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Summary

Polyhydroxyalkanoates (PHAs) are biopolyesters stored by a wide variety of organisms as

an energy reserve, when those are submitted under stress conditions of nutrient limitations.

They are polyesters formed by polycondensation of carboxylic acids with alcohols. Two

distinct groups are extensively studied: the short chain length (scl-) PHAs such as poly-3-

hydroxybutyrate P(3HB) and 3-hydroxyvalerate P(3HV), and the medium chain length

(mcl-) PHAs contain monomer length of 6 to 14 carbon atoms. The large interest on PHAs

material produced by renewable resources is related to the reduction of the environment

impact of plastic wastes, mainly due to the biodegradability of these polyesters bio-plastics

that could be used to replace conventional thermoplastics. More than 100 different

monomer units were found as constituents of PHAs, produced by Gram-positives and

Gram-negative species. To improve the PHA production by reproducible methods,

physiologic studies of the organisms related to the substrate were done (Chapter 2). The

monomer units composition that characterize the PHAs properties, were found to be

dependent on the substrates used for the organism growth and the polymer production.

Different mcl-PHAs carrying functional groups were biosynthesized by Pseudomonas

oleovorans using functionalized Substrates (toxic) co-fed with nontoxic substrate under

specific nutrient limited conditions. To avoid toxicity of functionalized substrates they were

used in low concentration, co-fed with nontoxic substrates, structural modified chemically,

or by enzymatic reaction using Pig Liver Esterase (Chapter 3). The structure of so produced

PHAs has been determined by NMR spectroscopy and its physical properties investigated

by GPC, and DSC methods. Alternatively we have also chemically modified the easily

available mcl-PHA, resulting in the preparation and characterization of enantiomerically

I



pure telechelic diols as soft segment for further polymerizations (Chapter 5). Thus,

telechelic diols were used as intermediary materials for the synthesis of new polyesters

oligomers from mcl-PHAs by polycondensation of Terephtaloyl Chlorid (Chapter 6), or

linked with (S)-2,6-diisocyanatohexanoate [commonly named Lysndiisocyanate (LDI)] to

produce novel block-co-poly (ester-urethane) which is thermoplastic biomaterial (Chapter

7). According to the aims of this thesis, clear defined goals have been reached as reported

on the above chapters: firstly, mcl-PHAs carrying functional or non-functional groups were

biosynthesized by Pseudomonas oleovorans GPol by improving methods and production

techniques. Secondly, the mcl-PHAs were chemically modified and the resulted

intermediary used further to synthesize new material with improved properties as described

in Chapter 7.
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Zusammenfassung

Polyhydroxyalkanoate (PHAs) sind Bioploymere die durch Polykondensation von

Carbonsäuren und Alkoholen gebildet werden. Sie dienen einigen Mikroorganismen als

Energiespeicherstoff insbesondere unter Stresseinfluss wie Stickstofflimitation. Zwei

Hauptklassen von PHAs werden unterschieden: Poly-3-hydroxybutyrat und Poly-3-

hydroxyvalerate sind typische Vertreter der sogenannten kurzkettigen (short chain length,

sel-) PHAs, während die PHAs mit mittlerer Kettenlänge (medium chain length, mcl-

PHAs) sich aus Monomeren mit Kettenlängen zwischen 6 und 14 zusammensetzen. Das

grosse Interesse an PHAs liegt in ihrer Verwendbarkeit als Bio-Polymere und somit als

Ersatz für konventionelle thermoplastische Kunststoffe. Ihre Umweltverträglichkeit gründet

sich sowohl auf ihrer Herstellung aus erneuerbaren Rohstoffen als auch auf ihrer

biologische Abbaubarkeit. Weit über 100 verschiedene PHAs (basierend auf ihrer

Monomerenzusammensetzung) wurden sowohl in Gram-positiven, als auch in Gram¬

negativen Bakterien gefunden. Physiologische Studien der Mikroorganismen im Bezug auf

den Einbau verschiedener Substrate ermöglichten verbesserte und reproduzierbare

Biosynthese verschiedener PHAs (Kapitel 2). Insbesondere wurde ein Zusammenhang

zwischen den verwendeten Wachstumssubstraten für die Mikroorganismen und der

Monomerenzusammensetzung der produzierten PHAs gefunden. Mit Pseudomonas

oleovorans Gpol konnte eine Reihe verschiedener mcl-PHAs mit funktionalisierten

Seitenketten hergestellt werden. Dazu wurden die zelltoxischen funktionalisierten

Monomere zusammen mit untoxischen Substraten unter optimierten

Wachstumsbedingungen zugegeben. Verschiedene Ansätze zur Minimierung der toxischen

Effekte dieser funktionalisierten Substrate, wurden entwickelt und evaluiert. Neben der Co¬

lli



feeding Strategie, wurden die in situ-Dosierung untoxischer Derivate von toxischen

Substraten (eines davon wurde mit Schweineleber Esterase modifiziert) getestet (Kapitel 3).

Die hergestellten Polymere wurden eingehend mittels NMR-Spektroskopie, Gel-

Permeations-Chromatography (GPC) und differentieller Scanning Calorimetrie (DSC)

charakterisiert. Die hergestellten sei- und mcl-PHAs wurden durch chemische Hydrolyse

partiell abgebaut (Kapitel 4). Die so erhaltenen enatiomerenreinen telechelischen Diole

dienten als „weichmachende" Bestandteile für weitere, daraus abgeleitete Polymere

(Kapitel 5). So wurden aus den telechelischen Diolen neuartige Polyester beispielweise

durch Polykondensation mit Terephthalsäurechlorid (Kapitel 6) hergestellt. Durch

Polykondensation mit (S)-2,6-Hexansäurediisocyanat sogenannte Lysindiisocyanat (LDI),

wurden neuartige Block-co-poly (Esterurethane) hergestellt (Kapitel 7). Zusammenfassend

lässt sich feststellen, dass erstens, die Biosynthese funktionalisierter und

unfunktionalisierter mcl-PHAs durch Pseudomonas oleovorans Gpol optimiert wurde.

Zweites konnten die so hergestellten mcl-PHAs nach chemische Modifikation als

Ausgangsstoffe für die Synthese neuartiger Materialien mit verbesserten Eigenschaften

eingesetzt werden.

IV
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Chapter 1 General Introduction

General introduction

Polyhydroxyalkanoates (PHAs) are biopolymers stored by a wide variety of organisms

i i n 11 "7^

as an energy reserve
' ' '

. They are polyesters formed by polycondensation of

carboxylic acids with hydroxyl alcohol. Poly-3-hydroxybutyrate P(3HB), the simplest

PHA, was already discovered in 1926
.
The first commercialized PHA was the

copolymer of 3-hydroxybutyrate P(3HB) and 3-hydroxyvalerate P(3HV) produced by

Imperial Chemical Industries (ICI) under the trademark Biopol (Monsanto

BioProducts)
"

.
The use of polyhydroxyalkanoates (PHAs) as raw material, if adopted

on a large scale, is generally believed to reduce the environmental impact of plastic

wastes, mainly due to the biodegradability
' ' ' of these 3-hydroxypolyesters used as

11 iO CO

a bio-plastics
' '

.
Since then more than 100 different monomer units has been found

as constituents of PHAs produced by Gram-positive and Gram-negative species .

These PHAs, produced exclusively by microorganism, are classified in two groups: the

so called short-chain-length scl-PHAs, mainly P(3HB) and P(3HV) that consist of

monomers containing 4 to 5 carbon atoms, and the medium-chain-length mcl-PHAs are

containing 6 to 14 carbon atoms
. Normally, the substrates to produce mcl-PHAs

cannot be synthesized by the organism itself but can be taken up directly from the

environment. The first mcl-PHAs to be studied were polyesters containing alkanes

derived monomers
' ' ' ' that showed different melt stability compared to PHB

.

PHB shows a high crystallinity and hence strong brittleness, with a melting temperature

o i

(Tm) of 175 °C and a glass transition temperature (Tg) of 0 to 4 °C, while mcl-PHAs

such as poly-hydroxyoctanoate (PHO) exhibit an amorphous, soft-sticky consistence,

poor melt stability with Tm between 39 and 61 °C and Tg between -25 and -44

°C ' ' '

.
These factors restrict their use as a stable and useful material

. Hence,

2



Chapter 1 General Introduction

production of PHAs consisting of non-alkane-like monomers has been examined to

overcome problems of melt stability, brittleness and amorphousness. PHAs containing

branched hydroxyalkanoates
' '

,
terminal unsaturated 3-hydroxyalkenes

' ' '

,

halogenated side chains '

,
terminal alkylesters

'

,
aromatic side-chains ' '

,
ketone

97 AS

and PHAs containing cyanophenoxy and nitrophenoxy compounds
' have so far been

reported
'

.
Such attempts to change the composition of PHAs were hoped to improve

the properties of the PHAs. Therefore the incorporation of functional groups from

specific substrates into the PHAs became an important step in the production of specific

bio-polyesters. The produced functionalized biopolymers have been used as precursors

for further synthesis of new intermediary material. However, only PHAs containing

aromatic
,
or halogenated side chains showed some improvement of thermal properties

without changes of the biodegradability. These results have encouraged studies of

additional organisms, substrates and corresponding uptake relationships, metabolic

pathways, and the resulting potential to generate new materials. In this work

Pseudomonas putida (oleovorans) GPol (ATCC29347) was used as the main

organism to biosynthesize mcl-PHAs. Toxic and non-toxic substrates with or without

functional groups have been used, according to established bioprocess methods '

,
to

1 o

produce new biopolyesters. Another organism, Ralstonia eutropha (Alcaligenes

eutrophus) (ATCC17699) has been used to produce scl-PHB, -PHV, enabling a

comparative study between scl- and mcl-PHAs based polymers. To avoid toxicity of

some substrates and to facilitate their uptake by the organisms, they were used in low

concentrations or co-fed with citrate, glucose, or octanoic acids, which are useful

growth substrates for a wide range of organisms. Other substrates such as di-carboxylic

acids were first modified enzymatically using Pig Liver Esterase (PLE)2 to produce the

monoesters12'39'49'58'79 which are more easily incorporated by the organisms as growth

3



Chapter 1 General Introduction

substrates. Using these approaches, new biopolyesters differentiated by their side-chain

functional groups have been produced, opening up new material prospective. In

addition, PHAs has been used as raw material, for subsequent chemical transformation

to create new useful polymers with improved properties for specific applications. All of

these PHAs still preserve their environmentally friendly properties as

biodegradable
>>>>>> an(j renewable materials.

Biosynthesis of poly(3-hydroxyylkanoates) (PHAs)

The biosynthesis of PHAs by a number of organisms occurs when these store energy in

the form of polyester granules. Extensive studies and results have shown the flexibility

and the ability of prokaryotic organisms
'

to incorporate diverse substrates and

., . , ,-rv. . ,• i cu- , . 3,9,14,23,24,29,35,41,46-48,53,63,69-71
consequently to produce dillerent kind or biopolyesters

Biosynthesis of short-chain-length (scl-) PHB, PHV

Most of the scl-PHAs accumulating organisms such as Ralstonia eutropha

(Alcaligenes eutrophus)
' ' '

,
or Rhodospirillum rubrum biosynthesize PHB, PHV,

and the corresponding P(HB/HV) copolymer. Leading this group, PHB is

biosynthesized by Alcaligenes eutrophus via specific pathway (Fig. 1.1). In this case,

acetyl-CoA is converted to PHB by three enzymes: 3-Ketothiolase catalyzes the

reversible condensation of two acetyl-CoA moieties to acetoacetyl-CoA. Acetoacetyl-

CoA reductase reduces acetoacetyl-CoA to i?-(-)-3-hydroxybutyryl-CoA that is then

polymerized by PHB-polymerase to PHB. These three enzymatic reactions are probably

present in most or all scl-PHAs accumulating organisms. PHB and/or PHV can also be

biosynthesized via ß-oxidation when organisms are grown on medium, or long chain

fatty acids, or on substrates that can first be converted to fatty acids: these are then

4



Chapter 1 General Introduction

degraded via ß-oxidation resulting in acetyl- or propionyl-CoA respectively. The

illustrated biosynthetic pathway shows the complexity of different metabolic systems.

The genes coding the enzymes of the PHB synthetic pathway have been cloned from

79 S9

Alcaligenes eutrophus , Zoogloea ramigera ,
and anaerobic photosynthetic organisms

such as Chromatium vinosum, Thiocystis violacea, Rhodospirillum rubrum, and

Rhodobacter sphaeroides to more fully understand PHB genetics, enzymology and

regulation, and to improve the production of specific scl-PHAs such as PHB.

Alcaligenes eutrophus Rhodospirillum rubrum

C02, Acetate

2 Acetyl-CoA

1 V_^ CoA-SH

Acetoacetyl-CoA

^~
NADP+

2
,

^»-NADPH + H

Y

S-(+)-3-Hydroxybutyryl-CoA

R-(-)-3 -Hydroxybutyryl-CoA

x-^- CoA-SH

T

scl - PHAs

PHB

Figure 1.1. Biosynthesis pathway of scl-PHAs by Alcaligenes eutrophus and

Rhodospirillum rubrum. The biosynthesis of the scl-PHB, results from a cascade of

reactions catalyzed by three main enzymes. 1: 3-Ketothiolase, 2: Acetoacetyl-CoA-

reductase, 3: PHB-polymerase.

Fructose, Glucose, Acetate

2 Acetyl-CoA

CoA-SH

Acetoacetyl-CoA

NADPH + H

NADP
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Chapter 1 General Introduction

Biosynthesis of medium-chain-length (mcl) PHAs

The mcl-PHAs were first found to be produced by Pseudomonas oleovorans^, and

other fluorescent pseudomonads belonging to the ribosomal rRNA homology group I.

These have the ability to biosynthesize and store polymers containing 3-hydroxy acid

monomers of carbon chain lengths from Co to C12 or longer12'38, with precursor obtained

via ß-oxidation, or fatty acid synthesis. Pseudomonas putida (oleovorans) GPol80 has

been used to convert precursors derived by oxidation from n-alkanes and 1-alkenes, in

to corresponding saturated and unsaturated poly(3-hydroxyalkanoates) PHA

6 19 S^ S1

products ' ' '

.
These PHAs are formed by enzymatic reactions when host organisms

91 99 74

are submitted to specific carbon-nitrogen (C/N) limited growth conditions ' '

.
As

illustrated in (Fig. 1.2), this biosynthetic process common to the pseudomonads is

98 "\f\ S^ 78

capable of processing diverse substrates ' ' '

, widening the variety of new

biosynthetic functionalized polymers that can be produced. The biosynthetic pathway

degrades fatty acids stepwise via the ß-oxidation cycle to produce intermediate mcl-

PHA precursors. General intermediate substrates, including the 2-^ram,-enoyl-Coa, S-

(+)-3-hydrxyacyl-CoA, and 3-ketoacyl-CoA are potential substrates for PHA

polymerase, and hence possible precursors of the mcl-PHA polymer50'53.

The ß-oxidation cycle

The biosynthesis of mcl-PHAs by Pseudomonades oleovorans GPol species is

generally preceeded by the ß-oxidation cycle. The ß-oxidation of fatty acids could

supply the major substrate flux for the PHA-polymerase53. This cycle follows an

enzymatic cascade of reactions when fatty acids are incorporate into the cell: they are

activated to -CoA thioesters, reduced to 2-^ram,-enoyl-CoA, and catalyzed by acyl-CoA

6



Chapter 1 General Introduction

dehydrogenase with FAD as a cofactor. These intermediates are converted to S-(+)-3-

hydroxyacyl-CoA and catalyzed by enoyl-CoA hydratase. The generated compound is

oxidized to 3-ketoacyl-CoA and catalyzed by 3-ketoacyl-CoA dehydrogenase NADH

dependent. Finally acetyl-CoA is cleaved from 3-ketoacyl-CoA and a 2C unit shorter

fatty acid is formed. By reduction of 3-ketoacyl-CoA, a reaction catalyzed by a

ketoacyl-CoA reductase, intermediates such as i?-(-)-3-hydroxyacyl-CoA, S-(+)-3-

hydroxyacyl-CoA produced through epimerization, and the enoyl-CoA catalyzed by

enoyl-CoA hydratase, are substrates produced by the ß-oxidation cycle and finally used

by the PHA-polymerase
' for the synthesis of mcl-PHAs.

The fatty acid synthesis cycle

The flexibility of the Pseudomonads in using different growth substrates has extended to

the biosynthesis of mcl-PHAs from unrelated substrates such as glucose, gluconates or

ethanol '

.
These substrates are first utilized the synthesis of fatty acid which then

produce precursors for PHA-polymerase to synthesize mcl-PHA polymer. The fatty acid

synthesis pathway (Fig. 1.2), shows different biosynthetic routes according to the growth

substrates used by organisms such as P. putida. However, Pseudomonas oleovorans

does not accumulate mcl-PHAs from these unrelated substrates. The difference between

these two related organisms is that P. oleovorans degrades fatty acids to form acyl-CoA,

the main substrate for the ß-oxidation cycle, while P. putida biosynthesizes Acyl-ACP

(acyl carrier protein) ,
a precursor substrate for fatty acid synthesis from unrelated

substrates resulting in mcl-PHAs (Fig. 1.2).

7



Chapter 1 General Introduction

Pseudomonas oleovorans Pseudomonas putida

Glucose Gluconate Ethanol

Fatty acids

CoA SH-

1
^ATP
V^AMP+PP+

Acetyl CoA

CoA

Acyl CoA
-^-^ ^-FAD

FADH,

3 Ketoacyl CoA ß -Oxidation Enoyl CoA

NADH+H

NAD

S (+) 3 Hydroxyacyl CoA

7'

Acetyl CoA

I
Malonyl CoA

ACPSH

CoASH

+ zr Acyl ACP-

NADP-«. /S ^\ ^Malonyl ACP

+ J 11 8
NADPH+H-Y

' Fatty acid
Enoyl ACP

*

3 Ketoacyl ACP

synthesis
nadph+h'

10 9

NADP'

CO,+ACP

R ( ) 3 Hydroxyacyl CoA

R ( ) 3 Hydroxyacyl ACP

13 -CoA SH

mcl - PHAs

Figure 1.2: Biosynthetic pathway of mcl-PHAs Two routes are illustrated for mcl-

PHA precursor synthesis the ß-oxidation cycle off. oleovorans (left), and through the

fatty acid synthesis cycle of P. putida (right) The two pathways show a chain of

reaction steps involving specific enzymes For the ß-oxidation, 1 acyl-CoA synthase,

2 acyl-CoA dehydrogenase with a FAD as a cofactor, 3 enoyl-CoA hydratase (shorter

chain), 4 3-hydroxyacyl-CoA dehydrogenase under NADH dependant reaction, 5

ketoacyl-CoA thiolase (reductase) that acetyl-CoA is released from 3-ketoacyl-CoA and

a -2C shorter fatty acid chain is formed 6 3-Hydroxyacyl-CoA epimerase, 7 enoyl-

CoA hydratase, 7' ketoacyl-CoA reductase and 12 PHA polymerase Enzymes

involved in the Fatty acid synthesis 8 ketoacyl-ACP synthase, 9 ketoacyl-ACP-

reductase, 10 3-hydroxyacyl-ACP dehydrase, 11 enoyl-ACP reductase, 12 acyl-ACP-

CoA transacylase and 13, 13' PHA synthase (polymerase)



Chapter 1 General Introduction

PHA biosynthesis by genetically engineered organisms.

The PHAs as a useful material have interested many researchers, in different research

domains. In material science: biocompatible polymers for biopharmacy, biodegradable

material applied to the environment care, and other new prospective material designs

based on polyhydroxyalkanoate structures and properties, have been investigated. To

produce scl- or mcl-PHAs in satisfactory amounts by using organisms such as Ralstonia

eutropha {Alcaligenes eutrophus), Pseudomonas oleovorans, P. putida, their specific

viability has been improved: their substrate uptake, specific enzyme reactions, and

production of functionalized PHAs for specific uses has been optimized by using new

genetic engineering techniques. For this, some organisms have been genetically

modified, by recombining characteristics from other organisms potentially able to

perform specific reactions ' '

.
These techniques have been extended to plants which

will perhaps some day show the ability to produce PHAs such as P(3HB) in quality and

quantity for industrial processing
'

.

Screening of new organisms.

Metabolic engineering techniques have supported the development of industrial

organisms able to produce new metabolites
.
The screening of new organisms has

become a necessity to widen the already large number of providers of new enzymes

and/or secondary metabolites (antibiotics, drugs)
"

; newly discovered organisms

facilitate the construction of new recombinants strains expressing active enzymes able

to catalyze new reactions and pathways which lead to improvements in the production

of biomaterials. Since its discovery by Lemoigne ,
PHAs were always tributary for the

technology progress according to production costs and different interest related specific

applications. The expected technology evolution will hopefully permit improvements of

9



Chapter 1 General Introduction

biomaterial properties prediction based new material design, and optimized lower

material production costs. This positive evolution suggests that by combining different

techniques used in the life- and material sciences, PHAs could find specific and

interesting application based on newly designed and optimized material properties.

Aims of this Thesis

Our knowledge of PHAs is based on multidisciplinary advances in microbiology,

biochemistry, chemistry, material sciences, biotechnology, and environmental sciences.

A large number of organisms accumulate PHAs as intracellular storage polymer with

high molecular weight and interesting biodegradability and thermoplastic properties.

Depending on scientific, economic and political (reduction of synthetic solid wastes)

interests and agendas, numerous research groups continue to study the perspectives of

new organisms in producing PHAs with improved properties in satisfactory amounts

and low costs. Here we report on modifications of scl- and mcl-PHAs synthesized by

Ralstonia eutropha (Alcaligenes eutrophus), Pseudomonas oleovorans, and

Pseudomonas putida. The description of PHA production includes a physiological study

of the microbial growth substrate uptake. As described above the type of polymer

produced depends on the substrates used and the ability of the organisms to incorporate

such substrates with or without functional groups into PHA. To overcome difficulties

related to the structure and the activity of diverse substrates, prior substrate structural

modifications were necessary. A diester, suberic acid (diacid) was modified specifically

via an enzymatic modification with Pig Liver Esterase (PLE) to produce the monoester,

which is more easily taken up by Pseudomonas oleovorans GPol, and then incorporated

into mcl-PHA. However, the same suberic acid (diester) has been used without previous

modifications as growth substrate for Ralstonia eutropha (Alcaligenes eutrophus), and

10
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has produced scl-PHB. Other substrates carrying interesting functional groups could not

be incorporated in sufficient amounts into the polymer due to high or moderate toxicity.

11
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Chapter 2 Biosynthesis of Polyhydroxyalkanoates

Biosynthesis of Polyhydroxyalkanoates (PHAs)

Abstract:

The biosynthesis of polyhydroxyalkanoates (PHAs) that are stored as energy and carbon

sources by many organisms requires appropriate carbon substrates as precursors and

specific cultivation conditions. Commonly, nitrogen-limited growth conditions with carbon

fed in excess facilitate the incorporation of substrates into these reserve materials. Here, the

two bacterial strains Pseudomonas oleovorans GPol and Ralstonia eutrophus (Alcaligenes

eutropha) have been used to produce PHAs of medium chain length (mcl-PHAs), short

chain length (scl) polyhydroxybutyrate (PHB) or -valerate (PHV), and their copolymers

(PHB/HV). Batch and continuous processes under nitrogen or dual carbon/nitrogen (C/N)-

limited conditions have been used for PHA, PHB/HV biosynthesis. Depending on the

organism, growth substrates and medium composition, a pre-cultivation step in batch

culture was necessary to induce accumulation. Continuous cultures were used for

physiological studies, for the incorporation of new toxic or non-growth supporting

substrates, or for PHA production on a large scale. In down stream processing a range of

different methods was used for isolation, purification and characterization of the polymer.

