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Abstract

The current world problem of antibacterial resistance to antibiotics has driven the need to develop
new therapeutics as alternatives to antibiotic to prevent and fight infections. In the biomedical
field, bone regeneration is one of the applications with the highest risk of infection. Therefore,
alongside biological and functional properties, materials used for this application should be able
to provide antibacterial features able to inhibit bacterial adhesion and growth. In such a scenario,
this work focused on the development of novel antibiotic-free materials based on
polyhydroxyalkanoates (PHAS) for bone regeneration following two strategies.

For the first strategy, inherently antibacterial PHAS, thioester containing PHAs, were produced
by bacterial fermentation. Such materials exhibited antibacterial activity by contact against
S. aureus 6538P. Physical blending of thioester-PHA with P(3HHXx-co-3HO-co-3HD) was
investigated and a polymer ratio of 80:20 (P(3HHXx-co-3HO-co-3HD): thioester-PHA) was
identified as optimal to develop handleable and processable samples possessing antibacterial and
in vitro biocompatibility properties.

For the second strategy, novel 2D antibacterial composite materials were produced by combining
P(3HB) and P(3HO-co-3HD-co-3HDD) with a novel antibacterial co-substituted hydroxyapatite,
containing two therapeutic ions, selenium and strontium, conferring osteoinductive and
antibacterial properties to the ceramic. The materials developed showed to be able to induce an
inhibitory effect against both Gram positive and Gram negative bacteria.

The possibility of developing 3D scaffolds using melt 3D printing of mcl-PHASs was investigated
in this study for the first time. The process parameters were successfully optimized to produce
well-defined and reproducible 3D P(3HO-co-3HD-co-3HDD) scaffolds. 3D scaffolds with dual
porosity were also developed through the combination of 3D printing with salt leaching.
Finally, the obtained 2D antibacterial films were used as starting materials for the development
of 3D scaffolds for antibacterial synthetic bone substitutes using the optimized melt 3D printing
process. Novel 3D composite scaffolds were produced using the 2D composite materials based
on P(3HO-co-3HD-co-3HDD) and the antibacterial hydroxyapatite. Based on the antibacterial
and cell compatibility studies, the composite material with 10 wt% of Se-Sr-HA as a filler was
identified as the optimal candidate for the development of antibacterial scaffolds for bone
regeneration. Novel inherently antibacterial scaffolds were produced by melt 3D printing of
20:80 blend films of thioester-PHA with P(3HHXx-co-3HO-co-3HD). The 3D blend scaffolds
showed an inhibitory effect against S. aureus 6538P by direct contact testing and were able to

support the growth of MC3T3-EL1 cells, showing potential for bone regeneration.
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Chapter 1

Introduction

1.1. Antibiotic resistance

Antimicrobial resistance (AMR) has become a primary concern worldwide. At the World
Health Assembly in 2015, it was one of the main topics of the agenda and the World Health
organization (WHO) published a global action plan against AMR in 2015 (WHO, 2015).
Bacterial infections pose a great threat to global health and the world economy. AMR has
been listed by the Organization for Economic Co-operation and Development (OECD) as
one of the top five causes of mortality (OECD, 2018). According to the Centres for Disease
Control and Prevention (CDC), each year in the United States around 2.8 million people
become infected with antibiotic resistant bacteria and at least 35,000 people die each year as
a direct result of these infections (CDC, 2019). The situation is similar in Europe where
5-12% of hospital patients acquire an infection during their stay and an average of 33,000
people die due to resistant strains (OECD, 2018). Moreover, infections represent a problem
in terms of economic costs due to a longer hospitalization period. Multidrug-resistant bacteria
in the EU are estimated to cause an economic loss of more than €1.5 billion each year (WHO,
2014). The OECD predicted a worsening of the situation by 2050 in terms of both death and

economic consequences (OECD, 2018).

The current misuse and overuse of antibiotics combined with an increased reduction in the
number of new drugs developed have led to the aforementioned AMR crisis. Up to 50% of
the current prescriptions of antibiotics are believed to be unnecessary or incorrect in terms of
treatment choice or duration (Medina et al., 2020). Antibiotics are in fact nowadays available
worldwide at low prices, making them easy to be accessed, and in many countries they can
be obtained even without a prescription despite this being an illegal practise (Auta et al.,

2019; Chokshi et al., 2019). Simultaneously, there has been a drastic reduction in the interest
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of pharmaceutical companies to produce novel antibiotics, seen as not profitable (da Cunha
et al., 2019). Compared to drugs used to treat chronic diseases, antibiotics are used for a
limited amount of time and have usually a lower price, leading to low returns on the high
capitals invested. They are also associated with a high risk as resistance might be developed
easily once they are introduced in the clinic. Alternatively, if a novel drug is actually
effective, it is prescribed only when established antibiotics are not effective, as a last resort
(Fair and Tor, 2014; da Cunha et al., 2019). As a result only two new classes of antibiotics
have been commercialized in the last 30 years (Coates et al., 2011; Butler et al., 2013).

This scenario shows an urgent need for the prevention and treatment of infections and the

need to find a solution to eradicate resistant strains.

Penicillin was firstly discovered by Alexander Fleming in 1928 and antibiotics have since
then revolutionized the medical field. However, since the introduction of antibiotics in the
clinics, bacteria started developing resistance mechanisms (Ventola, 2015; Medina et al.,
2020).

Three main mechanisms by which bacteria are able to develop resistance have been described
by various researchers and are schematized in Figure 1.1 (Levy and Marshall, 2004; Blair et
al., 2015).

& Antibiotic > ®

Efflux pumps

Inactivating

enzymes | .
a4 Target alterations

Figure 1.1 Schematic representation of the main mechanisms of antibacterial resistance.

Bacteria can target antibiotics directly via enzymes, which are able to either destroy or
deactivate them. B-lactamase enzymes are able to hydrolyse the B-lactam class of antibiotics
(e.g. penicillin), while aminoglycoside antibiotics are instead enzymatically modified
(through N-acetylation, O-phosphorylation or O-adenylylation) preventing their binding to
ribosome targets. Alternatively, bacteria can act by transportation of the drug outside the
bacterial cell via efflux pumps. The resistance mechanism consists of pumping the drug out

of the bacteria faster than their transportation or movement in to the bacterial cell, so it never
1
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reaches a concentration effective enough to have an antibacterial function (Walsh, 2000; Li
and Nikaido, 2004). Thirdly, bacteria can develop resistance through the modification of the
antibiotic target sites, lowering the affinity of the drug for such targets. The targets can be
modified by point mutations in the genes encoding the targets or by enzymatic alterations of

the binding site, impairing the binding of the drug to the site (Munita and Arias, 2016).

The resistance can also be an intrinsic characteristic of the bacteria, through spontaneous
mutations, or it can be acquired by horizontal gene transfer from other bacteria. In the latter
case the resistance genes are transmitted among bacteria through three main mechanisms,
conjugation, transformation and transduction, which are described in Figure 1.2 (Furuya and
Lowy, 2006). Through the conjugation process, bacteria are able to exchange genetic material
in the form of plasmids and conjugative transposons by direct contact between the two
organisms through the formation of a hollow tubular structure (i.e. pilus) (Von Wintersdorff
et al., 2016). Transformation is characterized by a direct uptake of chromosomal DNA,
plasmids, and other DNAs surrounding the bacterial cell membrane. Finally, transduction
occurs when new genetic material is introduced in the bacteria through an external vector, a
bacterial virus or bacteriophage. Bacteriophages use the bacterial machinery to duplicate
their genetic material. During such a process, fragments of bacterial genetic material can be
incorporated into the viral DNA/RNA and transferred to new infected cells (Haaber et al.,
2016; Furuya and Lowy, 2006).
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Figure 1.2 Three mechanisms of horizontal gene transfer: a) transformation, b) transduction and c)

conjugation. Image reproduced from Furuya and Lowy, 2006 with permission from Springer Nature.

1.1.1. Biofilm

Another mechanism of bacterial resistance is related to biofilm formation. These are matrices
composed of polysaccharides and proteins in which bacteria are embedded (Stewart and
Costerton, 2001; Haiby et al., 2010; Toyofuku et al., 2015). The stages of biofilm formation
are described in Figure 1.3. Biofilm formation begins with a reversible attachment of
planktonic bacteria to the surface of materials, mediated by cell appendages (pili, flagella or
fimbriae). After adhesion, gene alteration occurs characterized by the increase in secretion of
extracellular polymeric substances. The binding becomes irreversible and bacteria start
proliferating and forming micro-colonies. Production of the polymer matrix and its thickness
increase until a mature biofilm is formed. Finally, cells can return to their planktonic phase

and leave the biofilm, attaching again to other surfaces and thus restarting a new cycle.
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Figure 1.3 Schematic representation of the stages of biofilm formation on a surface. 1) Reversable

attachment of planktonic cells, 2) Irreversible attachment, 3) Microcolony, 4)Maturation, 5) Dispersion

phase with the release of planktonic bacteria that can attach to another surface and restart the cycle.

A mature biofilm provides resistance to most antibiotics (Darouiche, 2001; Stewart,
2002,Mah and O’Toole, 2001). The matrix represents a barrier to the passage of antibiotics
as it is composed of several layers which can limit their diffusion. The drug transport can
also be reduced by the interaction with or adsorption to slime components. As a result of this,
a slow and incomplete penetration of the antibiotics occurs, especially in the centre of the
biofilm. Additionally, the biofilm is a heterogeneous environment characterized by varied
oxygen concentrations, pH, waste products and signalling molecules, which can modify, alter
or inhibit the activity of antibiotics. For example, aminoglycosides activity is reduced by the
low oxygen availability (Tack and Sabath, 1985). The presence of chemical gradients inside
the matrix induces heterogeneity in the state of the bacteria, creating zones characterized by
cells in the stationary phase. Many antibiotics act on growing cells and are therefore not
effective in the non-growing zones. Finally, genetic material is contained in the biofilm
resulting in possible horizontal gene transfer which favours the spreading of resistant
bacteria, as mentioned in the above section (Flemming, 2011).

1.1.2. Device related infections

Infections caused by biofilms can be tissue-related such as chronic wounds or urinary
infections or they can be device-related caused by the introduction of foreign materials inside
the human body (Lebeaux et al., 2014; Darouiche, 2001; VVon Eiff et al., 2005).

When a device is implanted or inserted in the human body, host cells should interact with the
surface of the material and adhere to it, inducing the formation of new tissue (i.e. granulation
tissue) and thus a successful bio-integration. Bacteria can also compete for the colonization

of the surface, adhere to it, proliferate and create a biofilm. Staphylococcus species are the
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main organisms associated with device related infections, especially S. epidermis and
S. aureus (Heilmann et al., 1999;Ziebuhr, 2001). Generally, if a mature biofilm is formed,
the only solution available is to remove the implant which increases the patient’s distress and
raises the health costs due to the need of a second surgery. As described above, the biofilm
confers antibiotic resistance and it also provides protection against the body’s immune
response. In this state bacteria are able to reduce the leukocyte mediated phagocytosis and
killing capacity (Roilides et al., 2015). Additionally, infections impair the formation of new
tissue and thus the revascularization, reducing the delivery to the site of granulocytes and

antibacterial drugs.

All medical devices can lead to infections, with different levels of impact (Darouiche, 2001;
VanEpps and Younger, 2016). Bladder catheters have a high rate of infection but are
associated with a low mortality rate, while heart valve implant infections are rarer but fatal.
Generally, infections related to intravascular implants are high risk (Darouiche, 2001). The
patient’s morbidity is another aspect to be considered. Even though infections associated with
joint prosthesis or fracture fixation devices possess a low risk of mortality, they can cause
serious psychological damage to the patient, due to disability and scars or disfigurement
(VanEpps and Younger, 2016).

1.2. Natural antibacterial polymers

Considering the problem of bacterial resistance, new therapeutics have to be discovered or
developed to inhibit bacterial growth and prevent bacterial attachment on the surface of the
materials thereby preventing biofilm formation. One of the main strategies investigated is the
development of “antibiotic-free” antibacterial materials. To achieve this goal, researchers
have focused on the use of inherently active materials, either by using materials possessing
bactericidal or bacteriostatic effects or by chemical modification to introduce antibacterial
groups, and on the loading of the polymers with active agents (Santos et al., 2016; Mufioz-
Bonilla and Fernandez-Garcia, 2015; Huang et al., 2016a).

Among the polymers used for medical applications, natural polymers are being extensively
researched due to their interesting properties. These includes collagen, gelatin, hyaluronic
acid, fibrin, alginate, chitosan and polyhydroxyalkanoates. They are obtained from renewable
resources, either by extraction from natural resources (e.g. collagen) or by fermentation
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processes (e.g. polyhydroxyalkanoates). Long processes of purification are, however,
required in order to obtain polymers adapted for biomedical applications. Biocompatibility
Is another important aspect for their biomedical application. Polymers such as collagen and
gelatin are components of the extracellular matrix and possess cell adhesion peptides, such
as the RGD sequence (Arg-Gly-Asp) of collagen, which promote cellular adhesion (Lee et
al., 2001; Rosellini et al., 2009). Alginate and cellulose are characterized by a high water
content and have visco-elastic properties which make them perfect substitutes for soft tissues
(Czaja et al., 2007; Lee and Mooney, 2013). Additionally, natural polymers are usually
biodegradable with degradation products well tolerated by the human body. One of their
disadvantages over synthetic polymers is that their properties can be affected by the original
source of the polymer and by the extractions and purification techniques employed. Even

batch-to-batch variations can occur causing limited reproducibility.

1.2.1. Intrinsically antibacterial natural polymers

1.2.1.1. Chitosan

The best-known example of an intrinsically antibacterial natural material is chitosan. This
polymer is a carbohydrate obtained by deacetylation of chitin, the structural component of
the crustacean exoskeleton. It consists of p(1—4) linked D-glucosamine (deacetylated unit)
and N-acetyl-D-glucosamine (acetylated unit) units. The deacetylation process leads to the
formation of amino groups, which are protonated at pH < 6-6.5. Commercial chitosan is
characterized by a degree of deacetylation between 60% and 100%. It has been extensively
used in the biomedical field, especially for wound dressing applications (Park and Kim, 2010;
Zhang et al., 2010). Its antibacterial properties are ascribed to a combination of several
mechanisms of action (Chung and Chen, 2008; Hafdani and Sadeghinia, 2011; Kong et al.,
2010; No et al., 2002). Firstly, electrostatic interactions between the positively charged
polymer (due to the protonation of the free amino groups) and the negatively charged
bacterial cell wall induce changes in its permeability, integrity and leakage of intracellular
components. Several studies have confirmed this hypothesis, showing the influence of the
degree of deacetylation of chitosan on its inherent antibacterial activity. A higher degree of
deacetylation results in a higher number of amino-groups and therefore a higher positive
charge, leading to an increase in the antimicrobial activity against Staphylococcus aureus and
Escherichia coli. (Kong et al., 2010; Li et al., 2016a; Raafat et al., 2008; Rabea et al., 2003).
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The changes in membrane permeability have been associated with a possible competitive
mechanism between chitosan and with Ca?* for negative sites on the bacterial membrane/wall
(Raafat et al., 2008). Chitosan has also been shown to induce degradation of teichoic acids
and peptidoglycans, leading to leakage of cytosol components and eventual cell lysis
(Mohammadi et al., 2016). Another mechanism of action is related to the capability of low
molecular weight chitosan to bind to the negatively charged microbial DNA once inside the
cellular environment, leading to inhibition of DNA transcription. This mechanism has been
shown in Gram negative bacteria, where low molecular weight chitosan showed higher
antimicrobial effect, probably due to an increased penetration through the bacterial
membrane (Raafat et al., 2008; No et al., 2002). Finally, the chelating capability of chitosan
has also been ascribed for its antimicrobial activity, by selectively binding essential trace
metals and inhibiting microbial growth (Raafat et al., 2008).

Due to its antibacterial properties, chitosan has been combined with other natural polymers.
Combination with alginate has been explored mainly for wound dressing applications.
Alginate is an anionic linear copolymer typically extracted from brown algae. Its structure
consists of 1,4-linked B-D-mannuronate (M) and a-L-guluronate (G) residues (Lee and
Mooney, 2013). Alginate/chitosan sponges were obtained through lyophilization to be used
as wound healing patches, showing antimicrobial activity against E. coli and S. aureus
(Zhang et al., 2015). Several studies investigated the production of alginate/chitosan fibres
by extrusion of the blend solutions in a CaCl, coagulation, and the materials obtained showed
inhibition of the growth of S. aureus (Fan et al., 2012; Fan et al., 2006; Fan et al., 2012;
Knill et al., 2004; Fan et al., 2010). Chitosan has also been coupled with collagen and gelatin
to develop antibacterial materials. Collagen, a fibrous protein, is the main component of
bones, skin and connective tissues. It presents a triple helix structure composed of three
polypeptide chains. Each chain is characterized by the repetition of the amino acid sequence
Gly-X-Y, where X is mostly proline and Y is mostly hydroxyproline (Lee et al., 2001;
Sionkowska et al., 2017). Gelatin is the denatured form of collagen and it is obtained by the
hydrolytic degradation of collagen containing tissues (Djagny et al., 2001). Films and
sponges based on the mix between the protein and the polysaccharide were obtained using
physical blending or by chemical cross-linking with alginate dialdehyde as the crosslinker
(Du et al., 2016; Deng et al., 2007; Ungureanu et al., 2015; Wei et al., 2015). An alternative

approach used for the formation of gelatin/chitosan films involved a dual enzymatic cross-
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linking method. Microbial transglutaminase was used for intramolecular cross-linking of
gelatin, while tyrosinase catalysed the conjugation of chitosan nucleophilic amines with the
oxidized tyrosine residues of gelatin (Wang et al., 2015b).

1.2.1.2. Poly-g-lysine

Another natural material with intrinsic antibacterial properties is pol-g-lysine (e-PL), a
cationic polyamide, characterized by the repetition of units of L-lysine linked by a peptide
bond between a carboxylic acid and a e-amino group of the consecutive L-residues. This
material is an extracellular product obtained through bacterial fermentation by
Streptomycetaceace and ergot fungal species. This polymer is biodegradable, soluble in
water and non-toxic and has been used in biomedical applications mainly in drug and gene
delivery as a carrier. Its antibacterial activity has been associated to the non-specific
electrostatic interaction between the positively charge of amino groups of &-PL and the
negatively charged phospholipids of bacterial cytoplasmatic membrane causing its
permeabilization through a carpet-like mechanism (Hyldgaard et al., 2014). e-PL has shown
activity against yeast, fungi and bacterial species (Hamano, 2011; Shih et al., 2006; Shima et
al., 1984).

Preparation of e-PL-based hydrogels for medical applications has been investigated. e-PL-y-
PGA hydrogels for wound healing were produced through chemical crosslinking with 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (Hua et
al., 2016; Wang et al., 2016a). Antimicrobial hydrogel coatings for medical devices were
produced via coupling of &-PL with methacrylic acid (Zhou et al., 2011). Enzymatic
crosslinking was also explored using horseradish peroxidase (HRP)/H20O> system to produce
ePL-PEG conjugates and ePL-hydroxyphenyl propionic acid (Wang et al., 2015a).

1.2.2. Chemical functionalization of natural polymers

Chemical functionalization of natural polymers has been investigated to enhance (e.g. for

chitosan) or to introduce antibacterial properties.

The most common functionalization is based on the introduction of cationic groups. The
positive charges allow electrostatic interactions with the negatively charged bacterial cell
wall, leading to cell disruption and leakage of intracellular components. Gram negative
bacteria are less affected by this mechanism than Gram positive due to the presence of the
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outer membrane composed of lipopolysaccharides and phospholipids which protects the
cytoplasmatic membrane (Timofeeva and Kleshcheva, 2011; Mufioz-Bonilla and Fernadndez-
Garcia, 2012). The main groups studied for the functionalization are quaternary ammonium
groups (QA) and quaternary phosphonium groups (QP). QP show higher biocidal activity
than QA due to a stronger polarization of phosphonium cations compared to ammonium
cations (Santos et al., 2016). Quaternization of chitosan nitrogen atoms has been performed
in several studies to obtain antibacterial properties at neutral pH (Martins et al., 2014). The
activity of chitosan is pH-dependent due to the need of acidic conditions for the protonation
of ammonium groups. Muzzarelli et al. developed the first chitosan quaternized-derivative,
N,N,N-trimethyl chitosan (Muzzarelli and Tanfani, 1985). The incorporation of QA groups
in chitosan was also investigated, showing antibacterial activity against S. aureus 6538 and
E.coli 25922 (Zhu et al., 2016). A range of quaternary ammonium salts containing epoxides
have been linked to gelatin through a ring-opening reaction using base catalysis. The
derivative showed excellent bacterial inhibition against a range of Gram positive and Gram
negative bacteria (Jiang et al., 2014; Li et al., 2016b; Liu et al., 2014b). Quaternary
ammonium groups containing alginate materials were also produced by the reaction with a
quaternary ammonium compound, 3-(trimethoxysilyl) propyl-
octadecyldimethylammoniumchloride (TSA). Under acidic conditions silanol groups were
formed by partial hydrolysis of TSA, which reacted with the hydroxyl groups of sodium
alginate by a condensation reaction. Insoluble antibacterial beads were then obtained by ionic
crosslinking with calcium chloride and showed antibacterial activity against E.coli 25922
and S. aureus 6538P (Seok et al., 2007). In another approach, alginate derived cationic
surfactants were obtained by esterification of the cationic surfactant N-(2-hydroxyethyl)-
N,N-dimethyldodecan-1-ammonium bromide and alginic acid (Tawfik and Hefni, 2016). The
complex antibacterial activity depended on the length of the hydrophobic alkyl chain, with
12 carbon atoms inducing the highest zone of inhibition (Tawfik and Hefni, 2016).

Chemical functionalization of gelatin was also investigated to obtain antibacterial properties.
A range of quaternary ammonium salts containing epoxy groups were linked to gelatin
through a ring-opening reaction under basic conditions. Using this method both quaternary
ammonium groups (2,3-epoxypropyl trimethyl ammonium chloride (Jiang et al., 2014),
epoxypropyl dodecyl dimethyl ammonium chloride (Liu et al., 2014b) and silicone

quaternary ammonium groups (diethyl-2,3-epoxypropyl-(3-methyldimethoxyl) silpropyl
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ammonium (Li et al., 2016)) were grafted on the material. Antibacterial activity against both
Gram positive and Gram negative bacteria was observed for all of the above- mentioned
modifications of gelatin.

N-halamine groups are another class of moieties with antibacterial properties. They are
characterized by the presence of nitrogen-halogen covalent bonds. The biocidal activity is
due to the release of halogens (chlorine, bromine or iodine) that can oxidize thiol and amino
groups present in proteins of cell receptors, leading to inhibition of the cell enzymatic activity
and thus to cell death (Timofeeva and Kleshcheva, 2011; Hui and Debiemme-Chouvy, 2013).
Chlorination of amino groups of chitosan films was obtained by treatment with sodium
hypochlorite. The material obtained showed higher biocidal activity against E.coli 15597 and
S. aureus 6538 compared to plain chitosan (Cao and Sun, 2007). The same procedure was
used to chlorinate cellulose fibres grafted with methacrylamide, showing total inactivation
of E.coli 11229 and S. aureus 6538P within 10 minutes of contact time (Liu et al., 2016).

The introduction of sulphur-containing groups in chitosan has also been investigated.
Sulfonate groups were linked to chitosan’s amino groups via reaction with 1,3-propane
sulfone. The materials obtained showed lower MIC values compared to plain chitosan against
both E. coli 21524 and S. aureus 10384 (Sun et al., 2017). Sulfonamide derivatives have also
been used for the functionalization of chitosan. These compounds have shown bacteriostatic
(inhibiting bacteria growth) or bactericidal (killing bacteria) effect. A range of sulfonamide-
chitosan derivatives were obtained, and membranes were produced through chemical
crosslinking with sodium tripolyphosphate to be used as wound dressings. The materials
showed higher bacterial growth inhibition compared to plain chitosan against several Gram
positive and Gram negative bacteria (Dragostin et al., 2016). Chitosan was also
functionalized with thio-acids of different alkyl-chain length via formation of amide bonds
using a carbodiimide crosslinker. The derivatives induced higher bactericidal effect against
P. aeruginosa 27853, Streptococcuss obrinus 176 and Streptococcus mutans 918 compared
to chitosan. The antibacterial activity of the thiol-alkyl chains was hypothesized to be related
to hydrophobic interaction of the alkyl chains with the bacterial cell wall components and
reaction of the thiol-groups with cysteine residues, inducing membrane disruption (Croce et
al., 2016).
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1.2.3. Loading with antimicrobial agents

The final strategy implemented for the development of natural antibacterial polymers is

related to the loading of inorganic and organic active compounds.

The main class of inorganic agents is represented by metal ions, including both essential
metals (e.g. Cu or Se) that are toxic at concentrations higher than their biological activity and
non-essential metals (e.g. Si and Zn) active at low concentrations (Palza, 2015). A variety of
mechanisms have been associated with the antibacterial activity of metal elements,
depending on the type and the species investigated. One of the main modes of action involves
the production of reactive oxygen species (ROS), chemically reactive species containing
oxygen (e.g. superoxide anion (O2¢—), hydrogen peroxide (H202) and hydroxyl radical
(OHe)). At low levels ROS are involved in normal physiological processes, while at high
concentrations, an imbalance state between pro-oxidant/antioxidant is achieved (i.e.
oxidative stress), leading to membrane, protein and DNA damage (Ruddaraju et al., 2019;
Lemire et al., 2013). Some metals like copper are able to produce hydroxyl radicals through

Fenton-type reactions, as shown in the following equations (Grass et al., 2011):
Cu* + Hy,0, = Cu?* +OH™ + OH »

Other compounds (e.g. Ag and Ga) can disrupt the iron-sulphur clusters, leading to the release
of Fe?* which could generate ROS species through the Fenton reaction (Lemire et al., 2013;
Palza, 2015). Alternatively, metals can also lead to the increase of ROS species indirectly
through the oxidation of thiols and the formation of disulphide bonds, depleting the
antioxidant defence system, as shown in the formula below using copper as an example
(Kedziora et al., 2018; Lemire et al., 2013).

2Cu®* + 2RSH = 2Cu* + RSSH + 2H

Another antibacterial mechanism is related to the capability of certain metals to compete with
other ions for active site of proteins, disrupting or inhibiting their functioning (Lemire et al.,
2013; Bridges and Zalups, 2010).

Metals have been coupled with natural polymers either in the form of salts (e.g. silver nitrate
or copper sulphate) or as nanoparticles (NPs). Salt -compounds have been employed due to
their competitive price and easiness of incorporation into the polymer matrices. Alginate and

chitosan are the two bio-derived materials most investigated with such agents thanks to their
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capability to form hydrogels by chelation of divalent cations, through ionic crosslinking
(Gurikov and Smirnova, 2018). Once implanted or in contact with external fluids, exchange
mechanisms between the incorporated ions and monovalent ones favour their release in the
surrounding media (Lee and Mooney, 2013). In this way, copper (Cu?* from copper sulfate)
and zinc (Zn %* from zinc carbonate) ions were used to develop antibacterial films (Klinkajon
and Supaphol, 2014; Gritsch et al., 2018; Straccia et al., 2015; Wichai et al., 2019) or beads
(Madzovska-Malagurski et al., 2016; Rui-Rodrigues and Lagoa, 2006). Alternatively,
physical incorporation of silver nitrate in chitosan, cellulose and alginate matrices was
studied either by immersion of the constructs in an aqueous solution containing the metal
compound (exploiting the swelling capabilities of the materials) (Gupta et al., 2016; Fan et
al., 2006; Kozicki et al., 2016) or by incorporating the metal-salt compound in the polymer
solution followed by production of fibres through electrospinning (Qin, 2005; Son et al.,
2009). Recently great attention has been posed on the use of metal-based NPs due to their
high surface area to volume ratio, providing better contact with microorganisms and faster
ion release kinetics compared to equivalent bulk materials (Gold et al., 2018; Palza, 2015;
Reidy et al., 2013). When incorporated with natural polymers, the metal-NPs can be
synthetized either ex situ, indicating that the nanoparticles are synthetized before being mixed
with the matrix, or in situ, which refers to the fact that the synthesis of the NPs occurs in
parallel with their incorporation in the construct. In the latter mechanism, NPs are obtained
from a metal precursor using chemical (i.e. chemical reduction using a reducing agent) or
physical stimuli ( e.g. irradiation, photochemical treatment), with the polymer acting as a
stabilizer or capping agents, avoiding particle aggregation and allowing the formation of
nanoscale structures, or as both a stabilizing and reducing agent, due to the presence of many
functional groups with reducing capability (e.g. carbonyl, alcohol, amine) (Zahran and Marei,
2019; Saldias et al., 2017). To date the mechanism of action of metal NPs is still under debate.
Many studies suggest that the activity is based on the release of ions, which then act in one
of the ways described above leading to bacterial death (Kedziora et al., 2018; Palza, 2015).
Alternatively, it has been hypothesised that NPs interact with the cell membrane causing its
disintegration and increased permeability (Slavin et al., 2017).
Overall silver is the most investigated ion in the biomedical field and has been combined
with chitosan, alginate and cellulose in the form of fibres, sponges, gauzes and pastes to
developed commercial products for wound regeneration, established in clinical practice,
having received FDA approval or CE certification (e.g. Suprasorb A+Ag by Lohmann &
12
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Rauscher GmbH and Co, Acticoat* Absorbent by Smith & Nephew Ltd., Tegaderm Alginate
Ag by 3M, Askina® Calgitrol® Paste by Braun, DURAFIBER Ag by Smith & Nephew Ltd.,
AQUACEL® Ag Dressing by ConvaTec). However, in the last decade, a variety of other
metals have attracted great interest in the medical field such as copper, zinc, gallium and
selenium. These compounds represent valid alternatives to the silver-based system because
they possess a novel mechanism of action against bacteria and/or because they can
simultaneously induce positive effects in mammalian cells (Gold et al., 2018; Slavin et al.,
2017). For instance, Gallium (Ga®*") ions can be used as “Trojan horses” as bacteria cannot
differentiate between them and iron ones. Contrary to iron, gallium cannot be reduced leading
to the disruption of iron metabolism, due to the inhibition of redox reactions(Goss et al.,
2018). Copper instead has been shown to promote angiogenesis (Xie and Kang, 2009), while

selenium has shown promising results as an effective anticancer agent (Gandin et al., 2018).

Plant-derived compounds represent the other major classes of active agents that has been
investigated to introduce antibacterial properties in natural polymers. Such class can be
divided into four groups based on the chemical structure: terpenes and terpenoids,
polyphenols, alkaloids and sulphur-containing compounds. The first two categories represent
the most investigated compounds as they are the main components of essential oils (EOs),
liquid extracts from plants. Terpenes are simple hydrocarbons obtained by the combination
of several isoprene units, while terpenoids (e.g. thymol from thyme oil and carvacrol from
oregano oil) are terpenes that have modified enzymatically modified to introduce a range of
functional groups (e.g. alcohols, esters and ketones). Polyphenols (e.g. curcumin from
turmeric oil) are chemical compounds with an aromatic group usually link to a hydroxyl
group. Phenylpropanoids (e.g. eugenol from clove oil and cinnamaldehyde from cinnamon
oil) also belong to this class and are characterized by a phenol ring with a three carbon side
chain. The antibacterial activity of such compounds has usually been associated with the
ability to modify the integrity of the bacterial cell wall, increasing its permeability and
causing membrane disruption (Khameneh et al., 2019; Hyldgaard et al., 2012). A range of
EOs have been loaded in natural polymers to develop antibacterial materials mainly in the
form of films and nanoparticles. Solvent casting was the main technique investigated for the
development of antibacterial wound healing dressing containing EOs based on alginate
(Liakos et al., 2014), chitosan (Pereira dos Santos et al., 2019; Baji¢ et al., 2019), gelatin

(Kavoosi et al., 2015) or a combination of the mentioned natural polymers (i.e.
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chitosan/gelatin (Kenawy et al., 2019) or chitosan/alginate (Hamedi et al., 2019)).
Alternatively, lyophilization was also investigated to produce antimicrobial porous sponges
by incorporation of curcumin into a gelatin/chitosan solution followed by freeze-drying
(Nguyen et al., 2013). Moreover, a spray-by-spray technique was adopted to produce tea tree
oil (TTO) loaded alginate hydrogels, by spraying the TTO/alginate emulsion on a petri dish,
followed by nebulization of calcium chloride solution to induce ionic cross-linking
(Catanzano et al., 2015). Microparticles have been produced by oil/water or oil/water/oil
emulsions followed by ionic gelation (i.e. cross-linking of the polymer using ions) of
cellulose (Mikulcova et al., 2016), chitosan (Shetta et al., 2019), alginate (Hosseini et al.,
2013; Lertsutthiwong et al., 2008) or chitosan/alginate complexes (Natrajan et al., 2015).
Finally, Khajavi et al. produced alginate fibres containing eucalyptus essential oil by wet
spinning technology, followed by ionic gelation using calcium chloride to obtain a fibrous
wound healing patch (Khajavi et al., 2014).

Alkaloids comprise a large class of heterocyclic compounds that contain nitrogen, which can
be in the form of primary, secondary or tertiary amine (Cushnie et al., 2014). Different
mechanisms of action have been described depending on the specific sub-category, but
overall the activity is connected to the presence of a nitrogen atom able to accept protons and
one or more hydrogen atoms able to donate protons, making them highly reactive with protein
and enzymes (Thawabteh et al., 2019; Cushnie et al., 2014). Berberine, an isoquinoline
alkaloid found in roots and bark, was studied in combination with natural polymer, either by
loading in sodium alginate beads (Zhang et al., 2011) or by incorporation in chitosan-based
coatings (Huang et al., 2011).

The last class of plant-derived antimicrobial compounds consists of the sulphur containing
agents. In particular allicin, obtained from garlic extracts, is the molecule that has been
mainly investigated and has been incorporated into chitosan films by solvent casting (Pirak
et al.,, 2012) and into chitosan/alginate beads by ionic gelation using calcium chloride
(Fakoor-Yazdan-Abad et al., 2016). The activity of such compound is related to the ability
of the thiosulfinate group (S-O-S) to react with the thiol moieties of intracellular enzymes,
inducing their inhibition (Marchese et al., 2016).
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1.3. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAS) are biological polyesters produced through microbial
fermentation as intracellular components. They are normally produced under nutrient
limiting conditions, in the presence of an excess of carbon source and a limitation of nutrients
(nitrogen, phosphorus or potassium), and they are accumulated in granules inside the cell
cytoplasm and serve as carbon-storage compounds, as shown in Figure 1.4 (Sudesh et al.,
2000). In case of carbon source depletion, bacteria are able to depolymerize the polymer
through specific enzymes (i.e. PHAs-depolymerase) and use the degradation products as
carbon resources. For a few bacterial, nutrient limitation is not essential for the accumulation
of the polyester, which are produced during the exponential growth phase (de Souza and
Shivakumar, 2019).

Figure 1.4 PHA granules in P. stutzeri 1317 grown on glucose. Image taken by Guo-Qiang et al., 2001

reproduced with permission from Elsevier.

From their discovery in 1920s, PHAs have attracted great interest as a good alternative to
petrol-based plastics. The increasing usage of petrochemical plastics has raised concerns
regarding the limited availability and rapid depletion of fossil-fuel resources. Moreover, the
accumulation of non-degradable plastic in landfills and oceans has become a world-wide
concern. In this scenario, great attention has been posed on the development of alternative
bio-based materials obtained from renewable feedstocks, able to be recycled or composted,
and based on environmentally friendly production processes (Alvarez-Chavez et al., 2012;
Vu et al., 2019). Among the bioplastic, PHAs represent a valid option thanks to their
complete degradability in soil and marine environments and the possibility to be obtained
from a wide range of renewable resources. However, one of the main limitations of their
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commercialization on a large scale is their production cost, significantly higher than common
plastic (Lee and Na, 2013). An average price in the range of 2-8 US$/kg has been reported
for PHAs, while for instance the one for polypropylene is around 1.6 US$/kg and for high-
density polyethylene is of 1.7 US$/kg (Pratt et al., 2019; Kourmentza et al., 2017). The high
cost of the carbon sources and of the down streaming processes combined with a low PHA
productivity are the main reasons for the expensive price of these polyesters (Zheng et al.,
2019).

1.3.1. Types and properties of PHAs

PHAs are polyhydroxyesters of usually 3-hydroxyalkanoic acids and their chemical structure
is shown in Figure 1.5. A few microbial species can also produce PHASs containing 4-, 5-
and 6- hydroxyalkanoic acids (Butt et al., 2018). The number of monomeric units can vary
between 1000 to 10000 and their pendant groups (R) are alkyl chains (C1 to Ci3). The
backbone chiral atoms are in the R(-) configuration due to the stereo-specificity of the
enzymes involved in their synthesis (i.e. PHA synthase) (Akaraonye et al., 2010; Nigmatullin
et al., 2015). Based on the organism and the culture conditions, the molecular weight of the
polymers vary from 2x10° to 3x10° Da (Khanna and Srivastava, 2005; Zinn et al., 2001).

R
N
S

HO X 0]

Figure 1.5 General structure of PHAs. (R = alkyl groups C1-C13, x = 1-4, n = 1000-10000).

Monomeric units with different structures and compositions can be obtained based on the
producer microorganism and the carbon sources used in their production. As of now, 150
different structures have been identified and reported (Tortajada et al., 2013; Hazer and
Steinbiichel, 2007). PHAs can be classified based on the number of carbon atoms in the
monomeric units into two classes, short chain length or scl-PHAs, with 3-5 carbon atoms,
and medium chain length or mcl-PHASs, with 6-14 carbon atoms. The two classes of PHAs
usually exhibit very distinct properties that have been summarised in Table 1.1. Scl- PHAs
are usually highly crystalline materials, with a high melting temperature (160-180°C) and
low glass transition (-4-0°C) (Mozejko-Ciesielska and Kiewisz, 2016; Puppi et al., 2019;
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Bugnicourt et al., 2014). The melting temperature of such PHAs is usually similar to its
degradation temperature, limiting its processing through conventional thermal-based
techniques (Li et al., 2016c). Scl-PHAs possess a stiff and brittle mechanical behaviour,
characterized by a high Young’s modulus (0.5-4 GPa) and low elongation at break (<50%).
P(4HB) represent an exception to this class, as it exhibits a lower melting temperature (50-
70°C), glass transition temperature (around 50°C), and crystallinity (<40%), leading to a
relatively high elastic modulus (0.15 GPa) coupled with a high elongation at break (1000%)
(Puppi et al., 2019; Grigore et al., 2019). Mcl-PHAs are instead a more heterogenous group,
where the properties are greatly influenced by the length of the side chain and the type of
functional group present (Basnett, et al., 2017a). Overall, it has been reported that such PHAS
possess a lower crystallinity than scl-PHAS, with some polyesters showing a completely
amorphous behaviour due to the presence of some functional groups preventing their
crystallization (Grigore et al., 2019; Rai et al., 2011a). A lower melting temperature (40-
60°C) and a glass transition usually below room temperature (-50-25°C) are also evidenced
among this class. Such properties confer an elastomeric behaviour to mcl-PHAS,
characterized by a high elongation at break (200-500%) and a lower elastic modulus (4-50
MPa) compared to scl-PHAs (Mozejko-Ciesielska and Kiewisz, 2016; Rai et al., 2011a;

Lizarraga-Valderrama et al., 2015).

Table 1.1 Comparison of the physical and mechanical properties between scl-(not including P(4HB))
and mcl-PHAs (Akaraonye et al., 2010; Mozejko-Ciesielska and Kiewisz, 2016; Rai et al., 2011a;
Grigore et al., 2019).

Properties Scl-PHAs | Mcl-PHAs

Melting temperature (°C) | 160-180 40-70

Glass transition (°C) -4-0 -50-25

Young’s Modulus (MPa) | 500-4000 4-50

Elongation at break (%) <50% 200-500%

Finally, PHAs can also be classified based on the type of monomer units into homopolymers,
composed of only one type of monomer unit (e.g. Poly(3-hydroxybutyrate) or P(3HB)), or

heteropolymers with two or more monomer units in their molecular structure (e.g. Poly(3-
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hydroxybutyrate-co-3-hydroxyvalerate) or P(3HB-co-3HV)). Copolymers of scl and mcl-
PHAs can also be produced, such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) or
P(3HB-co-3HHX).

1.3.2. Biosynthesis of PHASs

The biochemical synthesis of PHAs comprises several metabolic pathways and depends on
the type of carbon source and the organism used. Two types of carbon sources can be utilized:
“related”, possessing a structure similar to the one of the final monomers, and “unrelated”,
different from the final monomeric unit structure. To date, 13 pathways have been discovered
for PHA biosynthesis (reported in Figure 1.6), 10 for scl-PHA synthesis (pathways A-J) and
4 for mcl-PHA synthesis (pathways J-M) (Tan et al., 2014). Two main steps can be identified
in PHA biosynthesis. The first one is the synthesis of (R)-3-hydroxyacyl-CoA, (R)-3-HA-
CoA, the most common precursor for PHA production. Alternative precursors to (R)-3-HA-
CoA have been proposed for the metabolism of cyclohexanol to 6-hydroxyhexanoyl-CoA
and 4,5-alkanolactone to 4,5-hydroxyacyl-CoA (4,5-HA-CoA) (pathways L and M in Figure
4). During the second phase, (R)-3-HA-CoA units are polymerized into PHASs by the PHA
synthase (Chen, 2009; Lu et al., 2009). Four classes of PHA synthases have been identified
based on their unit composition and the substrate specificity. Class I, Ill and 1V are related
to the polymerization of scl-PHAs, while mcl-PHAs production is catalysed by class 1l
enzymes. Class | and 11 are composed of 1 unit (PhaC), while class Il and IV have two
subunits, PhaC-PhaE and PhaC-PhaR respectively (Basnett et al., 2017a; Mozejko-
Ciesielska and Kiewisz, 2016).
Among the 13 pathways described in Figure 11, B, J and K are the three main pathways
described in literature. Pathway B is used by Cupriavidus necator using unrelated carbon
sources for the production of P(3HB) and is characterized by three steps. Firstly,
B- ketothiolase catalyzes the formation of acetoacetyl CoA through condensation of two
acetyl CoA units. (R)-3-hydroxybutyryl CoA is then formed by acetoacetyl-CoA-reductase.
Finally, P(3HB) is polymerized via esterification by the PHA synthase enzyme. The
importance of nutrient limitation can be highlighted in this pathway. In normal conditions,
the synthesis of PHA is blocked by the formation of high amounts of coenzyme A obtained
from the Krebs cycle, inhibiting - ketothiolase. In the presence of unbalanced conditions,
the level of coenzyme A does not inhibit the activity of the enzyme, enabling the synthesis
of PHAs. The second and third pathway are related to the production of mcl PHAs (Lu et al.,
18
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2009). Pathway J is the fatty acid B-oxidation pathway and is characterized by the production
of hydroxyacy! units from structure-related carbon sources which are then polymerized by
PHA synthase. Three intermediates of the metabolic process enoyl-CoA, (S)-3-hydroxyacyl-
CoA and (R)-3-ketoa-cyl-CoA can be converted into the PHA precursor by a (R)-enoyl-CoA
hydratase, (R)-3-hydroxyacyl-CoA epimerase, or (R)-ketoacyl-CoA reductase respectively
(Tortajada et al., 2013). Pathway K involves the fatty acid de novo pathways and is
characterized by the formation of (R)-3-hydroxyacyl-CoA precursors from unrelated carbon
sources. The metabolic pathway generates (R)-3-hydroxyacyl-ACP which is then converted
to (R)-3-hydroxyacyl CoA by the enzyme (R)-3-hydroxyacyl-CoA-ACP transacylase
(Tortajada et al., 2013; Sudesh et al., 2000).
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1.3.3. Antibacterial PHAS

A few studies have been conducted on the development of antibacterial PHAS, by developing
intrinsically active polymers (Sulphur containing PHAS), through chemical modification and

through loading of inorganic and organic compounds.

1.3.3.1. Sulphur containing PHAs

A new family of sulphur containing PHAs (S-PHAS) has recently been discovered. This new
class can be divided based on the position of sulphur in the polymer structure into
S-PHAs in the backbone and S-PHAs in the side chain. The former was first discovered by
Litke-Eversloh et al. and it is characterized by the presence of thioester linkages. These
polymers include monomers such as 3-mercaptopropionate (3MP), 3-mercaptobutyrate
(3MB) or 3-mercaptovalerate (3MV), which were incorporated as comonomers with
3-hydroxybutyrate (3HB). P(3HB-co-3MP) (Figure 1.7a) was produced by Cupriavidus
necator H16 via a co-feeding experiment using 3-mercaptopropionic acid, 3,3’-
thiodipropionic acid or 3, 3’-dithiodipropionic acid, in addition to fructose or gluconic acid
(Lu et al., 2001). The highest molar fraction of 3MP was 54 mol% and the molecular weight
of these polymers decreased with the increase of sulphur containing units (Mw 890000 Da
for 10 mol % of 3MP and My of 150000 Da for 54 mol% of 3MP). The polythioester
containing 3MB (Figure 1.7b) and 3MV (Figure 1.7 c) were obtained using the same
fermentation procedure but using chemically synthesized precursor substrates (Bergander et
al., 2001). The highest molar fraction of 3MB was 73 mol%, while for 3MV only 5 mol%
was obtained. The polymers containing 3MV showed also the presence of 3HV units which

was perhaps due to the presence of a pentanoic acid contamination in the substrate solution.

21



Chapter 1 - Introduction

i~

a) P(3HB-c0-3MP) b) P(3HB-co-3MB)
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Figure 1.7 Chemical structures of a) P(3HB-c0o-3MP), b) P(3HB-co-3MB) and c) P(3HB-co-3MV-co-
3HV)

Homopolymers of 3MP, 3MV and 3MB (Figure 1.8) were then produced using an engineered
strain of E. coli JM109 pBPP1, which expressed a non-natural pathway for polythioester
synthesis. The P(3MP) showed peculiar characteristics compared to the other polythioesters
(Kawada et al., 2003). It was the only homopolymer insoluble in chloroform at any
temperature. Solubility in other solvents was observed at high temperatures. The copolymers
obtained using C. necator H16 were instead soluble at room temperature in chloroform.
Thermal analyses showed a higher melting temperature, 171°C, for P(3MP) compared to the
oxoester analogue P(3HP), 121°C. On the contrary P(3MB) and P(3MV) showed a lower T,
100°C and 85°C respectively (Kawada and Marchessault, 2002).

0 0 0
/ S// //\)Lsf/ S S/_/
a) P(3MB) b) P(3MP) c) P(3MV)

Figure 1.8 Chemical structure of a) P(3MB), b) P(3MP) and c¢) P(3MV)

Regarding the S-PHAs in the side chains, both thioether and thioester linkages have been
developed (Ewering et al., 2002; Escapa et al., 2011).
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Cultivation of metabolic engineered C. necator H16, harbouring the PHA synthase enzyme
of P. mendocina, with chemically synthetized alkylthioalkanoic acids lead to the production
of PHAs containing thioether groups. Poly(3-hydroxypropylthiobutyrate-co-3-
hydroxypropylthiohexanoate-co-3-hydroxypropylthio-octanoate) or P(3HPTB-co-3HPTHXx-
co0-3HPTO) (Figure 1.9a) was obtained by feeding with propylthiooctanoic acid, while using
propylthiohexanoic acid, Poly(3-hydroxypropylthiobutyrate-co-3-
hydroxypropylthiohexanoate) or P(3HPTB-co-3HPTHX) (Figure 1.9b) was produced. The
same carbon sources were utilized with a range of Pseudomonas species, but only P. putida
KT2440 was able to produce sulphur containing PHAS, detected by elemental sulphur
analysis. However, the chemical composition of these polymers were not evaluated (Ewering
etal., 2002).

é
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a) P(BHPTB-co-3HPTHx-co-3HPTO) b) P(3HPTB-co-3HPTHX)

Figure 1.9 Chemical structure of a) P(3HPTB-co-3HPTHx-co-3HPTO) and b) P(3HPTB-co-3HPTHX)

Thioester linkages were obtained via bacterial fermentation using P. putida KT2442 and
P. putida KT42FadB using a co-feeding experiment with fatty acids (i.e. decanoic acid) as
the “good” substrates to support bacterial growth and carbon sources containing thiol groups
for polymer production (i.e. 6-acetylthiohexanoic acid) (Escapa et al., 2011;Escapa et al.,
2013). P. putida KT42FadB was a genetic mutant which consisted of a knock-out of the fadB
gene to produce PHAs with a higher fraction of monomers of long chain length. These
materials were identified as PHACOS and they contained 3-hydroxy-6-acetylthiohexanoic
acid and 3-hydroxy-4-acetylthiobutanoate (Figure 1.10). The wild type strain produced
polymers with a higher fraction of sulphur containing monomers compared to the mutant.

The mutant produced polymers with a higher content of longer monomeric units (i.e. 3-
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hydroxy-decanoate and 3-hydroxy-6-acetylthiohexanoate). The thioester-PHAs were
characterized in terms of antibacterial properties and showed to be inherently active,
inhibiting the growth of methicillin-resistant Staphylococcus aureus (MRSA) both in vitro
and in vivo (Dinjaski et al., 2014). However, the mechanism behind the antibacterial activity

was not investigated (Dinjaski et al., 2014).

>=o
-

Figure 1.10 Chemical structure of thioester-PHA (i.e. PHACOQS)

1.3.3.2. Chemical functionalization of PHASs

A few studies have investigated the possibility of using chemical functionalization to
introduce antibacterial properties in PHAsS.

