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Abstract

The rise in the number of musculoskeletal disorders (MSDs) due to the increase in
aging population and advancement in medical technology has led to an increasing
demand for medication to prevent and treat these diseases. The development of
new drugs or formulations to allow treatment of these diseases in their very early
stages is only increasing. Local direct and multidelivery of medication and key
minerals to support bone repair and regeneration at the defect site, from flexible
degradable devices at the rate within the therapeutic window, seems to be an
effective strategy. However current drug delivery vehicles are neither flexible and
degradable, nor able to deliver both medication and minerals effectively. Using a
simple “solution casting” method, preparation of medical devices with such
potential for slow drug delivery for biomedical applications served as the research

objective.

Polylactic acid (PLA) and hydroxyapatite-hydrothermally converted coral were
used to develop PLA thin film composites as drug delivery systems. PLA provided
flexibility and biodegradability of the systems, while coralline hydroxyapatite
provided a unique architecture with its porous and bioactive nature, which is
suitable for drug loading and slow drug release. Two drugs, gentamicin (antibiotic)
and bisphosphonate were loaded into the device and their release profiles and
activities were studied for the treatment of medical-implant related infection and
osteoposis respectively. The biocompatibility study on human adipose derived
stem cells (hADSC) and biofilm formation behaviour of both gram-negative
(Pseudomonas aeruginosa) and gram-positive bacterial (Staphylococcus aureus)
were studied on PLA thin film composites loaded with gentamicin. The mechanical
properties of PLA-surface treated bioglass for tissue engineering applications was
also studied. An alternative conversion method of coralline materials and other
natural materials such as sea mussel and ostrich eggshells to calcium phosphate
materials were also evaluated. Although nanosurface bioglass treated with 1% (3-
Aminopropyl)triethoxysilane (APTES) suggested effective improvement in
elongation at the break of PLA/bioglass composites, they lacked the required drug

release efficiency.



However, the PLA thin film composites displayed ability for potential applications
in biomedical field as drug delivery systems. The flexibility they provide allows
them to conform to any desired clinical shape and size. Incorporation of
hydroxyapatite in the matrix, has the added advantages of controlled release,
improved encapsulation efficiency, increased drug stability and maintenance of
bioactivity and continuous supply of calcium Ca?* and phosphate PO42- ions, which
can assist in bone regeneration and repair. Gentamicin release profiles, exhibited a
steady state release rate, with significant antimicrobial activity even at high
concentrations of bacteria. The systems also showed the potential for prolonged
release of both antibiotic and bisphosphonate. The loading of the drug onto HAp
particles induces a significant decrease of the release rate and period, for both
gentamicin and bisphosphonate permitting the therapeutic efficacy of composite
biomaterial locally to be extended. hADSC showed attachment and proliferation on
PLA thin film-HAp composites signifying the increase in osteointegration due to

the presence of HAp.

Mechano-chemical conversion methods proved to be an effective alternative to the
hydrothermal technique for coral conversion to calcium phosphate materials at
moderate temperature conditions. The modified composites may have a wide
range of biomedical applications in tissue engineering with improved elastic

properties.
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GENERAL INTRODUCTION

Adverse events associated with medical implant-tissue infections and clinical
conventional therapies have been reported and are a public health concern and
economic burden for many countries. Significant efforts have been focused to
either discover new drugs or improve the clinical outcomes of current drugs and
practices by using new formulations (Gao et al. 2011). Currently, clinical therapies
are based on intermittent oral or intravenous administration of the drug, which
provide a high level of drug in the blood immediately after the dose is
administered. However, the drug level in the bloodstream quickly decreases below
the therapeutic window. Drug delivery technology presents an interesting
interdisciplinary field aimed to address challenges for pharmaceutical, chemical
engineering, biomaterials and medical communities (Rao 2002). The key issue that
has been explored widely in recent times in regard to these treatments is the
ability to direct drugs to specific organs and/or affected sites. Extensive studies
have been conducted attempting to develop the ideal drug carrier systems; and
many factors affecting the properties of drug delivery systems, including porosity,
stiffness, strength and material itself have also been addressed. Clinical
applications have demonstrated the advantages of an extended drug release
system to treat bone-related disease such as osteoporosis or implant-related

infections.

Generally, a biomaterial that will act as a drug carrier must have the ability to
incorporate a drug, to retain it in a specific site, and to deliver it progressively over
time to the surrounding tissues. Furthermore, it would be advantageous if the
material is injectable, or alternatively coatable, on an implant and most
importantly biodegradable to give the extended release (Choi, Cazalbou & Ben-
Nissan 2015). Implantable medical devices must be fine-tuned to the biological
environment they are in. A number of procedures have been established using in-
vitro laboratory settings to avoid the risks of danger for patients and to also avoid
unnecessary animal experiments. After implantation, the implant must elicit a
negligible immune reaction in order to prevent it causing such a severe

inflammatory response that it might reduce healing, or cause rejection by the body.
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Biodegradable polymer films loaded with gentamicin have been developed to
serve as “coatings” for fracture fixation devices to prevent implant-associated
infections (Aviv, Berdicevsky & Zilberman 2007). The use of biodegradable
polymer films is advantageous due to their propensity to uptake and release
clinical active substances, as a consequence of their degradability. A combination
of two or more materials in this respect allows the optimization of required
properties in the materials, interactions with their biological environment and
controlled drug delivery systems. Biodegradable polymer-bioceramic composites
would be ideal in this endeavour because of the bioactive nature of ceramic
materials, which promote tissue growth. Incorporation of bioceramics in these
films will improve not only controlled drug release but also bioactivity and tissue
regeneration, especially in orthopaedic and maxillofacial applications. Talal et al.
(Talal et al. 2009) suggest that HA-PLA-PLA fibre composite membranes display
superior protein absorption kinetics and sustained release of protein compared
with PLA-PLA fibre membranes due to the presence of HAp. They also suggest that
these composite membranes could be useful therapeutically as a delivery system

for bioactive proteins.

It has been demonstrated by Wang and his co-workers (Wang et al. 2004) that PLA
microcapsules could release more than 80% of loaded gentamicin sulphate within
3 weeks for the treatment of osteomyelitis. Drug release time and the shape of the
release systems would probably limit their wide application especially for
prolonged release. Bioerodable, polyanhydride-gentamicin beads were used in vivo
study for the treatment of Osteomyelitis (Guo et al. 2007). They reported to have
reduced osteomyelitis by 93% after 4 weeks of implantation for 20% gentamicin
loaded beads. However most of the past studies have shown that antibiotics have
been ototoxic and nephrotoxic at high dosages (Shields, Martello & Potoski 2009).
Optimum properties of drug delivery systems could be achieved by varying the
combination of materials and their properties and experts are making progress
toward pinpointing the ideal combination of factors for localized and sustained

drug release applications.
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Main Objective

The clinical demand for sustained release devices with multifunctional advantages
is just increasing. The research efforts were focused on the development of
bioactive drug delivery PLA calcium phosphate thin film composites for biomedical

applications.

Specific objectives
i.  To establish the effects of drying methods to mechanical properties of PLA

thin film

ii.  To improve the interfacial properties of bioactive ceramics and PLA in PLA
thin film composites

iii. ~ To assess the drug release profiles from drug loaded PLA ceramic thin film
composites

iv.  To assess the biocompatibility in vitro and biofilm behavior on the surfaces

of PLA thin film composites

Significance of study
i. To give scientific explanations on the materials’ combination factors for
achieving improved mechanical properties.
ii.  Contribute in the development of thin film medical devices for tailored

slow drug delivery

Hypothesis
It was hypothesized that surface modified PLA/ calcium phosphate flexible thin
film biocomposites could be easily produced and applied as a reliable slow drug

delivery system.

Thesis layout

This thesis consists of eight (8) Chapters, written based on the facts available in
literature, but mostly based on the findings from this research; of which some are
published and some are under consideration to be published. They are stand-alone

complete chapters with their layout similar to published scientific manuscripts,
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aimed to address the clinical need for flexible thin film composites as drug delivery
systems. Chapter one gives a state-of-the-art background on biomaterials and their
applications in the medical field. Chapter two to chapter seven present the
experimental findings of this research from the productions and characterizations
of PLA thin film composites, improvement of interfacial properties of PLA and
ceramics to drug loading and dissolution, and bacterial biofilm behaviour on the
surfaces. Chapter eight contains the general concluding remarks of the study and

suggests a way forward.
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CHAPTER 1: LITERATURE BACKGROUND

11 Biomaterials

1.1.1 Historical background

Biomaterials have made significant improvements in recent years to the lives of
most individuals due to the impact on their recovery and long-term well being.
History shows that synthetic implants were used thousands of years ago with
varying degrees of success. Egyptians, Romans, Chinese, and Aztec’s used gold in
dentistry more than 2000 years ago. The earliest known example of dental implant
tooth replacements dating back to 600 A.D. was discovered in Mayan civilization.
Possibly the first systematic research on biomaterials started in 1829 by H.S.
Levert who studied canine responses to implanted metals in-vivo in the living
body. The introduction of aseptic surgical techniques by British surgeon Joseph
Lester improved the application of biomaterials research in medicine. The increase
in biomaterials usage was noted in 1886 when German surgeon Hansmann who
used metal plates for internal fixation for the first time (RM, AR & A. 2011). Since
then, many new materials and orthopaedic techniques have been developed,

especially since WWIL

Mostly, metals were used because only a few plastics existed. Polyethylene (PE),
Poly(methyl methacrylate) (PMMA) and Nylon began to be used safely within
human tissues after extensive animal experimentation and clinical trials. PMMA
has been also used as cement to anchor metallic prostheses to bone, and to make
permanent orthopedic implants. Ingraham and his colleagues published for the
first time in 1947 on polyethylene as a relative new synthetic plastic which can be
made into flexible tubes and thin or pliable sheets for use in surgery (Ingraham,

Alexander & Matson 1947).

Currently, the demand for biomaterials in both tissue engineering and medical
devices is growing rapidly, due to the increase in ageing populations, and the
demand for a new type of biomaterials that could last longer once implanted.
These have necessitated the increase in research activities to address most of the
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current challenges facing these materials, in-depth understanding of the physical

and chemical functioning and the human tissue response to these biomaterials.

During the last 40 years, developments in the field of biomaterials have
successfully introduced more than 500 different medical materials, ceramic, metal
or polymeric materials, either singly or in a specially designed combinations to
replace, repair or augment more than 40 different parts of the body (Hench &
Thompson 2010). Tens of millions of individuals have had their quality of life
enhanced for up to 25 years or more by the use of implants made from

biomaterials.

When a biomaterial is nearly inert and the interface is not chemically or
biologically bonded, there is relative movement and the possibility of progressive
development of a non-adherent fibrous capsule in both soft and hard tissues,
which eventually leads to deterioration in function of the implant or the tissue at
the interface or both (Hench 1991). Therefore, the field of biomaterials began to
shift in emphasis from achieving a bio-inert tissue response exclusively, to instead
producing bioactive components that could elicit a controlled action and reaction

in the physiological environment (Hench & Wilson 1984).

Both first and second-generation biomaterials have been improved over the years.
However, they are partly limited in application because they cannot respond to
changing physiological load or biochemical stimuli like living tissues. This limits
the lifetime of artificial body implants and paved the way to consider an
alternative, which is more biologically based method for the repair and

regeneration of tissues (Hench 1980).

Whereas second generation biomaterials were designed to be either resorbable or
bioactive, currently the third generation of biomaterials is combining these two
properties, with the aim of developing materials that once implanted, will help the
body heals itself (Hench & Polak 2002; Hench et al. 2003). Several studies have
shown that the combination of the concepts of bioactive materials and resorbable
materials has brought a breakthrough in biomedical fields such as tissue
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engineering, orthopaedics, gene control and drug delivery (Zhou et al. 2007;
Brown & Farrar 2008; Vedantham et al. 2012) in which bioactive materials are

being made resorbable.

In this venture, biomaterials are being designed to stimulate specific cellular
responses at the molecular level. Moreover, molecular modifications of resorbable
materials elicit specific interactions with cell integrins and thereby direct cell
proliferation, differentiation, and extracellular matrix production and organization.
In their recent review, Hench and Thompson (Hench & Thompson 2010) indicated
that a significant body of work has been directed towards improving third-
generation biomaterials; but still there are challenges to be overcome in order to
design a new generation of gene-activating biomaterials tailored for specific

patients and disease states.

1.1.2 Classifications of biomaterials

Biomaterials are generally defined by their applications and not by their chemical
make-up. The American National Institute of Health defines biomaterials as “any
substance or combination of substances other than drugs, synthetic or natural in
origin, which can be used in any period of time, which augments or replaces
partially or totally any tissue, organ or function of the body, in order to maintain or
improve the quality of life of the individual“. Based on the reaction of biological
systems to biomaterials when implanted, they are grouped into three classes; bio-

inert, bioactive and bio-resorbable.

Bio-inert materials form a weak bond at the biomaterial-bone interface because
they stimulate formation of fibrous tissue and therefore do not directly bond to
bone. They include metals (e.g., titanium or titanium alloys, stainless steel, cobalt-
chromium, alloys), some synthetic polymers (e.g.,, PEEK, Teflon-type), and some

ceramics (e.g., alumina, zirconia, carbon).

Bioactive materials stimulate bone tissue formation and therefore directly bond
with bone and thus form a uniquely strong biomaterial-bone interface. Hench and
his colleagues initiated the bioactive glass material in the early 1970s. They
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discovered bioglass systems contain Na0, CaO, SiO; and P20s which formed a
bond with bone so strong that it could not be removed without breaking the bone
(Hench et al. 1971). Since the invention, the composition of bioglass has been
varied and many different new bioactive biomaterials and products have been
developed. Bioactive materials include metals, polymers, ceramics, glasses and
composites; which include bioactive glasses (silica and non-silica based), natural
polymers, calcium phosphates (synthetic or derived from biological origin
materials such as corals, marine shells, bovine bone), bioactive composites and

coatings which bond to living tissues (LeGeros 2008a).

Bioresorbables, they are designed to degrade/dissolve gradually over a period of
time and be replaced by tissues. They represent an optimal solution to
biomaterials failures, if short-term performance and strength requirements are
met. The challenges facing this group are the maintenance of strength during
resorption and matching resorption rates to cellular metabolism. Although their
usage is increasing, these restrictions impose considerable limitations on the
design of resorbable biomaterials, which is the reason why very few are being used

clinically.

1.1.3 Metallic Biomaterials

Metallic medical implants continue to be used extensively due to their excellent
mechanical properties. The outstanding mechanical properties of these materials
provide them with reliability for long-term implant performance in major load-
bearing applications such as artificial hip and knee joints, bone plates, and dental
implants. Apart from mechanical properties, metallic biomaterials have to display
adequate corrosion and wear resistance and biocompatibility. A few metals and
their alloys like stainless steels, Co-Cr alloys, and Ti and its alloys are mainly used
in the fabrication of metallic biomaterials because they have the required
properties. The American Society of Testing and Materials (ASTM) recommended
type 316L stainless steel (18Cr-14Ni-2.5Mo) which is a vacuum-melted low-carbon
variant of the standard type 316 composition for implant fabrications. 316L is
designed to maximize the pitting corrosion resistance and provide a ferrite-free
microstructure (Davis 2003). The Cr has affinity to oxygen and it forms a passive
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layer of chromium oxide on the surface of steel which prevents steel from

corrosion (Navarro et al. 2008).

Corrosion of metallic biomaterials is considered to pose detrimental effects on
biocompatibility during in vivo use. A number of studies show that 316L implants
often degrade due to pitting, crevice, corrosion fatigue, fretting corrosion, stress
corrosion cracking, and galvanic corrosion in the body (Singh & Dahotre 2007;
Hryniewicz, Rokicki & Rokosz 2008; Xu et al. 2008). On the other hand it has been
shown that 316L stainless steel releases nickel ions into the human body which
causes a danger of allergic reaction which appears in a significant number of
patients (Yamamoto, Honma & Sumita 1998; Yamamoto, Kohyama & Hanawa
2002; Navarro et al. 2008; Talha, Behera & Sinha 2013). This has promoted the
development of Ni-free nitrogen containing austenitic stainless steels. Nitrogen not
only replaces nickel for austenitic structure stability but also much improves
steel’s properties. It has been shown that nickel-free high nitrogen austenitic
stainless steel has high corrosion resistance in vivo (Kuroda et al. 2002). Although
these improvements are effective in orthopaedics, for total hip and knee implants,

316L is not being used.

Cobalt-Chromium alloys are used for making surgical implants and are
recommended as stems of prostheses for heavily loaded joints such as the knee
and hip. These materials are highly resistant to corrosion even in a chloride
environment and have excellent mechanical properties. Although still
controversial, studies show that corrosion products of Co-Cr-Mo are more toxic

than those of stainless steel 316L (Vidal & Mufioz 2009).

Titanium alloys have become the most attractive metallic materials for biomedical
applications due to their lightness, good mechano-chemical properties and non-
allergic reaction. Commercially pure titanium (Ti) and Ti-6Al-4V are the two most
common titanium base implant biomaterials. However, for permanent implant
applications the alloy shows a toxic effect resulting from the release of vanadium

and aluminium (Yang et al. 2007). Research attention has been focused on



developing a vanadium and aluminum-free alloys for application as a medical

implants (Li et al. 2014).

Nickel Titanium alloy known as Nitinol displays a shape-memory effect as well as
good corrosion resistance and has been used in orthopedic, dental and
cardiovascular applications. There has been concern in the medical industry about
the release of Ni, which has an allergic effect. However, it has been reported that
when properly treated, Nitinol forms a very stable protective layer of TiO2 which
reduces the release of Ni to the minimum (Ha & Gardella 2005). It has been shown
that fully covered Nitinol vascular, self-expandable metallic stents, show no

evidence of corrosion or nickel release in patients (Elbert & Hubbell 1996).

1.1.4 Polymeric Biomaterials

Polymeric biomaterials form one of the most important material groups in
biomedical engineering. They also have a wide range of application in drug
delivery and wound healing (Wiegand & Hipler 2010; Agrawal et al. 2014).
Synthetic polymers like a-hydroxy acids, which include poly (glycolic acid), poly
(lactic acid) and their co-polymers, polyanhydrides and naturally occurring
polymers like chitosan and hyaluronan have been extensively used in medical

devices and the pharmaceutical industry.

The combination effect of polymeric biomaterials, cells and bioactive molecules
has become the main focus of scientists and industry in the cause of regenerating
damaged tissues (Sokolsky-Papkov et al. 2007). Based on their structure, most
polymeric biomaterials display weakness when utilized in load-bearing medical
devices. Ultra-high molecular weight polyethylene (UHMWPE) is one of the
polymeric materials, which has the highest impact strength and is one of the best
available orthopaedic polymeric materials. Under biomechanical functional loads
such as knee or hip implants they can survive around 15 years before deterioration

(Ben-Nissan & Pezzotti 2002).

The propensity of some of the polymeric biomaterials to uptake and release active
substances as the consequence of their degradation addresses the significant
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healthcare costs involved and the deaths associated with many clinical
complications. Degradable polymeric biomaterials have been used in this
endeavor. Many attempts have been successfully made to incorporate a drug into

implantable polymeric devices for a sustainable and controlled release.

Interfacial interaction between any biomaterials and biological systems are crucial;
and for polymeric materials a number of studies has been conducted on the surface
characterization (Elbert & Hubbell 1996; Tirrell, Kokkoli & Biesalski 2002; Ha &
Gardella 2005) and the cellular response in vitro and in vivo experiments (Tirrell,
Kokkoli & Biesalski 2002). Apart from improving biocompatibility, surface
modifications are necessary to improve materials’ degradability, which controls

drug release kinetics, or to improve wettability and adhesion.

Hydrogels are constructed of a network of hydrophilic cross-linked polymer chains
capable of retaining large amounts of water and maintaining their three-
dimensional structure (Vermonden, Censi & Hennink 2012). They have been
studied and used for a wide range of biomedical applications from tissue
engineering to diagnostic and drug delivery systems (Nam, Watanabe & Ishihara
2004). Being biocompatible, hydrogels can also be made biodegradable by
choosing the building blocks and cross-link agents properly. Their soft nature
when swollen is similar to natural extracellular matrices, which render them
extremely suitable for delivery of active substances like proteins and peptides,
where preparation methods are detrimental (Vermonden, Censi & Hennink 2012).
Hydrogels and other medical systems have been administered by surgical
intervention, which is costly, and a terrible ordeal for patients. Efforts have been
focused on developing systems like injectable hydrogels that can be administered
by minimal invasive methods. The United States Food and Drug Administration
(FDA) has recently approved a less invasive medical device for the treatment of

benign prostatic hyperplasia (BPH) (FDA 2013).

