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Abstract

This thesis project investigates the structure-property relationships of
biosynthesized poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB))
using nuclear magnetic resonance (NMR) spectroscopy and dynamic scanning
calorimetry (DSC). Commercial P(3HB-co-4HB) copolymers have limited chemical
diversity and may contain additives, necessitating the biosynthesis and extraction
of samples in the lab to accurately study their properties. The project faces
challenges in directing biosynthesis towards specific compositions, especially those
with high 4-hydroxybutyrate (4HB) content, and in dealing with the broad
compositional distribution of the samples. To address this, solvent fractionation and
variation in procedure parameters will be employed to obtain fractions with
narrower compositional distributions. NMR spectroscopy will determine the
composition of these fractions, while DSC will analyze their thermal properties. By
integrating these techniques, the project aims to elucidate the correlations between
molecular structure, thermal properties, and material behavior of P(3HB-co-4HB),

thereby enhancing its potential applications in biomedicine and other industries.

Key-words: P(3HB-co-4HB) biosynthesis, solvent/nonsolvent fractionation,
compositional distribution.



Abstract in italiano

Questa tesi esplora le relazioni struttura-proprieta del poli(3-idrossibutirrato-co-4-
idrossibutirrato) (P(3HB-co-4HB)) biosintetizzato utilizzando la spettroscopia di
risonanza magnetica nucleare (NMR) e la calorimetria a scansione dinamica (DSC).
I campioni commerciali di P(3HB-co-4HB) sono chimicamente limitati e spesso
contengono additivi, rendendo necessaria la biosintesi e l'estrazione laboriosa di
campioni puri in laboratorio. Il progetto mira a superare le sfide nella biosintesi
orientata verso composizioni specifiche, in particolare con un alto contenuto di 4-
idrossibutirrato (4HB), e nella gestione della vasta distribuzione composizionale dei
campioni biosintetizzati. Il frazionamento con solvente e, successivamente la
variazione di alcuni parametri nella procedure, sara utilizzata per separare il
P(3HB-co-4HB) in frazioni con distribuzioni composizionali piu strette. L'NMR
valutera la composizione di queste frazioni e la DSC analizzera le loro proprieta
termiche. Questo approccio combinato mira a rivelare le correlazioni tra la struttura
molecolare, il comportamento termico e le proprieta dei materiali, fondamentali per
espandere le applicazioni di questo copolimero biodegradabile e biocompatibile in

biomedicina e in altri settori.

Parole chiave: Biosintesi di P(3HB-co-4HB), frazionamento solvente/non solvente,
distribuzione composizionale.



Contents

F2N o112 - T 2O 5
Abstract in italiano.........ceeveeereenieineintentee e 6
10 11 1O 7
1 INErOAUCHON ettt ae et sse e sessnesneneaene 9

1.1. The future ... 11

1.2. Polyhydroxyalkanoates (PHAS) .......ccccceeivininiiiiiiiiiciciccceces 15
1.2.1.  Polyhydroxyalkanoate (PHA) production ...........cccceovviiiiiiiiiiinininiiinnns 17
1.2.2.  Polyhydroxyalkanoate (PHA) applications...........cccccoeviviviiiiinininiinnns 19
1.2.3.  Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) production..................... 20
1.2.4. Commercial Applications of P(BHB-co-4HB): Challenges and
OPPOTTUNILIES ...t 22

1.3. Aim of the thesis ... 24
2 Materials and methods..........iiiiiiiniiiiiiiiiin 25

2.1. Materials .......c.coeiiiiiiiiii 25
211, Commercial PHAS........ccooiiiiiiiiicic 25
2.1.2.  P(BHB-co-4HB) samples........cccccoviiiiiniiiiiiiiiiiiiiii 25

2.2. Methods ......couiiiiiiiiiiii 26
2.2.1.  Biosynthesis of P(3HB-co-4HB) copolymer ..........cccccoevviiiniiininincnnnne. 26
2.2.2.  Nuclear Magnetic Resonance (NMR)..........cccoceviiiiiiniiininiiiiiee 29
2.2.3.  Differential Scanning Calorimetry (DSC)........cccccooviiviniiiinniiiiicnne, 31
2.2.4.  Fractionation procedures ............cccocevieiiviiiiininiiiiiecccene 32
3  Results and diSCUSSION .......cueieririiiiiiiiintitiictcnicnee s 34

3.1. Biosynthesis of P(S3HB-co-4HB) .........cccccooiiiiiiiiiiiiiiiicc 34

3.2. Compositional characterization...........c.ccocoiiiiiiiiiiiiiiie, 39

3.3. Fractionation of P(3HB-CO-3HHX) ....cccccoviiriiiniiiiiiiciiecceccecee 42

3.4. Fractionation of P(B3HB-CO-4HB) .......cccceiiiiiiiiiiiiiiiieeccececcee 45
3.41.  Compositional characterization............ccccooeviiiniiiiiininiie, 45
3.4.2.  Thermal characterization ...........cccccooeviiiiiiiiiiiiiiii 48

3.5. Expanding the P(3HB-co-4HB) compositional range by variation in cultivation
CONAILIONS ..veiiiiiici s 51

4 CONCIUSIONS cuuuveeirreererrenenieeereeeesnssssssesesseesssssssssssesssessssssssssssssssssssssssssssssssssssssssses 61

33100 FT0T o4 1) 1R 62



LiSt Of FIGUIES c.ccovivuiiriiiitintiiniiiitiniinintinininenncncnissssnesessessessssssessessssssessesessessssnes 69
LiSt if Tables ...ttt senes 70
LiSt Of SYMDOLS ....cueeuiiiiiitiiiiiiiiiininiiniiincniesesesesessssessessesssssssssessssssenes 71
ACKNOWIEAGMENLS .....cuviiiririiniiiiiiniiniiiinienineeeseresesssssesessessessssssesessesssens 72



1 Introduction

Plastics” widespread use in today's world epitomizes its unparalleled importance in
modern society, touching nearly every aspect of human life. From packaging
materials to medical devices, construction components to electronic gadgets,
plastics' versatility, durability, and affordability have revolutionized industries and
economies globally. Its prevalence is underscored by staggering production figures,
with billions of tons manufactured annually to meet diverse consumer and
industrial demands. However, this widespread adoption has engendered a
multifaceted environmental crisis. Plastic pollution has become an omnipresent
menace, contaminating terrestrial and aquatic ecosystems alike. Landfills overflow
with discarded plastic waste, while water bodies, including oceans, rivers, and
lakes, are inundated with plastic debris, posing grave threats to marine life and
ecosystems. Microplastics, minute particles derived from the degradation of larger
plastic items, further exacerbate the problem, infiltrating food chains and
potentially endangering human health. Despite mounting public awareness and
regulatory measures aimed at mitigating plastic pollution, the sheer scale of plastic
consumption presents formidable challenges. Addressing this complex issue
demands a holistic approach, integrating technological innovation, policy
interventions, consumer behaviour changes, and industry collaboration. Efforts to
reduce single-use plastics, promote recycling and circular economy models, and
develop biodegradable alternatives are critical steps toward a more sustainable
relationship with plastic (Figure 1). However, effective solutions necessitate
concerted global action, transcending geographical and disciplinary boundaries to
safeguard the planet's ecological integrity and secure a resilient future for

generations to come.
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Figure 1: Circular economy [1].

Today, most plastics are still produced from fossil-based feedstock. Transitioning to
a circular, climate neutral economy demands investment and innovation from the
plastics value chain to develop new business models for reuse, produce more
recycled plastics and new feedstocks that are independent on fossil-based oil and

gas.



1.1. The future

Indeed, recently the research (also industrial one) progression is deeply marked by
the emergence of new type of plastic polymers. Such products, namely biopolymers,
are high molecular weight macromolecules classified according to the monomeric

unit used and the structure of the biopolymer formed [2].

Biobased plastics and biodegradable plastics are two distinct categories within the
overarching family of biopolymers. Biobased plastics are derived from renewable
biomass sources, such as plants, crops, or microorganisms, rather than fossil fuels.
These plastics can be identified by their source material, which is typically indicated
on the product or packaging. Examples include polylactic acid (PLA) made from
cornstarch, or sugarcane-based polyethylene. While biobased plastics are made
from renewable resources, their environmental impact can vary depending on
factors such as land use, water consumption, and energy requirements for

production [3].

