and also low enzymatic activity was retained. In deactivated
sludge all hydrolases activities were considerably decreased due to
the reduction in microbial community. Evidently, the autoclaving
under pressure caused the protein denaturation and microor-
ganism growth inhibition. However, hydrolytic microorganisms
and their spores are very resistant to certain stressful conditions
including damaging temperature. This could be supported by the
biogas production detected after the incubation of sludge, previ-
ously conditioned at 100 °C and atmospheric pressure for 20 min.
Free extracellular hydrolase activities together with biogas pro-
duction profiles in digested and deactivated sludge are depicted in
Supporting info.

Low water uptake values measured within 3 and 4 days of all
copolyester samples' immersion reflected slow water diffusion into
the glassy and mostly hydrophobic matrix (Fig. 4).
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Fig. 4. Water uptake profile for copolyesters A—D immersed in sludge, deactivated sludge, and borate buffer.

During this initial period the hydrolytic scission of accessible
ester bonds is supposed to take place mainly at the copolyesters
films surface. Increasing amount of generated carboxylic and hy-
droxyl end groups enhanced hydrophilic character of the specimen
and due to the surface micro-cracking water penetrated into the
specimen causing its swelling. Such swelling contributes signifi-
cantly to the formation of channels in the copolymer bulk. In the
case of samples A and B high swelling (60—80 % water uptake) led
to their rubbery appearance.

Surface micro-cracking is documented by the surface changes of
dried sample A, where microporous character was seen for the film
aged in buffer (Fig. 5) in comparison with smooth surface of non-
hydrolysed sample. Larger pores along with cracks were observed
on the surface of samples exposed to sludge after the same 9-day
period confirming intensive erosion and degradation extending
from the surface deep into the matrix (Fig. 5, cross section). Pro-
ceeding bulk degradation accompanied with incubated specimens'
mass loss and disintegration caused poorly reproducible results
with high standard deviations after 10 days.

It was found that the increase in water uptake values corre-
sponded with the starting content of aliphatic L units within the
copolyester series and was strongly dependent on the particular
environment (Fig. 4). The sample D with the highest starting con-
tent of aromatic T units (60 mol %) was the most resistant to abiotic
hydrolysis and also enzyme attack under all incubation conditions.

The abiotic hydrolysis induced by the attack of hydroxide ions in
borate buffer (pH 8.0) proceeded most slowly with the maximum
values of 8% reached for both copolyesters A and B after eight days.
Almost the same values and trends were received for samples
immersed in phosphate buffer with starting pH 7.5.

Water uptake values of samples with 59, 57, and even 43 mol %
of aliphatic L units (A, B, C) considerably increased in digested
sludge in comparison with those measured in abiotic buffers. Such
trend could be ascribed to intensive enzymatic activity on the

copolyester surface, which prevails over abiotic base-catalysed
hydrolytic scission. This could be also evidenced by water uptake
values of samples incubated in deactivated sludge, where more
alkaline environment considerably accelerates abiotic chain scis-
sion process but still not in the same extent as in digested sludge.

3.4. Determination of mass loss and molar masses

Measured mass losses of degraded copolyester films in this
study are connected with the sample disintegration due to the
hydrolytic scission occurring initially on the surface and then
namely in the specimen bulk. Photographs illustrating the macro-
scopic visual evaluation of the specimens' changes and disinte-
gration in time are presented in Fig. 6.

To get more insight into the impact of abiotic (base-catalysed)
hydrolysis on the copolyesters' chain degradation the disintegra-
tion rate and molar mass of abiotically aged samples was compared
with characteristics of those incubated for 29 days in sludge. The
results are summarized in Tables 2 and 4. The hydrolysis rate of the
copolyesters (A-D) in abiotic phosphate buffer dropped with
decreasing starting lactate units' content and the presence of longer
ethylene terephthalate sequences as documented by respective
mass losses (Table 4).

In sludge, the hydrolysis rate was significantly accelerated in the
case of samples with 41-57 mol % of aromatic T units (A—C) in
comparison with buffer ageing. Measurable mass loss means that
degradation process occurred in whole copolyester specimen bulk
and not only at the surface as initially.

SEC analysis revealed significant decrease in molar masses of all
degraded samples supporting the occurrence of intensive chain
scission as the result of abiotic and enzyme-catalysed hydrolysis
(Table 4). Higher drop in molar mass is observed for samples aged
in both types of buffers in comparison with those biodegraded in
sludge.
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Fig. 5. Representative SEM images of dried copolyester A surface before (A-0d) and after the 9-day incubation in sludge and phosphate buffer.

We suggest that during extracellular enzyme-catalysed hydro-
lysis the chain-unzipping mechanism dominated during which
shorter water-soluble degradation intermediates were released
into the aqueous environment and hence were not involved in SEC
distribution curves. Their diffusion out from the samples is docu-
mented by high mass loss (79—90 wt%) of biodegraded samples
A—C. During this rapid process accessible ester bonds of copo-
lyesters were cleaved yielding solid residues rich in hindered ester
bonds which in turn become more resistant to enzymatic and also
abiotic hydrolysis. In both buffer types random abiotic hydrolysis
occurred in aliphatic ester bonds yielding shorter chain length
species. These are insoluble and hence not contributing to mass loss
whereas significantly decreasing average molar mass values.

Given that during ester bonds scission species ended with car-
boxylic groups are formed, their accumulation could influence the
microenvironment surrounding copolyester matrix and degrada-
tion process. These groups dissociate to generate H" ions which in

dependence of their increasing concentration up to medium buffer
capacity cause drop in pH value [22]. In our case the bulk alkalinity
of digested sludge decreased after 29 days relatively in a small
extent which implies its high buffer capacity [23] and also
involvement of degradation products into complex anaerobic
digestion process. It means that during methanogenic fermentation
the consumption of H" occurred.

3.4.1. Composition and microstructure analysis

The characteristic peaks location in 'H NMR spectra of all
degraded samples was the same as for those of the samples before
the degradation. New signals attributed to protons of hydroxyethyl
terephthalate (3.97 ppm) and hydroxyethyl lactate (3.82 ppm) end
group documented the lower molecular character of degraded
samples.

During the bio/degradation aliphatic L sequences degraded
more rapidly than the aromatic ones and consequently aromatic
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Fig. 6. Photographs of dried copolyester specimens before and after the degradation in sludge and phosphate buffer.

units' content and length increases (Table 2). Only the sample A,
which was immersed for 29 days in sludge, showed reversely slight
decrease in aromatic content from 59 to 63 mol % which could be
caused by its limited solubility in chloroform used for NMR
measurement.

