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Zusammenfassung

Zusammenfassung

Die vorliegende Doktorarbeit behandelt die Herstellung von (bio)abbaubaren Materialien mit
antibakteriellen Eigenschaften zur Verwendung in unterschiedlichen Bereichen, wie z.B.
Verpackungsmaterialien, Komposttiiten, Hygieneprodukten, oder auch Bioglass®-Geriisten fiir

das ,Tissue Engineering*.

Die verschiedenen Wege zur biologischen Abbaubarkeit und antimikrobiellen Eigenschaften
zu kombinieren sind in den drei Teilen dieser Arbeit dargelegt. In allen Teilen der Arbeit wurde
ein Polyguanidinsalz als antibakterieller Wirkstoff eingesetzt, da Polyguanidine fur ihre
antimikrobielle Wirkung gegen Gram-positive und Gram-negative Bakterien, Pilze und Viren
bekannt sind. Die Synthese von Oligoguanidin mit niedrigem Molekulargewicht erfolgte tber
Polykondensation. Die antibakterielle Aktivitdt von wasserldslichem Oligoguanidin wurde mit
Hilfe von Tests zur Bestimmung der minimalen Hemmkonzentration (MHK) und der
minimalen bakteriziden Konzentration (MBK) nachgewiesen. Als biologisch abbaubare
Materialen wurden aliphatische Polyester und 45S5 Bioglass® eingesetzt. In der gesamten
Arbeit wurden die Techniken Polymersynthese, Extrusion und Beschichtung fir die Produktion

von neuen antimikrobiellen und bioabbaubaren Materialien verwendet.

Eine grofRe Herausforderung dieser Arbeit ist die Herstellung von neuen Materialien mit
antibakterieller Aktivitat ohne Verlust der Bioabbaubarkeit. Um dieses Ziel zu erreichen, wurde
im ersten Teil ein Polyguanidinsalz, als antimikrobielles Material, in Polycaprolacton, als
abbaubarem Matrix Material, immobilisiert. Wegen der Aminendgruppe (-NH2) konnte
Oligoguanidin hydrochlorid als Initiator genutzt werden, um das Lacton zu 6ffnen. Die Struktur
der gebildeten Blockcopolymere wurde mittels 2D-NMR und MALDI-ToF-MS Analyse
nachgewiesen. Das auf diese Weise hergestellte Copolymer besitzt eine starke antibakterielle
Aktivitat. Das Copolymer zeigt aulerdem enzymatische Abbaubarkeit. Der Polycaprolacton-
Block wurde nach kurzer Inkubationszeit komplett abgebaut. Kombiniert mit der niedrigen
Zytotoxizitdt sind viele Anwendungen fur das Material denkbar: Als Additiv fir

Lebensmittelverpackungen, fiir Tissue Engineering oder Gentransfektion.

Der zweite Teil beschaftigt sich mit der Extrusion des bioabbaubaren Polymers Poly(butylen-
adipat-co-terephthalat) (PBAT) mit dem antibakteriellen Additiv Polyhexamethylen
guanidinhydrochlorid (PHMG). PBAT ist ein bioabbaubarer aliphatisch-aromatischer Polyester
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Zusammenfassung

mit guten mechanischen Eigenschaften, weshalb es haufig als Matrixmaterial benutzt wird, um
es mit anderen Polymeren zu mischen. In dieser Arbeit wurde PBAT durch Beimischen von
PHMG eine antimikrobielle Wirkung hinzugefugt. Das Highlight der Arbeit ist die Balance
zwischen antibakteriellen Eigenschaften und biologischer Abbaubarkeit. Nach der
Schmelzextrusion mit einer wassrigen Ldsung des antibakteriellen Zusatzes, wurden die
mechanischen Eigenschaften gegentiber dem reinen Matrixmaterial sogar verbessert. Der Blend
PBAT/PHMG zeigt biologische Abbaubarkeit im Kompost und zudem langanhaltende
antibakterielle Aktivitdt. Wegen der verbesserten mechanischen Eigenschaften kann das

Material direkt als Verpackungsmaterial und fiir Komposttiiten verwendet werden.