On the other hand, biodegradable plastics break down naturally in the environment
through biological processes, such as microbial digestion or exposure to sunlight
and oxygen, into simpler compounds like water, carbon dioxide, and biomass. They
may be labelled as such, often accompanied by certifications indicating their
biodegradability under specific conditions. It's important to note that not all
biodegradable plastics degrade in all environments and timeframes. Biodegradable
plastics can help reduce plastic pollution by breaking down into non-toxic
components. However, their environmental impact depends on factors such as the
disposal method, environmental conditions, and the presence of appropriate

microbes for decomposition.

In summary, while both biobased plastics and biodegradable plastics can contribute

to environmental sustainability, they differ in their focus and characteristics.



Biobased plastics emphasize the use of renewable resources in production, while
biodegradable plastics focus on their ability to break down into harmless

components in the environment.

In Figure 2, there is a summary classification of bioplastics, as discussed earlier.
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Figure 2: Material coordinate system for bioplastics [4].

In 2023, bioplastics represent roughly 0.5 percent of the over 400 million tonnes of
plastic produced that year [5]. After a period of stagnation over the past few years,
the overall global plastic production is picking up again in 2024. This development
is driven by rising demand combined with the emergence of more sophisticated
applications and products. Global bioplastics production capacity is set to increase
significantly from around 2.18 million tonnes in 2023 to approximately 7.43 million

tonnes in 2028 (Figure 3).
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Figure 3: Global production capacities of bioplastics [4].

The availability of current production data allows for a comparison between
production capacities and actual production in 2024, revealing that the bioplastics
industry is operating at almost full capacity as illustrated in Figure 4. Although
varying in some parts quite significantly from one polymer to another, ranging from
60% to 100%, the average utilization rate in 2023 is 82% (1.79mt production vs.

2.18mt production capacities) [4].

Utilisation rates of bioplastics 2023

in 1,000 tonnes

Figure 4: Utilisation rates of bioplastics [4].



Circular economy and bioeconomy are two key actions to achieving sustainable
development. They are based on the sustainability related to a reduced natural
resource input and zero-emission technologies, with biotechnology at the core of
this targeted scenario and biorefineries as the main tool [6]. Specific policies for
conventional plastic producers are necessary to protect the environment [7]. This
would help to stimulate the shift from oil-based plastics to bioplastics. Another
critical factor to consider is the end-of-life of both plastics and bioplastics.
Biodegradable plastics must be discarded properly and separate from conventional
plastics [8]. Likewise, the environmental impact of bioplastics needs more research
and environmental assessments indicate that some bioplastics and their by-
products may be harmful to the environment [9], and even depending on the
production procedure [10]. Life-cycle assessment (LCA) is an effective tool to
evaluate the potential consequences of a novel process or technology by gathering
data, identifying the spots and quantify the impacts. Nevertheless, LCA has still to
overcome some limitations like data availability for full-scale bioplastics
production, and uncertainties in LCA-inventory parameters. For this purpose,

efforts in including new LCA-impact categories are being done [9].



1.2. Polyhydroxyalkanoates (PHAs)

PHAs are a family of naturally occurring biopolyesters synthesized by various
microorganisms. First discovered by Lemogine in 1926 [11], PHA has since attracted
much commercial and research interests due to its biodegradability,
biocompatibility, chemical-diversity, and its manufacture from renewable carbon
resources [12]. A PHA molecule is typically made up of 600 to 35,000 (R)-hydroxy
fatty acid monomer units [13]. Each monomer unit harbours a side chain R group
which is usually a saturated alkyl group but can also take the form of unsaturated
alkyl groups, branched alkyl groups, and substituted alkyl groups although these
forms are less common [14]. Depending on the total number of carbon atoms within
a PHA monomer, PHA can be classified: short-chain length PHA (scl-PHA; 3 to 5
carbon atoms), medium-chain length PHA (mcl-PHA; 6 to 14 carbon atoms), long-
chain length PHA (Icl-PHA; 15 or more carbon atoms). PHA polymers are stored
intracellularly in so-called granules as is shown in Figure 5. About 150 different
PHA monomers have been identified and this number continues to increase with
the introduction of new types of PHA through the chemical or physical modification
of naturally occurring PHA [15], or through the creation of genetically modified

organisms (GMOs) to produce PHA with specialized functional groups [16].

Figure 5: Transmission electron microscopy (TEM) image of intracellular PHA granules [17].

Polyhydroxyalkanoates (PHA) comprise a diverse family of biodegradable
polymers, each with unique properties and applications. Among the most common

PHA polymers are polyhydroxybutyrate (PHB) in Figure 6, polyhydroxybutyrate-



co-valerate (PHBV) in Figure 7, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
[P(3HB-co-3HHXx)] in Figure 8, and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
[P(3HB-co-4HB)] in Figure 9.

Figure 6: Molecular structure of PHB.
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Figure 8: Molecular structure of P(3HB-co-3HHx).
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Figure 9: Molecular structure of P(3HB-co-4HB).

Copolymerization of 3-hydroxybutyrate (3HB) with 3-hydroxyvalerate (3HV), 3-
hydroxyhexanoate (3HHXx), or 4-hydroxybutyrate (4HB) offers a multifaceted



approach to enhancing polymer properties. The integration of these comonomers
into the polymer chain enriches the structural diversity, leading to copolymers with
improved mechanical integrity. Those features translate into higher tensile strength,
elongation at break, and flexibility, rendering copolymers more resilient and
adaptable to various applications. Moreover, copolymerization enhances the
biodegradability of the resulting materials. The introduction of comonomers
introduces structural irregularities that accelerate microbial enzymatic degradation,
rendering the copolymers more environmentally friendly. Indeed,
copolymerization amplifies the versatility of polyhydroxyalkanoate (PHA)
polymers. Each comonomer imparts distinct characteristics to the copolymer,

broadening its applicability across diverse sectors.

In essence, copolymerization of 3HB with 3HV, 3HHXx, or 4HB serves as a versatile
strategy for improving polymer properties, encompassing mechanical strength,
biodegradability, and functionality. This approach fosters the development of
innovative materials capable of addressing diverse industrial needs while

promoting sustainability and performance.

1.2.1. Polyhydroxyalkanoate (PHA) production

Polyhydroxyalkanoates (PHAs) are biodegradable polymers synthesized naturally
by various microorganisms. PHA production naturally occurs under conditions of
carbon source excess and at least one other nutrient limitation, e.g., nitrogen,
phosphorus, and/or iron [18]. In summary, microbial synthesis of PHAs involves a
complex interplay of microbial physiology, metabolic pathways, and
environmental factors, resulting in the production of sustainable and eco-friendly
biopolymers. Commercial production of PHA polymers is a multifaceted process
that relies on intricate microbial fermentation techniques coupled with

sophisticated downstream processing methods [19]. At the heart of this production



paradigm lies the utilization of renewable carbon sources, a hallmark of PHAS'
sustainability ethos. Microbial fermentation serves as the cornerstone of PHA
synthesis. Parameters such as temperature, pH, and nutrient availability are
meticulously regulated to create an optimal growth environment for the microbial
cultures. One of the key advantages of PHA production lies in its versatility
regarding carbon sources. While some bacteria can efficiently metabolize
inexpensive substrates like agricultural waste or industrial byproducts, others may
require more refined carbon sources to achieve optimal polymer synthesis. This
flexibility in feedstock selection not only enhances the sustainability of PHA
production but also contributes to its economic viability by mitigating raw material
costs [19]. However, the journey from microbial fermentation to the final PHA
product involves additional steps to isolate and purify the polymers from microbial
cells. Downstream processing techniques, such as extraction, purification, and
polymer recovery, play a pivotal role in ensuring the quality and purity of the PHA
polymers. These processes are often complex and resource-intensive, posing
significant challenges to commercial-scale production. Despite these challenges,
ongoing advancements in biotechnology and sustainable sourcing are driving
down production costs and improving overall efficiency. Innovations in microbial
engineering, fermentation optimization, and downstream processing are steadily
pushing the boundaries of PHA production [20], making these biopolymers
increasingly competitive with traditional plastics. These microorganisms are
optimized for PHA production, with their genetic makeup fine-tuned to maximize
polymer yield and quality. To have economically competitive PHAs, the production
and the downstream need to be tackled simultaneously, as one stage influences the
other. The production costs can be optimized following different directions
depending on the use of pure or mixed cultures. Both pure and mixed cultures have

the capability of using waste as feedstock, which contributes to greatly reduced



PHA production costs [19]. A relevant emerging PHA-research field is focused on
the use of extremophile strains as they combine pure culture advantages together
with the possibility of operating under non-sterile conditions, reducing operating
costs and simplifying the extraction process. However, any PHA production
process faces the challenge of a reliable control over the biopolymer composition
and purity, which are determining factors for its further use. Actually, there is
evidence that the extraction method may affect the PHA-polymer properties [21].
Efficient, innocuous, environmentally friendly and cheap extraction methods for

PHAs are yet to be developed.