To evaluate the changes in the structure of insoluble copo-
lyesters obtained during long-term scale biodegradation in diges-
ted sludge (29, 49, and 78 days), solids remaining were
characterized by ATR-FTIR analysis [3] (Fig. 7). Hydrolytic scission is
again observed mainly in aliphatic L units as documented by a
gradual decrease in intensity of the bands at 1750 (stretching vi-
brations of C=0 of lactate aliphatic units), 1451 (bending vibrations
of CHj3 of lactate units), and 1190 cm™~' (stretching vibrations of

0O—CO of lactate units) in the spectra of all copolyester samples,
which were incubated in sludge for 29, 49, and 78 days.

Gradual increase in the intensity of peaks attributed to carboxyl
(1612 cm™ ') and carboxylate (1580 cm™!) end groups supported
the occurrence of the ester bonds scission and lower molecular
character of almost all samples incubated for 29 days and in the
case of sample D for 78 days.

3.4.2. Thermal properties

The DTGA curve of original PET waste and reference PLLA, shows
that the polymer decomposes in a single step with the maximum
decomposition rate (Tgm) at 451 °C and 387 °C, respectively. As
expected the incorporation of 59 and 40 mol % of L units into the
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Table 4
Mass loss and molar masses of copolyesters after the incubation in digested sludge
(29, 49, and 78 days) and phosphate buffer (29 days).*

Sample Days wt. loss (%) pH change M," (kg/mol) D" M,"(kg/mol)

A 0 11.0 3.6 352
29-buffer 11 7.3 1.1 43 35
29 90 7.5 2.8 31 75
49 95 7.7 ins
78 96 7.7 ins

B 0 9.4 33 2938
29-buffer 16 7.2 1.2 36 35
29 79 7.5 2.6 36 84
49 91 7.7 ins
78 97 7.6 ins

C 0 93 3.2 281
29-buffer 0 74 24 31 64
29 82 7.6 42 34 125
49 92 7.7 ins
78 93 7.6 ins

D 0 10.7 3.2 327
29-buffer 0 74 6.0 33 211
29 16 7.7 3.9 40 15.9
49 27 7.7 ins
78 31 7.7 ins

2 Conditions: abiotic phosphate buffer, initial pH 7.5, 55 °C, 29 days; digested
sludge, initial pH 8.0, 55 °C, 29, 49, and 78 days.

> Number-average molar mass (My), molar mass at peak maximum (Mp), and
dispersity (P = M,y/M,,) were determined by SEC according to the PS calibration; ins
means insoluble sample in chloroform.

rigid PET chains influenced considerably their thermal degradation.
Both resulting PET-co-PLA copolymers A and D exhibited two
overlapping decomposition processes (Fig. 8). The first decompo-
sition step, observed at temperature Tgmq 382 °C, is attributed to L
units' degradation and the second one at temperature Td,» 447 and
450 °C, respectively, is associated with T units' degradation.
Thermal stability of copolyester A in buffer and D in both buffer
and sludge decreased as documented by the drop in Tsg, T10% and
Ts0% in comparison with original samples (Table 5). For sample D
the changes in thermal behaviour induced by bio/degradation were
relatively low in accordance with low mass loss. In the case of the
sample A, degraded in sludge, shift in T5oy to higher temperature
proves improved thermal stability in this temperature range.

.
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Fig. 7. ATR-FTIR spectra of copolyesters A—D before (solid) and after the biodegrada-
tion in sludge for 29 (dash), 49 (dash dot), and 78 days (short dash).
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Fig. 8. TGA thermograms and the first derivatives (DTGA) of copolyester A before the
degradation and those exposed to sludge and buffer for 29 days.

Table 5
The temperature range of representative copolyesters decomposition before and
after their incubation in digested sludge and phosphate buffer.

Sample Time of degradation (days) Tsy Tiox Tsox Residue (%) at 800 °C

PET od 413 422 450 11
PLLA od 347 357 381 0
A od 346 361 429 10
29d sludge 293 341 447 39
29d buffer 290 335 430 12
D od 361 377 444 14
29d sludge 352 375 442 14
29d buffer 358 377 442 13

The three -step thermal decomposition was revealed for sample
A degraded in both buffer and sludge. Probably low-molar-mass
degradation products rich in L units thermally decompose already
at 279 °C (sludge) and 318 °C (buffer) with 8 wt% loss. Thermal
decomposition of L sequences in longer copolyesters’ chains
remaining after the biodegradation is observed at 385 °C, which are
present in half proportion than in the sample before the degrada-
tion (19% vs. 38% wt. loss). Consequently, increased number of T-T
linkages resulted in higher thermal stability of aromatic domains as
documented by the shift in T5py to higher temperature. Relatively
high residue at 800 °C for biodegraded sample A (39%) is due to
inorganic sludge particles which penetrated into the porous and
swollen sample during incubation.

4. Conclusion

With the PET waste modification by r-lactic acid a random
sequence distribution of the co-monomeric units along the poly-
meric chains was produced. Resulting copolyesters, in which aro-
matic units are linked to the aliphatic ones, were proved as
materials more susceptible to hydrolytic degradation and/or
biodegradation than PET waste. Copolyester mineralization yielded
methane-rich biogas in 69% of theoretical amount for sample A and
34% for D. The anaerobic biodegradation rate of studied copo-
lyesters decreased with higher starting content of aromatic se-
quences and their length in chains. It is worth mentioning, that
beside soluble degradation intermediates, the formation of insol-
uble ones is also assumed. The biodegradability of these species
based on aromatic trimers and higher T units' content oligomers is a
matter of time necessary for their hydrolysis to dimers and
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monomers. The biodegradability of aromatic oligomers and
monomer mixtures was proved under sludge conditions.
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Abstract The present work is aimed on the study of
degradation of poly(ethylene terephthalate-co-lactate)
copolyesters, prepared by chemical modification of PET
waste beverage bottles using L-lactic acid, under labora-
tory (bioreactor) and natural (Central Composting Plant in
Brno, Czech Republic) composting conditions. The struc-
ture of solid residues after degradation was analyzed by
IR, NMR, thermogravimetric (TGA) methods, and size
exclusion chromatography in chloroform and the residues
rich on aromatic units were analyzed in CHCL;/HFIP solu-
tions. Sample with 57 mol% of aliphatic units showed the
highest degree of degradation with mass loss of about
90% independently of composting conditions. The sam-
ples with 57 and 60 mol% of aromatic units reached 68
and 51% degradation in the compost pile and only 39 and
5% in laboratory bioreactor. Gravimetric analysis along
with molar mass distribution measurement showed that
laboratory-level composting study provides more consist-
ent and defined results. However, it should be accompanied
with tests performed under real conditions for the purpose
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of biodegradability evaluation of polymeric materials with
varying composition.
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Composting