1.1.5 Ceramic Biomaterials
Ceramic biomaterials or bioceramics are the class of ceramics used in the
biomedical field to repair and reconstruct the deceased and damaged tissue of
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musculo-skeletal systems (Hench 1991). Alumina (Al;03) and Zirconia (ZrOz) are
termed bioinert, bioglass and glass ceramic are bioactive, while calcium phosphate

ceramics (CPC) are categorized as bioactive and bio-resorbable.

High density alumina (a-Al203) is high strength alumina with an excellent
corrosion resistance, good biocompatibility and high wear resistance. It was the
first ceramic biomaterial to be widely used clinically (Lemons 1996). Related to
alumina is zirconia (ZrO2), or more accurately partially stabilized zirconia (PSZ),
which has a high mechanical strength and fracture toughness. Both are currently
used in orthopaedic and maxillofacial surgical implants as alumina and zirconia

toughened alumina forms.

Calcium phosphate ceramics (CPC) are used for augmenting and replacing bone
tissue. The most widely used are hydroxyapatite (HAp) and [3-tricalcium phosphate
(B-TCP). Different calcium phosphate ceramics with their chemical formulae are
presented in Table 1. Most CPCs are prepared by either the wet chemical method
or a solid-state reaction. Due to an increase in medical expenses, efforts have been
directed towards reducing the cost of bioceramic devices by producing high-purity
bioceramic materials from low cost raw materials. A number of attempts have
been successful using biological origin materials such as enamel (Oktar et al.
2010), sea shells (Macha et al. 2013), coral (Ben-Nissan 2003a; Chou et al. 2007),
and land snail (Kel et al. 2012) to mention a few to synthesize calcium phosphate

ceramic materials because of their chemical composition and unique structure.

Though bioceramics are widely used as implants in orthopaedics, maxillofacial
surgery and for dental implants, more developments are in progress for extending
their applications and achieving improvements in their performance and
reliability. Metal implants like titanium and its alloys have a long-term problem of
loosening after being implanted, due to a lack of sufficient bioactivity on the
surface over time (Cook et al. 1988; Suchanek & Yoshimura 1998). Ben-Nissan
(Chai et al. 1995; Ben-Nissan & Choi 2006) developed sol-gel crystalline
nanocoatings of hydroxyapatite on different substrates of medical implants. Using
hydroxyapatite, which is chemically similar to the mineral component of natural
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bone as a coating, has the added advantage that bioinert implant materials like
titanium and cobalt chromium alloys and alumina can be given bioactive coatings

with an improvement of their osteointegration.

Table 1: Existing calcium orthophosphates (Macha et al. 2013)

Mineral name Short name | Empirical formulas Ca/P
Dicalcium phosphate
Brushite DCPD CaHPO04.2H,0 1.00
dehydrate
Dicalcium phosphate Monetite DCPA CaHPO4 1.00
Octacalcium phosphate ocp CagH2(P04)6.5H20 1.33
B-Tricalcium phosphate Whitlockite B-TCP B-Ca3(P04)2 1.50
Hydroxyapatite HAp Ca10(P04)6(OH)2 1.67
Tetracalcium phosphate
TTCPM Cas(P04)20 2.0
monoxide
Calo.X[HPO4)X(PO4)6_
(10-
Defect apatite DA x(OH)2« )
X):6
0<x<2

Other coating techniques like chemical vapour deposition, plasma spray,
electrophoretic and electrochemical deposition have also been used. The plasma
spraying technique is the most commonly used and the only one approved by The
U.S Food and Drug Administration (FDA) for calcium phosphate coatings to
implant surfaces (Campbell 2003). Plasma techniques involve the use of high
temperature which may have deleterious effects such as evaporation, phase
alteration, residual stress, de-bonding, and gas release, which commonly occur in
these coatings (Choudhuri, Mohanty & Karthikeyan 2009). Research efforts are
currently focused on developing an optimal technique for ceramic coating
application by modifying the chemical composition, or the plasma spraying

techniques.

1.2  Bioglass

For more than four decades, bioglasses have attracted the attention of many
researchers because of their unique properties which can easily be tailored by
manipulating their composition. The pioneering work of Hench (Hench 2006) led

to the first development of a bioactive silicate glass, called 45S5, of composition: 45
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wt% SiO2, 24.5 wt% Naz0, 24.5 wt% Ca0 and 6 wt% P20s, commercially available
as Bioglass®, which provided for the first time an alternative interfacial bonding of
an implant with host tissues. This group of glasses has become known as bioactive
glasses based on the following definition: “A bioactive material is one that elicits a
specific biological response at the interface of the material that results in the
formation of bond between the tissues and the material” (Hench & Andersson 1993).
Over the years, many questions concerning its interactions with both hard and soft
tissues have been answered with a multi-disciplinary team of materials scientists,
orthopaedic surgeons, dental researchers, biomechanics experts and biologists.
Many clinical Bioglass® devices like MEP®, ERMI®, HAPEX®, NovaBone®,
NovaMin® and NovaThera®, are being used as a substitute for bone augmentation
and restoration; in orthorpaedic, dental and maxillofacial surgery; and in the field
of tissue engineering (Cacciotti et al. 2012). They have proved to be efficient, some
outperforming other bioceramic and metal prostheses (Merwin 1990; Hench

2006).

Bioactive glasses have been produced using conventional glass technology. The
glass components, in the form of grains of oxides or carbonates, are mixed and
then melted and homogenized at high temperatures: 1250-1400°C (Li, Clark &
Hench 1991). A number of processes have been employed in the production of
bioglass nanoparticles, which include the microemulsion technique (Karagiozov &
Momchilova 2005; Sun et al. 2007), the laser spinning technique (Quintero, Pou, et
al. 2007), gas phase synthesis (Pratsinis 1998), and the sol-gel method (Hench &
West 1990). Among all these techniques, the sol-gel method has gained a lot of
research interest in the last two decades because it can be prepared from gels by
sintering at relatively low temperatures (600 - 700 °C), which nullify most of the
disadvantages of high-temperature processing, with much higher control over
purity. In addition, sol-gel processing offers potential advantages of ease of powder
production, a broader range of bioactivity, and a better control of bioactivity; by
changing either the composition or the microstructure through processing
parameters (Sakka 1985). Li and his colleagues (Li, Clark & Hench 1991) showed
that Si02-Ca0-P20s powders produced by this technique are more bioactive than
the melt-derived glasses of the same composition. Moreover, Sepulveda and his co-
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workers studied the dissolution rates and rates of surface layer formations on melt
derived and sol gel bioglass and the results suggested that 45S5 melt derived
bioglass exhibited lower rates than 58S sol gel bioglass powder (Sepulveda, Jones
& Hench 2001). The high bioactivity of the sol-gel derived materials is related to
the textural features of the gels, i.e., pore size and pore volume associated with the
large surface area, higher rate of dissolution, and the negative surface charge
(Pereira & Hench 1996). In addition, bioactive sol-gel glasses have been proposed
as alternatives to glasses produced by melt and quenching methods, because they
exhibit higher rates of apatite-layer formation, more rapid bone bonding,

improved homogeneity and purity, and excellent degradation/resorption

properties.
SiDz A = Bone Bonding
B = Non-bonding (reactivity too low)
C = Non-bonding (reactivity too high)
D= Non-bonding (non glass forming)
S = Soft tissue bonding
AM Glass Ceramic E = Bioglass® composition

(variable P,0,)

CaO Na,O

6% P,O.

Figure 1: Compositional diagram for bone bonding. Note regions A, B, C, D. Region

S is a region of Class A bioactivity where bioactive glasses bond to both bone and

soft tissues and are gene activating (Hench 2006).

Bioactive glasses are composed of SiOz, Na;0, CaO and P20s. The first and most
well studied composition, named Bioglass® 45S5 contains: 45% SiO2, 24.5% Na2O0,
24.4% CaO and 6% P20s all in weight percent (Hench & Andersson 1993). Hench

and colleagues have studied a series of glasses in these four-component systems
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with a constant 6% P20s content as summarized in the ternary SiO:-Na20-CaO

diagram shown in Figure 1.

The boundaries in figure 1 are kinetic boundaries and not phase equilibrium
boundaries. The diagram represents the composition boundaries and their
respective reaction mechanism. Glasses with the highest level of bioactivity and
rapid bone bonding lie in the middle of the Na;0-Ca0-SiO; diagram (Region E); all
compositions contain a constant 6 weight percent of P20s. Compositions that
exhibit slower rates of bonding lie between 52 to 60% by weight of SiO2 in the
glass. Compositions with greater than 60% SiO2 (Region B) do not bond and are
bio-inert. However, a series of studies have shown that bioactive glasses can
compose either less or more than these oxides, or be substituted with other oxides
without significantly alter bone-bonding behavior (Zhang et al. 2009; Zhou et al.
2012). Greenspan and Hench suggested that increasing the surface area of the
glass by making a particulate or a nanoporous solgel derived glass, extends the
bone bonding compositions to higher percentages of SiO; in the glass (Greenspan

& Hench 1976)

The rapid rate surface reaction of bioactive glasses which leads to fast tissue
bonding is one of the primary advantages of this material. Bioactive glasses have
been used successfully as bone-filling materials in orthopedic and dental surgery,
but their poor mechanical strength limits their applications in load-bearing
positions (Merwin 1990; Cai & Zhou 2005; Hench 2006). This motivates
researchers to combine excellent mechanical properties of metals or polymers
with a bioactive phase of either particles or fibres, to produce a bioactive
composite with optimized properties. The tensile bending strength of most of the
bioactive glass compositions is in the range 40 - 60 MPa with a low modulus of

elasticity in the range 30 - 35 GPA.

Bioactive glasses are a category of biomaterials that bond to living tissues, both
soft and hard, through the formation of a hydroxy carbonate apatite (HCA) layer on
their surfaces (Hench et al. 1972; Hench & Wilson 1984; Gross et al. 1988).
However, it has been shown that the key phenomenon for bioactivity, or bond
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formation, is the controlled rates of release of ionic dissolution products from the
bioglass surface, especially critical concentrations of soluble silica and calcia ions
(Hench et al. 2000). Reactions occurring on the surface of the glass lead to the
formation of a silica gel layer and subsequent crystallization of HCA. The physical
chemical mechanisms involved in forming a bioactive bond to tissues are now well

established and represented in Figure 2.
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Figure 2: Sequence of interfacial reactions involved in forming a bond between

tissue ad bioactive ceramic (Hench 1998)

Using bioactive glasses as regenerative materials for soft and hard tissue will bring
forth a biomaterials revolution in the medical field by addressing the limitations of

non-regenerative medical devices, with a fresh approach and a shift in priorities.

1.3  Biodegradable polymers

1.3.1 Naturally occurring polymers

Naturally occurring polymers are biodegradable and have excellent biological
properties, for they provide a natural substrate for cellular growth, cell
proliferation and differentiation and are ideal biomaterials for tissue engineering
applications (Seal, Otero & Panitch 2001). However, they have poor mechanical
properties and varying physical properties which have hindered their wider

application. On the other hand, with the rapid advancement of science, more
13



understanding of fundamental biosynthesis pathways have come to light with the
possibility of genetically manipulating or tailoring these pathways for specialty
biopolymers. Polyhydroxyalkanoates (PHAs), are linear polyesters produced in
nature by bacterial fermentation of sugar or lipids under unbalanced conditions
(Doi, Kitamura & Abe 1995). A combination of monomers of the PHAs family can
dramatically give materials extremely different properties. PHAs have been
attractive to tissue engineering due to their versatile properties. The main
drawbacks of PHAs include very high hydrophobicity, slow degradations under
physiological conditions and lack of chemical functionalities. Different modification

techniques have been extensively reviewed by Kai and Loh (Kai & Loh 2013).

1.3.2 Synthetic polymers

Biodegradable polymeric materials have had a significant impact on medical
technology, greatly enhancing the efficacy of many existing drugs and enabling the
construction of entirely new therapeutic modalities (LaVan, McGuire & Langer
2003). Recently, synthetic biopolymers have become attractive alternatives for
biomedical applications for the following reasons: (1) although most biologically
derived biodegradable polymers possess good biocompatibility, some may trigger
an immune response in the human body, possibly one that could be avoided by the
use of an appropriate synthetic biopolymer; (2) chemical modifications to
biologically derived biodegradable polymers are difficult; (3) chemical
modifications are likely to cause the alteration of the bulk properties of biologically
derived biodegradable polymers. A variety of properties can be obtained and
further modifications are possible with properly designed synthetic biopolymers
without altering the bulk properties (Tian et al. 2012). Aliphatic polyesters such as
polylactide (PLA), polyglycolide (PGA) and their copolymers have gained
widespread biomedical applications because of their biodegradability and
biocompatibility properties in the human body (Griffith 2000). In addition, Lou and
his colleagues (Lou, Detrembleur & Jérome 2003) showed that synthetic aliphatic
biopolymers have tunable properties, including features such as hydrophilicity,

biodegradation rates, bioadhesion and drug/targeting moiety attachment.
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1.4 Biodegradable polymer composites

[t has been shown that the release of acidic degradation products from polymeric
materials causes inflammatory reactions (Bergsma et al. 1993), thus the
degradation products of calcium phosphate materials could possibly buffer the
acidic products from polymers and reduce the significantly inflammatory effects
(Chen, Roether & Boccaccini 2008). In order to upgrade structural and functional
properties of these polymers, researchers have been introducing organic and
inorganic nanofibres into biodegradable polymers to make composite materials for
more than two decades (Boccaccini et al. 2010). Tjong showed that nanocomposite
materials often show an excellent balance between strength and toughness and
usually improved characteristics compared to their individual components (Tjong
2006). The combination of biodegradable polymer and nanopowders opens a new
perspective in the nano-devices for biomedical applications, with tunable
mechanical, thermal, morphological and biological properties. From this point of
view, nanocomposite materials based on hydroxyapatite, metal and ceramic
nanoparticles or carbon nanostructures could be excellent choices for biomedical
applications. The major challenge is to optimize biological and mechanical
properties of the biodegradable polymer - bioceramics composites due to poor
interfacial bonding between particles and the polymeric matrix. To achieve
excellent properties, surface modifications of bioceramics particles have been
attempted using silane coupling agents, titanate and zirconates in order to improve
interfacial bonding between inorganic particles and the matrix (Gomes et al. 2001;

Macha, Ben-Nissan & Milthorpe 2014).

1.5 Medical Implants infection

Invasive medical devices are widely used in the medical field to replace and repair
damaged tissue or for diagnostic purposes. A significant proportion of these
devices; which are especially used in central venous catheters, neurosurgical
ventricular shunts, implantable neurological stimulators, cochlear implants,
intraocular lenses, heart valves, breast implants, ventricular assist devices,
coronary stents, arthro-prostheses, fracture-fixation devices, inflatable penile
implants and dental implants; is associated with medical device associated
infection (Costerton, Montanaro & Arciola 2005). Increasing evidence suggests that
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bacteria biofilm is the leading course of implants failure in device-associated
infections, which also lead to significant morbidity and mortality (Klevens et al.
2007). It was reported that more than 5 million central venous catheters alone are
implanted annually in the USA, of which 5 to 26 percentage lead to catheter-related
infectious complication (Merrer et al. 2001; McGee & Gould 2003). Tacconelli et al.
estimated the clinical outcomes and costs associated with catheter-related
bloodstream infections (CRBSIs) in four European countries (Tacconelli et al.
2009). Their results suggest that there are more than 1000 deaths per year with an
associated cost of €35 to €164 million per year, per country. Biofilm is a microbial
derived sessile community, characterized by cells that are irreversibly attached to
a substratum or interface to each other, embedded in a matrix of extracellular

polymeric substances that they have produced.

According to IUPAC, biofilm is “an aggregate of microorganisms in which cells that
are frequently embedded within a self-produced matrix of extracellular polymeric
substance (EPS) adhere to each other and/or to a surface” (Vert et al. 2012). The
three dimensional extracellular polymeric substances protect bacteria from the
external environment so they become more resistant to antimicrobial stress and to
the immune system. Treatment of biofilm is difficult after its formation - most of
the contaminated devices have to be removed, as the only clinical alternative, ideal
option to deal with biofilm is the development of medical devices with surfaces or
materials that prevent microbial surface adhesion or viability. Appropriate designs
of medical and material selections have not yet been realized because of the lack of
in-depth understanding of the mechanisms of bacterial adhesion. The classical
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid stability explains
the mechanism based on free energy changes involved in microbial adhesion
(Chung et al. 2011). These theories are rather limited as there are other factors,
like the biological aspect of adhesion that are not considered. An extensive review
of strategies to disrupt or inhibit biofilm using scientific knowledge on structural
molecules, on the synthesis and genetics of biofilm was conducted by (Arciola et al.
2012). They suggested that the promising biofilm mitigating strategy would be the
one that avoids the spread of antibacterial substances in the neighbouring tissues
with the consequent risk of inducing bacterial resistance.
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1.6  Invitro Biocompatibility (Cell culture studies)

The most important requirement for any biomaterial to be used in biomedical
applications is its biocompatibility in a specific environment, together with no-
cytotoxicity of its degradation products (Gomes & Reis 2004). Apart from its
biocompatibility, any modifications, additives or processing technologies required
to obtain different properties should not interfere with the biocompatible
behaviour of the resulting materials. Cytotoxicity assays are widely used in drug
and medical implants research as initial stages to test the biocompatibility to
predict which lead compounds might have safety concerns in humans before
significant time and expense are incurred in their development. The assessment of
cytotoxicity is performed where cells are exposed to the materials and observation
is made on them if they undergo necrosis, in which they lose membrane integrity
and die rapidly as a result of cell lysis; or stop growing and dividing; or activate a
genetic program of controlled cell death, termed apoptosis. The absence of
cytotoxicity, however, does not confer knowledge about the biocompatibility of a
biomaterial (Kooten et al. 1997). Assessments beyond cytotoxicity are usually
performed to evaluate overall biofunctionality of biomaterials, which focus on
establishment of reproducible and quantifiable assays relevant to biomaterials
applications. Each application needs to be tested in the proper settings reflecting
the natural environment, and the demands posed on the application, in order to
study the more specific aspects of biocompatibility. This means that for bone
prostheses, for example, osteoblast cells should be used to see if they deposit a
proper bone matrix with all the natural constituents balanced. Yamamoto and his
colleagues state that cell adhesion is one of the important aspects of cell
interactions with biomaterials. Their findings suggest that it is possible to compare
the materials affinity for cells using their system, if the cells would be seeded at the

same time onto different materials (Yamamoto et al. 1998).

1.7  Calcium phosphate and drug delivery
Calcium orthophosphates, including hydroxyapatite (HAp), octacalcium phosphate
(OCP), and dicalcium phosphate dehydrate (DCPD), are biologically familiar as

they are produced in normal and pathological mineralization (Elliott 1994). The
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compositions and chemical formulas of calcium orthophosphates are shown in

Table 1.

For many years the principal biomedical applications for calcium phosphates has
been as hard tissue analogs. They are also being explored as drug delivery systems
due to their rapid dissolution of either CaHP04.2H20 or its mixtures with
CaS04.2H20 to deliver drugs occluded in the pore structures of these solids.
Principal, among the calcium phosphates of importance in biomedical application
is HAp, the main inorganic component of natural bone. HAp has been extensively
investigated since it is recognized as a ceramic material that significantly simulates
the composition and mineralogical structure of bone (Albee & Morrison 1920) The
composition of HAp is never fixed. The ratio of Ca/P varies from 1.67
(stoichiometric) to approximately 1.5 (fully calcium deficient). In this case a
generic formula for HAp composition may be expressed as Ca(i0-x)(HPO4)x(PO4)s-
9 (OH)(2-x) where x = 0 - 1. The compositional variability of HAp can be used to
control the bioactivity of HAp-based preparation. Gustavsson and colleagues
(Gustavsson et al. 2011) studied ion reactivity of calcium deficient HAp in different
standard culture media. The results suggested that different compositions of the
aqueous environment may provoke opposite ion reactivity of calcium deficient
HAp, and this must be carefully considered when evaluating the osteoconductivity

of the material.

HAp in monolithic form can be produced by solid-state, sintering reactions at high
temperatures below their dissociation temperatures. A preparative method
developed by Brown and Chow (1988) demonstrated that monolithic HAp could be
formed at moderate temperatures. In particular, it was demonstrated that HAp
could be formed by an acid-based reaction between calcium phosphate precursors.
Equation 1 shows the formation of HAp from the reaction between dicalcium

phosphates dehydrate and tetracalcium phosphate.