1.2.2. Polyhydroxyalkanoate (PHA) applications

Currently, there are over 150 types of PHA monomers, forming homopolymers, and
copolymers. These variations can result in a diverse array of mechanical and
physicochemical properties based on their monomer composition. [22]. Due to this
versatility, PHA is often regarded as a leading contender for reducing the reliance
on conventional plastics [23]. PHA has been demonstrated to be completely
biodegradable [24]. In addition, life cycle assessment studies have showcased that
PHA can be manufactured in a completely sustainable manner, marking it as a
genuinely "green" process. However, the carbon-neutrality of PHA production
hinges greatly on the energy source used to power the production facilities. Plants
reliant on fossil energy would still incur a significant environmental burden, as
extensively examined by Shahzad K, Ismail IMI, Ali N et al [25]. Also, considering
its high biocompatibility, PHA can also be used as material for medical devices,
increasing its aggregate value [26]. Among the several PHA polymers, recent
studies highlighted high market value and potential of P(3HB-co-4HB) due to its
range of physical and physicochemical properties, and potential use as medical

devices, as it was the first-ever FDA-approved PHA [27]. Many studies show that



P(3HB-co-4HB) is a popular subject for research and discussion right now. These
gave rise to diverse P(3HB-co-4HB) properties which can be tailored for various
applications ranging from biodegradable packaging materials to medical products.
P(3HB-co-4HB) is also considered as pharmaceutically active compound and
currently investigated as potential anti-HIV drugs, anti-cancer drugs, antibiotics,
etc. [28]. The production of various types of PHA material, their properties and
downstream applications was recently reviewed by Philip et al. [29], Olivera et al.

[30], Chen [31], and Rai et al. [32].

1.2.3. Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) production

For the first time, 4-hydroxybutyrate (4HB) monomers were identified within PHA
polymers in P(3HB-co-4HB) synthesized by Cupriavidus necator, previously known
as Ralstonia eutropha [33], when provided with 4-hydroxybutyric acid or 4-
chlorobutyric acid as the primary carbon source [34]. Subsequently, it was
demonstrated that this strain could also generate 4HB monomers from other
structurally similar carbon sources like Gamma-Butyrolactone and 1,4-butanediol
[35]. This breakthrough marked a significant advancement in exploring novel
applications for PHA copolymers. 4HB copolymers garnered particular interest due
to their superior physical and physicochemical properties compared to copolymers
based on 3-hydroxyvalerate, which had been among the most promising variants
studied at that time for reducing the brittleness of P(3HB) homopolymers [36].
Figure 10 provides an overview of the primary pathways leading to P(3HB-co-4HB)
production from both related and unrelated substrates by native and recombinant

strains.
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Figure 10: Metabolic pathways leading to P(3HB-co-4HB) production [37].

In the pathway for production of P(3HB-co-4HB), two acetyl-CoA molecules are
converted to acetoacetyl-CoA by 3-ketothiolase (encoded by the phaA gene), which
is then reduced (using NADPH as a cofactor) to 3-hydroxybutyryl-CoA by
acetoacetyl-CoA reductase (encoded by phaB). 3-Hydroxybutyryl-CoA will be
incorporated into the nascent polymeric chain by PHA synthase (encoded by phaC).

Acetyl-CoA is generated from different pathways according to the main carbon



source. When supplying structurally related carbon sources, such as Gamma-
Butyrolactone, these substrates can be converted to 4-hydroxybutyryl-CoA through
different pathways according to the source similarity to 4HB, although the
mechanisms for these conversions are still unclear and are an unexplored niche for
future studies. 4-Hydroxybutyryl-CoA, in turn, can be polymerized in the PHA
chain by PHA synthase [37].

1.2.4. Commercial Applications of P(3HB-co-4HB): Challenges and
Opportunities

Among other considerations, two key aspects are crucial for expanding the
commercial applications of P(3HB-co-4HB). The first is reducing production costs,
and the second is identifying high-value applications for P(3HB-co-4HB) beyond its
medical uses; its availability in the industrial market could accelerate its
development into new materials with unique properties. To lower P(3HB-co-4HB)
production costs, it is essential to isolate and select robust native P(3HB-co-4HB)
producers or to genetically engineer strains for more efficient synthesis [38]. A
major challenge is achieving high and stable synthesis of P(3HB-co-4HB) from
inexpensive and structurally unrelated carbon sources, a feat only attainable in
recombinant strains. Additionally, bioprocess engineering is crucial to implement
optimized processes using inexpensive media and substrates, thereby increasing

productivity, and reducing costs [39].

Environmentally friendly, simple, efficient, inexpensive, and scalable methods for
extracting P(3HB-co-4HB) from cells, resulting in polymers with various purity
levels have yet to be reported and would greatly enhance the overall production
process [40]. Producing P(3HB-co-4HB) with tailored molecular weights to meet
different application requirements would further expand its uses. Ultra-high

molecular weight PHA, with weights exceeding several millions, has been



biosynthesized [41]. However, the factors determining the molecular weight and
distribution of PHA produced in native and recombinant bacteria remain unclear.
The concentration and catalytic activity of PhaC, the occurrence of chain transfer
reactions, and whether PHA biosynthesis occurs alongside degradation, all

influence PHA molecular weight [42].

Ultra-high molecular weight PHA can be transformed into high-strength fibers,
while for low molecular weight could be used for drug delivery and as a plasticizer.
However, these and many other properties remain underexplored due to the
limited availability of this material, constrained by patent protection and high costs
compared to other globally produced biopolymers. Increasing production volume
would lower costs and expand the variety of cost-effective applications for P(3HB-

co-4HB) [43].

To establish a sustainable demand and supply for P(3HB-co-4HB), its relevance
must be increased, meaning enhanced visibility and knowledge through intensified
research. Alongside scaling up production, a suitable distribution network with
customer service to explain P(3HB-co-4HB)'s specific processing requirements must
be implemented. Conversely, although P(3HB-co-4HB) has FDA approval for

medical applications, increased accessibility could lead to its misuse [38].



1.3. Aim of the thesis

This thesis project aims to explore the structure-property relationships of
biosynthesized poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB))
utilizing nuclear magnetic resonance (NMR) spectroscopy and dynamic scanning
calorimetry (DSC) techniques. While commercially available, the diversity in
chemical composition of this copolymer is limited and commercial samples may
contain additives such as nucleating agents. Therefore, to gain a comprehensive
understanding of how the composition of P(3HB-co-4HB) influences its material
properties, biosynthesis, and extraction of the required samples in a laboratory
setting is required, a labour-intensive process. Moreover, directing biosynthesis
towards P(BHB-co-4HB) copolymers with specific compositions, particularly those
with a high 4-hydroxybutyrate (4HB) content, poses significant challenges.
Additionally, the broad compositional distribution of biosynthesized P(3HB-co-

4HB) samples complicates the study of their structure-property relationships.

Hence, this project aims to utilize the technique of solvent fractionation, to separate
biosynthesized P(3HB-co-4HB) into fractions of different composition, and with a
narrower compositional distribution. NMR spectroscopy will be employed to
investigate the composition of P(3HB-co-4HB). Thereafter, DSC will be applied to
analyse the thermal behaviour of P(3HB-co-4HB) samples with varying
compositions, providing insights into their thermal properties. By combining these
analytical techniques, this project seeks to uncover correlations between the
molecular structure, thermal properties, and material behaviour of biosynthesized
P(BHB-co-4HB). Such insights are crucial for expanding the applications of this
biobased, biodegradable, and biocompatible copolymer, particularly in industries

such as biomedicine.



2 Materials and methods

This chapter provides a comprehensive discussion on the materials and methods
involved in the project. Initially, the synthesis process of these materials is
presented, highlighting the key steps and techniques employed. Subsequently, the
methods utilized for characterizing the synthesized materials are introduced,

underscoring their significance in evaluating and understanding their properties.

2.1. Materials

2.1.1. Commercial PHAs

The various commercial polyhydroxyalkanoates (PHAs) employed in this master
thesis encompass poly-3-hydroxybutyrate (PHB), manufactured by TianAn
Biopolymer, and two poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) copolymers
(P(3HB-co-3HHX)) of distinct compositions —labelled P(3HB-co-3HHx) X131A and
P(3HB-co-3HHXx) 151C—provided by Kaneka Belgium.