PET waste - Copolyesters - Hydrolysis -

Introduction

Aromatic polyester poly(ethylene terephthalate), PET, can
be found in beverage plastic bottles, packaging films, fib-
ers, and moulded articles with annual manufacture capacity
over 50 Mtpy. The wide use of this material (along with a
very slow rate of degradation) has resulted in the demand
for the development of effective recycling and reprocess-
ing technologies [1-3]. The chemical recycling approach,
which is more sensitive to the contaminants in plastic
waste, could lead to original feedstock monomers [4-6].
The transesterification reactions of PET with L-lactic
acid, oligo(rL-lactic acid), poly(L-lactic acid), PLA, or cyclic
esters (lactones, lactides) resulted in materials, which
possess acceptable mechanical properties and enhanced
susceptibility to hydrolytic scission [7, 8]. Logically, the
overall rate of degradation in resulting aliphatic—aromatic
copolyester is governed by both the ratio of aliphatic
to aromatic units, their distribution along the chain, the
sequences’ length, temperature and the environment.
Increasing PLA, amount in the feed from 10 to 90 wt%
with respect to PET afforded PET-co-PLA copolyesters
prone to more extensive hydrolytic degradation with mass
loss from 1.3 to 49.0% during samples’ 28-day incubation
in phosphate buffer (pH 7.2) at 60 °C [8]. Random copoly-
esters obtained by modification of PET waste with L-lactic
acid were found to be susceptible to biodegradation and
hydrolytic scission under thermophilic sludge conditions
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[9]. The presence and activity of thermophilic extracellular
hydrolyses significantly contributed to hydrolytic scission
in chains which has positive impact on the biodegradation
of degradation products with the evolution of biogas.

To obtain more comprehensive picture of degradation
behavior, poly(ethylene terephthalate-co-lactate) sam-
ples were incubated under real and laboratory composting
conditions and the solid residues were subjected to struc-
tural and thermal analysis. The study of (bio)degradation
of modified PET waste is important for understanding
mechanisms operating in various biological environments
and also for evaluating laboratory tests, which asses degra-
dability of polymeric materials. PET waste was proved as
a material inert to a degradation under composting condi-
tions [10].

Experimental part
Materials

Three poly(ethylene terephthalate-co-lactate) samples with
aromatic T units content of 43, 57, and 60 mol% were pre-
pared according to published procedure [11]. For the pur-
pose of degradation study, the square specimens with a
dimension of 50x50x 0.9 mm were sectioned from films.
These films were obtained by neat samples pressing at sof-
tening temperature (temperature 105°C, 3 min, pressure
0.35 MPa).

Composting

Composting was performed in the Central Composting
Plant in Brno, Czech Republic (details about the compost-
ing clamps are given in Online Resource 1). The sum of
daily precipitation amounts for this period was 75.9 mm
(daily precipitation amounts for the experimental period
is presented in Online Resource 2). The data were kindly
provided by the branch of the Czech Hydrometeorological
Institute (CHMI) in Brno-Tufany. The pH value of soil in
the compost pile was measured at different locations at the
beginning of composting experiment and was in the range
of 6-9. For the purpose of pH measurement, water extracts
of the compost soil were prepared by shaking the fresh
sample with distilled water (1:10 w/v) for 1 h, and then fil-
tered. The pH value of extracts was measured by pH meter
with a standard electrode.

Composting (aerobic degradation experiment) in the
laboratory scale was performed according to CSN EN
14,806 Norm [12] in an air circulation oven (composting
bioreactor—ECOCELL 22) at a constant temperature of
58.0°C (£2°C) [13, 14]. Concretely, polypropylene vessels
(300 mm x 200 mm X 100 mm) were filled with composting

mass to 90% of their volume. The compost used corre-
sponded to 3-month-old mature compost, which was pro-
vided by a full-scale aerobic composting plant located in
Brno-Cernovice (Czech Republic). The characteristics of
the compost are summarized in Table 1.

After 3 weeks all samples were removed from the com-
post, carefully rinsed with distilled water and dried until
constant weight under vacuum.

Incubation in abiotic buffer

Preliminary aging test of the specimens in the phosphate
buffer (pH 7.0) at 58 °C for 21 days did not result in meas-
urable mass loss or decrease in molar mass distribution.
Considering alkaline sensitivity of polyesters, alkaline
borate buffer was used as aging medium to accelerate abi-
otic hydrolysis process. The copolyesters’ specimen was
immersed in alkaline borate buffer (pH 8.0) at 58°C for
21 days. After incubation, samples were rinsed with dis-
tilled water and dried under vacuum until constant mass.

Characterization of the samples

For the DSC experiments, DSC Q100 (TA Instruments)
was used. The samples were heated from O to 300°C and
cooled to 0°C at a rate of 5°C/min under nitrogen (50 mL/
min). Thermogravimetric analysis was carried out using a
thermal analyzer TGA Q500 (TA Instruments, USA). The
samples were scanned from room temperature to 800 °C at
heating rate of 20 °C/min under nitrogen atmosphere.

Table 1 Characteristics of the compost before the beginning of labo-
ratory composting experiment

Parameters Value Unit
Moisture 30-65 (%)
Combustibles Min. 20 (%)
Total nitrogen Min. 0.6 (% DM)
pH 6.0-8.5

Undecomposable ingredients ~ Max. 2.0 (%)
C:N Max. 30

cd 2 (mg kg™
Pb 100

Hg 1

As 20

Cr 100

Mo 20

Ni 50

Cu 150

Zn 600

DM dry matter

@ Springer
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ATR-FTIR spectra were collected on FTIR spectrom-
eter Nicolet 6700 (Thermo Scientific, USA) equipped with
a diamond crystal GladiATR (PIKE Technologies, USA).
The spectra were measured with a resolution of 4 cm™
in the range of 4000—-400 cm™! (64 scans) and corrected
against a background spectrum of air.

"H NMR spectra were measured on NMR Spectrometer
Bruker Avance DRX 500, with CDCl; and DMSO, respec-
tively, as the solvent and tetramethylsilane (TMS) as the
internal standard. For copolyesters, insoluble in CDCl;,
CDCI,/CF;COOH was used as the solvent. The character of
structures present in copolyesters agreed with the respec-
tive monomeric units reported in the study of Olewnik
etal. [15].

The apparent average molar masses (M,, M,) and dis-
persities (D) of polyesters soluble in CHCl; were deter-
mined by a size exclusion chromatograph (SEC chroma-
tograph) with RI detector (P102 pump, Watrex; RI12000,
Schambeck). Separation was performed on one Poly-
mer Laboratories Mixed C column (5 um, 7.8 X300 mm)
at 35°C in chloroform at an elution rate of 1 mL/min.
Copolyesters insoluble in CHCl; were analyzed using
SEC with UV detection (Waters 515 pump, ECOM LCD
2082 UV detector, PL Mixed C column 8 X300 mm) in
CHCl,/1,1,1,3,3,3-hexafluoroisopropylalcohol (HFIP)
98/2 v/v as a mobile phase at flow rate 1 mL/min accord-
ing to literature [16]. Samples solutions were prepared by
dissolution of about 3 mg of copolyester in 60 ul of neat
HFIP followed by dilution to 3 mL with CHCl; (sample
concentration was approx. 1 mg/mL) and filtration through
0.45 um PTEFE filter. Injection volume was 20 pL. In both
SEC methods relative calibration using narrow PS stand-
ards (580-3,250,000 g/mol) was used to calculate apparent
molar masses. Data were evaluated using Clarity 5.0 data
processing software.