Im dritten Teil dieser Arbeit wurde das antibakterielle Polymer Poly-p-xylylenguanidin-
hydrochlorid (PPXG) als Beschichtungsmaterialien auf Oberflachen von Bioglasgeriisten flr
Knochen eingesetzt. PPXG ist ein neues Polyguanidinsalz, das durch Polykondensation von
Guanidinhydrochlorid und p-Xylylendiamin synthetisiert wurde. Das neu hergestellte PPXG
mit aromatischen Gruppen zeigt hohere Thermostabilitaten als aliphatische Polyguanidinsalze
und auch einen héheren Glasubergang. Allerdings schrénkt der unflexible Benzolring die
Wechselwirkung mit der Bakterienmembran ein, sodass eine schwéchere antibakterielle
Aktivitat gegenuiber den flexibleren Alkylketten beobachtet wurde. Die antibakterielle Aktivitat
von PPXG wurde mittels MHK und MBK Tests bestimmt. Aullerdem wurde die antibakterielle
Wirkung von beschichteten Bioglassgeriisten mit Kirby-Bauer- und zeitabhéngigen Tests
quantifiziert. Mit 10 mg mL™ antibakteriellem Polymer inkorporiertes Bioglass® zeigte eine
stark antibakterielle Aktivitdt gegen die Gram-positiven Bakterien B. subtilis und einen
hemmenden Effekt gegen die Gram-negativen Bakterien E. coli. Wegen der niedrigen
Zytotoxizitét der antimikrobiellen Beschichtungen zeigt das Bioglass® Bioaktivitat und in vitro
Biokompatibilitat bei MG-63 Zellen.
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Summary

The present thesis covers the preparation of (bio)degradable materials with antimicrobial
properties, which has a broad range of applications, e.g. packaging materials, compost bags,

hygienic products or Bioglass® scaffolds for tissue engineering.

Selected routes to combine (bio)degradability and antimicrobial properties are comprised in the
three parts of this work. In all parts of this work polyguanidine salts are used as antimicrobial
materials, which are well-known antimicrobial agents against Gram-positive and Gram-
negative bacteria, fungi and viruses. Polyguanidine hydrochloride is synthesized by step-
growth reaction to produce low molecular weight polymers. The antibacterial activity of water-
soluble polyguanidine is determined by minimum inhibition concentration (MIC) and minimum
bactericidal concentration (MBC) tests. As (bio)degradable materials aliphatic polyesters and
45S5 Bioglass® were chosen. Throughout the work, polymer synthesis, extrusion or coating
techniques were employed to produce new antimicrobial and (bio)degradable materials.

A major challenge of this work was the production of new materials with antibacterial activity
without sacrificing (bio)degradability. In the first part, polyguanidine salts as antibacterial
material were immobilized in (bio)degradable polycaprolactone (PCL) to achieve this goal. Due
to the amine end group (-NH2), polyguanidine hydrochloride (PHMG) can be used as an
initiator to open the caprolactone ring for the synthesis of block copolymers of PHMG and
polycaprolactone. The structure of the block copolymer has been confirmed by 2D-NMR and
MALDI-ToF MS analysis. The copolymer has high antibacterial activity and a fast antibacterial
action. Reduction of bacterial cells was higher than 3 log levels in a short period of time. The
copolymer also showed enzymatic degradability. The polycaprolactone block completely
degraded within hours. Because of its low cytotoxicity, the new material has many potential
applications, e.g. additive for food packaging, tissue engineering or gene transfection.

The second part deals with the formation of antibacterial (bio)degradable polymers by melt
blending of PHMG and poly(butylene adipate-co-terephthalate) (PBAT). PBAT is a
(bio)degradable aliphatic-aromatic polyester with good mechanical properties, which is often
utilized as the matrix material for blending with other functional polymers, to create
multifunctional materials. In this work, the antimicrobial additive was added by physical

blending of an aqueous solution into molten PBAT. The highlight of this part is the achieved
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Summary

balance between antibacterial properties and (bio)degradability. After melt extrusion with an
aqueous solution of the antibacterial additive, the mechanical properties of the new material
were even improved. The PBAT/PHMG blends showed (bio)degradability in compost and
permanent antibacterial activity. Due to the enhanced mechanical properties, the material can

be directly applied as packaging material or in compost bags.