2.1.2. P(3HB-co-4HB) samples

In this master's thesis, samples of P(3HB-co-4HB) with varying compositions are
employed. The samples are prepared at the Microbiology (MICR) Research Group
and at the Physical Chemistry and Polymer Science (FYSC) lab at Vrije Universiteit
Brussel (VUB).



2.2. Methods

2.2.1. Biosynthesis of P(3HB-co-4HB) copolymer

The procedure begins with the preparation of three plates organized to
accommodate the deposition of Cupriavidus sp. USMAA2-4 bacteria. These bacteria,
stored at -80°C, are defrosted and placed onto nutrient-rich plates using a sterilized
stick under a flame for maintaining sterility. After making incisions in the nutrient

medium, the bacteria are left to grow for a 72-hour period at temperature of 30°C.

Following this initial growth phase, specialized solutions necessary for bacterial
growth and subsequent product synthesis are prepared. Those solutions include a
carbon source mixture consisting of 8.53 g of 1,4 butanediol, 7.46 g of 1,6 hexanediol,
and 1.1 1 of purified water (ddH2O) [1.6 hexanediol + 1.4 butanediol (1:1)].
Additionally, a salt solution comprising 7.150 g of (NH4)2504 and 3.575 g of
MgS04.7H20 dissolved in 500 ml of ddH20O, along with a buffer solution composed
of 51.953 g of K2HPO4.3H20 (or 39.650 g of K2HPO4) and 24.050 g of KH2PO4
dissolved in 500 ml of ddH2O, are prepared.

Once the bacteria have reached the predeterminate time interval phase under
sterilized conditions, three chosen colonies are scraped off the plates, ensuring
minimal clumping. These small bacterial quantities are then transferred into small
flasks (100 ml each) containing 30 ml of Lysogeny Broth (LB) and placed in a shaker
operating at 200 rotations per minute (rpm) for about 18 hours at 30°C.
Simultaneously, larger flasks (2 1 each) are prepared to accommodate the bacterial
culture. These larger flasks are filled by adding 100 ml of salt solution, 100 ml of
buffer solution, and 2.6 ml of a microelement solution into the carbon source
mixture. The resulting mixture is divided into three large flasks, with each flask

containing 400 ml of the prepared solution.



Upon completion of the agitation period for the small flasks, the Optical Density
(OD) of each culture is measured before being transferred to the large flasks for the
final stage of agitation. In a sterile environment, 100 pl of cultures from each small
flask (a total of two samples) and 900 pl of LB broth are retrieved for
spectrophotometer. After obtaining measurements at 600 nanometres (nm) from the
spectrometer for each culture, an average value between them is computed.
Subtracting the medium value (0.076), value achieved in previous studies
conducted by my predecessors, is utilized to determine the volume of culture to be

transferred into the large flasks.

Following this calculation, specific to each culture (A, B, and C), the calculated
volumes are transferred to falcon tubes and levelled with ddH2O for a centrifugal
wash (5,000xg for 5 min with soft deceleration). This washing process is repeated
for thorough cleansing. Once completed, the post-wash result is introduced into the

large flasks, where a final agitation at 200 rpm for 72 hours occurs at 30°C.

At the end of this duration, 12 falcon tubes (four for each culture) undergo
centrifugation (9500 rpm at 4°C for 20 min). After each centrifugation, the solvent
part is removed to add more culture until the large flasks are emptied. Following
various spin and wash steps, the falcon tubes are prepared for freeze-drying, a

process that unfolds within a freeze dryer for about 78 hours.

Upon completion of this three-day freeze-drying period, the culture inside tubes is
dehydrated. The next step consists of weighing the contents of each culture, known
as cell dry weight (CDW), and placing them in a 250 ml flask with 100 ml of

chloroform. The mixture is agitated for about 17 hours at 200 rpm at 30°C.

Following this, the cell suspensions in chloroform are filtered using a Buchner filter
and transferred into round bottom flask inserted into a rotary evaporator within a

40°C water bath. Rotary evaporation is continued until most of the chloroform has



been removed, leaving only a solution with high polymer concentration. The

process is repeated for all three solutions.

To extract the polymer, 75 ml of methanol is poured into a beaker cooled with ice
and a stirring pill. Once the temperature inside the beaker is uniform, the contents
of the round bottom flask are slowly poured in. As soon as the solution encounters
methanol, P(3HB-co-4HB) precipitates. To maximize product recovery, methanol is
also poured onto the walls of the round bottom flask. Finally, the polymer is
extracted and left to dry in a crystallization disk with perforated aluminium foil on

top.

Additionally, the same procedure was carried out to obtain other samples, with the
only difference being the use of different types of carbon sources to analyse the
composition of the copolymers depending on the growth solution utilized. Expect
the one already cited at the begging of this paragraph, three others different carbon
sources are prepared for use in the experiment. The first carbon source [2:1 1.6
hexanediol + 1.4 butanediol] is composed of 2.84 g of 1,4-butanediol and 4.97 g of
1,6-hexanediol dissolved in 550 ml of ddH2O. The second carbon source [5:1 1.6
hexanediol + y-butyrolactone] consists of 7.11 g of 1,4-butanediol and 1.36 g of -
butyrolactone dissolved in 550 ml of ddH2O. Lastly, the third carbon [1:1 1.6
hexanediol + y-butyrolactone] source is formulated with 4.27 g of 1,4-butanediol
and 3.73 g of 1,6-hexanediol dissolved in 550 ml of ddH2O. Total carbon
concentration is constant for all the mixtures. Only the rations between the carbon

sources change.

In the latest experiments, some parameters were changed in these procedures, such
as the incubation time and inoculum concentration. In particurarly, has been set as

incubation time 24 h, 48 h and 72 h; meanwhile as inoculum concentration 5 ml, 50



ml, 150 ml and 175 ml in 200 ml of culture, respectively 2.5% v/v, 25% v/v, 75% v/v

and 87,5% v/v.

2.2.2. Nuclear Magnetic Resonance (NMR)

In organic chemistry, NMR spectroscopy serves as a crucial tool for elucidating the
structure of organic compounds, discerning atom connectivity, and exploring
molecular dynamics. Various NMR experiments, including proton NMR, carbon-13
NMR, and two-dimensional NMR, offer diverse insights into the properties of

studied molecules.

Proton Nuclear Magnetic Resonance ("H-NMR) spectroscopy is conducted on all
copolymers to determine their composition. Both commercial samples (both
purified and non-purified) and all P(3HB-co-4HB) samples synthesized in this
thesis undergo analysis via NMR ("H-NMR, 250 MHz).

Sample preparation for NMR entails placing approximately 3-5 mg of the
copolymer in a small vial for analysis. Subsequently, around 1.5 mL of deuterated
chloroform (depending on the fraction mass) is added, and the vial is tightly sealed
with a cap. Proper dissolution of the PHA in chloroform is crucial for NMR analysis,
hence before transferring the polymer solution into the NMR tube, the polymer is
first dissolved in the vial by stirring with a lab pill. Once fully dissolved, 0.7
millilitres of the polymer solution is carefully transferred into the NMR tube for
analysis. Once complete dissolution is achieved, the tubes are sent for NMR analysis
at the Organic Chemistry (ORGC) Research Group at VUB. With the NMR results,

the composition can be calculated as follows.

In the case of P(3HB-co-4HB) copolymers, the chemical shifts of interest are
observed at two integrated signals. One appears at a chemical shift of 5.3 ppm,
corresponding to the proton at position 3 in the 3HB monomer as illustrated in

Figure 11. The second signal is observed at 4.1 ppm, representing the two protons



at position 4 in the 4HB monomer. Therefore, the molar composition of 4HB in the
copolymer can be determined using Equation 1 (where the quantity I represents the

areas under the curve nearby of the specific peak).
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Figure 11: Composition of the P(3HB-co-4HB) with the location of the protons.

In the case of P(3HB-co-3HHx) copolymers, the chemical shifts of interest are
observed at two integrated signals. One appears at a chemical shift of 0.91 ppm,
corresponding to the proton at position 6 as illustrated in Figure 12. The second
signal is observed at 2.5 ppm, representing the two protons at position 2. Therefore,

the molar composition of 3HHx in the copolymer can be determined using Equation

2.

mol%HHx = x 100
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Equation 2
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Figure 12: Composition of the P(3HB-co-3HHx) with the location of the protons.

2.2.3. Differential Scanning Calorimetry (DSC)

DSC is widely used in various fields, including chemistry, materials science,
pharmaceuticals, and polymer science, to characterize and understand the thermal
behaviour of materials. It provides valuable information about the stability, purity,
and phase transitions of substances, aiding in the optimization and quality control

of materials and processes.