2CaHPO04.2H20 + Cas(P04)20 H-O0 > Ca10(P04)6(OH)2 + H20 (D
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Basic engineering principles for micro-fabrication can be learned through
understanding the phenomenon of molecular self-assembly which is ubiquitous in
the natural world. Coral and bone formation are good examples of these
biomimetic processes. Coralline apatites can be derived from sea coral, which is
composed of calcium carbonate in the form of aragonite and is a naturally
occurring material that has optimal strength and structural characteristics (Ben-
Nissan 2004). The pore structure of calcium phosphate converted from calcium
carbonate produced by a certain species such as corals is similar to human
cancellous bone, making it a suitable material for bone graft application. An
Australian coral was converted to monophasic HAp using a two-stage process in
which the hydrothermal conversion method was followed by the patented HAp
sol-gel nanocoating process (Ben-Nissan et al. 2003). The calcium phosphate
formed depends on the polymorph of the parent CaCO3 used and thus on the
species of coral. The coral porites form the aragonite polymorph, which under
hydrothermal treatment with dibasic ammonium phosphate, converts to HAp,

Equation 2.

10CaCO3 + 6(NH4)2HPO4 + 2H20 —Ca10(P04)s(OH)2 + 6(NH4)2CO3 + 4H2C03 (2)

(Aragonite) (HAp)

It has been reported that a dense monolithic HAp implant has low resorption rates
that hinder bone in-growth, resulting in chemical bonding only at the interface
between the bone and the HAp implant (Jarcho 1981; Kivrak & Tas 1998). This low
biodegradability is the drawback of dense monolithic HAp ceramics, which limits
the wide application of bulk HAp. Unlike HAp, tri-calcium phosphate (TCP) is
considered a resorbable bioceramic (Jarcho 1981). It has been reported that TCP
ceramics have been developed as a material that display ideal biodegradability and
tend to be replaced by bone as they degrade. It has three polymorphs, low
temperature phase [3-TCP which is stable below 1180 °C, a-TCP which is stable in
the temperature range 1180-1400 ° C and o'-TCP which is observed above 1470 °C
(Lin et al. 1998; Ryu et al. 2002). Lin and colleagues reported that the phase
transformation is accompanied by density changes for calcium phosphate
materials and the density decreases with phase transformation in the following
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sequence when heat-treated to higher temperatures (Lin et al. 1998). Hap (p = 3.14
gcm3)> B-TCP (p = 3.07 gcm™3> a-TCP (p =2:77 gcm3>a’-TCP.

Among the three allotropic forms of TCP, 3-TCP is preferred as a bio-ceramic
because of its mechanical strength, good tissue compatibility, and ability to bond
directly to tissue to regenerate bone without any intermediate connective tissue.
Moreover, its fast bone regeneration and proper bio-resorption rate are other
additional attributes of B-TCP (Lin et al. 1998). It has been mentioned that the
dissolution rate of B-TCP is 3-12 times faster than stoichiometric HAp . Although
the porosity size, interconnectivity and pore amounts will influence their
dissolution rates due to the surface area change. In vitro studies revealed that a-
TCP exhibits a higher dissolution rate than B-TCP (LeGeros et al. 1995; Lin et al.
2001). The order of relative solubility is a-TCP>B-TCP>HAp (Lin et al. 2001).

In drug delivery, the primary aim is to target drugs to specific sites within the
body. In addition to reducing toxicity to non-diseased cells, the use of ceramic
systems has the potential benefit of increasing drug efficiency, which translates to
a significant cost saving for many of the expensive drug treatments now being
engineered. Kundu and his colleagues investigated in vitro ability of HAp and beta-
TCP scaffolds to release drugs suitable for osteomyelitis. The results of the study
indicated that HAp exhibited a better drug release profile than 3-TCP when the
drug was used alone, indicating the high influence of the carrier material. However,
this restriction got relaxed when a bilayered scaffold was formed using chitosan
along with the drug (Kundu et al. 2010). One of the factors that control the release
of drugs from the drug carrier is the physical-chemical interaction between them.
Baradari et al., after investigating the use of porous (3-TCP as an anti- inflammatory
drug carrier, found that adsorption isotherm fitted to the Freundlich model,
suggests that the interaction between ibuprofen and 3-TCP is weak (Baradari et al.
2011). Tailoring better properties for drug release systems can be carefully
achieved by the combination of more than two components to make composite
systems. It has been reported recently that composite drug delivery systems
composed of silica nanoparticles coated with 3-TCP and bioactive glass showed
high performance in the local and extremely sustained delivery of the bi-
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component anti-tubercular drugs and excellent biocompatibility (Zhu et al. 2011).
The most studied low molecular weight drugs incorporated in calcium phosphate
are antibiotics, while osteoporotic, anticancer and other drugs have also been
evaluated; showing in most cases profiles with burst release initially fitting the
Higuchi model. It has been shown that these drugs remain active after their
incorporation into the cements. However, given the dynamic nature of the setting
process, and to approach the reality of the surgical room, it was suggested that it
would be of interest to increase the number of release studies from unset drug-

containing cements (Ginebra et al. 2012).

Next to calcium phosphate ceramics, calcium phosphate cements are of interest for
bone tissue engineering purposes. Calcium phosphate cements consist of a powder
phase of calcium and/or phosphate salts, that together with an aqueous phase,
react at room/body temperature to form a calcium phosphate precipitate that sets
by the entanglement of crystals (Habraken, Wolke & Jansen 2007). The uses of (3-
TCP cement as a drug delivery device have been reported. The hardening of the
calcium phosphate cement takes place at room or body temperature. This fact,
together with their intrinsic porosity allows the incorporation of drugs,
biologically active molecules or even cells, without thermal denaturalization or
loss of activity during preparation or implantation (Ginebra et al. 2012). Generally,
ceramic materials are good drug carriers, in which release patterns are strongly
dependent on the chemical consistency of the ceramic, type of drug and drug
loading. Biodegradable polymers like polylactic acid, gelatin or chitosan are used
as matrices for ceramic particles or as adjuvant to calcium phosphate cements. The
use of these polymers can introduce a tailored biodegradation/drug release to the

ceramic material (Habraken, Wolke & Jansen 2007).
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CHAPTER 2: PLA THIN FILMS

2.1  General introduction

This chapter provides a brief background of PLA. It describes the experimental
work performed for the aim of producing and characterizing PLA thin films for
biomedical applications. It also entails the use of established and modified
synthesis methods and modern characterization techniques. The results obtained
are also presented in this chapter with detailed discussions, which include
comparison of mechanical properties of thin films with bulk samples. The ability to
conform to any shape or size, due to its excellent ease of formability, PLA thin films

have advantages over other biopolymers for a wide range of clinical applications.

2.2 PLA

Acid anhydrides, such as poly(2-hydroxypropanoic acid), also known as poly(lactic
acid) or PLA, and its co-polymers, are among the group of biodegradable synthetic
polymers that have been used either alone or in combination for tissue
engineering (Macha, Ben-Nissan & Milthorpe 2014). The history of PLA started
when its monomer, Lactic acid was discovered by a German-Swedish experimental
chemist in 1780 who isolated the acid of milk from sour whey (Scheele 1980;
Smeaton 1986). The first commercial production of synthetic lactic acid started in
Japan (Benninga 1990) with the idea of producing acetaldehyde and hydrogen
cyanide and then hydrolyze in the second stage to lactic acid. The existence of both
a hydroxyl and a carboxyl group in lactic acid enables it to be converted directly
into polylactic acid via a polycondensation reaction. For many decades, PLA use
was limited especially in the biomedical field due to its high cost and low
molecular weight. Cargill Inc. brought a revolution in the early 1990s when they
succeeded in polymerizing high molecular weight PLA using a commercially viable

ring-opening reaction (Carothers, Dorough & Natta 1932; Gruber et al. 2001).

At present, PLA is one of the most promising polymeric clinical materials and has
drawn a lot of attention from scientists and industrialists. Its synthesis methods;
physical, mechanical, optical and biological properties have been extensively
studied (Drumright, Gruber & Henton 2000). Pure PLA is a semi-crystalline
polymer with a glass transition temperature T of about 55 °C and melting point
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(Tm) of about 180 °C (S6dergard & Stolt 2002). Polymers prepared from meso or
rac-lactide are in general amorphous, but by applying a stereo-selective catalyst
polymers having tacticity high enough for crystallization to also have been
obtained. The crystal structure of PLA was studied and reported to be the left-
handed helix conformation for the a-form (De Santis & Kovacs 1968). The
solubility of PLA highly depends on the degree of crystallinity, polymer molar mass
and other co-monomer units present in the polymer. It has been reported that PLA
is soluble in most organic solvents such as acetone, pyridine, ethyl lactate,
tetrahydrofuran, xylene, ethyl acetate, dimethylsulfoxide, N-N dimethylformamide
and methylethyl ketone (Sodergard & Stolt 2002). PLA is insoluble in water,
alcohols (e.g. ethanol, propylene glycol) and unsubstituted hydrocarbons (e.g.

hexane, heptanes).

Lactic acid (2-hydroxypropionic acid) is a simple chiral molecule that exists as two
enantiomers, L- and D-lactic acid, which differs in their effect on polarized light.
The optically inactive D, L or meso form is an equimolar (racemic) mixture of D(-)
and L(+) isomers (Gupta & Kumar 2007). The stereochemistry and thermal history
have direct influence on PLA crystallinity, and therefore, on its properties in
general. PLA with PLLA content higher than 90% tends to be crystalline, while the
lower optically pure is amorphous. Semi-crystalline PLA has higher mechanical
properties than the amorphous. It has been reported to have an approximate
tensile modulus of 3 GPa, tensile strength of 50 - 70 MPa, flexural modulus of 5
GPa, flexural strength of 100 MPa, and an elongation at break of about 4%
(Grijpma et al. 1992; Térmala 1992; Fambri et al. 1997; Jacobsen & Fritz 1999).

Due to the presence of ester bond in the polymer back bone, PLA degradation
occurs by uptake of water followed by the hydrolytic splitting of the ester bonds in
a random way, according to the Flory principles, which postulates that all the
linkages have the same reactivity (Shih 1995). PLA is also believed to be degraded
by enzymes and bacteria. Several bacteria such as Brevibacillus, Bacillus smithii,
Geobacillus, and Bacillus licheniformis (Chu et al. 1999; Sakai et al. 2001) have been
reported to induce PLA-degrading ability. Literature shows that PLA-degrading
enzymes such as esterases have been investigated and drawn a lot of attention.
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Unlike natural polymers, synthetic polymers like PLA, are hydrolyzed into low
molecular weight oligomers and then to monomers by either water or cerum.
Agarwal and his co-workers investigated the effect of water, microbes and
temperature in the degradation process of lactic acid based polymers (Agarwal,
Koelling & Chalmers 1998). They concluded that there was no significant
difference in the rate or mechanism of degradation attributable to the presence of
microorganisms but the extent of degradation increased at higher process
temperatures. Low molecular weight polymers are more susceptible to
degradation than high molecular weight polymers and the amorphous materials
degrade more easily than the crystalline materials. Degradation kinetics depend on
different factors, such as: chemical composition and configurational structure,
processing history, molar mass My, mass to polydispersity ratio Mw/M,,
environmental conditions, stress and strain, crystallinity, device size, morphology
(e.g. porosity) and chain orientation. Moreover, it depends on distribution of
chemically reactive compounds within the matrix and overall hydrophilicity (Vert,

Li & Garreau 1991; Dunn, Campbell & Marra 2001; Heidemann et al. 2001).

Within biomedical fields, PLA has been widely used for clinical implant materials,
drug delivery systems and also as degradable scaffolds. PLA provides excellent
clinical properties at relatively low cost, which increases its use in biomedical
applications. Different medical devices have been developed using PLA from
degradable sutures to membranes for wound dressings. Different properties can
be easily tuned from the simple modifications of the physical structural properties

of PLA.

It has been shown that blending or co-polymerizing PLA with either degradable or
no-degradable biocompatible materials results in new products with the desired
behavior without compromising its biocompatibility; which consequently
improves the quality and reduces the cost of production. Surface properties play
an important role in both biocompatibility and bio-functionability of biomaterials
hence its applications. Different surface modification strategies, such as physical,
chemical, plasma, and radiation induced methods, have been employed to create

desirable surface properties of PLA biomaterials (Lasprilla et al. 2012). Resorbable
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fixation can be used for both anterior and middle cranial base surgical approaches.
Imola and Schramm in their study reported that bioresorbable fixation systems
represent a major advance in pediatric craniomaxillofacial surgery (Imola &

Schramm 2002).

PLA microsphere and microcapsules have been used as controlled drug release
systems in short or prolonged periods for different active clinical agents like
contraceptives, narcotic antagonists, antimetabolic, local anesthetics, vaccines and

antibiotics (Kimura et al. 1992; Prior et al. 2000).

2.3  Study Rationale

Biodegradable polymer thin films have unique properties attractive to biomedical
field, particularly in tissue engineering and gene/drug delivery systems. They can
be coated on biomedical devices for different applications using simple techniques
such as spray coating, dip coating, or solvent casting. They also offer great
versatility for surface modifications, which enhance their bio-functionalities. There
is an increasing interest in preparing thin films using self-assembly monolayer
(SAM), layer-by-layer (LBL) assembly or chemical vapour deposition (CVD)
because they precisely control the location and orientation of chemical groups and
biomolecules on the surface of the coating. In addition, it is also possible to design

thin films to have mechanical properties close to soft biological tissues.

Incorporation of a drug into medical devices represents an emerging new era of
drug delivery systems. Thin films of biodegradable polymer like PLA could be an
ideal implantable therapeutic, due to their propensity to uptake and release
clinical active agents, as a consequence of their degradability. Implant associated
infection is common to all implanted medical devices from temporal like
intravascular and urinary catheters, to more permanent devices like orthopaedic

implants.

Bacterial-device adhesion and the ability of many microorganisms to form
biofilms, play a major role in implant-associated infections. It results in host
patient morbidity and device removal, or mortality. It has been reported that, of
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the three million cases of central venous catheter insertions per year in the USA,
30% result in infection-related mortality (Vendra, Wu & Krishnan 2015) with
~US$ 3700 to US$ ~28,000 medical remediation costs, depending on the original
central venous catheter placed. Among surgical site infections, those related to the
implant of orthopaedic devices are of great relevance for public health due to the
increasing number of aged and disabled patients requiring this type of surgical
intervention (Francolini & Donell 2010). The increase in use of medical devices in
our modern society accompanied by device related infections prompt for the
immediate need to redesign medical devices to improve performance, or innovate
new and effective methods for prevention of drug related infections. Direct and
controlled antibiotic release at the site of implantation is one of the effective
methods to mitigate this problem. This could be done by either incorporating the
drug directly into/onto the implants or using drug release coatings.
Functionalizing the medical devices’ surface to render them non-bacterial adhesive
or using non-drug non-adhesive coatings could be the second choice. The choice of
the methods is normally based on the general cost and intended medical device
application.

The main focus in this section of the research was to produce and characterize
biodegradable thin films using PLA. It is believed that successful production of
these films using a simple and effective method is the key to successful

applications in the biomedical field, specifically in slow drug delivery applications.

2.4 Materials and procedures
PLA, 3052D, (Specific gravity = 1.24, Tg = 55 - 60°C, MP = 200°C) with Mw 75,000
(g/mol) was obtained from NatureWorks LLC Australia. Chloroform with = 99%

assay was obtained from Sigma Aldrich.

PLA was purified using the method described by (Gu et al. 2010) Method B: warm
water extraction and cold EtOH precipitation. Briefly, crude PLA 25 g was dissolved
in 170 mL of CHCl3 by stirring at room temperature (RT). The solution was poured
into 170 mL of warm water (initially at 60 °C) in a 1 L beaker and stirred for 0.5 h.
The organic layer was separated using a separating funnel and washed with water
(initially at 60 °C) again. The organic solution was added drop-wise to 520 mL of
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EtOH that was being cooled in an acetone/dry ice bath to precipitate the PLA.
After removal of the solvent by decantation, the residue obtained was dried under

high vacuum for 5 days and yield a colourless waxy solid.

Film samples were prepared using a solvent casting techniques published by
(Buzarovska & Grozdanov 2012; Macha, Ben-Nissan & Milthorpe 2014). Briefly,
PLA films were prepared by dissolving 0.50 g of purified polymer in 30ml of
chloroform (1.12 %wt/v polymer concentration) under magnetic stirrer at room
temperature until it was completely dissolved. Then the solution was transferred
into petri dish and chloroform was allowed to evaporate under low vacuum (in a

desiccator) for 48 h. The films were stored in desiccators for further analyses.

Injection molding of PLA dog-bone samples (bulk) was produced using injection
molding machine SP2634TC 966 (The Small Power Machine Co. LTD. Wiltshire,
England) at 165°C and 551.6 MPa.

The mechanical characterization of films and bulk samples was performed by
means of tensile tests according to the ASTM D882 - 10 and ASTMD638 - 10
standards respectively. Tests were carried out in a universal testing machine
Instron 6022 (Instron Pty Ltd. Melbourne, Australia) equipped with a 5 kN load

cell. Deformation was followed with Windows based software.

2.5 Results and Discussion

2.5.1 Thin film by solution casting

Polymer films were prepared using both adapted and modified solution casting
techniques. With the adapted method (Buzarovska & Grozdanov 2012) film with
air bubbles, entrapped during drying in the air were observed. On the other hand,
transparent films of an average thickness of 29 * 1.2 pym were produced by a
modified technique (Macha, Ben-Nissan & Milthorpe 2014) where the films were
dried under small vacuum of 0.028mm Hg. In general the main advantage of the
solution casting technique is the ease of fabrication without the need for
specialized equipment. On the other hand, the disadvantages of this technique are
the limitation to cast different shapes, the possible retention of toxic solvent within
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the polymer and the possible denaturation of proteins and other molecules
incorporated into the polymer. However, with the additional vacuum drying
method introduced, the possibility of solvent retention in the film is very small.
Three different drying methods were experimented: 1) Drying in the air, where the
samples after casting were left in fume cabinet to dry, 2) Controlled drying, the
samples after casting were put in desiccator without vacuum and; 3) drying under

vacuum, samples were put in desiccator with low vacuum.

Figure 3 shows the stereo microscopy pictures of air-dried PLA film and vacuum
dried PLA. The pictures revealed that drying in the air creates many air bubbles
(black spots) in the film due to air entrapment during the stirring and casting

processes.

Plain glass

PLA film (in air) on glass substrate PLA film (vacuumed) on glass substrate
Figure 3: Optical microscopy pictures of PLA films dried in the air and vacuum on

glass substrate.

The presence of air bubbles in the films creates stress concentrations, which
reduce the mechanical properties of these films. Consequently, it affects the

effectiveness of the films in the intended medical applications: specifically its
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flexibility and conformability, which are important properties in tissue engineering
applications. It was also observed that with the modified method we could produce

thin films without compromising mechanical properties.

Figure 4 shows the comparison of tensile strength of films prepared by the two
techniques. The results suggest that with the modified technique, tensile strength
and elongation to fracture increase significantly. It was also discovered that when
we reduce the rate of solvent evaporation from the solution, it results in
transparent film with mechanical properties superior to air dried films, as shown
in Figure 3.2. It was observed that vacuum drying improved film tensile strength
by 300% while in controlled drying (samples were allowed to dry in a desiccator
without vacuum) the tensile strength improved by 200%. The improvements
widen the biomedical applications of thin films and have significantly addressed

the shortcomings of both industrial and clinical production techniques
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Figure 5 shows the effect of film thickness on the mechanical properties. The
results suggest that by increasing the thickness of the film, tensile strength
decreases while the elongation increases. The increase in thickness is likely to
increase the number of defects within the material, which act as stress
concentrators and lower the material’s strength. At early stages of mechanical
testing of PLA composites, flexural strength was evaluated on the v-notched
samples and the strength, as well as fracture morphologies, were compared with

thin film composites.

2.5.3 Comparison of Dog bone tensile samples by injection moulding

Figure 6 shows the tensile strength of thin films compared to dog-bone (bulk)
mechanical strength. The results revealed that thin films are stronger than dog-
bone samples due to the possibility of an increasing in number of flaws in dog-
bone samples. Since dog-bone samples are less flexible compared to thin films, it is
expected to affect elongation and in the presence of flaws, the decrease in

elongation was significant. Another possibility is possible oxidation of the PLA
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during melting and the change of the structure and influence that oxidation does to

the mechanical properties (Sungsanit 2011).
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Figure 6: Comparison of thin films and dog-bone samples a) Tensile Strength b)
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Figure 7: Tensile fracture morphology of a&b) dog-bone b) thin film showing
riverlines
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Figure 8: Flexural fracture morphology of a&b) PLA V-notched samples

Figure 7 shows the fracture morphology of PLA dog-bone samples (a and b) and
thin films (c). The observed deformation of these samples is consistent with semi-
crystalline polymer fracture. Figure 7 a and b images clearly show two distinct
zones of fracture associated with dog-bone tensile fracture. Figure 7a shows the
fibrils of plastically deformed polymer due to microscopic inhomogeneities in the
polymer sample. The riverlines were observed in both dog bone 7a and films 7c
which suggest that multiple fractures initiate along the crack front and propagate
on several slightly different planes (Macha, Ben-Nissan & Milthorpe 2014). There
is a little formation of curps which appears on the fracture surface as raised

platelets along riverlines (Lee 1997).