The incorporation of various growth substrates containing functional groups has allowed

the production of different PHAs with functionalized side chain lengths. Previous studies

under C/N-limited continuous culture conditions with substrates with or without functional

groups have shown a good correlation between the mixture of carbon sources fed and the

composition of the corresponding polymer. However, the toxicity of many interesting

functionalized substrates has limited their use as carbon sources or precursors. This has

reduced the number and quantity of functionalized PHAs that have been produced. One
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approach has been to reduce the toxicity of some substrates by previous chemical

modifications. As an example, Pig Liver Esterase (PLE) was used here to catalyze the

hydrolysis of suberic acid diesters to produce half-esters and these were shown to be a more

useful substrate than the corresponding diester. Pseudomonas oleovorans GPol can use the

half-ester as a carbon substrate for its growth and to produce PHAs with ester functions that

can be used for further modification.

Introduction

This chapter reports the biosynthesis of the carbon and energy reserve material mcl-PHAs

by Pseudomonas oleovorans. The mcl-PHAs were first detected thirty years ago and

have been studied during the past three decades with considerable impact on material and

environmental sciences. Stored as intracellular inclusion bodies (granules) PHA can

contribute up 50 to 60wt % to the bacterial cell dry weight ' '

.
Bacterial mcl-PHAs have

^o O-T AI

high a molecular weight and a degree of polymerization of up to 30 000 ' '

.
The

flexibility of P. oleovorans in using different substrates and incorporating these into a

94 'ÏO ^S ^R 47

reserve polymers ' ' ' ' has led to a considerable diversity of mcl-PHAs, also detected

in other Pseudomonas strains ' ' ' '

. Many reviews consider diverse aspects of microbial

PHA accumulation, production and potential applications as a useful material

'''''''''''. Figure 2.1 shows the general structure of different PHA polymers

biosynthesized by P. oleovorans GPol, depending on substrates fed and the specific growth

conditions applied. Substrate toxicity may impair cell growth during the initial growth

phase, or restrict the amount of the produced biomass 48. Fed-batch cultivation combining

an initial start-up batch cultivation, followed by a substrate feed in which the relative
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nutrient concentrations in the growth medium are adjusted, can be kept constant and low,

there by preventing substrate toxicity 48. Batch cultivation was used to produce small

amounts of mcl-PHA or as in pre-cultivation of the organisms after nutrient or carbon

limitation '

.
Continuous culture, in single and/or two liquid-phases under nitrogen

limitation was used to investigate the mcl-PHA accumulation by P. oleovorans ' ' '

.

This cultivation technique offers clear advantages with respect to adjustments of the growth

rate, the control of the physiological state of the cells, and the control of the concentration

of potentially toxic substrates. Previous studies have shown that nutrient limitation could

influence cell growth '

,
and consequently the PHA accumulation. In this case the

incorporation by P. oleovorans of such substrates was achieved by single nitrogen (N-)

limited growth conditions and carbon (C-) in excess. Another potential technique is based

91

on the concept of dual-nutrient-limited growth conditions
,
which can be used to produce

mcl-PHA by P. oleovorans. The polymer accumulation can be activated specifically by

C/N-dual-nutrient-limited growth conditions in continuous culture at a constant dilution

rate 20'25. The double-nutrient-limited growth conditions permits to maintain both the

carbon (C-) substrate and the nitrogen (N-) concentrations at a very low level during the

cultivation process. In that way, substrate toxicity to the microorganisms can be minimized,

resulting in an accumulation of the corresponding mcl-PHA ' '

.

All investigations

described here were made to improve the productivity and to diversify the produced mcl-

PHA. Substrates containing functional groups and exhibiting certain toxicity were used at

very low concentration, or co-fed with non-toxic substrates for the organism growth, and

the production of functionalized PHAs.
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The production of short-chain-length (scl-) C4 poly-3-hydroxybutyrate (P3HB), and the co¬

polymer C4/C5 poly-(3-hydroxybutyrate/ 3-hydroxyvalerate) P(3HB/3HV) by Ralstonia

eutropha was studied previously intensively, produced on a large scale, and

commercialized '

.
Its physical properties include crystallinity, hardness, brittleness of

the material and a glass transition temperature Tg at 5 to - 6 °C and a melting temperature

Tm at 170 to 180 °C ' ' ' '

.
The biosynthesis of scl-PHAs and the metabolic pathway

responsible (Figurel.l), have been investigated and according to previous results '

"

'

.

We grew Ralstonia eutropha ATCC 17699 under C/N-limited conditions of growth in

continuous culture to produce PHB, and PHB/HV in a large scale according to nutrient

deficiencies or other limiting factors '

.
The obtained polymers were submitted to H-

NMR analysis, dissolved in CDCI3 and measured by integration of the methyl groups of

PHB at 1.27 ppm and PHV at 0.9 ppm (the spectra are not shown). A gel permeation

chromatography (GPC) analysis was set up to determine the content of [(PHB):(PHV)] ratio

in the copolymer when Ralstonia eutropha was fed with only butyric or valeric acid, or co-

fed with butyric/valeric acid in different ratios. The present study shows the microbial

flexibility to incorporate toxic substrates when these are co-fed with non-toxic carbon

substrates at low concentration and under nitrogen limitation. Therefore, new mcl-PHAs

with substrate dependent monomer compositions were produced ' ' ' ' '

.
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General structure of PHAs

PHAs consist of 3-OH-fatty acids monomers that are covalently linked by ester bonds

(Figure 2.1). The general monomer structure is characterized by a side chain (-R) linked to

a *C chiral carbon atom at position 3. The polymer nomenclature is based on the structure

of the fatty acid monomer units. Short chain length (scl-) PHAs consist of C3 - C5

monomers, while medium chain length (mcl-) PHAs consist of Co - C14 monomers. Long

chain length (lcl-) PHAs consisting of C15 and longer monomers could potentially be a

specific group of this class of biopolymers but have so far not been reported.

Poly-[(/?)-3-hydroxyalkanoates]: PHAs

r R4 H O-j

L
H H

n

R = C H3 orC2H5 scl-PHAs

R = CH3 P(3HB) Poly-[(f?)-3-hydroxybutyrate]

R = C2 H5 P (3HV) Poly-[(f?)-3-hydroxyvalerate]

R = CH3/C2H5 P (3HBV) Poly-[(f?)-3-hydroxybutyrate-co-(f?)-3-hydroxyvalerate]

R = C5 H^ P (3HO) Poly-[(f?)-3-hydroxyoctanoate]

R = C5 H^ / C5 O H9 P (3HOO) Poly-[(f?)-3-hydroxyoctanoate-co-(f?)-3-hydroxy-7-oxooctanoate]

R — C5 H-|-| / C C4 Hg P(3HUO) Poly-[(f?)-3-hydroxyoctanoate-co-(f?)-3-hydroxy-7-octenoate]1

R = C3 H7 up to Cu H2: mcl-PHAs

Figure 2.1. General structure of poly-[(7?)-3-hydroxyalkanoates] (PHAs) making up scl-

PHAs and mcl-PHAs consisting of enantiomerically pure monomers
.
The (-R) side chain

is linked to the polyester matrix at a *C3 chiral carbon atom. Polymers containing the chiral

carbon atom at position 2 or 4 have also been reported. PHAs are named based on

monomer composition, independently of the polymer size.
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Materials and Methods

Medium Composition

Batch and continuous culture experiments were performed with the same mineral medium

as described previously
20'35'46 and adapted specifically for each process (Table 2.1 and 2.2).

The concentration of nitrogen (N-) supplied as (NaMLTTPO^^O) or (NH4)2S04 salt was

estimated according to the predict optimal C/N-ratio that permits to obtain a corresponding

biomass and a PHA yield. Stock solutions of macro- and trace elements to be used in batch

and continuous culture were prepared, sterilized by autoclaving at 120 °C for 20 minutes

and used in concentrations of lml/L of medium. Silicone antifoam (Fluka Chemicals,

Buchs, Switzerland) was employed at 50 ppm per liter, in contrast to the 0.5 ml/L of

polypropyleneglycol (PPG) 2000 used in the specific medium for continuous cultivation

(CC) 46.

Table 2.1. General Growth Medium Composition

Components Batch medium Continuous culture medium

Macroelements Mr gL1 mM gL1 mM

NaNH4HP04*4H20 209.1 3.5 16.74 0 0

(NH4)2S04 132.1 0 0 0.708 5.36

KH2P04 136.2 3.7 27.19 1.0 7.35

K2HP04 174.2 7.5 43.05 0 0

Carbon compounds separate addition

Silicone antifoam 0 0 50 ppm

Conditions: pH = 7.1 No pH adjustment
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Table 2.2. Stock Solutions of Micro- and Trace Elements

Components Batch medium Continuous culture medium

Microelement solutions Mr gL1 M gL1 mM

MgS04*7H20 246.5 246.5 1 246.5 1000

FeS04*7H20inlMHCl 278.0 0 0 2.78 10

Trace elements

FeS04*7H20 278.0 2.78 10 0 0

CaCl2*2H20 147.0 1.47 10 1.47 10

MnCl2*4H20 197.9 1.98 10 1.98 10

CoS04*7H20 281.1 2.81 10 2.81 10

CuCl2*2H20 170.5 0.17 1 0.17 1

ZnS04*7H20 287.5 0.29 1 0.29 1

EDTA 292.3 0 0 10 34.2

Remarks in 1M HCl pH adjusted to 4.0

The medium compositions shown in Table 2.1 differed depending on the use for either

batch or chemostat cultivation. The batch medium containing carbon substrates plus

Silicone antifoam was adjusted to pH 7.1 at the beginning of an experiment, while the

continuous culture medium contained carbon substrates was fed separately and the pH was

monitored and controlled online during cultivation (see Figure 2.2).
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Substrates and their addition

Substrate properties

Octanoate and allylacetic acid were provided by Fluka Chemicals (Buchs, Switzerland)

while 1-nonene was purchased from Sigma (USA). Octanoate (C%, caprylic acid, purum)

was >98 % pure with a density of 0.91 g ml" and a molecular weight of 144.22 g mol"
.

Allylate (C51, >98 % purum) had a density of 0.978 g ml" and a molecular mass of 100.12

g mol"1. 1-Nonene (C9 1, >99 % purum) had a density of 0.73 g ml"1 and a molecular mass

of 126.24 g mol"1.

Substrates and solute sterilization

Substrates such as octanoate or 1-nonene and to avoid salt precipitations, MgS04 were

sterilized with 0.2 urn membrane filters (FP030/8 hydrophobic membrane in pyrogen-free

disposable filter holder, Schleicher & Schuell, GmbH, Dassel, Germany). Air was injected

into the bioreactor through a sterile filter type PTEE Aero 50 (Gelman,USA). Allylate was

not sterilized, since it was considered to be generally toxic thus eliminating possible

contaminating organisms. All other medium components were sterilized by autoclaving at

121 °C for at least 45 minutes.

Chemostat cultivation

Chemostat cultivation was used to produce PHAs under defined and reproducible

conditions. Cells were cultured in a 2.5 L bioreactor (MBR Bioreactor AG, Wetzikon,

Switzerland) with a working volume of 1.5 L and placed on a Witronic electronic balance

(Witronic, Zofingen, Switzerland) for weight (volume) control. The bioreactor was
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equipped with an automated pH control unit that kept the pH constant at 7.00 ± 0.05. pH

was measured using a Bioengineering AG pH-meter (Bioengineering AG, Wald,

Switzerland) pH control was achieved by automatic addition of 1 N NaOH and KOH (2:3

mol/mol) with a peristaltic pump. The stirrer speed was always maintained at 1000

revolutions per minute (rpm). Syringe pumps were Perfusor secura (B. Braun, Switzerland).

Compressed air from the in-house pressurized air supply system was filtered as described

below (cf. sterilization). p02 was measured using an Ingold oxygen probe (Ingold,

Switzerland). Temperature was maintained constant at 30 °C using a Huba temperature

control device (Huba Control AG, Würenlos, Switzerland). Central control unit was a Mini

control-unit (MBR Bioreactor AG, Switzerland) in connection with a HP computer

(Hewlett Packard, Palo Alto, USA), running Process Control Software (PCS) iccc 700 was

from (PCS AG, Wetzikon, Switzerland). This central control unit measured online and

continuously adjusted pH, temperature, stirrer speed and weight (held constant via a

peristaltic pump) of the chemostat. The chemostat had a tube for culture broth withdrawal

for off-line tests. The schematic arrangement of the bioreactor and its equipment is shown

in Figure 2.2. Depending on the substrates used, particularly those containing functional

groups, special Teflon tubes were used to transfer substrates into the chemostat to avoid

corrosion and interruption.

Cultivation conditions

P. oleovorans produces mcl-PHAs when fed with aliphatic linear alkanes or fatty acids that

can be oxidized in the alkane oxidation pathway and degraded via the fatty acids ß-
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oxidation pathway. Pseudomonas oleovorans can be fed with a wide range of carbon

sources. Toxic substrates carrying functional groups were co-fed with octanoic acid as the

main growth substrate to reduce cell damage, lysis death and to avoid cell wash out during

the continuous cultivation. The carbon substrates were fed singly- or as part of a co-feeding

strategy, depending on the desired PHA composition. Substrates with toxic effects were fed

independently from the octanoate feed.

Batch cultivation

A batch medium corresponding to an E2 medium without (NH4)2S04 was used in a 2.5 L

bioreactor (MBR Bioreactor AG, Wetzikon, Switzerland) with a working volume of 1.8 L

and placed on a Witronic electronic balance (Witronic, Zofingen, Switzerland) for weight

(volume) control. Therefore, 1795 mL H20 containing 4.89 g L"1 NaNH4HP04*4H20,

10.47 g L"1 K2HP04*3H20, 5.17 g L"1, KH2P04, 4.33 gL"1 sodium octanoate (Merck,

Germany) and 0.53 mL L" 10% silicon antifoam were sterilized before adding. The

bioreactor content was sterilized at 120 °C for 20 minutes, cooled to 30 °C before 1.89 mL

IM MgS04 (filter sterilized) and 1.89 mL separately sterilized continuous culture medium

trace elements (CCMT) mixture were added. The bioreactor work volume was adjusted to

1800 mL with medium, and inoculated with a pre-culture contain an initial OD4so of 0.5.

Batch cultures were run at 30 °C and stirred at 1000 rpm until an OD4so of approximately

0.8 was reached (early exponential growth). The bioreactor was afterwards switched to

continuous mode.
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Harvesting of cells

Cultured cells containing PHA were harvested, centrifuged at 9000 rpm with a Centrikon

T-124 centrifuge (Kontron Instruments, Zürich Switzerland) with a SN-683 rotor, at 4 °C

for 10 minutes. Supernatant was used for GC analysis of residual substrate concentration

(or discarded) and pellets were washed, once with cold 10 mM MgCl2 and spun down

again. After centrifugation, the resulting washed pellets were resuspended in a small

quantity of cold 10 mM MgCl2 and transferred in 30 mL portions into 50 mL tubes

(Greiner, Germany). The filled tubes were then quickly frozen in liquid nitrogen and

freeze-dried in a Lyovac GT2 freeze-dryer (Leybold,USA) for three days.

Biomass determination

The biomass was determined by optical density and/or by cell dry weight measurements.

Optical density (OD450) determination

Optical density (OD4so) of the culture broth was measured at 450 nm using an Uvikon 860

spectrophotometer (Kontron Instruments, Zürich, Switzerland). In case of high cell density,

samples containing lmL of the culture broth were diluted with MgCl2 (10 mM) to reach an

OD45o < 0.3 units, and the measured OD4so was multiplied with the dilution factor to obtain

the OD45o value of the culture in the bioreactor.

Gravimetric cell dry weight (CDW) determination

Culture broth samples of 2 mL were transferred into pre-weighed glass tubes and rapidly

centrifuged (BHG Z 230M Hermle, Germany) at 9000 rpm at room temperature for 5

minutes. The supernatant was removed and kept on ice for analysis of the residual

dissolved organic carbon (DOC) and ammonium (NH4+) concentrations. Pellets were
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washed with 1 mL of demineralized water and then re-centrifuged. Resulting pellets

containing approximately 3-8 mg of CDW were kept at 95 °C for more than 3 hours. After

complete drying, the glass tubes were cooled to room temperature in an exsiccator under

silicagel before the CDW was determined by weighing (AT 261 Delta Range, Mettler

Toledo, Greifensee, Switzerland).

Dissolved organic carbon (DOC) measurement

The DOC was measured off-line on a total organic carbon analyzer (TOCOR 2) consisting

of a heating element (UNOR 6N), a peristaltic pump Minipuls 2 (Gilson, France) a sampler

SKALAR 1000 (Skalar, The Netherlands) and a data analyzer. Samples of 5 ml were

measured after appropriate dilution with carbon-free distilled water. One drop of 35 %

hydrochloric acid was added to each sample to eliminate C02 content by bubbling for 5

minutes with C02-free nitrogen gas before an experimental run. Potassium-hydrogen-

phthalate solution containing 94.2 mg L" carbon was used as a standard.

Ammonia (NH4+) measurement

The ammonia content of the unspent medium and of culture broth supernatant was

S9

determined off-line using the indophenol method according to Scheiner
.
The color

reaction was linear up to a concentration of 10 mg L" of NH4C1 while the

spectrophotometric determination was linear to concentrations of 2 mg L" N. A solution of

2 mg L" NH4C1 was used as a standard. Concentrated samples were diluted to

concentration below 2 mg L" with demineralized water immediately before the assay. The

detection limit of this method was 0.12 mg L"1 of N.
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Production of mcl-PHAs by Pseudomonas oleovorans GPol under C/N-

limited growth conditions

Bacterial strain and pre-culturing conditions: Pseudomonas oleovorans GPol obtained

from the American Type Culture Collection (ATCC 29347) was used throughout all

experiments for the production of mcl-PHAs. For a pre-culture, 2 mL of a stock culture

(stored at -80 °C in 15 % glycerol) were incubated for 24 h on a rotary shaker at 30 °C in a

500 mL flask containing 120 mL of sterilized pre-culture medium (Table 2.1) and 0.58 g L"

of sodium octanoate as a carbon /energy substrate (Merck, Darmstadt, Germany). The

whole 120 mL of pre-culture was used to inoculate the bioreactor for an initial batch

culture.
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Bioreactor setup
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Figure 2.2. Scheme of the bioreactor setup operated in batch, fed-batch (semi-continuous)

or continuous culture mode. PHAs were produced under C-, N-, or C/N-limited growth

conditions. The system was controlled online by a computer.
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Limiting factors affecting cell growth and PHAs accumulation

The production of PHAs by microorganisms requires specific optimized conditions with

respect to growth environment, particularly of the nutrients nitrogen and carbon. Initially it

was reported that limitation by one particular nutrient limits the growth of microbial

cultures
10,11,35,42

The nutrient-limitation conditions were one of the techniques used to

20
enhance the yield of PHAs accumulation

.
Other factors affecting the organism growth are

the dilution rate (D = h"1) 20
and the structure of carbon sources supplied. It was observed

12'20 that Pseudomonas oleovorans growing in continuous culture under N-limited

conditions has exhibited an increasingly higher mcl-PHA content at decreasing dilution rate

(Figure 2.3A). Later studies show that the existence of a double-nutrient-limited zone of

growth occurs not only under continuous culture conditions but also transiently in batch

and fed-batch cultures
"

.

An excess or deficiency in macro- or trace elements, C-, N-, or

C/N-ratio could in some cases affect the PHA accumulation process.
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Figure 2.3 A: Cellular mcl-PHA content of Pseudomonas oleovorans grown in continuous

culture with octanoate and ammonia as a function of the growth-limiting nutrient at

different dilution rates. (O): PHA content measured under carbon- and (): nitrogen-limited
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growth conditions. The dilution rate and limiting nutrients are in this case factors affecting

the PHA accumulation 19'20.

Conditions used for production of PHAs in Continuous Culture

The C/N-double-nutrient limited zone was determined for growth of P. oleovorans in

continuous culture by using octanoate as carbon source at a dilution rate of D = 0.1 h"
.

Continuous culture medium (Table 2.1) containing 0.6 mL L"1 10 % silicon antifoam was

previously sterilized. Subsequently, 1 mL L"1 separately sterilized CCMT trace element

mixture and 1 mL L"1 of filter sterilized 1 M MgS04 were added, whereas the nitrogen

concentration in the feed remained constant. The carbon source flow rate was varied

leading to C/N-ratios of 5.82, 8.74, 11.65 and 14.56. The carbon source flow rates were so

low that they were not considered in the calculation of D. The C/N-double-nutrient

limitation zone was determined by measuring residual DOC and ammonium (NH4+)

concentrations in the culture broth supernatant.

Octanoate as main substrate for growth and co-feed under continuous

culture conditions

Octanoate was used as growth substrate resulting to a high OD4so (biomass) and the

production of PHA monomers as basic co-polyester matrix. Specific substrates were added

by co-feed in continuous culture conditions to incorporate side chain length with functional

groups. Practical studies by using allylacetic acid (allylate) (C51) and 1-nonene (C91), two

substrates with a vinyl (C = C) functional groups has been set up. This functional group is

characterized by high toxicity when present at high concentrations. Therefore, the goal was
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to keep the concentration of the two substrates low by co-feeding with octanoate under

nitrogen-limited conditions and little excess of carbon. In two separate chemostat cultures

run at a dilution rate of D = 0.1 h"
, allylate and 1-nonene, were co-fed with octanoate using

a minimal medium (Table 2.1) at a C/N-ratio of 15.58. In this case the octanoate has

supported the organisms growth and incorporation of C$ and Co into PHA.

(Allylate/Octanoate) and (1-Nonene/Octanoate) co-feed in continuous

culture conditions

Allylate/octanoate and 1 -nonene/octanoate were co-feed as carbon sources with continuous

culture medium (Table 2.1) for cell growth and PHA biosynthesis. Growth condition was

adapted according to the degree of toxicity of the mix-substrate and cellular uptake. For the

allylate/octanoate, the substrate flow rates of 0.11 mL h" allylate and 0.9 mL h" octanoate

were injected into the culture during 3 hours to reach a steady state and to obtain a high

OD45o (biomass). It was observed that the biomass decreased enormously by cells washing

decreasing consequently the OD4so due to toxic effects at the allylate flow rate was of 0.11

mLh"1.