Surface morphology of polyesters coated by 5 nm gold
was evaluated by Vega Tescan SEM microscope.

The mass loss of degraded films was calculated accord-
ing to the relationship as follows:

Mass loss (%) = (my — m;)/mg x 100, where m, means
initial mass of the film, and m, denotes the mass of the
dried film after the degradation study. The results are
expressed as averages of mass losses determined for three
composted samples with the same composition.

Results and discussion

The rate of copolyesters specimens’ hydrolysis
and biodegradation

In composting conditions, abiotic factors including elevated
temperature, moisture, and pH value are supposed to favor

@ Springer

Table 2 Mass loss and changes in molar mass of PET copolyesters
after 21 days of composting and immersion in buffer

Copolymer* Mass loss® (%) M, (g/mol) b
T:L (43:57) - 9400 33
Compost pile 92+11 NA NA
Lab compost 89+1 2900 3.4
Buffer 6 5400 2.8
T:L (57:43) - 9300 32
Compost pile 6817 790¢ 3.24
Lab compost 39+4 3900 2.8
Buffer 0.2 8300 2.8
T:L (60:40) - 10,700 32
Compost pile 51+10 920¢ 3.6¢
Lab compost 5+1 5600 2.9
Buffer 0.1 10,200 2.8

NA not analyzed due to insufficient amount of sample
#Composition of a copolymer: T terephthalate units, L lactate units

"Mass loss is calculated according to the equation as follows:

—m"r;m‘l % 100, where m, means mass of the film before experiment
0

and m, means mass of the dried sample after the composting

“Apparent number-average molar mass and dispersity (M, /M,) deter-
mined by SEC analysis in CHCl;

9Determined by SEC analysis in HFIP/CHCI,

random abiotic hydrolytic scission of copolyesters’ chains.
To reveal the impact of such hydrolytic scission on whole
degradation process the specimens were incubated in
borate buffer for 3 weeks. During this period namely the
longest chains were cleaved as documented by the reduc-
tion in M,, from 17 (60 mol% of aromatic units) to 50%
(43 mol% of aromatic units) along with narrowing of molar
mass distribution (Table 2).

The samples composted under lab conditions showed
higher reduction in molar mass followed by the samples
buried in compost pile. Comparable reduction in M, and
M,, by 50 (60 mol% of aromatic units) to 70% (43 mol%
of aromatic units) suggests that the degradation took place
both randomly and from the end of the copolyesters chains.

Direct comparison of molar mass changes was compli-
cated in the case of solid residues after the incubation in
compost pile since they become insoluble in chloroform.
Consequently, HFIP/chloroform mixture was examined
as the solvent for these samples and the eluent to perform
SEC analysis. Despite possible influence of the used SEC
method on obtained molar mass values (and therefore
their higher scattering), both M, and M,, were comparably
reduced by about 90% (samples with 57 and 60 mol% of
aromatic units). Similar pattern of molar mass reduction of
samples composted in the laboratory and in the pile could
indicate similar processes of hydrolytic scission in copoly-
esters chains, which is reasonably faster in compost pile.
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The mass loss of composted specimens, providing
indirect information on the degradation rate, generally
increased with a decrease in the starting content of aro-
matic units in the copolyesters’ chains under all incubation
conditions. Considerable higher mass losses of composted
samples in comparison with those exposed to abiotic aging
are ascribed to microbial and enzymatic activity in addi-
tion to abiotic hydrolysis. The sample rich in aliphatic units
(57 mol%), which was found as the most prone to abiotic
hydrolysis, was seemingly degraded in the same extent
under both composting conditions with mass loss of about
90%.

On the other hand, the degradability of samples rich in
aromatic units (57 and 60 mol%) was significantly depend-
ent on composting conditions.

It is well known, that various microbial communities
prevail during the different phases of composting [17].
Composting phases, occurring naturally under real con-
ditions, impacted the abundance and activity of specific
microbial community in comparison with that grown in
laboratory compost, where constant abiotic conditions
(temperature, humidity and aeration) were maintained dur-
ing the whole incubation. On the base of our results, the
biotic factors acting in real compost are suggested to accel-
erate the hydrolytic scission of resistant copolyesters, rich
in aromatic units, more than those in laboratory compost.
On the other hand the test performed under laboratory con-
ditions yielded more reproducible results.

Structural and thermal analysis of remaining solids

To reveal the changes in composted copolyesters’ micro-
structure, the 7:L composition, average sequence lengths
(Yy, Xgr), number-average sequence length (L, ;, L, 1), and
degree of randomness (B) were calculated according to 'H

NMR spectra of samples by applying the method of Tessier
and Fradet [18]. Results on the copolyesters’ composition
are summarized in the Table 3.

After 21-day composting the content of lactate units
(L) was reduced for all composted samples, which implies
that the hydrolysis of ester bonds occurred mainly in L
units. Correspondingly, the values of Y; and L, ; dropped,
whereas the aromatic units’ sequence length (Xgr)
increased. The presence of long aromatic sequences inter-
rupted by only one L unit or very short L sequences in
the chains led to the insolubility of degraded solids with
75 mol% of T units in chloroform, therefore their NMR
spectra were acquired in CDCI;/CF;COOH mixture. It is
worth noting that the analysis was performed immediately
after the samples dissolving to avoid esterification between
hydroxyl end groups and CF;COOH acid.

ATR-FTIR spectroscopic analysis of the solid residues
confirmed considerable changes in copolyesters’ micro-
structure induced by hydrolytic scission. The intensity of
lactate units signals (1750, 1451, 1190 cm™!) dropped and
the decrease was pronounced for samples degraded in real
conditions, for which a new band at 1614 cm™! (asymmet-
ric un-protonated carboxylate group stretching) evidenced
their low-molar-mass character (Fig. 1a).

To gain a better insight on the microstructure of solid
residues remaining after composting ATR-FTIR spectra
were normalized in the region from 1500 to 1300 cm™!
taking the band at 1409 cm™' (aromatic ring vibrations)
as the reference one (Fig. 1b). On comparing the spectra
it is clearly seen that after the incubation of all samples
the intensity of the band at 1340 cm™! grown, whereas the
intensity of the band at 1370 cm™! (or 1386/1370 cm™')
decreased.