Chemical functionalization of the films of P(3HB-co-3HV) was conducted by Langlois et al.
to introduce methacrylate monomers with antibacterial properties. Surface modification with
both 2-(methacryloyloxy)-ethyl-trimethylammonium and 2-(methacryloylethyl)-dimethyl-
(3-sulfopropyl) ammonium was performed using UV photografting. The functionalized
materials showed reduction in the number of bacterial cells for both S. aureus 6538 and
E. coli 25922 compared to the non-functionalized samples (Manecka et al., 2014).
N-vinylimidazole were grafted to the P(3HO) backbone using chemical grafting with
benzoylperoxide as an initiator to introduce antibacterial properties. The solvent cast films
produced showed bacteriostatic effect against E. coli 25922 and S. aureus 25922 (Chung et
al., 2012). Finally, P(3HB) was functionalized with a series of amine containing chemical
groups (i.e. 1,4-butanediamine, 1,3-propanediamine, 1,2-ethylenediamine, piperazine,
cyclohexylamine, 2,2'-(ethane-1,2-diylbis(oxy)) diethanamine (jeffamine EDR 148)). A
transesterification reaction was firstly conducted to produce P(3HB) diols, which were then
converted into P(3HB)-diacrylates by reaction with acryloyl chloride. The PHB-diacrylate

were then grafted with the amino containing compounds through a Michael-addition reaction.
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The materials produced showed antibacterial activity through the formation of inhibition
zones against S. aureus 29213, E. coli 11105 and P. aeruginosa 9027 (Abdelwahab et al.,
2019).

Alternatively, coupling of PHAs with chitosan has also been investigated to introduce
antibacterial features due to the inherently antimicrobial properties of such materials. Wu et
al. investigated the grafting of chitosan onto a P(3HB-co-HV) membrane. To achieve the
grafting, the PHA was firstly functionalized with maleic anhydride via radical polymerization
using benzoyl peroxide as an initiator. The reaction introduced anhydride and carboxyl
groups able to react with hydroxyl and amino groups of chitosan, producing antibacterial
composite membranes (Wu et al., 2015a). In another study by Hu et al., ozone treatment was
used to graft chitosan and chito-oligosaccharides on P(3HB-co-HV) films. The membranes
were treated with ozone and acrylic acid to introduce carboxylic acid groups which then
reacted with the amine groups of the polysaccharides. The produced material showed
antibacterial activity against clinically isolated S. aureus strain, E. coli 43894 and P.
aeruginosa 10145 (Hu et al., 2003). Tai et al. produced antibacterial P(3HB)-chitosan
membrane for bone regeneration. P(3HB) solvent-cast films were firstly grafted with
poly(acrylic acid) using plasma irradiation and then functionalized with chitosan through the
formation of an amide bond (Tai et al., 2014). Physical blending was also investigated
through the production of a nanofibrous mat by electrospinning of P(3HB-co-3HV) and
chitosan for skin tissue engineering. The material enhanced skin tissue repair in Wistar rats
promoting neo-epithelium regeneration in less than 14 days with no evidence of bacterial
infection (Veleirinho et al., 2012). Electrospinning was also employed for blending of
P(3HB-co-3HHXx) with chitosan grafted polycaprolactone (PCL). The antibacterial activity
of the produced material was concentration dependent. A 30/70 blend (chitosan-PCL/PHA)
did not show antibacterial activity against E. coli 25922 and S. aureus 12600. A 50/50
membrane showed activity only against Gram negative bacteria, while 70/30 were active
against both species, with a higher efficacy toward E. coli 25922 (Diez-Pascual and Diez-
Vicente, 2016).
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1.3.4. Loading of antibacterial compounds

Another approach that has been investigated to produce PHAs with antibacterial properties ,
was the loading with natural agents such as plant-derived compounds or essential oils
(Requena et al., 2016).

Pramanik et al. developed curcumin-loaded P(3HB-co-3HV) films through solvent casting
technique. The material showed wound healing properties and antibacterial activity against
both Gram positive and Gram negative strains (Pramanik et al., 2015). Similar results were
obtained with curcumin loaded 3D scaffold of P(3HB-co-3HV) by salt leaching processing
(Pramanik et al., 2016). Kundrat et al. investigated the physical absorption of four oil extracts
(i.e. cinnamon, clove, oregano and oak bark) onto P(3HB) fibres obtained through wet
spinning. All the four plant extracts exhibited antibacterial activity against Micrococcus
luteus 1569, a Gram positive bacteria, and Serratia marcescens 8587, a Gram negative
bacteria, with clove-functionalized fibres showing the highest reduction in the bacterial cell
count of both species after 24 hours of incubation in direct contact with the samples (Kundrat
et al., 2019). Alternatively, Figueroa-Lopez et al. investigated the incorporation of oregano
EO and two natural extracts (rosemary and green tea extracts) in P(3HB-co-3HV) fibres by
adding the active agents directly to the polymer solution prior to electrospinning. All the
loaded fibrous mats developed showed antibacterial properties against S. aureus 6538P and
E. coli 25922 (Figueroa-Lopez et al., 2019). In another study from the same group, eugenol
EO was firstly loaded onto mesoporous silica nanoparticles and then incorporated into
P(3HB-co-3HV) fibres using the same technique. The encapsulation was employed to
maintain and protect the antibacterial effect of the agent, as essential oils are volatile
compounds. The films obtained showed antibacterial activity against the two strains
mentioned above up to 15 days after day fabrication and storage in a close environment
(Melendez-Rodriguez et al., 2019).

Finally, incorporation of metal ions has also been investigated. Castro-Mayorga et al.
developed a multilayer system loaded with silver nanoparticles (AgNPs). P(3HB-co-
HV)/AgNP electrospun fibres were used as a coating of a P(3HB-co-HV) film, showing good
antibacterial activity against Salmonella enterica 4300 (Castro-Mayorga et al., 2016). In
another study, polymethacrylic acid was grafted onto the surface of P(3HB-co-3HV)
electrospun fibres to introduce carboxylic groups to be used for the in situ photogeneration

of silver nanoparticles. The obtained material showed antibacterial activity against S. aureus
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6538 and E.coli 25922, reducing bacterial adhesion by 98% and 100% respectively (Versace
et al., 2013). Two studies investigated the incorporation of zinc oxide nanoparticles in scl-
PHA-based constructs. Diez-Pascual and Diez-Vicente incorporated nano-ZnO in
P(3HB-co-3HV) by solvent casting technique. The films showed a bactericidal effect against
both S. aureus 12600 and E. coli 25922, and the effect increased with the increase in loading
percentage, reaching the highest reduction of the bacterial cell count for the samples
containing 5 wt% of nano-ZnO (Diez-Pascual and Diez-Vicente, 2014). Another study
investigated the incorporation of zinc oxide in P(3HB) fibres by electrospinning. All the three
loading compositions of nano-ZnO developed (i.e. 1, 3 and 5 wt%) showed antibacterial
activity against E. coli 25922 and S. aureus 29213 (Rodriguez-Tobias et al., 2016). Finally,
electrospinning was also employed to develop a P(3HB-co-3HV) fibres containing copper
oxide (CuQ) nanoparticles to be used as a coating of a fibrous mat obtained by compression
moulding of P(3HB-co-3HV). The obtained nanocomposite showed high antibacterial
activity against S. enterica 4300 and Listeria monocytogenes 7467, inducing a 100%
reduction of the bacterial cell count after 24h of incubation of the bacterial species directly

on the surface of the samples (Castro-Mayorga et al., 2018).

1.3.5. Medical application of PHASs

One of the many areas of investigation of PHAs is as materials for biomedical applications.
Such a high-value application area represents an attractive market for PHAs allowing to
overcome their major limitation related to cost issues, as in this field the products are firstly
evaluated based on their performance and secondly on their price, contrary to large-scale-
low-value plastic materials (e.g. packaging material) (Koller, 2018).

The interest on the study of PHAS has particularly increased since P(4HB) received the Food
and Drug Administration (FDA) approval for its use in clinical practise as material for
surgical sutures (Grigore et al., 2019). Devices based on this polyester currently used in the
clinic include MonoMax Suture (B Braun Aesculap, Tuttlingen, Germany) (Odermatt et al.,
2012), GalaFLEX (Galatea Surgical, Inc., Massachusetts, USA) a macroporous
monofilament meshed used for plastic and reconstructive surgery (Williams et al., 2016) and
Phasix and Phasix ST (C.R. Bard Inc., Murray Hill, NJ) a mesh used for hernia repair (van
Rooijen et al., 2018).

Biocompatibility and biodegradability are the two main properties of PHAS that make them

suitable for the biomedical field (Akaraonye et al., 2010; Chanprateep, 2010; Li et al., 2016;
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Zinn et al., 2001). The former is described as “the ability of a material to perform with an
appropriate host response in a specific application without having any risk of injury, toxicity,
or rejection by the immune system and undesirable or inappropriate local or systemic effects”
(Ghasemi-Mobarakeh et al., 2019). In vitro and in vivo studies have proven the capability of
PHAs to be well tolerated when used as implantable devices and to support attachment,
proliferation and growth of various mammalian cells (Valappil et al., 2006; Ali and Jamil,
2016; Koller, 2018). PHAs have also shown to undergo non-enzymatic and enzymatic
hydrolysis in vitro and in vivo with non-toxic degradation products (Gogolewski and Dillon,
1993; Nigmatullin et al., 2015; Ali and Jamil, 2016; Philip et al., 2007, Freier et al., 2002;
Kehail et al., 2017). In particular, 3-hydroxybutyric acid, the degradation product of P(3HB),
is a natural metabolite of the human body , present in the blood plasma with a concentration
of 30-100 pg/mL (Grigore et al., 2019; Koller, 2018). Due to the wide variety of mechanical
properties that that can be obtained using different carbon sources and microorganisms,
PHAs are good candidates as substitutes for different human tissues. They have been
investigated for a range of medical applications, including scaffolds for both hard (e.g. bone,
cartilage) and soft (e.g. cardiac tissue, nerve and skin) tissue engineering and drug delivery
systems (Lizarraga-Valderrama et al., 2018; Butt et al., 2018; EImowafy et al., 2019; Koller
and Braunegg, 2018).

1.4. Bone healing and repair

Bone tissue has dynamic structure with high capacity of regeneration. In case of a fracture,
two types of bone healing can occur, primary and secondary. The former usually does not
happen naturally as it requires an almost no gap formation and no movement of the segments
and is obtained through rigid internal fixation. It is based on the same process that
characterises bone remodelling, with the action of osteoclasts, cell responsible for bone
resorption, and osteoblasts, involved in new bone deposition. The osteoclast cells remove
damaged bone along the fracture line, followed by refilling of new bone from the osteoblasts.
If the gap between the two bone segments is less than 0.01 mm, the new tissue is placed
longitudinally along the axis of the bone (i.e. contact healing), if a larger separation (e.g. <1
mm) is obtained, a weaker tissue is firstly deposited perpendicular to the orientation of the
bone, which is then replaced by tissue oriented longitudinally by a second remodelling
process (i.e. gap healing) (Marsell and Einhorn, 2012; Pountos and Giannoudis, 2018).

28



Chapter 1 - Introduction

Second (or indirect) bone healing is the process that occurs naturally after bone fracture. It is
characterized by three phases, inflammatory, reparative and remodelling, which usually
overlap, and are described in Figure 1.11.

After fracture, a hematoma, a blood clot, is formed, filling the fracture gap and forming the
temporary scaffold and environment critical for healing. The acute inflammatory stage
usually lasts up to 7 days after the injury and is characterized by the recruitment of
inflammatory cells including lymphocytes, macrophages, eosinophils, and neutrophils. Such
cells are responsible for the release of cytokines that have multiple effects, recruitment of
other inflammatory cells and mesenchymal stem cells (MSCs), stimulating angiogenesis,
osteogenic differentiation of MSCs, and extracellular matrix synthesis (Pountos and
Giannoudis, 2018; Ghiasi et al., 2017). The hematoma is transformed into a granulation tissue
(MSCs, immune cells and endothelial cells embedded in extracellular matrix), which is then
converted into a cartilaginous callus, named soft callus. Such tissue is than replaced by woven
bone (i.e. hard callus) through a process called endochondral ossification, involving cartilage
calcification, removal and bone deposition. The reparative stage (comprising both soft and
hard callus formation) begins within days from the injury and can last up to a couple of
months. Finally, during the remodelling stage the woven bone is gradually replaced with
lamellar bone. This stage may take years to achieve full regeneration (Marsell and Einhorn,
2012; Marzona and Pavolini, 2009).

Marrow Cortical bone
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Figure 1.11 Schematic representation of the stages of secondary or indirect bone healing. From left to
right: inflammatory, reparative and remodelling stage, and healed bone. The imaged is adapted from

Einhorn and Gerstenfeld, 2015 with permission from Springer Nature.
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Thanks to this biological process, the majority of fractures are able to self-heal. However,
the healing capability is associated with the proximity of the bone segments. In case of large
bone defects, they are not able to heal on their own and surgical intervention is required. The
critical size of the defect impairing auto regeneration depends on the skeletal segment that is
involved. For example, for the forearm a defect longer than 3 cm is considered critical, for
the femur and tibia 5 cm and for the humerus 6 cm (Calori et al., 2011; Lasanianos et al.,
2010). There are a variety of scenarios that can lead to the formation of large bone defects,
including high energy trauma, tumour resection, chronic diseases (e.g. osteoporosis) and
complications due to infections (i.e. osteomyelitis). Alternatively, another complication
associated with bone fractures is the development of non-unions, defined as fractures that are
not healed after 6 months or where no progression in the healing process has occurred over
a 3-moths period (Jones and Mayo, 2005). In both cases, the use of a bone graft, a substitute
to fill the gap, is usually required to restore the normal function of the tissue. The gold
standard applied in clinic is the use of bone autografts. This involves the harvesting and
implantation of bone from a healthy site of the patient (usually non-load bearing). The main
drawback associated with this treatment is the limited availability of tissue. Additionally, the
need of an extra surgery required for the harvesting can increase the patient’s distress, due to
possibility of complications such as haemorrhages or nerve and vascular lesions and the
development of postoperative pain, and increase in costs (Leteve and Passuti, 2018). An
alternative to autografts is represented by allografts, tissue obtained from individuals of the
same species (e.g. cadavers). Several issues are associated with this technique, including the
risk of an immune response leading to rejection and possible transmission of diseases.
Moreover, limited reproducibility is also another drawback as the properties of the materials
may vary depending on the site of harvesting and the health conditions of the donor and can
be affected by the different treatments used for sterilization and to prolong storage time
(Baldwin et al., 2019; laquinta et al., 2019). Due to the problems associated with such
transplanted tissues, great interest has been brought to the development of synthetic bone
substitutes as alternative therapeutic strategies to achieve bone healing, thanks to their
unlimited availability and longer shelf life. One of the available options is to use a tissue
engineering approach based on the combination of a scaffold (natural, synthetic or
decellularized tissue) with cells and appropriate stimuli (e.g. chemical stimuli with growth
factors) (Fernandez de Grado et al., 2018; Hasan et al., 2018).

30



Chapter 1 - Introduction

1.4.1. Requirements for an ideal material for bone tissue
engineering

One of the most important aspect of a tissue engineered construct is the scaffold, the three-
dimensional substrate able to provide a suitable environment for cell anchorage and
proliferation, in order to allow tissue regeneration. The requirements that a scaffold need to
possess in order to develop an ideal construct for bone regeneration have been extensively
investigated in literature and categorised into biological, mechanical and structural (De Witte
et al., 2018; Turnbull et al., 2018; Haugen et al., 2019; Chocholata et al., 2019).

Biological requirements are key aspects of any material studied for tissue regeneration and

refers to biocompatibility, degradability and non-toxicity.

Biocompatibility refers to the ability of a material to induce a specific tissue response without
eliciting an adverse immune response, as mentioned in section 1.3.5. In the case of bone
tissue, the desired tissue-tailored response can be described in terms of osteoconductive and
osteoinductive properties. Osteoconduction refers to the ability to induce bone growth on the
scaffold surface, favouring the implant osteointegration, which indicates the formation of a
stable anchorage between the bone and the constructs. Among the materials used in bone
regeneration, synthetic ceramics (i.e. calcium-phosphate based materials like hydroxyapatite
(Cawo(PO4)s(OH)2,), (HA)) are inherently osteoconductive thanks to their chemical
composition similar to the inorganic component of human bone tissue (Jeong et al., 2019).
Osteoinduction describes the capability of the material to induce the proliferation and
differentiation of mesenchymal stem cells into osteoblasts and chondrocytes to favour the
formation of new bone (Ahmed et al., 2016; Albrektsson and Johansson, 2001). One of the
main strategies investigated to introduce osteoinductive characteristics to scaffold is the
incorporation of bioactive molecules such us bone morphogenetic proteins (BMPs), growth
factors that play a fundamental role in fracture regeneration by inducing a cascade of events
leading to the differentiation of MSCs into osteogenic lineage (De Witte et al., 2018).
However, their usage needs to be controlled as high dosages are associated with sever adverse
effects. Moreover, the incorporation of BMPs can be challenging due to their rapid
degradation. Finally, their high costs limit their usage in clinical practice (Oryan et al., 2014;
Garcia-Gareta et al., 2015). Recently, the use of metallic ions has emerged as an alternative

solution to such biomolecules to confer osteoinductive properties to materials for bone
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regeneration. Such inorganic materials, defined as therapeutic inorganic ions, have the
advantages of being economic and stable compounds able to withstand the different
processing conditions used for the development of scaffolds. Moreover, in addition to
osteogenesis, several ions possess other characteristics like antibacterial (e.g. selenium, zinc
or copper) and anticancer (e.g. selenium) effect or stimulation of angiogenesis (e.g. copper),
allowing the incorporation of novel beneficial features in the constructs. However, their
release needs to be controlled as high level of such ions might lead to toxic effects in the

human body (Mourifio and Boccaccini, 2010; Glenske et al., 2018).

Biodegradability is another important property for any type of tissue engineering application.
The scaffold should degrade in an appropriate manner to favour the cells to produce their
own extracellular matrix, replacing the construct. Moreover, the degradation product should
be non-toxic and should not elicit an adverse reaction in the site of implantation. In this
context biodegradable polymers have an advantage compared to other materials and their
degradability can be tailored based on their physical and chemical properties, such as
crystallinity, hydrophobicity/hydrophilicity, molecular weight, porosity and pore size (Yang
etal., 2019).

The material should also possess mechanical properties compatible with the specific
anatomical site of implantation, allowing appropriate load transfer. At the early stage of
implantation, sufficient mechanical stability is important to preserve the construct integrity
until the newly formed tissue is able to withstand the load. However, if the material adsorbs
all the stress applied, due to higher mechanical features than the natural tissue, loss of density
and weakening of the bone tissue might occur (i.e. stress shielding), leading to implant
failure. Natural bone is composed of two type of tissues, cortical and cancellous, showing
different mechanical features. The former possess an elastic modulus (measure of the
stiffness of the material) of 7-20 GPa and compressive strength (capacity to resist
compressive loads) of 100-180 MPa, while for the latter the values are 0.2-2 GPa and 2—
20 MPa (Bose et al., 2012; Kashirina et al., 2019). Metals are widely used in clinics due to
their high mechanical properties and stability, making them feasible for load-bearing
applications (Thandapani et al., 2018). However, their Young’s modulus higher than that of
cortical bone, can lead to stress shielding and bone resorption (De Witte et al., 2018).
Ceramics possess good compressive strength but are brittle materials with a low fracture

toughness. Polymers instead have a low mechanical strength and the elastic modulus
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compared to cortical bone. These features limit the application of such classes of materials
to bone stuffing or reconstruction of bone cancellous material in not-load bearing
applications where their use needs to be combined with internal or external fixation (Blom,
2007; Gao et al., 2017). Another important aspect for the mechanical properties of a scaffold
for bone regeneration is the ability to be easily shaped and manipulated in the surgical
operating room to better adapt to the defect to be treated (Jakus et al., 2016; Turnbull et al.,
2018). In this context, due to their stiffness and brittleness, ceramics can be difficult to
implement surgically. To aid such a disadvantage, different formulations have been
developed like granules or putties, that can even be injected in the injured site. However,
such systems are still associated with some drawbacks due to the possible displacement or
disintegration of the paste when in contact with blood and body fluids, and potential side
effects due to the exothermic properties of the hardening process of some cements (Zhang et
al., 2014, Jakus et al., 2016). Alternatively, a wide range of composite materials have been
developed based on ceramics, providing stiffness, and polymers, adding elasticity (Kashirina
et al., 2019; Ghassemi et al., 2018).

Porosity is the main structural requirement for a construct for bone tissue engineering. An
open and interconnected porous structure is essential for the diffusion of oxygen nutrients
and the flow of nutrients and of wastes throughout the constructs reaching especially the
central part, in the case where blood supply has not been engineered (Turnbull et al., 2018).
Moreover, it allows cell seeding, proliferation and migration through the scaffold, favouring
tissue ingrowth. Osteointegration is also facilitated by a porous construct, favouring implant
stability by allowing interlocking between the tissue and the scaffold (De Witte et al., 2018;
Hannink and Arts, 2011). Finally, an open porosity is required for the in vivo vascularization
of the constructs (Loh and Choong, 2013). A much-debated question regards the optimal pore
size for a scaffold for bone regeneration, as in literature a wide range of values has been
investigated from 50 pum to 2 mm, without reaching a unanimous answer (Hollister, 2005;
Gao et al., 2017). Overall, constructs with a mean porosity higher than 300 um have shown
to favour osteogenesis and vascularization, as they facilitate cell migration. However, the
presence of small size pores (i.e. < 100 um) is important for cell attachment, as the decrease
of the pore dimension increases the surface area of the material, favouring protein adsorption
and a higher cell attachment (Murphy and O’Brien, 2010; Karageorgiou and Kaplan, 2005).

At the same time constructs based only on small pores have shown to hamper cell migration,
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leading to possible necrosis (Petrochenko and Narayan, 2010). Therefore, there is a general
consensus on the need of both micro and macro pores in an ideal scaffold for bone
regeneration (Turnbull et al., 2018). An upper limit of porosity has also not been identified.
Many studies involving the use of traditional processing techniques (e.g. freeze drying and
solvent casting/particulate leaching) suggested an overall porosity up to 600 pum as optimal.
However, with the introduction of additive manufacturing a range of constructs based on
different material (e.g. PLGA and HA) have been obtained with dimension of pores up to
2 mm, showing no statistically significant differences in bone growth between the pore sizes
(Simon et al., 2003; Hollister, 2005). Large pore sizes and high porosity usually have a
detrimental effect on the mechanical properties of the material, compromising the scaffold
structural integrity. The scaffold degradation can also be affected, as a higher porosity leads
to higher permeabilization and usually a faster degradability rate (Karageorgiou and Kaplan,
2005; Zhang et al., 2018). Therefore, the degree of porosity and the pore size dimension need

to be rationally designed and investigated when developing a construct for bone regeneration.

Alongside the described biological, mechanical and structural characteristics, the
introduction of antibacterial features in the scaffold has recently attracted increasing interest
(Johnson and Garcia, 2015; Dorati et al., 2017). Bone implants have a risk of infection of
2-5%, which increases to 30% in the case of open fractures (Darouiche, 2004; Trampuz and
Widmer, 2006). In the presence of osteomyelitis (i.e. bacterial bone infection) the
regeneration of the tissue is impaired and, if not treated, can result in chronic infection,
characterized by bone necrosis and spreading to adjacent soft tissues. Moreover, resections
due to infections are one of the major causes of large bone size defects, as described in the
previous section. The most common pathogen involved is S. aureus, but other
microorganisms have also been associated with such pathology including S. epidermidis,
Streptococci sp., Pseudomonas sp. and E. coli (Kavanagh et al., 2017; Boyce et al., 2011).
The rise of antibiotic resistance, already discussed at the begging of this chapter, has
exacerbated such situation, making antibacterial properties an important requirement for
bone regeneration. A variety of antimicrobial scaffolds have been investigated using the
strategy described in section 1.2 based on the exploitation of either antibacterial materials
(inherently or functionalized) or by incorporation of bioactive molecules (Johnson and
Garcia, 2015; Dorati et al., 2017). Such constructs find application as materials to prevent

the rise of infection or to combat existing ones. Moreover, an antimicrobial construct could
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be beneficial in limiting the number of surgeries required in the case of bone infection,
reducing patient distress and the costs involved. A revision plan in case of infection requires
two or multiple surgeries, involving usually the implantation of a bone cement loaded with
antibiotic used as a spacer, followed by insertion of a new graft. In such cases, a material
capable of inducing adequate bone regeneration combined with antibacterial features would

be highly beneficial, requiring only a one-surgery approach (Winkler et al., 2018).

To date, none of the materials investigated possess all the requirements for bone regeneration,
showing the need for further investiagtion in this area (Haugen et al., 2019; Kashirina et al.,
2019).

1.4.2. Polyhydroxyalkanoates in Bone Tissue Engineering

Bone regeneration is one of the main areas of investigation of PHAs in the medical filed. As
polymeric materials, they are candidates for such application due to their biodegradability,
easy processability and versatile and tuneable physical and mechanical properties. As already
mentioned, the fact that they can be obtained from natural and renewable resources makes
them a good alternative to their synthetic counterparts. Moreover, PHAs have shown to
possess less acid degradation products than other synthetic polymers such as PLA, PLGA
and PGA, limiting the possibility of developing a late or chronic inflammation
(Manavitehrani et al., 2016; Bonartsev et al., 2019). Compared to other natural-derived
materials (e.g. collagen and chitosan), PHAs show better mechanical features and higher
reproducibility as their production can be strictly controlled through fermentation
processes(Koller and Braunegg, 2015). Moreover, they show higher thermal stability making

them suitable for a wider range of processing techniques (Puppi et al., 2019).

Scl-PHAs (i.e. P(3HB) and P(3HB-co-3HV)) are the main polyesters employed for this
application due to their high crystallinity and mechanical properties (i.e. Young’s modulus
and ultimate tensile strength), closer to those of native bone (Karageorgiou and Kaplan,
2005). However, recently mcl-PHAs have also been investigated for non-load bearing

applications (Ansari et al., 2016).

PHAs are not inherently osteoconductive, therefore many studies have investigated the
development of composite materials, coupling the polymers with ceramics. Synthetic
hydroxyapatite is the main filler investigated due to its similarity to the inorganic component

of bone and its biocompatibility and bioactivity (Zhou and Lee, 2011). Alternatively,
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incorporation of bioactive glasses (BG) into the polymeric matrix has also been evaluated.
BG are degradable silicate-based glasses that are able to create a strong bond with native
bone through the formation of a carbonate layer on their surface upon contact with biological
fluids (EI-Rashidy et al., 2017; Jones, 2015).

Several techniques have been employed for the development of 3D constructs. Simple
solvent casting of scl and mcl-PHAS has been applied to evaluate the in vitro biocompatibility
of the materials, which showed to be able to favour the attachment and proliferation of several
bone cells, including MC3T3-EL1 cell line and human derived bone marrow mesenchymal
stem cells (Hu et al., 2009; Li et al., 2005; Ansari et al., 2016).

Solvent casting/particulate leaching and electrospinning are the two main techniques
investigated for the development of porous constructs. The former is based on the production
of a suspension by mixing the polymer with a porogen (e.g. salt or sugar) in suitable solvent
(e.g. chloroform). After casting the suspension in an appropriate mould, the scaffold is dried
and then placed in water to allow the release of the porogen. The porogen dimensions and
the porogen/polymer ratio are the key parameters to control the percentage of porosity and
the pore size (Prasad et al., 2017). In all the studies conducted to develop porous PHA
scaffolds, crystal dimensions ranging from 100-300 um were found to be optimal for the
formation of interconnected pores of similar dimensions (Hajiali et al., 2010; Saadat et al.,
2015; Lu et al., 2016; Wang et al., 2005; Hayati et al., 2012; Torun-Kése et al., 2003; Saadat
et al., 2013). Moreover, a high ratio of porogen over polymer ((80-90):(20-10),
porogen:polymer) was also necessary to achieve a high porosity (average values >75%)
(Ansari et al., 2016; Hajiali et al., 2010; Hayati et al., 2012; Saadat et al., 2015, 2013).
Composite porous scaffold can be obtained using the solvent casting/particulate leaching
technique by mixing the ceramic (e.g. HA and BG) in the polymer/porogen solution. A range
of both scl and mcl PHAs (P(3HB), P(3HB-c0-3HV), P(3HB-c0-3HHX), P(3HHXx-c0o-3HO))
have been investigated using such methods. The maximum quantity of HA or BG
incorporated was 30% as higher percentages led to agglomeration of the ceramic and non-
uniform distribution inside the scaffold (Ansari et al., 2016; Saadat et al., 2015; Wang et al.,
2005; Hayati et al., 2012; Noohom et al., 2009; Misra et al., 2008; Sadat-Shojai et al., 2013).
The introduction of the filler inside the porous scaffold showed a positive effect on the
mechanical properties of the constructs, increasing compressive strength and modulus
compared to neat P(3HB), P(3HB-co-3HV) and P(3HB-co-3HHX) scaffolds, with an increase
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of compressive strength and modulus, obtaining values more similar to the mechanical
properties of natural bone (Hayati et al., 2012; Wang et al., 2005; Rai et al., 2008; Misra et
al., 2008; Sadat-Shojai et al., 2013; Noohom et al., 2009). Moreover, the incorporation of
the ceramic induced an improvement of the in vitro biological performance of the composite
materials compare to the neat ones in terms of bioactivity and biocompatibility of a range of
bone cells, including MG63, MC3T3-E1, rabbit-derived bone marrow cells and human
osteoblast cells (hFOB 1.19) (Misra et al., 2008; Saadat et al., 2013; Hayati et al., 2012;
Sadat-Shojai et al., 2013; Ansari et al., 2016; Wang et al., 2005). In particular, the
biocompatibility of the scaffolds was characterized by an increase of cell attachment,
proliferation and differentiation into bone cell lineage, combined with high levels of alkaline
phosphatase activity (ALP). ALP is an enzyme produced by osteoblasts that is believed to be
involved in the bone mineralization process, and is therefore used as a marker for the activity
of osteoblasts (Sabokbar et al., 1994).
Electrospinning is the other technique employed to produce porous scaffolds in the form of
micro and nano-fibrous mats. Such method is based on the application of a high electric
potential to a polymer solution to generate a charge imbalance that leads to the generation
and deposition of fibres onto a collector (Jun et al., 2018). Sombatmankhong et al. produced
micro fibrous matrices with an average fibre diameter between 2-4 um from P(3HB), P(3HB-
3HV) and 50/50 blends of these materials. All the three scaffolds showed ability to induce
attachment and proliferation of human osteoblasts (Saos-2) (Sombatmankhong et al., 2007).
In another study, P(3HB) electrospun scaffolds favoured osteogenic differentiation of human
bone marrow-derived mesenchymal stem cells when cultured in osteogenic media (Kdse et
al., 2016). Composite fibres have also been produced by mixing HA or BGs in the polymer
solution in concentration up to 15 wt% and electrospinning such mixtures (Khoshraftar et al.,
2018; Ramier et al., 2014; Iron et al., 2019; Kouhi et al., 2015). A novel approach was
evaluated by Ramier et al. for the incorporation of HA in fibrous matrices by simultaneously
electrospinning of a P(3HB) solution and electrospraying of an HA dispersion. In this way,
the composite scaffolds produced showed the presence of HA on the surface of the fibres,
compared to HA being entrapped within the fibres in the case of electrospinning of a mixture
of P(3HB)/HA (Ramier et al., 2014). The presence of the nano-HA on the surface induced a
better cell interaction leading to higher cell proliferation. However, such structures showed
lower mechanical properties compared to both neat P(3HB) and HA-entrapped P(3HB) mats.
This result was ascribed to a lower cohesion of the fibrous material due to the presence of
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nanoparticle aggregates between the fibres, leading to weaker interactions. On the contrary,
the scaffold produced with the traditional method (i.e. direct electrospinning of polymer/HA
solution) showed an enhancement of the mechanical properties with a 67% increase of the
elastic modulus and 51% increase of the tensile strength at break compared to P(3HB) fibres
(Ramier et al., 2014).

A few studies have also been conducted on the use of 3D printing technology with PHAs for
the development of bone substitutes to obtain structures with controlled and repetitive
geometries. In particular, laser and extrusion-based technologies have been employed to
developed PHA-based 3D structures. Selective Laser Sintering (SLS) was applied to produce
porous structures of cubical form using P(3HB) (Pereira et al., 2012). This technique uses a
laser beam on a layer of powder material, inducing sintering of the particles. Once a layer
has been sintered, the printer platform is lowered, and another level of powder is added on
top and scanned again with the laser. The process is repeated until the desired 3D printed
structure is obtained as schematized in Figure 1.12 a (Ji et al., 2018). In the study by Pereira
et al., the structure obtained closely mimicked the virtual model and the thermal and chemical
properties of P(3HB) remained stable after the process, without degradation (Pereira et al.,
2012). A similar scaffold was produced in a study by Saska et al., and the surface of the
material was coated with osteogenic growth factors by simple physical absorption to improve
the bioactivity of the obtained 3D P(3HB) constructs (Saska et al., 2018). An alternative
technique was investigated to produce composite materials based on P(3HB-co-3HV) using
SLS. In the study, microspheres of the polymer loaded with calcium phosphate were
produced by an oil-in-water emulsion technique, and such microparticles were used as the
starting powder material for the construction of the 3D printed scaffolds (Duan et al., 2011).
The other 3D printing techniques investigated with PHAs are based on extrusion. Such
processes are characterized by the application of a mechanical or pneumatic pressure on a
molten or viscous (i.e. polymer solution) polyester to obtain a continuous flow of material,
as schematized in Figure 1.12 b (Jammalamadaka and Tappa, 2018). A 3D printed composite
scaffold was produced through solution-based technology by applying compressed air on a
mixture of P(3HB-co-3HHXx) and BG dissolved in organic solvents. The 3D constructs were
tested in vivo for the repair of bone defects in a rat model and showed ability to stimulate
bone repair after 8 weeks of implantation (Zhao et al., 2014). Alternatively, Yang et al.
produced composite scaffolds by melt 3D printing of P(3HB-co-3HHXx) followed by

38



Chapter 1 - Introduction

immersion in solution containing BG to obtain surface functionalization. Such material
showed enhanced cell proliferation and ALP activity of human mesenchymal stem cells
compared to non-loaded P(3HB-co-3HHX) (Yang et al., 2014).
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Figure 1.12 Schematic representation of two 3D printing techniques used for PHAs a) Selective Laser

Sintering and b) Extrusion (solution or melting) based systems.

39



Chapter 1 - Introduction

1.5. Aims and objectives of the project

The main aim of this project was the production of Polyhydroxyalkanoates with antibacterial

properties and their modification to allow their use in bone tissue engineering applications.

This was achieved by producing inherently antibacterial PHAs as well as by developing

composite materials through the combination of PHAs with a novel antimicrobial

hydroxyapatite.

This main aim was achieved by fulfilling the following objectives:

1.

The first objective was to produce and characterize a range of Polyhydroxyalkanoates.
A short chain length PHA, P(3HB) was produced by B. subtilis OK2 using glucose as
the carbon source. Two novel medium chain length PHAs were produced by
P. mendocina CH50 using coconut oil and glucose as the carbon source. The polymers
were completely characterized in terms of chemical, physical, thermal, mechanical and

biological properties.

The second objective was to produce inherently antibacterial PHAs through bacterial
fermentation. Thioester-PHAs were produced by P. putida KT2442 using decanoic acid
and 6-acethylthiohexanoic acid as the carbon sources. The material was completely
characterized in terms of chemical, physical, thermal, mechanical, biological and
antibacterial properties. Moreover, novel 2D inherently antibacterial films were
developed by blending the thioester-PHA produced with the polymer obtained using the
control conditions (P(3HHx-co-3HO-co-3HD)). The materials were characterized in

terms of thermal, mechanical, biological and antibacterial properties.

The third objective was the development of novel antibacterial composite 2D films
through the combination of P(3HO-co-3HD-co-3HDD) and P(3HB) with an
antibacterial hydroxyapatite obtained by co-substitution of selenium and strontium ions
(Se-Sr-HA). Se-Sr-HA was developed by Dr. Muhammad Magbool, an early stage
researcher involved in the same European Doctorate Programme (University of
Erlangen, Lucideon Ltd). Novel 2D composite films with different filler percentages
were developed and characterized in terms of physical, thermal and antibacterial

properties.
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4. The fourth objective was the optimization of the melt 3D printing of medium chain
length PHAS. Investigation of the degradability of the 3D constructs was performed
through an in vitro degradation study in PBS. The in vitro compatibility of the constructs
was also analysed through the evaluation of the viability and differentiation of MC3T3-
E1 cells seeded on the scaffolds Finally, the possibility of producing scaffolds with dual
porosity was also evaluated through the combination of melt printing and salt leaching.

5. The fifth objective was the development of novel 3D PHA-based antibacterial synthetic
bone substitutes. The novel 3D constructs were developed in collaboration with the
Orthopaedic Surgery and Traumatology and Cell Therapy Department of the University
of Navarra (Pamplona, Spain).

Two strategies were investigated to achieve this objective:

a. Development of novel 3D antibacterial composite scaffolds. The structures were
obtained using the 2D composite films based on the combination of P(3HO-co-
3HD-co-3HDD) and Se-Sr-HA (obtained in Chapter 5) as starting materials for the
3D melt printing. The structures were characterized in terms of physical, biological
and antibacterial properties.

b. Development of novel inherently 3D antibacterial scaffolds. The structures were
produced using the 2D inherently antibacterial films obtained through the blending
of thioester-PHA with P(3HHx-co-3HO-co-3HD) (obtained in Chapter 4) as the
starting materials for the 3D melt printing. The scaffolds obtained were

characterized in terms of physical, biological and antibacterial properties.
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Materials and Methods

2.1. Chemicals

All the chemicals were purchased from Sigma-Aldrich (Dorset, UK), VWR (Poole, UK),
Thermo Fisher Scientific (Dartford, UK) and Lonza (Slough, UK).

2.2. Bacterial strains and maintenance

Pseudomonas putida KT2442 was obtained from Professor Maria Auxiliadora Prieto from
the Environmental Biology Department, Centro de Investigaciones Biologicas, CSIC,
Madrid, Spain. Pseudomonas mendocina CH50 was obtained from the National Collection
of the Industrial and Marine Bacteria (NCIMB). Bacillus subtilis OK2 was obtained from the
University of Westminster culture collection. These strains were used for PHAs production
and were stored in cryovials at -80° C in a 20% glycerol solution. The bacterial strains were
routinely cultured in sterile nutrient broth at 30°C and 200rpm for 16 hours in a shaking
incubator. For the antibacterial characterization, Staphylococcus aureus 6538P and
Escherichia coli 8739 were bought from the American Type Culture Collection (ATCC).
They were cultured in sterile nutrient broth at 37°C and 200rpm for 16 hours in a shaking

incubator and stored in cryovials at -80° C in a 20% glycerol solution.
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2.3. Cell lines and maintenance

For in vitro studies, MC3T3-E1 subclone 4 (ATCC CRL-2593) mouse cell line was bought
from ATCC. MC3T3-E1 mouse cell line was cultured in Alpha Minimum Essential Medium
(ae-MEM) with 10% (w/v) of foetal bovine serum (FBS) and 1% (w/v) of
penicillin/streptomycin solution. The cells were cultured in T75 flasks at 37 °C in 5% CO;
atmosphere and the media was changed every two days. The cells were passaged upon
reaching 70-80% confluence using 3 mL of 0.25% trypsin/EDTA and incubating the cells
for 5 minutes. After incubation, 10 mL of media were added, and the cells suspension was
centrifuged at 1500 rpm for 5 minutes. The pellet was suspended in fresh media and

transferred to a new T75 flask. A sub-cultivation ratio of 1:4 to 1:6 was used.

For long term storage the cell line was preserved in liquid nitrogen. The cells were stored in
a freezing medium (95% complete growth medium, 5% dimethyl sulfoxide) at a

concentration of approximately 1-2 x 10° cells/ mL.

2.4. Polymer production

2.4.1. P(3HB) production

P(3HB) was produced by the controlled fermentation of B. subtilis OK2 using glucose as the
carbon source (Lukasiewicz et al., 2018). A scheme of the production phases is presented in
Figure 2.1. The media composition is shown in Table 2.1. A single colony was used to
inoculate sterile nutrient broth (10% of the final volume) which was incubated for 16 hours
at 30 C. The culture was then used for inoculating the production stage which was conducted
in a 10 L fermenter for 48 hours with air flow of 1 vvm, agitation speed of 200 rpm and

temperature of 30 "C.
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Figure 2.1 Scheme of the production of P(3HB) by B. subtilis OK2 using glucose as the carbon source.

Table 2.1 Media composition for P(3HB) production

Method Concentration (g/L)
Yeast extract 2.5
(NH4)2S04 5
KCI 3
Glucose 35
Trace elements solution 1 mL/L

2.4.2. P(3HO-co0-3HD) production

P(3HO-co-3HD) was produced via a two-stage fermentation process by P. mendocina CH50
using glucose as the carbon source. The scheme of the production of P(3HO-co-3HD) is
shown in Figure 2.2. Firstly, a single colony was used to inoculate the nutrient broth, which
was incubated for 16 hours at 30 °C at 140 rpm. This media was used to inoculate the second
stage mineral salt (MSM) media (Rai et al., 2011b). The cells were cultured for 24 hours at
30 °C at 140 rev/minute in 5 L shaken flasks. Finally, the second stage was used to inoculate
the production media (MSM). This final stage was carried out in a 14 L fermenter for 48
hours with air flow of 1 vvm, agitation speed of 200 rpm and temperature of 30 °C. The

media compositions are shown in Table 2.2.
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Figure 2.2 Scheme of the production of P(3HO-co-3HD) and P(3HO-co-3HD-co-3HDD) by P.mendocina

CHB50 using either glucose or coconut oil as the carbon sources.

Table 2.2 Media composition for P(3HO-co-3HD) production

Second stage | Production stage
Method

(9/L) (9/L)
KH2PO4 0.45 0.5
(NH4)2SO4 2.38 2.65
Na2HPO4 3.42 3.8
Glucose 20 20
MgSOs4 0.8 0.8
Trace elements solution 1 mL/L 1 mL/L
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2.4.3. P(3HO-c0-3HD-c0-3HDD) production

P(3HO-co-3HD-co-3HDD) was produced via a two-stage fermentation process by
P. mendocina CH50 using coconut oil as the carbon source. The scheme of the production of
P(3HO-co0-3HD-co-3HDD) is shown in Figure 2.2. Firstly, a single colony was used to
inoculate the nutrient broth, which was incubated for 16 hours at 30 °C at 140 rev/minute.
This media was used to inoculate the second stage mineral salt media (MSM) (Rai et al.,
2011Db). The cells were cultured for 24 h at 30 °C at 140 rev/minute in 5 L shaken flasks.
Finally, the second stage was used to inoculate the production media (MSM). This final stage
was carried out in a 14 L fermenter for 48 hours with air flow of 1 vvm, agitation speed of

200 rpm and temperature of 30 °C. The media compositions are shown in Table 2.3.

Table 2.3 Media composition for P(3HO-co-3HD-co-3HDD) production

Second stage | Production stage
Method

(9/L) (9/L)
KH2PO4 0.45 0.5
(NH4)2S04 2.38 2.65
NazHPO4 3.42 3.8
Glucose 20 20
MgSOs4 0.8 0.8
Trace elements solution 1 mL/L 1 mL/L

2.4.4. Production of thioester-PHAS

Thioester containing PHAs were produced by P. putida KT2442 as described by Escapa et
al., 2011. A one-stage fermentation process was employed using the media composition as
shown in Table 3. The scheme of the production of thioester-PHAs is shown in Figure 2.3.
Firstly, a single colony was used to inoculate the lysogeny broth (LB) medium which was
incubated at 30°C for 16 hours. The cells were collected and washed in 0.85% w/v saline
solution and adjusted to an optical density at 630 nm (ODe3o) of 0.15 in the production media.
This stage was carried out in 1L shaken flasks (200 mL working volume) at 30 °C and 140

rpm for 24 hours.
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Media containing 12 mM decanoic acid, as the sole carbon source, was used as the control

condition. The media compositions are shown in Table 2.4.
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Single colony 5 broth \

Fermentation
«= P.mendocina CH50 24h, 30°C, 140 rpm

® 6-acetylthiohexanoic acid = Polymer precursor

© Decanoic acid = “good” substrates to support bacterial growth

Figure 2.3 Scheme of the production of thioester-PHAs.

Table 2.4 Media composition for thioester- PHA production by P. putida KT2442

Second stage
Chemical

(9/L)
KH2PO4 13.6
(NH4)2S04 0.2
MgSO4 0.25
Decanoic acid 2.4 mM
6-acethylthiohexanoic acid 12 mM
Trace elements solution 1 mL/L
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2.5. Analytical studies

For P(3HB), P(3HO-co-3HD) and P(3HO-co-3HD-co-3HDD) a temporal profiling of the
production was conducted by monitoring optical density, biomass, nitrogen and glucose
concentrations, polymer yield, pH and dissolved oxygen tension (DOT) at regular intervals

during the course of the fermentation.

Bacterial growth was measured by monitoring the optical density (OD) at 450 nm for
P. mendocina CH50 and at 600 nm for B. subtilis OK2. For biomass and pH measurements,
1 mL of culture was collected and centrifuged at 12,000 rpm for 10 minutes (Heraeus Pico
17 Centrifuge, Thermofisher Scientific, MA, US) in pre-weighted falcon tubes. The pellet
was freeze-dried and weighted for biomass content. The pH of the supernatant was measured

using the Seven Compact pH meter (Mettler Toledo Ltd., Leicester).

For polymer yield content, 30 mL of culture were collected, centrifuged and the pellet was
freeze-dried. The obtained biomass was subjected to extraction by solvent dispersion method
(Section 2.6).

The polymer yield was calculated as:

. Wp
Yield (%) = mx 100

Where W, is the weight of the polymer after extraction and W is the weight of the lyophilized

biomass.

The nitrogen content in terms of ammonium ions was estimated by phenol-hypochlorite
method following the procedure described in Rai et al., 2011b. 250 pL of the supernatant
were incubated with 100uL of nitroprusside reagent and 150uL of alkaline reagent for 45
minutes at room temperature in the dark. The reagents compositions are described in Table
2.5. After the time of incubation, the absorbance was read at 635nm. The amount of
ammonium ions was calculated through a calibration curve obtained using ammonium

sulphate at known concentrations.

The concentration of glucose in the supernatant was determined using the dinitrosalicylic
acid assay (DNS) following the procedure described by Miller, 1959. 1mL of diluted
supernatant was incubated with 1mL of the DNS reagent at 90°C for 10 minutes in reaction
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tubes. The reagent compositions are described in Table 2.5. At the end of the incubation time,

330uL of 40% sodium potassium tartrate solution were added to each test tubes to stop the

reaction. The absorbance was read at 575nm and the concentration of glucose was calculated

from the calibration curve.

Table 2.5 Composition of reagents for glucose and nitrogen estimation.

Compound Quantity
Reagent
(g/L)
Sodium hydroxide 10.0
%-, Sodium sulphite 0.5
[«B]
2 Dinitrosalicylic acid 10.0
[a)
Phenol 2.0
g Trisodium Phosphate Dodecahydrate 30
‘%
é . Monosodium citrate 30
S £
£ EDTA 60
2
é Sodium nitroprusside dihydrate 0.2
@ Sodium hypochlorite 2.5
v = L
£ 8 g
T S O
> 8 8 Sodium hydroxide 16
T
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2.6. Extraction of PHAS

For all the PHAs produced, the biomass was obtained by centrifugation at 4600 rpm for 30
minutes and then lyophilized and milled into fine powder. Such biomass was then treated

with different methods in order to extract the polymer.

2.6.1. Chloroform/sodium hypochlorite dispersion method

For the chloroform/sodium hypochlorite dispersion methods, the biomass was incubated in a
solution containing 80% of sodium hypochlorite and chloroform in 1:4 ratio at 30 °C, for two
hours at 140 rpm (Rai et al., 2011b; Lukasiewicz et al., 2018). The biomass to sodium
hypochlorite solution ratio was 1:16. After incubation, the obtained suspension was
transferred to 50 mL Falcon tubes and was centrifuged for 20 minutes at 3900 rpm to allow
the formation of three layers. The first two layers contained sodium hypochlorite and cellular
debris and were therefore discarded. The bottom layer contained the polymer in solution in
chloroform. This layer was precipitated in ice-cold methanol in the ratio 1:10 under

continuous stirring at room temperature.

2.6.2. Soxhlet extraction

A two-stage method was employed for Soxhlet extraction (Lukasiewicz et al., 2018). For this
method, the biomass was treated with a homogenizer for 15 minutes before lyophilization to
induce cell disruption. For the first stage, 20 g of biomass were placed in cellulose thimbles
(Whatman 28mmx100mm, GE Healthcare Life Sciences) and extracted with 250 mL of
methanol for 24 hours at 80 °C under reflux. For the second stage, the methanol solution was
discarded, and the biomass was extracted with 250 mL of chloroform for 48 hours at 70 °C
under reflux. The chloroform solution obtained was concentrated using Rotary Evaporator
(R-215, Buchi Labortechnick AG, Switzerland) and the polymer was precipitated in cold

methanol in the ratio 1:10 under continuous stirring at room temperature.
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2.7. Polymer characterization

2.7.1. Fourier Transform Infrared Spectroscopy (FT-IR)

Preliminary characterization of the polymer was carried out using by attenuated total
reflectance Fourier transform infrared (ATR-FT-IR) spectroscopy. The analyses were
performed in a spectral range of 4000 to 400 cm™* with a resolution 4 cm™ using PerkinElmer

FT-IR spectrometer Spectrum Two (PerkinElmer Inc, USA).