The allylate/octanoate flow rates were then changed to 0.22 mLh"1 / 0.8 mLh"1 continuously

over 84 hours, the cells were harvested and stored on ice until the PHA isolation. The C/N-

ratios fed during the PHA production were adjusted two times: firstly, 15.48 mol C (mol

N)" for (0.22 mLh" / 0.8 mLh" ) allylate/octanoate and secondly, 15.58 mol C (mol N)" for

(0.11 mLh" / 0.9 mLh") allylate/octanoate. 1-Nonene/octanoate was co-feed to P.

oleovorans that was grown on minimal medium in continuous culture with flow rate of 0.11

mLh" /0.9 mLh" corresponding to 15.58 mol C (mol N)" .
The substrate incorporation was
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searched by C/N-limited growth conditions, however difficult to reach due to the toxicity of

1-nonene. The culture runs with 1-nonene/octanoate mixture under nitrogen limited and

carbon in excess during 61 hours, harvesting and storing the cells on ice until the PHA cells

contain were isolated.

Qualitative and quantitative mcl-poly-[(/?)-3-hydroxyalkanoate] analysis

Standard analytical methods developed and improved by our and other research groups

7 1 S 90 ^\() "^S

were used to extract, purify, quantify, and identify the mcl-PHAs produced ' ' ' '

.

Extraction. The extraction of PHAs from the freeze-dried cells was achieved with

methylene chloride. 10 g of lyophihzed cells contained in a hull locked into the Soxhlet

apparatus connected to a 500 mL flask were extracted with 200 mL methylene chloride

(CH2C12), for 6 h at 60 °C. A viscous concentrate extract, of ca. 100 mL of CH2C12

containing ca. 10% (w/v) of PHA at 50 °C was then precipitated by poring it slowly into a

10-fold volume of stirred ice cold ethanol. The precipitate was collected by filtration and

dried under vacuum at 40 °C to constant weight. The obtained polymer (ca. 7.5 g) was

dissolved again in 70 mL of CH2C12 and precipitated again as described above in an

appropriate volume of ice cold ethanol, dried in the dark and stored in a desiccator at room

temperature for further analysis.

Extraction of polyhydroxyoctanoate (PHO), [(allylate/octanoate), and (1-

Nonene/octanoate)]-copolymers

Approximately 10 grams of freeze-dried cells were transferred into an extraction thimble

603 (Schleicher and Schuell, Germany). Then a Soxhlet reflux extraction
35
was performed
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with 700 mL methylene chloride for 5 hours at 60 °C. The obtained PHA-enriched

methylene chloride was then washed twice with 200 mL of demineralized cold water and

the methylene chloride was evaporated with a rotary evaporator (Büchi, Flawil,

Switzerland). The remaining PHA was air-dried and stored in darkness at room

temperature. The (allylate/octanoate)-copolymer extraction was exactly performed as

previously described above for polyhydroxyoctanoate, with the following modifications:

800 mL methylene chloride were used for the extraction of 10 g of freeze dried cells during

4 hours 30 minutes, and the diluted methylene chloride fraction was washed twice with 200

and 100 mL of demineralized cold water. The (l-nonene/octanoate)-copolymer extraction

was performed with a reduced quantity of the organic solvent to 580 mL of methylene

chloride and the Soxhlet reflux extraction runs for 4 hours, and it washed twice with 100

mL of de-mineralized water. After washing, the organic phase was dried with anhydrous

sodiumsulfate, filtered through a cellulose-filter MN713 (Macherey and Nagel,

Switzerland) and evaporated. The product was collected, dried and stored in darkness at

room temperature.

Gas chromatography (GC) analysis: determination of mcl-PHA

composition

To determine the monomeric composition of the extracted mcl-PHAs a GC analytical

method appropriate for the specific polymer composition was set up as described

previously .
The biopolymer was first hydrolyzed as follows: 2-3 mg of extracted PHA

was introduced into a 12 mL Pyrex tube containing a mixture of 2 mL chloroform, 0.1 g L"

methylbenzoate as an internal standard, and 2 mL of 15 % H2S04 in methanol. The tube
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was tightly closed with a Teflon cap and heated for 2 h to 100 °C to achieve the

methanolysis. After cooling on ice, 1 mL of distilled water was added into the tube and

stirred vigorously for extraction of the produced fatty acid methyl esters. The organic phase

containing the dissolved hydroxyalkanoates methyl esters was dried with Na2S04 for

further analysis. For separation of the methyl esters luL of this organic solution was

injected into a GC apparatus (Varian Star 34000CX equipped with a flame ionization

detector, (Varian, Walnut Creek, USA), equipped with a Chrompack WCCT fused silica

CP-sil 5CB, 25 m x 0.32 mm column; split/splitless ratio 1:40) applying a temperature

program starting at 60 °C for 2 min and rising stepwise 5 °C min" to 200 °C.

GC-MS Structure analysis. The mcl-[(3-OH)-PHA] monomeric identification was

confirmed by linking up the GC to mass spectrometer (GC-MS MD 800 with 70 eV, scan

speed 5s" at 200 °C, m/z between 40-200, Fission Instruments Ltd., England).

NMR structure analysis. The NMR spectroscopy analysis was essential to determine

the structure of the PHAs. The polymer was dissolved in CDCI3 and analysed in an ASX-

400 Brucker NMR spectrometer at room temperature. H-NMR (400.1 MHz) spectra were

obtained with a 5 jus pulse length at 45
°

pulse angle and the C-NMR (100.6 MHz) spectra

were recorded with 3.5 jus, pulse length at 45 °

pulse angle, 26'000 Hz spectral width, 5s

pulse repeated, 32 x 10 data points for 10 scans and the shifts were determined relative to

tetramethylsilane (TMS). However H-NMR spectra were also measured at 330 K in

1 1 O

DMSO-dß. COSY ( H, C) NMR spectra were measured in the same instrument with a

delay time of 5.5 jus at 300 K in BMSO-d6.
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Results

Determination of single C-, N-, and C/N-double nutrient limited

conditions.

The biosynthesis of polyhydroxyalkanoates (PHAs) by Pseudomonas oleovorans GPol was

achieved by cultivation of the organism in minimal medium, with octanoate as the main

carbon substrate in continuous culture at a dilution rate of D = 0.1 h"
. During the

cultivation the C/N-ratio [mol C (mol N)" ] was varied in order to determine the range of

the inflowing carbon/nitrogen ratios under which an optimum PHA accumulation was

obtained. The OD4so, DOC, ammonium (NH4+) concentration, and the CDW were

measured as function of C/N-ratio in the feed. The result clearly indicates carbon-limited

growth at inflow C:N ratios < 8.5, a dual C/N-limited zone between 9 and 11.5, (Figure 2.4)

and purely nitrogen-limited growth conditions during growth with inflowing medium C/N

ratios > 11.5. The residual DOC under N-limited growth conditions was 50 mg L" and it

decreased with decreasing C:N feed ratio and became lower than 2 mg L"1 when the

double-nutrient limited zone between 9.5 and 10.5 was reached (Figure 2.4). Depending on

the inflowing C/N-ratio, and the growth conditions in continuous culture with a dilution

rate D = 0.1 h"
,
a stable and reproducible high CDW (gL" ) and PHA content (gL" ) were

found at highest C/N-ratio in the double nutrient limited zone. Under these conditions the

substrate uptake on that zone has resulting to an OD4so of 6.5 and CDW = 1.2 g. L" that has

permit PHA accumulation. The results shows that under the same N-limited conditions the

carbon remained in excess outside of the double-limited-zone, with DOC = 45.5 mg C L"
,

an increases OD4so to 12.7 and CDW = 1.6 g L"1 which could correspond to 1.28 g PHA L"1

h"1, based on 60 % of theoretical PHA content
47' 28>37'41

in previous study
46

it was
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observed a PHA accumulation enhancement by applying N-limitation at low dilution rates

(Figure 2.3 A).
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Figure 2.4. Determination of C/N-double nutrient limited zone for growth of Pseudomonas

oleovorans in continuous culture at a dilution rate of D = 0.1 h"1, and with octanoate as a

sole carbon source. In this experiment the nitrogen concentration in the feed medium was

kept constant at 0.708 g/L whereas the feed carbon concentration was varied. OD4so, DOC,

NH4+, and CDW were measured as a function of the inflowing C/N-ration. The C/N-double

limited zone was fund to be situated between 9 and 11.5 mol C (mol N)
"

.
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Figure. 2.5. Continuous culture of Pseudomonas oleovorans in minimal medium at a

dilution rate D = 0.1 h"1 under C:N-ratio of 15.58 mol C (mol N)"1 and a (NH4+) at 0.708

g/L. The plot shows the residual NH4+, DOC, OD4so and the CDW values as a function of

time (days). From the 2n to 8 day, the culture was fed with octanoate as a sole carbon

source. The arrow at day 8 shows the start of the substrate co-feeding: octanoate/allylate

(0.8/0.2) mL h"
,
were co-fed as growth substrates for 3 days under the same growth

conditions. The culture was co-fed with octanoate/1-nonene for growth and mcl-PHA

production during 2 days (days 15 to 17 ).
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Production of PHA from (Allylacetic acid/Octanoate) and

(1-Nonene/Octanoate) under N-limited conditions

Because of the cellular PHA content which is usually highest under N-limited conditions, a

culture of P. oleovorans was grown at C:N feed ratio of 15.58 mol C (mol N)" and it was

tested whether or not it was able to incorporate also allylate or 1-nonene into PHA. The

measured low value of the residual NH4+ at 0.0- 0.13 mg N L"
,
indicates a N-limited

growth and the high DOC value at 337.4- 448.8 mg C L" (Figure 2.5) was due to the

octanoate in excess present in the culture medium. The cultivation was maintained in steady

state with an OD4so decreasing slightly from 18.9 (3r day) to a stabilized value at 16.6 (6

day), and a CDW between 2 to 2.5 gL" before the allylate was co-fed (Figure 2.5). The

residual NH4+ remain undetectable, indicating pure N-limited growth conditions during the

next 4 days and the OD4so remained stable between 14 toi5. However, the DOC increased

in the broth supernatant from 350 to 600 mg C L"1 during the start of the co-feed substrate

during the first day probably due to a reduced uptake by the organisms. During the next

three days (8l to 1 ll ) the co-fed substrates were consumed by the induced cells, as

indicated by the decreasing DOC and the CDW that increased slightly to 3 g L"1. Since the

OD45o decreased during 10 days suggesting toxicity effect from the substrate, the co-fed

substrate ratio was changed to octanoate/allylate (0.9/0.1) mLh" for 3 days in order to

allow for some cell growth and the recover of OD4so. The increased octanoate, a non-toxic

substrate, enabled cell growth and avoided its prevented cell washout. The cells were N-

limited with the OD4so varying between 11 and 13, and CDW was stable at 2.3 g L"
.
At

day 15 the co-feed substrate was changed to octanoate/1-nonene (0.9/0.10) mLh" (Figure
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2.5). At day 16.5 a biomass increase was seen with a concomitant decrease in DOC,

indicating that the mixture of non-toxic and toxic substrate were utilized by the cells as a

combined carbon source for growth and PHA production. At day 17 an increase of the co-

fed substrate resulted in an OD4so decrease, due to the toxicity of 1-nonene.

Biosynthesis of mcl-PHA by Pseudomonas oleovorans GPol co-feed with

octanoate (C8), and 10-undecenoic acid (C11:1) containing unsaturated

functional groups.

10-Undecenoic acid (Cn i), a double-bond containing substrate, was co-fed with octanoate

(C8) as the carbon source for growth and production of an mcl-PHA copolymer with

unsaturated side chains, in an N-limited continuous culture at D = 0.1 h"
.
The ability of the

organism to incorporate the two carbon compounds into the polymer at three different

(C8)/(Cn i) ratios [(80/20), (50/50), and (50/80)] was tested. The produced polymer and

copolymers structure shows C%, Co monomer from octanoate and Cn i, C9 1, C71 monomer

derived from 10-undecenoic acid and determined by ^-NMR spectroscopy (Figure 2.6).

The ^-NMR spectrum was used as a reference to identify unsaturated side chains

incorporated into the PHA, and polymer physical properties were determined (Table 2.3).

The Tm, Tg, and AHm were determined by differential scanning calorimetry (DSC) Mw, Mn,

and D (Mw/Mn) were determined by gel permeation chromatography (GPC) (Table 2. 3).
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Table 2.3. Composition and physical properties of mcl-PHA produced by Pseudomonas

oleovorans GPol fed with octanoate (Cs), and octanoate/10-uncecenoate Cs/Cn i mixtures.

The physical characteristics Mw, M„, and D were determined by GPC; Tg, Tm, AHm were

determined by DSC and the monomer content is given in mol %. The polymer monomer

composition (mol %), were determined previously by H-NMR (compare Figures 2.6).

Substrate Monomers in Polymer (mol %) Mw

(kDa)

Mn

(kDa)

D

(Mw/Mn)

T

°C

Tm
°C

AHm

cal/g

Octanoate Co Cs

(100%) 12 88 245.3 113.3 2.2 -46 61 —

C8/Cll:l Co Cs C7:i C9:i Cn:i

(80%/20%) 14 43 9.5 8.5 25 309.3 61.0 5.1 -46 55 2.6

(50%/50%) 14 43 7.5 8.2 21 203.3 85.6 2.4 -48 48 —

(20%/80%) 19 45 9.5 6.5 20 186.1 84.7 2.2 -45 52 —

45



Chapter 2 Biosynthesis of Polyhydroxyalkanoates

Production of PHB, PHB/HV by Ralstonia eutropha ATCC 17669

{Alcaligenes eutrophus)

Table 2.4. The table shows different substrate ratios (*) of butyric/valeric acid co-fed to

Ralstonia eutropha, and the resulting [PHB]:[PHV] distribution in the copolymer. The

polymer composition was obtained by GPC and lH-NMR analysis.

N°-/samples * Substrates ratio PHB:PHV(moi-%)

1 90:10 9.7:0.9

2 90:10 9.4:1

3 90:10 9:1

4 90:10 10:0.9

5 80:20 4.3:1

6 80:20 4.7:1

7 80:20 4.8:0.9

8 58:42 1.9:1

9 70:30 3.8:1

10 70:30 3.6:1

11 60:40 2.9:0.9

12 60:40 3.1:0.9

13 60:40 2.7:1

14 40:60 1.6:1

15 40:60 1.9:1

16 20:80 0.92:1
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NMR Analysis of Isolated PHA Polymer

PHA was extracted from harvested cells and then purified, as described in "Materials and

Methods". Samples of the different purified polymers were subjected to H-NMR structure

analysis. NMR spectroscopic analysis of PHA allows a clear determination of the polymer

monomer structure and composition. By GC analysis, only the polymer content of the

single monomers can be identified and quantified based on monomer standards. The !H-

NMR spectrum of PHA produced during growth with octanoate as sole carbon source is

shown in (Figure 2.6.1). The peaks are assigned to different chemical groups as indicated.

Only peaks originating from C$ and Co alkane-like monomers are found in this spectrum. In

contrast allylate derived monomers were clearly detected in polymer extracted from cells

co-fed with octanoate/allylate (Figure 2.6.2), however, its proportion in the polymer was

low. Similarly, in PHA obtained from cells grown with octanoate/1-nonene as carbon

sources, two weak signals at 4.95 ppm and 5.35 ppm corresponding to C91 (99:1), (89:1)

and C71 (77:1), (67:1) double bond of the monomers are showed in the expected H-NMR

(Figure 2.6.3). The spectra were compared to those obtained from PHA containing

undecene (Cn 1), nonene (C9 1), heptene (C71), C%, and Co monomers from cells grown with

a mixture of 10-undecenoic acid/octanoate used as carbon sources are shown in Figure

2.6.4.
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Figure 2.6.1. H-NMR-spectrum of PHA isolated from cells of P. oleovorans GPol grown

with octanoate as sole carbon source. Peaks in the spectrum are assigned to the

corresponding hydrogen atoms (protons) in the polymer.
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Figure 2.6.2. H-NMR-spectrum of PHA isolated from cells of P. oleovorans GPol co-fed

with a mixture allylacetic acid/octanoate (0.11 mL h" /0.9 mL h" ) as carbon sources. The

peaks at 5.4 ppm belong to the proton connected to the C chiral atom (35.1), and to the

double bonds from the allylate (45.1, 55.1) are detected in the polymer.
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Figure 2.6.3. H-NMR-spectrum of PHA isolated from cells of P. oleovorans co-fed with a

mixture of 1 -nonene/octanoate (0.11 mL h" 10.9 mL h" ) as carbon sources. Peaks in the

spectrum are assigned to the corresponding hydrogen atoms detected in the polymer.
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Figure 2.6.4. H-NMR-spectrum of PHA produced during growth by P. oleovorans GPol

co-fed with mixture of 10-undecenoic acid/octanoate (80%/20%) as carbon sources (see

Table 2.3). The peaks in the spectrum are assigned to the respective protons. The H-peaks

at 4.8-5.0 and 5.7-5.9 ppm indicate the existence of (-CH=CH2) protons. The peaks at 5.1-

5.2 ppm correspond to these from the (-0-CH-) backbone matrix. These peaks can be

compared to those from PHA containing C9 i; C71 monomers detected at 4.95-5.35 ppm in

(Figure 2.6.3).
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Figure 2.6.5. COSY (!H, !H) NMR spectrum analysis of PHA isolated from cells of P.

oleovorans GPol growth by co-fed (80%/20%) of 10-undecenoic acid/ octanoate as carbon

source (see Figure 2.6.4).
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COSY (1H, 13C) NMR spectrum analysis
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Figure 2.6.6 COSY Ti-^C-NMR spectrum analysis of PHA isolated from cells of P.

oleovorans GPol growth by co-feeding (80%/20%) of 10-undecenoic acid/ octanoate as

carbon source. The carbon peaks confirm the presence of unsaturated functions in PHA side

chain (see Figure 2.6.4).
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Comparison of two 1H-NMR spectrums
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Figure 2.6.7. The spectrum (A) corresponds to PHO contain Co and C$ monomers units

from cells grown with octanoate (see Figure 2.6.1). The spectrum (B) belong to the

copolymer contain Co, C$ monomer units and C71, C9 1, Cn 1 unsaturated monomer units

from cells grown with a mixture of octanoate/10-undecenoic acid used as carbon sources

.(see Figure 2.6.4).
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Discussion

The biosynthesis of tailored PHAs containing monomers with functionalized side chains by

Pseudomonas oleovorans GPol requires a production process in which the cellular growth

conditions were to be specifically adapted to each case
'

.
As observed in previous

studies many other organisms accumulate PHAs when they are submitted to the stress of

nutrients limitations
.

In our laboratory it was shown recently that simultaneous limitation

by carbon and nitrogen, so called dual-nutrient-limited conditions, as they can be achieved

in continuous culture, are probably particularly well suited for the production of tailor-

made PHA 19. Therefore to produce PHAs under optimal conditions in continuous culture

at dilution rate of D = 0.1 h" and a C/N-double nutrient limited zone were used. Octanoate

was used as a sole carbon source for growth, and in line with earlier results the data

suggested that PHA was accumulated to a high content when the C/N-double limited zone

was situated between 9 and 11.5 mol C mol" N (Figure 2.4).

However, highest contents of PHA are usually observed during N-limited growth with

carbon in excess. Therefore in this specific case, N-nutrient limitation and little C-nutrient

excess conditions were applied to incorporate toxic substrates for growth and PHA

production (Figure 2.5). Substrates such as allylate and 1-nonene, which contained double

bond functional groups and showed toxic effects, were used in co-feed with octanoate to

facilitate their uptake and incorporation into the accumulated PHA. The H-NMR

spectroscopy (Figure 2.6.2, and 3) revealed unsaturated monomers from allylate in the

corresponding PHA, while the polymer produced from 1-nonene contained 0.66 % of

unsaturated monomers. These results show that substrates with low affinity and/or high

toxicity to the organisms can be incorporated into the polymer when octanoate (nontoxic) is
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co-fed in excess with the toxic substrates in low ratio under purely N-limited growth

conditions. Furthermore, it was demonstrated that Pseudomonas oleovorans GPol also

incorporated 10-undecenoic acid (Cn i) co-fed with octanoate (Cs) and produced mcl-PHA

containing Co, C%, C71, C9 1, Cm monomers when grown under N-limitation with an

inflowing medium containing carbon in excess with a C:N ratio = 14.6. Despite the toxicity

of 10-undecenoic acid the organism was able to grow in continuous culture at a dilution

rate of D = 0.1 h"
.
Three different substrate ratios (Table 2.3) were co-fed to evaluate

which substrate mixtures could permit cellular growth and produce PHA. At (20 %

octanoate / 80 % 10-undecenoic acid) the organisms accumulated less PHA (g PHA/g

CDW), and less Cm in PHA compared to growth in (20 % Cm) or (50 % Cm)

presumably due to the toxic effect of 80 % Cn 1 (Table 2.3). The physical characteristics of

these polymers, as obtained by GPC and DSC, are typical for mcl-PHAs and indicate a high

molecular weight (Mw) polymer. The content of long chain length monomer units affects

the polymer consistency but the glass transition and the melting temperatures of Tg = - 46 to

- 48 °C and Tm = 48 to 55 °C, respectively, were only slightly different from those of Cs/Cô-

PHA. However, the polymer exhibited an amorphous-hard consistency and some crystalline

transparency. From the PHB and PHB/PHV production studies it was observed that butyric

acid (C4) used to feed Ralstonia eutropha ATCC 17699 under the above described

cultivation conditions produced only PHB (C4), whereas valeric acid, used as sole substrate,

produced a copolymer containing a PHB: PHV in a ratio of 1:1.5 mol-% as detected by 1H-

NMR analysis. Nevertheless, Table 2.4 shows that the substrates co-fed in different ratios

to Ralstonia eutropha were not linearly incorporate into the PHB/PHV copolymers. The

physical and thermal properties of PHB, and PHB/HV have previously been studied and
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compared to those of polypropylene (PP) a reference ' ' '

.
We have also analyzed PHB

and PHB/HV and found them to show more transparency (crystallinity) and hardness than

the PHAs biosynthesized by Pseudomonas oleovorans GPol.

Conclusion

The microbial synthesis of PHAs still has much potential for exploration and improvement

for the biotechnological production of new polymers, copolymers, or block-copolymers.

The flexibility of Pseudomonas oleovorans GPol in using a wide range of different

substrates for growth and PHA production has permitted the incorporation of carbon

compounds carrying functional groups. The C/N-double nutrient limited zone was clearly

defined when the organism was fed with octanoate (a non-toxic substrate), in continuous

culture at D = 0.1 h"
.
It was found that, by using substrates with functional groups, its toxic

effects to the organism growth was a limiting factor for the incorporation of those

functional groups into mcl-PHA. The toxic substrates allylate (C51), and 1-nonene (C9 1)

were co-fed with octanoate as carbon sources under purely N-limited conditions with

carbon in excess. According to the obtained results, C51 from allylate was incorporated

successfully into the PHA at low ratios by co-feeding with octanoate, in spite of its toxicity.

The modest incorporation of allylate could be due to the short C51 chain length, for which

the enzymes involved in PHA-precursor handling in the PHA biosynthesis in Pseudomonas

oleovorans GPol probably exhibit low affinity. In contrast, C9 1 from 1-nonene was found

to be incorporated by Pseudomonas oleovorans GPol as previously reported ' '

.