The band at 1340 cm™! is ascribed to the vibrations
of ethylene glycol unit (CH, wagging) adopting trans

Table 3 Changes in the

- Sample denotation Composition® Sequential length®  Number-average Degree of
T:L composition, average sequential lengthb randomness®
sequence lengths, number-
average sequence length, and (T:L) Y, Xer L, L, gy B
degree of randomness of PET
copolyesters before and after T:L (43:57) 43:57 1.9 1.9 1.9 2.8 0.90
composting Compost pile 59:41 1.7 2.7 14 4.0 0.95
Lab compost 59:41 1.7 3.1 1.7 5.0 0.78
T:L (57:43) 57:43 1.8 2.9 1.6 4.2 0.86
Compost pile 75:25 1.3 5.5 1.0 5.9 1.19
Lab compost 58:42 1.7 3.1 1.7 4.8 0.81
T:L (60:40) 60:40 1.7 35 1.4 4.2 0.94
Compost pile 75:25 1.2 5.5 1.0 6.0 1.16
Lab compost 66:34 1.6 3.6 1.6 6.0 0.81

21 days of composting

aDetermined by 'H NMR spectroscopic analysis; T terephthalate units, L lactate units
bCalculated according to literature from 'H NMR data [18]
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Fig.1 ATR-FTIR spectra of copolyesters before and after perform-
ing the composting test (a) ATR-FTIR spectra in the 1500—1300 cm™!
region normalized to the band at 1409 cm™! (b)

conformation, whereas that at 1370 cm™! corresponds to
the vibration of the same unit in gauche conformation.
The changes in the intensity of these bands were reported
to be connected with the reorientation of PET chains and
a generation of crystalline domains from the amorphous
ones [19]. Thus, the formation of crystalline domains due
to resulting longer T sequences, approaching the struc-
ture of original PET waste, could be the reason for the
insolubility of the particular degraded samples.

In addition to changes in samples’ microstructure, the
occurrence of degradation process was evidenced also by
the surface defect of composted samples in comparison
with smooth surface of the sample before composting

@ Springer

(SEM micrographs of representative samples are pre-
sented in Online resource 3).

Changes in copolymers’ thermal properties induced
during the incubation in compost were studied by DSC
and TGA analyses. Almost all composted copolyesters
displayed broad endothermic peaks with maxima around
100°C (43 mol% of aliphatic units) and between 150 and
200°C (57 and 60 mol% of aromatic units) (Thermal prop-
erties of copolyesters and reference polyesters are sum-
marized in Online Resource 4). In accordance with IR
spectroscopic interpretation this documents the presence
of crystallizable domains, which amount is dependent on
the sample actual composition induced by the degradation
conditions.

TGA analysis revealed that all prepared copolymers
show a two-step decomposition with the remaining mass of
about 5-14% at 800 °C. Thermal degradation of sequences
rich in aliphatic units was observed at the temperature
range 381-384°C as for the reference PLA the main deg-
radation occurred at 387 °C. The second degradation step,
which took place in the temperature range 446—450°C, is
attributed to domains consisting mainly of T units. TGA
thermograms and their first derivatives (DTGA) of rep-
resentative copolyester and reference homopolymers are
shown in Fig. 2a.

Temperatures corresponding to 5% mass loss (Ts,), 10%
mass loss (T'}g¢,) and 50% mass loss (T’s,,) were determined
from the TGA curves and are presented in the Table 4.

For all composted samples an initial mass loss tempera-
ture (T5q) is shifted to lower temperatures. This could be
ascribed to the thermal degradation of low-molar-mass
fractions of degraded samples. Consistently with previous
spectroscopic results a drop in L units’ mass percentage
was considerably higher in the samples buried in compost
pile as compared to those incubated under laboratory con-
ditions. The most significant reduction of aliphatic units
was documented by almost one-step decomposition pat-
tern of degraded samples with starting 57 and 60 mol%
of aromatic units (Fig. 2b). For all composted samples the
increase in remaining mass at 800°C is suggested to be
due to the presence of soil particles from compost media
embedded in the copolymer bulk.

It could be concluded that considerable changes in the
samples’ microstructure and thermal properties bring evi-
dence on the preferential cleavage of aliphatic ester bonds
in copolyesters’ chains.

Conclusion
Laboratory compostability testing, used in this study,

enabled reproducible evaluation of degradation of
poly(ethylene terephthalate-co-lactate) copolyesters with
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Fig. 2 TGA thermograms and their first derivatives of representative
copolyester with 57 mol% of aromatic units and reference homopoly-
mers (a), of this copolymer and the solid residues after incubation in
compost (b)

Table 4 The temperature range of the copolyesters’ decomposition

Sample? Tsq, T\os Ts09 Residue
(%) at
800°C

T:L (43:57) 346 361 428

Compost pile 342 367 439

Lab compost 340 367 440 12
T:L (57:43) 356 371 438 8

Compost pile 311 369 445 12

Lab compost 345 369 441 14
T:L (60:40) 361 377 444 14

Compost pile 315 376 445 16

Lab compost 352 373 441 12

4Copolyester composition: T terephthalate units, L lactate units

43, 57, and 60 mol% of aromatic units. In the compost pile,
where real environmental conditions and treatment period
play an important role, the degradation of resistant copoly-
esters (i.e. those with 57 and 60 mol% of aromatic units)
proceeded to much higher degree than in the composting
bioreactor.

Principally, hydrolytic scission of preferentially ali-
phatic ester bonds in the copolyesters’ chains was the
main degradation mechanism taking place during the
samples incubation at both composting conditions. Solid
residues remained, typically in the compost pile, had
increased aromatic character resulting in their insolubil-
ity in chloroform. However, the molar mass of these resi-
dues was significantly decreased as determined by SEC in
CHCl,/1,1,1,3,3,3-hexafluoroisopropylalcohol.
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Abstract

The eco-toxicological impact of copolyesters during composting was evaluated by plant growth tests
with cress (Lepidium sativum) and barley (Hordeum vulgare). The research was conducted to determine if PET
beverage bottles modified by lactic acid (copolyesters) and products of their biodegradation would affect com-
post. The results demonstrate that the composts on which the examined materials were degrading were not
toxic to the plants. Compared to the reference sample, the germination and growth of plants were stimulated.
The plants showed an increase in plant biomass. Changes in appearance, retarded growth, or necrotic changes
were not observed. The resulting compost did not exhibit any unfavorable influence on compost quality, and
the products of degradation affected the growth and development of plants positively.

Keywords: biodegradable plastics, compost, phytotoxicity, Lepidium sativum, Hordeum vulgare

Introduction

Synthetic polymers are recognized as major solid waste
environmental pollutants. Many synthetic polymers, resis-
tant to chemical and physical degradation, are produced and
utilized. They present disposal problems when their useful-
ness ceases. For plastic wastes, an alternative method of
disposal is biodegradation [1]. Biodegradation concerns
specially designed so-called biodegradable polymers [2].
Increasing amounts of synthetic polymers produce results
in increasing interest in polymer biodegradation. The recent
incorporation of biological waste treatment in an integrated
approach to solid waste management has resulted in a
growing commercial interest in the development of
biodegradable materials for consumer products [1, 3].

*e-mail: magda.vaverkova@uake.cz

Biodegradable plastics can decompose into carbon dioxide,
methane, water, inorganic compounds, or biomass via
microbial activities within the natural environment [4].
Biodegradable plastics are designed to degrade under envi-
ronmental conditions or in municipal and industrial biolog-
ical waste treatment facilities [5].