2.7.2. Nuclear Magnetic Resonance (NMR)

Structural characterization of the polymer was carried out using **C-NMR, *H- NMR and
HSQC (Varian NMR System 400MHz Spectrometer) at the University College London. For

this analysis, 20 mg of polymer was dissolved in 1 mL of deuterated chloroform.

2.7.3. Gas Chromatography Mass Spectrometry (GC-MS)

Evaluation of the monomeric composition of the produced polymers was conducted through
GC-MS analysis. For this analysis, acidic methanolysis was carried out on 20 mg of sample.
The sample was dissolved in 2 mL of chloroform and 2mL of 15% of sulphuric acid solution
in methanol. 20uL of methyl benzoate was used as the internal standard. The reaction mixture
was refluxed for 16hours in the case of mcl-PHASs and for 4h in the case of scl-PHAs. At the
end of the reaction period, 2mL of water were added to the mixture. The organic layer was
collected and dried over 10mg of sodium sulphate and 10 mg sodium bicarbonate, filtered
using Whatmann Grade 1 filter paper and then stored in GC vials (Agilent) at -20°C for
further analysis. GC-MS analysis was carried out using Chrompack CP-3800 (Varian Inc,
California, USA) and a Saturn 2000 MS/MS workstation. The CP-3800 gas chromatograph
was equipped with Elite-5MS capillary column (PerkinElmer, Massachusetts, USA).

2.7.4. Gel Permeation Chromatography (GPC)

The molecular weight of the polymer was determined by Gel Permeation Chromatography
analysis (GPC) using PLgel 5um MIXED-C (300x7.5 mm) column (Agilent). For the
analysis 2 mg/mL polymer solution in chloroform was used. The data was analysed using
Agilent GPC/SEC software.
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2.8. Fabrication of 2D antibacterial solvent casted films

2.8.1. Fabrication of 2D inherently antibacterial films

To develop inherently antibacterial films, blending of thioester-PHA and P(3HHx-co-3HO-
co-3HD) was investigated. Control films were obtained by dissolving 0.5 g of P(3HHXx-co-
3HO-co0-3HD) in 10 ml of chloroform (5% w/v) and casting the solution into 60 mm diameter
glass Petri dishes. For the blend films, the same polymer weight percentage was maintained
with the following ratios: 100:0, 90:10, 80:20 (P(3HHx-co-3HO-co-3HD): thioester-PHA).
The films were air dried for 5 weeks at room temperature to allow complete crystallization

of the samples (Lizarraga Valderrama et al., 2020).

2.8.2. Fabrication of 2D composite antibacterial scaffolds

For the development of 2D composite antibacterial scaffolds, an antibacterial hydroxyapatite
obtained by co-substitution of selenium and strontium ions (Se-Sr-HA) was used. This
material was developed by Dr. Muhammad Magbool, an early stage researcher involved in
the same European Doctorate Programme (University of Erlangen, Lucideon Ltd). Se-Sr-HA
was synthesized by Dr. Magbool through a wet-precipitation method, following a similar
methodology to the one described by Gritsch et al.

For the preparation of composite films, P(3HO-co-3HD-co-3HDD) and P(3HB) were
selected. The polymer (5% wi/v) was first dissolved in chloroform at room temperature and
stirred for 24 hours. The desired amount of filler was added in the polymer solution and the
mixture was then sonicated in an ultrasonic water bath (XUBA3 Ultrasonic Bath, Grant
Instruments) for 15 minutes. The obtained suspension was then poured in petri-dishes and
left to evaporate at room temperature. Composite antibacterial films containing 10, 20 and
30 wt% of Se-Sr-HA were prepared. The films were air dried for 5 weeks at room temperature
to allow complete crystallization of the samples (Lizarraga-Valderrama et al., 2020;
Lukasiewicz et al., 2018).
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2.9. Fabrication of scaffolds by melt 3D printing

3D printed scaffolds for bone regeneration were developed using Cellink’s Inkredible+ 3D
Bio-printer (Cellink, Goteborg Sweden). P(3HO-co-3HD-co-3HDD) was chosen as the
material for the optimization of the parameters for the melt printing of MCL-PHAs. The 3D
general printing process is described in Figure 2.4. The polymer was inserted in an aluminium
cartridge, heated for 15 minutes before printing and extruded using compressed air. An
aluminium cartridge and a stainless-steel nozzle with an inner diameter 0.600 mm were used.

Slic3r software was used to define the printing parameters and to generate the G-codes.

ir ey
. ceLuns+

.
—~

i

4

Loading of polymer
pelletin the cartridge Cellink+ Inkredible bioprinter Design (Slic3r) Printing of PHAs

Figure 2.4 Cellink Inkredible+ 3D Bioprinter (on the left) and close up of the aluminium cartridge and

stainless-steel nozzle used while printing P(3HO-co-3HD-co-3HDD).

In order to optimize the melt printing of P(3HO-co-3HD-co-3HDD), the following
parameters were considered: the writing speed (i.e. movement of the printer head), the
melting temperature and the pressure of extrusion. The range of the parameters evaluated are
reported in Table 2.6 and were chosen based on literature studies and the intrinsic limitation
of the 3D printer used (Domingos et al., 2012; Sheshadri and Shirwaiker, 2015; Hoque et al.,
2009). Structures with a rectilinear pattern (0/90° lay down pattern) with a 1.5 mm distance
between the filaments (i.e. pore size) and the deposition of 2 layers of materials were used as
a template for the optimization, as shown in Figure 2.5 a. The parameters were varied one at
the time and the scaffolds obtained were analysed through ImageJ software to determine the
filament width. A combination of parameters was considered feasible if a well-defined

structure could be obtained, matching that of the implemented design.
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Table 2.6 Summary of the parameters investigated in the screening experiment to optimize the melt 3D
printing of P(3HO-co-3HD-co-3HDD).

Parameter Values considered

Temperature (°C) 80 | 90 | 100 | 110

Velocity (mm/s) 05| 1 2 4

Pressure (kPa) 50 | 100 | 200 | -

Using the optimized parameters, scaffolds with different porosities were obtained by
changing the filament distances from 1.5 to 0.5 mm. To further investigate the printability of
the material, structures using a honeycomb pattern were also printed as shown in Figure 2.5
b.

Figure 2.5 2D model obtained using Slic3r software of a) the template used for optimization with a
1.5x1.5 pore size using a rectilinear patter (0/90° lay down patter) and b) the honey-comb pattern used
to evaluate the materials printability.

2.9.1. Fabrication of 3D printed scaffolds with dual porosity

To develop scaffolds with dual porosity, 3D printing and salt leaching were combined.
Firstly, P(3HO-co-3HD-co-3HDD) was mixed with salt particles of two different sizes and
in three different ratios, as described in Table 2.7. The salt particle sizes considered were
<100 pm and between 100 and 300 pm, and the ratios of P(3HO-co-3HD-co-3HDD)/NaCl
were 50:50, 35:65 and 25:75. The different salt particle sizes were obtained using sieves with
a pore size of 100 and 300 um (Endecotts, London UK). In particular, the salt was firstly
sieved using the 300 pum sieve and then sieved again using the 100 um sieve. The particles

obtained after both sieving processes were identified as NaCl size <100 um. The particles
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obtained after the first sieving process (300 um sieve), that could not pass through the 100
pm sieve were identified as NaCl of size between 100 and 300 pum. Slurry solutions of each
composition were obtained by mixing the polymer with NaCl in chloroform and they poured
in glass petri dishes to obtain films with a homogeneous distribution of salt. Such films were
then used as the starting materials to load in the printer cartridge and printed as described in

section 2.9.

The obtained scaffolds were then leached in distilled water for two weeks to remove the

porogen.
Table 2.7 Composition of 3D printed scaffolds with dual porosity.
Polymer | NaCl NaCl
Sample Content | Content Size
(%owiw) | (Y% wiw) | (um)
50:50 P(3HO-co0-3HD-co-3HDD)/NaCl1ooum 50 50 <100
35:65 P(3HO-co-3HD-co-3HDD)/NaCl1ooum 35 65 <100
25:75 P(3HO-co-3HD-co-3HDD)/NaCl1ooum 25 75 <100
50:50 P(3HO-co0-3HD-co-3HDD)/NaClsooum 50 50 100-300
35:65 P(3HO-co-3HD-co-3HDD)/NaClzooum 35 65 100-300
25:75 P(3HO-co0-3HD-co-3HDD)/NaClsooum 25 75 100-300

2.10. Fabrication of 3D antibacterial scaffolds for bone

regeneration

2.10.1. Fabrication of 3D composite structures

Composite melt printed scaffolds were obtained using P(3HO-co-3HD-co-3HDD) and Se-
Sr-HA. Firstly, composite films containing 10, 20 and 30 wt% of Se-Sr-HA were obtained
as described in section 2.8.2. These films were cut into small pieces (< 5 mm) and then used
as the starting material to load in the printer cartridge. The materials were printed using the

same process as described in section 2.9.
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2.10.2. Fabrication of 3D inherently antibacterial structures

Inherently antibacterial melt printed structured were obtained using P(3HHXx-co-3HO-co-
3HD) and thioester-PHA. Firstly, films in a ratio 80:20 (P(3HHx-co-3HO-co-3HD):
thioester-PHA) were prepared as described in 2.8.1 These films were cut into small pieces (<
5 mm) and then used as the starting material to load in the printer cartridge. The materials

were printed using the same process as described in section 2.9

2.11. Characterization of the developed scaffolds

2.11.1. Scanning electron microscopy (SEM)

Scanning electron microscopy analysis was performed to evaluate the surface topography of
the samples. The SEM images were taken using a beam of 5keV at 10 cm working distance
(JOEL 5610LV-SEM). For the analysis, all the samples were coated with gold for 2 minutes
using a EMITECH-K550 gold spluttering device. This analysis was carried out at the
Eastman Dental Hospital, University College London.

For 3D printed scaffolds with dual porosity, SEM images were analysed with ImageJ
software to evaluate the dimension of the pore created on the surface. For the analyses, three
images at the same magnification (200x) were selected for each composition. The built in
plugin “Analyse particles” was applied to each image after thresholding it to obtain a black

and white image containing only the pores, as shown in Figure 2.6 (Zhou et al., 2015).

Figure 2.6 SEM image of the surface of 50:50 P(3HO-co-3HD-co-3HDD)/NaClwooum @) before the
analyses and b) after analysis using the plugin “Analyse particles” of ImageJ software, highlighting

only the pores present on the surface of the material.
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2.11.2. Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy was used to perform a qualitative elemental analysis
of the materials developed. The samples were prepared as described in section 2.11.1 (SEM
analysis). The EDX spectra were taken using a beam of 20 keV at 10 cm working distance
(JOEL 5610LV-SEM). The data were analysed using the software IncaEDX Energy System.

This analysis was carried out at the Eastman Dental Hospital, University College London.

2.11.3. X-ray microtomography (MicroCT)

MicroCT analysis of 3D composite scaffolds of P(3HO-co-3HD-co-3HDD) containing 10
wt% of Se-Sr-HA was performed to investigate the distribution of the filler inside the
constructs. Samples of 2-4mm length and 1 mm width were cut using a surgical blade. A
series of X-Ray images were collected by rotating the samples of 180° at a rotational step of
1° (JOEL 5610LV-SEM) and were analysed using the Bruker Micro-CT CTan and CTVox
software. This analysis was carried out at the Eastman Dental Hospital, University College

London.

2.11.4. Differential Scanning Calorimetry (DSC)

The thermal properties of the 2D neat, composite and blend films aged for 5 weeks were
analysed using DSC Polyma (Netzsch, Germany), equipped with Intracooler IC70 cooling
system. Two cycles were performed on each specimen under the flow of nitrogen at 60
mL/minute. The first heating ramp was set at 20 °C /minute between -70 °C and 200 °C for
scl-PHAs and -70 °C and 130 °C for mcl-PHAs. The second ramp was set at the rate of 10
°C/minute between -70 "C and 210 °C for scl-PHAs and -70 °C and 130 °C for mcl-PHAs
(Lizarraga-Valderrama et al., 2015; Lukasiewicz et al., 2018). The melting temperature (Tm),
glass transition temperature (Tg) and the enthalpy of fusion (AHw) the samples were
calculated using the Proteus 7.0 Analysis Software (Netzsch, Germany).

For composite and blend materials, the enthalpy of fusion was normalized to take into

account the weight fraction of the filler (or blend polymer)(ws) (Suchitra, 2004):
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Where AHE is the normalized enthalpy of fusion of the material, AHw is the enthalpy of fusion

of the material and wy is the weight fraction of the filler (or blend polymer).

For P(3HB)-based samples, the percentage crystallinity of the materials (Xc%) was calculated
according to the following formula:

AHm
X% =

e * 100

Where AHw is the enthalpy of fusion of the material, AH° is the enthalpy of fusion for the
material with 100% crystallinity, which for P(3HB) is 146 J/g (Ho et al., 2014). In case of

composite films, AHn was replaced with AH[L.

2.11.5. Mechanical characterization - Tensile Testing

Tensile testing was performed on 2D composite and blend films using Instron 5940 testing
system equipped with 500N load cell. 4-5 mm wide and 35 mm long stripes were cut from
5% w/v PHAs films which were obtained through the solvent casting technique (as described
in section 2.8.1 and 2.8.2). Before the test, the thickness and the width of each specimen were
measured in different areas using a stainless steel digital caliper for the determination of the
cross-sectional area. The gauge length of the sample holder was 23 mm. A deformation rate
of 10 mm/minute was applied for mcl-PHAs, while 5 mm/minute was used for scl-PHAS
(Lukasiewicz et al., 2018; Lizarraga-Valderrama et al., 2020). The data were acquired and
analysed using a BlueHill 3 software. The elastic modulus (E), ultimate tensile stress (o)

and elongation at break (ep) were calculated for each sample.

2.11.6. In vitro Degradation Studies

Degradation studies were conducted on 3D P(3HO-co-3HD-co-3HDD) scaffolds by
incubating the samples in 3 mL of PBS at 37°C for 1,2,3,4, 5 and 6 months. 1x 1 cm samples
were cut using a surgical blade and their weight was recorded. After each time point, the
samples were weighted after being passed on blotting paper to remove the excess of water.
The samples were then dried out at room temperature until no variation of weight was

evidenced.
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Two parameters were evaluated:
- The percentage water uptake (%WU), connected to the capacity of swelling:

w
%WU = W{* 100

Wi: initial hydrated weight, W' final hydrated weight

- The percentage dried weight variation (%DWYV), connected to the solid part loss:

DWf
%DWV =

pwi * 100

DW i: initial dried weight, DW f: final dried weight

The dried samples were also analysed with respect to their thermal properties (DSC) and

molecular weight variation (GPC).

2.11.7. Porosity studies

The porosity of the 3D printed scaffolds with dual porosity was measured using the
gravimetric method, following an adapted method described by Kim et al., 2017. For the test,
5x5 mm scaffolds with a pore size of 1.5x1.5 mm were cut using a surgical blade. The %

porosity of the scaffolds struts was calculated using the following formula:

%P = (1—&>* 100
Pc

Where ps represents the apparent density of the dual porosity scaffolds and pc is the density
of the neat scaffolds (3D P(3HO-co-3HD-co-3HDD)), calculated as follow

p=7

Where W is the weight of the scaffolds and V the volume. The volume was calculated by
measuring both external and internal dimensions of each sample. In this way only the porosity
of the filament struts was obtained, without considering the macro porosity obtained with the

3D printing design used (i.e.40% due to 4 pores of 1.5 x 1.5 mm pore size).
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2.12. Biological characterization

2.12.1. Sample sterilization

For both antibacterial and in vitro cell compatibility studies the samples were sterilized prior
to the test. Each sample was transferred in a 96 or 24 multiwell plate (accordingly to the size)
and covered with 70% ethanol solution for 30 minutes. The ethanol solution was removed
and the samples were left to dry for 24 hours. The samples were then subjected to UV

sterilization at 254 nm for 15 minutes on each side.
2.12.2. Antibacterial characterization

2.12.2.1. Direct contact test - ISO 22196

The antibacterial properties of the materials produced were evaluated following the ISO
22196.

For thioester PHAS, polyethylene terephthalate (PET) discs of 6 mm of diameter were coated
with 2% wi/v) chloroform solutions of thioester-PHA or P(3HHx-co-3HO-co-3HD) by
solvent casting. 20 uL of the polymer solution were applied over the PET disk and allowed
to dry for 72 h at room temperature (Dinjaski et al., 2014). For 2D inherently antibacterial
and composite antibacterial films, samples 6 mm in diameter were cut out using a puncher.
For 3D composite and blend samples, samples of 4 x 4 mm were cut using a surgical blade.
All the samples were sterilized by UV light for 15 minutes and placed onto agar plates.
S. aureus 6538P or E. coli 8739 were incubated in sterile Mueller Hinton Broth at 37 °C for
16 hours. After the incubation time the inoculum was adjusted to a concentration of 3-10
x10° CFU/mL in 1/500 Nutrient Broth. 10 L (for 2D samples) or 20 pL (for the 3D samples)
of S. aureus 6538P or E. coli 8739 inoculum were pipetted directly on the surface of each
sample. The samples were incubated in static conditions at 37 °C for 24 hours. For the
thioester PHAs, PET discs without polymer coating were used as controls, while for the 2D
inherently antibacterial samples and 3D and 2D antibacterial composites, 3D and 2D neat
samples were used. After the incubation time, each sample was collected in an Eppendorf
tube using 90 uL sterile phosphate buffer saline (PBS) and vortexed three times for one
minute. Several 10-fold dilutions were performed using PBS and 10 pL of each dilution were
plated in triplicate on nutrient agar plates using the drop plate technique (Herigstad et al.,
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2001). When the drops where completely dried, the plates were inverted and incubated at 37
°C in static conditions for 16 hours. The number of viable cells was evaluated by colony
counting considering the dilution factor and normalised to the surface area. The antibacterial

activity (R) was expressed using the following formula, according to the 1ISO 22196 standard:
R =log (U) - log (T)

Where U is the number of viable bacteria, in CFU/cm?, recovered from the control specimens
after 24 h, T is the number of viable bacteria, in CFU/cm?, recovered from the treated test

specimens after 24 hours.

The results were also expressed as the % reduction of the number of cells, which was

calculated using the formula:

U-T
R(%) = * 100

2.12.2.2. Minimal inhibitory concentration (MIC) and Minimal
Bactericidal Concentration (MBC)

Se-Sr-Ha antibacterial activity was investigated using the 1ISO 20776 against Staphylococcus
aureus 6538P and Escherichia coli 8739. A range of concentration of the material in powder
form (5-100 mg/mL) prepared in MH broth was incubated with a microbial suspension
adjusted to achieve a final concentration of 5 x 10° CFU/mI and incubated at 37°C for 24
hours at 100 rpm in 96 multi-well plates (final volume 100 pL). After the incubation time,
the ODsgoo Of the wells was measured to determine the concentration of the Se-Sr-HA able to
inhibit the growth (minimal inhibitory concentration — MIC) of each bacteria strain. The OD
was measured using the Spectrostar Nano Microplate Reader (Bmg Labtech, Germany).
Following the MIC test, the entire volume (100 pL) of the well containing the concentration
of Se-Sr-HA identified as the MIC and of the wells with a concentration higher than the MIC
were spread evenly onto agar plates. The plates were incubated 37°C for 16-20 hours. To
quantify the reduction in the number of bacteria for the highest concentration of Se-Sr-HA
investigated (i.e. 100 mg/mL), several 10-fold dilutions were performed using PBS and 10
pL of each dilution were plated in triplicate on nutrient agar plates using the drop plate
technique (Herigstad et al., 2001). When the drops where completely dried, the plates were

inverted and incubated at 37 °C in static conditions for 16 hours. After the incubation time,
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the colony forming units were counted and compared to the CFU/mL of the initial inoculum.
The MBC was determined as the lowest concentration of compound that induced 99.9%
killing of the bacteria.

2.12.2.3. Antibacterial ion release studies

Antibacterial ion release studies were performed on all the samples containing Se-Sr-HA,
following an adapted method described by Cao et al.,2017. For 2D inherently antibacterial
and composite antibacterial films, samples of 6 mm of diameter were cut out using a puncher.
For 3D composite and blend samples, samples of 5 x 5 mm were cut using a surgical blade.
All the samples were sterilized by UV light for 15 minutes. The 2D film samples were
incubated in 1 mL of Mueller Hinton broth at 37 °C for 1, 3, 6 and 24 hours, while the 3D
samples for incubated for 1, 3 and 7 days. After each time point, the media with the eluted

agent/ion was collected and replaced with fresh media.

S. aureus 6538P or E. coli 8739 were incubated in sterile Mueller Hinton broth at 37 °C for
16 hours. 180 pL of the eluates obtained from the materials were incubated with 20 pL of
the microbial suspension adjusted to 10 x 0.5 McFarland and incubated for 24h at 37°C. After
24h, the absorbance at 600 nm was measured using Spectrostar Nano Microplate Reader
(Bmg Labtech, Germany). The control consists of MH broth incubated for the same time

period with 2D or 3D neat samples.

The antibacterial activity was calculated as the % reduction of the OD at 600 nm compared

to the positive control (% bacterial cells killed) using the following formula:

(OD. — 0Dy)
_— %

100
oD,

% ODggo reduction =

ODc is the optical density at 600 nm of the control samples and OD:s is the optical density at

600 nm of the sample.
2.12.3. In vitro cell compatibility studies

2.12.3.1. Indirect cytotoxicity

Material indirect cytotoxicity of all the produced materials was investigated following an
adapted ISO 10993-5 procedure for the biological evaluation of medical devices. All the
samples were incubated with 200 ul of a-MEM for 24 hours at 37° C in an atmosphere of
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5% CO,. For PHAs films, samples of 6 mm diameter were cut out using a puncher. For 3D
composite and blend samples, samples of 5 x 5 mm were cut using a surgical blade. For
thioester-PHAs, PET disks of 6 mm diameter were coated with 2% (w/v) chloroform
solutions of thioester-PHA or P(3HHx-co-3HO-co-3HD) (as described in section 2.12.2.1).
30000 cells/well were seeded in a 96-well plate and incubated overnight. The following day,
the media was removed and replaced with the eluates obtained from the materials. The cells
were cultured at 37° C in an atmosphere of 5% CO.. The control consists of cells cultivated
in the same conditions with non-conditioned medium. After 24 hours the media was replaced
with 150 pL 10% (w/v) Alamar blue solution, incubated for 3 hours and the absorbance was
read at 570 nm and 600 nm (FluoStar Optima plate reader, SMG Labtech). The cell viability
of the samples was compared to that of the control using the following equation:

0,*A;)— (0, %A
% cell viability = ((02 . P1; EOl . PZ)) x* 100
2¥r1) — (U * 3

Where O is the molar extinction coefficient of oxidized Alamar Blue at 570 nm, Oz is the
molar extinction coefficient of oxidized Alamar Blue at 600 nm, A; is the absorbance of the
samples at 570 nm, A; is the absorbance of the samples at 600 nm, P; is the absorbance of
the positive control (cells cultured on tissue culture plastic) at 570 nm and P; is the

absorbance the positive control (cells cultured on tissue culture plastic) at 600 nm.

2.12.3.2. Direct cytocompatibility

Quantitative evaluation of the cell viability after direct contact with the materials was
conducted following an adapted protocol described by Basnett et al, 2017b. The samples
were prepared as described in the previous section. The materials were incubated in 200 uL
of media for 24 hours. After the incubation time, each sample was seeded with a cell seeding
density of 70000 cells/cm?. The samples were incubated for 1, 3 and 7 days at 37 °C in an
atmosphere of 5% CO,. After each time point Alamar blue assay was performed to evaluate
cell viability. The media was removed, replaced with 150 pl 10% (w/v) of Alamar blue
solution and incubated for 3 h and the absorbance was read at 570 nm and 600 nm
(Spectrostar Nano microplate reader, BmgLabtech). The data were analysed as described in
the previous section. The controls consist of cell cultivated on tissue culture plastic for the

same time points.
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2.12.3.3. SEM analysis

After the direct compatibility tests, the samples were analysed using SEM (section 2.11.1) to
evaluate the cell morphology and proliferation on the materials. To prepare the samples for
the analysis, after the Alamar Blue assay the supernatant was removed and replaced with 4%
w/v % formaldehyde solution to fix the cells on the materials and stored at 4°C. A day before
the SEM, the samples were dehydrated using a series of ethanol concentrations in distilled
water (50%, 60%, 70%, 80%, 90% and 100% ethanol) and let to dry overnight under a fume

cupboard.

2.12.4. Live and dead analysis

Live/dead viability assay was done using fluorescence dyes, such as: Calcein AM and
Ethidium homodimer-1. Calcein-AM is used to determine viable cells, by conversion of non-
fluorescent form of Calcein, present in live cells to green fluorescent form by an intracellular
esterase. Ethidium homodimer-1 emits red fluorescence while intercalated within the DNA
of dead cells. After growing the cells for 7 days on the polymer scaffolds, the culture medium
was removed and cells rinsed with Dulbecco’s Phosphate Buffered Saline (DPBS). Then 300
uL of working solution, which contains 2 uM Calcein AM and 4 uM Ethidium homodimer-
1 in DPBS were added directly to cells and incubated for 30-45 minutes in the absence of
light at room temperature (ThermoFisher Scientific LIVE/DEAD™ Viability/Cytotoxicity
Kit Protocol). Following incubation, about 2mL of the DPBS was added to a 6 well plate.
The samples were imaged using 40x objective under the confocal microscope (Leica TCS
SP2).

2.12.5. In vitro cell differentiation studies

Differentiation studies of MC3T3-E1 cells were conducted on 3D P(3HO-co-3HD-co-
3HDD) scaffolds. Samples of 5x5 mm were cut using a surgical blade and incubated in
a-MEM with 10% (w/v) of foetal bovine serum (FBS) and 1% (w/v) of
penicillin/streptomycin solution (complete medium) for 24 hours. After the incubation time,
each scaffold was seeded with cell seeding density of 70000 cells/cm? and incubated with
200 pL of complete medium for 24 hours. The media was then removed and replaced with
200 pL of osteogenic media (a-MEM complete medium supplemented with 50 pg/mL of
ascorbic acid and 10 mM of B-glycerophosphate) (Hwang and Horton, 2019). The samples
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were then incubated for 1, 7, 14 and 21 days. At each time point cell viability was tested
using Alamar Blue solution as described in section 2.12.3.1. The tests described in the
following sections were also performed to evaluate the ability of the materials to favour the
differentiation of MC3T3-E1 cells into osteoblasts.

2.12.5.1. Alkaline phosphatase and DNA quantification — Sample

preparation

The samples were prepared following an adapted protocol by Yu et al., 2017 and Gothard et
al., 2015. At each time point the media was removed and the scaffolds were washed twice in
PBS. The samples were fixed using 200 pL of 4% formaldehydes solution for 30 minutes.
The fixing solution was removed, and the materials were washed twice with PBS and air
dried for 30 minutes. 150 pL of 0.05% Triton X solution was added to each well and the plate
was incubated at -20 °C overnight. In order to lyse the cells, the freeze-thaw lysis method
was employed. The plate was thawed at 37°C for 30 minutes and subsequently frozen at -
20°C for 30 minutes. This process was repeated 3 times. At each thawing stage the obtained
suspension was mixed 3 times. The supernatant was then used for alkaline phosphatase and

DNA quantification as described in the two sections below.
2.12.5.2. DNA gquantification

The quantification of double stranded DNA (dsDNA) was performed using the PicoGreen
Assay (ThermoFisher Scientific). 10 pL of the cell lysate obtained as described in previous
section were mixed with 90 pL of 1X Tris/EDTA buffer. 100 pL of PicoGreen working
solution were added in each well and incubated for 5 minutes in the dark. The fluorescence
emission was read using an excitation wavelength of 480 nm and an emission of 520 nm
(FluoStar Optima plate reader, SMG Labtech). The quantity of DNA was obtained using a

calibration curve of the DNA standard provided in the kit at a concentration 0-1 mg/mL.

2.12.5.3. Alkaline phosphatase (ALP) quantification

The ALP activity of MC3T3-E1 cells seed on the scaffolds was determined as described by
Yu et al., 2017 and Gothard et al., 2015. 10 pL of the cell lysate obtained as described in
section 2.12.5.1 were mixed with 90 pL of 3.6 mM p-Nitrophenyl phosphate (pNPP)
substrate solution in 0.5 Alkaline buffer solution. The samples were incubated for 1 hour at
37°C. After the incubation time, 100 pL of 1M NaOH were added in each well to terminate
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the reaction. The absorbance of the solution was read at 410 nm using the Spectrostar Nano
Microplate Reader (Bmg Labtech, Germany). The ALP activity of each sample was
calculated using a calibration curve obtained with p-nitrophenol standards. The final ALP
activity of cells in nmol was normalized to the total content of DNA (ng) present in each

sample.

2.12.5.4. Mineralization — Alizarin red S (ARS)

The deposition of calcium was evaluated through Alizarin red S (ARS) staining of scaffolds
seeded with MC3T3-EL1 cells following an adapted protocol by Stanford et al.,1995 and Lu
et al., 2013. At each time point, the media from each sample was removed and the materials
were washed twice in ultra-pure water. The samples were fixed using 200 pL of 4%
formaldehydes solution for 30 minutes. The fixing solution was removed and the materials
were washed twice with PBS. 150 pL of 50 mM ARS solution were added on each scaffold
for 20 minutes at 37 C. After the incubation time, the solution was removed and the samples
were washed five times in ultra-pure water. In order to quantify the calcium deposition, 150
puL of 10% w/v cetylpyridinium chloride in 10 mM sodium phosphate solution were added
to each sample and incubated for 1 hour at 37 °C. The absorbance was read at 540 nm using
Spectrostar Nano Microplate Reader (Bmg Labtech, Germany).

2.13. Statistical analysis

All measurements were made in triplicate, and data are presented as mean values + standard
deviation. One-way Anova and Student’s t-test were performed with GraphPad Prism 7
software and differences were considered statistically significant when the p-values resulted
lower than 0.05. Tukey post-hoc test was conducted between two or more groups to
determine if there were statistically significant differences between populations In particular,
p-value<0.05 (*), p-value <0.01 (**), p-value <0.001 (***) and p-value <0.0001 (****).
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Production of scl and mcl- PHAS

3.1. Introduction

Polyhydroxyalkanoates are a family of polyesters produced by bacterial fermentation that
have attracted attention in recent years as possible alternative to synthetic petroleum-derived
polymers.

PHAs are usually produced under unbalanced growth conditions, i.e. excess of carbon source
and limitation of nutrients (e.g. nitrogen), and they are stored as granules inside the cells as
carbon reserves. Based on the type of carbon source and the species of bacteria utilized for
the production, two classes of PHAs can be obtained, scl-PHAs and mcl-PHAs. The former
contains 3-5 carbon atoms in their monomeric units, while the latter is characterized by 6-14
carbon atoms (Sudesh et al., 2000). Scl-PHAs can be produced by both Gram negative (e.g.
C. necator) or Gram positive (e.g. Bacillus species) bacteria. The latter have the advantage
of lacking the outer layer composed of proteins and lipopolysaccharides that are known
pyrogen and immunogens (Chen and Wu, 2005). Moreover, the FDA identified most Bacillus
sp. as safe, including the one used in this study B. subtilis OK2 which is a GRAS organism
(Generally Recognized As Safe) (Sewalt et al., 2016). Bacillus sp. are able to accumulate
scl-PHAs from unrelated carbon sources, using both simple (e.g. glucose) and complex (e.g.
molasses) carbohydrates (Mohapatra et al., 2017). Pseudomonas species are the main
producer of mcl-PHAs (Tortajada et al., 2013). Such bacteria are able to utilize both
structurally related (e.g. fatty acid) and unrelated carbon sources (e.g. carbohydrates) for the
production of PHAs (Zinn and Hany, 2005; Sun et al., 2007; Rai et al., 2011a). PHAs have
recently attracted interest in the medical field for their biocompatibility and biodegradability
(Chen and Zhang, 2018; Koller, 2018; Valappil et al., 2006; Ali and Jamil, 2016). They have
been used for a variety of applications as medical devices, e.g. drug delivery systems,
vascular grafts, wound dressings and nerve conduits. Among the PHASs produced P(4HB),
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Poly-4-hydroxybutyrate obtained FDA approval in 2007 for its use as a suturing material and
has been applied for the fabrication of meshes for the repair of ligament, tendon and hernia
(Williams et al., 2013). Bacterial polyesters have shown to be able to favour the attachment,
growth and proliferations of cells for regeneration of a range of tissues both in vitro and in
vivo, including bone, cartilage, nerve and skin (Chen and Wu, 2005; Valappil et al., 2006;
Brigham and Sinskey, 2012; Lim et al., 2017).

PHAs have shown advantages in comparison with conventional plastics. Firstly, they are
biobased polymers that are obtained from renewable resources, hence representing a valid
alternative to petroleum-based plastic. Upon degradation, these polymers result in less acidic
products compared to other biobased synthetic polyesters (e.g. PLA), reducing the risk of
lowering the pH of the tissue and the subsequent possibility of evoking a late inflammatory
response (Kim et al., 2007; Lee etal., 2012; Wu et al., 2015b; Ali and Jamil, 2016). However,
one of the main disadvantages of the use of PHAs is associated with their production costs,
not yet comparable to the synthetic materials (Sun et al., 2007). Two aspects affect mainly
the total price of such polymers, the carbon source and the down streaming process. In
particular, the former accounts for 50% of the total price of the PHA production (Kumar and
Kim, 2018). For this reason, recent research has been focusing on the use of cheap carbon
feedstocks. The production of PHAS has been investigated using a range of inexpensive
carbon substrates, including biodiesel waste and molasses (Tsuge, 2002; Favaro et al., 2019).
Among the alternatives, plants oils are suitable for mcl-PHA production as they are
characterized by a mixture of fatty acids (Ciesielski et al., 2015). Higher polymer yields using
such oils should be achieved compared to the use of sugars, as plants oils are characterized
by a higher carbon to weight ratio. Moreover, such materials are also usually less expensive
than common carbohydrates (Chee et al., 2010; Ciesielski et al., 2015).

In this chapter, the production of three PHAs was investigated. Two mcl-PHAs were
produced by P. mendocina CH 50 using two carbon sources glucose and coconut oil and one
scl-PHA was produced by B. subtilis OK2 using glucose as the carbon source. The production
process was monitored and controlled throughout the course of the fermentation. The
polymers produced were characterized in terms of chemical, physical, thermal and
mechanical properties. Finally, as the main aim of this project is the development of scaffold
for bone tissue engineering, the in vitro cytocompatibility of the produced materials was
investigated using a pre-osteoblast cell line.

68



Chapter 3 — Production of scl and mcl-PHASs

3.2. Results

3.2.1. Production of PHAs by P. mendocina CH50 using glucose

as the carbon source

The temporal profiling of the production by P. mendocina CH50 using glucose as the carbon

source carried out in 10 L fermenters is shown in Figure 3.1.

DOT %
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Figure 3.1 Temporal profile of PHA production by P. mendocina CH50 using 20 g/L of glucose as the
carbon source conducted in a 10 L fermenter for 48 hours. Polymer yield (%dcw, grey bars),
ODuaso(black line), pH (dark red line), glucose concentration (g/L, pink line), nitrogen concentration

(g9/L, blue line), biomass concentration (g/L, green line), dissolved oxygen tension (DOT %, red line).

The ODaso increased constantly during the course of the fermentation reaching a maximum
value of 6.8 at 36 hours. The biomass concentration increased gradually during the course of
fermentation reaching a maximum value of 2.7 g/L after 48 hours. Nitrogen was completely
utilized after 9 hours indicating that nitrogen limiting conditions were achieved during the
fermentation, necessary for polymer accumulation. The dissolved oxygen tension (DOT%)
decreased during the first hours of the fermentation process reaching 0% after 9 hours.
Glucose was consumed over the course of the process, starting from 20 g/L and reaching a
final value of 4 g/L. Finally, the polymer yield increased during the process, reaching a final

value of 47 % dcw.
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3.2.2. Production of PHAs by P. mendocina CH50 using coconut
oil as the carbon source

The temporal profiling of the production by P. mendocina CH50 using coconut oil as the

carbon source in a 10L fermenter is shown in Figure 3.2,
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Figure 3.2 Temporal profile of PHA production by P. mendocina CH50 using 20 g/L of coconut oil as
the carbon source conducted in a 10 L fermenter for 48 hours. Polymer yield (Y%dcw, grey bars),
ODuaso(black line), pH (dark red line), nitrogen concentration (g/L, blue line), biomass concentration
(g/L, green line), dissolved oxygen tension (DOT %, red line).

A gradual increase of the optical density (ODa4so) could be noticed throughout the course of
the fermentation, reaching a maximum value of 31.0 at 48 hours. A similar trend could be
detected for the biomass concentration up to 45 hours, reaching a maximum value of 2.7g/L;
then the concentration decreased to 2.5g/L at 48 hours. The pH of the production slightly
decreased during the fermentation, from 7 to 6.6. Nitrogen was completed depleted during
the first 27 hours of the fermentation, starting from a concentration of 0.12 g/L. This data
showed that the fermentation after 27 hours was carried out under nitrogen limiting
conditions. The dissolved oxygen tension (DOT%) decreased drastically during the first hour
of the process from 100% to 0%. Finally, the polymer content increased gradually from

1.5 % dcw at 9 hours to maximum of 58 % dcw after 48 hours.
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3.2.3. Production of PHA by B. subtilis OK2 using glucose as the
carbon source

The temporal profiling of B. subtilis OK2 using glucose as the carbon source is shown in

Figure 3.3.
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Figure 3.3 Temporal profile of PHA production by B. subtilis OK2 using 35 g/L of glucose as the carbon
source in a 10 L fermenter for 48 hours. Polymer yield (%dcw, grey bars), ODsoo(black line), pH (dark
red line), glucose concentration (g/L, pink line), biomass concentration (g/L, blue line), dissolved oxygen

tension (DOT %, green line).

The ODeoo increased steadily during the course of the fermentation reaching a final value of
10 after 48 hours. The biomass increased as well reaching a maximum value of 3 g/L at 36
hoursand then remained constant. The DOT% decreased drastically the first three hours of
fermentation from 100% to 0%. Glucose was consumed throughout the fermentation process
reaching a final value of 19 g/L. The pH of the media decreased as well from 6.8 to 5.2.

Finally, the polymer yield was maximum at 48 hours with a value of 30% dcw.
3.2.4. Polymer characterization

3.2.4.1. Chemical characterization

Preliminary characterization of the polymers produced was carried out using FT-IR and are
reported in Figure 3.4. In all the spectra the characteristic peak related to the stretching of the
carbonyl group (1720-1740 cm) in the ester bond was present, confirming that the polymers

71



Chapter 3 — Production of scl and mcl-PHASs

produced are polyesters (Randriamahefa et al., 2003). In particular for the polymers produced
by P. mendocina CH50 the peak were at 1727 cm?, while for
B. subtilis OK2 at 1720 cm™. The shift of this peak is a first indication of the different nature
of the two PHAs. Higher values are due to an higher amorphous composition of the material
and are associated with mcl-PHAs, while a lower value of the wavenumber is an indication
of higher crystallinity related to scl-PHA (Kann et al., 2014). The area around 2900 cm?, is
related to the stretching of carbon-hydrogen bond of methyl and methylene group (CHs,
CHy). Such an area is more prominent for mcl-PHAs than scl-PHASs, confirming the
hypothesis that P. mendocina CH50 and B. subtilis OK2 produced two mcl-PHAs and a scl-
PHA respectively (Kann et al., 2014; Randriamahefa et al., 2003).
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Figure 3.4 FT-IR spectra of the PHA produced by B. subtilis OK2 using glucose as the carbon source
(grey), P. mendocina CH50 using glucose as the carbon source (red) and P. mendocina CH50 using

coconut oil as the carbon source (blue).
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The monomeric composition of the polymers produced was investigated using GC-MS. For
P. mendocina CH50 cultured using glucose, the spectra shown in Figure 3.5a shows the
presence of two peaks at 7.655 minutes and 9.199 minutes. Using NIST the peaks were
identified as the methyl esters of 3-hydroxyoctanoic acid and 3-hydroxydecanoic acid. Thus,
the polymer produced by P. mendocina CH50 using glucose as the carbon source was
identified as the copolymer of 3-hydroxyoctanoate and 3-hydroxydecanoate, Poly(3-
hydroxydecanoate-co-3-hydroxydodecanoate) or P(3HO-co-3HD). For the polymer
produced using coconut oil, three peaks were detected at 6.745, 9.204 and 10.622 minutes
(Figure 3.5b). These peaks were identified MS (NIST) library as methyl ester of 3-
hydroxyoctanoic acid, 3-hydroxydecanoic acid and 3-hydroxydodecanoic acid. Thus, the
polymer produced by P. mendocina CH50 using coconut oil as carbon source was identified
as the terpolymer of 3-hydroxyoctanoate, 3-hydroxydecanoate and 3-hydroxydodecanoate,
Poly(3-hydroxyactanoate-co-3-hydroxydecanoate-co-3-hydroxydodecanoate) or P(3HO-co-
3HD-co-3HDD).
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Figure 3.5 Gas chromatogram of a) P(3HO-co-3HD) and b) P(3HO-co-3HD-co-3HDD). In both graphs
the peaks at Rt = 7.6 and 9.2 minutes were identified using NIST library as the methyl esters of 3-
hydroxyoctanoic acid (3HO) and 3-hydroxydecanoic acid (3HD) respectively. In graph b) the peak at
Rt=10.6 minutes was identified as the methyl esters of 3-hydroxydodecanoic acid (3HDD) Methyl

benzoate was used as the internal standard (STD).
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Gas chromatogram of reference standards of methyl esters of 3- hydroxyalkanaotes: 3-
hydroxybutyrate (3HB), (3HO), 3-
hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDD). Methyl benzoate (MB) was used

3-hydroxyhexanoate, 3- hydroxyoctanoate

as an internal standard.

GC-MS was used to determine the monomeric composition of the polymer, which is reported
in Table 3.1. P(3HO-co-3HD) is characterized by 76 mol% of 3-hydroxydecanoate and
24 mol% of 3-hydroxyoctanoate. P(3HO-co-3HD-co-3HDD) is characterized by 32 mol% of
3-hydroxydecanoate and 16 mol% of

3-hydroxyoctanoate, 52 mol% of

3-hydroxydodecanoate.

Table 3.1 Monomeric composition of P(3HO-co-3HD) and P(3HO-co-3HD-co3HDD) calculated from

GC-MS. The results are expressed as average + standard deviation (n=6).

3HO 3HD 3HDD
Polymer
(mol%) | (mol%) | (mol%)
P(3HO-co-3HD) 24£6.5(76 £6.5 -
P(3HO-c0o-3HD-co-3HDD) | 32+4 | 52+2 | 163

For the polymer produced from B. subtilis OK2 (Figure 3.6), one peak was observed at
4.072 minutes and identified as the methyl ester of 3-hydroxybutyric acid. Thus, the polymer
produced by B. subtilis OK2 using glucose as the carbon source is the homopolymer of

3-hydroxybutyrate, Poly(3-hydroxybutyrate) or P(3HB).
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Figure 3.6 Gas chromatogram of P(3HB). ). The peak at Rt = 4 minutes was identified using NIST
library as the methyl esters of 3-hydroxybutyric acid (3HB). Methyl benzoate was used as the internal
standard (STD).

The polymeric structures were further confirmed by *H-NMR and 3C-NMR.

The *H-NMR spectra of P(3HO-co-3HD) and P(3HO-co-3HD-co-3HDD) showed 5 peaks
typical of an mcl PHAs and assigned as in Figure 3.7 a and b respectively. 13C NMR of
P(3HO-co-3HD) revealed the presence of 18 peaks corresponding to the two monomeric
units present in the copolymer (Figure 3.8 a). The peaks are assigned in Table 3.2. For

P(3HO-co-3HD-co-3HDD) *C NMR showed the presence of 30 peaks (Figure 3.8 b),
assigned in Table 3.2.
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Figure 3.7 'H-NMR spectra of a) P(3HO-co-3HD) and b) P(3HO-co-3HD-co-3HDD). The chemical
structure of the both polymers is shown in each figure, indicating the assignment of each peak to the

corresponding proton atom in the molecule.
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Figure 3.8 *C-NMR spectra of a) P(3HO-co-3HD) and b) P(3HO-co-3HD-co-3HDD). The chemical
structure of the both polymers is shown in each figure, indicating the assignment of each peak to the

corresponding carbon atom in the molecule.
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Table 3.2 List of the 3C NMR peaks assigned for P(S3HO-co-3HD)

P(3HO-co-3HD) P(3HO-co-3HD-co-3HDD)
Carbon
atoms 3HO 3HD 3HO 3HD | 3HDD

(8, ppm) | (8, ppm) | (3, ppm) | (3, ppm) | (3, ppm)
C1 169.37 | 169.37 | 169.53 | 169.53 | 169.53
C2 39.09 39.09 39.20 39.20 39.20
C3 70.83 70.83 70.95 70.95 70.95
C4 33.73 33.80 33.86 33.92 33.92
C5 24.70 25.07 24.84 25.2 25.2
C6 22.63 31.91 31.64 29.48 29.48
C7 22.48 29.34 22.63 29.32 29.69
C8 13.96 29.17 14.12 31.91 29.48
C9 - 22.61 - 22.76 29.32
C10 - 14.05 - 14.05 14.22
Cl1 - - - - 22.81
C12 - - - - 14.25

The 'H NMR of P(3HB) showed the presence of three peaks as reported in literature (Doi et
al., 1995) and assigned as in Figure 3.9 a. 4 peaks were detected in 3C NMR confirming the

presence of one single monomeric unit and are assigned in Figure 3.9 b.
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Figure 3.9 a) 'H-NMR spectra and b) *C-NMR spectra of P(3HB). The chemical structure of the
polymer is shown in each figure, indicating the assignment of each peak to the corresponding proton or

carbon atoms in the molecule.

The molecular weight of the three polymers produced was investigated using GPC and is
shown in Table 3.3. All the three PHAs showed high molecular weight. P(3HB) showed the
highest average molecular weight of 470 kDa. As regards the mcl-PHAs, P(3HO-co-3HD)
showed an average molecular weight of 364 kDa, while P(3HO-co-3HD-co-3HDD) showed
an average My of 306 kDa) (p-value< 0.01). The polydispersity index of the three materials
was comparable. The PDI represents the uniformity in the distribution of the polymer chains

of a polymer. If the PDI equals 1, the polymer chains have a uniform chain length.
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results are expressed as average * standard deviation (n=3).

Polymer Mw (kDa) | Mn(kDa) PDI
P(3HO-co-3HD) 364+40 | 91+12 |3.8+0.5
P(3HO-co-3HD-co-3HDD) | 306 +32 | 61+20 |45+0.7
P(3HB) 470440 | 12647 | 3.7+0.2

3.2.4.2. Thermal characterisation

Solvent cast films were prepared from the three polymers produced and were used to assess

the thermal and mechanical properties of the materials.

The thermal properties of the three PHAs were investigated through DSC analysis. Figure
3.10 shows the representative DSC thermograms for the three PHAS, while their properties
are reported in Table 3.4.

Both mcl-PHAs showed similar properties, without any statistically significant differences
for the parameters evaluated. Both materials were characterized by similar glass transition
temperatures, -45°C for P(3HO-co-3HD) and -44°C for P(3HO-co-3HD-co-3HDD),
indicating that the polymers were in a rubbery state at room temperature. The mcl-PHAs
showed the same melt range from 40°C to 60°C and similar enthalpy of fusion (20 J/g for
P(3HO-co0-3HD) and 24 J/g for P(3HO-co-3HD-co-3HDD)). For the two mcl-PHAS, the
value of crystallinity could not be calculated from the enthalpy of fusion of the material as
the enthalpy of fusion for a 100% crystalline material was not known (Suchitra, 2004). As
shown in Figure 3.10a, during the second heating cycle, no melting peak could be detected
for the two polyesters. These results indicated that cooling rate of 20 °C/minute did not allow
crystallization for both mcl-PHAs. Such behaviour is typical of mcl-PHAS and indicates the
slow rate of crystallization observed for such polyesters (Nerkar et al., 2015; Puppi et al.,
2019).

P(3HB) showed an average glass transition of 2°C, a melting temperature range between 155-
175°C and an average enthalpy of fusion of 82 J/g. As shown in Figure 3.10 b, the scl-PHA

showed a cold crystallization peak (exothermic peak) during the second heating scan, with
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an average cold crystallization temperature of 47°C. Moreover, during the first heating scan
no glass transition was detected, indicating the transformation of the amorphous fraction of
the polymer into a rigid amorphous phase due to vitrification during storage of the films at
room temperature for five weeks (Crétois et al., 2016; dos Santos et al., 2017). For P(3HB),
the crystallinity of the material was also calculated as described in the materials and methods
section 2.11.4. This was obtained by comparing the observed enthalpy of fusion of the
material to that of a 100 % crystalline sample of the same polymer, which for P(3HB) is 146
J/g (Ho et al., 2014). The P(3HB) produced showed an average crystallinity of 56%.

Heat flow (mW/mg)

50 0 50 100 150 200
Temperature (°C)

Figure 3.10 Representative DSC thermograms of P(3HO-co-HD) (red), P(3HO-co-3HD-co-3HDD (blue)
and P(3HB) (black). Solid lines represent first heating (- ), while dashed lines (- -) represent second

heating. Thermograms were shifted vertically for better visibility.
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Table 3.4 Thermal properties of P(3HO-co-HD), P(3HO-co-3HD-co-3HDD) and P(3HB).Tn is the
melting peak, Ty is the glass transition, AHm is the enthalpy of fusion and Xc is the % polymer

crystallinity. The results are expressed as average * standard deviation (n=3).