10-

undecenoic acid (Cn 1) substrate was mixed with octanoate in different ratios, and used for

growth and mcl-PHA production by Pseudomonas oleovorans GPol. The produced mcl-
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PHA copolymer were characterized by it composition, containing aliphatic C«, Co

monomers and Cn i, C9 1, C71 vinyl functional groups in side chain monomer units. The

physical characteristics of amorphous consistency, a crystalline transparency, a glas

transition and a melting temperature of Tg =
- 45 to - 48 °C and Tm = 48 to 55 °C, are

similar to these of Cs/Cô-PHA, but very far from those of the hard and brittle PHB or

PHB/PHV polymers .
H-NMR spectroscopy was used to determine monomer structures,

monomer composition and to quantify in mol-% the total amount of the polymer produced

by cells (Figures 2.6.1 to 2.6.4). The pure nitrogen limitation and the excess of carbon

containing a high ratio of non-toxic substrate might also have influenced the formation of

specific functionalized mcl-PHA from the two toxic substrates. The incorporation of

functional groups into the PHAs provides a material with a potential to be improved by

interesting specific chemical modifications such as cross-linking. These results suggest a

combination of two approaches: the biosynthesis of polymers and subsequent chemical

transformation permitting a better stoichiometric control of the produced block copolymers.

The biosynthesis of specific PHAs containing functional groups is essential for the

production of intermediary derivatives for further chemical modifications to produce

improved and useful biomaterials.
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Production of several new types of mcl-PHAs

Abstract: Substrates are nutrients for cellular growth and production of metabolites,

proteins, and other macromolecules, including polymers like the PHAs that can be used as

carbon sources and energy reserves. Pseudomonas oleovorans GPol have shown the ability

to use a large variety of substrates for growth and PHA accumulation. In early studies

octane was used as sole substrate to produce mcl-PHA .

In contrast, other organisms such

as Rhodococcus ruber, or Ralstonia eutropha were able to use short chain length aliphatic

substrates like butyric and/or valeric acid to produce P3HB and the corresponding

copolymer P(3HB/3HV) 2. The substrate interactions that affect the biosynthesis process

are the affinity between the organism and the substrate, its toxicity and its uptake for

growth and product accumulation. The composition of mcl-PHAs produced by

Pseudomonas oleovorans GPol depends on the structure of the substrates used as carbon

sources
'

. By using substrates containing functional groups that show a certain level of

toxicity, their uptake by the organisms, its growth and the amount of PHA accumulation

can be affected. Consequently the composition and the concentration of the monomers as

building blocks in the produced PHA polymer might also be reduced. Many substrates have

been used both as carbon nutrients for cellular growth and new polymer production, based

on their functional groups. Successful incorporation by the organisms of the functional

group containing substrates into the polymer can sometimes result in a specific material

that opens perspectives for new polymer synthesis. Compared to other equivalent

commercialized materials, for instance synthetic polymers or petrochemical plastics, the

PHAs are expensive materials 4'7'n. Only biopolymers used for specific applications could

justify its expensive production price. Cheaper substrates such as sugar, molasses, or
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vegetal oils are used to minimize the production costs. However, the PHAs, as a natural,

renewable, biocompatible and biodegradable material, have a large potential in the medical

domain, and by producing new useful PHA-based, environmentally friendly materials.

Growth Substrates for organisms producing PHAs

PHAs are accumulated by a number of Gram-negative bacteria such as Pseudomonads '

.

As described previously, fructose, glucose, or acetate were used as substrates to feed

Alcaligenes eutrophus ,
and CO2, or acetate were used to feed Rhodospirillum rubrum

to produce a short chain length (scl-) PHA according to the biosynthesis pathway of Figure

1.1. Analogously, mcl-PHAs are produced by Pseudomonas oleovorans GPol under

limited nutrient growth conditions through specific pathways ' (Figure 1.2). Under

nutrient limitations the organism does not grow but accumulates substrate-based polyesters

(PHAs), which can in turn be used as energy sources by the organisms themselves when the

limitation on nutrients disappears. Pseudomonas oleovorans GPol is known to use

different kinds of substrates for growth and mcl-PHA accumulation
.
Based on the

reported results a selected number of substrates carrying interesting functional groups have

been tested as nutrients for growth and PHA production (Table 3.1). All the substrates with

functional groups were toxic and have required appropriate conditions under which they

could be used by the organisms. By shake-flask batch cultivation, these substrates were

used under different C/N-ratios, E2 mineral medium, pH 7.1, at 30 °C, to test for growth

and PHA accumulation as shown in Table 3.1. Three of the described substrates carrying

double bond functional groups, allylacetic acid, 1-nonene and 10-undecenoic acid have

been reported to be used as substrates for growth and PHAs production [see Chapter 2].
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Table 3.1. The table shows a selected number of substrates that contain functional groups

and have been used to feed Pseudomonas oleovorans GPol under nutrient limited growth

(N-, C/N-) '

,
to produce mcl-PHAs. Citrate was used as a reference growth substrate that

does not produce mcl-PHA.

Substrate Cn Growth PHA content

[ % CDW ]

Monomers

found

PHA product
[g/L]

Citric acid c6 + - - -

Na-Octanoate c8 + 10-40 Co, c8 2.2

Caprylic acid c8 + 10-40 Co, c8 2.4

n-Octane c8 + 10-30 Co, c8 1.2

10-undecenoic acid Cn + 10-25 Cn i, C9i,C7i 1.4

1 -nonene c9 ± 5-10 C9 1, C71 0.6

Allylacetic acid c5 ± nd Csi nd

Suberic acid c8 + 10-40 C4, Ce, Cg 1.6

Methyl caprylic acid c9 + nd nd nd

Suberic acid dimethylester Cio + nd nd nd

5-phenylvaleric acid Cn + nd nd nd

1-phenyl-heptane Cl3 + nd nd nd

Remark: The PHA product [g/L] was obtained by extraction in the Soxhlet reflux

apparatus 10. The cells were produced in a 2L chemostat with a total volume of 1800 mL

continuous culture medium (Chapter 2, Table 2.1) and fed with above described growth

substrates. Products was extracted from 5 chemostat collected cells (9.0 L) with PHA

content of 10-40 % CDW for the octanoate and suberic acid, 10-25 % CDW for 10-

undecenoic acid, and 5-10 % CDW from 1-nonene substrates. The extraction result gave a

corresponding yield of PHA product in [g/L].

Legend: (nd) = not determined.
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Another substrate, suberic acid (C8) that carries di-ester (2x -COOH) functional groups,

was used as carbon source for growth and production of mcl-PHA by Pseudomonas

oleovorans GPol as reported here.

Physiological studies of Pseudomonas oleovorans Gpol growth under

C/N-nutrient limitation and co-feeding with toxic and non-toxic

substrates.

Materials and Methods

Bacterial strain andpre-culturing conditions:

Pseudomonas oleovorans ATCC (American Type Culture Collection) 29347/GPol was

used in all experiments. As pre-culture, 2 ml of a stock (stored at -80 °C in 15 % glycerol)

were incubated for 24 h on a rotary shaker at 30 °C, 200 rpm, in a 500 ml flask containing

120 ml of sterilized pre-culture medium. As pre-culture medium 120 ml of a solution

containing 0.58 g/1 sodium octanoate (Merck, Germany), 3.5 g/1 NaNH4HP04*4H20, 7.5

g/1 K2HP04*3H20 and 3.67 g/1 KH2P04 (pH adjusted to 7.13 with 10 M NaOH and 35 %

HCl, respectively) were sterilized. 0.12 ml of a 1 M MgS04 solution and 0.12 ml of a

CCMT trace element mixture (2.78 g/1 FeS04*7H20, 1.98 g/1 MnCl2*4H20, 2.81 g/1

CoS04*7H20, 1.47 g/1 CaCl2*2H20, 0.17 g/1 CuCl2*2H20 and 0.29 g/1 ZnS04*7H20 in a

1 N HCl solution), sterilized separately, were then added. The pre-culture was used to

inoculate the chemostat for an initial batch growth.
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Batch culture

A corresponding E2 medium without (NH4)2S04 for batch cultivation was used. Therefore

1500 ml H20 containing 2.25 g/1 NaNH4HP04*4H20, 12.00 g/1 K2HP04*3H20, 2.40 g/1

KH2P04, 4.33 g/1 sodium octanoate (Merck, Germany) and 0.53 ml/1 10 % silicon antifoam

were sterilized before adding 1.2 ml IM MgS04 through a sterilized filter and 1.2 ml

separately sterilized mixture of trace elements (cf. pre-culture composition). The chemostat

was filled with the obtained medium and inoculated with the pre-culture, resulting in an

OD45o of 0.52. A batch culture was run at 30 °C, with a stirrer velocity of 1000 rpm until an

OD45o of approximately 0.8 was reached (early exponential growth). The chemostat was

then switched to continuous culture for C/N-double-nutrient limitation zone determination

Determination of the C/N-double-nutrient limited conditions with

Octanoate as carbon source in continuous culture.

Continuous culture medium containing 0.54 g/1 (NH4)2S04, 1 g/1 KH2P04*4H20, 1 g/1

K2HP04*3H20 and 0.6 ml/1 10 % silicon antifoam was sterilized. Subsequently, 1 ml/1

separately sterilized mixture of trace element (cf. pre-culture composition) and 1 ml/1 1 M

MgS04 sterilized by pre-filtration were added. The resulting medium was used at a dilution

rate of D = 0.12 h"
.

The carbon source flow rate was varied (0. lml/h, 0.2ml/h, 0.3ml/h... )

leading to C/N-ratios of 3.10, 5.71, 8.24, 11,10, 16.23, and 22.84. C/N-double-nutrient

limitation was reached by the carbon flow rate of 0.3ml/h, 0.4ml/h, and 0.5ml/h, delimiting

a C/N-limited zone (Figure.3.1) from 8.2 to 16.7. The determination has been made by

DOC/Ammonium measurements in the culture broth supernatant.
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Results

The results presented here summarize the bioprocess steps to determine a C/N-limited

nutrient zone where the organisms accumulate PHAs. Octanoate (non toxic) substrate was

used as sole substrate to feed Pseudomonas oleovorans GPol in continuous culture under

optimal conditions at D = 0.1 h"
,
30 °C, and pH 7.1. Under these conditions suberic acid

(toxic) was co-fed with octanoate, which stimulated its uptake for growth and PHA

production.

Determination of C / N Double Nutrient Limitation Zone
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Figure 3. 1. The figure shows the C/N-nutrient limited zone from 8.2 to 16.7, where the

biomass is highest with OD4so = 8.7 and the CDW = 3.5 g/1. Under nutrient limitation

stress, and fed with an appropriate substrate, the organism did not grow but accumulated

substantial PHA
'
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Residual Suberic acid / Octanoic acid [mgC/l]
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Figure 3. 2. The figure shows the substrate uptake by Pseudomonas oleovorans GPol co-

fed with suberic acid and octanoic acid. In this case the bioprocess runs under C- excess

and N-limited conditions. DOCoct measurements show that octanoic acid is totally

consumed as growth substrate resulting in high OD4so values. The organism shows a very

low incorporation of suberic acid, which accumulates to a high residual DOCsub-

(Octanoate / Suberic acid) co-feeding in continuous culture.

Octanoate and Suberic acid were used as co-feeds under the same flow rate and medium

conditions previously used to produce PHA from octanoate when it was used as sole

substrate. The culture grew with D = 0.12 h"
,
carbon flow rates of 0.3 mL h" octanoate

(0.27 g h- corresponding to 0.18g C h" ) until a steady state was reached with OD4so= 4.5.

At this point 0.164 mL h" (32.7mg) corresponding to 10% of suberic acid (cone. 200 mg

/mL) had been co-fed. The cultivation was followed during 240 h with OD4so and DOC

measurements. The results of Figure.3.2 show that the OD4so remained higher while the
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DOC residue increased and maintained its level during the co-feed. The DOC measurement

shows that the obtained values correspond to 10% suberic acid that was not taken up by the

organism. The carbon flow rate was then changed to (0.3 mL h" ) octanoate / (0.082 mL h" )

corresponding to 5% of suberic acid (cone. 16,35 mg/mL) for 120 h, resulting in a decrease

of DOCSub residue. In the two cases the obtained DOCoct values show that the octanoate was

taken up as a useful substrate (Figure 3.2). It seems clear that by co-feeding suberic acid

(di-acid) with octanoic acid in continuous culture under C/N-limited growth conditions,

both substrates were taken up by Pseudomonas oleovorans GPol with octanoic acid

preferentially used by the organism for growth. Nevertheless, suberic acid was taken up in

1 1 O

low concentrations, and incorporated into the PHA, as confirmed by H-, and C- NMR

(Figures 3.4, and 3.5).

*H-, 13C-, NMR Spectroscopy analysis of PHA-[H(COO7-COOH)-co-

(HO)]

The obtained PHA polymer was analyzed by NMR spectroscopy in CDCI3 under detection

limits between 0.5-1 % fixed previously to determine functional side chain length versus

100 % of the polymer with ca. 100 backbone units. The spectrum shown in Figure 3.3

corresponds to the PHO obtained from octanoate (C8) used as sole carbon source. The co-

feeding of octanoate with suberic acid substrates resulted in a polymer that contains the

main ester functions, as evidenced by the H-NMR spectrum from PHA-[H(COOV-

COOH)-co-(HO)] (Figure 3.4) and the PHO spectrum used as reference. The 13C-NMR

spectrum of the two polymers (Figure 3.5) shows carbon peaks (Co, C8) at 180 ppm, and

71



Chapter 3 Substrates

(a8, b8, d8) at 32.5, 30.2, and 24.8 ppm in the ester-polymer. These peaks were not seen in

the PHO spectrum.

^-NMR spectra of mcl-PHO and mcl-PHA-[H(COOV-COOH)-co-(HO)]

38 28 IB
~

M 26 18

S 4 I

1 J

Figure 3.3: H-NMR spectrum of PHO produced by Pseudomonas oleovorans. GPol fed

with octanoic acid as a sole carbon source. The protons corresponding to the aliphatic side

chains and those of the backbone structure are numbered and listed next to the peaks.
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CQOOH C,OOH
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-X
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a8 UJ

Figure 3.4: !H-NMR spectrum of PHA-[H(C007-COOH)-co-(HO)] produced by

Pseudomonas oleovorans GPol co-fed with octanoic acid and suberic acid under C/N-

limited growth conditions. The background PHO spectrum remained unchanged, while new

functional peaks such as a8 and a6 have appeared at 2.3 ~ 2.4 ppm corresponding to the

ester carbons of the side chain length.
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13
C-NMR spectra of mcl-PHA-[H(COO/-COOH)-co-(HO)] and mcl-PHO
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Figure 3.5: The 1JC-NMR of PHA-[H(COO /-COOH)-co-(HO)] and PHO. The presence of

the carbon peaks (Co, C8) at 180 ppm and those (a8; b8, d8) at 32.5, 30.2, and 24.8 ppm

detected in PHA-[H(C007-COOH)-co-(HO)] (non existent in PHO spectrum) confirm the

result obtained by H-NMR in Figure 3.3 and Figure 3.4.
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Suberic acid used as main (sole) substrate during the Fed-batch

cultivation

Suberic acid was used as the main (sole) substrate to feed Pseudomonas oleovorans GPol

for growth and PHA accumulation. Suberic acid is known to be a toxic substrate, however

useful in low concentrations or by co-feeding with a non-toxic substrate such as octanoate.

To be used as sole carbon source, specific conditions related to the concentration of C/N-

nutrients were studied and improved by setting-up various batch experiments with 150 mL

shake-flasks before the fed-batch cultivation method was adopted as a fermentation strategy

to produce ester functionalized PHA.

Method: Pseudomonas oleovorans GPol was pre-cultivated twice: firstly, in a 150 mL

Erlenmeyer shake-flask containing E2 minimal medium, trace elements and 0.5 g/1 of

Suberic acid and 0.1 g/1 octanoic acid as substrate to support initial growth, at 30 °C, and

200 rpm during five days reaching an OD4so = 0.28. A second batch pre-cultivation under

the same growth conditions used previously was inoculated with 1 mL of the cells grown in

the first batch culture. The induced cells had a short lag-phase (for this kind of substrate)

and reached an OD4so = 0.5 after 38 h. A chemostat was filled with 1700 mL mineral

medium contain 2.25 g/1 NaNH4HP04*4H20, 12.00 g/1 K2HP04*3H20, 2.40 g/1 KH2P04,

0.85 g octanoate corresponding to (0.5 g/1) and 0.53 ml/1 5 % silicon antifoam. 1.2 mL IM

MgS04 was added through a sterile filter, 1.2 mL of a separately sterilized mixture of trace

elements and 100 mL of (0.5 g/1) suberic acid were added. The final concentration of

suberic acid was 55.6 mg/1 in the total volume of 1800 mL in the chemostat. The

chemostat was inoculated with the second batch pre-cultivated cells induced to grow on

suberic acid, with a starting OD4so = 0.5. The batch culture was run at 30 °C and 1000 rpm,
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until an OD4so = 0.8 was reached. The cells grew slowly; however, after two days there was

a significant increase of the biomass as expected from the batch experiments. A fed-batch

fermentation process was started and the culture was fed continuously with Suberic acid as

sole substrate. The growth was linear at a constant flow rate of suberic acid (cone. 100 mg

C L" h" ). The culture became nitrogen-limited when an OD4so =15 corresponding to a

CDW = 2.5g 1" was reached (see Figure 3.7). The biomass increased to OD4so = 26 with a

CDW = 4.3 gl" and consequently PHA accumulation was observed under the microscope.

The cells were collected by emptying the chemostat until 100 ml of its total Volume and

refilled with the same medium under the same conditions to 1800 mL. The process was

repeated three times. The collected cells were centrifuged, cooled on liquid nitrogen,

lyophihzed, and extracted in a Soxhlet apparatus with methylene chloride for 4 h. The

organic solvent was evaporated and the concentrated viscous polymer precipitated on cold

methanol (-5°C). The obtained PHA was dried under high vacuum for 5 days before NMR

spectroscopy analysis, which showed results similar to those reported in Figures 3.4 and

3.5.

Results

The obtained results can be treated simultaneously as a biomaterial production process and

a physiological study involving organisms, nutrients, and functionalized toxic substrates.

Fed-batch cultivation appears to be the strategic method of choice to use functionalized

substrates to feed organisms that could incorporate them into PHA. Physiologically, the

cells were previously induced in batch pre-cultivations. Nutrient flow rates were optimized

to maintain substrate concentration and medium composition at necessary levels to ensure
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growth and PHA accumulation. Figures 3.6 and 3.7 summarize the main result of this

experiment. Pseudomonas oleovorans GPol, known for its flexibility in using different

substrates, has shown here a strong adaptation capacity to survive on extreme growth

conditions that include of nutrient limitations and/or toxic substrates when these are used in

1 o

low concentrations. The produced PHA was analyzed by C-NMR (Figure 3.8).

Fed-batch growth of P. oleovorans GPol

using suberic acid as sole substrate
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Figure 3.6. Growth curve of Pseudomonas oleovorans GPol fed with suberic acid as sole

carbon source for about 10 h.
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Fed-batch cultivation of P. oleovorans GPol

with suberic acid as sole carbon source
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Figure 3.7. Fed-batch cultivation of Pseudomonas oleovorans GPol fed with suberic acid

as sole carbon source, grown under nitrogen limited conditions and carbon in excess. The

curve shows that suberic acid was taken up by the organism at low medium concentrations,

increasing it biomass to OD4so = 25, at [NH4+] = 0 and maintaining the DOC = 100 mg/l.

From time 6 to 14 h the DOC was no longer measured due to the fact that the cultivation

was fed with carbon in excess and from time 8 h the cultivation was nitrogen-limited with

continuous increase of the OD4so
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13C-NMR of mcl-PHA-[H(COO/-COOH)-co-(HO)]
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Figure 3.8. 1JC-NMR of mcl-PHA-[H(COO/-COOH)-co-(HO)]. The main information

obtained from this spectrum is the presence of the ester function incorporated from suberic

acid into the PHA polymer, not found in the H-NMR by (probably) losing a proton (-COO"

1 o

), but detectable in the C-NMR analysis. The PHA copolymer analyzed here contains

PHO from the octanoate substrate and 10 % of the carboxyl (-C007COOH) functional

groups (detected at 179.2-180.1 ppm) from suberic acid used during the fed-batch

cultivation. Analogous results were reported previously in Figure 3.5 where the carbon

peaks (Co, C8) at 180.1 ppm also showed the incorporation of the carboxyl function into

PHA by Pseudomonas oleovorans GPol.
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Suberic acid-dimethyl ester chemically synthesized and used as substrate.

Suberic acid was used as a substrate to incorporate carboxyl (R-COOH) functional groups

into the biosynthesized PHAs. We also tested suberic acid-dimethyl-ester (R- 2x -

COOCH3), which was synthesized chemically and used as substrate for growth and PHA

production, and as a starting material to synthesize a mono-methyl-ester (R-COOCH3) to

also be used as a substrate.

Material and Methods

All solvent and reagents were purchased from Fluka (Buchs, Switzerland) and were of

commercial purity grade. Suberic acid (Mw = 174.2, mp = 140 °C), p-Toluolsulfonic acid

[H+(pTsa)] monohydrate (Mw = 190.2), methanol and chloroform, 500 ml round bottom

flask, special glass connectors, and an oil-bath, complete the material to set up the

synthesis.

1 9

Synthetic methods

A mixture of 174.2 g (1 mol) suberic acid, 5 g p-toluolsulfonic acid, 100.7 mL (2.5 mol)

methanol, and 200 mL chloroform were stirred, heated and refluxed for 10 h at 67 °C until

complete elimination of water. Finally, the chloroform was eliminated by evaporator

rotation at 45 °C. The product was fractionally distilled at 180 °C under 470 mbar, and

85.34 g of suberic acid-dimethyl-ester corresponding to a 42.2 % yield was obtained (bp =

268 °C, litt: bp = 268°C nD = 1.434, litt: no = 1.4341) 17.
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Table 3.2. The table shows data and parameters related to the starting material used for

the synthesis. Reagents: Suberic acid (solid) Methanol; Catalyst: p-Toluolsulfonic-acid

Monohydrate [H+(pTsa)] (solid); Solvents: Chloroform. Product: Suberic acid-dimethyl-

ester (liquid).

Name Mass mp [°C] bp [°C] Density „20 Disposal
Suberic acid 174.2 140-144 Solid org. w.

Methanol 32.04 65 0.7952 1.329 Org. solvent

Chloroform 119.38 61 1.470 1.444 Hal. Org.
sol.

H+(pTsa) 190.22 Solid org. w.

Suberic acid-

dimethyl-ester

202.25 268

(268)
17

1.0140 1.4341 Org. solvent

Schematic Chemical Reaction

OH ^

H+(pTsa)

CHCI3/67°C, 10 h

Suberic acid Suberic acid-dimethylester

Purity control of the obtained product by 1H-NMR spectroscopy and physical parameters

20

(bp, no ) showed that these were identical to those reported in the literature for suberic acid

dimethylester.
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Suberic acid-dimethylester used as a substrate for Pseudomonas

oleovorans GPol growth.

The obtained suberic acid-dimethylester was used as carbon source for growth and PHA

production. An experimental batch/shake-flask cultivation of Pseudomonas oleovorans

GPol was set up under specific conditions in a 1 L flask containing 400 mL E2 mineral

medium with [N] = 0.2 g N/L, and [C] = 2.44 g C/L from the substrate, at 30 °C, and 200

rpm. The batch culture was followed for approximately 200 h, by measuring the OD4so and

the substrate uptake by the organism. After an induction time the organism grew slowly but

progressively before the cell density started to decrease, probably due to the restricted batch

growth conditions and the long fermentation time.