Biodegradation of plastics depends on both the envi-
ronment in which they are placed and the chemical nature
of the polymer. There are different mechanisms of polymer
biodegradation. The process of polymer biodegradation is
affected by many factors [6].

The problem of degradation of biodegradable plastics in
environmental conditions has aroused increasing interest,
thereby forcing new studies on the behavior of many mate-
rials in different environments [7-11].

Composting is one of the oldest methods for processing
organic waste, and today this process is more and more
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often taken into consideration in waste management strate-
gies [12]. In many European countries the controlled bio-
logical treatment of solid waste is considered to be a suit-
able waste management method. Space for landfill is scarce
and therefore expensive in many industrial countries, and
biotreatment is a much cheaper alternative. Not only green
waste from gardens or biowaste from kitchens can be treat-
ed, but any compostable material is in principle suitable,
e.g., waste from the food industry or packaging materials
made from paper, cardboard, wood, or biodegradable plas-
tics, when not recyclable in other ways. Besides natural
materials, synthetic material also can be recycled through
composting, if its compatibility with this system is proved
[13].

Interest in the ecological effects of composting has been
growing recently [13]. Compost is the immediate substrate
for cultivated plants, and its properties may limit or stimu-
late plant development, particularly at the early stages of
their growth [12].

International and national quality requirements define
that compost shall not contain any environmentally harmful
substances. Quality requirements for the compostability of
biodegradable materials presuppose that the product does
not include any harmful substances or degradation products
derived from composted materials. The relative environ-
mental safety of biodegradable plastic materials should be
an important consideration during the development stages
of these products [13].

Research on ecotoxicity of compost make use of organ-
isms belonging to various taxonomic groups and represent-
ing all links of the trophic chain, i.e. bacteria (destructans),
plants (producers), and invertebrates (consumers) [13].
Investigations conducted using biotests allow for a general
assessment of quality of compost on the basis of a living
organism’s (bioindicator) response. The response compris-
es aggregate activities of all substances contained in a given
material and shows interactions between them. Such an
approach allows us to determine the potential influence of
composts on the soil environment. The use of an appropri-
ate set of biotests enables assessment of environmental
risks connected with the application of composts prepared
from various wastes.

Biological and chemical properties of composts are
modified through components used for their preparation
and processes occurring during preparation. Especially the
use of waste components entails a risk of inappropriate
course of the composting process or obtaining a poor-qual-
ity product. Therefore, biodegradable polymer wastes intro-
duced into the environment should raise interest.
Supporting substances used for their production or com-
pounds formed during the composting process may either
inhibit or stimulate plant growth. The degree of hazard may
be different and, as in the case of compost salinity, some of
the unfavorable effects of such material applications may
be eliminated by dissolving them in soil [14]. However, it
requires knowledge of not only the level of biodegradabili-
ty of polymers but also other outcomes of their application,
including those resulting from their biological properties.

It is clearly important to study the impact of biodegrad-
able polymers on waste management so as to realize the
truth benefit and the need to establish an adequate waste
management system and legislation. The research was con-
ducted to determine if PET beverage bottles modified by
lactic acid (copolyesters with random microstructure)
would affect select biological properties of compost.
Research works on the use of biotest set for the estimation
of compost toxicity are scarce [12, 15-17]. On the other
hand, there are numerous papers dealing with the use of
various plant species in estimation of compost phytotoxici-
ty [18-21]. Measurement of seed germination and root
growth are the parameters most often used in the assess-
ment of compost toxicity [13]. In the presented investiga-
tions the phytotoxicity of compost was estimated by means
of a set of biotests using two test organisms. The eco-toxi-
cological impact of model aliphatic-aromatic copolyesters-
poly(ethylene terephthalate-co-lactate)s during composting
was evaluated by plant growth tests with cress (Lepidium
sativum) and barley (Hordeum vulgare).

Experimental Procedures
Materials

Poly(ethylene terephthalate) was obtained from color-
less beverage bottles, which were carefully washed and cut
into flakes. L-lactic acid (85 % aqueous solution) obtained
from Sigma-Aldrich and zinc acetate dihydrate from Fluka
AG were used as received.

The investigated materials were prepared according to
published procedure [22]. '"H NMR analysis confirmed the
random microstructure of copolyesters prepared.
Concretely, four synthesized poly(ethylene terephthalate-
co-lactate) copolyesters consisted in 41 mol % (sample A),
43 mol % (sample B), 57 mol % (sample C), and 60 mol %
(sample D) of aromatic T units, and corresponding aliphat-
ic L units were selected. Films were prepared by pressing of
copolyester samples at the temperature of material soften-
ing. Square specimens with dimension of 50x50%0.9 mm,
sectioned from films, were used for the phytotoxicity
experiment.

Disintegration Tests

The disintegration degree of the copolyester specimens
obtained was evaluated following modified version of CSN
EN 14806 Norm ‘“Packaging — Preliminary evaluation of
the disintegration of packaging materials under simulated
composting conditions in a laboratory scale test” and a
modified version of CSN EN ISO 20200 “Plastics —
Determination of the degree of disintegration of plastic
materials under simulated composting conditions in a labo-
ratory-scale test” (ISO 20200:2004). The materials were
mixed with compost and subjected to aerobic degradation.
This modification was undertaken in order to bring the test
nearer to real conditions.
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Table 1. Characteristics of the compost [9].

Parameters Value Unit
Moisture 30-65 %
Combustibles min. 20 %
Total nitrogen min. 0.6 % DM*
pH 6.0-8.5 -
Undecomposable ingredients max. 2.0 %
C:N max. 30 -
Cd 2 mg/kg
Pb 100 mg/kg
Hg 1 mg/kg
As 20 mg/kg
Cr 100 mg/kg
Mo 20 mg/kg
Ni 50 mg/kg
Cu 150 mg/kg
Zn 600 mg/kg

* %DM — % dry matter

For each tested material two reactors were prepared.
The authors modified the procedure stated in the Norm and
filter paper was used in order to safeguard the presence of
suitable conditions for biodegradation. The compost used
corresponded to three-month-old mature compost, which
was provided by a full-scale aerobic composting plant
located in Brno-Cernovice (Czech Republic). The charac-
teristics of the compost used are shown in Table 1.

The disintegration experiments were carried out with
four types of samples: copolyesters A, B, C, and D. In addi-
tion, a reactor containing compost without plastic pieces but
with cellulose filter paper was prepared (reference mixture).

The copolyesters and reference materials were used for
degradation experiments in the same form as square speci-
mens with dimensions of 50x50x0.9 mm. Copolyester
specimens (2.206 g of copolyester A, 3.024 g of copolyester
B, 3.099 g of copolyester C and 3.208 g of copolyester D)
were mixed with 500-10° kg of compost and put into a
polypropylene reactor. The polypropylene vessels of 300
mmx200 mmx>100 mm (length, width, height) were sealed
to avoid excessive evaporation and 5 mm diameter holes at
the center of each 100 mm side served for air exchange.