Melting range | Tm Ty AHm Xe
Polymer
(°C) G | (°C) | (/9 | ()
P(3HO-co-3HD) 40-60 53+3 |-45+3|205 -
P(3HO-co-3HD-co-3HDD) 40-60 53+5 |-44+2|24+2 -
P(3HB) 155-175 169+2 | 2+3 |82+4|56+4

3.2.4.3. Mechanical characterisation

The mechanical properties of the solvent-cast films were assessed through tensile testing.
Figure 3.11 shows the representative stress-strain curves for the three polyesters. The three
materials exhibited different properties as can be seen in Table 3.5. P(3HB) showed a high
elastic modulus of 0.9 GPa and a low elongation at break of 16%. On the other hand, the two
mcl-materials showed a typical elastomeric behaviour of mcl-PHAs. P(3HO-co-3HD)
showed an average elastic modulus of 5.7 MPa, an average ultimate tensile strength of
8.6 MPa and an average elongation at break of 536%. P(3HO-co-3HD-co-3HDD) showed an
elastic modulus of 5.3 MPa, an average ultimate tensile strength of 6.6 MPa and an average
elongation at break of 414%. No statically significant difference was detected between the
elastic modulus of the two mcl-PHAs. P(3HO-co-3HD) showed statistically significant
higher values compared to P(3HO-co-3HD-co-3HDD) for the elongation at break (p-value
<0.0001) and ultimate tensile strength (p-value <0.05).
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Figure 3.11 Representative stress-strain curves for a) P(3HO-co-HD) (red), P(3HO-co-3HD-co-3HDD)

(blue) and b) P(3HB) (grey).

Table 3.5 Mechanical properties of P(3HO-co-HD), P(3HO-co-3HD-co-3HDD) and P(3HB). E is the

Young’s modulus, cu is the ultimate tensile strength and gu is the elongation at break. The results are

expressed as average * standard deviation (n=9)

PHA

E [MPa] | ou [MPa] | eu[%)]

P(3HO-co-3HD)

5.7+0.2 8.6£2 | 536120

P(3HO-co-3HD-co-3HDD) 5.3+2 6.6+1 | 414+£32

P(3HB)

900+ 120 | 19+1.5 | 16+8
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3.2.4.4. Biological characterization

The final aim of this project was to develop a range of antibacterial scaffolds for bone tissue
engineering using a combination of the materials produced. For this reason, preliminary in
vitro cell compatibility of the three polymers was conducted using the osteogenic cell line

MC3T3-E1.

Indirect cytotoxicity was carried out to investigate the potential release of toxic products from
the P(3HO-co0-3HD), P(3HO-co-3HD-c0-3HDD) and P(3HB) film samples. As shown in
Figure 3.12, all the materials showed a cell viability comparable to the positive control (tissue

culture plastic, TCP) without statistically significant differences.

Positive TCP P(3HO-co3HD) P(3HO-co-3HD-co3-HDD) P(3HB)

120

% Cell viahility
.
sy [=x) o] (=)
(=] (=] (=] (=]

]
o

Figure 3.12 Indirect cytotoxicity studies using MC3T3-E1 of P(3HO-co-3HD) (red), P(3HO-co-3HD-co-
3HDD) (blue) and P(3HB) (grey) film samples (n=3). The positive control was Tissue Culture Plastic

(TCP). There was no statistically significant difference between the samples (p-value > 0.5).

Cell viability studies were conducted by seeding MC3T3-E1 on the produced materials for

1, 3 and 7 days.
As regards the two mcl-PHAs, the cell viability was comparable to the positive control (TCP)

for all the time points evaluated, as shown in Figure 3.13.
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Figure 3.13 Cell viability studies of MC3T3-EL1 cells cultured directly on a) P(3HO-co-3HD) (red) and
b) P(3HO-co-3HD-co-3HDD) (blue) at day 1, 3 and 7 (n = 3). The positive control was Tissue Culture

Plastic (TCP). There was no statistically significant difference between the samples (p-value > 0.5).

For P(3HB), at day 1 and day 3 the cell viability was comparable with the positive control,
without statistically significant differences (Figure 3.14). At day 7 the material showed a
significantly increased cell viability compared to the positive control, with an average cell
viability of 139% + 6 and 100% =+ 7 respectively (p-value<0.001). Moreover, the cell
viability at day 7 on the P(3HB) polymeric samples was significantly higher than the cell
viability at day 3 (p-value<0.01).
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Figure 3.14 Cell viability studies of MC3T3-E1 cells cultured directly on P(3HB) (grey) at day 1, 3 and
7 (n = 3). The positive control was Tissue Culture Plastic (TCP). ** indicates significant difference
between P(3HB) samples and the control at day 7 (p-value<0.01). # indicates significant difference

between P(3HB) sample at day 7 and P(3HB) sample at day 1 (p-value<0.001).

3.3. Discussion

In this chapter the production of scl and mcl-PHAs by B. subtilis OK2 and P. mendocina
CH50 was reported.

Pseudomonas species are well known producers of mcl-PHAs when cultured using both
structurally related (e.g. fatty acid) and unrelated carbon sources (e.g. carbohydrates) through
two different metabolic pathways. Intermediates of the f-oxidation pathway are converted
into the PHASs precursor, (R)-3-hydroxyacyl-CoA, when alkanoic acid are utilized (Sudesh
et al., 2000). While de novo fatty acid biosynthesis pathway is involved in the production of
mcl-PHAs from unrelated carbon sources. In this work, P. mendocina CH50 was cultured
using both glucose and coconut oil. When cultured on glucose, a biomass concertation of
2.8 g/L with a polymer content of 47% dcw was achieved after 48 hours of fermentation. In
literature a range of polymer yields from 14.7 to 52% dcw has been obtained when culturing
wild type Pseudomonas species using glucose (Phukon et al., 2013; Blunt et al., 2019; Zhang
et al., 2006; Poblete-Castro et al., 2014; Huijberts et al., 1992; Wang et al., 2016c). This is
due to the fact that the PHA yield is affected by several parameters including type of strain,

amount of carbon source used and type and duration of fermentation process (e.g.
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fermentation using shaken flask or fermenter). A higher final polymer yield of 58% dcw was
obtained using coconut oil as the carbon source. In literature it is known that a higher
efficiency can be obtained using structurally related carbon sources compared to unrelated
ones (Sun et al., 2007; Poblete-Castro et al., 2014; Chanasit et al., 2016). In case of glucose,
lower yields are usually attributed to the production of extracellular products like alginate by
Pseudomonas mendocina strains (Muller and Alegre, 2007; Wang et al., 2016¢; Kumar and
Kim, 2018). This competitive mechanism of production was proven by Guo et al.. In their
study, they showed an enhanced production of alginate after suppression of the pathway for
PHA production by deletion of the gene encoding for PHA synthase in P. mendocina NK-
01(Guo et al., 2011). A few Pseudomonas species have been shown to be able to produce
PHAs when cultured using coconut oil. The yields obtained were lower than the one in this
study. A value of 51.8% dcw was obtained using P. corrugata 388 for 72h (Solaiman et al.,
2002), while after 48 h of fermentation P. aeruginosa 7925 resulted in an yield of 25.3% dcw
(Singh and Mallick, 2009) and 51 %dcw for P. resinovorans B-2649 (Ashby and Foglia,
1998). A possible explanation might be related to the fact that in all the three studies the
bacterial fermentation was conducted in shake flasks, while in this work a 10L fermenter was
used. It has in fact been shown that a higher yield can usually obtained when using a
bioreactor as compared to shake flasks as certain production parameters such as oxygen rate

can be controlled more efficiently (Raza et al., 2019).

Chemical characterization of the two polymers confirmed that mcl-PHASs were produced by
P. mendocina CH50 using glucose and coconut oil as the carbon source. In the presence of
the unrelated carbon substrate, the polymer obtained was P(3HO-co-3HD) and was
characterized by a monomeric composition of 76 mol% of 3-hydroxydecanoate and 24 mol%
of 3-hydroxyoctanoate. Several studies in literature showed that Pseudomonas species
accumulate PHAs with a high content of 3-hydroxydecanoate when cultured using unrelated
carbon sources (e.g. glucose, glycerol) (Sudesh et al., 2000; Wang and Nomura, 2010;
Poblete-Castro et al., 2014). Such results are linked to the activity of the enzyme
3-hydroxydecanoyl-ACP-CoA transacylase involved in the conversion of the products of de
novo fatty acid pathway to PHA precursors (i.e. (R)-3-hydroxyacyl-CoA). This enzyme has
a high affinity to substrate containing 10 carbon atoms (Poblete-Castro et al., 2014; Mozejko-
Ciesielska et al., 2019). The same strain as the one used in this study produced a polymer
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with 3HD as the dominant monomeric unit when cultured with biodiesel waste (high content
of glycerol) (Basnett et al., 2017b).

In the presence of coconut oil, the polymer produced was P(3HO-co-3HD-co-3HDD) and
was characterized by a monomeric composition of 32 mol% of 3-hydroxyoctanoate, 52 mol%
of 3-hydroxydecanoate and 16 mol% of 3-hydroxydodecanoate. When the B-oxidation
pathway is involved in the polymer production, the structure of the mcl PHA produced is
strictly correlated with the one of the carbon sources utilized. The polymer produced contains
only monomer with an even (or odd) number when the substrate used has an even (or odd)
number of carbon atom, as the fatty acids are shortened by 2 (or multiple of 2) carbon atoms
each cycle of the B-oxidation (Sudesh et al., 2000; Madison and Huisman, 1999; Ciesielski
et al., 2015). This behaviour was evidenced in this study, as coconut oil contained an even
number of carbon atoms and therefore the PHA produced had three even monomer units (C8,
Ciwo and Ci12) (Appaiah et al., 2014). Moreover, the enzyme involved in the PHA
polymerization (i.e. PHA synthase) has a higher specificity for 3-hydroxyanoyl-CoA
precursor containing eight or ten carbon atoms (i.e. 3-hydroxyoctanoyl-CoA and 3-
hydroxydecanoyl-CoA 3-hydroxyoctanoate), leading to polyesters with a high content of Cg
and Cio monomers (Ashby and Foglia, 1998). Such mechanism was also observed in this
study as 3-HO and 3-HD accounted for 32 mol% and 52 mol% of the total monomeric
composition. Similar considerations were evidenced in literature culturing Pseudomonas
species using coconut oil, even though the final monomeric compositions of the PHAs
produced were different to the one described in this study. Solaiman et al. showed that
P. saccharophila NRRL B-628 produced a polymer containing 30 mol% of 3-HO and
40 mol% of 3-HD as the main monomers, and 6 mol% of 3-HHx, 17 mol% of 3-HDD and
7 mol% of monomers with C>14 as minor constituents (Solaiman et al., 1999). In another
study by the same group, P. corrugata 388 produced an mcl-PHAs containing 42 mol% of
3-HO and 35 mol% of 3-HD as the main monomers, and 3 mol% of 3-HHx, 17 mol% of
3-HDD and 4 mol% of monomers with C>14 as minor consituents (Solaiman et al., 2002).
Finally, Ashby et al. cultured P. resinovorans NRRL B-2649 using coconut oil and obtained
an mcl-PHA composed mainly of 3-HO (28 mol%) and 3-HD (44 mol%), and with 3-HHx
(3 mol%), 3-HDD (20 mol%) and monomers with C>14 (5 mol%) (Ashby et al., 2001).

Bacillus sp. are among the most investigated bacteria for the production of P(3HB)
(Mohapatra et al., 2017). They have the advantages over Gram negative bacteria of lacking

89



Chapter 3 — Production of scl and mcl-PHASs

the outer layer composed of lipopolysaccharides, known pyrogens/immunogens, making the
polymer produced safer for medical applications. In this study B. subitlis OK2 was cultured
using glucose as the carbon source following optimized conditions described by Lukasiewicz
et al. A final polymer yield of 30% dcw was obtained after 48h of production, comparable
with literature results (30.8% dcw) (Lukasiewicz et al., 2018). The same strain showed a
higher productivity (41% dcw) when grown using orange peel as the carbon source (Sukan
etal., 2017). The higher value could also be due to the presence of citrate in the media. Citrate
has in fact been shown to increase PHA production by blocking the citric acid cycle (TCA),
which competes with the PHA biosynthic pathway for the use of acetyl-CoA (Kessler and
Witholt, 2001; Aldor and Keasling, 2003; Sukan et al., 2014). The polymer produced was
analysed for chemical composition and the results confirmed that the homopolymer P(3HB)

was obtained as described in literature (Lukasiewicz et al., 2018).

The molecular weight of the three polymers produced was investigated using GPC as this is
an important parameter that significantly effects the materials properties. Generally, PHAS
are considered high molecular weight polymers, but a wide range of average molecular
weight has been described in literature for such materials. The molecular weight is in fact
effected by several parameters including the type of bacteria, the carbon source, the process
parameters and the extraction method utilized (Zinn et al., 2001; Tsuge, 2016; Keshavarz
and Roy, 2010). In this study, P. mendocina CH50 produced polymers with an average
molecular weight of 340 kDa and of 306 kDa when cultured respectively using glucose and
coconut oil, while B. subtilis OK2 produced P(3HB) of 470 kDa. For mcl-PHASs an average
molecular weight between 60-410 kDa has been described by Valappil et al., while scl-PHAs
with a molecular weight up to 1000 kDa have been obtained (Zinn et al., 2001; Sudesh et al.,

2000). Therefore, the values obtained in this study were in agreement with literature.

Thermal and mechanical properties of polymers are strictly depended on the monomeric
composition of the material. For this reason, such features are significantly different between
scl and mcl-PHAs (Sudesh et al., 2000; Gopi et al., 2018). P(3HB) is described in literature
as a highly crystalline material (crystallinity > 50%), possessing a high melting temperature
between 165 and 178 °C and a glass transition around 0-4 °C (Bugnicourt et al., 2014; Tan
et al., 2014; Sudesh et al., 2000). The polymer produced in this study possessed properties
in agreement with such values. Moreover, the thermal analysis of the solvent cast films

obtained after five-weeks storage period at room temperature indicated the presence of a rigid
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amorphous phase in P(3HB). Such behaviour is known in literature and has been attributed
to two mechanisms, physical ageing and secondary crystallization of the material (Crétois et
al., 2016; dos Santos et al., 2017). The former is related to the vitrification of the amorphous
phase of the material during storage (Di Lorenzo and Righetti, 2013). The latter has been
described as the formation of new small crystallites during the storage of the materials at
room temperature. Such mechanism occurs as the glass transition temperature of P(3HB) is
below room temperature, allowing sufficient mobility to the polymeric chains to form
crystals (Creétois et al., 2016; Righetti et al., 2019).
Mcl- PHAs have been reported to show lower values of melting temperature (40-70°C) and
glass transition (-25 to -50 °C) compared to scl-PHAs (Rai et al., 2011a; Zinn and Hany,
2005). The two mcl-PHAs produced in this study showed properties in agreement with such
values. For mcl-PHAs, the length of the side chains effects the thermal features of such
materials. In particular, several studies reported that the glass transition (Tg) of the polymer
decreases with the increase of the length of the side chain from Cs to C'° due to a higher
increase in chain mobility, and the values remain constant for polymers with longer
monomeric units (C>10) (Rai et al., 2011a; Gopi et al., 2018; Ouyang et al., 2007; Abe et
al., 2012). For instance, Abe et al. showed a T4 of -20°C for P(3HHXx) (Cs) and -53°C for
P(3HD) (C10). The results obtained in this study were in agreement with these observations
as the two mcl-PHAs produced exhibited similar glass transition temperatures as they are
characterized by long monomeric units (C>10). As regards the melting temperature (Tm) and
the enthalpy of fusion of mcl-PHAs, literature studies have shown that the correlation
between the variation of these values and the length of the alkyl side chain is influenced by
the monomeric composition and the regularity in monomer distribution (Barbuzzi et al.,
2004; Gopi et al., 2018; Rai et al., 2011a; Abe et al., 2012). In the case of mcl-PHAs
homopolymers or near-homopolymers (i.e. main monomer molar composition > 96 mol%),
the Tm and the enthalpy of fusion have been shown to increase with increasing chain length
(Abeetal., 2012; Rai et al., 2011a; Gopi et al., 2018). On the contrary, Barbuzzi et al. showed
that in the case of copolymers, the uniformity of the repeating units also influences the final
values of melting temperature (Tm) and the enthalpy of fusion. In their study, the T and the
enthalpy of fusion did not increase but remained constant with an increase of the average side
chains as the number of different monomeric units also increases, inducing a counterbalance
effect (Barbuzzi et al., 2004). Such behaviour was also confirmed by this study. Even though
P(3HO-co-3HD-co-3HDD) contained monomer units with a longer chain length (Ci2)
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compared to P(3HO-co-3HD) (Cio), the Tm and the enthalpy of fusion were comparable
between the polymers.

The differences in the thermal characteristics of the two types of PHAS reflected the variation
in their mechanical properties. The P(3HB) produced showed high crystallinity with a rigid
amorphous phase, leading to a stiff and strong (average Young’s modulus of 0.9 GPa and
tensile strength of 19 MPa) but brittle (average elongation at break of 16%) material.
Moreover, the results obtained were in line with the reported mechanical properties of
P(3HB). P(3HB) usually exhibits a Young’s modulus between 0.5 and 3.5 GPa and a tensile
strength between 15 and 50 MPa and an average extension at break between 5-20% (El-Hadi
et al., 2002; Mozejko-Ciesielska and Kiewisz, 2016; Chanprateep, 2010; Singh et al., 2015;
Zinn and Hany, 2005).

The two mcl-PHAs produced were able to withstand large deformations with a high
elongation at break (536% for P(3HO-co-3HD) and 414% for P(3HO-co-3HD-co-3HDD)),
thanks to the rubbery state of their amorphous phases. Both materials were relatively soft
polymers; with an average modulus of elasticity of 5.7 MPa for P(3HO-co-3HD) and of
5.3 MPa for P(3HO-co-3HD-co-3HDD). Such values were in agreement with the range of
mechanical properties reported in literature for mcl-PHAs. Such polyesters are usually
characterized by an elastomeric behaviour with a relatively low Young’s modulus (4-50
MPa) and high elongation at break in tensile ranging from 200-500% (Rai et al., 2011b; Zinn
and Hany, 2005; Jiang et al., 2012; Larrafiaga et al., 2014).

Finally, as the final aim of this thesis was to produce PHA-based antibacterial materials for
bone tissue engineering, preliminary in vitro compatibility of the three polymers produced
was conducted using MC3T3-EL1 cell line, a preosteoblastic mouse line extensively used in
literature for materials characterisation (Czekanska et al., 2012; Hwang and Horton, 2019).
Firstly, the indirect cytotoxicity was performed to evaluate if toxic leachable compound were
present in the polymeric samples. All the three polymers did not show any toxic effect after
24 h of incubation. Direct cell compatibility studies were conducted by culturing the cells
directly on the surface of the polymeric samples for 1, 3 and 7 days. All the three PHAS
produced exhibiting high level of cytocompatibility for all the time points tested, showing

the potential materials for the development of scaffolds for bone regeneration.
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3.4. Conclusions

In this chapter, the production of PHAs through bacterial fermentation was studied. Three
PHAs were produced and completely characterized in terms of chemical, physical, thermal,
mechanical and biological properties. A short chain length PHA, P(3HB) was produced by
B. subtilis OK2 using glucose as the carbon source. Two novel medium chain length PHAsS,
P(3HO-c0-3HD) and P(3HO-co-3HD-co-3HDD), were produced by P. mendocina CH50
using glucose and coconut oil as the carbon sources respectively. Preliminary in vitro studies
showed that the three polyester possessed good cytocompatibility towards a pre-osteoblastic

cell line, MC3T3-E1, showing potential for their use in bone tissue regeneration.

Based on the results of this chapter, P(3HO-co-3HD-co-3HDD) was selected over P(3HO-
co-HD) as the mcl-PHAs to be used as the bulk material for the development of scaffolds.
The two mcl-PHAs showed in fact comparable physical, mechanical and biocompatibility
properties, but a higher polymer yield was obtained using coconut oil compared to glucose
(58% vs 47% dcw). As mentioned in the Introduction chapter, one of the major deterrents for
PHAs utilisation over synthetic polymer is their higher production cost. Therefore, the higher
productivity combined with the cheaper cost of the carbon source compared to glucose makes
P(3HO-co-3HD-co-3HDD) a more promising candidate for the application of PHASs in the
medical field.
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Chapter 4

Production of thioester- PHASs and

2D inherently antibacterial films

4.1. Introduction

Bacterial infections represent one of the major threats to the successful functioning of
medical implants. The introduction of a device inside the human body is inherently associated
with the risk of infection (Vinh and Embil, 2005; Darouiche, 2001; Percival et al., 2015).
Moreover, the widespread use and abuse of antibiotics over the last decades as a treatment
of microbial infections has led to the rapid development of multi-drug resistant bacteria
(Watson et al., 2017; Levy and Bonnie, 2004; Munita and Arias, 2016). For these reasons,
researchers have been focusing on the development of new therapeutics to prevent bacterial
attachment and proliferation. One of the main strategies investigated is to develop inherently
active antibacterial materials (Darouiche, 2003; Mufioz-Bonilla and Fernandez-Garcia, 2012;
Siedenbiedel and Tiller, 2012; Santos et al., 2016). This goal can be achieved by either the
use of polymers possessing bactericidal effect (e.g. chitosan) or through the introduction of
antibacterial groups (e.g. quaternary ammonium groups) in the polymer structure or on the
surface of the materials by chemical modification. Inherently antibacterial polymers offer the
advantages of possessing long-term activity and durability due to their chemical stability
(Xue et al., 2015).

Polyhydroxyalkanoates are generally not inherently antibacterial. A few studies have been
conducted to introduce antimicrobial moieties through chemical modification. Overall the
chemical modification of PHAs can be challenging due to lack of active functional groups
and the limited solubility in organic solvents, especially of scl-PHAs (Jiang et al., 2006). For
these reasons, modifications have been limited mainly to the surface of PHA films or

membranes through the introduction of known bactericidal groups such as quaternary
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ammonium groups by UV grafting, chemical grafting or ozone treatment (Babinot et al.,
2010; Versace et al., 2013; Chung et al., 2012). Alternatively, PHA oligomers were obtained
by the hydrolysis of the polymer to achieve a higher number of chemical groups that are able
to be functionalized (i.e. carboxylic groups or hydroxyl groups), and the oligomers were
modified through the introduction of antimicrobial moieties (Abdelwahab et al., 2019; Snoch
etal., 2019).

PHAs containing functional moieties in their side chains can also be produced directly by
bacterial fermentation through the exploitation of their intrinsic metabolic pathways of
production (Tortajada et al., 2013; Zinn and Hany, 2005; Tan et al., 2014). In the case of
Pseudomonas species, incorporation of specific groups can be obtained through the use of
the f-oxidation pathway and structurally related carbon sources by selecting the substrates
containing the desired functional group that can be metabolized by the bacteria. In this way
a wide variety of tailored bacterial polyesters has been produced, containing for example
unsaturated, aromatic and halogenated groups (Tortajada et al., 2013; Ishii-Hyakutake et al.,
2018). Recently, Escapa et al. discovered a new class of PHAs containing thioester groups
in their side chains (i.e. thioester-PHAS). This polymer was obtained using P. putida KT2442
using a co-feeding experiment with fatty acids (i.e. decanoic acid) as the “good” substrates
to support bacterial growth and polymer accumulation and carbon sources containing
thioester groups as the polymer precursor (i.e. 6-acetylthiohexanoic acid) (Escapa et al.,
2011;Escapa et al., 2013). These materials were demonstrated to be inherently antibacterial
as they showed activity against methicillin-resistant Staphylococcus aureus (MRSA) both in
vitro and in vivo, even though their mechanism of action has still not been discovered
(Dinjaski et al., 2014). Moreover, the polymer was able to support the attachment and
proliferation of fibroblasts, showing potential for tissue engineering applications (Dinjaski et
al., 2014).

In this chapter, the production of thioester-PHAs through bacterial fermentation was
investigated as described by Escapa et al, 2011. The polymer was completely characterized
in terms of physical, chemical and thermal properties and compared to the polymer obtained
using control conditions (i.e. only decanoic acid). The antibacterial activity of the material
was investigated using the 1ISO 22196. In vitro biocompatibility studies were also conducted
using MC3T3- E1 preosteoblastic cell line. Finally, the thioester-PHAs were blended with

the mcl-PHA obtained with the control conditions to investigate the potential of this material

95



Chapter 4 — Production of thioester-PHAs and 2D inherently antibacterial films

for the development of 2D inherently antibacterial scaffolds for bone regeneration. The blend
films obtained were characterized in terms of thermal, mechanical, antibacterial properties
and their biocompatibility.

4.2. Results

In this study, the production of inherently antibacterial PHAs was investigated through the
fermentation of P. putida KT2442 using a co-feeding experiment (i.e. decanoic acid and 6-
acetylthiohexanoic acid) as described by Escapa et al., 2011. The polymer produced was
characterized and compared to the one obtained from control condition (i.e. decanoic acid as
the sole carbon source).

For both conditions, the polymers obtained were extracted using the chloroform/sodium
hypochlorite dispersion method. As shown in Table 4.1, the yield after 24 hours for thioester
PHAs was 0.12 g/L in agreement with published data (Escapa et al., 2011).

Table 4.1 Comparison of biomass and polymer yield values obtained by culturing P. putida KT2442 in

different conditions

Biomass Polymer yield
Condition

[9/L] [g/L] 9%DCW
2.4 mM decanoic acid + 12 mM 6-ATH 0.50 0.12 24
12 mM Decanoic acid (Control condition) 2.5 0.69 28
Published data (Escapa et al., 2011)

0.59 0.09 16
(2.4 mM decanoic acid+ 12 mM 6-ATH)
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4.2.1. Polymer characterization

4.2.1.1. Chemical characterization

Preliminary FT-IR analyses of the two PHAs produced are shown in Figure 4.1 a and b. Both
spectra showed peaks around 1730 cm™ related to the stretching of the carbonyl group of the
ester bond, confirming that the polymers produced are polyesters (Randriamahefa et al.,
2003). Moreover, both spectra showed the presence of peaks around 2930 cm™, related to the
stretching of carbon-hydrogen bond of methyl and methylene group (CH3, CH>). Compared
to the control condition (Figure 4.1b), the polymer obtained from the co-feeding experiment
showed the presence of an extra peak at 1690 cm™ which is associated to the stretching of
the carbonyl group present in thioester groups (Litke-Eversloh et al., 2001). Therefore, the
analysis confirmed the production of a PHA containing thioester groups.

0-C=0
1729 cm !

\

Absorbance

4000 3500 3000 2500 2000 1500 1000

cm!

Control condition (12 mM decanoic acid)
m—— Co-feeding (2.4 mM decanoic acid+ 12 mM 6-ATH)

Figure 4.1 FT-IR spectra of the polymer produced by P. putida KT2442 using decanoic acid (12 mM) as

the carbon source (black) and 6-ATH (12 mM) and decanoic acid (2.4 mM) as the carbon sources (i.e.

co-feeding experiment) (blue).
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The characterization of the monomeric composition of the polymers obtained from both
conditions was performed using GC-MS (Figure 4.2). The polymer produced using the
control condition showed three peaks at the retention times of 5.875, 7.633 and 9.176 minutes
(Figure 4.2a). Using the NIST library these peaks were identified as the methyl esters of 3-
hydroxyhexanoate, 3-hydroxyoctanoate and 3-hydroxydecanoate, P(3HHx-co-3HO-co-
3HD). The spectra of the polymer obtained using the co-feeding experiment (Figure 4.2b)
showed two extra peaks at 6.85 and 8.701 minutes. Using the MS spectra, the peaks were
identified as methyl esters of 3-hydroxy-6-acetylthiohexanoic acid, 3-hydroxy-4-
acetylthiobutanoic acids. The polymer produced was identified as the copolymer of 3-
hydroxyhexanoate, 3-hydroxyoctanoate, 3-hydroxydecanoate, 3-hydroxy-4-
acetylthiobutanoate and 3-hydroxy-6-acetythiolhexanoate, P(3HHXx-co-3HO-co-3HD-co-
3H4ATB-co-3H6ATH), also referred as thioester-PHA.
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Figure 4.2 Gas chromatogram of a) P(3HHx-c0-3HO-co-3HD-co-3H4ATB-co-3H6ATH) and b)
P(3HHXx-c0-3HO-c0-3HD). In both graphs the peaks at Rt = 5.8, 7.6 and 9.2 minutes were identified as
the methyl esters of 3-hydroxyhexanoic acid (3HHXx), 3-hydroxyoctanoic acid (3HO) and 3-
hydroxydecanoic acid (3HD) respectively. In graph a) the peaks at R¢= 6.8 and 8.7 minutes were
identified as the methyl esters of 3-hydroxy-4-acetylthiobutanoic acid (3H-4ATB) and 3-hydroxy-6-
acetylthiohexanoic acid (3H-6ATH). Methyl benzoate was used as the internal standard (STD).

GC-MS and *H-NMR were used to calculate the mol% of the produced polyester, which is
presented in Table 4.2. P(3HHx-co-3HO-co-3HD) was characterized by 7 mol% of 3-
hydroxyhexanoate, 64 mol% of 3-hydroxydecanoate and 29 mol% of 3-hydroxyoctanoate.
P(3HHXx-c0-3HO-c0-3HD-c0-3H4ATB-co-3H6ATH) was characterized by 5 mol% of 3-
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hydroxyhexanoate, 31 mol% of 3-hydroxyoctanoate, 13 mol% of 3-hydroxy-4-
acetylthiobutanoate, 18.5 mol% of 3-hydroxydecanoate and 32.5 mol% of 3-hydroxy-6-
acetythiolhexanoate.

Table 4.2 Monomeric composition of P(3HHx-co-3HO-co-3HD) and P(3HHx-co-3HO-co-3HD-co-
3H4ATB-co-3H6ATH) calculated through GC-MS and *H-NMR. The results are expressed as average

standard deviation (n=3).

3HHx | 3HO 3HD | 3H4ATB | 3H6ATH
Polymer
(mol%) | (mol%) | (mol%) | (mol%) | (mol%)

P(3HHx-c0-3HO-c0-3HD) | 7+1 |64+75| 29+8 - -

Thioester-PHA 51 31+1 [185+1| 13%2 325+1

The chemical structure of the polymers was also confirmed through *H-NMR, 3C NMR and
HSQC. For the control condition, *H NMR showed the presence of 5 peaks (Figure 4.3 b),
typical of an mcl-PHA (de Rijk et al., 2005). The multiplet at 6=2.5 ppm and the signal at
around & =5.2 ppm originated from hydrogens bound to carbon atoms in the polymer
backbone, namely C and Cs, respectively. The peak at
& =0.88 ppm was assigned to the hydrogen of the end methyl group (Ce for
3-hydroxyhexanoate, Cg for 3-hydroxyoctanoate and Cio for 3-hydroxydecanoate). The peak
at 0 =1.58ppm was assigned to two hydrogens bound to C4. The peak at & =1.27 ppm was
assigned to the hydrogen atoms bound to Cs carbon of 3-hydroxyhexanoate, Cs-C7 of
3-hydroxyoctanoate and Cs-Co of 3-hydroxydecanoate. The 'H NMR is not capable of
discriminating methylene hydrogen atoms in pendant alkyl chains. To identify the presence
of the three monomeric units **C NMR was used in combination with HSQC (Figure 4.4b,
Figure 4.5b). 24 peaks were identified in the 1*C NMR corresponding to the three monomers
and classified as shown in Table 4.3.

For the polymer containing thioester groups, *H NMR showed the presence of 12 peaks
related to the presence of the two new monomeric structures, which were assigned as shown
in Figure 4.3 a. The use of 3C NMR in combination with HSQC allowed the identification
of the 36 peaks present in the 3C NMR related to the presence of the four monomers (listed
in Table 4.4, Figure 4.4a and Figure 4.5a).
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Figure 4.3 'H-NMR spectra of a) P(83HHx-co-3HO-co-3HD-co-3H4ATB-co-3H6ATH) and b) P(3HHXx-
c0-3HO-c0-3HD). The chemical structure of the both polymers is shown in each figure, indicating the

assignment of each peak to the corresponding proton atom in the molecule.
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Figure 4.4 3*C-NMR spectra of a) P(3HHx-co-3HO-co-3HD-c0-3H4ATB-co-3H6ATH) and b) P(3HHx-
c0-3HO-c0-3HD). The chemical structure of the both polymers is shown in each figure, indicating the

assignment of each peak to the corresponding carbon atom in the molecule.
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Table 4.3 List of the 3C NMR peaks assigned for P(3HHx-co-3HO-co-3HD)

Carbon atoms | 3HHXx 3HO 3HD

(9, ppm) | (3, ppm) | (3, ppm)
C1l 169.37 169.37 169.37
C2 39.09 39.09 39.09
C3 70.83 70.83 70.83
C4 35.8 33.73 33.80
C5 18.27 24.70 25.07
C6 13.78 22.63 31.91
C7 22.48 29.34
C8 13.96 29.17
C9 22.61
C10 14.05
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Carbon | 3HHX | 3HO 3HD | 3H4ATB | 3H6ATH
atoms | (6, ppm) | (8, ppm) | (8, ppm) | (3, ppm) | (3, ppm)
C1 169.37 | 169.37 | 169.37 | 169.17 | 169.37
C2 38.98 38.98 38.98 37.48 38.98
C3 70.77 70.77 70.77 68.97 70.77
C4 35.87 33.76 33.76 31.83 25.23
C5 18.30 24.70 25.07 30.44 32.76
C6 13.78 22.63 31.91 28.58
C7 22.48 29.34 30.60
C8 13.96 29.17

C9 22.61

C10 14.05

Table 4.4 List of the 3C NMR peaks assigned for P(S3HHx-co-3HO-co-3HD-co-3H4ATB-co-3H6ATH)
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Figure 4.5 2D 'H-*C HSQC spectra of a) P(3HHx-co-3HO-co-3HD-co-3H4ATB-co-3H6ATH) and b)
P(3HHXx-co-3HO-co-3HD). In each spectrum, the cross-peaks were identified and labelled with the
specific monomeric unit and the carbon atom involved in the single bond correlation (following the

carbon atom assignments of Figure 4.4).
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4.2.1.2. Thermal characterization

The thermal properties of the two polymers were investigated by DSC analysis and are shown
in Table 4.5 and Figure 4.6.

The two materials showed different behaviour. P (3HHx-co-3HO-co-3HD) is a semi-
crystalline material with a glass transition temperature of -41°C and a melting temperature
peak of 51 °C and a melting range between 40-60 °C, properties typical of mcl-PHAs (Sudesh
et al., 2000). No melting temperature peak was detected for thioester-PHA (P(3HHXx-co-
3HO-c0-3HD-c0-3H4ATB-co-3H6ATH), indicating that the material was completely
amorphous. The material showed only a glass transition of -32°C and was therefore in a

rubbery state at room temperature.

i €Xo

Heat flow (mW/mg)

-50 0 50 100
Temperature (°C)

Figure 4.6 Representative DSC spectra of thioester-PHA (blue) and P(3HHx-co-3HO-co-3HD) (black).
Solid lines represent first heating ( — ), while dashed lines (- -) represent second heating. Thermograms

were shifted vertically for better visibility.
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Table 4.5 Thermal properties of thioester-PHA and P(3HHx-co-3HO-co-3HD). Tm is the melting peak,
Tyis the glass transition temperature, AHm is the enthalpy of fusion and Xc is the % polymer

crystallinity. The results are expressed as average * standard deviation (n=3).

Melting Tm Tg AHm
Polymer range (°C) °C) | (J)
°C)

P (3HHX-co-3HO-co0-3HD) 40-60 91+2 | -41+1|15+2

Thioester-PHA n.d. nd. |-32+1| n.d.

4.2.1.3. Biological characterization

4.2.1.3.1. Antibacterial properties

Preliminary investigation of the antibacterial activity of the thioester containing PHAs was
evaluated using the 1ISO 22196 against S. aureus 6538P and E. coli 8739. As described in the
materials and methods, polyethylene terephthalate (PET) discs of 6 mm of diameter were
coated with 2% (w/v) solutions of thioester-PHA and P(3HHx-co-3HO-co-3HD) for the test.
PET discs without polymer coating were used as controls. The standard test is used to
evaluate and quantify the antibacterial activity of polymeric surfaces by seeding a known
amount of bacterial inoculum directly on the surface of the materials. After 24 hours of
incubation, the number of viable cells were counted using a colony forming assay and
normalised to the surface area of the material. As described in the standard procedure, the
antibacterial activity (R) was expressed as the difference between the logarithm of the
number of colony forming units present on the samples and the logarithm of the number of
colony forming units present on the control (i.e. PET). The percentage antibacterial activity
(R%) was also calculated as a % reduction of the number of microorganisms on the samples

compared to the control.

As shown in Figure 4.7, thioester-PHAS were active against S. aureus 6538P as a significant
decrease in the number of cells present on the surface of the material could be detected
(p-value<0.0001). Thioester-PHASs induced a 92% reduction of the bacterial cell count,
corresponding to an average antibacterial activity R of 1.15.

P(3HHx-c0-3HO-co-3HD) did not show any antibacterial effect against the Gram positive

bacteria. The negative average values of both R and R% for this material indicates that there
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was a slightly increase in the number of viable cells present of this surface compared to the
PET discs.

In the case of E. coli 8739, both the thioester-PHAs and P(3HHx-co-3HO-co-3HD) were not
active against the Gram negative bacteria. P(3HHx-co-3HO-co-3HD) exhibited average
values of R and R% of 0. For the thioester PHAS, a slight reduction of the bacterial cell count
was observed (R% of 10%, R of 0.05), but no significant difference was detected between
the thioester-PHA and P(3HHx-co-3HO-co-3HD).
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Figure 4.7 Antibacterial activity (R) (I1SO 22196) of P(3HHx-co-3HO-co-3HD) (grey) and thioester-
PHA (blue) against S. aureus 6538P and E. coli 8739. **** indicates statistically significant difference
between thioester-PHA and P(3HHx-co-3HO-co-3HD) against S. aureus 6538P (p-value <0.0001). There

was no statistically significant difference between the samples against E. coli 8739.

Table 4.6 Percentage antibacterial activity (R%) and Antibacterial activity (R) values of thioester- PHA
and P(3HHx-co-3HO-co0-3HD) against S. aureus 6538P and E. coli 8739.

S. aureus 6538P E.coli 8739
Sample

R R(%) R R(%)

P(3HHx-co-3HO-co-3HD) -0.02+003| -5*6 0+0.04 0+8

Thioester-PHA 1.15+0.15 92+4 | 005+01 | 9+11
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4.2.1.3.2.  Invitro cell compatibility studies

Preliminary cell viability studies were conducted culturing MC3T3-EL1 cells on the surface
of the materials for 1, 3 and 7 days. Figure 4.8 shows the cell viability of P(3HHx-co-3HO-
c0-3HD) and P(3HHx-co-3HO-co-3HD-c0-3H4ATB-co-3H6ATH) compared with the
positive control (i.e. cell cultured on TCP). For all the time points, the cell growth on both
materials was comparable to that of the positive control without statistically significant

differences.
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Figure 4.8 Cell viability study of MC3T3-EL1 cells on thioester-PHA (blue) and P(3HHx-co-3HO-co-
3HD) (grey) at day 1, 3 and 7 (n = 3). The positive control was Tissue Culture Plastic (TCP) (black).

There was no statistically significant difference between the samples (p-value > 0.5).
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4.2.2. Development of 2D antibacterial blend films

Due to the amorphous properties of thioester-PHAS, these materials were not suitable as bulk
materials for the production of scaffolds. For this reason, physical blending with P(3HHx-
c0-3HO-co-3HD) was evaluated. Solvent cast films of 5% w/v polymer solutions were
obtained with the following ratios: 100:0, 90:10, 80:20 (P(3HHx-co-3HO-co-3HD):
thioester-PHA). Samples with a concentration of thioester PHA higher than 20 were not
processable, as the films obtained were sticky and could not be removed from the glass petri
dish.

The blend films obtained were characterized in terms of thermal, mechanical, antibacterial

and biocompatibility properties.

4.2.2.1. Thermal characterization

The thermal properties of the blend films were investigated using DSC analysis and are
reported in Table 4.7. Representative thermograms of the blend films are shown in Figure
4.9.

The blend films containing 10 and 20% of thioester-PHA showed properties comparable with
the neat P(3HHx-co-3HO-co-3HD) films without any statistically significant differences. In
particular their properties were typical of mcl-PHAs showing a melting range between 40
and 60 °C and a glass transition of -44°C, indicating that the materials are in a rubbery state
at room temperature. As described in the materials and methods section 2.11.4, the enthalpy
of fusion of the blend films was normalized to mass fraction of the
P(3HHXx-c0-3HO-c0-3HD) (i.e. 1, 0.9 and 0.8 for 100:0, 90:10 and 80:20 blends). No
statistically significant differences in the normalized enthalpy of fusion could be detected
between the blend samples and P(3HHXx-co-3HO-co-3HD) films.

110



Chapter 4 — Production of thioester-PHAs and 2D inherently antibacterial films

Heat flow (nW/mg)

-50 0 50 100
Temperature (°C)

Figure 4.9 Representative DSC thermograms of P(3HHXx-co-3HO-co-3HD): thioester-PHA) blends,
100:0 (black), 90:10 (red), 80:20 (green), 0:100 (P(3HHXx-co-3HO-co-3HD): thioester-PHA). Solid lines
represent first heating (- ), while dashed lines (- -) represent second heating. Thermograms were

shifted vertically for better visibility.

Table 4.7 Thermal properties of 100:0, 90:10, 80:20, 0:100 (P(3HHx-co-3HO-co0-3HD): thioester-PHA)
P(3HHXx-c0-3HO-c0-3HD) and thioester-PHA blends. Tm is the melting peak, Tgis the glass transition
temperature, AH™ is the enthalpy of fusion normalized to the mass fraction of P(3HHx-co-3HO-co-

3HD). The results are expressed as average + standard deviation (n=3).

Melting
1 Ty AH
Polymer range
C) | (C) | (9)
(°C)

P(3HHx-c0-3HO-c0-3HD) 40-60 91+2 | -41+1|15+2

90:10 40-60 b3+1|-45+1|17+2
80:20 40-60 53+3|-44+3|18+1
Thioester - PHA n.d. nd. |-32+1| n.d.
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4.2.2.2. Mechanical characterization

The mechanical properties of the blend films were assessed by tensile testing of the films and

are reported in Table 4.8.

The control samples P(3HHXx-co-3HO-co-3HD) (100:0) showed a typical elastomeric
behaviour of mcl-PHAs, with an average elastic modulus of 2.8 MPa, ultimate tensile
strength of 3.1 MPa and an elongation at break of 325%.

Both blend films 90:10 and 80:20 still showed an elastomeric behaviour, as expected. In
particular, the samples containing 10% w/w of thioester PHAs did not show significantly
different properties compared to the control material for all the parameters evaluated
(p-value>0.05). On the contrary, blend films containing 20% wi/w of thioester PHAs induced

a significant increase of the elongation at break (average value of 392%, p-value < 0.05).

Table 4.8 Mechanical properties of 100:0, 90:10, 80:20 (P(3HHx-co-3HO-co-3HD): thioester-PHA)
P(3HHXx-c0-3HO-co0-3HD) and thioester-PHA blends E is the Young’s modulus, £y is the ultimate tensile

strength and ou is the elongation at break. The results are expressed as average + standard deviation

(n=3)

PHA E [MPa] | ou [MPa] | &u[%]
P(8HHx-c0-3HO-co-3HD) | 2.8+1 | 3.1+0.5 |325+40
90:10 25+05| 35+2 | 345425
80:20 3.1+15 3+2 392 £ 16
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4.2.2.3. Biological characterization

4.2.2.3.1. Antibacterial properties

The antibacterial properties of the blend films against S. aureus 6538P were investigated
using the ISO 22196 as described in the previous section and the results are shown in
Figure 4.10 and Table 4.9. The control was neat P(3HHXx-co-3HO-co-3HD) (i.e. 100:0
blend).

Blends with 10% of the thioester-PHA showed a low average reduction of the bacterial cell
count (R%) of 13%, corresponding to an average R value lower than 0.1. However, no
statistically significant differences were detected between the 100:0 blends and 90:10 blends.
A higher activity was detected for blends with 20% of thioester-PHA, inducing an average
71% reduction of the number of cells growing on the surface of the material (average R value
of 0.56). This value was statistically higher than both 100:0 (p-value<0.01) and 90:10
(p-value<0.05) blends.

0.8
0.6
0.4
0.2

0 i &

L

Antibacterial activity (R)

-0.2
100:0 90:10 80:20

Figure 4.10 Antibacterial activity (R) (1SO 22196) of 100:0 (grey), 90:10 (green), 80:20 (red) (P(3HHx-
€0-3HO-co0-3HD): thioester-PHA) P(3HHXx-co-3HO-co-3HD) and thioester-PHA blend films against S.
aureus 6538P (n=3). "indicates significant difference between of 80:20 P(S3HHx-co-3HO-co-
3HD)/Thioester-PHA and 100:0 P(3HHXx-co-3HO-co-3HD)/Thioester-PHA samples (p-value<0.01). #
indicates statistically significant difference between of 80:20 P(3HHx-co-3HO-co-3HD)/Thioester-PHA
and 90:10 P(3HHx-co-3HO-co-3HD)/Thioester-PHA samples (p-value<0.05).
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Table 4.9 Percentage antibacterial activity (R%) and Antibacterial activity (R) values of 100:0, 90:10,
80:20 (P(3HHx-c0-3HO-c0-3HD): thioester-PHA) P(3HHx-co-3HO-co-3HD) and thioester-PHA blends
against S. aureus 6538P.

S. aureus 6538P
Sample
R R (%)
100:0 0+0.03 0+6
90:10 0.07+£0.1 13+ 16
80:20 0.56+0.2 71+14

4.2.2.3.2. Invitro cell compatibility studies

The direct biocompatibility of the 2D antibacterial blend films of thioester-PHA and were
investigated using MC3T3-E1 cell line (Figure 4.11). The cells were seeded on top of the
samples for 1,3, and 7 days and the cell viability was compared with the positive control

(Tissue culture plate, TCP).

In the case of the blend film with 10% of thioester-PHA, no statistically significant difference

was evidenced between the samples and the positive control for all the time points evaluated.

At day 1, the blend with 20% of thioester showed a lower cell viability compared to the
positive control, showing an average cell viability of 81% (p-value<0.001). The
compatibility of the blend samples increased over time. At day 1 and day 7 no significance
difference was detected between the blend film and the positive control (average cell viability
of 94% and 103% respectively). Moreover, the cell viability of the samples at day 1 was
significantly higher than at day 3 (p-value<0.001) and the cell viability at day 7 was
significantly higher than at day 3 (p-value<0.01).
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Figure 4.11 Cell viability studies of MC3T3-E1 cells seeded on 90:10 (green) and 80:20 (red) (P(3HHx-
c0-3HO-c0-3HD): thioester-PHA) blend films at day 1,3 and 7 (n = 3). The positive control was Tissue
Culture Plastic (TCP) (black). ™ indicates statistically significant difference between 80:20 P(3HHXx-
c0-3HO-co-3HD)/Thioester-PHA and the positive control (p-value<0.0001) at day 1. #* indicates
statistically significant difference of 80:20 P(3HHx-co-3HO-co-3HD):thioester-PHA between day 1 and
day3 (p-value<0.001). ** indicates statistically significant difference of 80:20 P(3HHx-co-3HO-co-
3HD)/Thioester-PHA between day 3 and day 7 (p-value<0.01).

The morphology, adhesion and proliferation of the MC3TC-E1 cells on the blend samples at
day 1 and day 3 was investigated using SEM imaging.

Figure 4.12 shows that at day 1 the cells were able to attach on the surface of both 90:10 and
80:20 (P(3HHx-c0-3HO-co0-3HD): thioester-PHA) blend films. The cells showed a triangular
and elongated shape with filopodia typical of the MC3T3-E1 cell line (Gong et al., 2013). At
day 7, a continuous monolayer could be detected, showing that the cells were able to grow
and proliferate on the surface of both materials. These qualitative results were also a

confirmation of the cell viability data.

115



Chapter 4 — Production of thioester-PHAs and 2D inherently antibacterial films

90:10 80:20

Day 1

ey

Day 7

100 ym ]

Figure 4.12 SEM images of MC3T3-EL1 cells seeded on 90:10 and 80:20 (P(3HHx-co-3HO-co-3HD):
thioester-PHA)blend films at day 1 and day 7.

4.3. Discussion

In this chapter the production of inherently active antibacterial polyhydroxyalkanoates was
investigated and the polymers obtained were completely characterized in terms of physical,

chemical and thermal properties.