Figure 8 show the morphology of fracture under flexural loading on PLA samples
v-notched. 8a shows the delaminations in multidirectional laminates. It is
suggested that delaminations start from embedded defects and migrate through
different planes (Kenane & Benzeggagh 2009) due to the combination of shear and
peel stress at this site. Figure 8b on the other hand reveals the effect of tensile

stress, which results into riverlines, and formation of cusps on the fracture site.

2.6  Summary and Conclusions

The use of thin films for biomedical applications has a number of clinical
advantages due to their biocompatibility and biodegradability, easy and faster
processing times, the ability to conform into different shapes, and good mechanical

properties. Further usage includes their adaptability on local drug delivery which
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will be discussed in the later chapters. The results in this chapter suggest that
novel drug release devices could be made either from thin film alone or in

combination with other materials for a wide range of biomedical applications.
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CHAPTER 3: BIOGLASS

To improve the mechanical properties and allow additional particulate matter to
facilitate drug delivery, bioglass microspheres were utilized to reinforce a PLA
matrix. This chapter covers Bioglass composition, development and its use as PLA

composite reinforced particles.

3.1 Introduction

After its invention by Professor Larry Hench in 1969, silicate bioactive glasses
commercially known as Bioglass© provided for the first time an alternative: second
generation, interfacial bonding of an implant with host tissues (Hench 2006) and
has been widely researched for biomedical applications. Bioglasses undergo a
rapid sequence of chemical reactions on the surface of the material when inserted
into the body, leading to the formation of an hydroxy carbonate apatite (HCA)
layer. Because this HCA layer is similar to the mineral constituent of bone, it bonds
firmly with both hard and soft tissues. The formation of this layer on the materials
when inserted in simulated body fluid (SBF) is often considered as an indication of

its bioactivity (Kokubo & Takadama 2006).

Low toughness of bioactive glasses limits their use in load bearing applications.
Currently, composites of polymers and ceramics are being developed with the aim
of increasing the mechanical stability and improving tissue interaction; and have
been reported to be a promising choice, in particular for bone tissue engineering
(Boccaccini & Maquet 2003). Since the 1980s, Bioactive glass/biodegradable
polymer composite materials have been reported to be a new family of bioactive
materials with applications ranging from structural implants to tissue engineering
scaffolds (Ducheyne 1985). These materials are advantageous since they exploit
the flexibility of polymers, with the stiffness, strength and bioactive character of

the bioactive glass fillers.
One of the clinically successful bioactive composites is that developed by Professor

William Bonfield and colleagues at the Interdisciplinary Research Centre in

Biomedical Materials, University of London. It is composed of bioactive HA
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particles uniformly dispensed in a dense polyethylene matrix (Bonfield et al

1981). The composite is used clinically as “HAPEX” for middle ear reconstruction.

Although bioactive glasses are mechanically weak, they have excellent biological
properties and have been used in tissue engineering and regeneration strategies
since their inception. It has also been discovered that Bioglass®, when heated to
above (950 ©°C), crystallize partially to a mechanically strong phase that can
transform into a biodegradable, amorphous calcium phosphate at body
temperature and in a biological environment (Chen, Thompson & Boccaccini 2006;

Boccaccini et al. 2007).

There are a number of potential applications for bioactive glasses and related
bioactive composites materials in the biomedical field, from tissue engineering to
drug and growth factor delivery. As promising materials, more research efforts are
focused on the production and functionalization, in terms of chemistry and local
topography, which have a pronounced effect on in-vitro and in-vivo bone
regeneration. In this part of the research the aim was to produce, characterize and

use bioglass in PLA polymer composites.

3.2  Production
In this section, apart from the sol-gel method, other different processing methods

used to fabricate nanoscale bioactive glasses are presented.

3.2.1 Micro-emulsion techniques

Microemulsions are thermodynamically stable dispersions of oil and water
stabilized by a surfactant and, in many cases a co-surfactant. The microemulsions
can be of the droplet type, either with spherical oil droplets dispersed in a
continuous medium of water (oil-in-water microemulsions, 0/W), or with
spherical water droplets dispersed in a continuous medium of oil (water-in-oil
microemulsions, W/0). Studies showed that adjusting microemulsion and/or
operation variables provides a key to controlling nanoparticle size and
polydispersity (Arriagada & Osseo-Asare 1999; Singh et al. 2008). This method has
been known as a suitable technique able to obtain inorganic particles with particle
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size in the range of nanometers with minimum agglomeration (Karagiozov &
Momchilova 2005; Sun et al. 2007). However, the main disadvantages of this
technique are the low production yield and the usage of a large amount of oil and
surfactant phases (Boccaccini et al. 2010). Despite of the fact that micro emulsion
techniques provide an alternative way to other production methods for synthesis
of several types of inorganic and organic nano-sized particles (Lim et al. 1996,
1999) only few reports are available on the synthesis of nano-sized bioactive

particles by this method.

3.2.2 Laser spinning techniques

In the past few years extensive experimental works have been conducted to
develop laser spinning techniques with definite control of the results to produce
tailored products (Quintero, Mann, et al. 2007; Quintero, Pou, et al. 2007; Quintero,
Dieste, et al. 2009). Recently, a team of researchers from the University of Vigo,
Rutgers University in the United States and Imperial College London, in the United
Kingdom, has developed "laser spinning"”, a novel method of producing bioglass
nanofibres (Quintero, Pou, et al. 2009). This technique involves using a high-
energy laser that melts a small amount of precursor material and creates a super-
fine filament that is lengthened and cooled by a powerful gas current. The process
is very fast; nanofibres are produced in several microseconds. Laser spinning
makes it possible to produce glass nanofibres of compositions that would be
impossible to obtain using other methods. The diameters of the fibres obtained
range from hundreds down to tenths of microns, as well as the types of products

vary from disordered maths to continuous filaments (Quintero, Pou, et al. 2007).

The capability of the laser-spinning technique to produce nanofibers with a wide
range of compositions makes evident its potential to produce nanofibers with
different rates of bioresorption, to control the release of active ions that have the
potential to stimulate the gene expression and cellular response necessary for
tissue regeneration (Quintero, Pou, et al. 2009). The disadvantage of this technique
is the use of high energy in the production process, which consequently increases

the production cost.
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3.2.3 Gas phase synthesis (Flame spray synthesis)

Possibly the flame spray technology has been used since prehistoric times as
depicted with paintings on cave walls and in Chinese ink artwork (Pratsinis 1998).
This technology uses metal-organic precursor compounds to produce
nanoparticles at temperatures above 1000 °C. The basic principle of all gas phase
synthesis methods is the formation of molecular nuclei, which is followed by
condensation and coalescence inducing the subsequent growth of nanoparticles in
high temperature regions during the process (Stark et al. 2003; Boccaccini et al.
2010). This is important since flame technology has high potential for inexpensive
manufacture of ceramics, especially nanoparticles that can be used for synthesis of

a wide spectrum of new materials (Pratsinis 1998).

Several investigations have been carried out related to the flame spray process
dynamics and the understanding of the key variables involved and how they can be
controlled to obtain nanoparticles of given size range and chemical composition
(Stark et al. 2003; Athanassiou, Grass & Stark 2010). It has been shown that the
metal carboxylate system is a very convenient precursor because it allows the
synthesis of oxide nanoparticles of almost any composition (Athanassiou, Grass &
Stark 2010). In addition, metal-organic salts are highly stable in air, tolerate
humidity and most importantly they are fully miscible among each other.
Consequently, the process allows the production of any kind of nanoparticulate
mixed-oxides with high chemical homogeneity. By using flame spray synthesis,
therefore, the preparation of nanoparticles of different bioactive glass
compositions has become possible. Bioactive glass nanoparticles in the range 20 -
50 nm were successful synthesized by flame spray techniques and used in
remineralization of human dentin. A pronounced increase of mineral content of the
dentin samples suggested rapid remineralization (Vollenweider et al. 2007). The
technique also demonstrated the ability to produce radio-opaque nanosized
bioactive glass for potential root canal application (Mohn et al. 2010). In spite of
the fact that this is an energy intensive technique, the only advantage in
comparison to other gas phase techniques is precursors do not require an addition

of energy.
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3.2.4 Sol-gel Bioglass

The sol-gel processing of ceramic and glass materials started more than one and a
half centuries ago on silica gel (Ebelmen 1846; Graham 1864). Early investigation
on sol-gel suggested that the hydrolysis of tetraethyl orthosilicate (TEOS),
Si(OCzHs)4, under acidic conditions yielded SiO; in the form of a glass-like material
(Ebelmen 1846) which could be drawn into fibres or formed composites. In order
to avoid the silica gels fracturing into a fine powder the gels were dried for one
year or more, and as result the whole process lost technological interest. The
formation of Liesegang Rings (Liesegang 1896) from gels attracted many
researchers to investigate the problem of the periodic precipitation phenomena

that lead to the formation of Liesegang rings and the growth of crystals from gels.

A variety of coatings and films have also been developed by using sol-gel methods.
Of particular importance are the anti-reflection coatings of indium tin oxide (ITO)
and related compositions applied to glass window panes to improve insulation

characterization (Hench & West 1990).

Bioactive glasses have been produced using conventional glass technology. The
glass components in the form of grains of oxides or carbonates are mixed and then
melted and homogenized at high temperatures, 1250-1400°C (Li, Clark & Hench
1991). The molten glass is then cast into steel or graphite moulds to make bulk
implants. A final grind and polish is often necessary to achieve required tolerances.
The motivation for sol-gel processing is primarily the potentially higher purity and
homogeneity and the lower processing temperatures associated with sol-gels,
compared with traditional glass melting or ceramic powder methods (Hench &

West 1990).

The bioglass produced by the sol-gel process has become an interesting research
field for the past two decades (Hench & West 1990; Greenspan et al. 1997; Jie et al.
2004; Saboori et al. 2009; Chen & Thouas 2011; Cacciotti et al. 2012). The sol gel
process involves the synthesis of an inorganic network by mixing the metal
alkoxides in solution, followed by hydrolysis, gelation, and low-temperature firing
to produce a dense and stable glass powder. The network structure of the gel can
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be modified by controlling hydrolysis and polycondensation reactions during
production. Therefore, structural variation can be produced without compositional
changes. Bioactive glasses can be prepared from gels by sintering at relatively low
temperatures (600 - 700 °C), which nullify most of the disadvantages of high-

temperature processing with much higher control over purity.

In addition, sol-gel processing offers potential advantages of ease of powder
production, a broader range of bioactivity, and a better control of bioactivity by
changing either the composition or the microstructure through processing
parameters (Sakka 1985). Li and his co-workers (Li, Clark & Hench 1991) showed
that Si02-Ca0-P20s powders produced by this technique are more bioactive than
the melt-derived glasses of the same composition. Moreover, Sepulveda and his co-
workers studied the dissolution rates and rates of surface layer formations on melt
derived and sol gel bioglass and the results suggested that 45S5 melt derived
bioglass exhibited lower rates than 58S sol gel bioglass powder (Sepulveda, Jones
& Hench 2001). The high bioactivity of the sol-gel derived materials is related to
the textural features of the gels, i.e., pore size and pore volume associated with the
large surface area, higher rate of dissolution, and the negative surface charge
(Pereira & Hench 1996). In addition, bioactive sol-gel glasses have been proposed
as alternatives to glasses produced by melt and quenching methods, because they
exhibit higher rates of apatite-layer formation, more rapid bone bonding,
improved homogeneity and purity and excellent degradation/resorption

properties (Sepulveda, Jones & Hench 2001).

3.3 Composites

Bioactive glasses are a category of biomaterials that bond to living tissues both soft
and hard through the formation of a hydroxyl carbonate apatite (HCA) layer on
their surfaces (Hench et al. 1972; Hench & Wilson 1984; Gross et al. 1988).
However, it has been shown that the key phenomenon for bioactivity or bond
formation is controlled rates of release of ionic dissolution products from the
bioglass surface, especially critical concentrations of soluble silica and calcia ions
(Hench et al. 2000). Reactions occurring on the surface of the glass lead to the
formation of a silica gel layer and subsequent crystallization of HCA.
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Bioactive glasses have been used successfully as bone-filling materials in
orthopaedic and dental surgery, but as stated earlier their poor mechanical
strength limits their applications in load-bearing positions (Merwin 1990; Cai &
Zhou 2005; Hench 2006). This motivates researchers to combine the excellent
mechanical properties of metals or polymers with a bioactive phase of either
particles or fibres to produce a bioactive composite with optimized properties. The
purpose of these composite materials is to impart strength and bioactivity by
inorganic bioactive fillers while keeping the positive properties of the polymer
such as flexibility and capacity to deform under loads. Although there are only a
few polymer/ceramic composite clinical devices on the market, it should be taken
as a challenge to continue researching in this area, with the aim to improving the

available data or developing an alternative approach.

A number of bioglass composites have been developed and tested for biomedical
applications such as bone regeneration matrix and scaffolds (Chen & Boccaccini
2006; Kim, Song & Kim 2006; Hajiali et al. 2010; Valenzuela et al. 2012), dental
implants (Mehdikhani-Nahrkhalaji et al. 2012), and drug delivery systems (Arcos,
Ragel & Vallet-Regi 2001; Soundrapandian et al. 2010; Zhu et al. 2011). It has been
reported that the mechanical properties, bioactivity, degradation kinetics and
osteoblast responses were improved in the presence of bioactive glasses in the
composites with respect to pure polymer or bioglass (Chen & Boccaccini 2006;

Kim, Lee & Chun 2008; Lee et al. 2008).

The improvement of mechanical properties of the composite materials is solely
dependent on the number of things such as dispersion of bioglass particles in the
polymeric matrix and the bioglass contents. Although some researchers have
reported to have successfully developed uniform dispersion of bioglass particles in
polymer matrix (Kim, Lee & Chun 2008; Lee et al. 2008), it is difficult without
treating the bioglass surfaces if they are in nanoscale. The mechanical properties of
the composites increase as the amount of bioactive glass particles increase and
start to decrease above 30%. However, optimal bioglass content in the composites

depends on the application of the composite materials (Niemela et al. 2005).
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Generally, the properties of composite materials depend on the nature and
properties of the polymer and filler materials. The interface between the polymer
and filler materials plays a defining role in the material’s properties. It has been
reported that, in polymer composite, the properties of the polymer near the
nanoparticles are different from those of the bulk (Zammarano et al. 2011). Zhou
and his co-workers reported that interfacial interactions in the form of hydrogen
bonding played an important role in affecting the dispersion state of particles in

the composite materials (Zhou et al. 2011).

Depending on the application, composite materials for biomedical applications face
a number of challenges. The price of biodegradable polymers as one of the raw
materials is one of the challenges. There are several issues that need to be
addressed for the production of these polymers and the lowering of the costs of
raw materials. In addition, the control of accuracy and reproducibility of the
manufactured nanocomposite is very important for future biomedical applications.
Moreover, lack of well-known structure-property relationships between polymer
and nanoparticle hampers the design of complex biomedical useful materials.
Currently, the available database for these materials does not give a well-
established theory to predict the properties resulting from the combination of
nanoparticles and polymeric biomaterials (Dou, Lin & Chang 2011; Keledi, Hari &

Pukanszky 2012).

This study is focused on using sol-gel bioglass to make biodegradable polymer
composites for biomedical applications. Polymer, bioglass powder and their
composites with different bioglass contents was characterized in terms of their
mechanical, physic-chemical and bioactive properties with the aim of obtaining the
optimum composite properties for hard tissue regeneration. More of this will be

discussed in the independent chapter of sol-gel bioglass polymer nanocomposites.

3.4 Applications

Bioactive glasses have gained several clinical applications after their invention in
the late 1960s due to their bioactivity and biocompatibility properties. It has been
proved to be an effective implant material for tissue repair, tissue regeneration
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and drug delivery in the human body. In this section, several clinical applications
of bioglass will be discussed. The regulatory aspect of bioactive glass materials will

also be presented.

3.4.1 Maxillofacial and dental repair

The ability of bioactive glasses to bond with host tissue has led its applications as
bone substitute in dental, oral and maxillofacial bone augmentation (Bosetti et al.
2003). Chen and his co-workers showed that machinable bioactive glass ceramics
(MBGC) could be used in maxillofacial augmentation as a substitute for bone grafts.
The results suggested that the implant does not show any inflammatory reaction
or rejection by the host tissue thus proving clinical reliability of this material

(Chen, Li & Huang 1995; Hill et al. 2004).

The need to repair and augment dento-alveolar defects necessitates the use of
autogenous bone or a substitute that may be seen to avoid the additional morbidity
of a donor site procedure and without risk of cross infection. The use of bioactive
glass has been proposed as a viable bone substitute (Norton & Wilson 2002). In
addition, biological behaviour of dental implants has been improved by coating
them with bioglass (Kontonasaki et al. 2003; Ramires et al. 2003). It was reported
that bioglass PerioGlas® granules could be used in the treatment of dental
extraction sites to effect bone regeneration and to give early fixation to the implant

(Gatti et al. 2006).

3.4.2 Bone substitutes in orthopaedics and traumatology

Bioactive glass S53P4 is an osteoconductive bone substitute with antibacterial and
bone bonding properties. It has been shown that bioglass S53P4 is a good and
well-tolerated bone substitute, and can be used in the treatment of osteomyelitis
with good primary results (Lindfors et al. 2010). Recently, a synthetic
osteoconductive bone graft material composed of bioactive glass has been
described, with high effectiveness in animal models. This graft material was
compared with gold standard iliac crest autograft in the treatment of thoracic
adolescent idiopathic scoliosis (AIS) and it was shown that bioactive glass can be
proposed in the treatment of AlS, with the advantage of avoiding the morbidity of
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iliac crest harvesting (Ilharreborde et al. 2008). Pernaa and his co-workers
reported that bioactive glass S53P4 can be used as a bone substitute in depressed
lateral tibial plateau fractures with good functional and radiological long-term
results (Pernaa et al. 2011). They compared S53P4 bioglass with autograft bone
used as bone-graft substitute for prospective 11 years and the results suggested
that there was no significant difference in the tibial-femoral angle or deviation of
mechanical axes observed between the two groups. In addition, studies have
shown bioglass S54P4 is safe to be used as a bone graft extender in spine surgery

(Rantakokko et al. 2012).

Bioglass coating has been used to enhance bioactivity of bone substitute in
orthopaedics. It was shown that a bioglass coating on the PET artificial ligament
and on a porous Ti-based implant surface has a positive effect in the induction of
artificial ligament osseointegration within the bone (Drnovsek et al. 2012; Li et al.
2012). Biomorphic silicon carbide ceramics coated with a bioactive glass layer
with excellent mechanical properties and low density was shown to be a base
material for bone substitutions with a good biological response. The results show
that this material can be used as an alternative dental and orthopaedic implant
with enhanced mechanical and biochemical properties that ensure optimum

fixation to living tissue (Gonzalez et al. 2003).

3.4.3 Treatment of bone infections

Bioactive glass scaffolds can effectively be used in the treatment of bone infections.
Research findings indicate that bioactive borate glass could provide a promising
biodegradable and bioactive material for use as drug delivery systems as well as
scaffolds for bone repair (Liu, Xie, et al. 2010). Local antimicrobial delivery is a
potential area of research conceptualized to provide alternative and better
methods of treatment for cases such as osteomyelitis where avascular zones
prevent the delivery of drugs from conventional routes of administration.
Soundrapandian and his colleagues showed that porous bioactive glass scaffolds
could be suitable for local delivery of the drugs in cases of osteomyelitis
(Soundrapandian et al. 2010). In their further investigations they suggest that
bioactive glass SSS2 porous scaffolds with pores predominantly in the range of 10-
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60 micron, released the drugs gatifloxacin and fluconazole effectively for 6 weeks
and are deemed suitable for local delivery of drugs to treat osteomyelitis

(Soundrapandian et al. 2011).

A recurrent aneurysmal bone cyst of the proximal phalanx of the index finger has
been reported to be treated with bioglass and the results were positive suggesting
both the growth in length of the phalanx and remodelling to an almost normal
shape (Lindfors 2009). Recently, magnetic bioactive glass ceramic (MG) in the
system CaO-Si02-P205-Mg0-CaFz-MnOz-Fe;03 for hyperthermia treatment of bone
tumor was synthesized. In vitro results suggested that cells could successfully
attach and proliferate well on MG (Li, Feng & Zhou 2011). The excellent bioactivity,
osteoconductive and drug release properties of bioactive glass materials open the

possibility of developing effective new devices in the treatment of bone diseases.