Results

Growth curve of P. Oleovorans GPol fed with

suberic acid-dimethylester as sole substrate
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Figure 3.9. The figure shows a single growth curve of Pseudomonas oleovorans GPol fed

with Suberic acid-dimethylester as sole carbon source. The weak growth was probably due

to the fact that Pseudomonas oleovorans GPol takes up or metabolizes suberic acid poorly.
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Discussion and conclusions

Suberic acid-dimethylester could be used as a growth substrate by Pseudomonas

oleovorans GPol to some extent and also for limited PHA accumulation. There was

observed a long lag-phase of more than 96 h before the organism started to grow.

Nevertheless the substrate (dimethylester) was partially consumed resulting in biomass

formation (OD4so = 1.7), and PHA accumulation as observed by microscopy. The long lag-

phase can be due to the nature of the chemically synthesized substrate. Traces of suberic

acid (diacid), which is toxic to Pseudomonas oleovorans GPol and was used as starting

material for the new substrate synthesis, could have affected cell growth. Suberic acid-

dimethylester is apparently less toxic permitting it to be used as sole substrate. Based on

these results a chemostat experiment was setup to confirm the results obtained with

batch/shake-flask cultivation.

Suberic acid dimethylester used as sole substrate for Pseudomonas

oleovorans GPol to produce PHA in Fed-batch cultivation.

We produced PHA containing a side chain methylester function (R-COOCH3) by feeding

Pseudomonas oleovorans GPol with suberic acid dimethylester as sole carbon source in

fed-batch cultivation. Previously specific conditions related to the concentration of C/N-

nutrients have been studied and improved before the Fed-batch cultivation method was

adopted as a fermentation strategy for this substrate.

Method: Pseudomonas oleovorans GPol was pre-cultivated in E2 minimal medium, trace

elements and a concentration of 0.5 g/1 of suberic acid dimethylester as sole substrate at 30

°C, and 200 rpm during two days until an OD4so =0.35 was reached. The induced cells
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show a short lag-phase and reached an OD4so = 0.5 after 10 h. In a chemostat containing

1700 mL mineral medium containing 2.25 g/1 NaNH4HP04*4H20, 12.00 g/1

K2HP04*3H20, 2.40 g/1 KH2P04, and 0.53 mL 5 % silicon antifoam, were added 1.2 mL

IM MgS04 through a sterile filter, 1.2 mL separately sterilized trace elements and 100 mL

(0.5 g/1) of Suberic acid-dimethylester substrate (corresponding to a total of 50 mg trace

elements in a total volume of 1902.4 mL). The chemostat was inoculated with 100 mL of

previously induced cells growing on Suberic acid- dimethylester, was stirred to homogenize

the total volume, which has resulting to a starting OD4so = 0.5 in a total volume of 1902.4

mL. The cultivation followed on batch at 30 °C and 1000 rpm until an OD4so = 0.8 was

reached. Fed-batch fermentation was started and the culture was fed continuously with

suberic acid-dimethylester as sole substrate. The growth was constant even at the highest

flow rate of lg/1 h" of suberic acid-dimethylester. The culture became nitrogen-limited

when an OD4so =13, corresponding to a CDW = 2.8 g 1"
,
was reached. The biomass

increased further to OD4so = 17 with a CDW = 3.8 g 1" and PHA accumulation was

observed under the microscope. The cells were collected from the chemostat, leaving 100

ml as inoculum for the next cultivation. The chemostat was refilled to 1800 mL with the

same medium, under the same conditions described above for the first cultivation. The

collected cells were centrifuged, cooled on liquid nitrogen, lyophihzed, and extracted in a

Soxhlet apparatus with methylene chloride for 4 h. The organic solvent was evaporated and

the concentrated viscous polymer precipitated on cold methanol (-5°C). The obtained PHA

1 1 O

was dried under high vacuum before analysis by H-NMR and C-NMR to confirm its

structure.
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Results

The results reported here are of major interest in the context of using substrates that carry

functional groups that are toxic, the capacity of various organisms to grow on these

substrates, and the accumulation of functionalized mcl-PHAs by these organisms. Different

strategies have been used to avoid toxicity, and to protect functional groups: here the

substrate was first converted from suberic acid (diacid) to suberic acid dimethylester

(diester), which was expected to reduce substrate toxicity, and facilitate uptake by the

organisms. In this way, the substrate concentration limit for growth of Pseudomonas

oleovorans GPol, which was 1 g/1 for suberic acid (diacid), was increased to more than 2.4

g/1 for the suberic acid dimethylester (diester). A pre-cultivation was systematically used to

induce the cells to use the new substrates. Fed-batch cultivation of Pseudomonas

oleovorans GPol under nitrogen limitation and carbon in excess was used to produce

functionalized PHA. The obtained mcl-PHA-(-R-COOCH3) polymer was analyzed by

NMR spectroscopy for structure determination, and the presence of the ester functional

1 o

groups in the polymer were confirmed by C-NMR as reported in Figures 3.9, and Figure

3.10 which shows the corresponding mcl-PHO spectrum, used as a reference that does not

contain the side chain ester functions. The H-NMR did not show the expected peaks for

1 o

the methylester protons (-COOCH3), while the carbons were detected by C-NMR

spectroscopy in Figure 3.10.
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13
C-NMR spectroscopy of mcl-PHA-(-R-COOCH3) vs. mcl-PHO
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Figure 3.10: 13C-NMR of PHA-(R-COOCH3). The carbon peaks (g6, g8) at 174,8 ppm and

at 50,8 ppm (Iô, I8) are from the methylester (-CH3) groups. The side chain carbons (e6, e8)

at 34.2 ppm and the backbone (C = O) carbons (ho, h8) at 179.8 ppm are also shown.
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Figure 3.11: C-NMR of PHO is taken as the reference spectrum that does not contain

carbon peaks from or connected to a side chain ester function. All the ester functions

belonging to the polymer were analyzed by 1H-NMR spectrum and reported in Figure 3.3.

Enzymatic monomethylester synthesis catalyzed by Pig Liver Esterase

(PLE)

A monoester was obtained by enzymatic hydrolysis of the diester with Pig Liver Esterase

(PLE) .
The reaction, which occurs at room temperature, specifically hydrolyses dimethyl

esters of alkanes to monomethylester-acids giving high yields and clean products. The

residual enzyme can be easily separated and eliminated from the final product by two-phase

(organic solvent/water) extraction under pH control. The product is washed twice,

eliminating all traces of the enzymatic biocatalyst that loses its activity during the workup

process.
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Schematic Enzymatic Reaction

o

/CH3 Enzyme (PLE) H C""
U ^-

J

[RT] Ö
O

(Suberic acid) - Dimethyl-ester (Suberic acid) " Monomethyl-ester

Material

The material consists of chemicals and measurement apparatus. All solvent and reagents

were purchased from Fluka (Buchs, Switzerland) and were of commercial purity grade. Pig

Liver Esterase (PLE) [201 U = lmg] was obtained from Aldrich /Fluka; suberic acid

20

dimethyl-ester (Mw = 202, bp = 268 °C, d = 1.014, n°= 1.4341) was synthesized as

described above, Phosphate buffer (KH2P04), 0.01 M, pH 7. A 2000 mL three-neck flask, a

magnetic stirrer and a pH-meter (Metrohm, Swiss) for online control were used in the

hydrolysis reaction.

Procedure

A suspension of 100 g (495 mmol) suberic acid dimethyl-ester diluted in 570 mL phosphate

buffer 0.01 M, pH 7 was stirred vigorously at room temperature until 28 mg PLE was

added to the suspension. The pH value was kept at about 7 by dropwise addition of 2N

NaOH during the process .
The reaction was followed through pH measurements

controlled online. After 1 h, another 28 mg of PLE catalyst was added to accelerate the

reaction. After 8 h the procedure was repeated, and a supplementary 19.1 mg of PLE

catalyst were added to recover a satisfactory yield of one methyl ester of alkane. A total of
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75.1 mg of PLE catalyst were used, and the reaction was stopped after 18 h. After the

consumption of 1 mol equivalent of base, the suspension mixture was adjusted to pH 9, and

then the aqueous phase was washed twice with chloroform. Afterwards the aqueous phase

was acidified to pH 2 with IN HCl, and extracted with chloroform. The organic phase was

washed with water until pH 7 was reached, dried with anhydrous sodium sulfate, and

evaporated under reduced pressure. The extraction process was repeated twice to separate

the residual di-ester and di-acid from the reaction process to produce the acid mono-methyl

ester that was collected and dried under vacuum at 40 °C. Finally 70 g of Suberic acid

mono-methyl ester corresponding to 75.2 % yield was obtained. The structure, the

composition and the purity of the product were analyzed by NMR spectroscopy before it

was used as substrate.

Results

The enzymatic reaction was successful for the synthesis of suberic acid mono-methyl ester,

1 1 O

which was obtained in a satisfactory yield. The product was analyzed by H-, and C-NMR

spectroscopy. The final composition of the product mixture was calculated to be 1 mol-%

of suberic acid (diacid), 28 mol-% of suberic acid dimethylester and 71 mol-% of the

suberic acid mono-methyl ester. The product was purified as described above: washed with

water and extracted with chloroform until the diacid was eliminated and the dimethylester

content was reduced to less than 10 %. The final product, suberic acid mono-methyl ester

was 90 % pure. It was used as sole substrate to feed Pseudomonas oleovorans GPol for

growth and PHA production. Figure 3.12 shows the ^-NMR spectrum corresponding to
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suberic acid dimethylester used as the pure starting material and the suberic acid mono-

methyl ester H-NMR spectrum is shown in Figure 3.13.

H-NMR of Suberic acid dimethylester and monomethylester

J

HeO
OMe

a.i

Figure 3.12: 1H-NMR of suberic acid dimethylester, used as educt to prepare the

monomethylester by enzymatic hydrolysis. The main protons peaks (b) at 2.28 ppm are

typical for the symmetric structure of dimethylester before its transformation.
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Figure 3.13: 1H-NMR of the suberic acid monomethylester produced enzymatically

reaction from the dimethylester. The protons peaks (a) at 2.27 ppm correspond to the

carbon near the monoacid, while (b) at 2.26 ppm corresponds to the carbon near the

monomethylester of the asymmetric structure.

Suberic acid monomethyl ester co-fed with octanoate as substrates for

growth of Pseudomonas oleovorans GPol and PHA production in Fed-

batch

The suberic acid monomethylester (monoacid) was obtained from suberic acid

dimethylester by enzymatic hydrolysis. The monomethylester was used as substrate co-feed

with octanoic acid for growth of Pseudomonas oleovorans GPol to produce functionalized

ester mcl-PHA.
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Method: Cells are previously induced to grow on batch with suberic acid-

monomethylester as carbon sources, before they are used to inoculate a chemostat

containing 1700 mL of growth medium.

Pseudomonas oleovorans GPol was pre-cultivated in E2 minimal medium, trace elements

and 0.5 g/1 suberic acid monomethylester as sole substrate on batch (check-flask) at 30 °C,

and 200 rpm for two days until an OD4so =0.12 was reached. The chemostat containing

1550 mL mineral medium (2.25 g/1 NaNH4HP04*4H20, 12.00 g/1 K2HP04*3H20, 2.40 g/1

KH2P04, and 0.53 ml/1 5 % silicon antifoam) was inoculated with 50 mL induced cells, and

1.2 mL IM MgS04 through a sterile filter and, 1.2 mL separately sterilized trace elements

were added. 50 mL (0.5 g/1) of suberic acid monomethylester, and 50 mL (0.5 g/1)

octanoate as co-feed substrate were added to a total volume of 1702.4 mL. The chemostat

was maintained on batch cultivation at 30 °C and 1000 rpm, until the cell growth reached

an OD45o = 0.8. Fed-batch fermentation was started and the culture was co-fed continuously

with suberic acid monomethylester and octanoate (see Figure 3.7). The cell growth was

constant even when the concentrations of (1 g/1) suberic acid monomethylester and (0.5g/l)

octanoate were co-fed at D = 0.1 h"1. The culture was nitrogen-limited with carbon in

excess until an OD4so =15 corresponding to a CDW = 2.8 g l"1 was reached. The biomass

increased to OD4so = 25 with a CDW = 5.6 g 1" with consequent PHA accumulation. The

cells were collected, centrifuged, cooled on liquid nitrogen, lyophihzed, and extracted in a

Soxhlet apparatus with methylene chloride for 4 h. The solvent was evaporated and the

concentrated viscous polymer precipitated in cold methanol (-5°C). The obtained PHA was

dried under high vacuum and subjected to ^-NMR analysis to confirm it structure.
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Results

*H-NMR of mcl-PHA-R-[(-COOCH3)-co-(HO)]

CâOOCH3 CsOOCH3

As >s
COOCHj

%( 0. Is
\ r.onr.;

T "^^T__^ T T

Figure 3.14: !H-NMR of mcl-PHA-R-[(-COOCH3)-co-(HO)]. The (-CH3) proton peaks

(Iô, I8) are at 3.7 ppm and these protons (e6, e8) belonging to (-CH2-COOCH3) are detected

1 o

at 2.32 ppm. The carbons corresponding to (g6, g8), are reported at C-NMR spectrum

analysis in Figure 3.3.
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Discussion and Conclusions

Pseudomonas oleovorans GPol is known to be flexible organism that can use various

substrates for growth and incorporation into mcl-PHA. To produce PHAs for specific uses

such as biocompatible materials (medical), or for further chemical modifications (new

materials), Pseudomonas oleovorans GPol was fed or co-fed several new and potentially

useful substrates in batch cultivation, in chemostat continuous culture under C/N-limited

growth conditions and in fed-batch cultivation under nitrogen limited and excess carbon

conditions. As reported, the composition of mcl-PHAs depends on the substrate previously

used as carbon for its bioprocess production 3'8. A limited number of selected substrates

were studied for growth and mcl-PHA accumulation as reported in Table 3.1. Substrates

containing interesting functional groups have been used for growth of the organisms and

PHA production in spite of the fact that some of them are toxic to the cells. Citric acid (Co)

was used as reference growth substrate for Pseudomonas oleovorans GPol without any

PHA accumulation while Na-octanoate, caprylic acid and n-octane, all three (C8) non

toxics, were used for growth and to generate mcl-PHA containing Co, and C8 monomers.

Suberic acid, a (C8) di-carboxylic acid (2 x R-COOH) which is toxic for the cells, was used

as a substrate and as a precursor for the synthesis of several functionalized substrates to

produce the corresponding PHA. To avoid toxic effects they were used at low

concentrations or previously transformed chemically to less toxic derivatives and the

production conditions were optimized for each specific case. The toxic substrates were co-

fed or used as sole carbon sources for cell growth and PHA production under N-limited

growth conditions with C- in excess, independently of the cultivation system (fed-batch,

batch, or continuous culture). In previous studies, substrates carrying double bond
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functional groups such as 10-undecenoic acid (Cn i), 1-nonene (C91), and allylacetic acid

(C51) (see Table 3.1), were used as substrates for growth and to produce mcl-PHAs with

monomers that contain unsaturated side chains (Cn 1, C91, C71, C51). The resulting

polymers were analyzed by H-NMR spectroscopy (see Figures 2.6.2 - 4 in Chapter 2), and

physical properties were analyzed by GPC, DSC, as reported in Table 3.2. The

incorporation of double bond functional groups into these polymers will hopefully permit

cross-linking and/or further chemical reactions to improve the properties of these new

materials. Suberic acid was likewise used to produce mcl-PHA with side chains carrying

carboxyl (-C007COOH) functional groups (Figures 3.4, and 3.5). Suberic acid-

dimethylester was synthesized chemically and used as growth and accumulating substrate

to produce a PHA-(R-COOCH3) polymer (see Figure 3.10). Catalytic reactions were used

in these syntheses combining bio-production and chemical transformation. Consequently,

by enzyme catalytic reaction with Pig Lever Esterase (PLE), suberic acid-monomethylester

was synthesized (see Figures 3.12, and 3.13) which was used as growth and production

substrate, resulting in the production of mcl-PHA containing monomer ester functions. The

co-feeding of monomethylester and octanoate as substrates for growth of Pseudomonas

oleovorans GPol and PHA production resulted in a mcl-PHA-R-[(-COOCH3)-co-(HO)]

copolymer, analyzed by H-NMR and reported in Figure 3.14. The results obtained here by

using functionalized substrates as carbon sources for cellular growth and PHA production

shows the potential of this approach, as well as the limits due to the toxicity of these kinds

of substrates. Nevertheless, by chemical and/or enzyme catalytic reactions substrates can be

modified to produce less toxic substrates or precursors for further modifications. This will
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expand the rage of new PHAs with specific structures and improved properties for specific

applications, as shown by some of the examples in this chapter.
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Chapter 4 Chemical Modifications of mcl-PHAs

Chemical Modifications of mcl-PHAs

General Introduction

Poly-(3-hydroxyalkanoates) (PHAs) are polymers, biosynthesized by a wide variety of

microorganisms as a source of intracellular energy and carbon storage material
.
Some day

they may also be produced from agricultural crops .
For now, they are produced

biotechnologically by fermentation of organisms such as Ralstonia eutropha (that produce

scl-PHB), or Pseudomonas putida (oleovorans) GPol that can incorporate n-alkanes,

fatty acids, and diverse substrates containing functional groups to produce mcl-PHAs

11 00 01 1^\
' ' '

.
These mcl-PHAs containing repeating units with terminal functional groups that

include phenyl, double bounds, esters or halogens. Such groups are seen when the

organisms are co-fed with the corresponding carboxylic acids and/or other substrates under

C/N-limited growth conditions ' ' '

.
Such functionalized polymers can be used for

further applications such as cross-linking to improve their mechanical properties

chemical modifications '

,
to modulate their hydrophilicity and solubility, or to improve

other physical properties by synthesizing copolymers and block-copolymers. Specific

chemical modifications can be made to produce new polymers, such as transesterification

to produce telechelic diols, or catalytic polycondensation to produce copolymers, and/or

block-copolymers. These are examples correlating the starting material structure and the

choice of specific chemical reactions to produce new materials. Therefore, telechelic diols

synthesized from mcl-PHAs by using polyethylene glycol and dibutyltin dilaurate catalyst,

result in a preserved polyester backbone with or without active functional side chain

groups, and two reactive primary and secondary alcohols. The backbone conservation also
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preserves the chiral centers at the -C3 carbon that characterizes all classified poly-3-

hydroxyalkanoates PHAs-diols, and derivatives. The high molecular weight of the mcl-

PHAs polymers can be reduced by catalytic transesterification and the stoichiometric size

of the diols controlled. This chemical method has also permitted the production of essential

intermediary monomers or polymers for further uses such as the synthesis of block-

copolymers or polyesterurethanes.

Chemistry aspects
19

Polyesters have been defined as polymers formed by the condensation of polyhydric

alcohols, such as glycol or propylene glycol and polybasic acids, such as maleic or

terephthalic acids
.

In the case of biologically produced PHAs, they are characterized by

(R)-(-)-hydroxycarboxylic acids that can be widely used as chiral building blocks for

synthesis of fine chemicals such as antibiotics, vitamins, aromatics, and pheromones '

"

.

These acids contain a chiral center can be used to synthesize new compounds; they also

contain two functional groups (-OH and -COOH), which are relatively easy to modify.

Unfortunately, preparation of enantiomerically pure (R)-(-)-hydroxycarboxylic acids by

chemical synthesis is difficult, and economically disadvantageous. Biopolyesters are

polyesters derived from bacterial sources and are exclusively based on hydroxyalkanoic

acids: usually ß-hydroxyalkanoic acid but some examples of y-hydroxyalkanoic acids are

known. PHAs can be used as biodegradable plastics, and elastomers
.
More than 120

kinds of carboxyhc acids hydroxylated at the 3- to 6-position, possessing a chiral center at

the position of the hydroxyl group, probably all in the (R)-(-)-configuration, can be

9S 49

incorporated into the polymer '

. Therefore, various enantiomerically pure (R)-(-)-
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hydroxycarboxylic acids and derivatives such as (R)-(-)-3-hydroxybutyric acid (R-3HB),

and (R)-(-)-3-hydroxyvalaric acid (R-3HV) from PHB, or Poly-(R)-(-)-3-hydroxybutyrate-

^9

co-(R)-(-)-3-hydroxyvalerate P(HB/HV) have been produced by chemical degradation

However the method shows its limits: organic solvents were used in large amounts, and the

production efficiency was rather low.

Structure and Properties of Poly-(3-hydroxybutyrate)10 *

Poly(3-hydroxybutyrate) [P(3HB)] is a highly crystalline thermoplastic polymer with a

melting temperature of 180 °C. Its physical properties are comparable to those of isotactic

polypropylene, with similar melting temperatures and crystallinity.

Crystal Structure and Properties
10 *

The crystal structure of optically active P(3HB) was studied by X-ray diffraction ' '

.
It

was found that the unit cell is orthorhombic [with a = 0.576 nm, b = 1.320 nm, c (fiber axis)

= 0.596 nm, space group P2i2i2i], and two molecules crossing through the unit cell. By

considering the non-bonded interaction forces in P(3HB), a minimum-energy due to the

helical conformation satisfying the X-ray structural parameters was predicted. The P(3HB)

intramolecular interactions drive the carbon backbone atoms into gauche arrangements

and a compact right-handed 2i helix with a twofold screw axis and a fiber repeat of 0.596

nm (Figure. 4.1)
[ ' ]

.
For comparison, the crystalline conformation of poly(3-

hydroxyvalerate) [P(3HV)], is given in (Figure 4.1) P(3HV) crystals shows an

orthorhombic unit cell, [space group ¥2{L{L\ which a = 0.932 nm, b = 1.002 nm, and c

(fiber axis) = 0.556 nm], and two molecules crossing through the unit cell. The P(3HV)
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molecule has a 2i helical conformation and a fiber repeat of 0.556 nm
.
The result shows

that 2i helical conformation is a general phenomenon in the scl-poly(3-hydroxyalkanoate)

29

polyester class and that influences its common properties.

P(3HB)

5 96A

P(3HV)

5 56A

Figure 4.1: Crystalline conformation of P(3HB) and P(3HV). Both helices are 2i, and the

respective fiber repeats are 0.596 and 0.556 nm.

Solid-State Properties of P(3HB)

The basic solid-state properties of P(3HB), have been extensively studied [ >>>->>]
^

and compared with those of some common polymers in (Table 4.1). As a thermoplastic

material melting (Tm) at 180 °C, it crystallizes to form large spheruhtes when it is cooled

slowly after melting 26. Alternatively, P(3HB) can be quenched to a glassy state with a

glass-transition temperature (Tg) around 4 °C on cooling rapidly to -100 °C after melting 21.