Co-metabolism strategies have been employed to obtained PHAs with tailored functional
groups. Cofeeding strategies are required as the carbon sources utilized can be divided into
two categories. The “good” substrates are able to favour both growth of the bacteria and
polymer accumulation, “poor” substrates are able to support growth but not PHAs
accumulation or cannot support both growth and polymer accumulation (Lenz et al., 1992;
Scholz et al., 1994; Kim et al., 2000). Therefore, when a “poor” substrate is required to obtain
a polyester with a specific composition, mixtures with “good” substrates have to be
employed. For example, in order to produce copolymers of poly(3-hydroxybutyrate- co-
hydroxyvalerate), P(3HB-co-3HV), propionic acid or alternative propionogenic compounds
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are required, which however significantly hinder bacterial growth at low concentrations. For
this reason cofeeding with for instance glucose has been investigated to obtain such PHAS
(Hazer and Steinbuchel, 2007; Ramsay et al., 1990). For mcl-PHAsS, P. oleovorans 2937 has
been investigated for the production of PHASs incorporating several functional groups, such
as aromatic groups or methyl branched or phenoxy groups, through the use of cofeeding
strategies with fatty acid (i.e. nonanoic or octanoic acid) to support and enhance bacterial
growth (Scholz et al., 1994; Curley et al., 1996; Kim et al., 1996).

In this chapter, a cofeeding strategy was employed to obtain PHAS containing thioester
groups in the side chains, following an optimized protocol by Escapa et al., 2011. The
compound selected possessing the desired functional groups, 6 acetylthiohexanoic acid, can
be in fact categorized as a poor substrate as it cannot support bacterial growth. By mixing it
with decanoic acid, P. putida KT2442 was able to grow and accumulate PHAs with a final
polymer yield of 24% dcw and a biomass concentration of 0.5 g/L.

Even though cofeeding approaches have been greatly investigated to obtain mcl-PHAs with
novel functional groups, the molecular mechanism behind the use of such strategies has not
been fully elucidated. Recently the use of fatty acids as the good substrates for co-metabolism
strategies in P. putida strains has been attributed to the role of PhaD protein, which acts as a
transcription factor for the expression of phasins, proteins that are involved in the formation
of PHA inclusions (Sandoval et al., 2007; Sudesh et al., 2000). The PhaD protein has been
shown to regulate the pha cluster (i.e. the group of genes involved in the expression of
proteins involved in PHA metabolism) and its activation has been described to be induced
by the presence of intermediates of the B-oxidation pathway (pathway used in the presence
of fatty acid) (De Eugenio et al., 2010; Tortajada et al., 2013). De Eugenio et al. showed in
fact a significant decrease of PHAs accumulation when a mutant strain of P. putida lacking
the gene phaD (encoding for PhaD protein) was grown in the presence of octanoic acid
compared to the wild type strain (18%dcw vs 70%dcw). Moreover, an increased transcription
level of the genes encoding for crucial proteins for PHA accumulation were significantly
higher in the presence of octanoic acid compared to glucose ( i.e. structurally unrelated
carbon source) (De Eugenio et al., 2010). Thus, the role of the PhaD protein also supports
the lower productivity of Pseudomonas sp. when cultured using structurally unrelated carbon
sources (e.g. glucose) as in this case the pha cluster would be activated due to the basal
activity of pha promoters (Tortajada et al., 2013; De Eugenio et al., 2010; Prieto et al., 2016).
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The polymer produced was characterized in terms of physical, chemical and thermal
properties and compared to the PHAS obtained using control conditions (i.e. decanoic acid
as the only carbon source with equimolar carbon concentration).
Preliminary characterization of the materials produced was conducted through FT-IR
analysis. The polymer obtained with the co-feeding experiment showed an extra peak at
1690 cm™t in addition to the two typical peaks of mcl-PHAs (1735 cm for the carbonyl group
and 2930 cm for the aliphatic groups). This peak is associated with the stretching of the
carbonyl group of the thioester bond and has been firstly identified by Liitke-Eversloh et al..
In their work they identified a new class of PHAs containing thioester bonds in the main
chain in the form of 3-mercaptopropionate (3MP), 3-mercaptobutyrate (3MB) or 3-
mercaptovalerate (3MV), which were incorporated as copolymers with 3-hydroxybutyrate
(3HB). Therefore, the FT-IR confirmed that the polymer produced by P. putida KT2442 is a
polyester containing thioester bonds.
The characterization of the monomeric composition of the materials produced was conducted
through GC-MS and NMR analysis. When P. putida KT2442 was cultured in control
conditions, using only decanoic acid as the carbon source, 3 monomeric units were detected,
3HHXx (7 mol%), 3HO (64 mol%), 3HD (29 mol%). A similar composition was obtained by
Ouyang et al. by culturing P. putida KT2440 in decanoic acid (3HHx 16 mol%, 3HO 54
mol% and 3HD 28 mol%). As described in the discussion session of Chapter 3, in the
presence of structurally related carbon sources the B-oxidation pathway is involved in the
polymer production and the structure of PHA produced is closely linked to the one of the
carbon source employed. The longest monomer unit (in this case 3 -hydroxydecanoate)
corresponds to the length of the carbon compound used as the substrate (decanoic acid, 10
carbon atoms). Moreover, the length of the other monomeric units present (3-
hydrohyhexanoate, six carbons and 3-hydroxyoctanoate, eight carbons) are obtained by
decreasing the number of carbon atoms of the substrate (ten carbon atoms) by 2 (or multiple
of 2), as during each cycle of the B-oxidation pathway the fatty acids are shortened by 2
carbon atoms (Sudesh et al., 2000; Madison and Huisman, 1999; Ciesielski et al., 2015).
Finally, the high content of 3HO and 3HD is due to the high specificity of the enzyme
involved in the PHA polymerization (i.e. PHA synthase) for 3-hydroxyanoyl-CoA precursor
containing eight or ten carbon atoms (i.e. 3-hydroxyoctanoyl-CoA and 3-hydroxydecanoy|-
CoA) (Ashby and Foglia, 1998). The same considerations on the molecular composition
apply to the polymer obtained using the co-feeding experiment. In particular, due to the
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presence of 6-acetylthiohexanoic acid the polyester obtained was characterised by two extra
monomeric units, 3-hydroxy-6-acetylthiohexanoate (32.5 mol%) and 3-hydroxy-4-
acetylthiobutanoate (13 mol%). As expected the former showed the same chemical structure
of the carbon source utilized and the latter was shortened by 2 carbon atoms due to the
inherent mechanism of the B-oxidation pathway (Sudesh et al., 2000; Ashby and Foglia,
1998).

As regards the thermal properties of the material, P(3HHXx-co-3HO-co-3HD) showed typical
features of an mcl-PHAs with a melting temperature range between 40-60 °C and a low glass
transition of -41°C. On the contrary, the thioester PHAs did not show a melting peak and
possessed a glass transition of -32 °C. These results indicate that the thioester copolymer
produced was completely amorphous as the presence of thioester groups hindered the
formation of crystalline regions in the polymer. This behaviour is known in literature and is
usually found in PHAs containing a high amount of long polymeric chains or due to the
presence of unusual functional groups in their side chains, such us phenoxy, methylphenoxy,
nitrophenyl and thiophenoxy groups (Basnett, et al., 2017b; Muangwong et al., 2016; Takagi
et al., 1999; Arostegui et al., 1999; Kim et al., 2000, 1996). In this case the presence of

thioester groups hinders the arrangement of the polymer into organized structures.

The antibacterial properties of the produced polymers were investigated using a standard ISO
test (ISO 22196), a direct contact method largely used for the quantification of the
antimicrobial activity of materials (Molling et al., 2014). The test evaluates the reduction in
the number of viable bacterial cells after their incubation on the surface of the material for
24h. Among the bacteria suggested in the ISO, S. aureus 6538P and E. coli 8739 were chosen
as examples of Gram positive and Gram negative bacteria. The thioester- PHAs showed an
antibacterial effect against S. aureus 6538P, inducing a 91% reduction of the bacteria cell
count. On the contrary, no significant efficacy could be detected against E. coli 8739. The
activity of the polymer is most probably related to the presence of thioester groups in the
polymer as P(3HHXx-co-3HO-co-3HD) was inactive against S. aureus 6538P. These results
confirmed that thioester-PHAs can be considered as inherently antibacterial polymers
possessing a biocidal mode of action on contact. However, the mechanism behind the
antimicrobial activity of thioester groups has not yet been determined. To date in literature
no other polymers containing thioester groups have been studied for antibacterial properties.

Recently, chitosan functionalized with thiol-alkyl chains showed higher antimicrobial
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activity compared to normal chitosan. The higher efficiency was hypothesized to be related
to hydrophobic interaction of the alkyl chains with the bacterial cell wall components and a
reaction of the thiol-groups with cysteine residues (Croce et al., 2016; Borsagli et al., 2019;
Dragostin et al., 2016).

The higher selective towards Gram positive bacteria compared to Gram negative bacteria has
been evidenced for many antimicrobial polymers that exert their activity through the
interaction and disruption of the bacterial cell membrane (Mufioz-Bonilla and Fernandez-
Garcia, 2012; Timofeeva and Kleshcheva, 2011). This is due to the fact that Gram negative
bacteria possess a more complex cell membrane as they present an additional layer composed
of lipopolysaccharides and phospholipids compared to Gram positive ones. This extra layer
acts as a barrier against harmful molecules (Ghai and Ghai, 2018; Choi and Lee, 2019; Miller,
2016). The presence of long alkyl chains in the polyhydroxyalkanoates could also participate
in the antibacterial activity of the material. Many antimicrobial polymers possess in fact
cationic groups conjugated with hydrophobic alkyl chains or a random distribution of
cationic side groups and hydrophobic chains (Palermo et al., 2019; Timofeeva and
Kleshcheva, 2011; Nigmatullin and Gao, 2012). Their mechanism of action is generally
considered to be characterized by binding of the positive moieties to the bacterial cell
membrane through electrostatic interactions causing disruption, followed by penetration of
the hydrophobic alkyl chains inside the hydrophobic cell wall, inducing permeabilization and
cellular death (Ergene et al., 2018; Kuroda et al., 2009; Palermo et al., 2019). Nevertheless,
in depth studies need to be conducted to gain insight into the mode of operation of the

produced thioester-PHAs.

Limited work has been conducted in literature regarding the application of thioester-PHAS
as materials in the medical field. Dinjaski et al. performed preliminary biocompatibility
studies of the material applied in the form of coatings on PET disks using BALB 3T3
fibroblasts, showing that the polymer does not show any detrimental effect against these
mammalian cell lines. The materials were also implanted in vivo subcutaneously in mice,
inducing low inflammation and still possessing antibacterial activity (Dinjaski et al., 2014).
In this study the possibility of applying thioester-PHAs in bone tissue engineering
applications was evaluated. Preliminary direct biocompatibility studies were performed
seeding MC3T3-E1 cells on the surface of PET samples coated with the inherently
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antibacterial material. The results show that the thioester-PHAs possessed good
cytocompatibility towards the MC3T3-EL1 cell line.
To further expand the application of thioester-PHAs in tissue engineering, blending with
P(3HHXx-co-3HO-c0-3HD) was carried out to develop materials that could be used as bulk
components for the production of scaffolds. The amorphous nature of such inherently
antibacterial polymer combined with the low glass transition (below zero degrees) limit its
use to the production of antimicrobial coatings or adhesives. Physical blending is an easy and
simple technique that has been extensively investigating in literature to combine materials
properties, merging the advantages of each single components and overcoming their
limitations. In this case, P(3HHx-co-3HO-co-3HD) conferred mechanical properties and
processability to the final material while thioester-PHAS introduced antibacterial features.
Blend films with a ratio of 90:10 and 80:20 (P(3HHXx-co-3HO-co-3HD): thioester-PHA)
were obtained through solvent casting technique in chloroform and the samples were
characterized in terms of thermal, mechanical and biological properties. Films with a higher
content of thioester-PHA (70:30, P(3HHx-co-3HO-co-3HD): thioester-PHA) could not be
processed as the resulting sample were difficult to handle.
When mixing two polymers, three different systems can be obtained: miscible, partially
miscible or immiscible. Analysis of the glass transition of the final system is used as one of
the main tools to determine the state achieved. If one single T4 with a value intermediate
between the two components is obtained the system is considered miscible. If two Tgs are
obtained each corresponding to the one of the components, the system is immiscible. When
two Tgs are evidenced with intermediate values, the two material are considered partially
miscible (Runt and Huang, 2002; Sarath et al., 2014; Niaounakis, 2015). In this study, one
Tg was detected in the blend films containing 10 and 20 % of thioester-PHA, indicating that
a miscible system was obtained. Several studies have analysed the possibility of blending
different types of PHAs. When mixing mcl and scl-PHAs an immiscible system was
obtained. Dufresne and Vincendon, and Lizarraga-Valderrama et al. produced blends of
P(3HB) and P(3HO) with a range from 100:0 (pure P(3HB)) to 0:100 (pure P(3HO)).
Thermal analysis of all the samples showed the presence of two T4s corresponding to the
ones of the single polymers, confirming that a biphasic system was obtained (Dufresne and
Vincendon, 2000; Lizarraga-Valderrama et al., 2015). Conversely, miscible systems were
obtained by combining P(3HB) with a hydrolysed low molecular weight amorphous mcl-
PHA with a ratio of 80:20 (P(3HB): oligo mcl-PHA). The additive acted as a plasticiser
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decreasing the crystallinity of the films and increasing their flexibility and ductility
(Lukasiewicz et al., 2018). Blending of two scl-PHAs has been shown to produce miscible
systems (Chen and Luo, 2009). The miscibility of P(3HB) with P(3HB-co-3HV) depended
on the monomeric content of 3-hydroxyvalerate. Copolymers containing a low amount of
3HV (<30%) showed compatibility with P(3HB) due to the similarity of their crystalline
structure and crystallinity rate, inducing co-crystallization. Whilst a high content of 3HV led
to immiscible systems and phase separation (Yoshie et al., 1996; Saito et al., 2001). Zheng
et al. investigated blending of P(3HB) with P(3HB-co-3HHXx) (with a 12 mol% of 3-
hydroxyhexanoate) with a range of concentrations from 0 to 100%. All the compositions
investigated resulted in miscible systems with a single Tqwhich decreased with increasing
concentration of P(3HB-3HHXx) (Zheng et al., 2005). However, to date, no detailed
investigations have been conducted on blends of mcl-PHAs. Therefore, further studies should
be conducted to investigate the possible systems formed by such materials.
The influence of the incorporation of thioester-PHAs on the mechanical properties of the
developed materials was investigated. The data obtained revealed that the blend films
possessed an elastomeric behaviour comparable with the neat film (100:0 P(3HHXx-co-3HO-
co-3HD): thioester-PHA). In particular, the materials showed an average elastic modulus of
3 MPa and high elongation at break (>300%) which is typical of mcl-PHASs, with similar
values to the one described in literature (Zinn and Hany, 2005; Jiang et al., 2012). The
presence of the thioester-PHASs did not significantly change the mechanical properties of the
film. From literature it is known that the mechanical properties of blends are influenced by
the ratio of the two polymers utilised (Utracki and Wilkie, 2014; Chen and Luo, 2009). For
instance, Zhao et al showed that the mechanical properties of blend films of P(3HB) and
P(3HB-c0-3HHXx) remained unchanged when 20% of P(3HB-co-3HHXx) was used, while
significant differences could be detected with higher concentrations (namely lower elastic
modulus and higher elongation at break) (Zhao et al., 2003). In this study, the materials with
a higher concentration of thioester (i.e. 30%) were not handleable, while the two
compositions developed could be processed and tested. On the contrary, other reports showed
that the mechanical features of PHA-based blend films could be influenced with the use of
low amounts of the minor constituent of the blend system (<30%). Lukasiewicz et al.
evidenced higher elongation at break and lower elastic modulus for 90:10 and 80:20 P(3HB):
oligo mcl-PHA blends compared to P(3HB). A similar behaviour was obtained by Lizarraga-
Valderrama et al. when mixing P(3HB) with P(3HO) in a ratio of 75:25. In both studies
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however, the changes in mechanical properties were correlated with a decreased in the
enthalpy of fusion (and thereby of the degree of crystallinity) of the polymeric samples
(Lizarraga-Valderrama et al., 2015; Lukasiewicz et al., 2018). In this study instead no

significant change in the enthalpy of fusion of the samples could be detected.

To evaluate whether the blend films still preserved antibacterial properties, the quantitative
standard ISO (ISO 22196) was performed. The study was conducted using S. aureus 6538P
as the thioester-PHAs only showed a bactericidal activity against this bacterial strain. The
antibacterial efficacy was dependent on the concentration of the inherently antibacterial
material. Blend films with a low content of antimicrobial additive did not show a statistically
significant activity. Blends with a higher content of thioester-PHAs (80:20) resulted ina 77%
reduction in the number of bacteria.

Finally, in vitro biocompatibility studies were performed by seeding the MC3T3-EL1 cells on
the surface of blend materials for 1, 3 and 7 days. The sample with the lower content of
thioester PHAs showed good cell viability for all the time points evaluated. The 80:20 blend
films showed a reduction of the cell viability at day 1 compared to the positive control (tissue
culture plastic). However, the average viability value for the samples was 81%, higher than
70%, the threshold value for a material to be considered biocompatible according to 1SO
10993-5:2009 for the Biological Evaluation of Medical Devices. Moreover, at day 7 no
statistically significant difference was detected between the sample and the control,
indicating that the blend films were able to favour the attachment and growth of the
preosteoblastic cells. In particular, SEM analysis confirmed such results, showing the
formation of a continuous layer on the surfaces of the 2D inherently antibacterial blend films
after 7 days.

In conclusion, these preliminary in vitro results show the potential of the 80:20 blend films
of the thioester-PHAs and P(3HHXx-co-3HO-co-3HD) as material for the development of

biocompatible and inherently antibacterial scaffolds for bone regeneration.
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4.4. Conclusions

In this chapter, inherently antibacterial PHAs, thioester-PHAS, were successfully produced
through bacterial fermentation by P. putida KT2442 using decanoic acid and
6-acetylthiohexanoic acid as carbon sources. The material was completely characterized in
terms of physical, chemical and thermal properties. The antibacterial properties of the
produced polymer were evaluated using I1ISO 22196 against different bacterial strains.
Thioester-PHAs exhibited antibacterial activity against S. aureus 6538P, showing a decrease
in the number of cells growing on the surface of the material. This activity was most likely
due to the presence of thioester groups in the polymer as the polymer obtained from the
control condition was inactive against S. aureus 6532P. Moreover, the material exhibited
good cytocompatibility towards MC3T3-EL1 cells, showing potential for its use in bone tissue
regeneration. Physical blending of thioester-PHAs and P(3HHx-co-3HO-co-3HD) (i.e.
polymer obtained using control conditions) was investigated to broaden the medical
applications of such amorphous inherently antibacterial materials. A composition of 80:20
(P(3HHx-c0-3HO-co0-3HD): thioester-PHA) was found to be optimal for the achievement of
miscible, handleable and processable materials possessing antibacterial and biocompatibility

properties.
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Chapter 5

Development of novel 2D composite

antibacterial structures

5.1. Introduction

Composite materials are being widely investigated in literature due to the possibility of
obtaining novel structures with superior properties by combining the advantageous features
of two or more compounds. The use of composite materials can be beneficial to improve the
mechanical properties, the processability and the degradability of the final scaffold.
Moreover, a combination of different compounds allows to create a structure that can better
mimic the complex architecture of human tissues. This is particularly important in bone
regeneration. Bone is indeed intrinsically a heterogeneous composite material composed of
cells, an organic phase (the extra cellular matrix containing mainly collagen fibrils), an
inorganic phase (mainly hydroxyapatite) and water (Chocholata et al., 2019; Qu et al., 2019;
Clarke, 2008). Therefore, it is not surprising that in the last decades composite scaffolds have
attracted great attention for bone tissue engineering applications (Rezwan et al., 2006; Lei et
al., 2019). In particular, the most studied combination involves the use of polymers to provide
elasticity and biodegradability, mimicking the role of the extracellular matrix, and ceramic
to increase the mechanical strength and improve the interactions between the tissue and the
final constructs (Kashirina et al., 2019; Hajiali et al., 2018).

Hydroxyapatite, Caio(PO4)s(OH)2, is the main ceramic material used in the fabrication of
composite scaffolds for bone regeneration as its chemical and crystal structure closely
resembles that of natural hydroxyapatite (Kaur et al., 2019a). This material has shown good
biocompatibility, not-toxicity, osteoconductive properties, described as the ability to induce
bone growth on the scaffold surface, and osteointegration, which refers to the formation of a

stable anchorage between the bone and the constructs (Garcia-Gareta et al., 2015).
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Moreover, the compressive strength of hydroxyapatite is similar to that of native bone, but
the material possesses a brittle nature with low fracture toughness, limiting its use in load-
bearing application and requiring its combination with polymeric materials (Rezwan et al.,
2006; Chocholata et al., 2019). Another advantage of hydroxyapatite is that its crystalline
structure can allow ion substitutions, meaning that the hydroxyl, phosphate and calcium ions
can be substituted by ions of similar size and charge (Supova, 2015; Li, 2017). Such ion
exchange can be usually obtained either by co-precipitation methods, based on the addition
of the metal ions before the hydroxyapatite formation, or by ion exchange mechanisms,
where the ions are added after the hydroxyapatite has been produced (Li, 2017). The
production of substituted hydroxyapatite has been studied to obtain a structure which
resembles better the physiological composition of the bone, which is characterized by the
presence of traces of several ions (K*, Na', CI, F, Fe?*, Zn?*, Sr**, Mg? SiOs*, |
CO3%) (Ratnayake et al., 2017; Kolmas et al., 2014b). Moreover, the introduction of
additional ions, defined as therapeutic ions (TIs), has emerged as an alternative to the use of
bone morphogenetic proteins (BMPs) to introduce osteoinductive properties in the material.
Tls offer the advantages of being less expensive and more stable than BMPs. Moreover, in
addition to osteoinduction, the incorporation of Tls has been used to enhance the existing
properties of the material (e.g. mechanical characteristics through the use of Sr*and Mg )
or introduce novel features (e.g. antibacterial properties with the use of Ag*, Cu?") (Mourifio
et al., 2012; Hoppe et al., 2013). In this study, a novel co-substituted hydroxyapatite was
used, characterized by the introduction of strontium (Sr?*) and selenite (SeOs?") ions by a
wet-coprecipitation method. The presence of such ions should confer to the material both
osteoinductive and antibacterial properties. Strontium ions are one of the trace elements of
the bone that has been studied due to its pivotal role in bone mineralization. Strontium has
attracted attention in the latest years due to it is effect on bone cells. Strontium has been
shown to elicit a bone remodelling effect through the increase of osteoblast activity inducing
bone formation and the reduction of osteoblast proliferation and activity, therefore reducing
bone reabsorption (Pors-Nielsen, 2004; Ratnayake et al., 2017). For this reason, since 2004
a drug containing strontium, strontium ranelate, has been administered in Europe as a
treatment for osteoporosis (Glenske et al., 2018). The mechanism of action of this metal ion
is related to its similarity with calcium which allows it to bind to calcium receptors present
on the membrane of both osteoclasts and osteoblasts (Glenske et al., 2018; Querido et al.,
2016). In the latter its binding to proteins induces the activation of signalling pathways that
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lead to the enhancement of osteoblast proliferation, differentiation and activity.
Simultaneously, such activation leads to the production of a glycoprotein (osteoprotegerin)
which is able to inhibit the binding of a receptor activator of nuclear factor-xB ligand
(RANKL) with the RANK receptor, suppressing osteoclast differentiation and activity
(Boyce and Xing, 2007). In addition, the direct binding of strontium on the osteoclasts
calcium receptors has been shown to induce cell apoptosis and therefore contributes to the
reduction of bone resorption (Glenske et al., 2018; Querido et al., 2016). Thanks to these
properties, strontium has been incorporated into a range of materials for bone regeneration,
such us titanium implant coatings, bone cements and synthetic hydroxyapatite (Wong et al.,
2004; Capuccini et al., 2008; Ravi et al., 2012; Jiménez et al., 2019).

Selenium is considered as one of the essential trace elements for the human body. Selenium
deficiency has been associated with two diseases, the Keshan illness, which affects the heart
in children, and the Kashin-Beck syndrome, which is a type of osteochondropathy
characterized by cartilage and long bone degeneration (Moreno-Reyes et al., 2001,
Rodriguez-Valencia et al., 2013). Selenium plays a crucial role in the human body through
its incorporation in selenoproteins, which are proteins that possess in their active site a
selenocysteine amino acid residue. Among this class of enzymes, one family, the glutathione
peroxidase is particularly important due to its antioxidant role in the human body, protecting
against oxidative stress (Ellwanger et al., 2016). Such proteins catalyse the reduction of
peroxides (i.e. hydrogen peroxide, and lipid and phospholipid hydroperoxides), reducing the
formation of free radicals and reactive oxygen species, which can cause cell damage affecting
membrane, lipids, phospholipids and DNA (Holben and Smith, 1999; Rayman, 2000).
Selenium has also been linked with anticancer activity even though its mechanism of action
is still not clear. It has been hypothesised that a number of pathways are involved including
but not limiting to antioxidation effect (Wrobel et al., 2016; Drake, 2006). This latter effect
has been in fact ascribed to the capability of selenium to enhance cancer prevention, but it
does not explain the anticancer effect that has been evidenced at high concentrations,
exceeding the dosage that allows maximum expression of selenoproteins (Wrobel et al.,
2016). At these concentrations selenium has been associated with pro-oxidant activity,
resulting in the formation of ROS species due to its metabolism inside the human body. To
be incorporated into selenoproteins in fact hydrogen selenide (HSe”) and methyl selenol

(CHsSe") intermediate metabolites are obtained by inorganic and organic selenium containing
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compounds respectively. In the presence of low concentrations of Se, such metabolites will
be converted into selenoproteins with an antioxidant effect. On the other hand, once a
saturation level of synthesis of such antioxidant proteins has been reached, the presence of
greater levels of selenium leads to a high accumulation of such metabolites which are highly
redox reactive and are able to generate superoxide and hydrogen peroxide upon reaction with
and oxidation of thiols (Misra et al., 2015; Collery, 2018; Lee and Jeong, 2012). Moreover,
selenium can interact with free thiols of enzymes or low molecular compounds, inducing
thiol oxidation or formation of inter-molecular bonds (e.g. selenotrisulphide bonds (S-Se-
S), selenenylsulphide bonds (Se-S), and diselenide bonds (Se-Se)). This can cause
inactivation of the active site of critical enzymes or lead to protein unfolding and loss of
biological activity (Gandin et al., 2018; Fernandes and Gandin, 2015). Several studies have
shown that selenium doped materials (e.g hydroxyapatite) induced apoptosis of bone cancer
cells in vitro and inhibits the growth of bone tumours in vivo (Yanhua et al., 2016; He et al.,
2019; Wang et al., 2012). The selectivity towards cancer cells has been linked to the fact that
high levels of ROS are present in such cells due to their abnormal metabolism, especially in
early stages of tumour, which leads to a high expression of antioxidant activity. Such a
condition might leave these cells to be more sensitive to an increase in the levels of ROS,
inducing cell death. On the contrary, healthy cells are usually characterized by low levels of
ROS and can counterbalance an increment by upregulating antioxidant systems. Therefore,
a system that induces an increment of ROS necessary to kill cancer cells but still not harmful
for healthy cells might represent an effective anticancer therapy (Gorrini et al., 2013; Gandin
et al., 2018). Finally, recently selenium has been shown to possess an antibacterial activity
against a range of bacteria (Huang et al., 2016b; Medina Cruz et al., 2018; Nguyen et al.,
2017). Even though the mechanism of action has not been fully elucidated, it has been
attributed to the same principles of the anticancer activity, the induction of oxidative stress
by the generation of ROS species and the depletion of thiol groups, inducing membrane and
cell wall damage as well as permanent changes in cell components leading to bacterial death
(Kolmas et al., 2014b; Huang et al., 2019).

In this chapter, the development of novel antibacterial composite 2D structures was
investigated by the combination of PHAs with a novel hydroxyapatite. The hydroxyapatite
was developed by Dr. Muhammad Magbool (Early stage researcher of the Marie Curie
HyMedPoly project) and it is characterized by a co-substitution of selenium and strontium
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ions. The presence of such ions should confer to the material both osteoinductive and
antibacterial properties. Two of the three PHAs produced were selected as bulk materials (as
discussed in the Discussion section of Chapter 3): one scl-PHA and one mcl-PHA. P(3HB)
was selected as it is an scl-PHA commonly used for bone applications due to it is mechanical
properties. For the mcl-PHAs, P(3HO-co-3HD-co-3HDD) was selected over P(3HO-co-HD)
due to its higher polymer yield as the two materials showed comparable physical, mechanical
and biocompatibility properties.

Firstly, preliminary in vitro characterization of the novel hydroxyapatite was conducted
through MIC and MBC tests. Then the effect of the combination of Se-Sr-HA with the two
different PHAs in the form of 2D films on their physical, thermal and mechanical properties
was reported. Finally, the antibacterial properties of the produced materials against both S.
aureus 6538P and E. coli 8739 were investigated using both a direct contact (ISO 22196) and

an indirect (antibacterial ion release) test.

5.2. Results

5.2.1. Antibacterial properties of Se-Sr-HA

Preliminary in vitro characterization of the antibacterial properties of the novel Se-Sr-HA
was conducted following the ISO 20776. Such standard procedure allows to determine the
minimal inhibitory concentration (MIC) and the minimal bactericidal concentration (MBC)
of a compound through the broth dilution test. The material activity was tested against
S. aureus 6538P and E. coli 8739, chosen as examples of Gram positive and Gram negative
bacteria as specified in the ISO 22196 used for the characterization of antibacterial plastics.
Briefly, the material in form of powder was suspended in Mueller Hinton broth to obtain a
series of concentrations between 5 to 100 mg/mL and plated in 96 multi-well plates. Each
well was then inoculated with a final microbial suspension adjusted to 5x1075 and incubated
at 37°C for 24 hours at 100 rpm. The test was performed in triplicates. After the incubation
time the optical density was measured at 600 nm and the MIC was determined as the lowest
concentration of an antimicrobial agent that inhibits the visible growth of the bacteria
analysed.

Figure 5.1 a and b show the variation of the optical density as a function of the Se-Sr-HA

concentration against S. aureus 6538P and E. coli 8739 respectively. In both curves a similar
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trend could be detected characterized by the inhibition of bacterial growth with increasing
concentration of Se-Sr-HA. The MIC against S. aureus 6538P was 40 mg/mL, while the
value for E. coli 8739 was 60 mg/mL.

Following the MIC test, the entire volume of the well containing the concentration of
Se-Sr-HA identified as the MIC and of the wells with a concentration higher than the MIC
were removed and spreaded onto agar plates to determine the MBC. The plates were
incubated 37°C for 24 hours. The MBC was determined as the lowest concentration of
compound that induced 99.9% killing of the bacteria, corresponding to a visible reduction in
the bacterial growth compared to the control conditions. Figure 5.2 a and b show the agar
plates for both bacteria for the wells with concentration between 40 and 100 mg/mL for S.
aureus 6538P and between 60 and 100 mg/mL E. coli 8739. In both cases, a uniform layer

of bacteria could still be detected even at the highest concentrations tested (100 mg/mL).
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Figure 5.1 Variations of the ODsoo 0f &) S. aureus 6538P and B) E. coli 8739 with the increase in the
concentration of Se-Sr-HA powders (5 mg/mL-100 mg/mL). The Minimal Inhibitory Concentration
(MIC) was determined as the lowest concentration of Se-Sr-HA that inhibits the visible growth of the
bacteria analysed (ODsoo lower than 0.1). The MIC against S. aureus 6538P was 40 mg/mL, while the

value for E. coli 8739 was 60 mg/mL.

To better understand and quantify whether a reduction in the number of bacteria had
occurred, the number of colony forming units of the bacteria present at the highest
concentration investigated (100 mg/mL) was determined using the drop plate technique and
compared to the CFU of the initial inoculum. The results are reported in Table 5.1 and
expressed as a % reduction of the number of CFU compared with the positive control.
Against both bacteria Se-Sr-HA induced a comparable ca. 99% reduction of bacterial cell

count.
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Figure 5.2 Representative images of the results of the MBC tests against a) S. aureus 6538P and b) E.
coli 8739. The nutrient agar plates were treated with the entire volume (100 uL) of the well containing
the concentration of Se-Sr-HA identified as the MIC and of the wells with a concentration higher than

the MIC (i.e. 40, 60,80 and 100 mg/mL for S. aureus 6538P and 60, 80 and 100 mg/mL against E. coli

8739).

Table 5.1 Percentage reduction of the number of CFU of Se-Sr-HA at a concentration of 100 mg/mL.

% CFU reduction
Sample

S. aureus 6538P | E.coli 8739

Se-Sr-HA (100 mg/mL) | 98.9+0.1 | 98.3%0.5

5.2.2. Fabrication of 2D antibacterial composite scaffolds

To obtain 2D antibacterial composite scaffolds, three different loading compositions of Se-
Sr-HA were investigated, 10, 20 and 30 wt% using P(3HB) or P(3HO-co-3HD-co-3HDD) as

the bulk material.

Figure 5.3 shows the composite films obtained with P(3HB) and P(3HO-co-3HD-co-3HDD)
composites. From macroscopic observation the presence of hydroxyapatite in the films could

be detected, as the material looked more white and opaque.

Complete characterization of the materials in terms of physical, chemical, thermal and
mechanical is described in the following sections.
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Figure 5.3 Representative image of a) P(3HO-co-3HD-co-3HDD) composite films and b) P(3HB)
composite films. In each image the samples are in the following order from left to right: neat film, 10
wt% Se-Sr-HA, 20 wt% Se-Sr-HA and 30 wt% Se-Sr-HA composite films.

5.2.2.1. Chemical characterization

Preliminary characterization of the composite films was conducted by FT-IR analysis. Figure
5.4 shows the spectra for P(3HO-co-3HD-co-3HDD) composites and Figure 5.5 shows the
ones for P(3HB). In all the spectra the characteristic peak of PHAs was identified related to
the stretching of the carbonyl group (1720-1740 cm™) in the ester bond. Moreover, the mcl-
PHA composites showed more prominent peaks around 2900 cm (i.e. stretching of carbon-
hydrogen bond of methyl and methylene group (CHs, CH2)) compared to the scl-PHAs (Kann
et al., 2014; Randriamahefa et al., 2003). The spectra of all the composite films showed new
bands at 1072—-1032, 601, 571, and 474 cm™, which were assigned to the vibrations of the
phosphate group, PO43, present in the hydroxyapatite. In particular the area between 1072-
1032 cm™ is related to the stretching mode of the phosphate oxygen (P-O) bond in the
phosphate group, while the area below 600 cm™ is due to the bending mode of the O-P-O
bond in the phosphate group (Koutsopoulos, 2002; Li et al., 2007).
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Figure 5.4 FT-IR spectra of a) P(3HO-co-3HD-co-3HDD) neat film, b) P(3HO-co-3HD-co-3HDD)/10
wt% Se-Sr-HA c) P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA and ¢) P(3HO-co-3HD-co-3HDD)/30
wt% Se-Sr-HA composite films.
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Figure 5.5: FT-IR spectra of a) P(3HB) neat film, b) P(3HB)/10 wt% Se-Sr-HA c) P(3HB)/20 wt% Se-
Sr-HA and c) P(3HB)/30 wt% Se-Sr-HA composite films

5.2.2.2. Surface characterization

The surface morphology of the composite films was investigated using SEM analysis as
shown in Figure 5.6 for P(3HO-co-3HD-co-3HDD) composites films and in Figure 5.8 for
P(3HB) composite films.

The surface of the composite films appeared less uniform than neat P(3HO-co-3HD-co-
3HDD) films due to the presence of hydroxyapatite particles. EDX analyses confirmed the
presence of Se-Sr-HA particles in the materials as shown in Figure 5.7. EDX spectra of the
neat P(3HO-co-3HD-co-3HDD) film showed only the presence of peaks assigned to carbon
and oxygen (Figure 5.7a), while for all the composite films the presence of other four
elements (i.e. calcium, phosphorus, selenium and strontium) could be detected (Figure 5.7
b,c and d).
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Figure 5.6 SEM images (500x) of the surface of a) P(3HO-co-3HD-co-3HDD) film b) composite films of
P(3HO-co-3HD-co-3HDD) with 10 wt% Se-Sr-HA as filler ¢) composite films of P(3HO-co-3HD-co-
3HDD) with 20 wt% Se-Sr-HA as filler d) composite films of P(3HOco-3HD-co-3HDD)

Figure 5.7 EDX spectra of a) P(3HO-co-3HD-co-3HDD) neat film, b) P(3HO-co-3HD-co-3HDD)/10
wt% Se-Sr-HA c) P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA and ¢) P(3HO-co-3HD-co-3HDD)/30
wt% Se-Sr-HA composite films
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For P(3HB), SEM analyses of the surface of the composite films is shown in Figure 5.8. For
all the composite films the presence of Se-Sr-HA resulted in a rougher surface morphology,
and the presence of Se-Sr-HA was further confirmed by EDX analyses, as already described
for P(3HO-co-3HD-co-3HDD) samples (Figure 5.9). As expected, the EDX spectra of the
neat P(3HB) film showed only the presence of peaks assigned to carbon and oxygen (Figure
5.9a), while for all the composite films the presence of other four elements associated with
Se-Sr-HA (i.e. calcium, phosphorus, selenium and strontium) could be detected (Figure 5.9
b,c and d).

'20000x — 2000.0 X

Figure 5.8 SEM images (2000x) of the surface of a) P(3HB) film b) composite films of P(3HB) with
10% w/v Se-Sr-HA as filler c) composite films of P(3HB) with 20% w/v Se-Sr-HA as filler d) composite
films of P(3HB) with 30% w/v Se-Sr-HA as filler.
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Figure 5.9 EDX spectra of a) P(3HB) neat film, b) P(3HB)/10 wt% Se-Sr-HA c) P(3HB)/ 20wt% Se-Sr-
HA and c) P(3HB)/30 wt% Se-Sr-HA composite films

5.2.2.3. Thermal characterization

The effect of the incorporation of Se-Sr-HA on the thermal properties was evaluated by DSC
analyses.

The thermal properties of P(3HO-co-3HD-co-3HDD) composites are reported in Table 5.2.
The loading of hydroxyapatite did not induce statistically significant differences for both the
melting temperature peak and the glass transitions of the composite films compared to the
neat P(3HO-co-3HD-co-3HDD) sample. In terms of enthalpy of fusion, the sample with
10 wt% of Se-Sr-HA did not show statistically significant difference as compared to the neat
films. On the contrary, the samples with the highest concentrations of filler
(i.e. 20 and 30 wt%) showed statistically lower values of enthalpy of fusion as compared to
the neat films (p-value<0.05 for 20 wt% and p-value<0.01 for 30 wt%). However, no
statistically significant differences in the enthalpy of fusion were detected between the
composite films (i.e. 10 wt% vs 20 wt% vs 30wt%). As described in chapter 3, the value of
crystallinity for mcl-PHA-based composites could not be calculated from the enthalpy of
fusion of the material as the enthalpy of fusion for a 100% crystalline polymer was not known
(Suchitra, 2004). Since the enthalpy of fusion is directly proportional to the degree of
crystallinity (as described in the formula in Chapter 2 section 2.11.4), the decrease in the
enthalpy of fusion of the composite indicated that the presence of filler affected P(3HO-co-
3HD-co-3HDD) crystallization.
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Table 5.2 Thermal properties obtained from DSC analyses of P(3HO-co-3HD-co-3HDD) film and
composite films of P(3HO-co-3HD-co-3HDD) with 10 wt%, 20 wt% and 30 wt% Se-Sr-HA as filler. Tm

is the melting peak, Tyis the glass transition, AH"n is the enthalpy of fusion normalized to the mass

fraction of P(3HHXx-co-3HO-co-3HD). The results are expressed as average * standard deviation (n=3).

Tm Ty AH"m
Sample (°C) (°C) (J/9)
P(3HO-co0-3HD-c0-3HDD) 535 44 £ 2 245+1
10 wt% Se-Sr-HA 5205 -40.5+2 215 +15
20 wt% Se-Sr-HA 52.5+0.5 42 £ 2 19+15
30 wt% Se-Sr-HA 5205 -42 £ 0.5 18+2

For P(3HB) composite films, the thermal properties are reported in Table 5.3. All the
composite films did not show any statistically significant differences of the melting,
crystallization and glass transition temperature compared to the neat samples. Statistically
significant differences were detected in the enthalpy of fusion (normalized to the content of
the filler, as described in materials and methods section 2.11.4) and consequently the
percentage crystallinity of the materials. As discussed already in Chapter 3, the crystallinity
of the scl-PHAs samples was obtained by comparing the observed values of enthalpy of
fusion of the materials to that of a 100 % crystalline sample of the same polymer, which for
P(3HB) is 146 J/g (Ho et al., 2014). For the samples with the lowest concentrations of Se-
Sr-HA (i.e. 10 and 20 wt%) no significant differences in the values of crystallinity could be
detected compared to neat P(3HB) films. On the contrary, a statistically significant reduction
in the crystallinity of the composite samples containing 30 wt% of filler was evidenced as
compared to the neat samples (p-value<0.01). Moreover, the sample with 30 wt% of filler
showed a statistically significant reduction in the values of enthalpy of fusion as compared
to both 20 wt% and 10 wt% samples (p-value<0.01 for 10 wt%, p-value<0.05 for 20 wt%).
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Table 5.3 Thermal properties obtained from DSC analyses of P(3HB) with 10%, 20% and 30% wt% of
Se-Sr-HA as filler (n=3). Tm is the melting peak, Tyis the glass transition, AH" is the enthalpy of fusion

normalized to the mass fraction of P(3HB), and X is the % polymer crystallinity. The results are

expressed as average + standard deviation (n=3).

Polymer Tm Ty AH"m Xec
(°C) (°C) J/g) | (%)
P(3HB) 169+2 |1.7+26| 82+4 | 56+4
10 wt% Se-Sr-HA 169+1 0+3 83+4 | 57+3
20 wt% Se-Sr-HA 170+ 1 1+5 |785+4| 54+3
30 wt% Se-Sr-HA 169+1.5| 05+4 [61+45| 42+3

5.2.2.4. Mechanical characterization

Tensile testing of the composite films was conducted to assess the influence of the

incorporation of Se-Sr-HA on the mechanical properties of the material.

For P(3HO-co-3HD-co-3HDD) based composites, the representative strain-stress curves of
the materials are shown in Figure 5.10. The mechanical properties are shown in Table 5.4.
For the elastic modulus, all concentrations showed an increase in the average value as
compared to the neat films (p-value<0.001 for 10 and 20 wt% and p-value<0.0001 for
30 wt% as compared to the neat films). However, variation in the amount of Se-Sr-HA did
not show an increase of the elastic modulus as no statistically significant difference was
evidenced between the three composite films. The ultimate tensile strength did not show any
significant differences for the sample with 10 wt% and 20 wt% as compared to the neat films.
While for the sample with 30 wt%, a statistically significant decrease was evidenced
(p-value<0.5 as compared to the neat films). All the composite samples showed a
significantly reduced elongation at break compared to the neat samples (p-value<0.0001).
The film with 30 wt% showed a statistically lower average elongation at break value as
compared to both 20 wt% and 10 wt% samples (p-value<0.001 compared to 20 wt% and
p-value<0.0001 compared to 10 wt%). No statistically significant difference in the

elongation at break was detected between the 10 wt% and 20 wt% composite films.
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Figure 5.10 Representative stress-strain curve for P(3HO-co-3HD-co-3HDD) film (black) and
composite films of P(3HO-co-3HD-co-3HDD) with 10 wt% (blue), 20 wt% (green) and 30 wt% (red) Se-
Sr-HA as filler.

Table 5.4 Mechanical properties of composite films of P(3HO-co-3HD-co-3HDD) with 10 wt%, 20 wt%
and 30 wt% Se-Sr-HA as filler. E is the Young’s modulus, cu is the ultimate tensile strength and gu is

the elongation at break. The results are expressed as average + standard deviation (n=9).

Sample E (MPa) | 6 (MPa) | & (%)

P(3HO-co-3HD-co-3HDD) 5.3+2 6.6+1 | 414432

P(3HO-co-3HD-co-3HDD)/10 wt% Se-Sr-HA | 14+ 4 7+15 | 299+ 44

P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA | 14+6 | 57+1.5 | 284+ 31

P(3HO-co-3HD-co-3HDD)/30 wt% Se-Sr-HA | 16+ 2 4+1 |173+32

The representative stress-strain curves of P(3HB) antibacterial composite films are shown in
Figure 5.11, while the mechanical properties are reported in Table 5.5. The addition of
hydroxyapatite did not induce a significant change in the elastic modulus of the materials
containing 10 wt% and 30 wt% as compared to the neat sample. The sample with 20 wt%
showed a higher elastic modulus as compared to the neat sample

(p-value<0.01). As regards the ultimate tensile strength, all the composite samples showed a
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significant increase in the ultimate tensile strength as compared to the neat film, with the
20 wt% films showing the highest increase (p-value<0.05 for 10 wt% and 30 wt%, p-value
< 0.001 for 20 wt%). Moreover, the ultimate tensile strength of the composite with 20 wt%
was significantly higher as compared to the other two filler compositions investigated
(p-value<0.05 for 10 wt% and 30 wt%). Finally, the elongation at break for all the samples
was significantly lower than the neat film (p-value<0.05 for 10 wt%, p-value < 0.001 for 20
wit% and 30 wt%). However, no statistically significant difference was evidenced between

the three different loadings of hydroxyapatite.
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Figure 5.11 Representative stress-strain curve for P(3HB) film (black) and composite films of P(3HB)
with 10 wt% (blue), 20 wt% (green) and 30 wt% (red) Se-Sr-HA as filler.
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Table 5.5 Mechanical properties composite films of P(3HB) with 10 wt%, 20 wt% and 30 wt% of Se-Sr-
HA as filler. E is the Young’s modulus, ou is the ultimate tensile strength and eu is the elongation at

break. The results are expressed as average * standard deviation (n=9).

Sample E (GPa) | 6 (MPa) | (%)

P(3HB) 09+0.12|19+15| 168

P(3HB)/10 W% Se-Sr-HA | 1.1+0.1 | 23.5+1 | 5+2

P(3HB)/20 Wt% Se-Sr-HA | 1.7+£0.2 | 30+3 [23+1

P(3HB)/30 Wt% Se-Sr-HA | 0.9 £0.2 | 24+2 | 31

5.2.2.5. Biological characterization

5.2.25.1. Antibacterial ion release studies

The capability of the developed 2D antibacterial composite films to release ions with
antibacterial properties was tested using an indirect antimicrobial ion release study. Briefly,
the materials were incubated in Mueller Hinton broth for 1, 3, 6 and 24 hours. After each
time point the media of each well was collected and replaced with fresh media. The eluates
obtained were mixed with a microbial suspension of S. aureus 6538P or E. coli 8739, adjusted
to 0.5 McFarland (final concentration in the well) and incubated for 24h at 37°C. The optical
density at 600 nm was recorded after 24 hours and used to determine the reduction of the
bacterial cell count, calculated as a percentage of the control (i.e. bacteria cultured with

eluates from neat samples).

P(3HO-co-3HD-co-3HDD) composite films showed a reduction in the OD of both
S. aureus 6538P and E. coli 8739 cells as compared to the control throughout the duration of
the experiment as shown in Figure 5.12

In the case of S. aureus 6538P, all three composite samples showed at least a 30% average
reduction of the bacterial cell count as compared to the control after 1h, 3h and 6h incubation.
The  antibacterial  activity = was  higher  for the samples containing
30 wt% of Se-Sr-HA, displaying an average reduction of the OD around 70% for all the time
points evaluated as compared to the control (p-value<0.0001). For the eluates obtained after

24 hours of incubation, the materials containing 10 wt% of filler showed a 20% average OD
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reduction as compared to the control, although no statistically significant difference could be
detected with the control samples. On the other hand, the films with 20 wt% and 30 wt% of
hydroxyapatite induced a significant reduction of the bacterial cells as compared to the
control, with an average reduction value of 70% (p-value<0.0001).

The mcl-based composite films also showed activity against E. coli 8739, although the effect
was lower than that against S. aureus 6538P. Overall, the eluates obtained after 1h, 3h and 6
hours of incubation with the polymeric composite samples induced an average 20% reduction
of the bacterial cell count. A similar trend was obtained for the composite samples with 20
wit% and 30 wt% of Se-Sr-HA after 24 hours, showing a statistically significant reduction of
the OD as compared to the control (p-value<0.001 for 20 wt% and p-value<0.05 for 30 wt%
samples). On the contrary, the samples with the lowest concentration of the filler did not

show a significant difference as compared to the control.
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Figure 5.12 Indirect antibacterial ion release study of the eluates of P(3HO-co-3HD-co-3HDD)
antibacterial composite films with 10 wt%(blue), 20 wt% (green) and 30 wt% (red) of Se-Sr-HA as a
filler against a) S. aureus 6538P and b) E. coli 8739 (n=3). Control consists of bacterial cells cultured in
eluates of neat P(3HO-co-3HD-co-3HDD) (black). *, **, *** **** indjcate statistically significant
difference between the composite samples and the positive control (p-value<0.05, p-value<0.01, p-
value<0.001, p-value<0.0001).
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The reduction of OD of the bacterial cells in contact with the eluates of the P(3HB) composite
films with respect to S. aureus 6538P and E. coli 8739 are shown in Figure 5.13 aand b. A
reduction of the bacterial cell count could be detected for both type of bacteria, indicating an
antimicrobial effect against both Gram positive and Gram negative species.

In the case of S. aureus 6538P, the eluates obtained after 1h incubation with the composite
films with 20 wt% and 30 wt% of Se-Sr-HA showed a similar 40% average reduction of the
OD, significantly lower OD than that of the control (p-value<0.001). On the contrary, the
composite with the lowest concentration of hydroxyapatite did not show an antibacterial
effect after 1h incubation. For all the other time points evaluated, all the samples showed a
statically significant reduction of the bacterial cell count, inducing at least a 30% average
reduction of the OD. Moreover, the composite with the highest concentrations of
hydroxyapatite (i.e. 20 wt% and 30 wt%) showed a higher antibacterial activity than that of
samples with 10 wt% of filler at all the time points evaluated.