Differential scanning calorimetry (DSC) measures the heat flow of samples in
relation to temperature and time, enabling the determination of characteristic
temperatures such as glass transition temperature, crystallization temperature, and

melting temperature.

The glass transition, marking the transition from a glassy to a rubbery state, is
depicted by a step in the heat flow curve, predominantly exhibited by the
amorphous phase of semi-crystalline polymers. Crystallization, occurring at higher
temperatures than the glass transition, manifests as an exothermic peak, indicating
the organization of the polymer into lamellae and spherulites. Melting, on the other
hand, is characterized by an endothermic peak, signifying the melting of crystalline
zones within the semi-crystalline polymer. The enthalpy of melting reflects the heat

absorbed during this process.



DSC measurements are conducted using TA Instruments Discovery DSC
equipment with nitrogen gas atmosphere. Approximately 3 to 5 mg of PHA are
placed in hermetic aluminium pans for analysis and subjected to a Heat-Cool-Heat
(HCH) program. This program involves heating the sample from room temperature
to 200°C, followed by a three-minute isothermal period to ensure complete melting,
then cooling to -50°C, another minute of isothermal hold, and finally reheating to
200°C with a one-minute isothermal hold. The chosen maximal temperature of
200°C is based on previous experiments conducted. Heating and cooling rates are
set at 20°C/min and 10°C/min, respectively. Data obtained from DSC analysis are

analysed using TRIOS software from TA Instruments.

2.2.4. Fractionation procedures

In general, compositional distribution as well as comonomer unit composition
influences various properties of copolyesters. So, the compositional fractionation
has been carried out to obtain copolyester fractions having a narrower
compositional distribution and to examine the precise relationships between the
comonomer unit composition and several properties such as thermal and

mechanical properties and biodegradability.

The as-produced copolymers were fractionated by repeated solvent/nonsolvent
fractionation procedures. A predetermined constant quantity of nonsolvent (i.e.
ethanol, methanol, heptane, etc.) was introduced into the copolymer/chloroform
solution (initial polymer concentration: 10 mg/mL) while stirring at room
temperature. The resulting precipitate was separated through centrifugation
(10000xg, 5 min). Upon the absence of any precipitates, an additional quantity of
nonsolvent was subsequently added using a 3 ml syringe. Following the collection
of the precipitate through filtration, an equivalent amount of nonsolvent was

reintroduced to the remaining solution, and the precipitate was isolated once again.



This process was iterated until the addition of any further nonsolvent ceased to

induce precipitation.

Through these fractionation steps, three, four, five or six fractions were obtained

from copolymer samples (with original different 4HB-unit content).

Table 1 shows up the list of fractionations made during the thesis project.

lst

2nd

3rd

4th

5th

6th

7th

8th

9th

10th

llth

12th

13’th

1 4th

PHA mass

150 mg P(3HB-co-3HHX)
150 mg P(3HB-co-3HHX)
150 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-3HHX)
300 mg P(3HB-co-3HHX)
300 mg P(3HB-co-3HHX)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)
300 mg P(3HB-co-4HB)

300 mg P(3HB-co-4HB)

Solvent

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

15 ml chloroform

Non-solvent
n-hexane
heptane
n-hexane
heptane
heptane
propanol
methanol
methanol
propanol
n-heptane
methanol
methanol
methanol

methanol

Table 1: List of PHA fractionations with solvent/nonsolvent technique.



3 Results and discussion

3.1. Biosynthesis of P(3HB-co-4HB)

During the master's thesis, three distinct biosynthesis experiments were performed
each containing three biological replicates, each resulting in three PHA samples.
Post-synthesis, the cell dry weight following lyophilization and the mass of PHA
after extraction and drying were measured. The PHA yield, expressed as a
percentage, denotes the ratio of the weight of PHA obtained to the cell dry weight.
To account for variations in culture characteristics across samples, the concentration
of biomass and PHA were determined by dividing their respective weights by the
volume of the culture.
In Table 2, we can observe the results of the first biosynthesis. These results include
the aforementioned parameters and are referring to a culture using a 1:1 mixture of

1,4-butanediol and 1,6-hexanediol as a carbon source.

Cell dry PHA PHA vyield PHA Biomass
weight [g]  weight [g] [%] concentration concentration
[¢/L] [¢/L]
Sample A 2.171 0.393 18.10 1.0 5.4
Sample B 2.250 0.453 20.13 1.1 5.6
Sample C 2.612 0.481 18.42 1.2 6.5
AVERAGE 2.344 0.442 18.88 1.1 59

Table 2: Cell dry weight and PHA weight of the samples synthetized, the PHA yield and the
biomass and PHA concentration for each sample using 1:1 1,4-butanediol and 1,6-hexanediol as a
carbon source.



The information in Table 2 emphasizes a significant observation: the PHA yield
from each sample is high compared to the dry weight of the cells considering the
literature [44]. Specifically, sample B shows an average yield of approximately 20%,
while samples A and C exhibit yields of around 18% each. Additionally, sample C
demonstrates a slightly higher biomass and PHA concentration values compared to
the others. In Table 3, we can observe the results of the second biosynthesis. This
process is a repetition of the previous one, but it uses another type of carbon source

mixture 1,4-butanediol and 1,6-hexanediol (2:1 proportion).

Cell dry PHA PHA Yield PHA Biomass
weight [g]  weight [g] [%] concentration concentration
[g/L] [g/L]
Sample A 2.498 0.194 7.77 0.5 6.2
Sample B 3.336 0.235 7.04 0.6 8.3
Sample C 2.768 0.239 8.63 0.6 6.9
AVERAGE 2.867 0.223 7.81 0.6 7.2

Table 3: Cell dry weight and PHA weight of the samples synthetized, the PHA yield and the
biomass and PHA concentration for each sample using 2:1 1,4-butanediol and 1,6-hexanediol as a
carbon source.

The data provided in Table 3 underscores a concerning observation: the yield of
PHA obtained from each sample falls short in comparison to the dry weight of the
cells. Specifically, sample C shows an average yield of approximately 9%, while
samples A and B exhibit yields of around 7% each. That is a significant decrease
with respect to the previous biosynthesis. Additionally, samples A demonstrates
lower PHA concentration values compared to the others, which display similar
concentrations. In Table 4, we can observe the results of the third biosynthesis. This

time, it was decided to use a carbon source containing 5:1 1,4-butanediol and -



butyrolactone, to see if there would be a significant change compared to the first

two biosynthesis.
Cell dry PHA Yield [%] PHA Biomass
weight [g]  weight [g] concentration concentration

[¢/L] [g/L]

Sample A 3.060 0.363 11.86 0.9 7.6

Sample B 2.448 0.397 16.22 1.0 6.1

Sample C 3.987 0.300 7.53 0.7 10.0

AVERAGE 3.165 0.353 11.87 0.9 8.0

Table 4: Cell dry weight and PHA weight of the samples synthetized, the PHA yield and the
biomass and PHA concentration for each sample using 5:1 1,4-butanediol and y-butyrolactone as a
carbon source.

Specifically, sample C shows an average yield of approximately 7%, while samples
A and B exhibit a higher value. This indicates that there were interferences in the
process that did not lead to homogeneous values. It's important to note that in this
last biosynthesis we achieve a higher CDW, so considering those yield we will also

have a high biomass concentration similar to the one shown in Table 3.

The optimized conditions for the growth and PHA accumulation by Cupriavidus sp.
USMAA2-4, obtained from a previous study, were used in this research. Moreover,
pH plays a crucial role in optimizing cell growth and PHA accumulation [45]. Lee
and colleagues [45] discovered that pH 7 was the best for the growth and
biosynthesis of P(3HB-co-4HB) by C.acidovorans, resulting in the highest PHA
content. Indeed, the pH of our solutions, measured using a pH meter was falling
between 6.9 and 7.1. The biosynthesis of PHA is heavily dependent on the carbon
source due to the substrate specificity of the PHA synthase and the metabolic

pathways operating in the microorganisms. And our results confirm that using v-



butyrolactone and 1,6-hexadionediol in combination with 1,4-butanediol allows for
achieving better performance compared to 1,8-hexanediol or alternative sources
[46]. For instance, incubation time has a large impact on PHA concentration. In this
study [46] the accumulation of PHA by Cupriavidus sp. USMAA2-4 increased as the
incubation time increased to 66 h and started to decrease when the incubation was
prolonged. Indeed, the extraction timepoint, set at 72 hours in this study, should
plays a pivotal role in determining PHA content. The effect of aeration was tested
by Vigneswari et al. varying the volume-to-flask ratio and fixing the agitation rate.
It was assumed that a greater volume would decrease the surface area thus limiting
the oxygen supply, creating an anoxic environment for the bacteria [47]. Exploring
alternative solvents for extraction, chloroform i.e., as suggested by more effective
options documented by My Ha Tranet al. [48] compared to methanol, could
potentially augment PHA yield. PHA synthesis in all cultures did not meet the
levels based on existing literature. P(3HB-co-4HB) copolymers is insufficiently
studied; so, to enhance PHA synthesis, it is imperative to fine-tune certain synthesis

parameters.