The aerobic degradation was carried out in an air circu-
lation oven (composting bioreactor) at a constant tempera-
ture of 58.0°C (£2°C). The duration of the incubation was
three weeks. During this time, moisture, mixing, and aera-
tion of the samples were periodically controlled. The sam-
ple weight loss was calculated as follows:

100 x (my-m,)/my
...where m, means weight of the film before the experiment

and m, means weight of the dried sample after the experi-
ment.

Water Absorption Test

Previously dried copolyester films were immersed in a
Tris-HCI buffer solution (pH 8.50, 0.1 M) and in compost
soil at 58°C for 21 days in the laboratory. For each run, one
specimen per tube with 10 ml of Tris-HCI solution or with
43 g of regularly wetted compost soil was maintained.
Specimens were periodically removed and dried with filter
paper before recording their weight gains. The specimens
were reweighed and inserted back into the soil.
Experiments were run in triplicate to determine mean val-
ues and standard deviations. The relationship used for cal-
culation was as follows:

water uptake (%) = (m,, — my)/m, x 100

...where m, denotes the initial weight of the film, and m,,
denotes the weight of the film after exposure to water or
soil.

Plant Material

Seeds used as plant material for testing were commer-
cial seeds of cress (Lepidium sativum) and barley (Hordeum
vulgare). Seeds were surface-sterilized by soaking for 2
min in a commercial sodium hypochlorite (2%) solution
with a few drops of Tween-20. Then they were rinsed twice
in sterile distilled water.

Phytotoxicity Test

Phytotoxicity of compost was investigated by means of
a set of biotests using two test plants: cress (Lepidium
sativum) and barley (Hordeum vulgare). The possible toxi-
cological effect of soluble degradation products, which were
released to the environment during copolyester composting,
was assessed according to CSN EN 13432 on the growth of
dicotyledonous plants. The medium was specialized soil for
germination and plant growth, enriched with compost (25%,
50% w/w). Reference soil was composed of peat and silica
sand. Each pot was filled with 200 g of medium, then 100
seeds were placed on the top and covered with a thin layer
of silica sand. Plants were grown under controlled condi-
tions for 21 days. Humidity at 70-100% of water absorption
capacity, low light intensity, and the laboratory temperature
were maintained to be constant. Values obtained from three
simultaneously conducted experiments were averaged and
presented (germination capacity, plant biomass).

Results and Discussion

The low water uptake was observed for all tested
copolyester samples within the first few days of immersion
both in the buffer and in the compost soil (Figs. 1a, b).
During this period, the low absorption of water was related
to the low rate of its diffusion into a copolyester matrix in a
glassy state. The subsequent significant increase measured
for copolymers A and B was ascribed to the increase in the
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Fig. 1. Weight gained due to water absorption vs pH profile in compo
in 1%.

hydrophilic character of their surfaces due to the generation
of hydroxyl and carboxylic groups as products of ester
bonds hydrolysis.

The water uptake measured for samples C and D slight-
ly increased over time, which reflects the occurrence of a
hydrolytic scission even to a low extent. The development
of acidic carboxylic groups was also confirmed by the
decrease of pH value from 8.5 to about 8.0 in the Tris-HCl
buffer. However, the pH value of compost soil reflected
more microbial metabolism changes than the character of
degradation products. This was due to its gradual increase
from 7.0 to 9.0 during the experiment. Based on these

st soil (a) and in a Tris-HCI buffer (b); standard error was with-

results, copolyester samples with a higher initial content of
L units (A, B) were proved to be more susceptible to
hydrolytic scission than their counterparts rich in aromatic
T units (C, D). The water uptake values of samples were
almost the same independent of the incubation environment
(soil vs. buffer) and thus the abiotic hydrolysis is supposed
to occur dominantly during the initial period of composting.

The photographs (Fig. 2) document the extent of the
copolyester specimen’s disintegration after 21 days of com-
posting. Hydrolytic scission of ester bonds resulted in the
copolyester chains’ degradation and loss of specimen
integrity.

Copolyester A Copolyester B

Fig. 2. Examined (composted) samples (A, B, C, and D) and one reference standard at the beginning (left photo) and at the end of the

experiment (right photo).
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Fig. 3. Layout of the phytotoxicity test.

After the disintegration test the weight losses of copoly-
esters with prevailing initial L units (A, B) corresponded to
each other and were about 90%. The biodegradation rate of
copolyesters decreased for sample C (weight loss of 39%)
and dramatically for D (weight loss of 5%). These both pos-
sessed a dominant portion of aromatic T units with lower
accessible ester bonds.

Degradation products released into the surrounding
environment are supposed to be based on lactic acid. This
was supported by the presence of lactic acid identified in
buffer, where copolyesters were abiotically incubated for
21 days.

Phytotoxicity was performed according to instructions
given in the standard CSN EN 13432, Test layout: all dish-
es were filled with 200 g of the sample (mixture of refer-

Fig. 4. Samples of Hordeum vulgare after 14 days.

ence substrate and compost after decomposition of the
examined material) and 100 seeds were placed on the sur-
face. The seeds were subsequently covered with a thin layer
of inert material (quartz sand) (Fig. 3).

Three parallel determinations were made for each mix-
ture. To prepared samples an amount of water was added to
reach 70-100% of moisture-holding capacity. Photographs
were taken to document the establishment of the trial (Figs.
3, 4). During the experiment, evaporated water was regu-
larly added as needed. The dishes were kept in a dark place
in the laboratory and were covered during the germination
period.

Fourteen days after the establishment of the experiment,
sprouts and the number of growing plants occurring in the
dishes were counted. The data were plotted into tables and

AnE



1502

Adamcova D., et al.

Table 2. Germinating capacity of seeds — Hordeum vulgare.

Sample 14 days 21 days Number of Number of seeds germinated % of seeds germinated
25% (50 g) REF REF seeds sown 14 days 21 days 14 days 21 days
50 59 100 37 51 74 86
B 50 59 100 45 63 90 107
C 50 59 100 54 85 108 144
D 50 59 100 56 78 112 132
Sample 14 days 21 days Number of Number of seeds germinated % of seeds germinated
30% (100 g) REF REF seeds sown 14 days 21 days 14 days 21 days
50 59 100 35 41 70 69
B 50 59 100 36 44 72 74
C 50 59 100 44 88 88 149
D 50 59 100 46 71 92 120
Table 3. Germinating capacity of seeds — Lepidium sativum.
Number of seeds germinated % of seeds germinated
) Suample 14 days REF | 21 days REF Nu:inber of
5% (50 ) seeds sown 14 days 21 days 14 days 21 days
A 60 66 100 60 80 100 121
B 60 66 100 48 86 80 130
C 60 66 100 58 95 97 144
D 60 66 100 62 48 103 73
Number of seeds germinated % of seeds germinated
DS arrip N 14 days REF | 21 days REF Nu(rinber of
50% (100 g) seeds sown 14 days 21 days 14 days 21 days
60 66 100 85 99 142 150
B 60 66 100 60 90 100 136
C 60 66 100 65 53 108 30
D 60 66 100 62 38 103 133

photographs were taken to document the course of the
experiment. Germinating capacity and growth of Hordeum
vulgare is shown in Fig. 4. Twenty-one days from the estab-
lishment of the experiment, the counting of sprouts and
growing plants was repeated, the results were recorded, and
photographs were taken.