In the third part of this thesis the antibacterial polymer poly(p-xylylene guanidine)
hydrochloride (PPXG) as additive is coated on the surface of bioactive glass scaffolds for bone
tissue engineering. PPXG is a new polyguanidine salt, which was synthesized by
polycondensation of guanidine hydrochloride and p-xylylene diamine. The new PPXG with
aromatic group shows higher thermal stability than the aliphatic counterpart and it exhibits a
higher glass transition temperature. However, the inflexible benzene ring limits the interaction
between polymer chain and bacterial membrane, hence leading to weaker antibacterial activity
compared to PHMG. The antibacterial activity of PPXG was determined by MIC and MBC
tests. The antibacterial activity of Bioglass® was determined by Kirby-Bauer and time-
dependent tests. Bioglass® loaded with 10 mg mL™ antibacterial polymer shows strong
antibacterial activity against Gram-positive bacteria B. subtilis and an inhibiting effect against
Gram-negative bacteria E. coli. Because of the low cytotoxicity of the antimicrobial polymer,
coated Bioglass® scaffolds still showed bioactivity, i.e. in vitro biocompatibility in MG-63 cells.
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List of symbols and abbreviations

C degree Celsius

APCI atmospheric pressure chemical ionization
ATR-IR attenuated total reflectance spectroscopy
B. subtilis bacillus subtilis

C concentration

CFU colony-forming unit

DMSO dimethyl sulfoxide

DSC differential scanning calorimetry

E. coli Escherichia coli

EDX energy-dispersive X-ray spectroscopy

g gram

GCG genipin cross-linked gelatin

GPC gel permeation chromatography

H hour

H20 water

HSQC heteronuclear single quantum coherence spectroscopy
kg kilogram

kV kilovolt

M meter

MALDI matrix-assisted laser desorption/ionization
MBC minimal bactericidal concentration
MeOD methanol-d4

MeOH methanol

MG-63 Osteoblast-like cells

MIC minimal inhibitory concentration

min minute

mL milliliter

Mhn number average molar mass

MPa mega pascal

Muw weight average molar mass
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Introduction

1 Introduction

The present thesis deals with the investigation of new materials combining (bio)degradability
with antibacterial properties. These new materials could be of interest for pharmacological and

food-related products, like bioscaffolds and food packaging.

The work involves synthesis of new materials and their characterization in terms of structure,
mechanical properties, thermal stability, (bio)degradability and antibacterial properties. In
chapter 3 a polyguanidine (PG) was used as macroinitiator to synthesize a polycaprolactone-b-
polyguanidine block copolymer (PCL-b-PHMG) by ring-opening polymerization (ROP).
PHMG is one of the very intensively investigated antimicrobial polycations, which was used as
antimicrobial material in this work. Due to the low molecular weight, the copolymer PCL-b-
PHMG did not show good mechanical properties. In chapter 4 the typical (bio)degradable
aliphatic-aromatic polyester PBAT, which has relatively high molecular weight and
advantageous mechanical properties, was blended as matrix material with the antimicrobial
additive PHMG. Furthermore, chapter 5 presents a new application of biocidal PG, which was

incorporated into 45S5 bioactive glass scaffolds as antimicrobial coating.
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1.1 Motivation and aim

Every year global production of synthetic polymers reaches approximately 140 million tonnes.*
Since their extreme stability, the degradation cycles of synthetic materials are limited. Plastic
pollution has been recognized as a major problem. Therefore, (bio)degradable materials have
been highly investigated in the past decades. They are used for various applications such as
food packaging materials,>® compost bags,* medical sutures, drug delivery vehicles or scaffolds
for tissue engineering®. Meanwhile, the contamination with microorganisms in food and water
or bacterial infections by medical devices are always a huge risk in our daily life. The aim of
this work is to combine antibacterial property with (bio)degradability in one, generating dual

functional polymers.

The challenge of this work was the synthesis and processing of (bio)degradable materials with
a high antibacterial activity. (Bio)degradation takes place through the action of enzymes or
chemical decomposition associated with living organisms like bacteria fungi, etc.® However,
the guanidine based cationic polymers present excellent growth inhibition against bacteria,
fungi and virus.”~® Therefore, the focus was to find a balance between antibacterial activity and
(bio)degradability, which can keep the antimicrobial activity, while controlling the rate of

(bio)degradation.
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1.2 Overview of (bio)degradable polymers

1.2.1 (Bio)degradable polyesters

(Bio)degradable polymers have a long history because of their wide range of applications. They
can be divided into two groups, synthetic and natural polymers. Polysaccharides and proteins
are typical natural (bio)degradable polymers obtained from renewable sources,'® while aliphatic
polyesters, polyphosphoesters (PPE), aliphatic polycarbonates and poly(amino acids) are
typical synthetic (bio)degradable polymers.t* Compared to the natural (bio)degradable
polymers, the synthetic polymers exhibit more potential of improvement, because for
biologically derived (bio)degradable polymers a chemical modification is usually difficult or is
likely causing the alteration of the bulk properties. For designed synthetic (bio)degradable
polymers a variety of properties can be obtained and further modifications are possible without
altering the bulk properties. In the past decades, the properties of (bio)degradable polymers
could be successfully adapted to the requirement of their application through variation of the

synthetic methods.!