The P(3HB) composite samples showed antibacterial activity against E. coli 8739 even
though the effect was lower than that against S. aureus 6538P. For all the three composite
films, the eluates obtained after 1, 3, 6 and 24 hours of incubation showed at least a 20%
average reduction of the OD as compared to the control (p-value<0.05 for 10 wt% and

p-value<0.001 for 20 wt% and 30 wt% samples).
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Figure 5.13 Indirect antibacterial ion release study of the eluates P(3HB) antibacterial composite films

with 10 wt%(blue), 20 wt% (green) and 30 wt% (red) of Se-Sr-HA as a filler against a) S. aureus 6538P

and b) E. coli 8739 (n=3). Control consists of bacterial cells cultured in eluates of neat P(3HB)(black). *,

* Kk kxkx indicate statistically significant difference between the composite samples and the positive
control (p-value<0.05, p-value<0.01, p-value<0.001, p-value<0.0001).
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5.2.2.5.2. Direct contact test- ISO 22196

The antibacterial properties of the composite films were investigated using the 1ISO 22196
against S. aureus 6538P and E. coli 8739. As described in Chapter 4, this standard procedure
involved the seeding of a known number of bacteria directly on the surface of the samples
for 24 hours. After the incubation time, the number of viable cells were counted by colony
forming assay, normalized to the surface area of the materials and compared to the control
specimens, i.e. neat P(3HO-co-3HD-co-3HDD) and P(3HB) samples. The antibacterial
activity (R) was expressed as the difference between the logarithm of the bacterial cell count
of the composite films and the logarithm of the bacterial cell count of the control. Moreover,
the percentage antibacterial activity (R%) was also calculated as the percentage reduction of

the number of colony forming units of the composite materials compared to the control.

P(3HO-co-3HD-co-3HDD) composites were active against both bacterial strains at all the
concentrations tested (Figure 5.14 and Table 5.6). The composite films showed a bactericidal
effect against S. aureus 6538P, increasing with the increase in hydroxyapatite content. The
composite with the lowest concentration of filler, 10 wt%, showed an antibacterial activity R
of 1, inducing an almost 90% reduction (R%) of the number of bacterial cells
(p-value<0.001). The sample with 20 wt% of Se-Sr-HA displayed an antibacterial activity R
of 1.25, corresponding to a 94% reduction of the bacterial cell (R%) (p-value<0.0001). The
highest efficacy was obtained with the highest concentration of filler, 30 wt% of Se-Sr-HA,
showing an average 96% reduction of bacterial cells (R%), corresponding to an average R
value of 1.4 (p-value<0.0001).

A higher effect was detected against E. coli 8739, as all the compositions investigated showed

at least a 99% reduction of the bacterial cell count (p-value<0.0001).
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Figure 5.14 Antibacterial Activity (R) (1SO 22196) of P(3HO-co-3HD-co-3HDD) neat film (grey) and
P(3HO-co-3HD-co-3HDD) antibacterial composite films with 10 wt%(blue), 20 wt% (green) and 30

wt% (red) of Se-Sr-HA as a filler against a) S. aureus 6538P and b) E. coli 8739.**** indicates

statistically significant difference between P(3HO-co-3HD-co-3HDD) antibacterial composite films and
P(3HO-co-3HD-co-3HDD) neat films (p-value<0.0001).
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Table 5.6 Percentage antibacterial activity (R%) and Antibacterial activity (R) values of P(3HO-co-
3HD-co-3HDD) antibacterial composite films with 10 wt%, 20 wt% and 30 wt% of Se-Sr-HA as the

filler against S. aureus 6538P and E. coli 8739.

S. aureus 6538P E.coli 8739
Sample
R R(%) R R(%)
P(3HO-co0-3HD-co-3HDD)/
1+0.1 898+28 | 24+0.3 995+0.4
10 wt% Se-Sr-HA
P(3HO-co0-3HD-co-3HDD)/
1254015 | 945+16 | 3+0.15 | 99.9+0.03
20 wt% Se-Sr-HA
P(3HO-co-3HD-co-3HDD)/
1.43+0.1 96.2+1.1 3+0.1 99.8+0.8
30 wt% Se-Sr-HA

P(3HB) composite films showed a high antibacterial activity at all the concentrations tested
against both bacterial strains (Figure 5.15 and Table 5.7). For both S. aureus 6538P and

E. coli 8739 the materials showed a 100% Killing of the bacterial cells at all the concentrations

tested (p-value<0.0001).
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Figure 5.15 Antibacterial activity (R) (1SO 22196) of P(3HB) neat film (grey) and P(3HB) antibacterial
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S. aureus 6538P and b) E. coli 8739. **** indicates statistically significant difference between P(3HB)

antibacterial composite films and P(3HB) neat films (p-value<0.0001).
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Table 5.7 Percentage antibacterial activity (R%) and Antibacterial activity (R) values of P(3HB)
antibacterial composite films with 10 wt%, 20 wt% and 30 wt% of Se-Sr-HA as a filler against A) S.
aureus 6538P and B) E. coli 8739.

S. aureus 6538P E.coli 8739
Sample
R R(%) R R(%)
P(3HB)/10 wt% Se-Sr-HA 4+0 100+0 | 3.8+0.7 | 99.9+0.1
P(3HB)/20 wt% Se-Sr-HA 4+0 100+0 | 44+0 | 100+0
P(3HB)/30 wt% Se-Sr-HA 4+0 100+0 | 44+0 | 100+0

5.3. Discussion

In this chapter the development of 2D antibacterial composite films was investigated through
the combination of PHAs with a novel antibacterial hydroxyapatite containing selenium and
strontium ions (Se-Sr-HA). This material was developed by Dr. Muhammad Magbool, an
early stage researcher involved in the same Marie Curie European Doctoral Programme
HyMedPoly.

In the first part of this chapter a preliminary in vitro characterization of the antibacterial
properties of Se-Sr-HA, a novel co-substituted hydroxyapatite was conducted. In literature,
the introduction of either strontium or selenium in the crystal structure of such calcium
phosphates has been explored (Uskokovic et al., 2017; Laskus et al., 2019; Zarins et al.,
2019), but to date no study regarding the simultaneous co-substitution of such ions has been
published. The material was produced using a wet precipitation method with sodium selenite
and strontium nitrate as the sources of selenite and strontium ions respectively. From
literature it is known that strontium ions partially substitute calcium ions through cationic
substitutions, while anionic substitution occurs between selenite and phosphate groups
(Supova, 2015; Uskokovic et al., 2017; Ratnayake et al., 2017). The final material had a
selenium content of 1.4 wt% and 2.7 wt% of strontium.

The antimicrobial effect was assessed by the determination of the minimal inhibitory
concentration (MIC) and the minimal bactericidal concentration (MBC) through the broth

dilution test against both Gram positive and Gram negative bacteria. The produced Se-Sr-
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HA in powder form showed activity against both types of bacteria, inducing inhibition of the
microbial cell growth. The MBC is defined as the concentration of the compound that leads
to 99.9% of bacterial death. This was not achieved even at the highest concentration of Se-
Sr-HA tested indicating that at the current concentration the material can be classified as
bacteriostatic rather than bactericidal. Further tests should therefore be conducted to
investigate whether an MBC value for this novel substituted hydroxyapatite could be
obtained at higher concentrations.

Only a few studies have been conducted in literature to investigate the antibacterial properties
of selenium doped hydroxyapatite and they differ in the content of selenium, form of
hydroxyapatite utilized and method tested, making it difficult to compare the results obtained.
Nevertheless, overall the materials produced have shown activity against both Gram positive
and Gram negative bacteria, in line with the preliminary results obtained in this study.
Uskokovic et al. produced a substituted HA with four concentrations of selenium (0.1, 1.2,
1.9 and 3 wt%) and showed that these materials in the form of powders were able to produce
a zone of inhibition for all the four bacterial strains tested, i.e. E. coli, S. aureus, S. enteritidis
and P. aeruginosa at all the concentrations investigated. In another study, Se-HA coatings
on titanium discs containing 0.6 wt% of selenium resulted in a reduction in biofilm formation
of both P. aeruginosa 19582 and S. aureus 6538P (Rodriguez-Valencia et al., 2013). Finally,
Kolmas, et al. evaluated the antimicrobial properties of a co-substituted hydroxyapatite with
selenium (3.5 wt%) and manganese (0.6 wt%) by incubation of this material in the form of
pellets with a microbial suspension of S. aureus 25293 and E.coli 2592 for 24h. The material
induced reduction in the cells count of S. aureus 25293, while it showed no activity against
E.coli 2592 (Kolmas et al., 2015b). The difference in the form of hydroxyapatite used, pellet
discs, compared to the powder used in this study and in the work of Uskokovic et al. might
be the reason for the discrepancy in the results obtained against E.coli, as the former might
have led to a lower release of antimicrobial ions compared to the free powder form.
Nevertheless, further tests should be conducted to obtain a better understanding of the

antimicrobial efficacy of such substituted hydroxyapatite.

The Se-Sr-HA was used as a filler for the development of 2D antibacterial PHA-based
composite scaffolds by mixing it with two PHAs, P(3HB) and P(3HO-co-3HD-co-3HDD).
Combination of PHAs with hydroxyapatite has been investigated in literature to produce

composites for bone tissue engineering (Lim et al., 2017; Goonoo et al., 2017).
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The main polymer investigated is P(3HB) due to its mechanical properties in terms of elastic
modulus which are more similar to those of native bone (Hayati et al., 2012; Degli Esposti
et al., 2019; Saadat et al., 2015). However, the brittle nature of the material limits its in vivo
application (Obat et al., 2013; Wang et al., 2008). Therefore recently mcl-PHA have also
been investigated as an alternative material for bone regeneration (Ansari et al., 2016). For
this reason, both types of PHAs were selected and the effect of the addition of the novel
antibacterial filler was investigated.
The 2D composite films were produced by solvent casting technique using the two PHAS
and three different loadings of the filler (10, 20 and 30 wt%). To validate the presence of Se-
Sr-HA, the 2D composite structures were investigated in terms of chemical, thermal and
mechanical properties. The presence of the hydroxyapatite in the films was confirmed via
FT-IR analyses, which showed the characteristics peaks of phosphate groups typical of such
material. Moreover, the chemical analysis by EDX further evidenced the presence of Se-Sr-
HA specifically, as all the elements present in such filler could be identified (i.e. selenium,
strontium, calcium, phosphorus).
The morphology of the surface of the films was also assessed through SEM analysis. The
composite materials showed differences that can be related to the two types of PHAS used.
The surface of films of mcl-PHAs obtained by solvent evaporation is usually smooth, while
P(3HB) usually shows a rougher surface characterized by the presence of protrusions and
pores (Rai et al., 2011b; Anbukarasu et al., 2015). Such distinctive characteristics are
attributed to the higher degree of crystallization and a more rapid crystallization rate of scl-
PHAs compared to mcl-PHAs (Kai et al., 2003; Li et al., 2016c). These typical features were
still present in the composite films containing Se-Sr-HA. In particular, P(3HB) composites
showed a higher exposure of the hydroxyapatite compared to the P(3HO-co-3HD-co-3HDD)
ones. A similar behaviour was reported by Wang et al. when comparing the surface of
P(3HB) and P(3HB-co-3HHXx) loaded with hydroxyapatite. A higher amount of the filling
could be detected on the surface of the former composites, which was attributed to the higher
crystallinity of the bulk material (Wang et al., 2008).
The thermal properties of the 2D composite films developed were evaluated by DSC analysis
to investigate the influence of the addition of the filler in the polymer matrices. For both types
of PHA-based composite, the main effect of the introduction of the hydroxyapatite was a
decrease in the enthalpy of fusion (and consequently the crystallinity) of the materials with
high content of filler compared to the neat samples. A similar behaviour has been described
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in literature for both scl and mcl-PHA based composites with hydroxyapatite (Ansari et al.,
2016; Bergmann and Owen, 2003). These results showed that the introduction of high
quantities of filler reduced the mobility of the chains, hindering the material crystallization
(Liu et al., 2014a; Zhan et al., 2014; Misra et al., 2007). On the contrary, Noohom et al.and
Sadat-Shojai et al. evidenced a nucleating effect of the hydroxyapatite on the crystallization
of P(3HB) or P(3HB-co-3HV) composites. Such different outcome was probably related to
the difference in the particle size of the filler used. In this study in fact micro-sized
hydroxyapatite (data not shown) was utilized while Noohom et al.and Sadat-Shojai et al.
used smaller particles in the nano-range. Nano-hydroxyapatite has been shown to create a
better interface with the polymeric matrix due to a higher dispersion compared to micro-size
which have higher tendency to form agglomerates (Sadat-Shojai et al., 2013; Misra et al.,
2008, 2007).
The mechanical properties of the composite films were investigated through tensile testing.
As mentioned in the introduction, one of the main reasons for the use of composites is to
create a final material that has a higher strength and modulus than the polymeric component
and at the same time better toughness and processability than the inorganic filler. In the case
of P(3HO-co-3HD-co-3HDD) samples, the introduction of the hydroxyapatite led to an
improvement in the strength and stiffness of the material. On the contrary, an embrittlement
of the constructs was evidenced through the reduction of the elongation at break. This
behaviour was particularly pronounced with the highest concentration of filler investigated
(30 wt%), reaching almost 60% reduction of the elongation at break of the neat films.
However, the composite samples with 30 wt% of Se-Sr-HA still showed a high elongation at
break with an average value of 170%. Even though no other studies in literature have
investigated the mechanical properties of mcl-PHA composites, preventing a direct
comparison, this behaviour is known in literature and it is due to the intrinsic characteristics
of hydroxyapatite, possessing high strength but brittle nature (Rezwan et al., 2006;
Chocholata et al., 2019).
A similar embrittlement behaviour was evidenced for the P(3HB) films composites, where
the average elongation at break decreased from 16% to 2%. These results are in agreement
with literature studies for both P(3HB) and P(3HB-co-3HV) (Noohom et al., 2009; Rai et al.,
2008; Bergmann and Owen, 2003). The hydroxyapatite showed a reinforcement effect also
in these scl-PHA systems. In particular, the samples with 20 wt% of filler content showed an
increase in the tensile strength of the material, showing a higher elastic modulus (1.7 GPa)
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and tensile strength (30 MPa) than the neat P(3HB) films (0.9 GPa and 19 MPa respectively).
Such values are again in agreement with the majority of the work conducted in literature
using similar polymers with hydroxyapatite (Bergmann and Owen, 2003; Noohom et al.,
2009; Sadat-Shojai et al., 2013). On the contrary, the sample with the highest filler
concentration (30 wt%) did not induce an increase in the elastic modulus of the composite
compared to the neat sample. Furthermore, the elastic modulus of samples containing 30 wt%
was statistically lower than the composite with 20 wt% of filler. This mechanism has been
evidenced in a variety of composite systems (i.e. polyesters with inorganic filler) evaluated
where higher amounts of particles did not lead to further changes or even had a detrimental
effect on the final strength of the structures (Tasdemir et al., 2017; Ferri et al., 2018; Rai et
al., 2008; Fu et al., 2012). It has been proposed that each composite system is characterized
by an upper limit of filler content that can be incorporated into the final constructs. Moreover,
it has been hypothesized that above such limit the particles might hinder the material
crystallization or even exert a disruptive effect on the crystalline structure of the polymers,
leading to no further improvement in the mechanical properties or even inducing lower
mechanical properties than the original material (Goonasekera et al., 2016; Grgndahl et al.,
2017). Such correlation between the variation in crystallinity and the mechanical properties
can be evidenced in this study, as P(3HB) composite samples with 30 wt% filler showed a
significant reduction in the crystallinity of the samples. The P(3HO-co-3HD-3HDD) samples
followed the same principle, but with a lower filler concentration of 10 wt%. No increase in
the elastic modulus was in fact evidenced for P(3HO-co-3HD-3HDD) samples containing 20
and 30 wt% of Se-Sr-HA compared to the ones with 10 wt% of filler and in parallel a
reduction of the enthalpy of fusion (and consequently crystallinity) was obtained with the
materials with 20 wt% and 30 wt% of hydroxyapatite. The difference between the two types
of PHAs might be related to the higher crystallinity of the scl-PHAs compared to the mcl
ones. It has in fact been hypothesized that in polymers with high crystallinity low quantities
of filler present in the amorphous region do not impact significantly on the final bulk
mechanical properties, therefore requiring higher concentrations compared to less crystalline
materials (Grendahl et al., 2017; Kaur and Shofner, 2009; Wei and Ma, 2004).
The mechanical properties of natural bone have been extensively described in literature. It
has been reported that for cortical bone the elastic modulus and the strength are in the range
of 7-20 GPa and 100-180 MPa respectively, while for cancellous bone 0.2-2 GPa and
2-20 MPa respectively (Bose et al., 2012; Kashirina et al., 2019). The P(3HB) composite
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containing Se-Sr-HA showed mechanical features similar to those of cancellous bone,
making them good candidate for the development of materials the reconstruction of defects
of such type of tissue (Gao et al., 2017; Fernandez de Grado et al., 2018). However, future
work should still be conducted to improve the brittleness of these materials, which might
limit their in vivo application. On the other hand, P(3HO-co-3HD-co-3HDD) still showed a
ductile behaviour after the incorporation of the hydroxyapatite, which make them suitable
for possible application in bone regeneration even though the mechanical strength of the
materials is lower than that of native tissue. The targeted application for such elastomer
composite materials is indeed for bone filling agents in not-load bearing applications, where
their elastic nature might be an advantage for the development of flexible and easily shaped
materials able to adapt to the defected site (Ural et al., 2000; Chen et al., 2012;). Nevertheless,
improvement of the final mechanical properties should be further optimized and could be
achieved by improving the interface between the polymers and the filler with the use for
example of nano-sized hydroxyapatite (Misra et al., 2008; Rai et al., 2008).
The main reason for using a co-substituted hydroxyapatite compared to traditional calcium
phosphates was to develop a scaffold possessing antibacterial properties. Therefore, the 2D
composite films were investigated using two methodologies, an indirect contact test (i.e.
antibacterial ion release) and a direct one (i.e. ISO 22196). The former one was chosen to
evaluate whether the materials were able to release ions possessing antimicrobial activity.
The latter is a standard well-established procedure used for the quantification of the
antimicrobial properties of materials (Molling et al., 2014). The 2D composite films
developed should in fact exhibit an antibacterial activity by two mechanisms, by direct
contact between the bacteria and the selenite ions present in the hydroxyapatite structure and
by contact with the ions released in the surrounding environment. In this way the two tests
performed enable to analyse the two systems independently of each other.
Both P(3HB) and P(3HO-co-3HD-co-3HDD) composites showed a reduction in the growth
of S. aureus 6538P and E. coli 8739 during the in vitro antibacterial indirect tests. Such results
can be used as an indication of the capability of such materials to release ions. In particular,
the release of the ions seemed to possess an early onset as a reduction of the number of
bacteria could be detected with the eluates obtained after 1 hour of incubation for both types
of PHAs. Moreover, the release seemed to be extended over time, as the media obtained at
24 hours of incubation still possessed an antimicrobial activity. Finally, as expected the
materials containing a higher percentage of hydroxyapatite showed a higher antimicrobial
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effect which could be associated with an increased amount of selenite ions. Nevertheless,
further studies should be conducted to quantify the ionic content using inductively coupled
plasma/optical emission spectroscopy (ICP-OES) and to investigate the release over a longer
period of time (Gritsch et al., 2019). Only a few studies have been conducted on the
antibacterial properties of selenite and the mechanism behind its efficacy has not been
elucidated yet. Overall the activity of selenite seems to be concentration dependent (Turner
et al., 1998; Kramer and Ames, 1988; Bébien et al., 2002). The main hypothesis formulated
is the induction of oxidative stress through the production of ROS species at high
concentrations (Kolmas et al., 2014b; Bébien et al., 2002). For both P(3HB) and P(3HO-co-
3HD-co-3HDD) composites, the growth inhibition was slightly more effective against Gram
positive bacteria than negative ones. In a few studies in literature low concentrations of
selenite did not induce significant reduction in E. coli cultures (Alam et al., 2016; Vasi¢ et
al., 2011). It is known in literature that some species are capable of reducing inorganic
selenite ions to elemental selenium nano-particles which are then deposited within the cell
(e.g. in the cytoplasm or in the periplasmic space) or pumped outside the cells (Kessi et al.,
1999; Kolmas et al., 2014a; Kramer and Ames, 1988; Gonzalez-Gil et al., 2016). E. coli has
been shown to possess such features probably making them less susceptible to the
antimicrobial activity of such ions at lower concentrations (Turner et al., 1998). These results
are also in agreement with the slightly higher MIC value obtained for E. coli 8739 compared
to the S. aureus 6538P for the Se-Sr-HA, described at the beginning of the chapter.
The second antibacterial test performed was the ISO 22196 procedure, which was used to
investigate the antibacterial properties of the produced 2D composite films in direct contact
with the bacteria. For this test in fact S. aureus 6538P and E. coli 8739 were incubated directly
on the surface of the film samples for 24 hours and their antimicrobial effect was indicated
as the reduction in the number of viable bacterial cells. The composites obtained from both
types of PHASs exhibited activity against both bacterial strains. Once more these results
confirm the activity of selenium containing compound against both Gram positive and Gram
negative species, as already evidenced in MIC and indirect contact test and in literature
studies (Alam et al., 2016; Uskokovic et al., 2017; Rodriguez-Valencia et al., 2013). P(3HB)
composites showed a higher effect compared to the P(3HO-co-3HD-co-3HDD) ones, as they
induced a 100% reduction for both Gram positive and Gram negative cells. Such higher
activity might be due to the differences in the surface properties of the two types of
composites that were evidenced in the SEM analyses. The scl-PHAs samples possessed in
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fact a more porous surface which might have led to a higher exposure of hydroxyapatite on
surface of the films, therefore potentially increasing the amount of selenite ions in contact
with the bacterial cells.

On the other hand, in case of mcl-PHA based composites, a slightly lower antibacterial
activity was observed as mentioned, even though a reduction of over 90% was obtained at
all concentrations for both strains. For the samples containing lower filler concentrations (i.e.
10 and 20 wt%), a slightly although statistically significant higher activity towards E. coli
8739 compared to S. aureus 6538P was obtained, with values of bacterial reduction 10% (for
10 wt% composite) and 5% (for 20 wt% composite) lower for the Gram negative bacteria
compared to the positive one. Such results seem to be in contrast with the findings obtained
from the previous assays. This is most probably related to the presence of the polymer in the
system, which can have an effect on the growth of bacteria as well as the distribution of the
agent on the surface. It is possible, in fact, that the surface topography of the film played a
role in the action of selenium, as a variation in the micro-concentration of such ions can affect
the growth of bacteria locally, whereas in the case of the MIC assay and the indirect
antibacterial ion release test such a variable is not present (Sharifahmadian et al., 2013;
Zdraveva et al., 2019). Moreover, the intrinsic variability of a biological system can affect
the outcome of an assay, therefore further studies with a larger statistical population might
be required in order to assess if there is a significant difference in the activity of selenite ions
towards Gram positive and Gram negative bacteria using the direct contact method in the
case of P(3HO-co-3HD-co-3HDD) composites.
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5.4. Conclusions

In this chapter the development of novel 2D composite scaffolds for bone regeneration was
investigated through the combination of PHAs with a novel co-substitute hydroxyapatite
containing selenium and strontium ions. The influence of the introduction of the
hydroxyapatite on the thermal and mechanical properties of both scl and mcl-PHA based
films was investigating, showing an enhancement in the mechanical strength of the materials
but a parallel embrittlement of the final constructs. The antibacterial testing of the 2D
composite films revealed that such materials are active on contact against both Gram positive
and Gram negative bacteria, inducing a reduction of the bacterial cell count higher than 90%.
Finally, the materials are also capable of releasing active ions in a prolonged manner up to
24 hours and at a concentration capable of inhibiting both E. coli 8739 and S. aureus 6538P.
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Chapter 6

Development of mcl-PHA based 3D
printed scaffolds by melt 3D printing

6.1. Introduction

Traditional methods of scaffolds production include solvent casting, particulate leaching,
freeze drying and phase separation. Even though widely investigated, such techniques
possess drawbacks and limitations in their applications for the development of structure for
tissue regeneration due to their lack of reproducibility and control of geometry, porosity, pore
structure and interconnectivity (Ma et al., 2018; Chiulan et al., 2018). For these reasons, in
recent years additive manufacturing has attracted great interest in the field of tissue
engineering. The basic principle of 3D printing is the construction of a final object by the
successive additions of layers of materials. The model of the structure that is needed is
developed using a computer-aided design (CAD) software, and is expressed as a sequence of
layers that are then implemented by the 3D printer machine to create a physical structure
(Gloria et al., 2009; Tao et al., 2019). In this way highly complex structures can be
reproduced in a repetitive manner. Moreover, 3D printing allows product customization in
the medical field by its combination with several imaging techniques (e.g. magnetic
resonance and computer tomography imaging) to develop structures that are patient specific
and are able to recreate the shape of the specific defects that need to be regenerated (Ji et al.,
2018; Yang et al., 2018). Several types of 3D printing techniques have been developed and
can be classified based on the fabrication methods into inkjet, laser and extrusion-based
technologies. In inkjet-based systems, the material is deposited in the form of droplets, which
can be obtained by thermal or piezoelectric induction (Tao et al., 2019). Stereolithography
(SLA) and Selective Laser Sintering (SLS) are the two techniques based on the use of laser.

In the former, UV light is used to induce polymerization of liquid monomer solutions or
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resins (Ngo et al., 2018; Ma et al., 2018). In the latter the difference is that the laser is applied
to a powder form, inducing sintering of the particles (Ji et al., 2018). Finally, extrusion-based
technologies are characterized by the application of mechanical or pneumatic pressure to
obtain a continuous flow of material (Jammalamadaka and Tappa, 2018). Fuse deposition
modelling (FDM) is one of the most investigated techniques of this category and is based on
the use of a filament of the material, usually polymer or polymer and ceramics, that is
extruded from a heated nozzle and then deposited on the printer bed where solidification
occurs (Bose et al., 2013; Yang et al., 2018). The printer used in this study (Celllnk
Inkredible +) is a type of extrusion-based bioprinter, where pressurized air is applied to create
a continuous filament of material. In such a system PHAs can be used either in liquid form
as a chloroform solution or in the solid pellet form, as the heat can be applied in the printer
cartridge (Gloria et al., 2009). The latter has the advantage of eliminating the possible toxicity
related to the use of organic solvents and was therefore chosen as the printing method for the

polyesters produced in this work (Pfister et al., 2004).

Limited research has been conducted on the 3D printing of PHAs and only a few of the
obtained materials have been characterized in terms of their biocompatibility for medical
applications. Two studies investigated the use of P(3HB) for the development of structures
using SLS. Pereira et al., carried out preliminary studies on the feasibility of such polyesters
for SLS and were able to produce porous cubes that closely mimicked the virtual model,
showing no degradation of the materials in terms of mechanical and thermal properties after
the printing process (Pereira et al., 2012). In another study, Duan et al. produced P(3HB)
microspheres loaded with calcium phosphate through oil-in-water emulsion. Such
microparticles were used as the raw material for the fabrication of scaffolds with complex
structures by SLS technology (Duan et al., 2011). Extrusion-based technology have been
employed for the development of 3D structures based on P(3HB-co-3HHXx) and bioglass
(BG) for bone tissue engineering. Zhao et al. employed a solution-based system by dissolving
the polyester in chloroform and dimethyl sulfoxide and mixing it with BG. The 3D scaffolds
was tested in vivo for the repair of bone defects in a rat model and showed their ability to
stimulate bone repair after 8 weeks of implantation (Zhao et al., 2014). In another study, melt
printing of P(3HB-co-3HHXx) was employed to produced 3D scaffolds that were then surface
coated by immersion in a solution containing BG. This material showed enhanced cell

proliferation and ALP activity of human mesenchymal stem cells compared to non-loaded
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P(3HB-co-3HHXx) (Yang et al., 2014). The rest of the work present in literature is mainly
focused on the development and production of PHA-based filament for FDM.
Valentini et al., produced P(3HB-co-3HHx) filaments reinforced with fibrillated
nanocellulose with three loadings (0.5, 1 and 3 wt%). The samples with the lowest percentage
of filler showed increment of the elastic modulus compared to the neat material, while higher
loading percentages induced fibres aggregation and interface debonding between the filler
and the matrix (Valentini et al., 2019). In another study, P(3HB) was mixed with 20% w/w
lignin to produce filaments and developed 3D printed structures by FDM (Vaidya et al.,
2019). Lastly, a 3D printing filament containing PHA is commercially available and
distributed by ColorFabb, Belfeld, The Netherlands. The filament is characterized by a blend
of PLA and P(3HB-co-3HV) with a 88:22 ratio (PLA: P(3HB-co-3HV)) (Gonzalez-Ausejo
etal., 2018). Such composition was developed to improve the ductility of neat PLA filament,
inducing an 40% increase of the elongation at break, but a 25% of reduction of the mechanical
strength (Kaygusuz and Ozering, 2019; Gonzalez-Ausejo et al., 2018). 3D printed constructs
obtained with such materials by FDM were shown to be able to support the growth and
proliferation of human embryonic kidney 293 cells cultured directly on the surface of the

materials for 7 days (Gonzalez-Ausejo et al., 2018).

In recent years, a few studies have been focused on the developing polyester—based scaffolds
with intrinsic dual porosity, a macro-one obtained by printing the designed model by 3D
printing, and a micro one present within the fibre of the construct obtained by combination
with salt leaching or phase separation technique (Visscher et al., 2018; Jakus et al., 2018;
Dang et al., 2019; Kang et al., 2019; Kim et al., 2017). Porosity is a key parameter for the
design of a scaffolds for tissue engineering applications. An open and interconnected porosity
has been described as pivotal for an adequate exchange of nutrients, for a better migration
and proliferation of cells (Loh and Choong, 2013). Moreover, higher binding between the
scaffolds and the surrounding tissues has been evidenced with highly porous surfaces
(Hannink and Arts, 2011; Zhang et al., 2018). Scaffold obtained by extrusion or SLS of
polyesters usually do not possess porosity within their fibres (Chiulan et al., 2018). Kim et
al. developed a PCL based scaffold containing hydroxyapatite with dual porosity by non-
solvent induced phase separation. A PCL/HA solution in tetrahydrofuran was 3D printing
via extrusion in an ethanol bath (non-solvent for the polymer), inducing solvent exchange

and phase separation. The scaffolds showed highly microporous struts, improving the
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mechanical and cytocompatibility properties of the materials (Kim et al., 2017). In another
study, the combination of melt extrusion printing with salt leaching was applied using PCL,
polyethylene glycol (PEG) and NaCl. The scaffolds were leached out to remove both the salt
and PEG (water soluble polymer) producing a structured that enable better attachment and
proliferation of cells compared to neat PCL constructs (Kang et al., 2019). The introduction
of micro-porosity could also favour a rapid and specific loading of drug (e.g. Cefazolin) in
the PCL based scaffolds, which were obtained using only salt as the porogen (Dang et al.,
2019; Visscher et al., 2018). Finally, Jakus et al. obtained PLGA scaffolds with dual porosity
by combining melt extrusion with salt leaching, using in this case CuSQOs as the porogen. By
varying the ratio of salt, the scaffold displayed a wide range of porosity that significantly
changed the mechanical and physical properties of the materials. Moreover, the constructs
with high porosity showed enhanced promotion of cellular attachment and proliferation
(Jakus et al., 2018).

In the first part of this chapter, a screening study was conducted to evaluate the optimal
printing conditions for the melt 3D printing of P(3HO-co-3HD-co-3HDD). The physical
properties of the 3D printed scaffolds were investigated. The in vitro degradation of the
obtained scaffold was studied by incubation of the sample in PBS for 6 months. Moreover,
the possibility of using these materials for bone regeneration was assessed through in vitro
compatibility studies and differentiation studies using MC3T3-EL1 cells.

In the second section, the possibility of producing scaffolds with dual porosity was also
evaluated through the combination of melt printing and salt leaching. A preliminary
feasibility study was conducted to investigate the optimal ratio between polymer and salt,
and the physical properties of the materials were investigated. Finally, preliminary in vitro

cytotoxicity studies on the developed materials were conducted using MC3T3-E1 cells.
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6.2. Results

In this chapter the development of mcl-PHA based 3D printed constructs by melt 3D printing
was investigated. P(3HO-co-3HD-co-3HDD) was chosen as a representative mcl-PHA based
on the results already discussed in Chapter 3 and 5. Melt 3D printing of P(3HB) could not be
achieved due to the intrinsic limitation of the machine used. The highest temperature that

could be achieved was 120°C, lower than the polymer melting temperature of 170 °C.

In order to optimize the melt printing of P(3HO-co-3HD-co-3HDD), the following
parameters were considered: the writing speed (i.e. movement of the printer head), the
melting temperature and the pressure of extrusion. Structures with a rectilinear pattern with
a 1.5 mm distance between the filaments (i.e. pore size) and the deposition of 2 layers of
materials were used as a template for the investigation of such features using a nozzle with
an internal diameter of 600 um. The range of the different parameters tested is described in
Table 2.6. The range of values of such parameters was chosen based on literature studies and
the physical limitations of the 3D printer used. Overall, a combination of the lowest feasible
pressure and the maximum feasible writing speed that allow to obtain reproducible and well-
formed scaffolds was considered optimal from an efficiency point of view, as it reduces the
energy consumption and the fabrication time (Domingos et al., 2012; Hoque et al., 2009;
Sheshadri and Shirwaiker, 2015). The applied temperature needs to be higher than the
melting temperature of the polymer used, but not too high to cause polymer degradation
(Hoque et al., 2009; Sheshadri and Shirwaiker, 2015). Moreover, the lowest temperature
achievable is preferred as it should allow a more rapid solidification of the material For
P(3HO-co0-3HD-co-3HDD) a minimal temperature of 80°C was required to obtain extrusion
of material, higher than its melting range between 40-60°C, as described in Chapter 3.

Each parameter was varied one at the time (e.g. varying printing velocity while keeping the
temperature constant at 90°C and pressure at 50 kPa). Visual analysis of the printed structures
was conducted to determine the feasibility of the tested parameters. A combination of
parameters was considered feasible if a well-defined structure was obtained, matching that
of the implemented design (obtained using the software Slic3r). Moreover, if a structure
could be printed, quantitative analysis of the filament width was performed using ImageJ
software to evaluate if continuous and uniform struts were achieved and the values are

reported in Table 6.2.
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The aim of the experimental study was to obtain a structure with a filament width of 600 um
and a uniform dimension (i.e. low standard deviation) in order to achieve a pore size of 1.5
mm x 1.5mm. As shown in Table 6.2, using 80°C as the melting temperature, none of the
conditions applied could yield the desired features. For 90°C and 100°C, the two conditions
marked in yellow gave the best results for the related temperatures but not optimal overall,
as either the filament dimension was not the targeted one (i.e. higher average value for writing
temperature of 90 °C, a pressure of 200 kPa and a writing speed of 1 mm/s) or the uniformity
of the strut was not maintained (i.e. high standard deviation for writing temperature of 100
°C, a pressure of 200 kPa and a writing speed of 1 mm/s). Finally, one condition gave the
optimal result and was highlighted in green and corresponded to a writing temperature of 110
°C, a pressure of 100 kPa and a writing speed of 1 mm/s.

Table 6.1 Summary of the parameters investigated in the screening experiment to optimize the melt 3D
printing of P(3HO-co-3HD-co-3HDD).

Parameter Values considered

Temperature (°C) 80 | 90 | 100 | 110

Velocity (mm/s) 05| 1 2 4

Pressure (kPa) 50 | 100 | 200 | -
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Table 6.2 Filament dimension (mm) expressed as average * std. dev. for all the feasible combinations
investigated (i.e. yielding well-defined structures). The data highlighted in green represents the optimal

conditions obtained, while the yellow ones identified the best conditions for 90°C and 100°C.

Velocity (mm/s)
Temperature | Pressure

- - 0.5 1 2 4

50 - - - -

80 100 0.40 +0.1 - - -

200 053+0.1 | 0.41+0.14 - -

50 0.30 +0.01 - - -

90 100 0.51+0.1 0.4 +0.07 - -

200 0.96 +0.14 | 0.64 +0.06 | 0.54 +0.13 -

50 0.37 £0.06 - - -

100 100 0.5+0.09 | 0.4+0.07 - -
200 1+0.1 0.60+0.14 04+0.1 | 0.36%0.1

50 0.45+0.07 | 0.44 +0.17 - -

110 100 0.7+0.1 | 0.60+0.07 | 0.44+0.21 -
200 1.2+0.12 | 0.845+0.096 | 0.51+0.06 | 0.34 +0.1

To better investigate the effect of the processing parameters on the strut width, statistical
analysis of the values reported in Table 6.2 was conducted. Figure 6.1, 6.2 and 6.3 describe
the effect of each parameter (i.e. velocity, pressure and temperature) on the filament width
of the 3D printed structures while keeping the other two fixed (e.g. temperature while keeping
velocity and pressure constant), underling the statistically significant differences. For each
parameter considered, the condition with a complete set of all the variables investigated was
selected (e.g. velocity 0.5 mm/s was the only velocity with a complete set of parameters for

all the variations of pressure and temperature investigated).

Figure 6.1 describes the effect of the variation of pressure for each temperature while keeping
the velocity fixed at 0.5 mm/s (i.e. only velocity with a complete set of data for all the
parameters tested). For each temperature, the strut dimension significantly increased with
increasing pressure. In particular, the filament width at 200 kPa was significantly higher than
that at 50 kPa and 100 kPa for 90°C, 100 °C and 110°C (p-value < 0.001). As regards the
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comparison between the lower pressures investigated, overall the values for 100 kPa were
statistically higher than those at 50 kPa (i.e. p-value < 0.05 for 80°C, p-value < 0.01 for 90°C
and 100°C and p-value<0.0001 for 110 °C).
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Figure 6.1 Variation of the filament width (i.e. average + std. dev.) with processing parameters.
Variation of pressure for each temperature while keeping velocity constant (0.5 mm/s) (n=10).
Statistical analysis was performed between samples belonging to the same group. *, ****** indicate
statistically significant difference between the lowest parameter considered and all the other levels (p-
value<0.05, p-value<0.01, p-value<0.0001). **,**** indicate statistically significant difference between

two consecutive parameters (p-value<0.01 and p-value<0.0001).

A similar trend could be observed for variations in temperature for each pressure while
keeping the velocity fixed at 0.5 mm/s, as described in Figure 6.2. Overall the width of the
struts at 110°C were significantly higher than those at the lowest temperature considered (i.e.
110°C vs 80°C for 100 and 200 kPa and 110°C vs 90°C for 50 kPa) (p-value <0.01 for 50
kPa, p-value <0.001for 100 kPa and p-value <0.0001 for 200 kPa). However, for all the
pressures analysed no statistically significant differences could be detected between the
samples at 90°C and 100 °C.

168



Chapter 6 -Development of mcl-PHA based 3D printed scaffolds by melt 3D printing

16 #ﬂ#
14 **:{c:{c
it S
'é‘ 12 ok ke
§, +H
= 1
5 +
= 0.8
2 —
o ok
c 0.6
LY
T 04
Olz ‘
0
S50KPa 100 KPa 200 KPa

EB80°C m90°C m100°C m110°C

Figure 6.2 Variation of the filament width (i.e. average * std. dev.). Variation of temperature for each
pressure while keeping velocity (0.5 mm/s) constant. Statistical analysis was performed between
samples belonging to the same group (nN=10). ** *** **** indjcate statistically significant difference
between the lowest parameter considered and all the other levels (p-value<0.01, p-value<0.001, p-
value<0.0001). ** indicates statistically significant difference between two consecutive parameters (p-
value<0.01).%# indicates statistically significant difference between two consecutive parameters of the

samples belonging to the same group (p-value < 0.001).

An opposite trend was obtained by variation of the velocity for each temperature analysed
while keeping the pressure constant at 200 kPa (i.e. only pressure with a complete set of data
for all the parameters tested) (Figure 6.3). The dimensions of the filament significantly
decreased with the increase of velocity. For all the temperature evaluated, the dimensions of
the strut at 0.5 mm/s was significantly higher than the filament dimension obtained for all the
other velocities (p-value <0.05 for 80°C and p-value <0.0001 for the other three
temperatures). Moreover, for the sample at 110°C the filament size statistically decreased
with each change of temperature (p-value < 0.0001 between 1 mm/s and 2 mm/s and p-value<
0.01 for 2 mm/s and 4 mm/s). For 100°C, a significant reduction was evidenced between 1
mm/s and 2 mm/s samples (p-value<0.001), while no difference could be detected between
2 mm/s and 4 mm/s. Finally, for 90°C no significance differences in the filament dimension

was observed between the samples at 1 mm/s and 2 mm/s.
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Figure 6.3 Variation of the filament width (i.e. average + std. dev.) with processing parameters.
Variation of writing velocity for each temperature while keeping pressure (200 kPa) constant (n=10).
Statistical analysis was performed between samples belonging to the same group. *, **** indicate
statistically significant difference between the lowest parameter considered and all the other levels (p-
value<0.05, p-value<0.0001). **** indicates statistically significant difference between two consecutive
parameters (p-value<0.0001). ## ###indicate statistically significant difference between two consecutive
parameters of the samples belonging to the same group (p-value<0.01, p-value<0.0001).

Using the optimized conditions described above, structures with different macro porosities
ranging from 1.5 mm to 0.5 mm could be obtained, as shown in Figure 6.4 a, b and c.
Moreover, constructs with a honeycomb pattern could be obtained as shown in Figure 6.4 d.
All the scaffolds produced possessed a well-defined structure, closely matching that of the

implemented design, confirming the printability of the material.
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Figure 6.4 3D printed scaffolds of P(3HO-co-3HD-co-3HDD) with macro porosities of a)1.5mm , b) 1
mm, c¢) 0.5 mm pore size and d) with different patterns, honeycomb (left image) and rectilinear (right

image).

Another important parameter for 3D printing is the layer height, the distance between layers
of materials deposited on top of each other. Using the optimal conditions obtained in the
screening experiment, a layer distance of 0.4 mm was found to be the best for the
development of 3D printed constructs. In particular a targeted scaffold height of 6 mm could
be achieved by the deposition of 22 layers of materials, as shown in Figure 6.5. Such scaffolds
dimensions (1.5x1.5 of pore size and 6 mm height) were designed in collaboration with the
Orthopaedic Surgery and Traumatology and Cell Therapy Department of the University of
Navarra and will be discussed in more details in Chapter 7. However, the structure obtained
did not show porosity in the zeta axes, an indication of sagging of the material between layers
(Chen et al., 2019).
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Figure 6.5 3D printed scaffolds of P(3HO-co-3HD-co-3HDD) with 6 mm of height obtained by

deposition of 22 layers of material.

6.2.1. Surface characterization

SEM analyses of the 3D printed P(3HO-co-3HD-co-3HDD) scaffolds was conducted to
investigate the surface properties of the materials. As shown in Figure 6.6, the scaffolds

obtained has a smooth surface without the presence of micro pores.

Figure 6.6 SEM analyses of the surface of a 3D printed P(3HO-co-3HD-co-3HDD) scaffold.
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6.2.2. Evaluation of the effect of the printing process on the

molecular weight properties

To evaluate whether the melt 3D printing process could induce a variation of the properties
of the polymeric material, GPC analyses were performed on the extruded material. For this
reason, three samples were taken at specific time points through the printing process and the
material properties were analysed and compared to the starting material. The first interval
considered was 15 minutes as that is the time used to allow the polymer to melt inside the
aluminium cartridge. The final sample was taken after 2 hours, which based on laboratory
practise was the longest time that the polyester would be heated for. Two middle points of

30 minutes and 1 hour were chosen to characterize the printing process.

Table 6.3As shown in Table 6.3, no statistical variation of the weight average molar mass,
the number average molar mass and the polydispersity index for all the time points were

evaluated as compared to the control conditions (i.e. polymer not 3D printed).

Table 6.3 Molecular weight of 3D printed P(3HO-co-3HD-co-3HDD) samples after 15 minutes, 30
minutes, 1 hour and 2 hours of printing. Mw is the weight average molar mass, My is the number
average molar mass and PDI is the polydispersity index (Mw/Mn) The results are expressed as average

+ standard deviation (n=3).

Time Mw (kDa) | Mn(kDa) PDI

Time0CTR | 273 +12 65 + 15 42+0.8

15 minutes 280+ 10 56 +13 5.2+14

30 minutes 290+7.5 57 +18 5.2+24

1 hour 279+ 12 60 +6 41+04

2 hours 284 + 10 59+6 48+0.5

6.2.3. Degradation study

The in vitro degradation of the 3D printed structures was investigated by incubating the
samples in PBS at 37°C for 6 months. For such experimental tests, samples of 1.5x 1.5 mm
pore size and 1 mm of layer height were produced. The materials maintained their shape

throughout the duration of the study.
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After each month, the samples were weighted, and the % water uptake was calculated. As
shown in Figure 6.7 a, the 3D printed structures showed an average wet weight slightly higher
than the initial weight even though not significantly different. Moreover, the weight remained
constant throughout the course of the experiments, without statistically significant
differences. The samples were then dried at room temperature until constant weight was
achieved. Figure 6.7 b shows the % dried weight variation of the samples over time. No
statistically significant difference was detected for all the samples analysed, indicating that

the weight remained constant over time.
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Figure 6.7 a)% water uptake and b) % dried weight variation of 3D P(3HO-co-3HD-co-3HDD) printed
scaffolds after incubation in PBS for 6 months at 37 °C (n=3). For both graphs no statistically

significant difference was detected between the samples (p-value >0.05).

The variation of the pH of the solutions was recorded over time and is reported in
Figure 6.8. No change in the pH was observed after 1 month of incubation of the 3D printed

scaffolds. After 2 months, a slight but statistically significant decrease of the pH was detected
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from 7.4 to 7.2 (p-value < 0.05), and this value remained constant for the rest of the duration

of the degradation tests.
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Figure 6.8 Variation of the pH of 3D P(3HO-co-3HD-co-3HDD) printed scaffolds during the

degradation studies in PBS over 6 months of incubation at 37° C (n=3).

The variation of the molecular weight of the samples over time was investigated through
GPC analyses. Table 6.4 shows the weight average molar mass (Mw), the number average
molar mass (My) and the polydispersity index (PDI)(Mw/M) for all the time points evaluated.
Figure 6.9a shows the variation of the My over time, evidencing the statistically significant
differences between the samples. Overall, the My decreased significantly over time as
compared to the sample at time zero. After one month a significant decrease in the average
Mw was detected as compared to the sample at time zero (average reduction of 10%, p-value<
0.05). After 2 months, the average My was significantly lower than both the My at time zero
(average reduction of 32%, p-value < 0.0001) and the My of the samples after 1 month
(average relative reduction of 25% as compared to samples after 1 month, p-value < 0.0001).
After 3 months of incubation, the samples showed a further statistically significant decrease
in the molecular weight, with an average of 45% of reduction as compared to the initial
sample ( p-value < 0.0001) and an average of 19% of relative reduction as compared to the
samples after 2 months (p-value < 0.01). No statistically significant changes in the My, of the
samples after 4 months could be detected as compared to the samples after 3 months of
incubation. After 5 months, the samples showed a significant decreased value of the My as
compared to both the initial samples (average reduction of 57%, p-value < 0.0001) and the
samples after 4 months (average relative reduction of 15%, p-value < 0.05). Finally, an
average reduction of the My by 66% was obtained after 6 months of incubation as compared

175



Chapter 6 -Development of mcl-PHA based 3D printed scaffolds by melt 3D printing

to the initial sample (p-value < 0.0001). Moreover, the My, of the samples at 6 months was
significantly lower than the My of the samples at 5 months (average relative reduction of
20%, p- value < 0.01).

The variation of the My over time is describe in Figure 6.9 b. No statistically significant
difference could be noticed after one month of incubation as compared to the control
conditions. After 2 months a significant decrease of the M, was detected as compared to the
initial samples (average reduction of 19%, p-value<0.05). No statistically significant changes
in the M, of the samples after 3 months could be detected as compared to the samples after
2 months of incubation. After 4 months, the samples showed a significant decrease of the Mn
as compared to both the initial samples (average reduction of 45%, p-value < 0.0001) and the
samples after 4 months (average relative reduction of 25%, p-value < 0.01). No statistically
significant changes in the M, of the samples after 5 months could be detected as compared
to the samples after 4 months of incubation. A final average 57% reduction of the M, was
obtained after 6 months of incubation as compared to the initial sample (p-value < 0.0001).

Finally, a significant decrease in the average value of the PDI was detected after 2 and 3
months of incubation as compared to the initial samples (p-value<0.05). No statistically
significant difference was detected between the other time points evaluated and the initial

conditions.