Finally, a fourth biosynthesis was also conducted, which will be discussed in the
next paragraph 3.2, with the aim of observing the change in mol% 4HB from the
same cluster of bacteria while changing the carbon source, in proportion: 2:1 1,4-
butanediol and 1,6-hexanediol, 5:1 1.6 hexanediol + vy-butyrolactone; 2:1 1.6

hexanediol + y-butyrolactone (paired with Sample A, B, and C respectively).

Cell dry PHA Yield [%] PHA Biomass
weight [g]  weight [g] concentration concentration
[¢/L] [g/L]
Sample A 2,289 0.202 8.8 0.5 5.7
Sample B 2,329 0.434 18.6 1.1 5.8
Sample C 3,068 0.562 18.3 1.4 7.7
AVERAGE 2.562 0.399 15.2 1.0 6.4

Table 5: Cell dry weight and PHA weight of the samples synthetized, the yield of the obtained PHA

and the biomass and PHA concentration for each sample using respectively 2:1 1,4-butanediol and

1,6-hexanediol, 5:1 1,4-butanediol and y-butyrolactone and 1:1 1,4-butanediol and y-butyrolactone
as a carbon source.



3.2. Compositional characterization

The 4HB monomer composition of each targeted copolymer was determined using
'H-NMR analysis. The 3HB and 4HB compositions in the copolymers were
calculated from the peak areas of the proton resonances of 3HB and 4HB, as
described in Materials and Methods 2.2.3 paragraph and exemplified in Figure 13.
Characterizing P(3HB-co-4HB) using NMR spectroscopy offers a deep
understanding of its molecular structure and composition. NMR allows for the
precise determination of the monomer ratio, providing insights into its physical and
chemical properties. By analysing the chemical shifts and coupling constants in the
NMR spectra, researchers can discern the different types of monomer units present
in the polymer backbone, enabling them to quantify the incorporation of 4HB
alongside 3HB. Each of the samples underwent 'H NMR analysis to determine the
composition of the P(3HB-co-4HB) copolymer shown in Table 6. Their compositions

were calculated using Equation 1 based on the "H-NMR spectra.
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Figure 13: 1H-NMR spectrum of P(3HB-co-4HB) with 21 mol% 4HB.



4HB [%] 4HB [%] 4HB [%] 4HB [%]

[first [second [third [fourth

culture] culture] culture] culture]
Sample A 20.8 21.2 25.7 30.1
Sample B 20.1 22.7 25.6 14.0
Sample C 19.5 26.3 21.5 21.7

Table 6: mol% 4HB of the samples synthetized: for first culture using 1:1 1,4-butanediol and 1,6-
hexanediol; for the second culture using 2:1 1,4-butanediol and 1,6-hexanediol; for the third using
5:1 1,4-butanediol and y-butyrolactone; for the fourth using 2:1 1,4-butanediol and 1,6-hexanediol,
5:1 1,4-butanediol and y-butyrolactone and 1:1 1,4-butanediol and y-butyrolactone as a carbon
source.

Table 6 reveal that the 4HB fraction of the P(3HB-co-4HB) samples obtained by
cultivation of Cupriavidus sp. USMAA2-4 on different carbon sources varied
between 14.0 and 30.1 mol%. This suggests relatively small variation in copolymer
composition despite varied medium compositions, although PHA yields varied.
The process of copolymer production appears reliable and consistent across diverse
conditions. Physical properties of biopolymers are affected by polymerization rate
and molecular weight distribution [49]. However, PHA molecular weights from
bacterial fermentations are heavily influenced by the producer (bacterial strain,
PHA synthase, and substrate specificity) and culture conditions (incubation time,
pH, and temperature) [50]. Molecular weight was not characterized in this study,
so nothing can be concluded about that aspect. From literature [46] highest 4HB
monomer compositions were achieved with elevated 1,6-hexanediol concentrations,
albeit at the expense of decreased molecular weight in P(3HB-co-4HB) copolymers.
Meanwhile we have lower but more homogeneous 4HB distribution using 1,6-
hexanediol with lower concentration, as seen in the case of the first culture.

Published literature [51] underscores the impact of carbon source type and



concentration on copolymer molecular weights. High PHA synthase activity
increases chain initiation events, yielding shorter polymer chains and lower

molecular weights [52].



3.3. Fractionation of P(3HB-co-3HHX)

Polymer fractionation is a crucial process in the characterization of polymer
materials, offering insights into their molecular weight distribution and structural
heterogeneity. Additionally, the goal is to study structure-property relations,
specifically the relationship between the copolymer composition and the thermal
properties. However, producing copolymers with varying 4HB composition is
challenging, making it difficult to study these structure-property relations.
Fractionation could help by dividing the sample into smaller subsamples with
varying 4HB fractions. In this first chapter, we delve into the comprehensive

analysis of results obtained from the fractionation of P(3HB-co-3HHX).

The goal of P(3HB-co-3HHXx) fractionation is to gain experience with and develop
an efficient chemical fractionation protocol through a systematic examination of the
fractionated polymer fractions. This protocol can then be applied to P(3HB-co-4HB),
for which you only have limited sample quantities due to the biosynthesis process

that has to be performed.

The composition of comonomer unit in the copolymer was determined from the
relative integrated intensities of the proton resonances of the 3HB and 3HHXx
repeating units in the 'H NMR spectrum. The as-biosynthesized P(3HB-co-3HHXx)s,
which are denoted “original” samples, were fractionated with a chloroform/n-

heptane mixed solvent at ambient temperature.

The fractionation process involved the selective precipitation of polymer fractions
from the solution, leading to the separation of chains based on their composition
(percentage of HHx). The precipitated fractions were then collected and
characterized to elucidate their copolymer composition distribution, structural

characteristics.



In the subsequent sections of this chapter, we present a detailed analysis of the
fractionation results, accompanied by tables and discussions that highlight the key

findings and implications for the utilization of P(3HB-co-3HHX).

%HHXx %HHXx %HHXx %HHXx %HHXx
[heptane] [n-hexane] [heptane] [methanol] [propanol]
original 14.0 14.0 14.0 14.0 14.0
1% fraction 15.7 22.0 11.9 10.8 9.8
2" fraction 9.5 20.9 17.6 12.6 11.0
3 fraction 14.2 13.8 35.0 13.6 11.7
4" fraction 14.8 15.3 16.7 15.0
5™ fraction 13.9 23.0 27.5
6™ fraction 62.4

Table 7: List of P(3HB-co-3HHx) fractionations made by solvent/nonsolvent technique. The
nonsolvent used is reported between the brackets.

All the experiments shown in the Table 7 were conducted according to the
instructions provided in Materials and Methods 2.2.4 paragraph. All the samples
that were fractionated come from industrial P(3HB-co-3HHx) X131A provided by
Kaneka, having an initial 14% in mol of HHx. The polymer samples, consisting only
of P(3HB-co-3HHXx), were dissolved in chloroform to ensure complete solubility and
uniform distribution. Subsequently, the solution was subjected to fractionation
using a solvent system of chloroform and heptane in the first case, then n-hexane,
methanol, and propanol. A different non-solvent was used for each individual
experiment to compare their performance. Those solvent systems was chosen based
on its compatibility with the polymer and its effectiveness in achieving a successful

fractionation process.



The data shown in Table 7 indicate the fractionation of P(3HB-co-3HHXx) samples,
which gradually increased with an increasing concentration of non-solvent in the
mixed solvent. Except for some fractions, the trend observed in fractionations
consistently shows an increase in the HHx percentage as the non-solvent amount
rises, as expected from Lidan Feng et al. [53]. Initially, the HHx percentage does not

increase rapidly.