3.4.4 Bioactive glass and biodegradable polymer composites

The biomedical applications of bioresorbable polymer nanocomposites have
addressed several limitations of non-resorbable or metal medical devices in
orthopaedics (Agrawal, Athanasiou & Heckman 1997; Tokgozoglu 1998; Covani et
al. 2007; Brown & Farrar 2008; Calandrelli et al. 2010; Lee et al. 2011; Saska et al.
2011; Lei et al. 2012), soft tissue regeneration (Pirkey & Hurt 1959; de Tayrac et al.
2007), and drug delivery systems (Ustariz-Peyret et al. 2000) (Asandei et al. 2004;
Habraken, Wolke & Jansen 2007; Willerth & Sakiyama-Elbert 2007; Liu & Webster
2010a; Liu & Webster 2010b; Tang et al. 2010) and can perfectly replace them if
more effort will be focused on investigating bioresorbable polymers. The main
purpose of composite technology is to impart strength and bioactivity by the use of
an inorganic bioactive filler, while keeping the positive properties of the polymer
such as flexibility and capacity to deform under loads. Nevertheless, it is important
to optimize their performances, especially in load-bearing and implantable medical

devices.

Bioglass biodegradable polymer nanocomposites devices have shown to be useful
in supporting periodontal tissue regeneration. The nanocomposite membrane of
chitosan and bioactive glass nanoparticles was suggested to potentially be used as
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a temporary guided tissue regeneration membrane in periodontal regeneration,
with the possibility of inducing bone regeneration (Mota et al. 2012). Moreover,
nanocomposite scaffolds of degradable polymers and bioglass have been widely
used in tissue engineering. The ability to manipulate morphology and size of
bioglass polymer nanocomposites to tailor better material properties for specific
applications has been a key to widen their applications and motivation for

research in the biomedical field.

Hajiali and his colleagues prepared a novel biodegradable nanocomposite scaffold
based on poly (3-hydroxybutyrate)/bioglass nanoparticles with acceptable
porosity and morphologic character for bone tissue engineering (Hajiali et al.
2010). Other properties of polymer bioglass nanocomposites like osteoblas
responses, mineralization properties, water absorption ability, in-vitro cytotoxicity
and bioactivity have been extensively studied (Hong, Reis & Mano 2008; Erdemli et
al. 2010). It was reported that a nanocomposite of bioactive glass nanofibre and
degradable polymer proved to have excellent bioactivity and osteoblas responses
and can be considered as a promising bone regeneration matrix (Kim, Lee & Chun
2008). The excellent properties of bioglass and biodegradable polymers pave a
new way to synthesize their composites for a wide range of biomedical

applications.

3.4.5 Bioactive glasses for wound healing

Several studies revealed that bioactive glass can bond well with soft tissue and can
promote regeneration of soft tissue such as skin (Gatti, Valdre & Andersson 1994;
Wang, Hench & Bonfield 1998). Bioglass has demonstrated the ability to stimulate
the release of angiogenic growth factors and to promote angiogenesis that is
critical for stimulating neovascularization of tissue-engineered constructs (Day
2005; Day et al. 2005). A method has been developed for treating wounds
including contacting a wound with an effective wound healing amount of bioactive
glass and topical antibiotic and composition, for the accelerated healing of wounds
and burns, including particulates of bioactive glass and at least one topical
antibiotic. The study on the healing effect of bioactive glass by Cai and his
colleagues revealed that bioglass can accelerate the recovery of skin wounds and
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has great potential for use in wound repair in the future (Lin et al. 2012). Although
controversial, an attempt to coat silver particles with bioactive glass for wound
healing application has been carried out (Blaker, Nazhat & Boccaccini 2004; Wren
et al. 2012). The effects of a bioactive glass on healing of closed skin wounds were
studied by Gillete and his co-workers. The results suggested that bioactive glass
has potential for increasing tissue strength and could be beneficial in treating

wounds in which early healing strength is needed (Gillette et al. 2001).

3.3 Experimental Work

In this research, bioactive glass nanoparticles were synthesized using the sol-gel
method. The method was selected based on the reasons mentioned in the previous
sections of this chapter. The main aim was to develop bioglass PLA composites that
are capable of delivering clinical active substances locally and to improve and
measure the properties to ascertain their suitability for orthopaedic and

maxillofacial applications.

3.3.1 Materials

Tetraethyl orthosilicate (TEOS, Si(OCzHs)4, 99.90%), Citric acid monohydrate (99-
100%), Ethanol absolute, Ammonium hydroxide solution (NH4OH, 33%)
Ammonium phosphate dibasic ((NH4)2HPO4), Calcium nitrate tetrahydrate
(Ca(N03)2.4H20, 99.60%) and Polyvinylpyrrolidone (PVP) were purchased from
Sigma Aldrich Australia Pty Ltd.

3.3.2 Methods

3.3.2.1 Bioglass Synthesis Sol-gel method

The procedure for preparing the bioglass nanoparticles (Si02:Ca0:P20s5 (mol)
55:40:5) (55S5) was based on the method reported by (Li, Clark & Hench 1991)
and modified by (Hong, Reis & Mano 2009b) was described as follows: (1) In an
well-washed beaker equipped with a magnetic stirrer, 7.639 g calcium nitrate was
dissolved in 120 mL of deionized water at room temperature. The TEOS-ethanol
solution was created by diluting 9.167 g of TEOS in 60 mL of ethanol and added to
the calcium nitrate solution. Then, citric acid was added into the solution to adjust
the pH value to 1-2. The reaction mixture was kept stirring until a homogeneous
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and transparent solution is obtained. (2) Under vigorous stirring, the homogenous
solution was slowly dropped into 1500 mL of ammoniated demonized water, in
which 1.078 g of ammonium dibasic phosphate was dissolved in advance. During
the dripping process, the pH value of solution was kept at around 11 using
ammonia water. (3) After stirred for 48 h and aged for 24 h at 50 °C, the precipitate
was separated from the reaction solution by centrifugation at 3500 rpm, washed
three times with deionized water, and finally separated in 200 mL of 2% (w/v)
PEG-water solution and kept still. (4) The precipitation was then freeze-dried
followed by calcination at 700 °C in a muffle furnace for 3 h, after which the white
BG nanoparticle was obtained and kept in desiccator until characterized. 55S5 was
chosen due to its balanced bioactivity where bioactive glasses bond to both bone

and soft tissues and are gene activating, Figure 1.

3.3.2.2 Microstructure evolution and determination of calcination temperature
Simultaneous thermogravimetry and differential thermal analysis of bioglass was
conducted at different temperatures after freeze-drying to determine the proper
calcinations temperature. Then the freeze-dried sol-gel bioactive glass was
thermally treated in air at different temperatures, 700 °C, 750 °C, 800 °C, 850 °C,
900 °C, 1000 °C and 1050 °C for three hours.

The results of different characterization techniques are presented, such as Fourier
transform Infrared (FT-IR) spectroscopy, thermogravimetry and differential
thermal analysis (TG-DTA), X-ray diffraction (XRD), Scanning electron microscopy
(SEM) coupled to energy-dispersion spectroscopy (EDS) analysis.

3.3.2.3 Fourier Transform Infrared Spectroscopy, (FT-IR)

Structural analysis of the bioactive glass was characterized by FT-IR. The
synthesized Bioglass powders was ground in an agate mortar and thoroughly
mixed with dried KBr (FTIR Grade). Three milligrams of powder sample was mixed
with 300 mg of KBr powder (1% w/w). Pellets were prepared in a stainless steel
die by applying a uniaxial load of 6.89 GPa pressure (Carver press). The FTIR
spectra were collected using a Nicolet, Magna-IR 6700 Spectrometer FTIR in the
range 4000-400 cm™. KBr pellet was used to collect the background.
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3.3.2.4 Simultaneous thermogravimetry and differential thermal analysis TG-DTA

Thermal behavior of sol-gel bioglass was investigated by use of a simultaneous
thermogravimetry and differential analysis TG-DTA, SDT 2960 SDT V3.0F TA
Instrument. A sample weight of 15 - 20 mg bioglass was used during analysis
under air condition with a heating rate of 10 °C/min from room temperature to

1,100 °C.

3.3.2.5 X-ray diffraction, XRD analysis

X-ray diffraction (XRD) analyses were performed in a Seimens D5000 X-ray
Diffractometer, (Cu Ka radiation A = 1.5405600 A, 20 from 3-700, step size 0.010¢°,
time per step 8 s, scan speed 0.005°/s) at 45Kv and 40mA on the sol-gel bioglass

powders.

3.3.2.6 Particle size measurements

Particle size of sol-gel bioglass was measured using a Mastersizer (Malvern
Instrument Ltd, Marven UK) 2000 laser diffraction particle size analyzer. The
bioglass was dispersed in water and sonicated for 2 hrs to break down

agglomeration before measurements.

3.4 Results and Discussions

3.4.1 Microstructural evolution and calcinations temperature

It is believed that the sol-gel process technique produces more a purer product
compared to conventional methods. However, the method seemed to be limited in
terms of the compositions that can be produced. The remaining organic reactants
and water may pose some complications to the final biomedical application of the
final products. To remove retained organic material impurities, high temperature
treatments are normally employed. This temperature should be less than the
melting temperature of the final products. Calcination of freeze-dried bioglass at
different temperatures were carried out from 700 to 1050 °C in order to establish
the proper calcination temperature condition. Figure 9 shows XRD spectra of 5555
calcined at different temperatures for 3hrs. Thermal analysis showed crystalline
phases appeared from 750 °C. The XRD spectra of 55S5 treated at 750 °C mainly
showed the presence of a small amount of Tricalcium disilicate (Rankinite)
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(CazSiz207) crystalline phase (JCPDS Card No. 22-0539). This is a complex silicate
compound formed due to the presence of non-bridging oxygen in bioglass. At an
elevated temperature above 750 °C, Rankinite was not observed. The evolution of
calcium phosphate oxide Cai0o(PO4)sO (JCPDS Card No. 89-6495) and calcium
silicate Caz(SiO4) (JCPDS Card No. 87-1257) phases appeared from 800 °C and
stayed stable to 1050 °C. In the powder treated at 1000 and 1050 °C low quartz
SiO2 (JCPDS Card No. 65-0466) was identified as the main phase. Other peaks were
assigned to calcium phosphate oxide and calcium silicate formed from 800 °C. The
powder treated at 700 °C did not show any diffraction maxima and is believed to

be amorphous.
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Figure 9: XRD patterns of 55S5 thermally treated at 700, 750, 800, 850, 900, 1000
and 1050 °C.

Thermal treated powders were analysed by FT-IR as shown in Figure 10. Samples
treated at 700 and 750 showed the characteristic pattern consistent with
amorphous calcium silicate materials. The spectral peak at 871 cm -1 is assigned to

the Si - O - Si asymmetric stretching mode (Ma et al. 2010). The vibration band at
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462 cm is attributed to Si-O-Si bending mode. The peak at 1066 is the stretching

vibration of phosphate groups that is masked by the broad silicate band (Hong,

Reis & Mano 2009a). However, the diffraction pattern of 750 °C samples (Figure 9)

showed the presence of a small amount of tricalcium disilicate phase. The broad

bands around 1639 and 1477 °C are associated with C-O asymmetric stretching

and a small peak around 876 cm corresponds to out of plane C-O bending

vibration of polyethylene glycol (PEG) used in during production.
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Figure 10: FT-IR spectra of bioglass calcined at 700, 750, 800, 850, 900, 1000, and

1050 °C for 3 hrs.
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3.4.2 Thermal analysis
Thermogravimetric analysis was conducted on freeze dried bioglass before and
after calcination. Figure 11a shows the TG-DTA curve of freeze dried bioglass and

its comparison with heat treated at 700 °C and 900 °C in 11b.
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Figure 11: a) Thermogram of freeze dried bioglass 11b) Comparison of
thermograms of freeze dried bioglass, freeze dried and calcined at 700 °C and 900
°C bioglass. After calcination in 2b, thermograms show a fairly stable bioglass with
a small weight loss for the 700 °C sample.
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In Figure 11a, it was observed that the weight loss from TG-DTA occurred in three
stages. The first mass loss occurred between 50°C and 140°C, corresponding to an
endothermic curve in the DT around 116 °C. This is associated with the removal of
physically adsorbed water and little liquor. The second stage of weight loss
commenced from the end of the first weight loss (135°C) until about 275°C and
might be correlated to an exothermic peak in the DT curve at 260 °C,
corresponding to the pyrolysis reaction of free organic species and/or the release
of the resulting water from the further condensation of silanol and P-OH groups
(Qian et al. 2009). The third drop in mass occurred from the end of the second
weight loss (275°C) until around 650°C. This is due to the departure of nitrate
groups that are usually removed during the thermal stabilization process. The
elimination of the species at these temperatures is reflected in the weight loss from

the TG curve.

3.4.3 Bioglass morphology, particle size and surface area

The sol-gel process is well known for the production of nanoparticle bioglass with
spherical morphology. Using spherical nanoparticles for nanocomposites
production has attracted many researchers due to the increased demand for new
materials with improved thermal, mechanical, physical, and chemical properties
(Moncada, Quijada & Retuert 2007). However, a major problem associated with the
use of nanoparticles is that they are highly agglomerated. In many cases if used in
bulk composites, they tend to lose their high-surface area and introduce voids or

defects within the composites, which weakens the mechanical properties.

The bioglass powder produced showed a similar behaviour of agglomeration.
Particle size analysis performed in a Marven Instrument, mastersize 200, with
water as a solvent, suggests that bioglass powders are in the size of between 1 to
100 pm as shown in Figure 12a. This was also confirmed by SEM pictures (Figure
12b) which showed the agglomeration of these particles to be in the range of 1 to
50 pm. At higher magnifications (Figure 12c), it was revealed that these big
particles are made of agglomerated spherical bioglass nanoparticles of a size in the
range of 50 - 100nm. The BET surface area of produced bioglass was determined
in Micromeritics ASAP 2010, to be 76.03 + 0.31 m?/g.
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Figure 12: a) Particle size analysis b) SEM picture of sol-gel bioglass 55S5 C) High

magnification SEM of 5555 revealing nanoparticles

3.4.4 Bioglass -polymer composites

One of the applications in advanced clinical devices of bioglass particles is to be
used as fillers or reinforcement in advanced composites. The performance of
Bioglass-polymer composites depends on the bioglass distribution or dispersion in
the polymer matrix. The attaining of a homogenous bioglass nanoparticle
distribution in bioglass-polymer composites has been reported to be one of the
major challenges because hydrophobic polymers like PLA form a mixture with sol-

gel bioglass that is macroscopically phase separated.

To mitigate this problem, effective mixing techniques and surface treatment of
bioglass particles can be employed to lead to homogenous distribution of the
particles in the polymer matrix. On effective mixing, three techniques are
commonly used to enhance uniform dispersion of nanoparticles in nanocomposite
production: solution mixing, the in-situ polymerization process and the melt
mixing process (Kim et al. 2007). It was also reported that solution mixing and in-

situ polymerization usually produce higher levels of nanoparticle dispersion.

89



On the other hand, the melt mixing process is the favourite due to its compatibility
with current industrial compounding facilities (Rahman & Padavettan 2012). The
absence of solvents makes the process environmentally friendly and economically
viable. In the melt mixing process, due to thermal energy and mechanical mixing of
fillers, polymer molecules gain increasingly mobility - a key to attaining uniform
filler distribution. Solution mixing using magnetic stirrer and ultra-sonication were
employed in making bioglass-PLA composites. Characterizations of the resulted

composites are presented in Chapter 4.

3.4.4.1 Surface treatments of sol-gel bioglass

Chemical modification of the bioglass surface to enhance uniform distribution in
the polymer matrix has been one of the important steps in preparation of silica
based particles-polymer nanocomposites. It has been reported that surface
functionalization improves adhesion between inorganic particles and the organic
polymeric materials and enhances particle distribution with the matrix (Huadong,

Xiaohong** & Zhijun 2008).

We have previously reported that chemical modification of the bioglass
nanosurface by using silane such as 3-Aminopropyl)triethoxysilane (APTES),
affects the chemical and physical properties of the surface layer and improves the
elastic properties of PLA/bioglass thin film composites (Macha, Ben-Nissan &
Milthorpe 2014). They suggested that surface treated bioglass with APTES
provides a better bonding between the amine part of APTES and the carbonyl
group in the PLA matrix that can contribute to a better interfacial adhesion than
untreated ones especially at the nanoparticle level. Kickelbick suggested that due
to the interactions between the polymer and the silanol groups generated during
the sol-gel process, a macrophase separation is avoided, and the resulting
materials have a high degree of homogeneity (Kickelbick 2003). The treatment

results of these experiments are also reported in Chapter 4.

3.5 Summary and Conclusions
Production, characterization and surface treatment of bioglass 55S5 was carried
out in this chapter. The use of bioactive materials and biodegradable polymer in
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developing medical devices would be ideal for a wide range of biomedical
applications. However, the big challenge to prepare composite is to achieve
homogeneity in the mixing between the bioglass particles and the polymer. The
surface-functionalized bioglasses are ready to fabricate bioglass-polymer
composites with improved physical-chemical and mechanical properties. Drug
loading and delivering requires materials to be porous, bioglass powders do not
possess this property. However, several people have reported using mesoporous
bioglass scaffolds prepared by sol-gel, using polymer templates for drug and
growth factor delivery (Chung et al. 2011; Li, Liu, et al. 2013; Wu et al. 2013).
However the non-porous nature of the bioglass produced did not allow us to use
them as a drug delivery vehicle but to fabricate bioglass-polymer composites with
improved mechanical properties that can be modified to deliver drugs with other

means.
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CHAPTER 4: PLA-BIOGLASS COMPOSITES
In this chapter, PLA with the sol-gel bioglass biomaterials were used to form

biocomposites and their properties are hereby discussed.

4.1 Introduction

Biomaterials have been designed for medical and related applications. It is a
reasonable prediction that in the near future, the use of biodegradable
biomaterials in many of the permanent prosthetic devices used for temporary
therapeutic applications, will be replaced by bioresorbable devices (Nair &
Laurencin 2007). The chief advantage of using bioresorbable devices begins with a
simple desire: to have a device that can be used as an implant yet will not
necessitate a second surgical event for its removal (Middleton & Tipton 2000). In
addition, the long term biocompatibility of some existing implants has shown to
have longevity problems. Moreover, novel biomedical technologies available today
like tissue engineering, regenerative medicine, gene therapy, controlled drug
delivery and bio nanotechnology require biodegradable platform materials to

build on (Nair & Laurencin 2007).

Polylactic acid (PLA) has been extensively described in Chapter 2 and has been
shown to have suitable abilities for medical applications. PLA, and its copolymers,
received FDA approval for use in medical applications and have been used as
surgical sutures or drug delivery systems for many years (Howard et al. 2002).
However, lactic acid-based synthetic polymers are not inherently bioactive and
will not bond directly to bone. They are also initially highly hydrophobic and lack
the mechanical strength required to meet the demands of orthopaedic surgery
(Cohen et al. 1993; Liu and Ma 2004). The combination of such polymers with a
bioactive component such as hydroxyapatite and bioglass therefore takes
advantage of both the osteoconductive properties (bioactivity) and their possible
strengthening effect on polymer matrices. Moreover, it has been stated that
bioactive glass in polyester controls the hydrolytic degradation characteristics of
the polymer thus improving the structural integrity of the polymer composites

(Niiranen & To'rma’la” 1999). With respect to their excellent osteoconductivity
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and high bioactivity of bioglass as described in Chapter 3, its composites with PLA

have a good potential for wide medical applications.

Excessive agglomeration of bioactive particles in polymer matrices has been one of
the main challenges in making homogeneous particle distributed composites.
Effort has been devoted into functionalizing the surface of these particles in order
to improve adhesion, and their physicochemical and mechanical properties
(Macha, Ben-Nissan & Milthorpe 2014). Surface modification of bioactive glasses to
improve mechanical and biological properties of polylactic acid composites has
been investigated using different grafting materials (Liu et al. 2008; Gao & Chang
2009; Verne et al. 2009). Past studies on improvement of mechanical properties
have been focused on improving tensile strength, tensile modulus and impact
energy of the bulk PLA composites (Gerhardt & Boccaccini 2010). Improvement of
mechanical properties of sol-gel bioglass-PLA composites to adapt the complex
elastic nature and elongation of human tissues during biomechanical functional

loading would be beneficial in tissue engineering.

In this chapter functionalization of bioactive bioglass to improve elastic properties

of PLA thin film composites are covered.