Table 6.4 Variation of the molecular weight of 3D P(3HO-co-3HD-co-3HDD) printed scaffolds during
the degradation studies in PBS over 6 months of incubation at 37° C (n=3). Mw is the weight average

molar mass, Mn is the number average molar mass and PDI is the polydispersity index (Mw/Mn)

Time Mw (kDa) | Mn(kDa) PDI
CTRTimeO| 2746 52.7+1.8 | 51 +£0.3
Month 1 244 + 7 51+3 48+0.2
Month 2 185+10 | 425+15 | 4301
Month 3 150+ 3 3852 3.9+0.2
Month 4 138+ 14 29+25 46+0.3
Month 5 11752 25+2 46+0.1
Month 6 935+35 | 225+45 431
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Figure 6.9 Variations of the a) Mwand b) Mn of 3D P(3HO-co-3HD-co-3HDD) printed scaffolds after
incubation in PBS for 6 months at 37 °C(n=3). *, ** **** indicate statistically significant difference
between the samples at time 0 and all the other time points (p-value<0.05,, p-value<0.01, p-
value<0.0001).”, #, ###indicate statistically significant difference between two consecutive time points (p-
value<0.05, p-value<0.01, p-value<0.0001). ** indicate statistically significant difference between the Mn

after 4 months and after 6 months (p-value<0.01).
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The variation of the thermal properties during the in vitro degradation studies over 6 months
are reported in Table 6.5 and Figure 6.10. No statistically significant differences of the glass
transition temperature could be detected between the samples during the study. After one
month of incubation, a distinct bimodal pattern was detected for the melting peak,
characterized by the presence of two melting peaks as shown in Figure 6.10. The main peak
was around 51°C, while the second was around 39°C, and the values remained constant over
time for all the samples evaluated, without statistically significant differences.

Variation of the enthalpy of fusion of the materials could be detected during the duration of
the experiment. No statistically significant differences were evidenced after 1 month of
incubation. The enthalpy of fusion increased significantly after 2, 3 and 4 months as
compared to the starting material (p-value < 0.001 for moth 3, p-value < 0.01 for both month
3 and 4). However, no statistically significant differences were evidenced between these time
points (i.e. month 2 vs month 3, month 3 vs month 4 and month 2 vs month 4). Finally, no
statistically significant differences were detected between the variation of enthalpy after 5
and 6 months as compared to the initial values.

Table 6.5 Thermal properties of 3D printed P(3HO-co-3HD-co-3HDD) samples after incubation in PBS
for 6 months at 37 °C. Tm is the melting peak, Tyis the glass transition temperature and AHm is the

enthalpy of fusion. The results are expressed as average * standard deviation (n=3).

Tm (°C) Tq AHm

Polymer

T T2 (°C) (J/9)
Time 0 - 50.5+0.5 -43+1.8 175+0.5
1 Month 39+0.5 50.5+0.5 -42 + 0.5 16.7+0.5
2 Months | 39.1+£0.3 50.5+0.6 -43+1.2 226+14
3 Months 40+1 51+0.5 -42+ 0.5 21.2+1
4 Months 38.7+1 52.3+0.5 -42.6+2 21+19
5Months | 385+0.5 52.3+0.6 -42 +0.5 184+1
6 Months 385=+1 51.7+14 -42.6+1.2 19+ 0.5
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Figure 6.10 Representative thermographs for the 3D P(3HO-co-3HD-co-3HDD) scaffolds during the
degradation studies in PBS at 37 °C for six months. Thermograms were shifted vertically for better

visibility.
6.2.4. Biological characterization

6.2.4.1. In vitro cell compatibility studies

In vitro preliminary cell studies were conducted to assess the compatibility of the 3D printed
scaffolds using MC3T3-E1 cell line. Indirect cytotoxicity studies were performed to evaluate
the potential release of toxic material from the structure. As shown in Figure 6.11 , 3D
P(3HO-co0-3HD-c0-3HDD) printed scaffolds showed a cell viability comparable to the
positive control. This result indicated the absence of toxic degradation products potentially

released from the structures developed using melt 3D printing.
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Figure 6.11 Indirect cytotoxicity studies of 3D P(3HO-co-3HD-co-3HDD) using MC3T3-E1 cell line

(n=3, error bars =+ SD). ). The values were expressed as % positive control, i.e. cells cultured directly

on Tissue Culture Plastic (TCP). There was no statistically significance difference between the samples.

Cell viability studies were conducted to investigate the growth of MC3T3-E1 on the produced

materials at 1, 3 and 7 days. As shown in Figure 6.12, the cell viability was comparable to

the positive control (tissue culture plastic, TCP) for all the time points evaluated.
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Figure 6.12 Cell viability studies of MC3T3-E1 cultured directly on 3D P(3HO-co-3HD-co-3HDD) at

day 1, 3and 7 (n = 3, error bars =+ SD). The values were expressed as % positive control, i.e. cells

cultured directly on Tissue Culture Plastic (TCP). There was no statistically significant difference

between the samples for all the time point evaluated.
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A live and dead test was conducted after 7 days of incubation of the MC3T3-E1 cells on the
3D scaffolds to confirm the cell viability results of the Alamar blue assay and evaluate the
distribution of the cells on the surface of the materials. The test uses two dyes to distinguish
between alive and dead cells. Calcein-AM is a non-fluorescent dye that can permeate the cell
membrane of cells and can be converted by esterases into green-fluorescent calcein. Ethidium
homodimer-1 is a weakly fluorescent dye that can bind to DNA, increasing its red
fluorescence. Since this dye is impermeable to the cell membrane, only cells with damaged
plasma membrane can be labelled with this dye. Therefore, using this staining method live
cells appear green while dead cells appear red. Figure 6.13 shows the images obtained by
fluorescent microscopy of the MC3T3-E1 cells on the surface of the scaffold. Two sections
of the constructs are shown, a fibre of the scaffold and the middle section, characterized by
a “cross shape” due to the crossing of two fibres. In both figures a uniform layer of live cells
was detected, confirming the capability of the scaffold to favour the attachment and

proliferation of the cells.
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Figure 6.13 Images of the MC3T3-EL1 cells cultured on of the 3D P(3HO-co-3HD-co-3HDD) scaffolds
for 7 days: a-c) microscopic images at phase contrast b-d), fluorescence microscopic images by
live/dead assay. Two sections of the scaffolds were selected a) and b) represent the filament part, while

¢) and d) represent the central part with a “cross shape”.

6.2.4.2. In vitro cell differentiation studies

To further investigate the possibility of using 3D P(3HO-co-3HD-co-3HDD) scaffolds for
bone tissue engineering, differentiation studies were conducted culturing MC3T3-EL1 cells in
osteogenic media containing ascorbic acid and PB-glycerophosphate. MC3T3-El is a
preosteoblastic cell line that has been extensively investigated for preliminary compatibility
studies of materials for bone regeneration due to its capability to differentiate into osteoblast
cells in the presence of the aforementioned supplements. The cells were seeded on the surface
of the materials and incubated for 21 days.

Preliminary investigation of the cell viability was conducted using Alamar blue assay and

the results are reported in Figure 6.14. The cell viability was comparable with the control
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(i.e. cell cultured on tissue culture plastic) for all the time points evaluated without

statistically significant differences.
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Figure 6.14 Cell viability studies of MC3T3-EL1 cells cultured directly on 3D P(3HO-co-3HD-co-3HDD)
atday 1, 7, 14 and 21 days cultured using osteogenic media (n = 3). The values were expressed as %
positive control, i.e. cells cultured directly on Tissue Culture Plastic (TCP). There was no statistically

significant difference between the samples.

To evaluate the differentiation of MC3T3-E1 cells into osteoblasts the expression of the
alkaline phosphatase (ALP) was investigated. This enzyme is able to hydrolyse phosphate
esters bonds and has been shown to promote mineralization by increasing the concentration
of inorganic phosphates through the hydrolysis of pyrophosphate (Golub and Boesze-
Battaglia, 2007). To quantify the presence of ALP in the in vitro cell culture a colorimetric
assay was employed based on the use of p-nitrophenyl phosphate as the substrate which is
turned into a yellow compound (i.e. p-nitrophenol, pNP) when dephosphorylated by the
enzyme. The final activity of ALP expressed in nmol was then normalized to the total content
of DNA (ng) present in each sample. Figure 6.15 shows the ALP activity for the MC3T3-E1
cells cultured on the 3D P(3HO-co-3HD-co-3HDD) scaffolds at 7, 14 and 21 days. The
average values of ALP activity increased over time for the 3D constructs with statistically
significant difference at both day 14 and day 21 as compared to day 7 (p-value <0.02 for Day
14 and p-value <0.0001 for day 21). At day 7 no statistically significant differences were
evidenced between the sample and the positive control. A statically lower average was

detected at day 14 for the cells cultured on the scaffolds as compared to the control (p-value
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< 0.01). However, the ALP activity of the scaffolds increased between day 14 and day 21
(p-value < 0.05) reaching the same values of the positive control. No statistically significant
difference was in fact observed between the 3D constructs and the TCP after 21 days of

incubation.
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Figure 6.15 Alkaline phosphatase activity of MC3T3-EL1 cells cultured on 3D P(3HO-co-3HD-co-3HDD)
using osteogenic media after 7, 14 and 21 days (n=3). The ALP activity normalized to the DNA content
and expressed as nmol/ng. The positive control was Tissue Culture Plastic (TCP). ** *** **** jndicate
statistically significant difference between the same samples at day 14 and 21 compared to day 7 (p-
value<0.01, p-value<0.001, p-value<0.0001). #indicate statistically significant difference between the
scaffold and the TCP at day 14 (p-value<0.01). *indicate statistically significant difference between the
scaffolds at day 21 and the scaffolds at day 21(p-value<0.05).

The Alizarin red S staining solution was used for evaluating the mineralization of the
scaffolds at 7, 14 and 21 days. The dye is able to bind with calcium deposited by a chelation
mechanism, allowing the formation of a red complex which can then be extracted and
analysed by colorimetric detection at 540 nm (Gregory et al., 2004). Figure 6.16 shows the
results of the Alizarin red S staining for the scaffolds compared to the control. A significant
increase in the absorbance was detected for both the scaffold and the positive control from
day 7 to day 14 and from day 14 to day 21 (p-value < 0.0001). No statistically significant
difference was evidenced between the 3D printed scaffolds and the positive control for all

the three time points considered.
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Figure 6.16 Alizarin red S staining of MC3T3-E1 culture on 3D P(3HO-co-3HD-co-3HDD) using
osteogenic media after7 and 21 days (n=3). The positive control was Tissue Culture Plastic (TCP). ****
indicate significant statistically difference between the same samples at day 14 and day 21 compared to
day 7 (p-value<0.0001). ## indicate statistically significant difference between the same samples at day

21 compared to day 14 (p-value<0.0001). There was no statistically significant difference between the
scaffolds and TCP at day 7 and day 21.
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6.2.5. Development of 3D printed scaffolds with dual porosity:

macro and micro porosity

In the second part of this chapter, the possibility of combining salt-leaching with melt 3D
printing was investigated to create scaffolds with dual porosity. The macro-porosity was
created by the 3D model used for the printing (i.e. 1.5x 1.5 mm pore size and 1 mm height)

and a micro-porosity was created inside the fibres through the addition of salt particles.

To optimize the production of such structures, P(3HO-co-3HD-co-3HDD) was mixed with
salt particles of different size and in different ratios, as described in Table 6.6. In particular
salt particles of two sizes (<100 um and 100-300 um) and three ratios of P(3HO-co-3HD-
co-3HDD)/NaCl (50:50, 35:65 and 25:75 wt/wt) were considered. Compositions with a
higher content of salt could not be printed. Slurry solutions of each composition were
obtained by mixing the polymer with salt in chloroform. The mixtures were then poured in
glass Petri dishes to obtain films with a homogeneous distribution of salt. Such films were
cut into pieces and used as the starting materials for the printing of scaffolds with dual

porosity.

All the samples listed in the table could be printed but a higher temperature 120 °C and a
higher pressure between 170-200 kPa was required to extrude the material compared to neat
constructs (100:0 P(3HO-co-3HD-co-3HDD)/NaCl).

Table 6.6 Composition of 3D P(3HO-co-3HD-co-3HDD)/NaCl samples

Polymer NaCl NaCl

Sample Content | Content Size

(Yowtiwt) | (9% wtiwt) | (um)

50:50 P(3HO-c0-3HD-co-3HDD)/NaCliooum 50 50 <100

35:65 P(3HO-c0-3HD-co-3HDD)/NaCliooum 35 65 <100

25:75 P(3HO-c0-3HD-co-3HDD)/NaCl1goum 25 75 <100
50:50 P(3HO-c0-3HD-co-3HDD)/NaClzooum 50 50 100-300
35:65 P(3HO-c0-3HD-co-3HDD)/NaClzooum 35 65 100-300
25:75 P(3HO-co-3HD-c0-3HDD) NaClsgoum 25 75 100-300
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6.2.5.1. Surface morphology characterization

A preliminary investigation of the surface morphology of the 3D scaffolds before salt
leaching was conducted using the sample with the highest concentration of salt 25:75 P(3HO-
co-3HD-co-3HDD)/ NaCl and salt dimension <100 um as an example. The SEM analyses
are reported in Figure 6.17. The surface of the samples containing salt appeared less uniform
compared to the neat samples due to the presence of the porogen. Moreover, Figure 6.17c
shows the cross section of a fibre of the 25:75 P(3HO-co-3HD-co-3HDD)/ NaCliooum. NaCl
particles appeared embedded within the fibre and uniformly distributed, with grains of NaCl

of dimensions lower than 100 um as expected.

Figure 6.17 Representative SEM analyses of the surface of a) 3D P(3HO-co-3HD-co-3HDD) without
salt, b) 3D 25:75 P(3HO-co-3HD-co-3HDD)/NaCliooum. Figure ¢ represents the inside cross section of a
fibre of 3D 25:75 P(3HO-co-3HD-co-3HDD)/NaCliooum.

Figure 6.18 shows the SEM analyses of the surface of 3D P(3HO-co-3HD-co-3HDD)/NaCl
samples with a particle salt particle size <100um and between 100 and 300 um after leaching

in water. ImageJ software was used to quantify the dimension of the pores present and to
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give an indication of % area of the surface occupied by the pores (Figure 6.19), as described

in the material and methods section 2.11.1.

For the smaller dimension of porogen (i.e. < 100 pm), the sample with the lowest
concentration of salt 50:50 P(3HO-co-3HD-co-3HDD)/NaCliooum Showed a smooth surface
characterized by the presence of a few pores with a diameter < 20um. The relative % area
covered with pores was low, less than 1%. The effect of the presence of salt was more evident
in the samples with a higher concentration of porogen, 35:65 and 25:75 P(3HO-co-3HD-co-
3HDD)/ NaCliooum. A change in the morphology of the surface from smooth to rough could
be detected. Moreover, the presence of salt induced the formation of pores with an irregular
shape and a range of dimensions. For both loadings of porogen in fact three classes of pores
dimensions could be detected, large one with a diameter from 50-30 pum, medium ones from
30 to 5 pm and small ones with a diameter lower than < 5 um. Moreover, the area of the
surface occupied by the pores was significantly higher for both concentrations compare to
the lowest one (p-value <0.001), with an average value of 11%. No statistically significant

differences could be detected between the two concentrations.

For the 3D P(3HO-co-3HD-co-3HDD)/NaClzooum Samples with a salt particle size between
100 and 300um, the SEM analysis showed that the effect of salt could be detected for all the
concentrations tested. The scaffold with the lowest amount of pororgen,50:50 P(3HO-co-
3HD-co-3HDD)/NaClsooum, showed a rough surface with a few pores of diameter < 10 pm.
The relative % area of the pore was lower than 1%. The surface of the samples with the
intermediate concentration of NaCl appeared similar to that of 35:65 and 25:75 P(3HO-co-
3HD-co-3HDD)/NaCliooum. Pores of irregular geometry were in fact present with dimensions
lower than 50 um. Moreover, the amount of the surface area occupied by the pores was higher
than the one for the lowest concentration of salt (average 11%, p-value < 0.001). Finally, the
increase in the amount of porogen induced the formation of bigger pores with a length
between 90-100 pum on the surface of 25:75 P(3HO-co-3HD-co-3HDD)/NaClsooum. The
presence of smaller pores with dimensions between 50-30 um, 30-5 pm and <5 um was also
detected. The % area occupied by the pores was statistically higher than that of 50:50 and
35:65 P(3HO-co-3HD-co-3HDD)/NaClsgopm Samples  (p-value< 0.001 for both
concentrations), with an average value of 22%. This percentage was also significantly higher
than that obtained by the sample with the same composition but lower salt particle size (i.e.
25:75 P(3HO-c0-3HD-co-3HDD)/NaCl1goum, p-value< 0.001).
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Figure 6.18 SEM analyses of the surface of 3D P(3HO-co-3HD-co-3HDD)/NaCl samples with a salt
particle size <100um (right column) and 100-300um (left column) after leaching in water (200x). The
first row shows samples with 50:50 ration of P(3HO-co-3HD-co-3HDD):NacCl, the second 35:65, the

third 25:75.
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Figure 6.19 Percentage area of the surface occupied by the pores calculated using ImageJ software for
3D P(3HO-co-3HD-co-3HDD)/NaCl samples with a salt particle size <100um (grey) and 100-300um
(blue) (n=3). **** indicate statistically significant difference between the same samples with 35:65 and
25:75 ratio compared to 50:50 ratio (p-value<0.0001). ## indicate statistically significant difference for
P(3HO-co0-3HD-c0-3HDD)/NaClsooum samples between 25:75 and 35:65 ratio (p-value<0.0001). ***
indicate statistically significant difference for 25:75 ratio between samples with NaCl size <100um and
100-300um (p-value<0.0001)

6.2.5.2. Porosity study

The intra-strut porosity of the 3D P(3HO-co-3HD-co-3HDD)/NaCl samples was calculated
using the gravimetric method as described in the materials and methods section 2.11.7 and is

reported in Figure 6.20.

For the smaller dimension of porogen (i.e. < 100 pm), the sample with the lowest
concentration of salt 50:50 P(3HO-co-3HD-co-3HDD)/NaCliooum showed a low intra-strut
porosity of 1%. The constructs with higher concentrations of salt showed a significantly
higher percentage as compared to 50:50 P(3HO-co-3HD-co-3HDD)/NaCliooum, With an
average value of 22% for 35:65 P(3HO-co-3HD-co-3HDD)/NaCliooum and 36% for 35:75
P(3HO-c0-3HD-co-3HDD)/NaCliooum (p-value <0.001 and p-value <0.0001 respectively).
However, no statistically significant differences could be detected between the two

concentrations with the highest amounts of salt (i.e. 35:65 vs 35:75).

A similar behaviour could be observed for the 3D P(3HO-co-3HD-co-3HDD)/NaClsooum

samples with a salt particle size between 100 and 300 um. The scaffold with the lowest
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amount of porogen showed a low average value of 6.5%. The intra-strut porosity increased
significantly for the constructs with higher content of salt as compared to 50:50 P(3HO-co-
3HD-co-3HDD)/NaClsooum, showing an average value of 23 for 35:65 P(3HO-co-3HD-co-
3HDD)/NaClsgoum, and 36% for 25:75 P(3HO-co-3HD-co-3HDD)/NaClsooum, (p-value
<0.05 and p-value <0.001 respectively). As for the samples with porogen size < 100 pum, no
statistically significant differences were detected between the samples with the highest
amounts of salt (i.e. 35:65 vs 25:75).

Finally, no statistically significant differences could be detected between the sample with the
same composition but different porogen dimensions (i.e. NaCliooum VS NaClsooum).
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Figure 6.20 % Porosity of 3D P(3HO-co-3HD-co-3HDD)/NaCl samples with a salt particle size <100um
(grey) and between 100 and300um (blue) (n=3). **** **** indicate statistically significant difference
between the same samples with 35:65 and 25:75 ratio compared to 50:50 ratio (p-value<0.05, p-
value<0.001, p-value<0.0001).

6.2.5.3. In vitro compatibility studies

Preliminary in vitro compatibility studies were conducted using MC3T3-E1 cells. Indirect
cytotoxicity studies were investigated using the eluates obtained after incubation of the
scaffolds for 24 hours in the media, to evaluate the potential release of toxic substances from
the 3D P(3HO-co-3HD-co-3HDD)/NaCl with a porogen size < 100 um and between 100 and
300 pm. The results were expressed as percentage compared to the positive control, tissue
culture plastic, and are shown in Figure 6.21. No statistically significant difference was
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detected between the samples and the TCP for all the three concentrations of salt tested and
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Figure 6.21 Indirect cytotoxicity studies using MC3T3-E1 cell line of 3D P(3HO-co-3HD-co-
3HDD)/NaCl with a salt particle size a) <100 um ) and b) 100-300um (n = 3). The positive control was
Tissue Culture Plastic (TCP). There was no statistically significance difference between the samples (p-

value>0.05).
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6.3. Discussion

In the first part of this chapter, the possibility of developing 3D scaffolds through melt
extrusion printing of P(3HO-co-3HD-co-3HDD) was investigated. As described in the
introduction section, additive manufacturing allows to create controlled and well-defined
structures with high reproducibility. Moreover, this technique can ultimately allow the
development of customized and patient -specific scaffolds that match the shape and
dimensions of the tissue to be replaced (Gloria et al., 2009; Chiulan et al., 2018). To date
only a limited number of studies have been conducted on the 3D printing of PHAS, and none
have investigated the use of mcl-PHA (Vaidya et al., 2019; Pereira et al., 2012; Duan et al.,
2011; Zhao et al., 2014; Yang et al., 2014). In this work for the first time a screening study
was conducted to evaluate the optimal printing conditions for this polyester. Due to the
thermoplastic properties of PHAs, these materials can be processed using extrusion-based
systems by applying heat above their melting temperature, avoiding the use of toxic solvents
(Gleadall et al., 2018; Pfister et al., 2004; Guo et al., 2013). Based on literature studies, the
melting temperature, the writing speed and the extrusion pressure are known to be key
process parameters and were therefore investigated in this study (Gloria et al., 2009; Hoque
et al., 2009; Sheshadri and Shirwaiker, 2015; Trachtenberg et al., 2014; Domingos et al.,
2012). Assuming the molten polymer as a viscous Newtonian fluid with a laminar flow
profile, the flow rate of the material (Q) can be described by the following Hagen-Poiseuille

equation:

TAP
= *
128 Ly

d4-

Where AP is the pressure, d is the nozzle inner diameter, L is the nozzle length, and n is the
polymer viscosity. Keeping the nozzle parameters constant, Q is directly proportional to the
applied pressure and inversely proportional to the material viscosity (Trachtenberg et al.,
2014; Gloria et al., 2009; Turner et al., 2014). In this work, the behaviour of P(3HO-co-3HD-
co-3HDD) in terms of variation of filament width was in agreement with this equation. An
increase in the filament width with increasing pressure was observed, which is explained by
the fact that an increase of pressure leads to an higher flow of material while maintaining the
other parameters constant (Hoque et al., 2009; Trachtenberg et al., 2014). A similar trend

was observed for the extrusion temperature and can be correlated to the its relationship with

193



Chapter 6 -Development of mcl-PHA based 3D printed scaffolds by melt 3D printing

viscosity. An inverse relationship exists in fact between such parameters (i.e. increase in
temperature causes a decrease of the viscosity) (Sheshadri and Shirwaiker, 2015; Domingos
et al., 2012). Therefore, the higher values of filament width induced by increments of
temperature can be explained by the fact that in such conditions a lower viscosity is induced,
consequently leading to higher flow rate, as described by the equation (Hoque et al., 2009;
Domingos et al., 2012). Finally, a decrease of the filament width was obtained with increased
writing speed. Under such conditions (i.e. fixed pressure, temperature and nozzle
parameters), the flow rate of the material is kept constant and the cross section of the filament

(A) can be described by the following equation:

A= 9

v

Where Q is the flow rate and v the printing velocity (Hoque et al., 2009; Turner et al., 2014).
This formula shows an inverse relationship between A and v which describes the results
obtained in this work. Overall, the screening study allowed to obtain the optimal combination
of parameters to successfully print well-defined and reproducible 3D structures using
P(3HO-co-3HD-co-3HDD), for the selected nozzle size (i.e. 600 pum). Future work should
be conducted to investigate the effect of the nozzle dimensions on the process, as such
parameter directly linked with the flow rate of the material (as described by the Hagen-
Poiseuille equation) and also determine the minimal printable resolution feature (Munaz et
al., 2016; Turner et al., 2014).

Visual observation of the final 3D scaffolds printed (i.e. 6 mm height) revealed that no
porosity on the z- direction could be achieved due to sagging of the material. During the
printing process, solidification of each layer needs to occur before a following layer can be
applied to avoid lateral collapse. Such feature depends on both processing parameters (e.g.
temperature of printing, the writing speed, the layer height) and the materials properties
(Ortega et al., 2019; Domingos et al., 2012). In this work, the optimal conditions to develop
pores in the z direction could not be obtained, indicating a possible intrinsic limitation of the
polyester used. Several studies in literature have indeed shown that PHAs possess low
solidification properties from melt (Nerkar et al., 2015; Li et al., 2016c; Wang et al., 2016Db).
A possible solution could be explored in future through the use of dual printing the polyesters
with other materials to be used as sacrificial support layers (Alom-Ruiz and Chen, 2007;
Birol et al., 2006).
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Finally, investigation of the effect of the printing process on the material properties was
conducted, as the exposure of the polymer to high temperatures could lead to its degradation
(Turner et al., 2014). No decrease of the molecular weight of the material was detected in the

GPC studies conducted, confirming the suitability of such techniques for mcl-PHAs.

Understanding the degradation behaviour of the scaffold obtained is essential for biomedical
applications. Biodegradable constructs should be able to support cell attachment and
proliferation and allow the cell to produce their own extracellular matrix, replacing over time
the materials. Therefore, the scaffolds should be able to degrade in a manner suitable for the
regeneration of a specific tissue. Moreover, the degradation product should be non-toxic and
should not elicit an adverse reaction in the site of implantation. The degradation in vivo is a
complex mechanism, depending on both the environmental characteristic (e.g. pH,
temperature, presence of cells and enzymes) and the material properties (e.g. polymer
chemical structure, molecular weight, crystallinity, morphology)(Gil-Castell et al., 2019;
Woodard and Grunlan, 2018). For this reason preliminary in vitro investigations are required
to understand the degradation mechanism under simpler conditions (Domingos et al., 2010).
In this study, the degradation of the 3D P(3HO-co-3HD-co-3HDD) scaffolds was
investigated using a simple set up by immersion of the samples in PBS at 37°C and pH of
7.4 over 6 months (Dong et al., 2009; Woodard and Grunlan, 2018). In such conditions,
polyesters are known to be degraded by hydrolysis of the ester bonds and two main
mechanism can occur, bulk or surface degradation (Woodard and Grunlan, 2018). The former
is characterized by random chain scission throughout the matrix of the material due to water
diffusion inside the structure, causing reduction in the molecular weight. When the reaction
produces small enough oligomers that can diffuse out of the scaffolds, drop in the weight of
the materials can be evidenced (Ferreira et al., 2017; Lam et al., 2008). Surface degradation
is instead localized in the outer layers of the constructs as the hydrolysis of the material is
faster than the water penetration, leading to the release of the degradation products in the
surrounding media with a reduction in the weight of the scaffolds, but not in its molecular
weight (Ferreira et al., 2017; Lam et al., 2008; Beslikas et al., 2011). The results obtained in
this study suggested that the 3D printed scaffolds underwent bulk degradation, as no change
in the weight of the material could be detected, while a decrease of the molecular weight
(Mw) of up to 66% was observed after six months. Moreover, the overall structure of the

constructs remained unchanged as the degradation occurred at a molecular level. In literature
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a few studies have been conducted on the in vitro degradation for scl-PHA based scaffolds,
while to date no study has been conducted on the in vitro degradation of mcl-PHAs materials.
Freier et al. showed a reduction of 50% of the molecular weight (Mw) of P(3HB) films after
14 months of incubation, while for P(3HB) electrospun fibres a 54% decreased of M, was
achieved after 21 months (Freier et al., 2002; Gil-Castell et al., 2019). The degradation of
P(3HB-co-HV) fibres has also been investigated showing a similar rate with a 47% loss of
Mp after 11 months (Sultana and Khan, 2012). These results evidenced that the PHAS studied
in this study showed a faster rate of degradation compared to the polyester studied in
literature. This behaviour could be ascribed to the possible lower crystallinity of P(3HO-co-
3HD-co-3HDD) compare to scl-PHAs. Crystalline regions in fact reduce the rate of construct
degradation as they limit water penetration due to their tightly packed conformation
(Woodard and Grunlan, 2018; Lam et al., 2008). For example, poly(D,L-lactic) acid, an
amorphous polymer, is characterized by a faster degradation rate compared to the semi
crystalline poly(L-lactic acid)(Azevedo et al., 2003). The higher susceptibility of the
amorphous region compared to the crystalline one could also explain the increase in the
enthalpy of fusion (and therefore increase in crystallinity) detected after 2, 3 and 4 months
of incubation of the scaffolds. Such a behaviour has been evidenced for several polyesters
including PHAS and it has been attributed to the fact that the hydrolysis of the amorphous
areas leads to the presence of smaller fragments that can rearrange into crystalline structures
(Bartnikowski et al., 2019; Foster and Tighe, 2005; Domingos et al., 2010; You et al., 2005).
Such mechanism was further confirmed by the presence of two distinct peaks in the melting
area, suggesting that two different crystalline populations were present in the materials. In
particular the recrystallized areas of the amorphous regions seemed to possess a less perfect
structure, therefore melting at a lower temperature (40 °C compared to 50 °C)(Gil-Castell et
al., 2019). The increase in the enthalpy of fusion could also be related to the decrease in the
rate of reduction of the molecular weight over time, as the new crystalline regions can act as
a barrier to water diffusion and hence hydrolysis (Lam et al., 2008).
Finally, a slight decrease in the pH of the solution was detected from 7.4 to 7.2 over the
degradation tests. These results are encouraging for the application of such device for tissue
engineering, as polyesters like PLLA or PLGA are usually associated with a reduction of the
local pH due to their degradation products, with possible adverse effects such as the rise of a
late inflammation at the implantation site (Liu et al., 2006; Sung et al., 2004). In literature
PHAs have been shown to possess less acid degradation products than the aforementioned
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polyesters, making them a valid alternative (Manavitehrani et al., 2016; Bonartsev et al.,
2019). Based on these preliminary results, the designed 3D P(3HO-co-3HD-co-3HDD)
scaffolds seemed to be suitable in terms of degradation for long term applications such as
bone regeneration. For bone tissue regeneration in fact the scaffold should maintain its
properties and structure during the first 3 months of implantation, allowing the deposition of
new bone, and degradation should progress up to 12 months favouring bone remodelling
(Woodruff et al., 2012). Nevertheless, further studies should be conducted to evaluate the
degradation of the polyester in the presence of enzymes such us eukaryotic lipases and
esterases that have been shown to contribute to their degradation in vivo (Ong et al., 2017,
Freier et al., 2002).

The compatibility of the 3D printed scaffolds was evaluated by preliminary in vitro studies
using MC3T3-E1 cells. The indirect cytotoxicity test confirmed the absence of toxic
leachable compounds in the developed constructs. Moreover, the materials were able to
support the growth and proliferation of the cells, and a continuous and uniform layer of cells
was detected after 7 days of incubation, showing the potential of this material for its
application in bone tissue engineering. To further investigate the use of these materials in the
bone regeneration, differentiation studies were conducted where the cells were cultured in a
media containing ascorbic acid and B-glycerophosphate to favour their differentiation into
osteoblasts. In a typical tissue engineering approach in fact the scaffold is combined with
stem cells and needs to support and/or induce their differentiation into mature osteoblasts
either before or after implantation (Sheehy et al., 2019; Rai et al., 2010; Cai et al., 2015).
Alternatively, if acellular constructs are implanted, the same requirement is needed for the
differentiation of the host cells that are recruited during the bone healing process (Sheehy et
al., 2019; Su et al., 2018; Lin et al., 2017). Therefore, when novel constructs are developed,
preliminary in vitro studies are usually conducted to evaluate if the material possess such
features. In particular in this work the MC3T3-E1 cell line was chosen as it is a well-
established model to study bone differentiation and mineralization in vitro, and its interaction
with a wide range of materials has been investigated (Czekanska et al., 2012; Hwang and
Horton, 2019; Quarles et al., 1992). This cell line is able to produce a mineralized
extracellular matrix when cultured using ascorbic acid and -glycerophosphate. The former
Is associated with the synthesis, deposition and maturation of collagen type 1, which has also

been shown to induce differentiation as a direct contact between the cells and an ECM
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containing collagen has been hypothesized to be essential for the cells to differentiate (Yan
et al., 2014; Langenbach and Handschel, 2013). B-glycerophosphate represent a source of
phosphate for the ECM mineralization through its hydrolysis by the alkaline phosphatase
enzyme leading to the release of inorganic phosphate (Pi). Moreover, Pi have also been
described to be involved in the regulation of several osteogenic genes, acting as intracellular
signalling molecules (Langenbach and Handschel, 2013; Hwang and Horton, 2019). In this
work MC3T3-E1 cells were seeded on the 3D P(3HO-co-3HD-co-3HDD) scaffolds and
cultured in osteogenic media, and the differentiation was evaluated in terms of ALP activity
and calcium deposition (i.e. alizarin red s assay). From literature it is known that in such
conditions the cell line undergoes three stages, proliferation, maturation and mineralization.
During the first phase the cells attach and grow on the surface of the material but are still at
an immature stage with low levels of ALP and calcium deposition (McCauley et al., 1996;
Quarles et al., 1992). In this study such behaviour was detected as both markers were low
after 7 days of incubation of MC3T3-E1 cell on both the scaffolds and the control (i.e. Tissue
culture plastic). The maturation phase usually starts after 10 days of incubation and is
characterized by a peak of ALP production, which then remains constant or even decreases
during the final phase. Such stage is the final and typically begins after 16 days and is
characterized by the deposition of inorganic calcium in the extracellular matrix, with the
highest peak at the end of the incubation (St-Pierre et al., 2005; Marsh et al., 1995; Li et al.,
2019b; Choi et al., 1996). The cells cultured on the positive control showed such typical
behaviour, with an ALP activity peak after 14 days of incubation followed by the highest
increment of calcium deposition after 21 days. For the 3D printed scaffolds, the ALP peak
increased over time, but the highest value was detected at 21 days, indicating a possible
slower maturation of the cells on such constructs compared to the positive control.
Nevertheless, the maximum ALP activity was comparable to that of the positive control and
a high level of mineralization was achieved after 21, without significant differences with the
TCP, indicating that the 3D P(3HO-co-3HD-co-3HDD) are able to support the differentiation
of the cells in vitro. Moreover, the similar behaviour in the mineralization might be an
indication that the highest peak of ALP activity was actually achieved before 21 days, as a
delay between the maximum expression of such markers is usually noticed (St-Pierre et al.,
2005; Choi et al., 1996; Liu et al., 2018). To obtain a better understanding of the influence
of the 3D structure on the differentiation of the MC3T3-E1 cells compared to 2D systems,
the use of the same material should be evaluated for future studies, using P(3HO-co-3HD-
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co-3HDD) solvent cast films, eliminating possible differences due to intrinsic material
properties (Kaur et al., 2019b; Wu et al., 2018). Finally, an osteoinductive behaviour for such
materials was not detected in this study, which was expected as PHAs are not bioactive
polyesters. In the studies where an increase in differentiation was achieved in fact the
polymers were always mixed with materials such as bioactive glasses and hydroxyapatite,
capable of inducing better biological performances (Ansari et al., 2016; Yang et al., 2014;
Wang et al., 2005).

In the second part of this chapter a feasibility study was conducted to evaluate the possibility
of creating dual porosity in 3D printed P(3HO-co-3HD-co-3HDD) scaffolds through the
combination of melt printing and salt leaching. As described in the previous sections the
constructs obtained by melt printing of the mcl-PHAs showed a smooth surface without the
presence of pores. Moreover, the absence of pores in the z-direction of the scaffolds was
detected which could be detrimental for the application in a biological environment. An open
and interconnective porosity is in fact a key parameter for the development of any scaffold
for tissue engineering applications as it allows the exchange of nutrients and waste substances
and favours cell proliferation and migration and tissue vascularization (Loh and Choong,
2013; Petrochenko and Narayan, 2010). Furthermore, higher binding between the scaffolds
and the surrounding tissues has been evidenced with highly porous surfaces (Hannink and
Arts, 2011; Zhang et al., 2018). For these reasons recently there has been an interest in
developing scaffolds with two types of porosity, a macro and structured one to allow
diffusion of nutrients in the constructs and a micro one to promote cellular adhesion and
proliferation and infiltration of the cells within the scaffolds (Mohanty et al., 2016; Kang et
al., 2019; Cho et al., 2014; Park et al., 2007). In this work the macro porosity was obtained
through the design achieved with the 3D printing process, while the micro porosity was
obtained by mixing the polymer with salt crystals. The macro-porosity was kept constant by
using the same design with a 1.5x1.5 mm pore size to evaluate the effect of the introduction
of salt particles. When using the salt leaching technique, the size and the amount of porosity
is strictly controlled by the porogen/polymer ratio and the porogen dimensions (Prasad et al.,
2017; Loh and Choong, 2013). Three ratios of P(3HO-co-3HD-co-3HDD)/NaCl were
investigated, 50:50, 35:65 and 25:75, using two sizes of porogen dimensions, <100 pm and
between 100 and 300 um. A higher amount of salt could not be incorporated as the material

could not be extruded. Jakus et al. observed a similar threshold of the amount of CuSQOq4
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(70%) that could be introduced in PLGA scaffolds, as higher concentrations led to nozzle
clogging, while for PCL-based scaffolds a maximum of 55% of salt could be extruded
(Visscher et al., 2018; Dang et al., 2019). Successful 3D printing of all the six compositions
was achieved and the scaffolds obtained were characterized to evaluate the effect of salt in
creating porosity inside the printed struts. For both salt dimensions, the samples with the
lowest amount of porogen 50:50 P(3HO-co-3HD-co-3HDD)/NaCl did not show a high
porosity. A similar behaviour was evidenced with PCL and PLGA scaffolds, where lower
amounts of porogen (33% and 25% respectively), did not lead to high porous constructs due
to the fact that the polymers acted as a barrier to the dissolution and leaching out of the
crystals (Jakus et al., 2018; Kang et al., 2019). In such systems in fact the creation of pores
Is guided by the ability of water to penetrate inside the material. As the polymers used are
hydrophobic, they limit the diffusion of water, making it necessary for the porogen to be
present on the surface of the material to achieve porosity (Kang et al., 2019; Cho et al., 2017;
Jakus et al., 2018). To produce such features in extrusion-based 3D process a high amount
of porogen is required because the polymer extruded, as the viscous material, tends to cover
and entrap the particulate used within the fibres (Cho et al., 2017; Kang et al., 2019). The
work conducted in this study confirms such behaviour as 35:65 and 25:75 P(3HO-co-3HD-
co-3HDD)/NaCl samples showed the formation of pores on the surface of the scaffold and
an increase in the overall intra-strut porosity. In particular, constructs with the highest salt
content and dimension (25:75 P(3HO-co-3HD-co-3HDD)/NaCl 300um) showed the formation
of the largest surface pores, which was expected as in the salt leaching technique the pore
size is strictly dependent on that of the porogen used (Prasad et al., 2017; Loh and Choong,
2013). However, the largest size of the pores obtained (i.e. 100 pum) was lower than the largest
dimension of the NaCl used (i.e. 300 um). Such apparently contradictory results could be
explained by the fact that only surface pores were investigated by SEM analyses in this study
and not the one present inside the struts. As mentioned above and as shown in the SEM
images of the 3D P(3HO-co-3HD-co-3HDD)/NaCliooum before the salt leaching, the porogen
particles are mainly distributed inside the struts, leading to larger pores inside the fibres
compared to the surface, as confirmed in studies on both PCL and PLGA constructs (Kang
etal., 2019; Visscher et al., 2018; Jakus et al., 2018). An attempt to analyse the cross-section
areas of the leached materials was carried out, but the material could not withstand the forces
applied through the surgical blade resulting in a distorted structure (data not shown).

Therefore, future SEM analyses should be conducted to obtain a direct correlation between
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the pore size and the porogen dimension by preparing the material either using a microtome
or the direct freeze fracture method (i.e. freeze the scaffold in liquid nitrogen to make it brittle
and quickly breaking) (Ferlita et al., 2008). Investigation of the intra-strut porosity revealed
that the samples with the highest concentration of salt crystals (25:75) possessed the highest
average value of 36%. This result is in agreement with literature results, showing a range of
porosity between 30-41% in dual porosity scaffolds obtained with PCL using a similar
printing technique (Dang et al., 2019; Visscher et al., 2018; Kang et al., 2019). As expected
no statistically significant differences were detected between the porosity of the samples with
the same composition but different porogen size (i.e. NaCliooum vs NaClsooum), as the in salt
leaching technique the ratio of material/porogen determines the overall porosity of the
construct (Lin-Gibson et al., 2007; Loh and Choong, 2013). However, the comparison of the
porosity between the samples with 35:65 and 25:75 ratio did not show any statically
significant differences, even though an increase in the average values of porosity was
detected with increasing concentration of porogen. The reason behind such behaviour could
be related to the intrinsic limits of the gravimetric method used for the calculation of the
scaffold porosity. This technique is a simple, fast and non-disruptive method extensively used
for the characterization of materials for tissue engineering, however it relies on the
determination of the volume of the material which can lead to rough estimations. Moreover,
only the estimation of the total porosity of the material can be obtained with, without any
indication of pore size geometry or distribution. Therefore, to better understand the
relationship between the porosity and the composition of the samples, future studies should
be conducted employing more precise methods such us mercury porosimetry or
microcomputed tomography (Micro-CT). Such methods allow to obtain a better and more
precise characterization of the porosity of the materials through the calculation of the total
pore volume fraction, the average pore diameter and pore size distribution (Loh and Choong,
2013; Lin-Gibson et al., 2007).

Finally, a preliminary in vitro cytotoxicity test was conducted to evaluate the potential
toxicity of substances released form the 3D P(3HO-co-3HD-co-3HDD)/NaCl constructs, as
the presence of residual salt could have potential detrimental effect on the cell viability. All
the samples investigated did not show any toxic effect after 24 hours of incubation,
confirming the complete removal of salt particles with the leaching treatment.
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6.4. Conclusions

In this chapter the possibility of developing scaffolds using melt 3D printing of medium chain
length PHAs was investigated for the first time. The use of additive manufacturing can
expand the applications of PHAs in the medical field, as the technique can ultimately allow
the development of customized and patient -specific scaffolds that match the shape and
dimensions of the tissue to be replaced. The process parameters were successfully optimized
to produce well-defined and reproducible 3D P(3HO-co-3HD-co-3HDD) scaffolds.
Moreover, molecular weight analyses of the materials further confirmed the suitability of
melt 3D printing for the polyester, as no alteration of its properties was detected. An in vitro
degradation study in PBS was conducted to investigate the potential of the printed constructs
for long term application, like bone regeneration. The samples showed a reduction of the
molecular weight, but no apparent change in their physical structure during the period
investigated. The 3D scaffolds developed showed good cytocompatibility towards both
undifferentiated and differentiated MC3T3-EL1 cells, showing that the material can be used
as a suitable substrate for bone regeneration. Finally, a feasibility study was conducted to
investigate the possibility of developing 3D printed scaffolds with dual porosity through the
combination of melt 3D printing and salt leaching. Optimization of the ratio between the
porogen and the polymer resulted in the production of structures with different levels of intra-
strut porosity. All the scaffolds produced showed no sign of cytotoxicity towards MC3T3-
E1 cells.
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Chapter 7

PHA-based Antibacterial Bone substitutes

7.1. Introduction

Even though bone has an intrinsic capability of self-healing, it is one of the most transplanted
tissues in the world, second only to blood (Hasan et al., 2018; Porter et al., 2009; Tao et al.,
2019). In the presence of large-size defects, mechanical fixation on its own is not able to
induce bone healing, requiring the use of additional material. These critical-size defects can
be caused by a variety of scenarios including trauma, tumour resection, infections or
congenital diseases (De Witte et al., 2018; Hasan et al., 2018; Porter et al., 2009). Moreover,
external intervention is also required in the presence of non-unions, which are defined as
fractures not healed after 6 months or not showing an appropriate healing advancement over
3 months period (Jones and Mayo, 2005; Marsh, 2003). Autologous osseous material is still
considered the gold standard in clinical practise, due to its inherent osteogenic,
osteoconductive and osteoinductive properties. However, the restricted availability of this
material combined with the possible complications of donor site morbidity limit its
applications, especially for the treatment of large bone defects (Fernandez de Grado et al.,
2018; Zeng et al., 2018). Allografts and xenografts represent possible alternatives but are
associated with the risk of an immunogenic response and diseases transmission correlated
with a reduction in the osteoinductive properties and a lack of viable cells (Haugen et al.,
2019; Baldwin et al., 2019). In light of the limitations of the current transplanted osseous
grafts, great attention in literature has been brought to the development of synthetic bone
substitutes, thanks to their unlimited availability and longer shelf life. As already discussed
in the introduction chapter, one of the main alternatives investigated is to restore or regenerate
the damaged tissue through a tissue engineering approach by combining cells with a scaffold
able to provide a suitable environment for cell anchorage and proliferation (Fernandez de
Grado et al., 2018; Hasan et al., 2018).
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Among the characteristics of an ideal material for bone regeneration, increasing interest has
been placed on the antibacterial properties. Infections represent a major complications in the
orthopaedic field, hindering tissue healing and ultimately leading to non-union fractures or
implant failure (Thomas and Puleo, 2011). The main prevention technique employed is the
systemic delivery of antibiotics which can result in systemic toxicity and low concentration
at the implant site (Mourifio and Boccaccini, 2010; Van Vugt et al., 2016). Alternatively,
grafts loaded with antibiotics are used, allowing a controlled release of the therapeutics at the
targeted site and lowering possible side effects (Johnson and Garcia, 2015). However, the
increasing rise of antibiotic resistant species due to the overuse or misuse of antibiotics

requires the investigation of new alternatives for the prevention and treatment of infections.

In this chapter the possibility of developing PHA-based antibacterial bone substitutes was
investigated. The work was conducted in collaboration with the Orthopaedic Surgery and
Traumatology and Cell Therapy Department of the University of Navarra, Pamplona, Spain.
In their recent work, Gonzalez-Gil et al. developed a tissue-engineered construct using a 3D
PCL scaffold combined with rat periosteal mesenchymal cells and tested its ability to favour
bone regeneration in vivo in critical-size defects in Sprague—Dawley rats (Gonzélez-Gil et
al., 2019). In this chapter, an alternative solution to such implants was investigated through
the development of antibacterial PHA-based constructs.

Two strategies were investigated based on the production of 3D structures using the
antimicrobial materials developed in Chapter 4 and 5.

For the first strategy, 3D antibacterial composite scaffolds were produced by the combination
of P(3HO-co-3HD-co-HDD) as the bulk material and Se-Sr-HA (Chapter 7 — Part A). For
the second strategy, thioester-PHAs and P(3HHx-co-3HO-co-3HD) were blended to develop
3D inherently antibacterial scaffolds using melt 3D printing (Chapter 7 — Part B). All the
materials were characterized in terms of morphological, chemical, biological and

antibacterial properties.
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7.2. Results

7.2.1. Part A: Development of 3D printed antibacterial

composite scaffolds

To develop antibacterial composite scaffolds by melt 3D printing, the P(3HO-co-3HD-co-
3HDD) composite films developed in Chapter 5 were used as the starting materials.

All the three compositions, 10, 20 and 30 wt% of Se-Sr-HA were successfully printed as
shown in Figure 7.1. Starting from the optimized printing conditions obtained in Chapter 6,
a higher temperature of 120 °C and a higher pressure between 170-200 kPa were required to
extrude the three composite compositions investigated as compared to the neat constructs
(i.e. 3D P(3HO-co-3HD-co-3HDD)). Moreover, scaffolds with a targeted height of 6 mm
could also be printed using all three compositions investigated.

From visual observation it was possible to see the presence of hydroxyapatite in the
composite scaffolds. Such materials were characterized by a white colour and were more

opaque as compared to the scaffolds obtained with only P(3HO-co-3HD-co-3HDD).

Figure 7.1 Representative image of 3D printed composite scaffolds. The samples are in the following
order from left to right: neat scaffolds, 10 wt% Se-Sr-HA, 20 wt% Se-Sr-HA and 30 wt% Se-Sr-HA

composite scaffolds.
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7.2.2. Chemical characterization

Preliminary characterization of the 3D composite structures was conducted through FT-IR
analysis, as shown in Figure 7.2. In all the spectra the characteristic peaks of PHAs could be
detected. All the spectra showed the peak around 1720-1740 cm™ related to the stretching of
the carbonyl group of the ester bond and around 2900 cm* related to the stretching of carbon-
hydrogen bond of methyl and methylene group (CHs, CH;) (Kann et al., 2014;
Randriamahefa et al., 2003). In all the composite scaffolds new bands at 1072-1032, 601,
571, and 474 cm™* could be detected compared to neat 3D constructs. Such peaks were
assigned to vibrations of the phosphate group, PO+, present in the Se-Sr-HA ( Li et al.,
2007). For all the composite materials, a peak at 630 cm™ could be detected, which was
assigned to the vibration of hydroxyl groups (OH) present in the hydroxyapatite (Gritsch et
al., 2019).
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Figure 7.2 FT-IR spectra of a) 3D P(3HO-co-3HD-co-3HDD) scaffold, b) P(3HO-co-3HD-co-3HDD)/10
wt% Se-Sr-HA c) P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA and c¢) P(3HO-co-3HD-co-3HDD)/30
wt% Se-Sr-HA composite scaffolds.
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7.2.3. Surface characterization

The surface morphology of the scaffolds was investigated by SEM analysis. Figure 7.3 shows
that the composite materials showed a smooth surface without the presence of pores, similar
to the neat scaffolds. The presence of Se-Sr-HA could be detected through EDX analyses as
shown in Figure 7.4. The spectra of the neat 3D P(3HO-co-3HD-co-3HDD) scaffold showed
only the presence of peaks related to carbon and oxygen, while for all the composite
constructs new bands related to characteristic elements of Se-Sr-HA (i.e. calcium,
phosphorus, selenium and strontium) were identified.