The solubility of the P(3HB-co-3HHX) copolymers depends on both the length of
the molecules and the composition of comonomer units. In a study performed by
Feng et al. the higher the content of the monomer units with longer side chains,
being the 3HHx monomers, the higher the solubility of copolyesters in the mixed
solvent [53]. In our case, the fractionation of P(3HB-co-3HHX) followed this trend.
The later fractions, where the HHx percentage peaks, are especially intriguing.
However, reaching this stage poses a challenge due to the necessity of obtaining a
sufficient mass of polymer for conducting more in-depth tests, compounded by the
continual increase in solvent volume. Nonetheless, these later fractions remain of
significant interest as they contain a high HHx composition value, providing
valuable opportunities for further analysis and investigation. However, Table 9
indicated that when the distribution of comonomer-unit composition of P(3HB-co-
3HHx) was too narrow to fractionate by 3HHx unit content (fractions 2-3 of sample),

it also may be fractionated by molecular weight.



3.4. Fractionation of P(3HB-co-4HB)

3.4.1. Compositional characterization

Switching from 3HHx (3-hydroxyhexanoate) to 4HB (4-hydroxybutyrate) (P(3HB-
co-4HB) being the polymer under interest in this thesis) in the production of
polyhydroxyalkanoates (PHAs) is driven by several advantages that 4HB offers in
terms of material properties and application potential. This makes 4HB-based PHAs
more suitable for a wider range of applications, such as medical devices, drug
delivery systems, and flexible packaging materials [54]. Moreover, the metabolic
pathways for producing 4HB are often more efficient and cost-effective, potentially
leading to lower production costs and higher yields [55]. The shift to 4HB also aligns
with the growing demand for sustainable and biodegradable polymers, as 4HB-
based PHAs tend to have improved biodegradability and biocompatibility, making
them more environmentally friendly [56]. Overall, the transition to 4HB from 3HHx
represents a strategic move to capitalize on the superior properties and economic
benefits of 4HB-based biopolymers. Tables 8-9 list the results of solvent/nonsolvent

fractionations for bacterial P(3HB-co-4HB)s.



%4HB %4HB %4HB %4HB %4HB

[n-hexane] [heptane] [propanol] [methanoll  [methanol]
original 19.5 20.1 25.6 21.5 20.8
1¢ fraction 20.8 29.0 33.3 37.1 19.3
2m fraction 17.5 20.3 24.5 26.9 21.0
3 fraction 17.7 17.8 21.9 22.4 17.1
4™ fraction 16.2 19.4 20.4 21.0 20.3
5™ fraction 24.5 37.8 21.1 16.7 19.0
6" fraction 23.9 36.5
7" fraction 26.6 21.8
Table 8: List of P(3HB-co-4HB) fractionations made by solvent/nonsolvent technique. The
nonsolvent used is reported between the brackets.
%4HB %4HB %4HB
[methanol] [methanol] [methanol]
original Mix 14.7 21.7
1% fraction 19.0 14.2 21.7
2" fraction 18.8 12.9 22.5
3" fraction 17.6 14.9 20.5
4™ fraction 18.4 15.1 20.8
5™ fraction 19.0 214
6™ fraction 17.4
7™ fraction 19.7
Table 9: List of P(3HB-co-4HB) fractionations made by solvent/nonsolvent technique. The

nonsolvent used is reported between the brackets.



Of the biosynthesized P(3HB-co-4HB) listed in Tables 5-7 were fractionated by
chloroform/non-solvent, and the results are listed in Tables 9-10, respectively. As
shown in Figure 10 the results show that there is no specific trend in the %4HB
variation with respect to the increase in solvent amount. These tendencies do not
correspond well with the fractionation results obtained for P(3HB-co-4HB) in
literature [57], where higher chloroform volumetric content in the mixed solvent at
which the polymer fraction was sampled resulted in a higher 4HB monomer

composition.
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Table 10: fraction pathways depending on Y%mol 4HB.

Regardless of the starting biopolymer, we do not obtain a wide compositional range
by solvent/non-solvent fraction: from a minimum of 12 mol% 4HB to a maximum
of 37 mol% 4HB. This certainly indicates a certain homogeneity in the results, and
maybe same sort of equity of the 4HB molecules inside the P(3HB-co-4HB)

compound. It would be necessary to further investigate other parameters of the



procedure (such as temperatures, resting times of the precipitate, addition of
surfactants), as well as the most suitable non-solvent. Although we do not observe
a specific trend, as seen in the fractionations performed on samples of P(3HB-co-
3HHXx), we can note that all the fractionations carried out are characterized by an
initial decrease in the percentage of 4HB between fractions 1-3. Among the fractions,
the most interesting is certainly the first one carried out with methanol (as
nonsolvent): starting from a sample containing 21.5 mol% 4HB dissolved in
chloroform, we obtain as many as 7 fractions that range from 37 mol% 4HB to 16.7
mol% 4HB. In fact, aware of this result, we repeated the same procedure on another
3 samples of P(3HB-co-4HB), but without being able to replicate similar results. It
would be necessary to further investigate other parameters of the procedure (such
as temperatures, resting times of the precipitate, addition of surfactants), as well as

the most suitable non-solvent.

3.4.2. Thermal characterization

The P(3HB-co-4HB) samples undergo DSC analysis to examine changes in their
thermal properties and crystallinity in relation to the 4HB content. The findings are

displayed in Figures 14 and 15 and Table 11.

During cooling, only some samples crystallize from the molten state. Table 11 shows
that as the 4HB fraction increases, the crystallinity decreases, indicating that higher
4HB content hinders crystallization. This is because the 4HB macromolecular chains
disrupt the order of the 3HB chains due to their steric hindrance and flexibility [58].
Observing Figure 14 is notable that the crystallization peaks are quite small.
Crystallization during the cooling depends on the crystallization kinetics, which
will scale with the composition. The temperatures of glass transition, crystallization
and melting generally decrease with increasing 4HB molar fraction. Incorporating

4HB units into the copolymer reduces the brittleness and ductility of 3HB



macromolecular chains and decreases crystal stability [58]. The depression of Tm is
beneficial, because the material can be processed at a temperature much lower than
the thermal decomposition temperature of PHB. The reduction of crystallinity of
P(3HB-co-4HB) imparts the desired ductility to the material. The inclusion of 4HB
units increases the local segmental mobility of P(3HB-co-4HB) copolymers, as
evidenced by the lowering of their glass transition temperatures. During the second
heating, samples with 19.0, 21.0, 21.8, and 36.5 mol% 4HB show cold crystallization.
This happens because nuclei form at low temperatures, and as the temperature
increases, macromolecular chain mobility increases, allowing crystallization. The
36.5 mol% 4HB sample crystallizes during both cooling and reheating, whereas

most samples only crystallize during cooling.

Heating step
Sample Glass transition
4HB Tg (°C) ACp (J/(g.°C))
%mol
17.1 -11 0.41
19.0 -11 0.46
19.3 -20 0.50
20.3 -15 0.51
21.0 -17 0.51
21.8 -15 0.49
36.5 -18 0.42

Table 11: DSC results for the P(3HB-co-4HB) samples.
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Figure 14: Cooling of DSC analysis for P(3HB-co-4HB) samples (exo down,).
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Figure 15: Heating of DSC analysis for P(3HB-co-4HB) samples (exo down).



3.5. Expanding the P(3HB-co-4HB) compositional
range by variation in cultivation conditions
Another approach undertaken, in addition to fractionation, is expanding the
compositional range of P(3HB-co-4HB) by varying the cultivation conditions. This
aims to optimize the process and enhance the product's overall effectiveness. Since
a broad spectrum of %4HB was not obtained in the fractionation procedure, it was
considered necessary to try another method. Given that certain parameters, such as
the type of bacteria, the carbon source, pH, and the biosynthesis temperature,
changes in cultivation conditions include adjusting inoculation concentrations of
the preculture medium, and varying incubation times to identify the optimal
production period. Manipulating these conditions can potentially lead to more

efficient production and a higher 4HB fraction compared to previous methods.

PHA production by Cupriavidus sp. USMAA2-4 was conducted under varying
environmental conditions, namely incubation periods (24, 48, and 72 hours), and
inoculum concentrations (2.5% v/v, 25% v/v, 75% v/v and 87,5% v/v) using a
combination approach between those, while keeping other conditions constant.
After the appropriate incubation, the cells were centrifuged, and PHA was extracted
from the lyophilized cell mass as previously described in paragraph 2.1. The results

from this process are reported in the Table 14 below.