Thin lamellar crystals, are produced by precipitating diluted solutions '

.
The equilibrium

melting temperature (Tm°) of a P(3HB) crystal has been reported to be 197 ± 2 °C
.
The

dynamic mechanical spectra of its film showed three relaxations at temperatures below the

103



Chapter 4 Chemical Modifications of mcl-PHAs

melting point 21: the secondary y relaxation at about - 80 °C due to the presence of

absorbed water, the main ß relaxation at about 20 °C that is the glass-to-rubber transition,

and the broad a relaxation at 130 °C due to motions in the crystalline phase. The

mechanical properties correlated to the Young's modulus (E'= 3.5 GPa) and the tensile

strength (omax = 40 MPa) of P(3HB) film are close to those of isotactic polypropylene

(Table 4.1) Its extension to break (eB = 6 %) is significantly lower than that of

polypropylene (eB = 400 %), and P(3HB) is stiffer and more brittle than polypropylene. As

reported ,
the brittleness is due to cracks within the spheruhtes formed under conditions of

externally applied stress. Nevertheless, it was possible to produce ductile films in two

ways: first, the cracks were overcome by using a cold-rolling process, and secondly special

crystallization conditions were used to produce ductile films consisting of crack-free

spheruhtes. As a polyester, P(3HB) could be molded and oriented into a strong fiber, using

the gel spinning that was fund to be the most appropriate solvent-based spinning

9S

technology for this polyester . By using the method developed for polyethylene it was

possible to spin and draw fibers of P(3HB) obtained from gels of the polymer in 1,2-

dichloroethane to very high extension ratios. It was also found that the biaxially drawn

films of P(3HB) and P(3HB-co-17 %3HV) are mechanically strong, tough, transparent, and

their gas barrier properties, particularly to oxygen, are excellent.
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Table 4.1: Physical and Thermal Properties of Some Common Polymers, including

P(3HB)

Properties P(3HB) Poly-propylene

Poly (Ethylene

Terephthalate) Nylon-6,6

Tm (°C) 180 176 267 265

Tg(°C) 4 -10 69 50

Crystallinity (%) 60-80 50-70 30-50 40-60

Density (g/cm3) 1.250 0.905 1.385 1.14

Water uptake (wt%) 0.2 0.0 0.4 4.5

E' (GPa) 3.5 1.7 2.9 2.8

<w(MPa) 40 38 70 83

Sb(%) 6 400 100 60

Comparison of the PHA properties, described above particularly those of P(3HB),

compared to some common polymers shows that for specific applications they can not be

used as pure single materials without previous chemical modifications resulting to Blends

or polymers appertaining to a new class of materials such as Polyesterurethanes.

Blends

An approach to modifying the properties of different PHAs such as PHO, PHB, and

copolymers as P(HB-co-HV), which also reduces the cost of the final material, is to form

blends of biopolyesters with other materials. Studies have shown miscibility between PHB

and poly(ethylene oxide) 4, poly(vinyl acetate) 15, poly(vinylidene fluoride) 29, and
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poly(vinyl chloride) 8'31. Blends of PHA and starch that were completely biodegradable

have also been investigated
24>26'44 Starch was found to increase the rate of PHA

degradation, eventually resulting in completely degradation. To maintain acceptable

mechanical properties the concentration of the starch component must remain below about

40%. Blends have also been formed between different PHAs, or between different PHB

that achieve good miscibility. Solution blending of the copolymer P(HB-co- 8% HV),

resulted in co-crystallization, as shown by the signal melting endotherm
.
Blends

produced from atactic synthetic PHB with bacterial PHB significantly improve the

susceptibility of the biopolymer to enzymatic degradation with a blend of 50 wt.% that

9S

showing the highest rate of degradation .
These studies showed that the properties of

biopolyesters (PHAs) could be improved by different methods according to the specific

further applications. In this case, the production of blends can provide materials with lower

performance mechanical properties, but an excellent biodégradation profile ' '

.

Chemical properties of PHA-diols

1 Q

The PHB-diol synthesized from scl-PHB is characterized by single -CH3 side chain with

a chiral center at the -C3 carbon of the ester backbones, exhibit certain crystallinity, high

thermal properties and can be used as hard-segment for further synthesis .
The mcl-PHA-

10 o

diols could in principle also be prepared by catalytic transesterification '

.
Based on the

properties of mcl-PHAs (amorphous sticky with low Tg and Tm), we believe that mcl-PHA-

diols could be used as soft-segment in the block-copolymer synthesis.
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Polyesterurethane synthesis

Based on the results obtained from different studies to improve bio-polyester (PHAs)

properties and compared with those from some common polymers (Table 4.1), it is clear

that chemical modifications constitute an essential method to produce new materials from

PHAs, improving specific properties to levels comparable to those for similar synthetic

materials. Polyesterurethanes can be synthesized from PHAs (PHB, PHO) with

Lysinediisocyanate (LDI) resulting in block-copolymers and a new class of material called

polyesterurethanes characterized by specific properties. PHB-diols and PHO-diols can be

produced by chemical modification of catalytic transesterification with ethylene glycol,

which consists of reducing the biopolymer high molecular weight, and results in a desired

monomer size with a primary and a secondary reactive -OH end groups. The new

copolymers containing PHB and PHO blocks polyesterurethanes were synthesized and

could improve it physical properties compared to the corresponding start material as

reported in (Table 4.1). Therefore the chemical modifications became an essential support

to other methods used to produce materials from PHAs with specific properties.

Goal of the Chemical Modifications

There have been many studies to optimize the production of biopolyesters (PHAs) by

organisms such as Alcaligenes eutrophus (Ralstonia eutropha) or Pseudomonas

oleovorans '

.

PHB and co-polyesters of P(HB/HV) have been produced using pentanoic

s on oi il

acid as sole substrate ' '

,
or co-fed with glucose .

Production organisms have also been

modified by genetic engineering, to produce biopolymers biotechnologically that wished to

be competitive with synthetic plastics. Other efforts have been directed at the production of
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PHAs (homopolymers, copolymers, block-copolymers) with easily modifiable functional

groups to improve polymer properties. However the high cost, and the toxicity of the

corresponding substrates have limited the production of such biopolymers on large scales.

Other ways to diversified PHA production such as by agricultural plants have not yet

been successful. PHA biopolymers exhibit extreme properties that limit their applications:

PHB is a hard crystalline brittle polymer and PHAs such as PHO, PHOO, and PHUO are

soft amorphous biopolyesters. The goals of this part is to chemically modify several easily

available mcl-PHAs as low molecular weight enantiomerically pure telechelic diols as soft-

segment for polymerization, and to chemically prepare new thermoplastic biomaterials such

as copolyesters and co-polyesterurethanes by the use of mcl-PHA-diol as soft segment, and

mcl-PHB-diol as hart-segment.
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ABSTRACT Novel enantiomerically pure telechelic OH terminated poly[(7?) 3 hydroxyoctanoate] (PHO
diol), poly[(i?) 3 hydroxyoctanoate co poly[(R) 3 hydroxy 7 oxooctanoate] (PHOO diol), and poly[(7?) 3

hydroxyoctanoate co poly[(R) 3 hydroxy 7 octenoate] (PHUO diol) have been synthesized in 80—91% yield
from the corresponding high molecular weight polymers, respectively, by catalytic transesterification with

ethylene glycol The number average molecular weights (Mn) of these telechelic diols reached (2 0—3 0)
x 103, which corresponds to 17—20 repeated monomer units For PHOO diol and PHUO diol, the side

chain functional groups remained, which provides with additional reactive groups for further polymer
ization or modification The structures of the diols were confirmed by 'H NMR and IR spectra The glass
transition temperatures (Tg) of the telechelic diols are between —46 and —56 °C and the melting transition

temperatures (Tm) are lower than 40 °C, all determined by DSC These telechelic diols can be used as

soft segments to prepare novel block copolymers with desired properties

Introduction

Poly[(7?) 3 hydroxyalkanoates] (PHAs) are high mo

lecular weight biodegradable polymers produced by a

wide range of prokaryotic organisms.1_2 Poly[(7?) 3

hydroxybutyrate] (PHB) is crystalline brittle with melt

ing temperature (7m) of 175 °C and a glass transition

temperature (7g) of 0—4 °C3. mcl PHAs (which contain

medium chain length alkanoate monomers) are amor

phous and soft sticky with Tm between 39 and 61 °C

and 7g between —25 and —44 °C,4~7 which limits their

applications in common melt processes.8 9 To improve
the thermal properties, mcl PHAs with side chains

containing branch1011 or cyclic alkane,12 alkene,513~19
halogen,20~24 aromatic,25~30 ester,3132 acetoxy,3334 ke

tone,33 cyanophenoxy,35 36
or nitrophenoxy groups36 have

so far been produced. However, only PHAs containing
aromatic27 or halogenated24 side chains showed a lim

ited increase of Tm. Another approach to improve the

polymer properties is the chemical modification of the

functionalized side chain of mcl PHAs. Thus far, no

success has been achieved by epoxidation,37 cross

linking,38 or chlorination39 of the side chain double

bonds.

To improve the properties of PHB and mcl PHAs, a

series of copolymers such as poly(3 hydroxybutyrate
co-3 hydroxyvalerate) (P3HB co 3HV)34°-42 andpoly(3
hydroxybutyrate co-3 hydroxyalkanoate) (P3HB a>3HA)
have been produced.43-46 Among them, P(94%3HB co

6%3HA) showed interesting thermoplastic properties
with 7g of -8 °C and Tm of 133 and 146 °C.45 Thus,
excellent properties can be achieved at a desired ratio

of 3HB/3HA, although biosynthesis of such copolymers
is difficult. On the other hand, it might be possible to
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chemically modify PHB and mcl PHAs to form low

molecular weight oligomers containing reactive groups.

These can then be used at a desired ratio for copolym
erization, yielding new polymers with improved proper

ties. PHB has been chemically modified to a PHB diol47

that has been used as hard segments to synthesize block

copolymers.48 On the basis of the low Tg and Tm of mcl

PHAs, we believe that low molecular weight telechelic

OH terminated mcl PHAs could be excellent soft seg

ments and thus could be combined with PHB diol to

synthesize new block copolymers with desired proper
ties. With well defined chiral side chains, the biodegrad
able soft telechelic OH terminated mcl PHAs could also

be very useful for producing other block copolymers.
Here we report the chemical preparation of three

different types of telechelic mcl PHA diols with or

without side chain functional groups by transesterifi

cation, the identification of the structures, and the

characterization of their physical properties.

Experimental Section

Materials. Poly[(R) 3 hydroxyoctanoate] (PHO),49 poly[(R)
3 hydroxyoctanoate co-(R) 3 hydroxy 7 oxooctanoate] (PHOO),33
and poly[(i?) 3 hydroxyoctanoate co (R) 3 hydroxy 7 octenoate]

(PHUO)50 were produced in our laboratory by using Pseudomo

nas putida (oleovorans) GPo 1 [American Type Culture Col

lection (ATCC) 29347] 51 All reagents and solvents were

purchased from Fluka and used without further purification
dibutyltin dilaurate, purum, bis(2 methoxyethyl) ether (di
glyme), ethylene glycol, chloroform, and tetrahydrofuran
(THF), all puriss Silica gel (Kieselgel 60) was used for column

chromatography

Preparation of Telechelic mcl-PHA Diols. PHO-diol.

Poly[(^) 3 hydroxyoctanoate] (PHO) (15 0 g, 0 23 mmol, Mw
66 x 103) was dissolved in diglyme (45 mL) at 90 °C in a 250

mL 4 neck flask under a nitrogen atmosphere Ethylene glycol
(3 80 mL, 68 1 mmol) and dibutyltin dilaurate (22 5 mg, 0 036

mmol) were added, and the mixture was stirred and heated

progressively to 125 °C (Figure 2A) Samples were taken every

hour for GPC analysis to follow the reaction and additional

catalyst (77 5 mg, 0 12 mmol) was added successively to

activate the reaction (Figure 2A) The desired molecular weight

10 1021/maOl 1420r CCC $22 00 © 2002 American Chemical Society
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Figure 1. (A) Transesterification of PHO to PHO diol followed by GPC at different time points (a) starting PHO (Mw = 66 000),
(b) after 3 h [Mn = 50 350 (VPO)], (c) after 7 h [Mn = 8200 (VPO)], (d) after 10 h [Mn = 2420 (VPO)] (B) Transesterification of

PHOO to PHOO diol and of PHUO to PHUO diol followed by GPC, (a) starting PHOO, (b) starting PHUO, (c) final product
PHOO diol, (d) final product PHUO diol
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Figure 2. Molecular weights, temperatures, and catalyst amounts at different times of transesterifications (A) Transesterification

of PHO to PHO diol (B) Transesterification of PHOO to PHOO diol, and PHUO to PHUO diol

of approximately 2500 was reached (estimated by GPC analy
sis based on the elution volume of a polystyrene standard of

the same molecular weight) after a total 10 h of reaction The

reaction was stopped by cooling to 50 °C and the mixture was

transferred into a dropping funnel for workup the solution

was washed twice with 1 5 L of distilled water by stirring
vigorously for 2 h, the product was extracted with chloroform,

the organic phase was dried with Na2S04 and filtered, and

the solvent was removed by evaporation The crude product
was dissolved in a mixture of chloroform/THF (95/5), filtered

through a column (12 cm of silica gel and a 2 cm upper layer
of Celite), and the solvent was evaporated After being dried

in high vacuum at 80 °C, 13 7 g (91%) of PHO diol was

obtained with an Mn of 2400 [measured by vapor pressure

osmometry (VPO)]
PHOO-diol. This diol was prepared in the same procedure

as described for PHO diol A mixture of poly[(i?) 3 hydroxy
octanoate co (R) 3 hydroxy 7 oxooctanoate] (PHOO) (15 0 g,

0 22 mmol, Mw 67 5 x 103), diglyme (40 mL), and ethylene
glycol (3 8 mL, 68 1 mmol) was heated to 120 °C to a solution,

and dibutyltin dilaurate (22 5 mg, 0 036 mmol) was added The

reaction was performed at 122—125 °C for 9 h with addition

of catalyst (177 5 mg) at different times (Figure 2B) Workup,
purification, and drying under high vacuum at 80 °C gave 13 3

g (89%) of PHOO diol with an Mn of 2900 (measured by VPO)
PHUO-diol. This diol was prepared in the same procedure

as described for PHO diol A mixture of poly[(i?) 3 hydroxy
octanoate co (R) 3 hydroxy 7 octenoate] (PHUO) (15 0 g, 0 24

mmol, My, 62 5 x 103), diglyme (45 mL), and ethylene glycol
(3 8 mL, 68 1 mmol) was heated at 120 °C until the polymer
was completely dissolved Transesterification was started at

122—125 °C by adding dibutyltin dilaurate (22 5 mg, 0 036

mmol) Additional catalyst (177 5 mg) was added at different

times (Figure 2B) The reaction was stopped after 8 h followed

by workup, purification, and drying under high vacuum at 80

°C This afforded 12 2 g (80%) of PHUO diol with an Mn of

2400 (measured by VPO)
Characterization Techniques. 'H NMR spectra were

measured on a Bruker ASX 400 spectrometer at 330 K in

DMSO ds IR spectra were recorded on a Bruker Vector 22

spectrometer at room temperature Molecular weight distribu

tion was determined by gel permeation chromatography (GPC)
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Scheme 1

OH Dibutyltin dilaurate

PHO R= -(CH2)4-CH3/-(CH2)2-CH3(9/1) PHO-diol

PHOO R= 87%-(CH2)4-CH3/-(CH2)2-CH3(15/1) PHOO-diol

13% -(CH2)3-CO-CH3 / -CH2-CO-CH3 (15/1)

PHUO R = 67% -(CH2)4-CH3 / -(CH2)2-CH3 (9/1 ) PHUO-diol

33% -(CH2)3-CH=CH2 / -CH2-CH=CH2 (9/1)

in THF at room temperature with a Knauer Chromatograph
equipped with a differential refractive index detector with two

PLGel mixed 5 fim columns (7 5 mm x 600 mm) at 45 °C M„

was estimated from the retention volume based on polystyrene
standards Number average molecular weights (Mn) were

determined by VPO in chloroform at 25 °C with a Corona

Wescan C 32A machine Melting temperature (Tm) and the

glass transition temperature (Tg) were obtained by differential

scanning calorimetry (DSC) with a Mettier DSC 30 instrument

equipped with Me 70329 cooler and a Tcl5/TA controller The

samples in a 40 fiL aluminum carrier were heated in the first

scan from —100 to +100 °C with a heating rate of 10 °C/min,

cooled from +100 to —100 °C at a cooling rate of —10 °C/min,
and then heated for the second scan The enantiomeric excess

(ee) of PHA diol, PHOO diol, and PHUO diol was determined

by the following procedure mcl PHA diols were hydrolyzed
in acidic methanol according to the known method52 to

3 hydroxyoctanioc acid methyl ester, respectively, the ee of the

ester was analyzed by gas chromatography (GC) on a Supelco
Beta DEX 120 column (30 m x 0 25 mm x 0 25 fim film

thickness) with a temperature program from 80 to 120 °C at

2 °C/min and at 120 °C for 5 min and with hydrogen as the

carrier gas (2 mL/min) &(5) = 23 56 min, &(-/?) = 23 85 min

Results and Discussion

Three mcl PHAs containing different side chains were

chosen as starting materials to produce telechelic di

ols: poly[(7?) 3 hydroxyoctanoate] (PHO) with a C5

aliphatic side chain, poly[(7?) 3 hydroxyoctanoate co

(R) 3 hydroxy 7 oxooctanoate] (PHOO) containing a car

bonyl group in the side chain, and poly[(7?) 3 hydroxy
octanoate co-(R) 3 hydroxy 7 octenoate] (PHUO) con

taining a terminal C = C bond in the side chain (see
Scheme 1). While PHO is the most studied mcl PHA and

can be produced in large amounts, PHOO and PHUO

represent functionalized mcl PHAs and can be trans

formed to mcl PHA diols with additional reactive groups

for further modifications or polymerizations. They were
also chosen to examine the generality of the transes

terification of mcl PHAs. In this study, PHO,49 PHOO,33
and PHUO50 were produced with P putida (oleovorans)
GPol (ATCC29347).51 The chemical compositions are

given in Scheme 1 and the Mw values were about (62—
68) x 103, as determined by GPC. As the simplest
example of a diol, ethylene glycol was used as transes

terification agent. To increase the percentage of primary
OH end groups, ethylene glycol was used in excess. By
this process, the end groups obtained were primary

hydroxyl groups arising from transesterified ethylene
glycol units and secondary hydroxyl groups from the

hydroxyalkanoate end units. Diglyme was used as

solvent, and dibutyltin dilaurate was chosen as a

catalyst, since this catalyst was proven to be the best

one for the transesterification of PHB.47

For transesterification, the PHAs were first dissolved

in diglyme at 30—40% (w/v), after which ethylene glycol
and catalyst were added. The reaction was followed by
GPC analysis of samples that were taken from the

mixture at different times (Figure 1). The transesteri

fication was stopped by cooling when a target molecular

weight of 2000-3000 was reached. While PHO was well

dissolved at 90 °C, PHOO and PHUO with a carbonyl
and a carbon—carbon double bond in the side chain,

respectively, had to be dissolved at 120 °C. Due to the

thermal instability of mcl PHAs,2 reactions were kept
at temperatures lower than 140 °C to avoid formation

of degradation products containing carboxyhc and ole

finie groups. An excess of catalyst should also be avoided

since undesirable degradation of polymer can occur. By
addition of too much catalyst, brown color and rapid
degradation were observed in a test experiment. Thus,
small amounts of catalysts (22.5 mg, ca. 15% mol/mol

of the starting mcl PHA) were added cautiously at the

beginning to control the reaction. In this process, both

DMSO
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Figure 3. !H NMR spectra of PHO diol, PHOO diol, and

PHUO diol (*) -O-CH2-CH2-O- of bis substituted ethylene
glycol
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Table 1. Molecular Weights and Thermal Properties of mcl-PHAs and mcl-PHA-diols

PHO PHO diol PHOO PHOO diol PHUO PHUO diol

Mw (GPC) 66000

Mn (VPO) 2400

Mn (NMR) 2000

Tg (°C, DSC) -30 -56

Tm (°C, DSC) 61

67500

43 5

2900

3000

-46

39

62500

-56

2440

1900

-50

transesterification of the ester group and esterification

of the acid end group of mcl PHA are involved. Since

the later reaction generates water that could hydrolyze
the catalyst, additional amounts of dibutyltin dilaurate

were added at different time points (Figure 2). It was

found that transesterification of PHO, which reduced

the molecular weight, took place only after the temper
ature reached 110 °C, as shown in Figure 2A. The best

transesterification temperature for PHO was found to

be 120—125 °C. Therefore, the starting reaction tern

perature for PHOO and PHUO was set at 122 °C

(Figure 2B). While the transesterification of PHOO took

place with 22 mg of catalyst, more catalyst (44 mg) was

needed for starting the reaction of PHUO. The addition

of a large amount of extra catalyst at the final stage
did not speed up the reaction significantly. In all cases,

the desired molecular weight was reached after 8—10

h of transesterification.

The products were purified by washing them with

water, extracting them with chloroform, and passing
them through a short column containing silica gel to

remove the metal catalyst and potential side products.
In this way, PHO diol, PHOO diol, and PHUO diol were

obtained with high purity in 91%, 89%, and 80% yields,
respectively. The number average molecular weights
(Mn) were established as 2400, 2900, and 2400 for PHO

diol, PHOO diol, and PHUO diol, respectively, deter

mined by vapor pressure osmometry. These oligomers
contain 17—20 repeated units and are suitable for

application in copolymerization.
The chemical structure of the mcl PHA diols was

confirmed by IR and NMR spectroscopy. In the IR

spectra for all three diols, two broad absorptions at 3530

and 3450 cm-1 were observed, corresponding to the two

terminal OH groups. The polyester structure was con

firmed by the absorption at 1735 crrT1. For PHUO diol,
the absorption at 1640 cm-1 for the C=C bond was

observed. The structures were further confirmed by !H

NMR spectra at 330 K in DMSO d6. The structural

assignments are given in Figure 3.

Unchanged ratios between the intensities of the

—CH— polymer backbone proton g (5.08 ppm) and the

methyl group protons C//3-CO- for PHOO and PHOO

diol were observed. Also the ratio between the intensi

ties of the —CH— polymer backbone proton g and the

olefin protons for PHUO and PHUO diol remained the

same. These results indicate that the transesterification

process did not affect the chemical functions on the side

chains, which is important, since these functional

groups can be used for further specific reactions of the

telechelic diols. The results also suggest that the

preparation of other mcl PHA diols by transesterifica

tion can be readily carried out.

The formation of side products was significantly
suppressed by temperature control: no substantial

amounts of thermally induced degradation products,
which could be formed through the known cyclic elimi

nation reaction,53 were observed in the !H NMR spectra
of PHO diol and PHOO diol. For PHUO diol, olefin

proton resonances at 6.9 and 5.8 ppm were observed,

corresponding to the degradation product R—CH=CH—

C(O)—O—, but this product amounted to only 1.5% of

the —CH— polymer backbone intensity. This is lower

than the 2.4% for degradation product in PHB trans

esterification at 140 °C.47

Due to the large excess of ethylene glycol, the further

reaction of the monosubstituted ethylene glycol PHA
diols formed, as shown in Scheme 1, with the parent

polyesters leading to bis substituted ethylene glycols
was largely suppressed. The small resonance line at 4.21

ppm (*) in the NMR spectra shown in Figure 3 is due

to the —O—CH2—CH2—O— protons of these reaction

products, and their molar fractions were calculated from

the signal intensities of* and d or e as 10.5% for PHO

diol, 2.2% for PHOO diol, and 2.6% for PHUO diol,

respectively.
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On the basis of the integration of signals a and f, the

ratio of primary OH/secondary OH is calculated to be

nearly 1:1 for all three mcl PHA diols. The clean trans

esterification process is further confirmed by the equal
intensities (per proton) of resonances b—e within ± 5%.