Among synthetic biodegradable polymeric materials, polyesters represent one of the most
promising families due to interesting applications as biomedical and degradable packaging
materials. This thesis deals with the synthesis of biodegradable aliphatic polyesters with
antibacterial function and blends of biodegradable aliphatic polyesters with antibacterial
additives. In the 1960s biodegradable poly(L-lactide) (PLLA) was identified as a biocompatible
and bioresorbable material.*2 PLLA and polyglycolide were chosen to form the basis of many
medical applications, like body implants, surgical sutures and drug delivery devices.®*?°
However, those polyesters initially were developed with low molecular weight and poor
mechanical properties. In recent years, due to a number of requirements for marketing
(bio)degradable polyesters, alternatives to commodity plastics have been investigated.®” The
synthetic methods and techniques were renewed. ROP of lactones, lactides and cyclic diesters
have yielded polyesters with very high molecular weight and good mechanical properties
(Scheme 1-1).*82 In order to modify or improve the properties, various polymer architectures

and blends have also been intensively studied.?!-??
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Scheme 1-1. Monomers for the preparation of polyester derivatives.

In addition to (bio)degradable aliphatic polyesters, (bio)degradable aliphatic-aromatic
polyesters have also been investigated extensively. PBAT is a typical (bio)degradable aliphatic-
aromatic polyester (Scheme 1-2), which is prepared by polycondensation of 1,4-butanediol and
a mixture of adipic and terephthalic acid. PBAT has been produced on an industrial scale by
BASF (Germany), Eastman chemical (USA).?2 BASF’s Ecoflex® has a long-chain branched
structure, while Easter Bio® from Eastman chemical is highly linear in structure. In this work
Ecoflex® blends were studied. Ecoflex® as matrix polymer has also been blended with other
bio-based polymers, like starch or poly(lactic acid) (PLA). These new polymer blends exhibited
interesting property profiles, like improved mechanical toughness or faster degradability.?® It
has a broad range of applications, like organic waste bags, shopping bags, agricultural foils,

household films, coated paper board and stiff foamed packaging.?*

L O-Lr ey

Scheme 1-2. Chemical structure of poly(butylene adipate-co-terephthalate).
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1.2.2 Synthesis of (bio)degradable polyesters

The traditional synthetic method for polyesters is the polycondensation using diacids or acid
derivatives and diols. Each growth step of the polycondensation involves elimination of small
molecules, like H20, HCI, MeOH etc. The reaction temperature of polymerization in bulk, i.e.
without solvent, depends on the melting temperature of monomers and mostly the reactions
need high temperature and long reaction times. A polycondensation with high conversion is
very difficult to achieve because of side-reactions and the volatilization of monomers causing
a stoichiometric imbalance of reactants. The stoichiometric imbalance between reactive acid
and hydroxy groups is the main reason for causing low molecular weight of synthetic polyesters.
However, for good mechanical properties a high molecular weight is required. The
volatilization of reactants can be compensated by a slight excess of one monomer, to precisely
control the stoichiometric balance of the reactants in the mixture. In addition chain extension
agents are usually used to produce the desired molecular weight by polycondensation. In 2000,
Ranucci et al. reported high molecular weight poly(ester carbonate)s. Firstly an
dihydroxyterminated oligo(propylene succinate) was obtained by traditional synthesis with a
molar ratio of 1,3-propanediol to succinic acid of 1.02 (Scheme 1-3a).2° A high molecular
weight poly(ester-carbonate) was synthesized by polycondensation with the chain extension
agent bischloroformate, resulting in a final My of 30,000 and My, of 48,000 (Scheme 1-3b).

11
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(a)
OH
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o
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HO-PS-OH = Dihydroxyterminated oligo(propylene succinate)
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MN Y

EDPA = N-ethyl-N,N-diisopropylamine;
DMP = 4-dimethylaminopyridine.

Scheme 1-3. (a) Polycondensation of dihydroxyterminated oligomeric propyl succinate. (b) Chain extension

reaction by the dichloroformate route.?