4.2 Experimental Work

4.2.1 Materials

PLA was obtained from NatureWorks LLC, 3052D Australia. Materials for bioglass
production are mentioned in Chapter 3. Tetraethyl orthosilicate (TEOS, Si(OC2Ho)s4,
99.90%), Citric acid monohydrate (99%), Ethanol absolute (99.8%), Ammonium
hydroxide solution (NH4+OH, 33%), Ammonium phosphate dibasic ((NH4)2HPO4,
98%), Calcium nitrate tetrahydrate (Ca(NO3)2.4H20, 99.60%), PEG (Mw 20,000),
acetic acid (99.7%) and (3-Aminopropyl)triethoxysilane (APTES) (99%) were

obtained from Sigma Aldrich Australia.
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4.2.2 Methods
4.2.2.1 Sol-gel Bioglass
Bioglass powders (Si02:Ca0:P205 at mole ratio 55:40:5) were based on the method

describe in previous chapter (Chapter 3)

4.2.2.2 Bioglass Surface Functionalization

The deposition method from aqueous alcohol solutions was used to obtain
silanated bioglass surfaces. A 95% ethanol-5% water solution was adjusted to pH
4.5-5.5 with 0.1M acetic acid. Silane (3-aminopropyltriethoxysilane, APTES) was
added with stirring to yield a 1% final concentration and then left for five minutes
to allow for hydrolysis and silanol formation. Bioglass powders were added,
suspended in the same solution and stirred for 2-3 minutes and then the solution
was decanted. The particles were briefly rinsed twice with ethanol and cured for 5-
10 minutes at 110°C in an oven. The obtained silanised bioglass powders were

stored in desiccators for further analyses.

4.2.2.3 Polymer Films and Composites

All the composites were prepared using a solvent casting technique described and
modified by (Macha, Ben-Nissan & Milthorpe 2014). PLA films were prepared by
dissolving 0.50 g of polymer in 30ml of chloroform. The solution was transferred
into a 9 cm diameter petri dish for 24h, and chloroform was allowed to evaporate
under a low vacuum (in a desiccator). The films were stored in desiccators for
further analyses. The same procedure with 15 minutes ultrasonication was
employed to prepare PLA/Bioglass composites with loadings of 0.1, 0.5 and 1%

weight percentage bioglass.

4.2.2.4 Characterization

Calcination of bioglass was performed using simultaneous thermo-gravimetry and
differential analysis (TG-DTA, SDT 2960, TA Instruments, New Castle, DE, USA). A
sample weight of 30-40 mg was used during analysis under a circulating air
environment with a heating rate of 10 °C/min from room temperature to 700 °C

and maintained at 700 °C for three hours.
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The morphological analysis of bioglass, polymer films and composite samples was
performed in a Scanning Electron Microscopy (ZEISS Supra55VP, Zeiss, Sydney,
Australia). Samples were fixed by mutual conductive adhesive tape on to
aluminium stubs and covered with carbon using a sputter coater. Images were
taken at various magnifications at acceleration voltages of 5 kV to avoid beam

damage to the polymer.

Phase analysis of the synthesized powders of Bioglass was conducted using
primarily X-ray diffraction, using a Siemens D5000 X-ray Diffractometer (Siemens,
Bayswater, Australia) employing CuKa radiation (A =0.15418 nm) with detector
(X'celerator). The diffractometer was operated at 45 kV and 40 mA at a 20 range of

20-70° employing a step size of 0.01 and a 4 s exposure.

The synthesized and surface functionalized bioglass were ground in an agate
mortar and thoroughly mixed with KBr (FTIR Grade, 1% w/w). The FTIR spectra
were collected using a Nicolet, Magna-IR 6700 Spectrometer FTIR (Thermo Fisher
Scientific,c, Madison USA) in the range 4000-400 cm-1. The mechanical
characterizations were performed by means of tensile and tear tests according to
the ASTM D882 - 10 and ASTM D1004 - 13 standards respectively. Tests were
carried out in a universal testing machine - an Instron 6022 equipped with a 5 kN

load cell. Deformation was followed with Windows based software.

4.3  Results and Discussions

4.3.1 APTES functionalized bioglass

Sol-gel bioglass characterized in Chapter 3 with FTIR showed the characteristic
peaks of amorphous bioglass. After the modification with APTES, some notable

changes are observed in the spectrum of Bioglass-APTES, Figure 13.
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Figure 13: FTIR spectrum of bioglass and bioglass treated with APTES.

The strong bands at 2970 cm! and 2897 cm! are assigned to stretching mode of -
CH: (Bianco et al. 2009). Deformation mode of -NH2 was observed around 1558
cm'! and 1473 cm™! absorption band (Li, Ma, et al. 2013). The FTIR showed peaks
at 1050 cm! and 457 cm'l, corresponding to the Si-O-Si stretching and bending
mode. These results suggest that APTES is successfully bonded on the bioglass

surface.

Hydrolysis and silanol 6=15 % OH on the Bioglass particles treated by

formation in Ethanol- surface nanolayer coating of 3-

water (pH — 4.5-5.5) aminopropyltriethoxysilane
(APTES)

Figure 14: Schematic diagram showing the process of attaching APTES on bioglass

surfaces.
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[t can be suggested that surface treated bioglass with APTES provides better
bonding between the amine part of APTES and the carbonyl group in the PLA
matrix that could contribute to a better interfacial adhesion than untreated ones,
especially at the nanoparticle level. Figure 14 shows the schematic diagram of

bioglass functionalization.

4.3.2 Particle size and morphology of composites

As was mentioned in Chapter 3, section 3.4.3, bioglass highly agglomerates and
the results suggested having an agglomeration size of between 1 to 100 um. Due to
the hydrophobicity of polylactic acid and the agglomeration nature of bioglass,
their composite was shown to have poor particle distributions within the matrix

and possess poor mechanical properties.

Figure 15: SEM image of PLA-Bioglass composites revealing agglomerated bioglass

in PLA matrix (a) 26KX (b) 100KX.

Figure 15 shows that bioglass particles in the PLA matrix protruded cleanly from
the matrix surface, indicating a weak interfacial bonding with the compact
agglomerated bioglass powders, which are in some parts partially bonded to the
PLA matrix. After treating the bioglass with APTES, the morphology of composites
look different from untreated bioglass. SEM analysis of the treated bioglass
composites showed both agglomerated and well dispersed powders, with particle
sizes ranging from 50-100 nm; and some large agglomeration of particles were
found within the matrix (Fig. 16a and 16b). These big particles seemed to be made

of agglomerated spherical nanoparticles of the size in the range 50 - 100 nm.
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Figure 16: SEM micrograph of PLA-1% APTES treated bioglass composite at
different magnifications a) 26KX and b) 100KX.

4.3.3 Mechanical properties of thin film composites
Tensile and tear tests were performed on both treated and untreated bioglass-PLA
thin film composites. Elongation to fracture, and fracture behaviour of these films

were studied and compared.

4.3.3.1 Tensile testing - Elongation at fracture of the composites

In Figure (17a), the effect of APTES treated bioglass on elongation at break of PLA
composites is presented. The prepared PLA composite with treated bioglass shows
improved mechanical properties. The APTES treated bioglass-PLA composites
have a very high percentage elongation at break (an increase of 92 %) compared to
pure PLA films and improvement of about 55% compared with untreated
composites. Figure (17b) shows the tear resistance of PLA-untreated bioglass
composites with 1, 3 and 5% bioglass loadings. It was observed that the tear
resistant force and percentage elongation of PLA composites increases with an

increase with the bioglass content from 1 to 3%.
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Figure 17: a) Effect of treated and untreated bioglass on elongation at break of PLA
composites under tensile testing b) Tear test showing tear resistance and percent

elongation for untreated bioglass/PLA composites. Error bars represent standard

deviation (SD).

111



The tensile results showed that pure PLA film has yield and failure strength of 140
MPa and 81 MPa respectively with elongation at failure of 180 %. The maximum
elongation at break for untreated bioglass composites occurred at 0.1 % bioglass
content with a yield and failure strength and elongation at break of 6.5 MPa, 4.8
MPa and 305%, respectively. On the other hand, treated bioglass composites
showed the maximum elongation at break of 346% with yield strength and failure
strength of 5.2 MPa and 10.1 MPa respectively at 0.5% bioglass content. Tear
results (Figure 17b) for untreated bioglass composites showed that pure PLA film
has a tear resistant load of 6.6 N while its tear failure resistance was 2.2 N with
elongation at break of 86%. The maximum elongation at break occurred at 3%
bioglass loading with tear yield resistance of 2.9 N, tear failure resistance of 2.1 N

and elongation at break of 151%.

4.3.3.2 Fracture Morphology of Pure PLA and Composites

The morphology of pure PLA film after tensile testing is shown in Fig. 18. It was
observed that the deformation behaviour is slightly different between the outer
and inner surfaces of the films, which may be due to variations in the drying rates
during fabrication. One of the fundamental features observed in PLA thin films
after fracture is the “riverlines”, which indicate clearly the crack growth direction.
It is suggested that riverlines observed in multiple fractures initiated along the
crack front during deformation and then began to propagate on several slightly
different planes to then subsequently converge onto one plane. Similar
observations in other polymers were also reported (Greenhalgh 2009). Another
feature observed on the fracture surface is the formation of “cusps”, which appear
on the fractured surface as raised platelets along riverlines, which was described

earlier by Lee (Lee 1997).
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Figure 18: SEM micrograph of tensile fractured pure PLA film showing the

riverlines at the edge and the surface of the thin film.

In Figure 19, the morphology of fractured PLA-untreated bioglass composite is
shown. The bioglass particles in the PLA matrix protruded cleanly from the matrix
surface, indicating a weak interfacial bonding with the compact agglomerated
bioglass powders, which are in some parts partially bonded to the PLA matrix. The
fracture seems to be initiated within the bioglass agglomerated particle and at the
particle/PLA interface and spreads outwards to the surface. In this particular
juncture, agglomerated bioglass particles create voids within the matrix (Fig. 19).
These pores generate weak interfaces between the particles and the matrix.
Furthermore, the particles are weakly adhered within the agglomerate itself due to
weak adhesion of the individual particles; and dissociate to smaller particles under
load. The morphology of fracture is quite similar to pure PLA films with riverlines

and cusps at the fracture point.
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Figure 19: SEM micrograph of fractured PLA-untreated bioglass composite

showing agglomerated particles and related pore within PLA matrix (2KX).

The presence of voids or pores within the polymer matrix could explain the
difference in increased elongation of the PLA/bioglass composites compared to
pure PLA films. The effect of voids on the elastic modulus of the composites could
also be easily calculated theoretically and compared to the experimental results.
Pores act as stress concentrators in adjacent materials and give rise to anfractuous
material networks that result in an uneven distribution of strains on loading

(Tsukrov & Kachanov 1997).

Predictions of elastic properties of porous polymer composites using mixtures
model developed by Alam (Alam 2010) (Equation 1) are more accurate than
classical mixture rules which do not incorporate sufficient details on how

microstructural features such as pores affect the overall resistance to loading.

Table 2 shows the comparison of elastic modulus estimation using both rules of
mixtures given in equation 1, which incorporates pores effect and the

experimentally measured values. As the results suggested, poor adhesion between
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bioglass and PLA introduces voids within the matrix, which consequently affect the

Elastic modulus of composite, E..

(1 emex) (1)

w

=

1
d—r.s—t) + EbFC,eff).

Where,
E - elastic modulus, F¢ e - effective area, F: - particle fraction, L_r- mean

reinforcement length, D, - mean diameter, ¢ - composites, b - binder (PLA), r -

reinforcement (bioglass), St - stress transfer aspect ratio, W - sample width, Wp, max

- maximum pore length and A- mean anfractuosity.

Figure 20: SEM micrograph fractured treated bioglass PLA composite at different
magnifications: a) 2 KX b) 5KX.

The morphological changes of fractured PLA-nanosurface treated bioglass with 1%
APTES composites is shown in Figure 20a and 20b. As explained earlier, untreated
bioglass particles agglomerated within the matrix with an average particle size of 1
to 100 um. After surface treatment with 1% APTES, bioglass easily dispersed in all
levels within matrix. In SEM observations, particle size distributions of 5-50 nm
were observed. A close examination of the fractured surface of the PLA-untreated
bioglass and PLA-treated bioglass composite revealed a distinct difference in the

fracture mode around the pores and at the bioglass-PLA matrix interface.
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Table 2. Summary of the experimental and calculated elastic modulus of samples

Calculated (Eq. 1) Experimental values
Parameters or published
Treated Untreated
values
Pure PLA
180.0 NA NA

Elongation %
Bioglass (0.1%) composite

& ( ) P 304.5 305.1
Elongation %
Bioglass (0.5%) composite

& ( ) P 3459 282.1
Elongation %
Bioglass (1%) composite

8 (1%) P 270.9 1719
Elongation %
E: (GPa) 4.1(Garlotta 2001)
Ep, (GPa) 35 (Thompson & Hench 1998)
Ec (0_1% Bioglass] (GPa)iSD 3.8i0.2 3.2i1.0 2.8i1.0
Ec (0_5% Bioglass] (GPa) iSD 3.6i0.1 3.1i1.2 3.2i1.2
Ec (1.0 bioglass) (GPa) iSD 3.5i0.4 2.4’i0.6 3.2i0.7

4.4 Discussion

The fractured surface of treated bioglass PLA composites shows thinner riverlines
around the particle-matrix interface, indicating that the fracture did not start from
the particle and spread outwards like in untreated bioglass composites. It was
observed that most of the bioglass agglomerated particles were protruded from
the fracture surface indicating a weak interfacial adhesion. Higher magnification

observations shows well distributed nano particles within the matrix.

[t can be suggested that surface treated bioglass with APTES provides better
bonding between the amine part of APTES and the carbonyl group in the PLA
matrix, that can contribute to a better interfacial adhesion than untreated ones,

especially at the nanoparticle level. In addition it can be postulated that a better
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dispersion of treated bioglass in the PLA matrix is observed due to the charge
created on the outer part of the particle giving way to coulombic repulsion
between the particles as shown in other functionalized nanoparticles (Thanh &

Green 2010).

Mechanical properties of pure PLA and composites

Figure 17a shows the effect of APTES treated bioglass on the elongation at break of
PLA-bioglass composites. SEM analysis of the treated bioglass composites (Figure
16 and 20) showed both agglomerated and well dispersed powders within the
polymer matrix. The improvement of elongation at break of PLA composites
compared with pure PLA films suggests that the introduction of voids within the
PLA matrix due to poor interfacial adhesion between bioglass and PLA might be
the cause of increase in composite flexibility. The effect of voids within the PLA
matrix on the elastic modulus was evaluated by comparing experimental values to
values calculated using a mixtures’ model for porous-polymer composites. The
results do not show any significant differences between treated and untreated
bioglass (55% difference) and the experimental elastic modulus correlate well

with the calculated values.

In addition, nanosurface treated bioglass with 1% APTES composites depicted a
higher elongation at break, possibly due to the coupling effect of APTES. APTES
having bonded one side to the bioglass surface, other sides are able to interpose
between the linear chains of PLA and interfere with attractive hydrogen bonding
and Van der Waals’ forces between the polymer chains, making it more flexible and
hence enhancing interfacial adhesion between PLA and bioglass powders. Similar
behaviour was observed in other composites using APTES (Chen, Liang & Thouas
2013). All these microscopic features reinforce the reasoning why bioglass treated
composites shown in Figure 8a and 8b have improved flexibility with narrower

riverlines at the fracture point.

Comparison of elongation at break in treated bioglass composite and pure PLA thin
films showed an increase of 92%. In comparison to the untreated bioglass, an
improvement of 55% was observed. It is envisaged that the improvement obtained
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could allow these materials to be used in wider tissue engineering applications

where porosity and elongation is required.

In addition to tensile loading, tear tests were carried out according to the ASTM
standards (ASTM D1004 - 13). Figure 17b shows the effect of bioglass contents on
PLA bioglass composite elongation during tear test. It was observed that
elongation at break during tear tests increases around 152% at 3% bioglass
addition and then decreases afterwards. The different loading mode than tensile
testing and poor interfacial adhesion during tear between bioglass and PLA matrix
could explain the relatively lower elongation observed at break and at only higher

bioglass contents than 3%.

4.5 Summary and Conclusions

PLA/ APTES nanosurface modified bioglass composites were prepared by the
solution casting method using different loadings of 0.1, 0.5 and 1% bioglass and
showed improved elongation at break under tensile testing conditions. Bioglass
treated with a nanolayer of 1% APTES is suggested to be effective in improving
tensile elongation at break of PLA/bioglass composites by enhancing dispersion
and adhesion of bioglass particles in the polymer bioglass interfaces. The
maximum tensile elongation at break for PLA/untreated bioglass was 305%
obtained at 0.1% bioglass which was an increase of 69.5% and decreased by -4.5%
at 1% bioglass content compared with values for pure PLA films. For PLA/treated
bioglass composites, the maximum tensile elongation at break was 346%, which
occurred at 0.5% bioglass loading with an increase of 92%, then decreased to 50%
at 1% bioglass compared to pure PLA film. PLA/treated bioglass composites show
an improvement on tensile elongation at break of 55% at 1% bioglass compared to
untreated bioglass composites. The morphology of the fracture surfaces showed
that treated bioglass composites had stronger interfacial bonding at the PLA
interface than untreated bioglass composites. The results suggest that by nano-
surface treating the bioglass with 1% APTES significantly influences the
percentage elongation of the PLA/bioglass composite at fracture. SEM shows more
agglomeration of untreated bioglass within the composite. In the treated samples,
a better distribution of nanosized bioglass within the PLA matrix was observed.
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Although non porous nanobioglass is difficult to be used as an efficient drug
delivery vehicle, the modified bioglass/PLA thin film composites may have a wide
range of other biomedical applications in tissue engineering with improved elastic

properties.
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CHAPTER 5: CORAL AND CONVERSION TO BIOCERAMICS

To introduce porous particles to allow PLA to carry a drug as a biocomposite, a
number of calcium carbonate materials, both natural and synthetic, were
converted to calcium phosphates. The following chapter covers the conversion of
porous coral to hydroxyapatite and their characterisation to be used within the

PLA matrix as biodegradable polymer for slow drug delivery.

5.1 Introduction

Calcium phosphate (CaP) materials have gained clinical acceptance for the past 40
years (LeGeros 2008b). Hydroxyapatite [Ca10(PO4)s(OH)2, HAp] and (B-tricalcium
phosphate [Ca3(PO4)2, B-TCP] are one of the most widely used synthetic (CaPs) in
the areas of orthopaedic and dentistry for augmentation, bone substitution and
repair due to their similarity with the mineral phase of bone. It is known that bone
formation involves a series of complex events leading to mineralization of
extracellular matrix proteins by cells with specific functions for maintaining the
integrity of the bone (LeGeros 2002). The scientific and clinical communities
agreed that bone apatite can be better described as carbonate hydroxyapatite
(CHA) and approximated by the formula: (Ca,X)10(P04,C03)6(OH,Y)2 where X are
cations (magnesium, sodium, strontium ions) that can substitute for the calcium
ions, and Y are anions (chloride or fluoride ions) that can substitute for the
hydroxyl group (LeGeros 1988). Theoretical composition of HAp is 39.68 wt% Ca,
18.45 wt% P; with Ca/P wt ratio of 2.151 and Ca/P molar ratio of 1.667. HAp is
stable in a wide range of pH 4.4 - 8.0 and has higher stability in aqueous media

than other calcium phosphate ceramics (Best et al. 2008).

Tricalcium phosphate (TCP) is a biodegradable calcium phosphate, it dissolves at a
much faster rate than HAp in the physiological environment and can be replaced
by bone in-vitro (Calafiori et al. 2007). The Ca/P molar ratio for TCP is 1.5. Other
calcium phosphate compounds for bioceramic interest are presented in Chapter 1:

Table 1.
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Table 3: Calcium phosphate materials

Chemical Name Abbr | Chemical Formula Phase Ca/P
Amorphous calcium ACP - - -
phosphate
Dicalcium Phosphate DCP CaHPO. Monetite 1.00
Tricalcium Phosphate a-TCP Caz(PO4): 1.50
Tricalcium Phosphate B-TCP Caz(PO4)2 1.50
Pentacalcium Hydroxyl HAp Ca10(P0O4)s(OH): Hydroxyapatite 1.67
Apatite
Tetracalcium Phosphate TTCP Cas0(P04): Hilgenstockite 2.00
Monoxide

The use of synthetic materials in the biomedical field has been greatly successful
for many years. Natural materials have superior biological and structural
properties compared to synthetic materials and they provide an abundant source
of novel biomedical applications (Ben-Nissan 2003b). Calcium phosphates,
specifically HAp and TCP, can be prepared from natural materials composed of
calcium carbonate with a unique architecture such as sea coral (Ben-Nissan
2003b), mussel (Macha et al. 2013), egg shells (Macha, Ozyegin, et al. 2015) and
nacre venus verrucosa (Oktar et al. 2010) for biomedical applications. The high
price of bioceramics in the market reflects the significant costs of raw materials

that can easily be replaced by natural biogenic materials.