The experiment was brought to an end after determina-
tion of results, and subsequent establishment of plant bio-
mass. All plant biomass from the individual dishes was
removed and weighed. Then it was desiccated in the
Ecocell drier at 60°C, and weighed on analytic digital scales
Precisa 4000C; the measured values were recorded.

Results were evaluated from the acquired data. The
number of sprouts (number of growing plants) and plant
biomass on the compost samples and on the compost from
the blank experiment were compared for all mixing ratios.

Germinating capacity and plant biomass were calculated as
a percentage share of corresponding values obtained from
the compost in the blank experiment (see Table 2 —
Hordeum vulgare and Table 3 — Lepidium sativum). Results
in the tables (germinating capacity of seeds and plant bio-
mass for the two plant species) are mean values obtained
from the conducted experiment results.

The highest germinating capacity of Hordeum vulgare
seeds (%) with a 25% proportion of compost upon the
decomposition of samples after the elapse of 21 days was
exhibited by sample C (144%), and the highest germinating
capacity of seeds (%) with a 50% proportion of compost after
the elapse of 21 days also was shown by sample C (149%).

The highest germinating capacity of Lepidium sativum
seeds (%) with a 25% proportion of compost upon the
decomposition of samples after the elapse of 21 days was
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Table 4. Plant biomass — Hordeum vulgare.
Sample Biomass weight Fresh biomass Fresh biomass Dry biomass Dry biomass Dry biomass
25% (50 g) REF [g] [e] against REF % REF [g] [g] %
A 432 3.35 78 0.48 04 83
B 432 4.05 94 0.48 0.49 103
C 432 4.12 95 0.48 0.57 119
D 432 7.5 174 0.48 0.81 169
Sample Biomass weight Fresh biomass Fresh biomass Dry biomass Dry biomass Dry biomass
50% (100 g) REF [g] [g] against REF % REF [g] [e] %
A 432 3.31 77 0.48 0.39 81
B 432 2.58 60 0.48 0.34 71
C 432 8.17 189 0.48 0.84 175
D 432 6.22 144 0.48 0.63 131
Table 5. Plant biomass — Lepidium sativum.
Sample Biomass weight Fresh biomass Fresh biomass Dry biomass Dry biomass Dry biomass
25% (50 g) REF [g] [g] against REF % REF [g] [g] %
A 0.86 1.16 135 0.19 0.19 100
B 0.86 1.59 185 0.19 0.34 180
C 0.86 1.69 196 0.19 0.35 184
D 0.86 0.79 92 0.19 0.3 158
Sample Biomass weight Fresh biomass Fresh biomass Dry biomass Dry biomass Dry biomass
50% (100 g) REF [g] [g] against REF % REF [g] [g] %
A 0.86 1.56 181 0.19 0.28 147
B 0.86 1.23 143 0.19 0.29 153
C 0.86 1.03 120 0.19 0.3 158
D 0.86 1.06 123 0.19 0.26 137

exhibited by sample C (144%), and the highest germination
capacity of seeds (%) with a 50% proportion of compost
after the elapse of 21 days was shown by sample A (150%).

Fig. 5 shows the percentage expression of the germina-
tion capacity of Lepidium sativum (compost shares 25%
and 50%) and Hordeum vulgare (compost shares 25% and
50%) after 14 days from the beginning of the experiment
and after 21 days (end of the experiment).

Data about individual plant biomass weights of
Hordeum vulgare and Lepidium sativum after the elapse of
21 days are summarized in Tables 4 and 5.

The weight of fresh biomass in the 25% and 50% sam-
ples of Hordeum vulgare ranged from 3.35 to 7.5 g and
from 2.58 to 8.17 g, respectively. In the case of dry bio-
mass, the values ranged from 0.4 to 0.81 g in sample 25%
from 0.34 to 0.84 g in sample 50% of dry biomass.

The highest value of dry biomass (%) in Hordeum vul-
gare with a 25% proportion of compost upon the decom-
position of samples after the elapse of 21 days was exhibit-

ed by sample D (169%), and the highest value of dry bio-
mass in Hordeum vulgare with a 50% proportion of com-
post after the decomposition of samples was shown by sam-
ple C (175%).

The weight of fresh biomass in the 25% and 50% sam-
ples of Lepidium sativum ranged from 0.79 to 1.69 g and
from 1.03 to 1.56 g, respectively. In the case of dry bio-
mass, the values ranged from 0.19 to 0.35 g in a sample
containing 25% and from 0.26 to 0.3 g in a sample con-
taining 50% of dry biomass.

Sample C exhibited the highest values of dry biomass
(%) in Lepidium sativum with a 25% and 50% proportion
of compost upon the decomposition of samples after the
elapse of 21 days in both cases (184% and 158%).

Fig. 6 presents a percentage expression of biomass
weight for the seeds of Lepidium sativum (compost share
25% and 50%) and Hordeum vulgare (compost share 25%
and 50%) 14 days from the beginning of the experiment
and after 21 days (end of the experiment).
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Conclusion

The standard EN  13432:2000: Packaging.
Requirements for packaging recoverable through compost-
ing and biodegradation stipulates that the examined com-
post does not exhibit phytotoxicity if the indicator of ger-

minated seeds and the increase of plant biomass are not
lower than 90% as compared with plants growing on the
control sample. The obtained results clearly demonstrate
that the tested copolyesters buried in the compost have no
toxic effect on plants. It can be stated that, compared to the
reference sample, the germination and growth of plants

O 14 days Germination capacity — 25% O 14 days Germination capacity — 25%
@21 days Lepidium sativum 21 days Hordeum vulgare
o 130 144 1081—1—1 117132
103 107 2
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Fig. 5. Comparison of the germination capacity of Lepidium sativum and Hordeum vulgare seeds.
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Fig. 6. Comparison of the biomass of Lepidium sativum and Hordeum vulgare.



Ecotoxicity of Composts Containing...

1505

were stimulated. The plants growing in the dishes with the
compost samples showed an increase in plant biomass.
Changes in appearance, retarded growth, or necrotic
changes were not recorded.

After the decomposition of the examined materials,
the resulting compost did not exhibit any unfavourable
influence on the process of composting or compost quali-
ty, and the products of degradation affected the growth
and development of plants (general biomass increase)
positively, too.
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