The ROP as a renewed synthetic method to obtain high molecular weight polyesters, was
intensively studied in the last 50 years. Compared to polycondensation, the ROP of lactones is
an advantageous choice for the synthesis of biocompatible and (bio)degradable polyesters,
because they usually have a higher molecular weight and a lower polydispersity. In the first
part of this thesis the new antibacterial polycaprolactone was synthesized by ROP. The
antibacterial PHMG was used as a macroinitiator for the ROP of polycaprolactone. The
mechanism has been reported by Oledzka et al. in 2011, whereas the guanidine and p-amino

functional groups in amino acids have been used as initiators for L-lactide and caprolactone

polymerizations. This reaction mechanism can be classified as anionic ROP.26
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The mechanism of ROP of lactones depends on the catalyst, which may lead to anionic, cationic,
monomer-activated or coordination-insertion ROP. Anionic ROP starts with an attack of the
ionic species at the carbonyl carbon of the monomer ring and subsequently the ring is opened
giving an ion at the chain end.?® The drawback of the anionic ROP is that the intramolecular
transesterification, i.e. back-biting, which only yields low molecular weight polymers. Scheme

1-4 shows the mechanism of the initiation step of anionic ROP.

O

Scheme 1-4. Mechanism of initiation step of anionic ROP.?°
The formation of a cationic ROP (Scheme 1-5) happen via a bimolecular nucleophilic
substitution (Sn2) reaction, which involves the addition of cationic center to a monomer

molecule.?®

O-O=-F==
S O

Scheme 1-5. Mechanism of initiation step of cationic ROP.?°
Scheme 1-6 shows the mechanism of the initiation step for monomer-activated ROP. The

monomer is activated by a catalyst and subsequently added onto the polymer chain end.

H H
Co’\ o|/ })
+ + _H
0 <5\ .
6 : H+ ’ R—OH T @ @f\
H
0 (b
R (ra/H 10

E— R\OMOH + H+

Scheme 1-6. Mechanism of the initiation step of the monomer-activated ROP.30:31
The coordination-insertion is a pseudo-anionic ROP (Scheme 1-7). The reaction starts with the
coordination of the monomer to the catalyst and the monomer inserts into a metal-oxygen bond
of the catalyst. The growing chain is connected to the metal center through an alkoxide

bond.2%%8
13
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Scheme 1-7. Mechanism of the initiation step for coordination—insertion ROP.?°

(o

In addition to this, radical ROP is also often used for synthesis of (bio)degradable polyesters.
During radical ROP a constant volume is maintained, which is interesting for application such
as tooth fillings, coatings and accurate molding of electrical and electronic components.* There
exist several vinyl substituted cyclic monomers undergoing radical ring-opening

polymerization, e.g. ketene acetals®? and phenyl vinyl oxiranes.3-*°
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1.2.3 Application of (bio)degradable polyesters
In order to overcome the environmental problems associated with synthetic plastic waste, the
requirement of (bio)degradable plastics is ever growing in the last decades. Table 1-1 shows an

overview of applications and volumes for the whole (bio)degradable polymer market in 2007
and 2015.

Table 1-1. Application and volumes of (bio)degradable polymers.?®

Application Volume 2007 (kt) Volume 2015 (kt) Comment
Organic waste bags and 16 131 Most established
shopping/carrier bags segment
. : Food and non-
Packaging including foam 42 248 food packaging
Mulch film and
horticulture ! 21 )
Sum 65 400 -

Among the commercialized (bio)degradable polymeric materials, PCL is a very useful
biomedical polyester, which is used in tissue engineering, drug delivery and release systems®
and the production of surgical sutures.?” In addition, PCL has been promoted as a soil
degradable container material,®"3® which can be used as a thin-wall tree seedling container.*?
Through the copolymerization with other cyclic monomers, like glycolide,®® L-lactide,*
dioxepan-2-one*! etc. its physical properties and degradability has been modified for different
applications. Regarding property modifications, many PCL blends were studied, too. PCL with
starch and its derivatives can been used in shopping bags.*> PCL/polypropylene and
PCL/polyethylene blends spun into fibers show higher tenacity and are dyeable with dispersed
dye formulation.*® The here presented copolymers of PCL a linear polyguanidine, which have

high antibacterial activity, are suitable as additive of food packaging or hygienic applications.