The potential applications of natural biogenic materials such as marine structures
can be easily overlooked due to the environmental concerns. While it is true that a
wide range of marine structures are limited and protected, similarly there are also
a variety of materials that are abundantly available and are yet to be exploited for
their possible use (Green & Ben-Nissan 2010). Previous work has shown that
corals can be artificially grown as synthetic corals in specific areas and containers
(Ben-Nissan, Milev & Vago 2004). Among marine structures, coral mineral, which

mainly consists of calcium carbonate in the forms of aragonite or calcite with trace
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elements of strontium, magnesium and sodium, has considerable success as the
apatite precursors and bone graft materials (Ben-Nissan, 2004). Corals have a
porous structure with pore size ranges from 150 to 500 um, similar to cancellous
bone and form chemical bonds with bone and soft tissue in vivo (Ben-Nissan
2003a). Kiihne and his colleagues analysed osseous reactions in the rabbit femoral
condyle to coralline hydroxyapatite bone substitutes of various pore sizes by
radiology and histology (Kuhne et al. 1994). Their results suggest that there was a
substantial production of bone within the 500-micron pore size. In addition they
concluded that the pore size of the coralline hydroxyapatite influenced the
development of bone in the implants. It was further reported that the interaction
of the primary osteons between the pores via the interconnections allows

propagation of osteoblasts (Heness & Ben-Nissan 2004).

A number of synthesis routes for calcium phosphates have been reported in the
literature. The main two are the wet chemical and solid-state reaction methods.
Other alternative methods like mechano-chemical, electrospray, hydrothermal,
and microwave heating to mention just a few, have been reported previously

(Chen et al. 2004; Meejoo, Maneeprakorn & Winotai 2006).

This chapter presents the production and characterizations of calcium phosphate
bioceramic materials, HAp, from Australian coral materials. Different biogenic

materials were converted to CaPs using similar techniques for comparison.

5.2  Materials and Methods

5.2.1 Materials

Corals skeleton samples were obtained from the Great Barrier Reef, QLD.
Ammonium dihydrogen phosphate dibasic (NH4H2PO4, 98%), hydrophosphoric
acid (H3PO4, 85%) and sodium hypochlorite (NaClO) were obtained from Sigma
Aldrich Australia.
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5.2.2 Methods

5.2.2.1 Coral conversion by hydrothermal and mechano-chemical techniques

The coral samples were crushed then cleaned with 2% (v/v) NaClO, and then
ground within an aluminium oxide ball mill (46 rpm, 2 h), sieved with 100 pm
sieve, cleaned with 2% (v/v) NaClO and then dried at 100°C for 2 hours before use.
Hydrothermal conversion was carried out following the Ben-Nissan procedures
(Ben-Nissan 2003b; Ben-Nissan & Green 2014). Briefly as shown in Figure 21,
coral powder was mixed with the required amount of diammonium hydrogen
phosphate (NH4)2HPO4 to obtain HAp and then converted in a Parr reactor at
250°C and 8.0MPa pressure for three hours. Mechano-chemical conversion was

carried out as described in (Cegla et al. 2014a).

Washed with 5% NaClO
then grounded within a ball (CafP: 1.5 TCP
mill {46 rpm, 2 h), sieved Hydrethermal or 1.67 HAp)
through 75-100dm  sieve Coral + DW +
and then cleaned again by (NH,),HPO,
NaClQ before conversion
1 190 °C and 31 Bor
pressure for 2 h
Drop=wise
H;PO,
Coral in DW
80 °C under
Mechano-chemical stirring for Zh

Figure 21: Coral conversion to calcium phosphate materials through hydrothermal

and mechano-chemical techniques

Briefly, the required amount of H3POs or NH3H;PO4, to obtain HAp or TCP, was
dissolved in 25 ml of distilled water. Then it was added, drop-by-drop, to 3 g of
coral powder suspended in a cleaned flask with 150 ml distilled water at 80 °C on a
temperature control hot plate with a magnetic stirrer. The stirring rate was 200
rpm and the temperature was kept at 80 °C for 24 hrs. After conversion, all

samples were calcined at 700 °C for three hours.
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5.2.2.2 Specific surface area, pore size and pore size distribution

Specific surface areas were measured in a Tristar Il apparatus from Micromeritics.
Samples were initially degassed under vacuum (16 MPa) at 60°C for 15h before
analysis. Analysis was performed using the static method at -196.15 °C with
nitrogen as the adsorbent. The Brunauer-Emmett-Teller (BET) method was
applied to calculate the total surface area. Porosity measurements were carried out
with a mercury intrusion porosimeter (Autopore III, Micromeritics Instruments

Inc., Norcross, GA, USA) with a 5-cm3 powder penetrometer.

5.2.2.3 Morphology of coral from solid piece to HAp powder

The morphology of coral samples were analysed by a Scanning Electron
Microscope (SEM) (ZEISS Supra55VP, Zeiss, Germany). All samples were fixed by
mutual conductive adhesive tape on aluminium stubs and coated with thin layer of
carbon using a sputter coater. Images were taken at various magnifications at

acceleration voltages of 20 kV.

5.2.2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were collected using a Nicolet, Magna-IR 6700 Spectrometer FTIR
(Thermo Fisher Scientific, Madison USA) in the range 4000-400 cml. Samples
were ground in an agate mortar and thoroughly mixed with dried KBr (FTIR
Grade). For the analyses, 3 mg was ground with 300 mg of KBr and pressed into a

pellet (Carver press).

5.2.2.5 X-ray Powder Diffraction (XRD)

The structural analysis was carried out using X-ray diffraction analysis (Seimens
D5000, Germany) employing CuKa radiation (A=1.5418 A). The diffractometer was
operated at 45 kV and 40 mA at a 26 range of 20-70° employing a step size of
0.01°/s and a 4 sec exposure. Matching the XRD patterns with the Joint Committee
on Powder Diffraction Standards (JCPDS) database identified the crystalline phases

of the powders.
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5.2.2.6 Inductively coupled plasma-mass spectroscopy (ICP-MS)

Powders were digested to quantify trace elements in coral such as magnesium and
strontium ions by inductively coupled plasma-mass spectroscopy (ICP-MS). An
Agilent Technologies 7500ce series ICP-MS was used with sample introduction via
a micromist concentric nebuliser (Glass expansion). The ICP operating parameters
and the lens conditions were selected to maximize the sensitivity of a 1% HNOs3:
HCI solution containing 1ng/ml of Li, Co, Y, Ce and TI. Calibration standards were
prepared in 1% nitric acid. Approximately 0.005g of sample was digested with
0.25 mL of HNOsz. The samples underwent a further 1:100 dilution with a 1% nitric

acid solution before ICP-MS analysis.

5.2.2.7 Thermal analysis (DTA/TGA)

The thermal analysis of coral was determined by differential thermal and
thermogravimetric analysis (TG-DTA, SDT 2960, TA Instruments, New Castle, DE,
USA). A sample weight of 30 - 40 mg was used during analysis under a circulating
air environment with a heating rate of 10 °C/min from room temperature to 1100

°C.

5.3 Results

5.3.1 Morphology of coral from solid piece to HAp powder

The morphology of the coral before conversion is presented in Figure 22. Figure
22a shows the porous structure of a coral piece with its unique architecture of
interconnected pores before being ball milled. Figure 22b&c show the coral
particles with platelets morphology which is consistent with the morphology of
aragonite present in coralline materials. Figure 23 shows the morphology of
coralline materials hydrothermally converted to hydroxyapatite in phosphate
solution. Figure 23a suggests that HAp retained the morphology of the original
coral after conversion. Figure 23d also shows coral after conversion, revealing the

platelets morphology which is consistent with hydroxyapatite morphology.
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Figure 22: SEM pictures showing the morphology of coral a) before ball mill
showing pores and interconnected pores b) after ball mill showing different
particle sizes c) higher magnifications of (b) revealing platelets morphology of

singer particle

Figure 24 shows the morphology of coral powder converted to HAp by mechano-
chemical technique in two different phosphate solutions. Figure 24a revealed
platelets morphology of HAp converted coral in ammonium dihydrogen phosphate
dibasic similar to hydrothermally HAp converted coral, while Figure 24b shows the
rod-like morphology of HAp converted coral in orthophosphoric acid. The
observed morphology indicates the evolution of rod-like morphology
perpendicular to the platelets. Both hydrothermal and mechano-chemical
techniques with ammonia phosphate solution produced HAp with morphologies of
platelets similar to the original coral suggesting the solid state topotactic ion-
exchange reaction mechanism (Macha, Boonyang, et al. 2015b). On the other hand,
with orthophosphoric phosphate solution, the reaction mechanism is suggested to

be dissolution-recrystallization.
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Figure 23: SEM picture of coral after conversion of a) coral solid piece showing the
retained porous morphology b) higher magnification of coral solid piece before
conversion for comparison, showing nano-pores, c) higher magnification of

converted coral piece showing platelets morphology of hydroxyapatite

Figure 24: SEM pictures showing the morphology of HAp mechanochemical
converted coral by a) Ammonium phosphate solution, platelets morphology and b)

orthophosphoric phosphate solution, rod-like morphology.
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5.3.2 X-ray Powder Diffraction (XRD)
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Figure 25: XRD patterns of HAp derived coral by hydrothermal (HAp-HT) and

mechano-chemical (HAp-MC) techniques compared to coral before conversion.

Figure 25 presents the identified phases in the products obtained from
hydrothermal and mechano-chemical conversion techniques. Both methods
successfully converted coralline materials to calcium phosphate compounds with
significant degree of crystallinity. The HT method gives HAp with sharp and well
defined peaks, especially in the region (20 = 30 - 35) indicating that the HAp
crystallinity is more well developed in this technique than MC. XRD spectra
registered that a small amount of other phases remained unconverted in the final

products.

5.3.3 Fourier transform infrared spectroscopy (FTIR)

Figure 26 displays IR shifts of HAp derived coral from the two techniques. The
results suggest that HAp obtained from the two techniques have FTIR shifts
consistent with the ones reported in literature (Rey et al. 2014). Although XRD did
not show other minor phases in the final products. The characteristic bands of the
functional groups of Hap are clearly seen in Figure 26. Characteristic vibrations of
PO, tetrahedral such as v, v2 and vs occurred at 962 cm'1, 472 cm'! and 1040 cm'!

respectively. Absorption maximum of CO3 group at 876 cm! can also suggest AB-
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type PO4 and OH group’s substitution in the structure of HAp. The increasing peak

resolution for HAp-HT is in conjunction with the increase of peak intensity in the

XRD spectra (Figure 25) of HAp-HT compared to HAp-MC.
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Figure 26: FTIR spectra of coral and HAp derived coral from hydrothermal (HAp-

HT) and mechano-chemical (HAp-MC) conversion techniques.

5.3.4 Specific surface area, pore size and pore size distribution

Figure 27 shows the porosity analysis of coral powder. Figure 6a shows the pore
size distribution of coral powder while Figure 27b suggests the existence of
nanopores in coral by SEM. Pore sizes are suggested to be in the range of 1nm -
~100 pum. It was also indicated that most of the crushed and ground particles have
pore sizes around 4.5 pm with BET surface area determined to be 3.23 m?/g. The
porosity of coral particles was determined to be 58.15%. The results obtained are
consistent with the results obtained previously using Nuclear Magnetic Resonance

(NMR) (McCutcheon et al. 2004).
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Figure 27: Porosity within coral and coral powder a) pore size and pore size

distribution b) evidence of pre-existing nanopores in solid piece coral

5.3.5 Inductively coupled plasma-mass spectroscopy (ICP-MS)

[CP-MS performed on coral and HAp derived coral samples at the end of reaction
for trace elements are presented in Table 4. It is suggested that coral doesn’t
contain impurities that could be harmful to humans. The results showed no
presence of any heavy metals. Previous analysis of coral on an imaging LA-ICP
(Chou, Austin, et al. 2014) showed similar results on the presence of Magnesium

and Strontium in HAp derived coral, which are beneficial to the human body.
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Table 4: Trace elements by ICP-MS of coral and HAp derived coral

Sample 23 Na (mg/g) 24 Mg (mg/g) 88 Sr (mg/g)
Coral 7.07E-03 9.06E-04 7.60E-03
HAp-HT 3.32E-03 3.84E-03 4.72E-03

5.3.6 Thermal analysis (DTA/TGA)

Thermal analysis of coral and sample products from the two methods were studied
using SDT. Coral showed thermal decomposition from 642.6 °C to 803.5 °C with a
maximum peak at around 785.1 °C, which corresponds to the decomposition of
calcite/aragonite (CaCO3) present in coralline materials. The weight loss between
these temperatures is around 44%, indicating that the inorganic matter of coral
materials consists of CaCO3 (calcite/Aragonite), which decomposes according to
Eq. 1. Figure 28a represents the coral thermal decomposition, while 28b compares
HAp derived coral from hydrothermal and mechanochemical techniques and 26c
compares them with coral. There is not much weight loss before 600 °C because

most of the organic materials in coral were removed during cleaning.

CaCO3 —> Ca0 + CO> (1)

After conversion, thermal analysis suggests that the produced HAp is thermally
stable with a small weight loss before 600 °C. Weight loss before 400 °C (Figure
28b) could be any moisture or unreacted reactants present in the final products.
The small amount of calcite remained decomposed between 640.7°C and 770.7°C

with a maximum at 752.4°C, indicating a weight loss of 1.4%.
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Figure 28: Thermal analysis of coral and HAp derived coral

5.3.7 Microstructural evolution during mechano-chemical conversion

Previous study (Cegla et al. 2014b) on comparison of orthophosphoric and
ammonium phosphate solution conversion of coral to HAp suggested a number of
factors that influenced the conversion process. Among them, including ratio of
Ca/P, reaction time and pH seemed to have more effects on crystal size, reaction
mechanism and the structure of the final products. Experiments were set up to
explore the evolution of crystalline calcium phosphate and their morphology with
respect to the pH of the environment and reaction time (Macha, Boonyang, et al.
2015a). Crystallography analysis and morphological results showed the evolution
of calcium phosphate crystalline from two different mechanisms as shown in Table

5&6 and Figure 29.
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Table 5: Quantification for HAp derived coral by orthophosphoric phosphate

solution experiment showing the amount of transformed phases and crystal

growth of HAp

24.0

N sl B g el Il
=) o| © | of @

Aragonite

(%)

4.4+0.4
2.8+0.3
2.6+0.2
2.5+0.3
2.5+0.2
1.5+0.2
1.3+0.2
0.9+0.2
0.3+0.1

Calcite

(%)

24.4+0.3
19.4+0.2
16.8+0.2
14.8+0.2
16.0+0.2
13.3+0.2
12.5+0.2
9.6+0.2
7.2+0.1

Monetite

(%)

29.0 0.3
38.1+0.3
42.8+0.3
48.8+0.3
43.7+0.3
40.7+0.3
31.8+0.2
24.5x0.2
0.6+0.1

41.4+0.5
38.8+0.4
36.6+0.3
32.4+0.3
35.5+0.3
41.3+0.3
49.9+0.3
59.2+0.3
84.8+0.4

Size 002
Scherer
(nm)
42
61
58
53
61
62
72
82
77

4.40
4.80
5.48
6.04
6.24
6.25
5.97
5.75
7.90

Table 6: Quantification for HAp derived coral by ammonium phosphate solution
experiment showing the amount of transformed phases and crystal growth of HAp
Calcite Size 002

(%)

Aragonite

(%)

HAp

(%) Scherer (nm)

e
o

13.6+0.6
13.0+0.5
12.3+0.5
12.2+0.5
11.5+0.5
11.5+0.4
11.4+0.4
10.9+0.3
7.5+0.3

48.4+0.6
49.2+0.6
48.0+0.6
48.6+0.5
46.5+0.5
47.4+0.5
44.4+0.5
44.6+0.5
33.5+0.3
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38.0+0.5
37.8+0.6
39.7+0.6
39.2+0.6
42.0+0.6
41.0+0.6
44.2+0.5
44.5+0.5
58.9+0.4

53
61
54
51
53
48
56
52
53

7.41
7.42
7.58
7.59
7.62
7.63
7.66
7.66
7.69



Figure 29: SEM images showing morphology of microstructural evolution in the
first 3 hours.
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5.4 Discussions

This chapter demonstrated that CaCOs3 of coralline materials can be converted both
hydrothermally and mechano-chemically to HAp using two different phosphate
sources. With ammonium phosphate solution there was a retention of sample form
and internal microstructure suggesting the solid state topotactic ion-exchange
reaction mechanism (Macha, Boonyang, et al. 2015b). With orthophosphoric
phosphate solution, the results indicate the evolution of rod-like morphology of
HAp perpendicular to the platelets suggesting the dissolution-recrystallization
mechanism (Figure 4a&b). These results may be the consequences of the unique
architecture of coralline materials, which imparts a kinetic and orientational effect
on the conversion. The retention of porous morphology and interconnectivities
between pores after conversion (Figure 23a) has the advantage of supporting
biological activities such as bone tissue growth and vascularization (Ben-Nissan

2003a).

Thermal analysis of coral complements XRD and FTIR results on the presence of
calcium carbonate (CaCO3) in the coral, which is consistent with many published
data. The loss of around 43% weight indicating that cleaned coral contains more

than 98% calcium carbonate.

The presence of meso and nanopores in coral powder (Figure 27a&b) signifies the
potential to uptake biologically active substances and release them in a controlled
manner. The drug solution can easily be encapsulated within the pores by different
techniques for slow drug deliveries in the clinical setup. It has been recently
reported that mesoporous surfaces loaded with magnesium significantly increase
the viability of human adipose-derived stromal cells (ADScs) at a longer cell
culture time (Cecchinato et al. 2015). In addition, they reported that specific
osteogenic markers could be incorporated into interconnected nanopores that

helps (ADScs) differentiation into osteoblast faster (Green et al. 2012).

ICP results (Table 4) indicated the presence of magnesium and strontium in coral
materials before and after conversions. Though they are in small quantity their
role in bone formation and general intercellular functions are important. Using
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coralline materials as implants has the advantage of releasing these important
elements into the human body. Magnesium fulfils various intercellular
physiological functions as a cofactor in numerous enzymatic reactions (Jahnen-
Dechent & Ketteler 2012). On the other hand it has been reported that strontium
may play a role in bone formation, and preliminary evidence suggests that women

with osteoporosis may have reduced absorption of strontium.

The evolution of crystalline calcium phosphate materials from wet chemical
conversion of coral structure with respect to time and pH was studied. The
observed morphology of products from conversion of coral in ammonium
phosphate solution suggests that the method could help to retain the original coral
structure, specifically the micro pores that are pertinent in bone graft or
scaffolding applications and nano and mesopores for slow drug delivery
applications. For ammonium phosphate solution, HAp crystalline evolution took
place on the surface of platelets morphology of aragonite/calcite without changing
the original morphology. While with orthophosphoric acid the observed
morphology indicates the evolution (and growth) of rod-like morphology. The
crystal growth results for the orthophosphoric phosphate solution experiment,
suggest that the HAp crystal size grew at the expense of monetite crystallise (Table
5), which is consistent with the morphology observed in Figure 29. The results
suggest that the transformation of monetite to hydroxyapatite or whitlockite via

monetite route, involves a dissolution-recrystallization mechanism.
The reaction mechanism and final products are influenced by pH. The effect of pH

on the reaction mechanisms and products can be further explained using classic

solubility isotherms (Figure 30).
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Figure 30: Solubility isotherms for differing calcium phosphate forms versus pH
(Modified using our data from (Wang & Nancollas 2008)).

Orthophosphoric acid phosphate solution

For orthophosphoric acid phosphate solution reactions, pH seems to change in the
beginning from 7.0 to 4.0 immediately after the addition of the acid and then it
starts to continuously increase to 6.5 during the first 2 hour period as shown in
Table 3. As stated above, during that period of the addition of the acid, the pH
drops immediately to around 3.8- 4.0. At this point part of a “defect HAp” initially
formed (the HAp formed is calcium deficient or “defect HAp”) and further coral
dissolves in the acidic condition and introduces further Ca?* into the environment
to form monetite (CaHPO4) (which is more stable at this point as shown in Figure
30). CaHPO4 is one of the mildly acidic calcium phosphates and its amount
increases within the solution (Elmore & Farr 1940). The release of PO4 from
dissolution of some of the initial “defect” HAp under increased acidity and

phosphate ions generated from the acid and Ca?* from dissolution of CaCOs3
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induces the precipitation of further monetite. During the following period, some of
the CaCO3 continues to dissolve to counterbalance the acidic solution and this will

increase the pH observed in Table 5 to 6.5 during the first 2 hour period.

After 2 hours, the pH is around 6.2 and according to Figure 30, HAp is more stable
and the monetite formed earlier transforms to Hap; and HAp starts to increase in
the amounts as shown in Table 5, from 50% to approximately 80%. Crystal sizes
were measured using the (002) reflections and Scherrer-Topaz method.
Dissolution products from monetite participate in the formation of additional Hap,
in which CO; and H20 formation counter balance the decrease in pH due to HAp
formation. This process is confirmed by the increase of HAp crystalline sizes
shown in Table 3 and the change of morphology from platelet to rod like

structures.