Therefore, the number average molecular weights can

be calculated with the known molecular diol structures

and the NMR intensities of —CH—backbone proton g
and signals d or e. Thus, Mn of PHO diol, PHOO diol,
and PHUO diol were deduced as 2000, 3000, and 1900,

respectively. These values agree satisfactorily with Mn
from vapor pressure osmometry.
The glass transition temperature (Tg) and the melting

temperature (7m) of the starting mcl PHAs and the

telechelic mcl PHA diols were determined by DSC. The

Tg for the three diols was clearly observed. As expected,
Tg of the diols is lower than that of the corresponding
mcl PHAs (Table 1) and is between —46 and —56 °C.

While the Tm for the soft amorphous PHOO diol was

found to be 39 °C, no Tm can be detected for PHO diol

and PHUO diol, which are sticky liquids.
To investigate the optical purity, all three mcl PHA

diols were hydrolyzed in acidic methanol according to

the known procedure,52 giving 3 hydroxyoctanoic acid

methyl ester. The ee of the resulted ester was deter

mined as >99.9% (R) in each case by GC analysis on a

chiral column, shown in Figure 4. These results suggest
that no racemization happened during the transesteri

fication and PHO diol, PHOO diol, and PHUO diol are

enantiomerically pure.

These enantiomerically pure telechelic mcl PHA diols

should be also biodegradable, thus providing excellent

soft segments for preparing novel biodegradable block

copolymers with special properties. In contrast, PHB

diols that can be used as the hard part showed a Tm at

149 °C and a degree of crystallinity of 50-80%.47 With

PHO diol as the soft part and PHB diols as the hard

part, we hope to be able to prepare new copolymers with
excellent thermoplastic properties.
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Synthesis and Characterization of Novel Thermoplastic Polyester

Containing Blocks of Poly-f^-S-hydroxyoctanoate] and Poly-[(/?)-3-

hydroxybutyrate]

Austin P. Andrade, Bernard Witholt, Dongliang Chang and Zhi Li

Abstract: Novel block copolyester containing biocompatible and biodegradable biopolyester

blocks was prepared by polycondensation of telechelic hydroxylated poly-[(R)-3-

hydroxyoctanoate] (PHO-diol) and poly-[(R)-3-hydroxybutyrate] (PHB-diol) with

terephthaloyl chloride (TeCl). Reaction of PHO-diol, PHB-diol, and TeCl at a ratio of

1.3:1:2.1 gave the block co-polyester PHOHBTe in 86% yield with a molecular weight (Mw)

of 11400 (GPC) and a Mn of 7300 (VPO). The chemical structure of the copolyester was

confirmed by lH-, 13C-, and COSY-NMR, and IR spectra. On average, 2 PHO-diol, 1 PHB-

diol, and 2 TeCl were incorporated in each molecule of the block-copolyester PHOHBTe. For

comparison, co-polyester PHOTe with a Mw of 14500 (GPC) and a Mn of 7200 (VPO) was

prepared in 81% yield by reaction of PHO-diol and terephthaloyl chloride at a molar ratio of

1:1.2. NMR analysis suggested that PHOTe contains 3 PHO and 3 Te units on average. While

PHOTe containing only the soft PHO block is a sticky liquid, PHOHBTe containing both soft

PHO and hard PHB blocks showed good thermoplastic properties with Tm of 129 and 140°C

and a Tg of -41°C. Thus, for the first time, block copolyester containing PHO and PHB blocks

has been prepared and demonstrated to be thermoplastic.

Keywords: Block copolyester; Polyhydroxyalkanoates (PHAs); PHO-diol; PHB-diol;

Terephthaloyl chloride (Te), Thermoplastic properties; Biomaterials.
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Introduction

The microbial poly-[(R)-3-hydroxyalkanoates] (PHAs) are potentially very useful materials

due to their biodegradability and biocompatibility. Their thermal properties are, however,

rather poor: poly-[(R)-3 -hydroxybutyrate] (PHB) is crystalline-brittle with melting

temperature (Tm) of 175°C and a glass transition temperature (Tg) of 0-4°C ' ' '

; mcl-PHAs

(which contain medium chain length alkanoate monomers) are weakly crystalline and soft-

sticky with Tm between 39 and 61°C and Tg between -25 and -44°C ' ' ' ' ' .A way to

improve the thermoplastic properties is to make a copolymer. Biosynthesis of random

copolyesters such as poly-[(R)-3-hydroxybutyrate-co-(i?)-3-hydroxyvalerate] (PHB-co-

HV)
' ' ' and poly-[(R)-3-hydroxybutyrate-co-(i?)-3-hydroxyalkanoate] (PHB-co-

HA)
' ' '

consisting of monomers of (R)-3-hydroxybutyrate (3HB) and (R)-3-

hydroxyalkanoates (3HA) containing 6-12 carbon atoms are known, and P(94%3HB-co-

6%3HA) showed a Tg of-8°C, Tm of 133 and 146°C, and interesting mechanical properties.

We are interested in chemical preparation of block copolymers from PHB and mcl-PHAs for

desired thermal and mechanical properties. Recently, we transformed mcl-PHAs into low-

molecular weight, enantiomerically pure telechelic hydroxylated mcl-PHAs (mcl-PHA-diols)

with low Tm and Tg The easily available telechelic hydroxylated poly-[(R)-3-

hydroxyoctanoate] (PHO-diol) was demonstrated to be excellent soft segment for

copolymerization . Thus, it might be possible to prepare block-copolyesters with improved

properties by use of PHO-diol as soft segments and telechelic hydroxylated poly-[(R)-3-

Q Q

hydroxybutyrate] (PHB-diol)
'

as hard segment. The desired polymer properties might be

achieved by changing the ratio of the soft and hard segments. Here, we report the first

synthesis of block co-polyesters containing PHO and PHB blocks by polymerization of the

soft-segment PHO-diol and the hard-segment PHB-diol with terephthaloyl chloride, the

analysis of the polymer structures, and the characterization of the physical properties.

123



Chapter 6 Synthesis of new co-polyesters

Experimental Section

Materials. Telechelic hydroxylated poly-[(R)-3-hydroxyoctanoate] (PHO-diol, Mn = 2400)

and telechelic hydroxylated poly-[(R)-3-hydroxybutyrate] (PHB-diol, Mn = 2600) were

prepared according to the published procedures and pre-dried by azeotropic distillation with

1,2-dichloroethane. All reagents and solvents were purchased from Fluka with per analysis

(p.a.) quality: terephthaloyl chloride was dried under high vacuum at room temperature for 2

days before use; pyridine, toluene, and chloroform were dried with activated molecular sieve

A4 (pore size 4 A).

Synthesis of Block Copolyester PHOHBTe. Toluene (40 mL) and pyridine (20 mL) were

added to a mixture of telechelic hydroxylated poly-[(R)-3-hydroxyoctanoate] (PHO-diol)

(1.205 g, 0.502 mmol, Mn = 2400), telechelic hydroxylated poly-[(R)-3-hydroxybutyrate]

(PHB-diol) (1.01 g, 0.388 mmol, Mn = 2600), and terephthaloyl chloride (0.164 g, 0.808

mmol) in a 250 ml flask under nitrogen atmosphere. The stirred mixture was heated

progressively to 80°C to dissolve the reactants and then to 105 °C for polycondensation. The

reaction was stopped after 12 h by cooling and the solvent was evaporated. The product was

treated four times with chloroform/water 1:4 (v/v), and the organic phase was separated and

then washed vigorously three times with aqueous HCl (0.1 M) to remove pyridine and the

possible non reacted terephthaloyl chloride. The collected organic phase was dried over

Na2SÛ4, filtered, and the solvent evaporated. Drying under high vacuum at 80 °C gave 2.01 g

(86%) of the block copolyester PHOHBT with an Mw of 11400 (measured by GPC) and a Mn

of 7 300 (measured by VPO).

Synthesis of Copolyester PHOTe. Similar to the procedure described for PHOHBTe,

reaction of PHO-diol (1.023 g, 0.426 mmol) and terephthaloyl chloride (0.102 g, 0.502 mmol)

in a mixture of toluene (40 mL), chloroform (5.0 mL), and pyridine (5.0 mL) at 105 °C for 30

h afforded 0.90 g (81%) of PHOTe with anMw of 14500 (measured by GPC) andMn of 7 200

(measured by VPO).

124



Chapter 6 Synthesis of new co-polyesters

1 1 O

Characterization Techniques. H and C NMR spectra were measured on a Bruker DRX-

300 (300 MHz) at 293 K in CDC13. COSY (!H, 13C) and COSY (!H, !H) were measured on a

Bruker DRX-400 (400 MHz) at 300 K in CDC13. Chemical shifts are given in ppm relative to

tetramethylsilane. IR spectra (film) were recorded on a Bruker Vector 22 spectrometer at rt.

Molecular weight distribution was determined by Gel Permeation Chromatography (GPC) in

THF at rt with a Knauer Chromatograph equipped with a differential refractive index detector

with two PLGel mixed 5 urn columns (7.5 mm x 600 mm) at 85 bar and at 45 °C. Mw was

estimated from the retention volume based on polystyrene standards. Number average

molecular weights (Mn) were determined in chloroform at 25 °C by vapor pressure

osmometry (VPO) with a Corona Wescan C 32A machine. Tm and Tg were obtained by

differential scanning calorimetry (DSC) with a Mettler-DSC 30 instrument equipped with

Me-70329 cooler and a Tcl5/TA-controller. The samples in a 40 ul aluminum carrier were

heated in the first scan from -100 to 200 °C with a heating rate of 10 °C/min, cooled from 200

to -100 °C at a cooling rate of-10 °C/min, and then heated for the second scan.
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Results and Discussion

Poly-[(R)-3-hydroxyoctanoate] (PHO) is the most prominent representative of mcl-PHAs and

it can be produced in large amounts. Transesterification of PHO with ethylene glycol afforded

enantiomerically pure telechelic PHO-diol with a Mn of 2400 (VPO) and a Tg of -56° C in

1 Q

excellent yield .
This readily available compound was selected as the soft segment for the

preparation of block copolyesters. On the other hand, telechelic diol prepared from poly-[(i?)-

3-hydroxybutyrate] (PHB-diol) with a Tm of 149 °C and a Mn of 2600 (VPO)
9
was chosen as

the hard segment. Terephthaloyl chloride (TeCl) was used as junction unit. In principle, the

ratio of the soft and hard segments and the junction unit can be controlled to prepare co-

polyesters with desired properties. To demonstrate the concept, PHO-diol, PHB-diol, and

TeCl were used in a molar ratio of 1.3:1:2.1 to prepare the co-polyester PHOHBTe. For a

comparison, copolyester PHOTe that do not contains PHB block was also synthesized from

PHO-diol and TeCl in 1:1.2 molar ratio.

H
O
m

.OH

R = n-C5H11/n-C3H7(9:1)

PHO-diol

soft segement

O
m

2 CIOC COCI

TeCl

Toluene

Pyridine
Chloroform

H

ÇH3 O

n

PHB-diol

hard segement

Conditions at 105 °C

under N2

.OH

PHOHBTe

Scheme 6.1. Synthesis of copolyester P(HB/HO/Te).
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Block copolymers were formed by the reaction between the COCl groups of TeCl and the OH

groups of the telechelic diols {Scheme 1). Since water can stop the polymerization by reacting

with TeCl to give the corresponding acid, the reaction was carried out under anhydrous

conditions and under a nitrogen atmosphere. PHO-diol and PHB-diol were at first dried by

azeotropic distillation with 1,2-dichloroethane and then reacted with TeCl in a mixture of

toluene and pyridine at 105°C for 12 h. The solvent was removed by evaporation, the residue

was treated with water to destroy the possible non reacted TeCl, and the product was

extracted into CHCI3. Subsequent treatment of organic phase with 0.1 M HCl removed the

trace amount of pyridine. Drying under high vacuum at 80°C afforded the block copolyester

PHOHBTe in 86% yield. A molecular weight (Mw) of 11400 and Mn of 7300 was established

by gel- permeation chromatography (GPC) and vapor pressure osmometry (VPO),

respectively. Similarly, PHOTe containing only the soft PHO block was prepared in 81%

yield by reaction of PHO-diol with TeCl in a molar ratio of 1:1.2 at 105°C for 30 h. The

resulting material (see Figure 6.3.1) has aMw of 14500 (GPC) and aMn of 7200 (VPO) that

are similar to those of PHOHBTe.

H
O"
m

.OH +

R = n-C5Hu/n-C3H7(9A)

PHO-diol

Toluene

Pyridine
Chloroform

R O

CIOCH, ^coci

TeCl

Conditions at 50 to 105 °C

under N2

m / —

PHOTe

Scheme 6.2. Synthesis of the copolyestyer P(HO/Te).
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In the IR spectra of PHOBOTe, the two absorption bands of the OH groups of the starting

materials PHO-diol and PHB-diol at 3530 - 3350cm" decreased significantly, indicating the

successful polymerization. The ester functions were confirmed by the strong absorption at

1735cm"1. The structure of PHOHBTe was confirmed by NMR analyses. The !H-NMR

spectrum is given in Figure 1. Based on the COSY (*H, *H) and COSY (*H, 13C)-NMR

spectra (Figure 2) and comparison with the H-NMR spectrum of PHO-diol, the chemical

shifts of all protons were assigned, as shown in Figure 1. The assignment of the C chemical

shifts is also possible and the result is summarized in Table 1. Although the PHO-block

contains C8 and C6 monomer in a ratio of 90:10, there was no significant difference between

the C8 and C6 monomers in the H-NMR spectrum and the C6 monomers gave only several

1 o

additional weak signals in the C-NMR spectrum. For simplicity, only the assignment for the

C8 monomer of the PHO block was given in this work.

107 «80 051 016 1M0 118 15.05

108 025 048 013 101(41.34

Figure 6. 1. !H-NMR spectrum (300 MHz) of the block copolyester PHOHBTe at 293 K in

CDC13. * -OCH2CH20- of bis substituted ethylene glycol in PHO-diol block.
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Figure 6. 2. Cosy ( H, 1JC)-NMR spectrum (400 MHz) of the block copolyester PHOHBTe at

13/
300 K in CDC13 (shown only 10-130 ppm from 1JC-NMR)
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Table 1: Assignment of Chemical Shifts of PHOHBTe in the 13C NMR spectrum.

Position ô (°C) Position ô (°C)

a 14.0 1 71.9

b 22.5 0 41.8

c 24.7 P 66.3

d 31.5 q 60.8

e 33.8 r 19.8

f 68.2 s 67.6

g 43.3 t 40.8

h 70.9 u,v 129.5, 129.7, 130.0

i 39.1 w 133.5, 133.8, 134.6

j 63.1 X 165.4, 165.8, 172.0, 172.4

k 62.3 C=0 (HB,HO) 169.2, 169.4

PHO-diol withMn of 2400 contains 16.8 HO monomer units {m) on average, while PHB-diol

with Mn of 2600 has the average number of HB monomer units (n) of 29.5. In the H-NMR

spectrum of PHOHBTe, the intensity of methyl group proton a of the PHO block is 15.05,

thus the intensity of proton i, o, and g of the same block should be 15.05 x 2/3 = 10.03. While

the total integration of proton i, o, g and t is 19.80, the intensity of proton t from the PHB

block should be 19.80 - 10.03 = 9.77. The ratio of the PHO- and PHB-block in PHOHBTe

can be therefore deduced as about 2:1 (10.03/16.8 : 9.77/29.5). The aromatic proton u and v

of Te part had an integration of 1.07, which suggested that the ratio of Te junction unit and

PHO block is about 1:1 (1.07/4 : 15.05/3/16.8). Based on the value ofMn (7300, VPO), it can

be suggested that on average PHOHBTe contains 2 PHO blocks, 1 PHB block, and 2 Te

junction units. The major terminating end groups are the primary and secondary alcohol,

which is confirmed by the signals of proton f, g, y, and p, q, z.
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Similarly, the structure of PHOTe was also confirmed by *H, 13C, COSY (!H, !H), and COSY

1 1 O 1

( H, C)-NMR spectra. The chemical shift assignment for the H-NMR spectrum was given

in Figure 3. Comparison of the intensities of proton a of PHO and proton u and v of the Te

part revealed a 1:1 ratio of PHO and Te. Considering the Mn of 7200 (VPO), it can be

concluded that on average 3 PHO blocks and 3 Te junction units are incorporated in the

copolyester PHOTe.

1J9 «005 0SH017 O02 MOS 21J(tO

&S1 ê£7 OSS ©12 14 IS 4151

Figure 6. 3. !H-NMR spectrum (300 MHz) of the copolyester PHOTe at 293 K in CDC13.

* -OCH2CH20- of bis substituted ethylene glycol in PHO-diol block.
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Table 2: Physical properties of PHOHBTe, PHOTe, PHO, PHB, P(HB-co-HA), and

polypropylene (PP).

Properties PHOHBTe PHOTe PHOa PHB6 P(HB-co-HA)c pprf

MW(GPC) 11400 14 500 66 000 539 000 1391 500 700 000

Mn(VPO) 7 300 7 200 23 600 154 000 605 000 60 000

Mw/M„ 1.6 2.1 2.8 3.5 2.3 5-12

rg(°c,DSC) -41 -36 -30 4 -8 - 10

rm(°c,DSC) 129, 140 - 61 180 133, 146 176

aData from ref 19; Data from ref 22; cBiosynthetic copolyester consisting of 94 mol % HB

and 6 mol % HA; data from ref 16; Data from ref 1.

The physical properties of the new polymers were characterized by DSC and listed in Table 2.

PHOTe with only the soft PHO as polyester backbone linked with an aromatic junction unit

did not result in a hard polymer: the new polymer is soft sticky liquid with no Tm and a Tg of -

36°C. On the other hand, the co-polyester PHOHBTe containing PHB and PHO-blocks as

hard- and soft-segments, respectively, showed improved thermoplastic properties with a Tg of

- 41°C and Tm of 128 and 140°C. A second heating for DSC measurement revealed a Tc of

60°C. Although the molecular weight is not very high, PHOHBTe represents the first example

of block copolyester containing the soft PHO and hard PHB blocks linked with Te.

Comparing with the random copolyester P(HB-co-HA) consisting of 94 mol % HB and 6 mol

% HA,16 PHOHBTe has similar Tm but much lower Tg. The molecular weight of the block

polymer could be in principle further increased, for instance, by performing the reaction under

argon atmospheres and/or by using other junction units. The existence of the PHB block in

such copolyesters is proven to be essential for increasing the melting and mechanic properties.

The physical properties of new block copolyester could be designed and achieved by

changing the ratio of PHO and PHB-blocks.
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6 7
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elution volume [ml]

(B)

Figure 6.3.1. GPC characterization of bio-polyester oligomers based on Polystyrene

calibration: (A): PHB-PHO-Te; (B): PHO-Te;

Tg

Tm

Tm
T 1 -J—i T= i 1——r-—| r——T—T-——T 1 1 1 r-

-100 -80 -60 -40 -20 0 20 40 60

-i—i—t" r- "T""" i r—i r

120 140 160 180 *CBO 100

Figure 4: DSC spectrum of the block copolyester PHOHBTe.
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Conclusions

For the first time, co-polyesters containing biodegradable and biocompatible PHO and PHB

blocks have been synthesized by use of PHO-diol and PHB-diols as soft and hard segments,

respectively. The model polymer PHOHBTe shows interesting thermoplastic properties and

the physical properties can be further optimized by incorporation of the PHO and PHB blocks

in an appropriate ratio
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Supporting Information

Synthesis and Characterization of Novel Thermoplastic Polyester Containing Blocks of

Poly-[(/?)-3-hydroxyoctanoate] and Poly-[(/?)-3-hydroxybutyrate]

PHO-diol

DMSO

H20 n

I oüJL^-JLfJ

i i

t/
w

r^TT^f.Tir^Tr.T.!_f^^

6,0 5,0 4,0 3,0 2.0 1,0 ppm

Figure S-0. The !H-NMR spectrum of PHO-diol. The peaks at 0.8 to 1.6 ppm belong to (-R)

protons of Cg, Co monomers from PHO-diol, or these of C4 from PHB-diol. (*) Peak belongs

to -0-CH2-CH2-0- of bis-substituted ethylene glycol2.
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Scheme S-01 The scheme shows the general structure of the synthesized polymer From the

blocks, A (alkanoate) represented by octanoate, B (butyrate) and the linker T (terephtaloyl

chloride) many structures are possible A) corresponding to PHOHBTe, and practically to the

structure represented in Figure 6 1 B) Corresponds to PHOTe and represented by the Figure

63

136



Chapter 6 Synthesis of new co-polyesters

Ik-VHf^H.

8

9

10

11

JL

ô « 11

16

17

A

s

8

13

14

.
A ,.

Jl M.

19

20

21

2

22

_,—,—,—r-

3 2 i pp*

Figure S-02. ^-NMR spectrum of block copolymer P(HB/HO/Te). On the scheme, the

structure shows the blocks A corresponding to PHO, T to Terephthaloylchloride and B to

PHB.
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Figure S-03. The 1JC-NMR spectrum of P(HB/HO/Te).

138



Chapter 6 Synthesis of new co-polyesters

*

Att 1

Figure S-1. Cosy ('H, '^-spectrum (400 MHz) ofPHOHBTe at 293 K in CDC13.
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Figure S-2 1JC-spectrum ofPHOHBTe (100 MHz) at 300 K in CDC13
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Figure S-3. Cosy ( H, 1JC)-NMR spectrum (400 MHz) of the block copolyester PHOHBTe at

300 K in CDC13 (shown only 49-91 ppm from 13C-NMR and 3.3-6.0 ppm from !H-NMR).
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PBA-PHi-Tn

^.^......„..„....„„..i.a.P ..,„„,*s

Figure S-3.1. DSC spectrum of PHO/HB/-Te obtained with second heating from -20 °C to

200 °C.(TC = 60.1 °C).