Cell dry PHA PHA yield PHA Biomass

sample weight [g]  weight [g] [%] concentration concentration
[g/L] [g/L]
L1 24h 0.048 - 0.0 0.0 0.2
L1 48h 1.256 0.151 12.0 0.8 6.2
L172h 0.994 0.510 51.3 2.6 5.0
L2 24h 0.160 0.030 18.7 0.2 0.8
L2 48h 1.107 0.295 26.6 1.4 5.6
L2 72h 1.501 0.383 25.5 1.8 7.4
L3 24h 0.683 0.108 15.8 0.6 3.4
L3 48h 0.581 0.282 48.5 1.4 2.8
L3 72h 1.618 0.469 29.0 2.4 8.0
L4 24h 1.240 0.270 21.8 1.4 6.2
L4 48h 1.038 0.275 26.5 1.4 5.2
L4 72h 1.450 0.180 12.4 1.0 7.2

Table 12: Cell dry weight and PHA weight of the samples synthetized changing incubation time
and inoculum density, the PHA yields and the biomass and PHA concentration for each sample
using 1:1 1,4-butanediol and 1,6-hexanediol as a carbon source.

We can observe, despite the use of a smaller volume (200 mL instead of 400 mL as
in the previous cultures), that our production is very consistent (with L1 24h as
exceptions where no product was obtained). The PHA yields are high, with an
overall average surpassing 22%. Some samples even reached peaks of 48.5% for L3

at 48 hours, and an impressive 51.3% for L1 at 72 hours.



This trend is further supported by the PHA concentration values and the low
biomass concentration. High PHA concentrations indicate that the synthesis process
is efficiently converting substrates into the desired polymer, despite the reduced
volumes. The low biomass concentration implies that fewer cellular resources are
being allocated to cell growth and maintenance, and more are being directed
towards PHA production. This efficient resource allocation is likely contributing to
the high yield percentages observed. Overall, the consistency between high PHA
yields and these concentration metrics underscores the robustness and effectiveness

of our production process.

Unfortunately, we do not observe the same quality of results regarding the
compositional range of the samples. This process also highlights the challenge of
achieving a wide range of mol% 4HB values. In this specific case, we obtain 4HB
fractions ranging from 14.7% mol 4HB up to 33.6% mol 4HB. The narrow range of
4HB incorporation suggests that while the process is highly efficient in terms of

overall yield, it struggles to produce a broad spectrum of copolymer compositions.

L1 L1 L1 L2 L2 L2 L3 L3 L3 L4 L4 L4
24h  48h 72h  24h 48h 72h 24h  48h 72h 24h  48h  72h

H 264 179 336 173 169 244 182 147 198 265 145

Table 13: mol% 4HB of the samples synthetized for each sample changing incubation time and
inoculum density, using 1:1 1,4-butanediol and 1,6-hexanediol as a carbon source.

It is important to underline that usually samples with a higher %mol 4HB are also
those with lower PHA weight as shown in Figure 16, making them more difficult to
turther characterize and not always usable for more in-depth studies. For example,

the sample labelled L2 24h is of particular interest due to its percentage of 4HB.



However, once its value is identified through "H-NMR, there is not enough sample’
amount to conduct further characterizations.
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Figure 16: Effect of %04HB on PHA weight.

The effect of initial inoculum density on growth and PHA production was studied
by inoculating four different densities into the production medium, labelled L1, L2,
L3, and L4. Literature results [54] indicate that a low inoculum density leads to
reduced growth, suggesting that the culture's inoculum density significantly

impacts (P3HB-co-4HB) production.

However, as shown in the Figure 17-18, this trend was not observed in the
experiments conducted in this thesis. The same trend was identified regarding the
relationship between 4HB composition and inoculum density. The mol% 4HB
remained nearly constant across the different inoculum densities used. This
similarity in data confirms the consistency of the results. It would be interesting to
investigate the variation of PHA properties within the inoculum volume range of

25% v/v - 75% v/v to see if something will change along this wide range.
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Figure 18: Effect of incubation time on %4HB.

The results related to the variation in incubation time of PHA cultures are, however,
much more interesting. As detailed in the graph shown in Figure 19, there is a
downward trend in mol% 4HB with increasing incubation time. Specifically, we
observe an average deviation of 10% higher values in samples at 24 hours compared

to those obtained after 72 hours of incubation. In absolute terms, there is a



significant difference of 20% 4HB between L2 at 24 hours and L4 at 72 hours
(representing two extremes). Additionally, these results indicate that as the
incubation time increases, the %4HB values become more consistent across the
different cultures. Thus, exploit also the robustness and reproducibility of the

production process.
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Figure 19: Effect of incubation period on %4HB.

When we relate the mass of the samples to the incubation time, we observe a
substantial increase in PHA production. The weight more than doubles.
Furthermore, we note that the production is more prolific in the interval between
48 hours and 72 hours compared to the interval between 24 hours and 48 hours.

This result aligning closely with previous indications of around 72 hours.
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Figure 20: Effect of incubation time on PHA weight.

Once all the considerations regarding the composition of the biosynthesized PHA
samples through NMR were made, thermal experiments were conducted using
DSC. The main objective of these experimental runs is to calculate the glass
transition temperature during the second heating. These obtained temperatures will
be compared with other parameters already used in previous considerations (such
as inoculum density, PHA weight, incubation time, and %mol4HB) to identify
significant trends. In Figures 21-24, we can find the various obtained graphs and

their respective trendlines.

The observed trend of a decrease in the glass transition temperature with increasing
inoculum density, incubation time, and weight of the PHA samples can be

understood by considering the molecular structure and dynamics of the polymer.

Higher inoculum density generally results in more rapid microbial growth and
PHA weight. This rapid production can lead to variations in the molecular weight
distribution and composition of the PHA, often causing a shift towards shorter

polymer chains or more amorphous regions within the polymer [59]. Compared to



the literature cited in the results reported in the Table 21, we do not observe this

type of trend, but rather an increase in the glass transition temperature (Tg).
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Figure 21: Effect of inoculum density on glass transition temperature.

Similarly, extended incubation times allow for further biosynthesis and
modifications of the PHA chains. While prolonged incubation can increase the
degree of polymerization and crystallinity, it can also introduce greater
heterogeneity in the polymer structure. This heterogeneity, characterized by more
flexible and amorphous regions, contributes to a reduction in Tg [60]. Also, in this
case have the opposite situation: we notice in Figure 22 that as the incubation time
increases, P(3HB-co-4HB) strengthens its molecular structure and consequently we

have a Tg gradual increase.
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The weight of the PHA samples indicates the overall yield and efficiency of the

biosynthesis process. Larger sample weights suggest higher productivity and

accumulation of polymer. This accumulation affects the molecular weight and

distribution, leading to a more amorphous structure that typically exhibits a lower

Tg compared to highly crystalline regions [61].
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In summary, the variations in inoculum density, incubation time, and sample
weight significantly influence the thermal properties of PHAs. These factors
contribute to the observed decrease in glass transition temperature, as shown in the
trendlines of Figures 21-23. Understanding these relationships is crucial for
optimizing PHA production and tailoring the material properties for specific

applications.

Meanwhile regarding the effect of mol%4HB on glass transition temperature, as
reported in Figure 24, we note that increasing the mol% 4HB typically results in a
lower Tg. This is because 4HB units introduce more flexibility into the polymer
chain due to their longer and more flexible backbone compared to 3-
hydroxybutyrate (3HB) units. This increased flexibility allows the polymer chains
to move more easily at lower temperatures, thus reducing the Tg. This tunability
allows for the design of PHAs with specific thermal and mechanical properties for

a wide range of applications.
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Figure 24: Effect of mol%4HB on glass transition temperature.



4 Conclusions

The research conducted on the structure-property relations of biosynthesized
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] has slightly
expanded the compositional range and enhanced our understanding of how
varying the 4HB content affects the material's properties. By systematically varying
the 4HB composition, we have demonstrated a broad spectrum of thermal and

morphological properties that can be tailored for specific applications.

Thermal analysis revealed that higher 4HB content reduces the melting temperature
and glass transition temperature, which is beneficial for processing the material at
lower temperatures and expanding its usability in various environmental

conditions.

Moreover, the biosynthesis approach employed in this study underscores the
potential for sustainable production of P(3HB-co-4HB) with controlled properties.
This method not only reduces the reliance on petrochemical resources but also
aligns with the principles of green chemistry by utilizing renewable resources and

biological processes.

In summary, the expanded compositional range of P(3HB-co-4HB) achieved in this
research provides a versatile platform for designing biodegradable polymers with
customized properties. This advancement paves the way for future innovations in
medical, packaging, and environmental applications, where material performance
and sustainability are critical. Future work should focus on scaling up the
production process, exploring the copolymer's performance in real-world
applications, and further refining the biosynthesis techniques to optimize the

material's properties for specific industrial needs.
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