Figure 7.3 SEM images of the surface of a) 3D P(3HO-co-3HD-co-3HDD) scaffold, b) P(3HO-co-3HD-
c0-3HDD)/10 wt% Se-Sr-HA c) P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA and c) P(3HO-co-3HD-
co-3HDD)/30 wt% Se-Sr-HA composite scaffolds
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Figure 7.4 EDX spectra of a) 3D P(3HO-co-3HD-co-3HDD) scaffold, b) P(3HO-co-3HD-co-3HDD)/10
wt% Se-Sr-HA c) P(3HO-co-3HD-co-3HDD)/20 wt% Se-Sr-HA and ¢) P(3HO-co-3HD-co-3HDD)/30
wt% Se-Sr-HA composite scaffolds.

7.2.4. Micro-CT analysis

Micro-CT analyses of the 3D P(3HO-co-3HD-co-3HDD) composite scaffolds containing
10 wt% of Se-Sr-HA were performed to qualitatively evaluate the distribution of the filler
inside the constructs. This technique is based on the irradiation of the sample with X-rays
from different angles. When passing through the material the radiation is attenuated based
on the properties of the sample, such as the density, thickness and composition.
Reconstruction of the different projection images from all the angles analysed results in 2D
or 3D grey-scale maps of the specimen (Ho and Hutmacher, 2006; Cengiz et al., 2018).
Figure 7.5 shows the 2D cross-sectional area of two filaments of 3D P(3HO-co-3HD-co-
3HDD) /10 wt% Se-Sr-HA. The two phases of the composite materials could be
differentiated thanks to their difference in absorption of the radiation. Using the Bruker
Micro-CT CTan software, two different colours were used to identify the two components
present in the composite material. The organic part (i.e. the polymer) leads to a lower
attenuation and was coloured in blue, while higher attenuation is caused by the inorganic
phase (i.e. Se-Sr-HA), which was coloured in red. Overall, Figure 7.5 showed a uniform
distribution of the filler inside the 3D printed struts.
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Figure 7.5 Micro-CT reconstructed image of two filaments (a and b) of 3D P(3HO-co-3HD-co-
3HDD)/10 wt% Se-Sr-HA composite scaffolds. The area in blue represent the polymer, while the area

in red represents the Se-Sr-HA.
7.2.5. Biological characterization

7.2.5.1. In vitro cell compatibility studies

The biocompatibility of the 3D printed antibacterial composite scaffolds was tested using the

MC3T3-E1 cell line to investigate the potential of such materials for bone regeneration.

To investigate the potential release of toxic substances from the materials over time, an
indirect cytotoxicity test was conducted on all the composites produced for 1, 3 and 7 days.
The cell viability was calculated as a percentage of the positive control (cells cultured on
tissue culture plates) and is shown in Figure 7.6. The composite materials with 10 and 20
wt% of Se-Sr-HA as filler showed a cell compatibility comparable to both the positive
controls and neat 3D P(3HO-co-3HD-co-3HDD) samples, without any statistically
significant differences. On the contrary, the material with the highest concentration of Se-Sr-
HA (i.e. 30 wt%) showed a significantly lower cell viability as compared to both the control
and the 3D samples for all the time points evaluated (p-value<0.0001). The average cell
viability was lower than 40% for all the time points investigated and no statistically

significant differences were detected between day 1, 3 and 7.
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Figure 7.6 Indirect cytotoxicity studies using MC3T3-E1 of 3D printed P(3HO-co-3HD-co-3HDD) neat
scaffolds and 3D printed P(3HO-co-3HD-co-3HDD) antibacterial composite scaffolds with 10
wt%(blue), 20 wt% (green) and 30 wt% (red) of Se-Sr-HA as a filler (n=3). The positive control was
Tissue Culture Plastic (TCP)(black). **** indicates statistically significant difference between 3D
P(3HO-co-3HD-c0-3HDD)/30 wt% Se-Sr-HA and the positive control (p-value<0.0001). *## indicates
statistically significant difference between 3D P(3HO-co-3HD-co-3HDD)/30 wt% Se-Sr-HA and the
neat scaffolds (p-value<0.0001).

Preliminary direct compatibility tests were performed on all the composite scaffolds
produced. MC3T3-E1 cells were seeded directly on the surface of the materials and cultured
for 1, 3 and 7 days. Figure 7.7 shows the cell viability, which was calculated as a percentage
of the positive control (cells cultured on tissue culture plates). For all the time points
evaluated, the cell viability of the 3D composites with 10 wt% of Se-Sr-HA was comparable
to both the positive control and the 3D neat samples, without statistically significant
differences. The material with 20 wt% of Sr-Sr-HA showed a reduction of the cell viability
over time. At day 1 no statistically significant difference could be detected with the positive
control and the neat samples. However, for the following time points 3D P(3HO-co-3HD-
c0-3HDD)/20 wt% Se-Sr-HA showed a significantly lower cell viability, with an average
value of 65% at day 3 (p-value<0.05 compared to the control and p-value<0.01 compared to
the neat samples) and 52% at day 7 (p-value<0.01 compared to the positive control and p-
value<0.001 compared to the neat samples). Finally, the sample with the highest
concentration of the filler, 3D P(3HO-co-3HD-c0-3HDD)/30 wt% Se-Sr-HA, showed a
statistically significant reduction in cell viability compared to both the positive control and
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the neat specimen for all the time points evaluated. At day 1 the average cell viability was
51% (p-value<0.001 compared to the both positive control and neat samples), at day 3 of
36% (p-value<0.0001 compared to the both positive control and neat samples) and at day 7

160

of 50% (p-value<0.001 compared to the both positive and neat samples).
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Figure 7.7 Cell viability study of MC3T3-E1 cells seeded on 3D printed P(3HO-co-3HD-co-3HDD) neat
scaffolds and 3D printed P(3HO-co-3HD-co-3HDD) antibacterial composite scaffolds with 10
wt%(blue), 20 wt% (green) and 30 wt% (red) of Se-Sr-HA as a filler. The positive control was Tissue
Culture Plastic (TCP)(black) (n=3). *,**, *** **** indicates statistically significant difference between
the composite samples and the positive control (p-value<0.05, p-value<0.01,p-value<0.001,p-
value<0.0001). # ## ### indicates statistically significant difference between 3D P(3HO-co-3HD-co-
3HDD)/30 wt% Se-Sr-HA and the neat scaffolds

7.2.5.2. Antibacterial studies — 1SO 22196

The antibacterial properties of the 3D printed composite scaffolds were investigated using
the 1SO 22196 against S. aureus 6538P and E. coli 8739. As described in Chapter 4 and 7,
the standard procedure consisted on the incubation of a known number of bacteria on the
surface of the materials for 24 hours, followed by the recovery of the bacterial cells and their
quantification through a colony forming assay. The antibacterial activity (R) was calculated
as the difference between the logarithm of the bacterial cell count of the composite scaffolds
and the logarithm of the bacterial cell count of the control (i.e. 3D neat P(3HO-co-3HD-co-
3HDD) scaffolds. Moreover, the percentage antibacterial activity (R%) was calculated as the

reduction of the number of bacterial cells on the composite materials compared to the control.
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As shown in Figure 7.8 and Table 7.1, the materials were active against both bacterial strains
at all the concentration tested, and the activity increased with the increase in the
hydroxyapatite content. Both compositions showed a similar level of bactericidal effect

against the two types of bacteria.

Against S. aureus 6538P the composite with the lowest concentration of filler, 3D P(3HO-
co0-3HD-co-3HDD)/10 wt% Se-Sr-HA, showed an average antibacterial activity R of 0.8,
inducing an average 83% reduction of the number of bacterial cells (p-value<0.01). 3D
P(3HO-co-3HD-co0-3HDD)/20 wt% Se-Sr-HA displayed an antibacterial activity R of 1.5,
corresponding to a 96 % bacterial cells reduction (p-value<0.001). The highest efficacy was
obtained with the highest concentration of filler, 30 wt% of Se-Sr-HA, showing a 99.8%
reduction of bacterial cells, corresponding to an average antibacterial activity R of 2.7 (p-
value<0.0001).

A similar behaviour was detected for the Gram negative bacteria, E. coli 8739. 3D P(3HO-
co-3HD-co-3HDD)/30 wt% Se-Sr-HA exhibited the highest activity with a 99.7% reduction
of bacterial cells, corresponding to an average antibacterial activity R of 2.4 (p-value<0.0001
compared to 3D neat samples). The samples with 20 wt% of Se-Sr-HA induced a 97%
reduction of viable bacterial cells (average antibacterial activity R of 1.7) (p-value<0.001
compared to 3D neat samples). Finally, the composite with the lowest concentration of filler,
3D P(3HO-co-3HD-co-3HDD)/10 wt% Se-Sr-HA, lead to an average antibacterial activity
R of 0.72, corresponding to an 80% reduction of the bacterial cell count (p-value<0.01
compared to 3D neat samples).
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Figure 7.8 Antibacterial activity (R) (ISO 22196) of 3D printed P(3HO-co-3HD-co-3HDD) (grey) and
3D printed P(3HO-co-3HD-co-3HDD) antibacterial composite scaffolds with 10 wt%(blue), 20 wt%
(green) and 30 wt% (red) of Se-Sr-HA as a filler against a) S. aureus 6538P and b) E. coli 8739.

*x xkx k%% indicate statistically significant difference between 3D printed P(3HO-co-3HD-co-3HDD)
and 3D printed P(3HO-co-3HD-co-3HDD) antibacterial composite scaffolds (p-value<0.01, p-
value<0.001, p-value<0.0001).
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Table 7.1 Percentage antibacterial activity (R%) and Antibacterial activity (R) values of P(3HO-co-
3HD-3HDD) antibacterial composite films with 10 wt%, 20 wt% and 30 wt% of Se-Sr-HA as a filler
against S. aureus 6538P and E. coli 8739.

S. aureus 6538P E.coli 8739
Sample

R R(%) R R(%)

3D P(3HO-co-3HD-co-3HDD)/ 0.8+0.15 83.3%5 0.72+0.2 80+8
10 wt% Se-Sr-HA

3D P(3HO-co-3HD-co-3HDD)/ 145+0.3 96 +2 1.7+04 97 +2.7
20 wt% Se-Sr-HA

3D P(3HO-co-3HD-co-3HDD)/ 27+01 | 998+01 | 24+£0.1 | 99.7+0.15
30 wt% Se-Sr-HA

7.2.5.3. Antibacterial ion release studies

Based on the cell compatibility results obtained with the MC3T3-E1 cell line and the
antibacterial studies performed using 1SO 22196, 3D P(3HO-co-3HD-co-3HDD)/10 wt% Se-
Sr-HA was selected to investigate the potential of the material to release ions with
antibacterial properties using an indirect antimicrobial ion release study. Briefly, the
materials were incubated in Mueller Hinton broth for 1, 3 and 7 days. After each time point
the media of each well was collected and replaced with fresh media. The eluates obtained
were mixed with a microbial suspension of S. aureus 6538P or E. coli 8739, adjusted to 0.5
McFarland and incubated for 24h at 37°C. The optical density at 600 nm was recorded after
24h and used to determine the reduction of the bacterial cell count, calculated as a percentage
of the positive control (i.e. bacteria cultured in eluates obtained from 3D neat P(3HO-co-
3HD-co-3HDD)).

The 3D composite containing 10 wt% of Se-Sr-HA resulted in a reduction in the OD of both
S. aureus 6538P and E. coli 8739 cells as compared to the positive control throughout the
duration of the experiment as shown in Figure 7.9.

In the case of S. aureus 6538P, the materials showed a 54% and 49% reduction of the

bacterial cell count at day 1 and 3 respectively as compared to the control (p-value<0.01).
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For day 7, a lower but still significant reduction of the OD could be detected as compared to
the control, showing an average value of 24% (p-value<0.05).

3D P(3HO-co-3HD-c0-3HDD)/10 wt% Se-Sr-HA showed activity against E. coli 8739,
although the effect was lower than that against S. aureus 6538P. After 1 day, an average 30%
reduction of the OD was obtained as compared to the control (p-value<0.001). A significant
reduction of the bacterial cell count of 17% could be detected with the eluates obtained after
3 days of incubation with the polymeric samples (p-value<0.05). Finally, the eluates obtained
after 7 days of incubation showed an average reduction of the bacterial OD of 11%, but no

statistically significant difference was detected as compared to the control samples.
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Figure 7.9 Indirect antibacterial ion release study of the P(3HO-co-3HD-co-3HDD) antibacterial
composite films with 10 wt%(blue) of Se-Sr-HA as a filler against a) S. aureus 6538P and b) E. coli 8739
(n=3). Control consists of bacterial cells cultured in eluates of 3D neat P(3HO-co-3HD-co-3HDD
(black). *, **, *** indicate statistically significant difference between the composite samples and the

positive control (p-value<0.05, p-value<0.01, p-value<0.001).
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7.3. Part B: Development of 3D printed inherently

antibacterial scaffolds

To develop inherently antibacterial scaffolds for bone tissue engineering, the thioester-PHAS
described in Chapter 4 were used. These materials showed activity against S. aureus 6538P
(ISO 22196) due to the presence of the thioester groups. The produced thioester-PHAS were
completely amorphous and could not be used as the bulk material for the scaffold production.
For this reason, thioester-PHAs were blended with P(3HHXx-co-3HO-co-3HD) (not active
material obtained by control conditions) to produce inherently antibacterial 3D printed
constructs. 20:80 ratio was chosen as this ratio showed antibacterial activity in blend films.
As shown in Figure 7.10, the 3D printed inherently antibacterial scaffolds could be
successfully processed using melt 3D printing. The same printing conditions obtained in
Chapter 6 were applied for the extrusion (110°C, 1 mm/s and 100 kPa). However, the
constructs of 6 mm height could not be developed using these materials.

Figure 7.10 Optical image of 3D scaffolds of a) P(3HHXx-co-3HO-co-3HD) scaffold and b) 3D printed
blend scaffolds of thioester-PHA and P(3HHXx-co-3HO-co-3HD).

7.3.1. Chemical characterization

Preliminary FT-IR analyses were conducted on the 3D inherently antibacterial scaffolds and
are reported in Figure 7.11. In all the spectra the characteristic peaks of PHAs could be
detected (i.e. 1720-1740 cm™ related to the stretching of the carbonyl group of the ester bond
and around 2900 cm™ related to the stretching of carbon-hydrogen bond of methyl and
methylene group (CHz, CH2)) (Kann et al., 2014; Randriamahefa et al., 2003). The spectrum
of the 3D blend scaffolds showed an extra peak at 1690 cm™ which is related to the stretching
of the carbonyl group present in thioester groups (Litke-Eversloh et al., 2001).
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Figure 7.11 FT-IR spectra of 3D printed scaffolds of P(3HHXx-co-3HO-co-3HD) and 3D printed blend
scaffolds of thioester-PHA and P(3HHx-co-3HO-co-3HD).

7.3.2. Surface characterization

The surface morphology of the scaffolds was investigated by SEM analysis. Figure 7.12
shows that 3D printed inherently antibacterial scaffolds possess a smooth surface without
porosity comparable to the 3D printed neat scaffolds. EDX analysis confirmed the presence
of sulphur in the blend scaffolds of thioester-PHA and P(3HHx-co-3HO-co-3HD), as shown
in Figure 7.13. The spectra of the neat 3D P(3HHXx-co-3HD-co-3HDD) scaffold showed the
presence of the peaks related to carbon and oxygen, while for 3D thioester/P(3HHx-co-3HD-
co0-3HDD) new bands related to sulphur were identified.
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Figure 7.12 SEM images of a) 3D printed scaffolds of P(3HHx-co-3HO-co-3HD) and b) 3D printed
blend scaffolds of thioester-PHA and P(3HHx-co-3HO-co-3HD).

Figure 7.13 EDX spectra of a) 3D printed scaffolds of P(3HHXx-co-3HO-co-3HD) and b) 3D printed
blend scaffolds of thioester-PHA and P(3HHx-co-3HO-co-3HD)

7.3.3. Biological characterization

The antibacterial activity of the scaffolds was evaluated using ISO 22196 against S. aureus

6538P and compared to 3D scaffolds composed only of P(3HHx-co-3HO-co-3HD).

As shown in Figure 7.14 and Table 7.2, the 3D printed blend scaffolds showed antibacterial
activity against S. aureus 6538P. A decrease in the number of cells growing on the surface
of the material could be detected compared to the neat materials. The average antibacterial

activity R was 0.55, corresponding to a 70% reduction of the number of cells (p-value<0.01).
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Figure 7.14 Antibacterial activity (R) (ISO 22196) against S. aureus 6538P evaluated through 1SO
22196 of 3D P(3HHx-c0-3HO-co-3HD) scaffolds and 3D thioester-PHA/ P(3HHXx-co-3HO-co-3HD)
scaffolds.** indicates statistically significant difference between of 3D P(3HHx-co-3HO-co-3HD)
scaffolds and 3D thioester/ P(3HHx-co-3HO-co-3HD) scaffolds (p-value<0.01).

Table 7.2 Antibacterial reduction (R%) and Antibacterial activity (R) values of 3D P(3HHXx-co-3HO-co-
3HD) scaffolds and 3D thioester/ P(3HHx-co-3HO-co-3HD) scaffolds S. aureus 6538P.

S. aureus 6538P
Sample
R R(%)
3D P(3HHx-co-3HD-co0-3HD) 0 0
3D thioester-PHA/P(3HHXx-co-3HD-co-3HD) 0.55+0.15 70+9

7.3.4. In vitro cells compatibility studies

Preliminary in vitro cell compatibility studies were conducted using MC3T3-EL1 cell line for
day 1, 2 and 7. The cell viability was compared to the positive control (tissue culture plate,
TCP) and is reported in Figure 7.15. For all the time point considered the cell viability on the
3D thioester-PHA/P(3HHXx-co-3HD-co-3HD) antibacterial scaffolds was comparable with
both the tissue culture plastic and 3D P(3HHx-co-3HD-co-3HD) scaffolds (average cell
viability 109% at day 1, 106% at day 3, 111% at day 7).
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Figure 7.15 Cell viability study of MC3T3-EL1 cells on 3D thioester-PHA/P(3HHx-co-3HD-co-3HD)
antibacterial scaffolds (red) and 3D P(3HHXx-co-3HD-co-3HD) scaffolds (grey) at day 1, 3and 7 (n = 3).
Positive control was Tissue Culture Plastic (TCP). There was no statistically significant difference

between the samples and the positive control for all the time points evaluated (p-value > 0.5).

7.4. Discussion

In this work, PHA-based antibacterial bone grafting substitutes were developed using the
materials produced in Chapter 4 and 5. The melt 3D printing technique optimized in Chapter
6 was applied for the scaffold development. This technology will allow to produce well-
defined and highly reproducible constructs, able to be tailored to specific patient’s
requirements allowing to recreate the tissues defects to be regenerated (Turnbull et al., 2018).
For this study, the dimensions of the final scaffolds were defined in collaboration with the
Orthopaedic Surgery and Traumatology and Cell Therapy Department of the University of
Navarra. The aim was to develop a construct with a pore dimension of 1.5 x 1.5 mm and a
height of 6 mm to be tested in a bone critical-size defect model. Such dimensions were chosen
to compare the new constructs with a 3D PCL-based construct recently developed by our
collaborators (Gonzalez-Gil et al., 2019). In this chapter, an alternative solution to such
implants was investigated through the development of antibacterial PHA-based constructs.
In particular, the addition of antimicrobial properties to the bone substitutes was proposed
due to the high risk of infections in bone regeneration combined with the challenges of using

antibiotics caused by the rise of resistant strains. For these reasons, two strategies were
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investigated, the development of 3D antibacterial composites substitutes and of 3D inherently

antibacterial materials.

For the first strategy, 3D composite scaffolds were developed by the combination of
P(3HO-co-3HD-co-HDD) as the bulk material and Se-Sr-HA as the filler. As described in
Chapter 4, composite materials represent one of the best candidates for bone regeneration as
they can better mimic the intrinsic heterogenous composite structure of the native tissue
(Chocholata et al., 2019; Qu et al., 2019).

The 2D composite films containing three different loadings of the filler (10, 20 and 30 wt%)
were used as the starting materials for the production of the 3D printed constructs. Successful
printing of all the three compositions could be obtained. Moreover, the final structure
required for the in vivo test was also achieved. Chemical analysis of the developed materials
through FT-IR confirmed the presence of the hydroxyapatite in the scaffolds, showing the
characteristics peaks of phosphate groups typical of HA. Interestingly, in the FT-IR spectra
of the 3D composite materials the presence of a peak associated with vibration of hydroxyl
group could be detected (i.e. 630 cm™). This peak could not be detected in the original
Se-Sr-HA and in the 2D P(3HO-co-3HD-co-HDD) composite samples used as the starting
materials for the 3D printing process (as shown in Chapter 5, Figure 5.4). In literature FT-IR
analyses of hydroxyapatite doped with strontium or selenite ions showed reduction in the
intensity of the peak at 630 cm™, and the intensity of the peak decreased with the increase in
the concentration of the doped ion (Gritsch et al., 2019; Kolmas et al., 2015b; He et al.,
2016). Frasnelli et al. suggested that for strontium containing HA the vibration mode of the
hydroxyl groups could be affected by the perturbation in the crystal lattice of the material
due to the presence of strontium, resulting in a reduction in the FT-IR absorption signal
(Frasnelli et al., 2017). In the case of selenite containing hydroxyapatite, Kolmas et al.
postulated that the reduction in the absorption bands of hydroxyl group could be associated
with perturbation of the lattice, the presence of intracrystalline water and the charge
compensation mechanism caused by the substitution of trivalent phosphate anions (PO4>)
with bivalent selenite anion (SeOs%), leading to the loss of hydroxyl anions (Kolmas et al.,
2015a). In this work, the detection of the hydroxyl peak in the FTIR spectra of 3D composite
samples might suggest that the applied heating process led to changes in the 2D composite
materials, possibly by removal of water or by inducing changes in the structure of the Se-Sr-
HA (Ahmed et al., 2015; Kaflak and Kolodziejski, 2011). However, an in-depth analysis of
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the materials (e.g. XRD and solid-state NMR) is required to gain understanding of this
mechanism.
EDX analysis of the 3D composite scaffolds further confirmed the presence of Se-Sr-HA, as
all the elements present in this filler could be identified (i.e. selenium, strontium, calcium,
phosphorus). To our knowledge, no previous work investigated the possibility of developing
mcl-PHA based 3D composite constructs using melt printing to date. A similar processing
technique was employed by Yang et al. to produce P(3HB-co-3HHXx) scaffolds which were
then coated with bioactive glasses to improve the osteogenic properties of the material
surface. Even though the scaffolds showed higher attachment, proliferation and osteogenic
differentiation of human mesenchymal stem cells compared to neat ones, no improvements
in the mechanical properties was detected (Yang et al., 2014). In another study, the same
PHA was used as an additive material to produce 3D constructs based on bioactive glasses
through a solution-based 3D printed system using a mixture of the polyester and the particles
in a chloroform and dimethyl sulfoxide solution. The role of the polymer was to act as a
polymer binder to improve the material toughness and reduction of its brittleness (Zhao et
al., 2014). In this work, P(3HO-co-3HD-co-HDD) was used as the main material to produce
bone substitute for no-load bearing applications, where the elastomeric nature of the polyester
would allow the development of surgically-friendly, flexible and easily shaped constructs
able to adapt to the injured or diseased site (Jakus et al., 2016; Chen et al., 2012). The
introduction of the hydroxyapatite as a filler is expected to improve both the mechanical and
biological properties of the grafts. As described in Chapter 5, the novel Se-Sr-HA was chosen
to produce a material with superior biological features thanks to the presence of therapeutic
metals able to induce bone formation and display antimicrobial properties.
When using metal ions for biomedical applications, it is important to control the quantity of
the materials incorporated to minimize their potential toxic effects against eukaryotic cells
(Mourifio and Boccaccini, 2010; Marie et al., 2001; Wrobel et al., 2016). For this reason,
biological characterization of the 3D composite materials was investigated in terms of both
in vitro compatibility with mammalian cells and antibacterial properties.
The compatibility of the 3D printed scaffolds was evaluated by preliminary in vitro studies
using MC3T3-EL1 cells through both an indirect and a direct test. For the indirect cytotoxicity
evaluation, the effect of the eluates obtained upon incubation of the materials for 1, 3 and 7
days on the cell viability was investigated. The 3D P(3HO-co-3HD-co-HDD) scaffolds with
10 and 20 wt% did not show any toxic effect for the time points evaluated. However, the
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materials containing the highest percentage of filler (i.e. 30 wt%) showed a significant
reduction of the cell viability of the pre-osteoblast cell line. Such an effect can be correlated
with the capability of the material to release ions, which was already demonstrated in
Chapter 5 using the 2D composite films. The toxic effect of the samples with a higher content
of filler can be associated with a higher release of ions from such matrices compared to the
ones containing 10 and 20 wt% of Se-Sr-HA. Moreover, the toxic effect after 7 days is also
an indication of a prolonged release of the ions from the scaffolds. The reduction of the cell
viability could probably be related to the toxicity of the selenite ions present in the media
rather than that of strontium ones. In literature, high concentrations of selenite are known to
exert a toxic effect on mammalian cells due to the induction of oxidative stress (Misra et al.,
2015; Huawei, 2009). On the contrary, a range of strontium substituted HA have been
developed with a content of strontium from 1-10 wt% showing good compatibility towards
a range of mammalian cells (e.g. MG63, MC3T3-E1, Saos-2) (Aina et al., 2013; Frasnelli et
al., 2017; Capuccini et al., 2008; Tite et al., 2018; Ge et al., 2018). Moreover, a
hydroxyapatite doped with the similar content of strontium (i.e. 3 wt%) and produced using
the same technique was used to fabricate chitosan composites for bone regeneration. The
introduction of strontium did not show any toxic effect against MG63 cells even at the highest
loading concentrations investigated (i.e. 80 wt%) (Gritsch et al., 2019). Nevertheless, further
tests should be conducted to quantify the amount of ions present in the media and to obtain
a correlation between the concentration and the toxicity of each specific ion.

A direct cytocompatibility experiment was conducted by seeding the cells directly on the
surface of the 3D printed composite scaffolds and culturing them for 1,3 and 7 days. As
already evidenced in the indirect test, the composite with the highest percentage of filler
showed cytotoxicity against MC3T3-E1 cells. A similar behaviour could be evidenced for
the samples with 20 wt% of Se-Sr-HA, as from day 3 a reduction in the cell viability was
detected with average values lower than 70% (i.e. the threshold value for a material to be
considered biocompatible according to 1SO 10993-5:2009 for the Biological Evaluation of
Medical Devices). The combined effect of the metal ions present in the hydroxyapatite
structure and the ones release in the surrounding environment could be the reason for the
toxicity of such materials in such tests compared to the indirect study. On the contrary the
material with the lowest percentage of antibacterial hydroxyapatite showed good cell
viability for all the time points evaluated, displaying potential for the use of such substitutes

in bone regeneration.
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The antibacterial properties of the 3D composite materials were investigated using the
ISO 22196, a standard procedure that enables to evaluate the antimicrobial activity of the
samples in direct contact with the bacteria. All the three compositions investigated induced
a reduction in the bacterial cell count against both to S. aureus 6538P and E. coli 8739. This
activity confirms the activity of selenium containing compound against both Gram positive
and Gram negative species, as already evidenced in Chapter 5 through the MIC studies and
the antimicrobial tests on the 2D composite films. In particular the 3D P(3HO-co-3HD-co-
HDD) with 10 wt% of Se-Sr-HA exhibited an average 80% reduction in the number of both
bacterial species. Based on the antibacterial and cell compatibility studies, the composite
materials with 10 wt% of Se-Sr-HA as a filler was chosen as the optimal candidate for the
development of scaffolds for bone regeneration possessing good antimicrobial properties
without resulting in cytotoxicity towards the pre-osteoblastic cell line.

Further investigation of the antimicrobial properties of the selected 3D P(3HO-co-3HD-co-
HDD) with 10 wt% of Se-Sr-HA scaffold was carried out through an indirect antibacterial
ion release study. Like the 2D composite films used as the starting material, the 3D
composites should display antimicrobial properties by direct contact, through the ions present
in the matrix, and indirect mechanism, through the ions released in the environment. The
samples showed an effect against both S. aureus 6538P and E. coli 8739. These results
confirmed the capability of the matrix to release ions in the surrounding media, already
evidenced in the indirect in vitro cytotoxicity studies. The ion release seems to be prolonged
over time, as a reduction of the bacterial cell count was detected with the eluates obtained
after seven days of incubation with the materials. A slightly higher effect against Gram
positive bacteria compared to negative ones was evidenced. These results are in agreement
with those in Chapter 5 for the 2D composite films and with literature studies (Alam et al.,
2016; Vasic et al., 2011). Finally, the time points selected (i.e. 1, 3and 7 days) for the indirect
release study were the same as the in vitro cytotoxicity one, showing once more the potential
of the 3D P(3HO-co-3HD-co-HDD) with 10 wt% of Se-Sr-HA to inhibit bacterial growth

while showing good cell viability of mammalian cells.

The second strategy to develop 3D PHA-based antibacterial was based on the use of
thioester-containing PHAs in order to obtain inherently antibacterial materials. The
advantages of using these inherently antibacterial materials is the possibility to obtain
constructs possessing long-term activity and durability due to their chemical stability (Xue
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et al., 2015). In Chapter 4, 2D 80:20 blend films of thioester-PHA and P(3HHx-co-3HO-co-
3HD) showed antimicrobial properties against S. aureus and compatibility towards MC3T3-
E1 cells, while still maintaining good handleability and processability. For these reasons,
such a combination was chosen as the starting material for the production of 3D printed
scaffolds. As mentioned in Chapter 4, limited research has been conducted on the use of
thioester-PHAs for the development of scaffolds for medical applications. In this work for
the first time, successful printing of the blend composite was obtained, showing potential to
broaden the utilization of such materials. However, the targeted constructs of 6 mm height
could not be achieved with such blend composition.

Chemical characterization of the scaffold was conducted through FT-IR analysis, confirming
the presence of thioester groups on the surface of the produced scaffolds. The 3D blend
samples showed in fact the presence of an additional peak at 1690 cm™ related to the
stretching of the carbonyl group of the thioester bond (Ewering et al., 2002). Moreover, the
presence of sulphur was also confirmed through EDX analysis.

The antibacterial properties of the 3D printed blend scaffolds were investigated using the ISO
22196 against S. aureus 6538P, as the thioester-PHAs only showed an antibacterial effect
against such species (as described in Chapter 4). Reduction of the bacterial cell count was
detected, showing that the 3D materials still preserved the antibacterial properties of the 2D
samples used as starting materials.

Finally, preliminary in vitro compatibility studies were performed by seeding MC3T3-E1
cells on the scaffolds for 1, 3 and 7 days. The materials showed good cell viability for all the

time points evaluated, showing potential for bone regeneration.

7.5. Conclusions

In this chapter, two strategies were investigated for the development of novel 3D antibacterial
substitutes based on PHASs for bone regeneration.

The first strategy involved the production of novel 3D composite scaffolds using the 2D films
developed in Chapter 5, obtained by the combination of P(3HO-co-3HD-co-3HDD) and Se-
Sr-HA. All the 3 compositions tested, 10, 20 and 30 wt% of Se-Sr-HA were successfully
printed and characterized in terms of chemical, antibacterial and biological properties. Based

on the antibacterial and cell compatibility studies, the composite materials with 10 wt% of
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Se-Sr-HA as a filler, 3D P(3HO-co-3HD-co-3HDD)/10 wt% Se-Sr-HA, was chosen as the
optimal candidate for the development of antibacterial scaffolds for bone regeneration.

In the second strategy, inherently antibacterial scaffolds were produced by melt 3D printing
of 20:80 blend films of thioester-PHAs with P(3HHx-co-3HO-co-3HD), developed in
Chapter 4. The structures developed showed antibacterial activity against S. aureus 6538P
by direct contact. The material exhibited good cytocompatibility towards MC3T3-E1 cells,

showing potential for bone regeneration.
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Conclusions and Future work

8.1. Conclusions

The world-wide concerns on the threats associated with the spreading and increase of
antimicrobial resistance have highlighted the need for new therapeutics as alternatives to
antibiotics to prevent and fight infections. In such a scenario, this work focused on the
development of novel antibiotic-free materials based on polyhydroxyalkanoates for bone
regeneration. PHAs represent an attractive option in this field thanks to their
biocompatibility, biodegradability and sustainability. Two strategies were investigated to
obtain antibacterial PHA-based materials, the production of inherently antibacterial
polyesters and the development of composite materials through loading of PHAs with a novel
antimicrobial hydroxyapatite. Such compounds were then used as starting materials for the
development of 3D scaffolds for antibacterial synthetic bone substitutes using an optimized

melt printing process.

Firstly, the production of three PHAs through bacterial fermentation were studied. A short
chain length PHA, P(3HB) was produced by B. subtilis OK2 using glucose as the carbon
source. The physical, thermal and mechanical properties of this polyester were comparable
to those present in literature. In particular, P(3HB) is a relatively highly crystalline material
(i.e. average crystallinity of 56%) with a melting temperature range between 155-175 °C and
low glass transitions temperature (2°C), and characterized by a stiff and brittle mechanical
behaviour, with a high Young’s modulus (1 GPa) and low elongation at break (16%). Two
novel medium chain length PHAs, P(3HO-co-3HD) and P(3HO-co-3HD-co-3HDD), were
produced by P. mendocina CH50 using glucose and coconut oil as the carbon sources
respectively. In particular, the use of coconut oil was investigated as a cheaper alternative to
glucose. One of the major deterrents for the commercialization of PHAs is indeed their high
production cost, with the price of the carbon source accounting for 50% of the overall cost.

Using coconut oil, a higher polymer yield of 58 %dcw was obtained as compared to 47%dcw
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with glucose. The two mcl-PHAs were characterized in terms of physical, thermal and
mechanical properties, showing comparable features. The two polyesters possessed a low
melting range (between 40-60 °C for both PHAS) and glass transition temperature (-45°C for
both PHAS), and an elastomeric behaviour characterized by a high elongation at break (536%
for P(3HO-co-3HD) and 414% for P(3HO-co-3HD-co-3HDD)) and low Young’s modulus
(5.7 MPa for P(3HO-c0-3HD) and 5.3 MPa for P(3HO-co-3HD-co-3HDD)). Lastly, the
preliminary in vitro biological properties of the three PHAs were investigated, showing that
all the polyesters exhibited good cytocompatibility towards MC3T3-E1 cells, a pre-
osteoblastic cell line. Based on the result obtained, P(3HO-co-3HD-co-3HDD) was selected
over P(3HO-co-HD) as a more promising candidate for the development of antibacterial
materials thanks to the higher productivity combined with the cheaper cost of the carbon

source compared to glucose.

The first strategy investigated to develop novel antibacterial PHA-based materials was the
production of inherently antibacterial PHAs, thioester-PHAs. Inherently antibacterial
polymers have the advantage of possessing long-lasting and durable properties against
bacteria. Thioester-PHAs were successfully produced using bacterial fermentation by P.
putida KT2442 using decanoic acid and 6-acetylthiohexanoic acid as carbon sources,
following a protocol developed by Escapa et al., 2011. A co-feeding strategy was essential
to obtain thioester-PHAs, as the compound containing the desired functional group
(6-acetylthiohexanoic acid) was identified as a poor substrate not able to support neither
bacterial growth nor polymer accumulation. FT-IR, GC-MS and NMR analyses confirmed
the presence of the thioester group in the side chain of the polymers, with 45.5% of the
monomeric units possessing this functional group. Thermal analysis of the material showed
that the presence of the thioester moieties hindered the crystallization of the polymer, as no
melting peak could be detected in the DSC thermogram, indicating the complete amorphous
nature of such PHAs. Moreover, a quantitative standard procedure (ISO 22196) was
employed to investigate the antibacterial properties of the produced PHASs, through the
evaluation of the reduction of the number of bacterial cells in direct contact with the
materials. The thioester PHAs showed an inhibitory effect against S. aureus 6538P, while no
activity was evidenced against E.coli 8739. Even though the mechanism of action of
thioester-PHAS has not been elucidated, it seemed to be related to the presence of thioester

groups, as the polymer obtained using control conditions (i.e. only decanoic acid as the
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carbon source) did not show an antibacterial effect against both species. Moreover, the
preferential activity towards Gram positive species could be related to the presence of the
additional outer membrane of Gram negative bacteria, which is known to act as an extra
barrier to the action of active compounds. The possibility to use such polymers in bone tissue
engineering was investigated for the first time in this study. Preliminary in vitro
biocompatibility studies showed that the thioester-PHASs possessed good cytocompatibility
towards MC3T3-E1 cells. However, the amorphous nature of such polymers prevents their
application as bulk materials for the development of scaffolds. For this reason, physical
blending of thioester-PHA with P(3HHXx-co-3HO-co-3HD) (i.e. polymer obtained using
control conditions) was investigated to produce 2D inherently antibacterial films. A polymer
ratio of 80:20 (P(3HHx-co-3HO-co-3HD): thioester-PHA) was identified as optimal to
develop handleable and processable samples possessing antibacterial and in vitro

biocompatibility properties.

The second strategy investigated involved the production of 2D antibacterial composite
films. Composite materials are excellent candidates for regeneration of bone as they can
better mimic the inherent heterogenous composition of this tissue and allow the combination
of the positive features of two or more compounds. In this work, the combination of PHAS
with a novel antibacterial co-substituted hydroxyapatite, developed by Dr. Muhammad
Magbool (early stage researcher involved in the same Marie Curie European Doctoral
Programme HyMedPoly), was investigated. This novel HA was used as the filler agent and
was chosen as it contained two therapeutic ions, selenium and strontium, conferring
osteoinductive and antibacterial properties to the ceramic. P(3HB) and P(3HO-co-3HD-co-
3HDD) were selected as the bulk materials as representatives of scl and mcl-PHAS
respectively. Firstly, the antibacterial properties of the novel Se-Sr-HA were investigated by
MIC and MBC analysis. The material showed a bacteriostatic effect against both
S. aureus 6538P and E.coli 8739 at the concentration investigated. In literature selenium ions
have been shown to possess antimicrobial activity and the mechanism has been associated
with the induction of oxidative stress (Estevam et al., 2015; Alam et al., 2016). 2D composite
films with three filler percentages (10, 20 and 30 wt% of Se-Sr-HA) were then developed
and characterized in terms of physical, mechanical and thermal properties. The introduction
of the Se-Sr-HA induced an increase of the elastic modulus and ultimate tensile strength in
both P(3HB) and P(3HO-co-3HD-co-3HDD). However, embrittlement of the films was also
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evidenced by the reduction of the elongation at break of the materials compared to neat
samples. Finally, the antibacterial properties of the composite samples were investigated
against both Gram positive and Gram negative bacteria through both indirect and direct
assay. The materials developed were shown to be able to induce an inhibitory effect against
both bacterial species through two mechanisms, by direct contact between the bacteria and
the selenite ions present in the hydroxyapatite structure and by contact with the ions released

in the surrounding environment.

The possibility of developing 3D scaffolds using melt 3D printing of mcl-PHAs was
investigated in this study for the first time. The use of 3D printing technology has a great
potential in the medical field, as it allows to obtain controlled and repeatable structures that
can be tailored to the specific patients’ requirements. P(3HO-co-3HD-co-3HDD) was chosen
as the representative mcl-PHA, while printing of P(3HB) could not be conducted due to the
intrinsic limitation of the 3D printer used. The process parameters were successfully
optimized to produce structures with a specific porosity and thickness. Moreover, the melt
process did not induce degradation of the polyester, as the molecular weight of P(3HO-co-
3HD-co-3HDD) remained unaltered after printing. The degradation behaviour of the 3D
printed scaffold was tested in vitro in PBS for 6 months. During the testing period, no changes
in the weight of the samples were evidenced, while a reduction of the molecular weight was
detected, indicating that the materials underwent bulk degradation in such conditions.
Moreover, the suitability of the developed constructs for bone regeneration was shown in
vitro as the scaffold were able to support the growth, proliferation and differentiation of
MC3T3-E1 cells into osteoblast when culture in an appropriate osteogenic media. Finally,
the possibility to develop dual porous structure was investigated by combining the 3D
printing with salt leaching. Effective structures for bone tissue engineering have been shown
to be characterized by a range of porosity, both macro and micro, allowing the attachment
and migration of cells, the flow of nutrients and waste and the vascularization of the scaffolds.
Moreover, the scaffold produced with melt printing using P(3HO-co-3HD-co-3HDD) did not
show side porosity (in the z-direction). In this study, the macro-porosity was created and
controlled through the 3D model used for the printing (i.e. 1.5x 1.5 mm pore size), while the
micro-porosity was created inside the fibres through the addition of salt particles. Scaffolds
with different levels of intra-strut porosity were obtained by varying the polymer/salt ratio
(50:50, 35:65 and 25:75, P(3HO-co-3HD-co-3HDD):NaCl) and the dimension of the
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porogen (i.e. <100 um and between 100 and 300 um). All the material produced showed no
sign of indirect cytotoxicity towards MC3T3-EL1 cells.

Finally, the possibility of using the obtained materials for the development of antimicrobial
synthetic bone grafts through melt 3D printing was investigated. The constructs were
designed in collaboration with the Orthopaedic Surgery and Traumatology and Cell Therapy
Department of the University of Navarra. The targeted scaffold dimensions were of 6 mm
height and 1.5 x 1.5 mm of pore size to be tested in vivo in a mouse critical bone defect
model. The need of antimicrobial materials in such an application has recently attracted great
attention due to the high risk of infection associated with the treatment of bone repair and the
challenges raised by the spreading of antimicrobial resistance. Commercially available
antimicrobial strategies currently applied in the clinic rely heavily on the use of antibiotics,
either through systemic administration or through the use of drug-loaded spacers or grafts.
For these reasons, in the last years researchers have been focusing on developing antibiotic-
free scaffolds for bone regeneration. In terms of 3D printed polymer-based materials, a few
studies have been conducted on the production of antibacterial PCL or PLA scaffolds through
the incorporation of therapeutic ions ( i.e. copper, zinc or silver) or natural products (i.e.
chitosan and poly- epsilon lysine) (Li et al., 2019a; Luo et al., 2020; Tian et al., 2020; Zou
et al., 2020). 3D PHA-based materials offer advantages over such polyesters thanks to their
natural origin, sustainability and less acidic degradation products (as compared to PLA). To
our knowledge, no previous work investigated the possibility of developing 3D PHA-based
bone scaffolds with antimicrobial properties. Based on the two different types of 2D films
developed, two strategies were investigated for the production of novel 3D antibacterial
PHA-based bone grafts. The first strategy involved the production of novel 3D composite
scaffolds using the 2D composite P(3HO-co-3HD-co-3HDD) films as starting materials for
the melt printing process. All the three compositions tested, 10, 20 and 30 wt% of Se-Sr-HA
could be successfully processed in the final shape required for the in vivo test. Biological
characterization of the 3D composite materials was investigated in terms of both in vitro
compatibility with mammalian cells and antibacterial properties, due to the potential toxic
effect of high quantity of metal ions against eukaryotic cells. All the 3D scaffolds showed a
high antibacterial effect against both S. aureus 6538P and E. coli 8739, increasing with the
increase of filler concentration. However, the samples with the highest concentrations of Se-
Sr-HA (i.e. 20 and 30 wt%) showed a reduction of the viability of MC3T3-E1 cells.
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Therefore, the composite materials with 10 wt% of Se-Sr-HA as a filler, 3D P(3HO-co-3HD-
co-3HDD)/10 wt% Se-Sr-HA, was chosen as the optimal candidate for the development of
3D scaffolds possessing both antibacterial effect and biocompatibility towards pre-
osteoblastic cell line.

For the second strategy, inherently antibacterial scaffolds were produced by melt 3D printing
of 20:80 blend films of the thioester-PHA with P(3HHXx-co-3HO-co-3HD). The materials
could be successfully printed into controlled and repeatable geometries, but the targeted
height of 6 mm could not be achieved. The 3D blend scaffolds showed an inhibitory effect
against S. aureus 6538P by direct contact testing. Moreover, the material showed

cytocompatibility towards MC3T3-EL1 cells, showing potential for bone regeneration.

8.2. Future work

This thesis focused on the development of novel antibiotic-free PHA-based antibacterial
materials for bone regeneration. Based on the promising results obtained in this work, many

potential areas that could be further explored and improved have emerged.

As the main obstacle to the commercialization of PHAs is related to their high cost, further
optimization studies should be conducted. For mcl-PHAs, the production using coconut oil
showed promising results in terms of polymer yield over glucose. The fermentation process
could be further analysed and optimized through a full design of experiment (DOE) factorial
study with pH, carbon/nitrogen ratio and rpm as varying parameters (Sun et al., 2007;
Kniewel et al., 2017). Moreover, different modes of fermentation could be investigated like
fed-batch fermentation. For scl-PHAS, the production using cheaper and renewable carbon
sources could be investigated and optimized (Singh et al., 2009; Kumar et al., 2009). Finally,
the production of thioester-PHASs has only been conducted on a shaken flask level. Therefore,

full optimization studies should be carried out using fermenters to improve the polymer yield.

The thioester-PHAS represent an interesting material for medical applications thanks to their
inherent antibacterial activity. In this work, blending of the material was carried out to expand
and explore its application in tissue engineering. Combination with mcl-PHAs was
investigated due to the similar nature of the materials and the possibility to obtain miscible
systems. Nevertheless, limitations in the amount of thioester-PHAs that could be

incorporated was evidenced, with higher concentrations resulting in the poor handleability
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and processability of the films. Future work could investigate the modification of the
thioester-PHAs into oligomers through for example acid hydrolysis and their incorporation
in both mcl and scl-PHA systems (Lukasiewicz et al., 2018). Finally, investigation into the
mechanism of action of such polymers should be conducted to understand their selectivity
toward Gram positive bacteria and its possible dependence on membrane disruption activity
(O’Neill and Chopra, 2004).

As regards the 2D composite materials developed containing Se-Sr-HA, investigation of the
incorporation of the filler in nano-size form could be conducted to evaluate if the mechanical
properties of the final constructs could be further improved (Misra et al., 2008). Moreover,
investigation of the surface of the properties of the films could also be analysed in terms of
roughness, wettability and protein adsorption. The bioactivity of the constructs should be
studied by evaluating the ability of the material to induce hydroxyapatite formation on its
surface in simulated body fluids (Kokubo and Takadama, 2006). Finally, quantification of
the ions released by the films should be analysed using Inductively coupled plasma/optical
emission spectroscopy (ICP-OES) to have a better understanding of their antibacterial

activity.

In this work, for the first time melt 3D printing of mcl-PHAs was conducted. A feasibility
study was conducted to optimize the printing parameters for the production of well-defined,
reproducible and controlled geometries. The interactions between the materials properties
and the process parameters could be further investigated through a statistical design of
experiment (DoE), taking into account variation in the nozzle dimension as well as extrusion
temperature, pressure and writing speed. A full understanding of such interactions is needed
for process standardization and for their scale-up and clinical translation (Sheshadri and
Shirwaiker, 2015). Mechanical characterization of the printed constructs should be
investigated as such properties are essential for any tissue engineering scaffold. An in vitro
degradation study of the scaffolds was conducted in PBS over six months. The degradation
in environment better simulating the in vivo condition should be investigated, such as the
addition of enzymes like lipases and esterases (Ong et al., 2017).

A preliminary investigation of the possibility to obtain structures with dual porosity was
conducted by combining melt printing with salt leaching. The results obtained showed that
the porosity could be modulated through the variation of the polymer/porogen ratio and the

porogen dimensions. However, this work was only preliminary, and an in-depth
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characterization of the developed constructs needs to be conducted investigating better the
porosity obtained and its influence on the mechanical, biocompatibility and degradation

properties.

Overall a more in-depth characterization of the 3D printed antibacterial PHA-based material
should be conducted for the further development of such materials in the context on bone
regeneration. Investigation of the surface, mechanical and degradation properties of the
scaffolds should be conducted and compared with the neat 3D scaffolds, to evaluate the effect
of the incorporation of Se-Sr-HA and thioester-PHA. For the 3D composite materials, the
release of the ions from the 3D scaffolds should also be investigated to have a better
understanding of its biological properties. Moreover, the same in vitro differentiation studies
of MC3T3-E1 cells conducted with 3D neat scaffold should be conducted on the 3D
composite materials. The use of hydroxyapatite with strontium ions should in fact conferrer
osteoinductive properties to the materials. Furthermore, the possibility of using these
constructs for bone-defects related to tumours treatment could also be evaluated thanks to
the anticancer properties of selenium (Hosnedlova et al., 2018). Finally, the two strategies
investigated for the development of 3D antibacterial PHAs scaffold could be combined
together in the future. The limitation of the printing of the thioester-PHAs could be overcame
by the combination of both thioester-PHA and Se-Sr-HA with mcl-PHAs, producing
osteoinductive, osteoconductive structures possessing long lasting antibacterial properties by

contact and through the ion release.

Finally, a deeper understanding of the biological properties of all the developed materials is
required for their application in bone regeneration. The antibacterial activity against other
strains (e.g. S. epidermidis, Streptococci sp., Pseudomonas sp.) associated with bone
infection should be investigated. Moreover, the long-lasting effect of the antimicrobial action
of the materials should be evaluated. In terms of biocompatibility, the materials developed
were designed to be combined with periosteum stem cells and tested in vivo. Therefore, in
vitro compatibility studies with such mouse-derived primary cells should be conducted,
followed by the implantation of the constructs in a in vivo critical-size defect model to assess

their potential to promote bone regeneration.
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