In general, polymers can undergo degradation either by surface erosion or by bulk erosion.** In
the next chapter 1.2.4 the two different (bio)degradable mechanisms will be explained in detail.
PCL is reported to undergo surface erosion.*® When used as implant for in-vivo application, it
will erode from the surface only and become smaller while keeping its original geometric shape.
The predictability of the erosion process in drug delivery is also an advantage of surface eroding

polymers.
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Compared to aliphatic polyesters, the (bio)degradable copolymers consisting of aliphatic and
aromatic units show better physical and mechanical properties. In this thesis a (bio)degradable
aliphatic and aromatic polyester “Ecoflex”, which has been used on an industrial scale, was
studied as matrix polymer in blends with antibacterial additive. Ecoflex® and its blends from
BASF are used as short-lived plastic films like organic waste bags, cling films or in paperboard
coatings for completely compostable paper cups.?® Ecoflex®/PLA and Ecoflex®/starch blends
are the two commercially most important Ecoflex®/biopolymer blends. The blend of Ecoflex®
with starch compounds is used to enhance the mechanical and thermal properties as well as
hydrophobicity of compounded materials. The temperature resistance of Ecoflex®/starch blends
is improved by more than 60 °C, which delivers the optical stability of organic waste bags
during storage and biowaste collection. Ecoflex® is a soft (bio)degradable material, which is an
ideal material to efficiently reduce the stiffness of brittle (bio)degradable materials like PLA.
The stiffness of PLA is reduced by 25 %, with an addition of 20 % Ecoflex®. BASF sells
compostable and bio/based Ecoflex®/PLA blends under the trade name Ecovio®, which can be
use as plant pots, seed/fertilizer tape and binding materials, foams and nets. From degradation
tests in compost (discussed in chapter 4) Ecoflex® shows the (bio)degradable mechanism “bulk
erosion”. The advantage is that the size of the polymer will remain constant for a considerable

portion of time during its application.
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1.2.4 Degradation of polyesters

A (bio)degradable plastic is defined by the ASTM (American Society for Testing and Materials)
as “A plastic designed to undergo a significant change in its chemical structure under specific
environmental conditions resulting in a change of properties that may vary as measured by
standard test methods appropriate to the plastic and the application in a period of time, that
determines its classification, in which the degradation results from the action of microorganisms
occurring naturally such as bacteria, fungi, and algae.”*’ However, this definition is only
suitable for biotically driven degradation of (bio)degradable plastics. If the abiotic molar mass
reduction occurs by hydrolysis of linear polyesters or the oxidation, degradation of polyolefins
prior to the bioassimilation, these mechanisms are not included in the definition. Therefore
hydro-biodegradation and oxo-biodegradation are two major parallel classes of (bio)degradable
plastics, which are defined as “’biodegradation in which polymer chain cleavage is primarily
due to hydrolysis or oxidation which may be mediated by abiotic chemistry, microorganisms
or a combination of both.”*® Figure 1-1 shows the general features of hydro- and oxo-
(bio)degradable polymeric materials. The mechanisms of biodegradation depend on the nature
of the polymer and the environment.**>® The nature of polymer defines the surface and bulk
conditions like surface area, hydrophilic and hydrophobic properties, chemical structure,
molecular weight and molecular weight distribution, glass transition temperature, melting

temperature, modulus of elasticity, crystallinity and crystal structure etc.>

There exist two different erosion mechanisms for (bio)degradable polymers depending on the
above mentioned characteristics. The first can be described as a bulk degradation process, if
water diffuses into the polymer matrix faster than the polymer is degraded. The hydrolysable
bonds of the whole polymer matrix are divided homogeneously, leading to a homogenous
decrease of the average molecular weight of the polymer. The other mechanism is surface
erosion, which is present, when water diffuses slower into the polymer matrix than the
degradation rate of the polymer. The degradation occurs only at the surface layer. Thus a
molecular weight change of the bulk sample is not observed. Surface erosion is a heterogeneous
process, which has a strong dependency on surface condition of the sample.>
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Figure 1-1. General features of hydro- and oxo-(bio)degradable polymeric materials®3.

The biodegradation behavior of aromatic/aliphatic polymers has been very well studied. PBAT
is a completely degradable aromatic/aliphatic polyester and used as compost bags, agricultural
films and packaging materials. Many studies show, that aromatic compounds degrade under
nitrate-reducing, iron-reducing, sulfate-reducing, and methanogenic conditions.>* However the
information of biodegradation behavior of aromatic compounds under anaerobic conditions is
very limited.>® Scheme 1-8 shows the mechanism of aerobic biodegrada