PHA-Te

Tg

-> 1 1—T 1 1 1 1——r 1—-i—i—i-—i r——r ( ( 1——, 1 r 1 1 1 1—-i 1——t

-lhO -80 -SO -40 -20 0 20 40 SO 80 100 120 140 ISO 180 "C

Figure S-3.2. DSC spectrum of PHO-Te.
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Figure S-4 IR spectrum ofPHOHBTe (film)
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Figure S-5. Cosy (% '^-spectrum (400 MHz) ofPHOTe measured at 293K in CDC13
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Figure S-6. 1JC-spectrum (75 MHz) ofPHOTe measured at 293 K in CDC13
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Figure S-7: Cosy (*H, 13C)-NMR spectrum (400 MHz) of the block copolyester PHOTe at

300 K in CDC13 (shown only 0-130 ppm from 13C-NMR)
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Figure S-8: Cosy ('H, 1JC)-NMR spectrum (400 MHz) of the block copolyester PHOTe at

300 K in CDC13 (shown only 55-82 ppm from 13C-NMR and 3.6 5.8 ppm from !H-NMR).
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ABSTRACT Novel poly(ester—urethane) block copolymer has been synthesized by use of telechelic

hydroxylated poly [(R) 3 hydroxyoctanoate] (PHO diol) with number average molecular weight (Mn) of

2400 as the amorphous soft segment, telechelic hydroxylated poly [(R) 3 hydroxybutyrate] (PHB diol)
with Mn of 2600 as the crystalline hard segment, and L lysine methyl ester diisocyanate (LDI) as the

junction unit Reaction of the PHO diol, PHB diol, and LDI at a ratio of 1 1 2 in the presence of dibuthyltin
dilaurate as catalyst afforded the block copolymer in 70% yield with a molecular weight (Mw) of 33 500

(GPC) and a Mn of 10 600 (VPO) The chemical structure of the new polymer was confirmed by 'H NMR,
13C NMR, and IR spectra On average, 2 PHO diol, 2 PHB diol, and 5 LDI were incorporated in each

molecule of the block copoly (ester—urethane) The thermoplastic properties were very good with a melting
temperature (Tm) of 146 °C and the glass transition temperature (Tg) of —6 °C (DSC) The mechanical

properties, obtained from the stress/strain test, are comparable with other biocopolyester and block

copoly(ester—urethane)

Introduction

Poly [(R) 3 hydroxyalkanoates] (PHAs) are high mo
lecular weight biodegradable and biocompatible poly
mers synthesized by a wide variety of microorganisms.1_4
While poly [{R) 3 hydroxybutyrate] (PHB) is highly
crystalline and hard brittle,2 5~7 mcl PHAs (which con

tain medium chain length alkanoate monomers) are

weakly crystalline and soft sticky. 8~13 These properties
limit the application of PHAs as thermoplastic materi

als.1415 However, both thermal and mechanical proper

ties can be improved by the biosynthesis of copolymers
such as poly [(R) 3 hydroxybutyrate co (R) 3 hydroxy
valerate] (PHB co-HV)516-18 and other poly [{R) 3 hy
droxybutyrate co-(R) 3 hydroxyalkanoate] (PHB co

HA).19"22 Among them, P(94%3HB co-6%3HA) consisting
of monomers of (R) 3 hydroxybutyrate (3HB) and (R)
3 hydroxyalkanoates (3HA) containing 6—12 carbon

atoms showed a Tg of —8 °C, Tm of 133 and 146 °C, and

interesting mechanical properties.21
Recently, we have transformed mcl PHAs into low

molecular weight, enantiomerically pure telechelic hy
droxylated mcl PHAs (mcl PHA diols).23 With low melt

ing temperature (7m) and glass transition temperature
( Tg), these diols could be excellent soft segments in block

copolymers. The use of mcl PHA diols, together with

hard segments such as telechelic hydroxylated poly [(R)
3 hydroxybutyrate] (PHB diol) ,24 25 could form new block

copolymers with improved properties. Moreover, the

* Institute of Biotechnology, ETH Zurich
* Institute of Polymers, ETH Zurich
§ Swiss Federal Laboratories for Materials Testing and Re

search
1 Swiss Federal Institute for Environmental Science and Tech

nology
* Corresponding author Tel +41 1 633 3444, Fax +41 1 633

1051, e mail zhi@biotech biol ethz ch

polymer properties can be easily modified by changing
the ratio of mcl PHA diol and the hard segment. Here

we report the synthesis of a novel block copolyester¬
urethane) from telechelic hydroxylated poly [(R) 3 hy
droxyoctanoate] (PHO diol), PHB diol, and L lysine
methyl ester diisocyanate (LDI), the identification of the

polymer structures, and the characterization of the

physical and mechanical properties.

Experimental Section

Materials. Telechelic hydroxylated poly [(R) 3 hydroxyoc
tanoate] (PHO diol, Mn = 2400)23 and telechelic hydroxylated
poly [(R) 3 hydroxybutyrate] (PHB diol, Mn = 2600)24 were

prepared according to the published procedures and predried
by azeotropic distillation with 1,2 dichloroethane L Lysine
methyl ester diisocyanate (LDI) was purchased from Kyowa
Hakko Kogyo Co Ltd (Japan) and freshly distilled at 0 025

mbar and at 103 °C before use All other reagents and solvents

were purchased from Fluka, all puriss dibutyltin dilaurate,

low boiling petroleum ether, methanol, tetrahydrofuran (THF),
and chloroform were used without further purification, dichlo

romethane was distilled, and 1,2 dichloroethane was dried by
reflux in a Soxhlet apparatus filled with molecular sieve A4

(pore size 4 Â) for 6 h and distilled

Synthesis of Block-Copoly(ester—urethane) (PUHO-
HB). Telechelic hydroxylated poly [(R) 3 hydroxyoctanoate]
(PHO diol) (4 55 g, 1 90 mmol, Mn = 2400 by VPO) and

telechelic hydroxylated poly [(R) 3 hydroxybutyrate] (PHB
diol) (5 00 g, 1 92 mmol, Mn = 2600 by VPO) were dissolved

in dry 1,2 dichloroethane (150 mL) in a 250 mL three neck

flask and refluxed under an argon atmosphere in a Soxhlet

apparatus filled with molecular sieve A4 (pore size 4 Â)
overnight 110 mL of 1,2 dichloroethane was then distilled off,

leaving a viscous solution containing 8 1 ppm water that was

determined by Karl Fischer titration L Lysine methyl ester

diisocyanate (LDI, 807 mg, 3 81 mmol) and dibutyltin dilaurate

(50 mg, 0 08 mmol) were added, and the mixture was stirred

at reflux Samples were taken at different time points for GPC

and viscosity measurement to follow the polymerization The

10 1021/ma012223vCCC $22 00 © 2002 American Chemical Society
Published on Web 05/14/2002
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Scheme 1
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K

OOOO o o

T> N^N OH

reaction was stopped at 143 h by cooling to room temperature
The mixture was added dropwise into MeOH (600 mL) and

stirred vigorously for 2 h, and the white precipitate was

collected by filtration The crude product was dissolved in

dichloromethane (50 mL), and the solution was added dropwise
into a solution of low boiling petroleum ether (800 mL) and

MeOH (100 mL) After vigorously stirring for 2 h, the fine

precipitate was collected by filtration and washed with MeOH

(3 x 10 mL), low boiling petroleum ether (3 x 50 mL), and

water (5 x 200 mL) Drying under high vacuum at 80 °C for

4 days afforded 7 20 g (70%) of PUHOHB

Characterization Techniques. 'H NMR spectra were

measured on a Bruker ASX 400 spectrometer at 330 K in

DMSO ch COSY ('H, 13C) NMR spectra were measured on the

same instrument with a delay time of 5 5 fis at 300 K in

DMSO ds Chemical shifts are given in ppm relative to

tetramethylsilane IR spectra (film) were recorded on a Bruker

Vector 22 spectrometer at room temperature Molecular weight
distribution was determined by gel permeation chromatogra
phy (GPC) in THF at room temperature with a Knauer

Chromatograph equipped with a differential refractive index

detector with two PLGel mixed 5 fim columns (7 5 mm x 600

mm) at 85 bar and at 45 °C M„ was estimated from the reten

tion volume based on polystyrene standards Number average

molecular weights (Mn) were determined in chloroform at 25

°C by vapor pressure osmometry (VPO) with a Corona Wescan

C 32A machine Melting temperature (Tm) and glass transition

temperature (Tg) were obtained by differential scanning cal

orimetry (DSC) with a Mettier DSC 30 instrument equipped
with Me 70329 cooler and a Tcl5/TA controller The samples
in a 40 fiL aluminum carrier were heated in the first scan from

— 100 to 200 °C with a heating rate of 10 °C/min, cooled from

200 to —100 °C at a cooling rate of —10 °C/min, and then

heated for the second scan The stress/strain curves were

recorded on a MECMESIN M 1000E deformation apparatus
at ambient temperature and at a rate of deformation of 20 mm/

min with a load cell capable of measuring forces up to 10 8 N

and a sample film of 148x98x0 32 mm3 The water content

in solution was determined by Karl Fischer titration on a

Metrohm 684 KF coulometer Wide angle X ray diffraction

patterns were recorded on a Siemens D5000 diffractometer

with samples of a thickness of 1 mm and with Cu Ka radiation

A glancing incidence setup (glancing angle 1 5°) was used for

the measurement, scanning the 20 range from 5° to 40° The

step size was 0 05° and the measurement time 10 s per step
A Soller slit and a monochromator were mounted in front of

the scintillator to obtain a parallel and monochromatic beam

The peak positions were fitted by the Pearson VII method

using the TOPAS P software of the D5000 diffractometer

Results and Discussion

Poly [(R) 3 hydroxyoctanoate] (PHO) is the most stud

ied mcl PHA and can be produced in large amounts.

Transesterification of PHO with ethylene glycol afforded

telechelic PHO diol with a Mn of 2400 (VPO) in 91%

yield.23 This readily available enantiomerically pure
material is a sticky liquid with Tg = —56 °C, and it was

chosen therefore as the soft segment for the preparation
of block copolymers. The telechelic diol from poly [(R)
3 hydroxybutyrate] (PHB diol) with a Tm of 149 °C and

an Mn of 2600 (VPO) was prepared according to the

established procedure24 and used as the hard segment.
To demonstrate the concept, poly(ester—urethane) was

chosen as a model target block copolymer. Moreover,

polyurethanes have been used in medical practice,25 26

and the new polymer containing PHO and PHB blocks

could provide improved biocompatibility and biodegrad
ability in addition to the desired physical and mechan

ical properties. Since aromatic diisocyanate derived

polyurethane can generate toxic, mutagenic, and car

cinogenic aromatic amine during degradation, aliphatic
L lysine methyl ester diisocyanate (LDI)25 was chosen

for the junction unit. Degradation of the corresponding
polyurethane should give the nontoxic lysine derivative.

Comparing to the biosynthetic polymer products, the

ratio of the soft and hard segments and the junction unit

can be more easily controlled in the chemical synthesis
procedure, permitting modifications of polymer proper
ties. As an example, PHA diol, PHB diol, and LDI were

used in a molar ratio of 1:1:2 in this study.
Block copolymers were prepared by the reaction

between the —NCO groups of LDI and the primary or

the less active secondary —OH groups of the telechelic

diols (Scheme 1). Since water can react with LDI to give
carbamic acids and thus stop the polymerization, the

reaction was carried out under anhydrous conditions

and under an argon atmosphere. The PHO diol and

PHB diol were dried by azeotropic distillation with 1,2

dichloroethane, and the moisture in the solvents was

removed by reflux in a Soxhlet apparatus with molec

ular sieve granules A4 (pore size 4 À) overnight. The

water content in the reaction system should be as low

as possible, preferably lower than 10 ppm. Preliminary
results showed that there was no polymerization at

water content of 60 ppm.
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Figure 1. 'H NMR spectrum of the block copolyester¬
urethane) PUH0HB at 330 K in DMSO d6

It was shown that a high concentrated solution

resulted in rapid polymerization, and 25% (w/v) of diols

in 1,2 dichloroethane was therefore used. The junction
unit LDI was freshly distilled before use. As a catalyst,
a small amount of dibutyltin dilaurate (0.5% w/w) was

used. The reaction temperature was maintained be

tween 75 and 80 °C to avoid possible formation of side

products or polymer degradation. The reaction was

followed by gel permeation chromatography (GPC) of

samples taken from the mixture at different times.

After 143 h, the growth of the polymer chain stopped.
The crude product was precipitated in methanol to

remove the unreacted LDI and small molecular side

products. Subsequent precipitation in low boiling pe

troleum ether removed tin hydroxide generated from the

catalyst. Washing with methanol, low boiling petroleum
ether, and water followed by drying under high vacuum
at 80 °C for 4 days afforded the poly(ester—urethane)
(PUHOHB) in 70% yield. A molecular weight (Mw) of

33 500 for PUHOHB was determined by gel permeation
chromatography, and Mn was established as 10 600 by
vapor pressure osmometry (VPO).

In the IR spectrum, two broad absorption bands at

3530—3350 cm-1, corresponding to the two terminal

—OH groups of the starting materials PHO diol and

PHB diol, were nearly absent, indicating the polymer
ization was successful. The ester and urethane struc

tures were confirmed by the strong absorption at 1735

cm-1. The absorption at 1520 cm-1 corresponded to the

amide N—H in the new polymer.
The structures were further confirmed by NMR

analyses. The chemical shift assignments from the !H

NMR spectrum are given in Figure 1. The proton

assignments for the ester domains were adopted from

earlier work,23 and protons g—k were assigned with help

ppm
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Figure 2. COSY (TT, 13C) NMR spectrum of the block copoly
(ester-urethane) PUHOHB at 300 K in DMSO d6 (shown only
10-80 ppm from 13C NMR)

Table 1. Assignment of Chemical Shifts of PUHOHB in

the 13C NMR Spectrum

position ô (13C) position ô (13C) position ô (13C)

a 13 1 CO (HO, HB) 168 4 j 28 6

b 21 4,30 5,
23 6

f 61 9 k 39 5

c(HO) 32 8 S 53 4 1 50 8

d(HO) 69 9 h 30 2 m 183

e 38 3 i 28 1 d (HO) 66 8

of a COSY (!H, 13C) NMR spectrum, shown in Figure 2.

The assignment of the 13C chemical shifts is listed in

Table 1. The NMR signals of the methyl group proton 1

and the proton g of the incorporated LDI are multiple
peaks, indicating nonequivalent chemical surroundings
that exist due to the various ways of coupling between

LDI and the primary or secondary OH groups of the

PHO diol or the PHB diol.

For a PHB diol with a Mn of 2600, the average

number of HB monomer units (n) is 29.5. For a PHO

diol containing C8 and C6 monomer in a 90:10 ratio,

with a Mn of 2400, the average number of HO monomer

units (m) is 16.8. In the 'H NMR spectrum, the intensity
of the methyl group proton a of the PHO block is 107.0,
so that the integral value of the proton d from PHO

block should be 107.0/3 = 35.7. The total integration of

proton d from the PHO and PHB blocks is 94.0; thus,
the intensity of proton d from the PHB block can be

calculated to be 94.0 — 35.7 = 58.3. Accordingly, the

ratio of the PHO diol and the PHB diol incorporated in

the new polymer can be deduced to be (35.7/16.8): (58.3/
29.5) = 1:1.

The intensity of the methyl proton 1 from the incor

porated LDI is 15.5 and thus in good correspondence to

that of the methylene proton k (10.3). The intensity of

protons h, i, and j can therefore be estimated to be 10.
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Table 2. Physical and Mechanical Properties of PUHOHB, PHO, PHB, P(HB-co-HA), and PUCL

properties PUHOHB PHOa PHB* P(HB co-HA)c PUCLd

Mw (GPC) 33 500 66 000 1170 000 1 391 500 66 0

Mn (VPO) 10 600 23 600 650 000 605 000

MJMn 2 7 2 8 1 8 2 3

Tg (°C, DSC) -6 -30 4 -8 -45

Tm (°C, DSC) 146 61 178 133, 146 122

E (MPa)e 213 1560 220 200

ömax (MPa)e 70 38 17 99

fmax (%)e 63 27 490

OB (MPa)e 69 17 73

B (%Y 37 5 680 610

a Data from this study * Data from ref 27 c Biosynthetic copolyester consisting of 94 mol % HB and 6 mol % HA, data from ref 21
d
Poly (ester—urethane) block copolymer prepared from 17 mol % PHB diol, 32 mol % poly(e caprolactonejdiol, and 50 mol % LDI, data

from ref 25 e Stress/strain characteristics determined on a MECMESIN M 1000E deformation apparatus at ambient temperature Young s

modulus E, tensile stress and elongation at maximum load omax and emax and at break ob and ee

First heating

-60 -40 -20

—1—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I

20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure 3. DSC spectrum of the block copoly(ester—urethane)
PUHOHB

2500 r

2000 -

S iooo

500

Figure 4. Diffraction intensities vs 20 (deg) for the block

copoly(ester—urethane) PUHOHB

The overlapping signal groups at 1.55 ppm (c, h) and

1.23 ppm (b, i, j, m) can be separated to calculate the

correct intensity of protons c and m, which again
resulted in the 1:1 ratio of PHB and PHO diol. The

value Mn = 10 600 (VPO) for PUHOHB indicates that

on average four diols are connected. On the basis of the

intensity of proton 1 and proton d of the polymer, it can

be concluded that two PHA diols, two PHB diols, and

five LDI are incorporated on average in the new

polymer. This suggests that the major terminating end

groups are the carbamic acids.

A Tm of 146 °C was found in the DSC of the new poly
(ester-urethane) block copolymer (Figure 3). In the

X ray diffraction pattern of PUHOHB (Figure 4), several

peaks were observed in the measured 20 range, indicat

"T"

20

"T"

30 40 50

Strain (%)

Figure 5. Stress—strain curve of the block copolyester¬
urethane) PUHOHB

ing partial crystallinity. The high peak width reveals a

small size of crystalline phase, estimated to be well

below 1 fim. Comparing with the pure PHB material,28
PUHOHB shows an identical diffractogram. This indi

cates that the observed Tm is due to the low molecular

weight PHB diol block. A Tg of —6 °C was found in the

DSC of PUHOHB (Figure 3), which is most probably
due to the PHB diol block. No Tg corresponding to the

PHO domains can be clearly observed in the DSC until

-100 °C. Comparing with PHO {Tg of-30 °C and Tm of

61 °C) and PHB (Tg of 4 °C and Tm of 180 °C), the new

poly(ester—urethane) block copolymer shows much bet

ter thermoplastic properties.
From the stress/strain curve (Figure 5), the Young's

modulus (E) was deduced to be 213 MPa. The tensile

stresses at maximum load (crmax) and at break (ob) were
7.0 and 6.9 MPa, respectively. These properties are

similar to those of the biocopolyester P(94%3HB co

6%3HA)21 and the block copoly(ester-urethane) PUCL25

synthesized from 17 mol % PHB diol, 32 mol % poly(e
caprolactone)diol, and 50 mol % LDI (Table 2). The

elongations at maximum load (emax) and at break (ee)
for PUHOHB were 6.3% and 37%, respectively. These

relatively low values can be probably improved by
incorporating less PHB diol hard segment and more

PHO diol soft segment in the block copolymer. For

application in special medical devices, PUHOHB with

a Tm of 146 °C will allow for thermal sterilization, which

is an important criterion in such applications. In

comparison with PUCL, PUHOHB contains only block

esters obtained from biopolymers and should thus be

more biocompatible.
In summary, enantiomerically pure PHO diol has

been proven to be an excellent soft segment in the
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preparation of block copolymers. For the first time, a

new polymer that contains both soft and hard segments
derived from biopolymer PHAs has been chemically
synthesized. The prepared model polymer PUHOHB

shows excellent thermoplastic properties and good me
chanical properties and is a potentially useful material

for medical applications.
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Conclusions

Polyhydroxyalkanoates (PHAs) are biopolymers produced by a wide variety of organisms

that consequently provide different kinds of polymer profiles. All of them have repeating

units that from the polyester backbone and are differentiated by side chain characteristics:

short-chain-lengths (scl-) such as found in PHBs or PHV and/or medium-chain-lengths

(mcl-) such as found in most other PHAs '

.
PHAs are high molecular weigh polymers

with a chiral center at one of the backbone carbon generally C3. PHB (scl-) are hard

crystalline-brittle polyesters while for the most part mcl-PHAs vary from amorphous to soft

sticky consistence 7'12'13. The extremely wide property spectrum of these polymers limits

their application as a finished material '

.
Therefore many studies have been done to

explore their potential as a basic biopolyester material for specific applications. By

combining different methods such as genetic engineering and bioengineering processes

(fed-batch or continuous culture) new bio-plastics have been produced by organisms such

as Ralstonia eutropha ATCC 17699 (Alcaligenes eutrophus) or Pseudomonas putida

(oleovorans) GPol co-fed with different substrates ' '

"

.
The produced PHAs (scl-, mcl-

) were previously submitted to chemical modifications to improve their application

Potential. Thus polymers, blends, block-polymers and improved new materials have been

produced, characterized, and used specifically. The preparation and characterization of

enantiomerically pure telechelic diols from mcl-poly [(R)-3-hydroxyalkanoates] ,
the

synthesis and characterization of novel copolyesterurethane containing blocks of poly-[(R)-

3-hydroxyoctanoate] and poly-[(R)-3-hydroxybutyrate] ,
and the synthesis of polyesters

from PHA-diols by polycondensation of terephthaloyl chloride are successful examples in

which structural modifications and material improvements have been achieved by using
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appropriate chemical reactions. These examples show some possibilities to combine PHAs

with other polymers to produce new material with improved properties.

Outlook

As a biomaterial, polyhydroxyalkanoates (PHAs) are polyesters of a great chemical

interest. Basically PHAs exhibit biocompatible and biodegradable properties interesting for

various applications in the medical and/or pharmaceutical area, and for the environment by

reducing solid wastes from synthetic polymers. Therefore the main point remains the

production of specific bacterial polyesters in large amount at low cost for further chemical

modifications to produce new material profiles. To address this issue, new organisms have

been screened '

,
and genetic engineering studies have been done to develop new

recombinant strains ' '

.

In parallel, physiological studies of cell at limited low and high

C/N molar ratios, and cultures fed with alkanes, sugars and fatty acids as carbon sources

have been performed. Polymers such as mcl-Poly(3HA) of Co, C%, Cio, Cn, Poly(3HB), and

copolymers [Poly(3HB-co-3HHx)] have been produced by organisms such as

Pseudomonas sp. 61-3 fed with glucose, vegetable oils, and other inexpensive substrates 20.

This research has been extended to other organisms such as Aeromonas caviae
,

94

Alcaligenes eutrophus and Pseudomonas oleovorans (putida) Gpol , resulting in the

production of new improved biopolymers.

Based on to the results for scl-, and mcl-PHAs production, it appears that a strategy based

on specific material design can avoid high costs linked to expensive substrates and

bioprocesses. New organisms screening and, genetic engineering studies by cloning new

recombinant strains can be a key point for further studies. Therefore different studies of
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enzyme interaction with solvents/substrates, new substrate screenings, new polymer

building must be done. Specific biopolyesters (polymers) previously produced and studied

for applications can be economically competitive with the same class of synthetic polymers

existing in the market.

Targeting specific mcl-PHAs derivatives

All materials are characterized by properties that depend on detailed material and size.

Previous studies showed that PHAs are materials with limited applications due to their poor

mechanical properties (hard-brittle or soft-sticky). Nevertheless, material studies of scl-

PHB and mcl-PHAs have been carried out particularly in the environment care field, due to

the PHA biodegradability properties. The demands of specific materials implicate a very

close interdisciplinary work and knowledge. Combining different techniques described

previously, mcl-PHA derived oligomers could be advantageous building block components

to produce block copolymers for specific applications. These materials could be used in the

preparation of scaffold for tissue engineering, fibers for surgery devices, asymmetric

membranes, hydrogels (that according to the composition, are highly biocompatible

material) and could be used as drug-delivery systems. The availability of such materials

depends on the production cost, and the specific applications for which the material is

produced.
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