Ammonium phosphate solution

Under ammonium phosphate solution environment, pH starts to increase from
around 7 before dropping marginally (Table 6). The formation of HAp starts
immediately as the first drop is added into the solution. Since the formation of HAp
results in a decrease in pH due to the formation of HCO3-, a sudden drop and then
increase of pH is observed. After this initial position, pH is well balanced and an
increase is observed with the addition of ammonium solution which is basic. The
pH condition in this transformation favours formation of HAp which is more stable
at this pH compared to precursors such as monetite (Figure 30). Similar behaviour
in plate-like hydroxyapatite formation and related morphological changes were
observed and it was suggested that the reaction mechanism in these conditions is
based on the “solid state topotactic ion-exchange reaction mechanism” (Milev,

Kannangara & Ben-Nissan 2003).

5.5 Summary and Conclusions

In this chapter coralline materials were characterized and then successfully
converted to HAp in two different techniques. Hydrothermally, coral converts into
HAp in ammonium phosphate solutions with preservation of sample form and
morphology indicating topotactic iron exchange reaction mechanisms. Mechano-
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chemical conversion of coral to HAp follows the topotactic reaction mechanism
under ammonium phosphate solution and dissolution-recrystallization using

orthophosphoric acid phosphate solution.

The results suggest the possibility of producing single phase HAp with defined
morphology. Utilization of natural biogenic materials such as coral in the
production of HAp will address the significant cost of synthetic raw materials and
the cost of HAp generally. HAp derived coral has the wide potential in the medical

field, especially in orthopaedic and tissue engineering.

Drug delivery is an ideal application for these materials and we are planning to use
the converted coral to deliver clinical active substances as presented in the next
chapters. Since using ammonium phosphate solution results in single phase HAp,
all HAp derived corals that will be used in the next chapters for drug delivery will

be produced from using the ammonium phosphate solution.
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CHAPTER 6: DRUG LOADING AND RELEASE STUDY

In this chapter loading and in vitro release of a number of pharmaceuticals into the
hydroxyapatite particles and to the PLA matrix are covered. A strong, widely used
antibiotic Gentamicin and a drug used for osteoporosis Bisphosphonate
(Clodronate) were loaded into PLA and PLAHAp biocomposites under SINK
conditions (in the volume of dissolution medium enough to provide complete
dissolution of the expected amount of drug in the samples) with the following
objectives: (i) to analyze the experimental release profiles and their fit to available

kinetic models, and (ii) to study their kinetic release behaviour.

6.1 Introduction

Slow drug release has been an important research subject in the field of drug
delivery for decades. Drug release systems have been proved to provide an
outstanding alternative to conventional clinical therapies. With the advancement
in both science and material design and engineering, more sophisticated
therapeutic agent release systems have been developed with improved capabilities
and performances for the treatment of resilient diseases such as musculoskeletal
disorders and bone diseases. Drug delivery technology presents an interesting
interdisciplinary challenge for pharmaceutical, chemical engineering, biomaterials
and medical communities (Rao 2002). In general, a biomaterial that will act as a
drug carrier must have the ability to incorporate a drug, to retain it in a specific

site, and to deliver it progressively over time to the surrounding tissues.

In order to allow greater potency and less toxicity to healthy tissue, therapeutic
agent release systems are required to control the release rate of the drugs locally,
in order to maintain a desired drug concentration level without reaching a toxic
level or dropping below a minimum effective level capability which cannot be
attained by conventional systemic administrations. The major challenges though
are centred on how to regulate the drug releasing rate in order to keep its
concentration within the therapeutic window, how to personalise the dosage
regime for different people and the effective way to target affected tissues while
keeping healthy ones spared. Using biodegradable materials in designing drug

release devices addresses these challenges by providing the outstanding capability
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of performing localized and controlled delivery of drugs to different parts of the

host body.

There has been an enormous effort directed to the development of biodegradable
materials that are capable of releasing drugs by reproducible and predictable

kinetics (Ginebra MP 2006; Habibe et al. 2009) to meet these demands.

[t has been reported that calcium phosphate bone substitutes derived from mixed
hydroxyapatite and (3 tricalcium phosphate (3-TCP) are one of the most promising
materials for bone drug delivery systems. During the last decade there have been
several studies on both commercial and experimental calcium phosphate drug
carriers. Major attention has been focused on the delivery of antibiotics, due to
their wide areas of application as prevention against infection during surgical

interventions or in general in the treatment of bone related infections.

Ceramics and other materials such as polymers and biocomposites have been
proposed in the past, but it is difficult to form an appropriate shape with adequate
micro porosity in order to be fitted into any type and size of bone defect. The
treatment of bone infection remains difficult because of problems with the local
penetration of systemically administered antibiotic. Furthermore, bacteria adhere
to bone matrix and orthopaedic implants, eluding host defences by developing a
biofilm or acquiring a very slow metabolic rate (Baro et al. 2002). Effective
treatment against infection may be possible by killing the bacteria during the early
stages of colonization, followed by the continuous long term steady state delivery
of appropriate amounts of antibiotics. Recently it has been demonstrated by Ben-
Nissan and co-workers that marine shells with specific microspherical design offer
desired functions for the delivery of Bisphosphonate (paminodrate) and antibiotic
(Gentamicin) (Chou, Valenzuela, et al. 2014). This has been possible by virtue of its
unique structure and architecture of the foraminifera shells which are
extraordinarily difficult to manufacture with the current know-how (Chou et al.

2011).
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As stated earlier, biodegradable PLA and polyD,L-lactic-co-glycolic acid polymer
films loaded with gentamicin have been developed to serve as “coatings” for
possible fracture fixation devices and prevent implant-associated infections (Aviv,
Berdicevsky & Zilberman 2007). The use of biodegradable polymer films is
advantageous due to their propensity to uptake and release antibiotics, as a
consequence of their degradability. Although their drug release rates are high, they
could be tailored to form biocomposites with different biodegradability rates by

incorporating other materials.

Biodegradable polymer-bioceramic composites would be ideal in this endeavour
because of the bioactive nature of ceramic materials, which promote tissue growth.
Incorporation of bioceramics derived from converted coral in the polymer will
improve not only controlled drug release but also bioactivity and tissue
regeneration, especially in orthopaedic and maxillofacial applications. As explained
in Chapter 4, coral derived bioceramic has clinical benefits due to its unique
architecture and the presence of essential elements such as Calcium, Magnesium
and Strontium. Sampath et al. (Sampath, Garvin & Robinson 1992) demonstrated
that PLA microcapsules could release more than 80% of loaded gentamicin
sulphate within 3 weeks for the treatment of osteomyelitis. Due to the production
process, the pore size and interconnectivity of these pores generated problems in
drug release rates. Bioerodable polyanhydride-gentamicin beads were used in vivo
study for the treatment of Osteomyelitis by surgical debridement by Nelson et al.
(Nelson, Hickmon & Skinner 1997). They reported to have reduced osteomyelitis

by 93% after 4 weeks of implantation for 20% gentamicin loaded beads.

However, most of these past published investigations have shown that antibiotics
have been ototoxic and nephrotoxic at high dosages. For most controlled release
systems, the loaded dosages are usually high, and therefore the systemic exposure
of antibiotic in blood and urine is the major safety concern. Moreover none of these
reported systems contain the key minerals like Ca?* to support bone repair and

regeneration.
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6.1.1 Release Kinetics

Drug release from PLA and PLA-HAp biocomposite is not only due to PLA
degradation but also the diffusion of the drug entrapped into the polymer matrix,
which plays an important role depending on the extension of the experiments. The
assessment of kinetic release from drug delivery devices provides the confidence
to predict the release behaviour before the release systems are realized. There are
three classified categories to analyse kinetics of drug release from controlled

release systems:

++ Statistical methods (exploratory data analysis method, repeated measures
design, multivariate approach (MANOVA) (Mauger, Chilko & Howard 1986;
Dash et al. 2010).

¢ Mathematical model dependent method such as zero order, first order,
Higuchi, Korsmeyer-Peppas, Hixson Crowell, Baker-Lonsdale and Weibull
models just to mention few (Liu, Luo, et al. 2010; Adrover & Nobili 2015)

¢ Model independent methods (difference factor (fi), similarity factor (fz)
Model independent methods [difference factor (Costa 2001; Xie, Ji & Cheng
2015)

At the end of this chapter the release kinetics based on these theories will be

discussed.

6.2  Materials and Methods

6.2.1 Materials

Corals skeleton samples were obtained from the Great Barrier Reef, QLD Australia
by Prof B. Ben-Nissan, Gentamicin sulfate, Clodronate
(Dichloromethylenediphosphonic acid disodium salt), Chloroform diammonium
hydrogen phosphate (NH4):HPO4, 98%), and sodium hypochlorite (NaClO) were

obtained from Sigma Aldrich, Castle Hill, Australia.

6.2.2 Methods
Coral materials were converted to HAp and characterized as described in Chapter

5 section 5.2.2 and used in this study without any further modifications.

148



Drug loading and film composites

Figure 31 shows schematic procedures to load drugs in to HAp derived from
corals. These hydrothermally converted coralline-hydroxyapatite were loaded
with 25% w/w or 10% of clodronate or gentamicin by dissolving the required
amount of drug in polished 18 MQ (MilliQ, Millipore, Victoria, Australia) water,
mixed with HAp, sonicated and then allowed to dry in a rotavapor (Rotavapor R-
210) coupled with a vacuum controller (V-850, BUCHI, In vitro Technologies,
Australia) at 60 °C. Clodronate and gentamicin individually loaded to HAp
microspheres were then dried in vacuumed desiccators and then used to produce
PLA-thin film composites. Drug loading to the PLA-films was performed by adding
the required amount of clodronate/gentamicin or clodronate/gentamicin loaded
HAp into PLA-Chloroform solution to give 10% drug in the composites under
magnetic stirring then followed by sonication to break down the agglomerations of

particles, cast in petri-dishes and then dried in desiccator under vacuum.

Experimental samples used were designated as follows, Polylactic acid film as PLA,
PLA film loaded with Bisphosphonate (throughout this chapter Clodronate is
designated as BP) or gentamicin (GM) as PLABP or PLAGM, PLA-hydroxyapatite
composite film as PLAHAp and composite films of Bisphosphonate/gentamicin
loaded hydroxyapatite with PLA as PLAHApBP or PLAHApGM. The confirmation of
drug purity after loading into PLA matrix was evaluated by running an FTIR of
drugs and drug loaded PLA and PLAHAp films. The films were transparent enough.
A spectrum in the range 400 - 4000 cm! was obtained with FTIR (Nicolet Magna
6700 FTIR spectrometer) for the product samples. BP/GM were ground in an agate
mortar and thoroughly mixed with KBr (FTIR Grade). For the analyses, 3 mg was

ground with 300 mg of KBr and pressed into a pellet (Carver press).
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Figure 31: Drug loading and release study of gentamicin and bisphosphonate

In vitro release experiment

Drug release study from PLA thin film composites was conducted under SINK
conditions in phosphate buffered saline (PBS) ((0.1 M, Na3N 0.1%, pH 7.4) at 37
0.1 °C) for gentamicin and in Tris-HCI buffer ((0.1 M, pH 7.4) at 37 £ 0.1 °C) for
clodronate in a temperature controlled water bath shaker running at a constant
speed of 100 rpm. Each sampling time had its own independent samples under the
same conditions and experiments were respectively terminated after sampling.
Gentamicin concentrations in the solution were determined by using a Cary 100
UV-Vis spectrophotometer (Agilent Technologies, Victoria, Australia, Cary Series
UV-Vis Spectrophotometer) at the maximum absorbance of gentamicin-o-
phthaldialdehyde complex, Amax = 332 nm, using procedures described in (Aviv,
Berdicevsky & Zilberman 2007; Chou, Valenzuela, et al. 2014). Ophthaldialdehyde
reagent was prepared by dissolving 2.5 g ophthaldialdehyde in 62.5 mL methanol
and adding with 3 mL 2-hydroxyethylmercaptan to 560 mL 0.04 M sodium borate
in distilled water. 2 mL gentamicin solution, 2 mL o-phthaldialdehyde reagent
were reacted for 45 minutes at room temperature. The absorbance, which

corresponds to the gentamicin concentration, was then measured at 332 nm.

The quantification of released clodronate concentration was measured using a 31P
Nuclear Magnetic Resonance (NMR). 31P NMR spectra were recorded on Agilent

500 MHz NMR magnet apparatus (Agilent Technologies, Australia) integrated with
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Varian NMR systems with broadband probe, ¢ 5 mm, equipped with manual tuning
and matching. All spectra were recorded with the standard phosphorus
parameters: Decoupling with 90° pulses, 1024 number of scans, and an acquisition
time of 0.668 s with a relaxation delay of 1 s, no rotation, and the temperature was
24 -C. The measuring time for one spectrum was 28 minutes. Tuning, lock and
shimming on aqueous dispersions were performed on Triphenylphosphate in
deuterochloroform CDClz. Data were processed using Vnmr] software version 4.0 A
and a calibration curve was prepared for each set of measurements. Each
prescribed sampling time had its own independent sample, therefore after

sampling the respective experiment was terminated.

Minimal Inhibitory Concentration, Antimicrobial Efficacy and Drug Encapsulation
Efficiency (DEE)

According to CLSI, the Minimal Inhibitory Concentration (MIC) is the lowest
concentration of an antimicrobial agent that prevents visible growth of a
microorganism in an agar or broth dilution susceptibility test (Nelson et al. 2002;
Buzarovska & Grozdanov 2012) Gentamicin MICs were determined using 96-well
microtitre trays and broth microdilution techniques. Inoculum concentration of 5 x
106 CFU/mL was used in each well. MICs were determined in accordance with CLSI
(CLSI 2012) guidelines. S. aureus ATCC 25923 strain was also used as the control S.

aureus strain.

An antimicrobial efficacy test was conducted in Tryptone Soya Broth (TSB).
Inoculum density equivalent to 0.5 McFarland standards (1 x 108 CFU/mL) from
overnight culture, with a 50 mL TSB sub-culture was used. PLA film composites
loaded with gentamicin were either introduced in the beginning or after 90 min of
bacterial growth in a dry incubator at 37 * 0.1 °C, with shaking at
220 rpm. The optical density of the culture was monitored by spectrophotometer
at 595 nm from the experiment at time 0, which was immediately after
introduction of gentamicin loaded PLA films, and every half an hour for the first 6
to 6.5 h. When OD reaches about 1, samples were diluted to 1:10 before
measurement. An additional time-point was obtained after 24 h to check for
recovery. Replicates of all experiments were done in different days.
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The Minimum Inhibitory Concentration of Gentamicin against S. aureus (SH1000)
was found to be 1 pg/mL. DEE was determined to be 94.2% and 98.9% for PLAGM
and PLAHApGM films respectively.

Drug encapsulation efficiency (DEE) was determined by soaking 2 mg of samples
in 2 mL of distilled water at 37 °C for 5 min and then measured the drug
concentration of the solution using UV-Vis. This process dissolves drugs that are on
the outer surface of the films. The efficiency was determined by the formula

Equation (1).

DEE = War—Was (1)
Wdf

where, Wgr= Weight of drug in the film, Wy, = Weight of drug dissolved in solution.

The Minimum Inhibitory Concentration of Gentamicin against S. aureus (SH1000)
was found to be 1 pg/mL. DEE was determined to be 94.2% and 98.9% for PLAGM
and PLAHApGM films respectively.

6.2.3 Invitro drug release: Theoretical Mechanism

It is worth mentioning that several factors influence the release mechanism,
including the type of drug, environmental conditions during drug release as well as
the geometry and dimensions of the drug delivery system, and preparation
technique, to mention just a few (Siepmann & Siepmann 2008). The assumption
taken into consideration here is that, the drug particles or particles loaded with
drugs are dispersed randomly throughout the uniform polymer matrix with known
geometry, such that the probability of finding drug at any point in the polymer
matrix is constant at all positions within the matrix itself (Rothstein, Federspiel &
Little 2008). Based on previous studies, it was shown that release behaviour of a
clinical active substance from degradable material follows the common pattern
consisting of three stages (Stephens et al. 2000; Rothstein, Federspiel & Little
2009). However, a number of other studies have indicated that the behaviour of

drug release from biodegradable materials can follow two or four stages
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(Siepmann & Siepmann 2008). The common three stages of drug release could

briefly be elucidated as follows:

I.

ii.

iii.

Stage I: At time zero, water or buffer begins to hydrate the matrix, a
process that happens quickly for the bulk eroding polymer matrices. As
the matrix hydrates, encapsulated drug adjacent to the matrix surface or
on the surface diffuses into the water or buffer in a phase reservoir
typically known as “the initial burst”. It's magnitude depends on the
amount of drugs present adjacent to the matrix and the drug solubility.
Stage II: As the initial burst release takes place, degradation of the polymer
chains begins, producing soluble oligomers and increasing chain mobility
effectively leading to the formation of pores in the polymer matrix. It is
believed that heterogeneous degradation of the polymer matrix starts with
an amorphous region of polymer matrix leaving behind pores, creating a
secondary surface porosity favourable for fluid transport phenomena and
a further pathway for dissociation inside the composite. These pores
appear to be essential for subsequent release of drugs (Fredenberg,
Reslow & Axelsson 2005). The drug release by diffusion through the
narrow or tortuous pores controls the mass transfer process. Graphical
observation of the release profile indicates changes in the slope of the
curve.

Stage III: Cumulative growth and coalescence of these pores as
degradation of the polymer matrix progresses, as the results of water or
PBS penetrates into the polymer network and hydrolyzes the polymer into
more soluble oligomers, providing the channels for the drug to be able to
diffuse towards the surface of a polymer matrix that would otherwise be
too dense to allow their passage (Fredenberg, Reslow & Axelsson 2005).
Drug is released progressively until complete polymer degradation, a
process that depends on the polymer degradation behavior. In our case,
the duration of the experiments for gentamicin and bisphosphonate
loaded polymers were 15 (Macha, Cazalbou, Ben-Nissan, et al. 2015) and
11 weeks (Macha, Cazalbou, Shimmon, et al. 2015a) respectively,

insufficient time to achieve the complete full degradation.
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For the fourth stage drug release behavior has been proposed to have a secondary
bust before the final stages of drug release from the biodegradable matrix. These
stages are for the pure polymeric matrix and addition of the particulate matter as
drug carrier introduces additional stages to the process, which will be discussed in

the following section.

6.3  Results and Discussions

6.3.1 Drug loading to HAp

Scanning electron microscopy (SEM) was used to confirm the physical presence of
loaded drugs in HAp particles and to study the degradation of a polymer matrix
loaded with drugs. FTIR was used to evaluate any alteration of drugs loaded in a
PLA matrix. Figure 31 shows images of HAp before and after gentamicin (Fig. 32b)
and bisphosphonate (Fig.32c) loading. It is evident that converted coral particles
are coated with drug on the surface and into the micro, meso and nanopores as the

drug solution could easily penetrate into these pores.

Figure 32: SEM picture showing coral (a) before loading (b) after loading with

gentamicin and (c) after loading with Bisphosphonate
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On the other hand, the surface of HAp before loading reveals thin platelets of HAp

crystals, while after loading the surface looks relatively smooth due to the drug

coating.

Figure 33 shows the IR shifts of gentamicin (Fig.33a) and bisphosphonate
(Fig.33b) in PLA matrix consistence with IR shifts of these drugs before imbedded
into the matrix. It suggests that there is no evidence of chemical interaction

between the drugs and the polymer.

PLA GM in PL

1 PLAGM

Intensity (a.u)

w 1
2900 2400 1900 1400 900 400 | 1800 1600 1400
Wavelength (cm™?) Wavelength (cm-)

b

Intensity (a.u)

3400 2400 1400 400

Wavelength (cm-)

Figure 33: FTIR spectra of drug loaded PLA confirming non-denaturation of drugs

in the PLA matrix after loading (a) Gentamicin and (b) Bisphosphonate
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The drugs are not regenerated or consumed in any reaction within the polymer
matrix. Thus, drug release is mainly due to the diffusion phenomena of fluids
within the PLA matrix, which are limited by the hydrolysis rate and by the barrier
effect (due to its hydrophobicity) of PLA.

6.3.2 Antibacterial Efficacy Test

Drug loaded PLA composite films were introduced to a 50 mL subculture of S.
aureus in the beginning and also in time-delay of 90 min where the bacteria growth
is at the middle of log phase. In both cases, the released gentamicin concentration
was enough to control the growth of bacterial as shown in Figure 34a-c. It was also
revealed that after 24 h there was no bacterial recovery seen. Most of the drug
released in this period of time is surface associated drug molecules. Furthermore,
samples from release study, after four weeks of release were also collected and
subjected to efficacy testing. This was important specifically when it is intended to

be used as drug delivery system during prolonged periods.

6.3.3 Morphological study of gentamicin and bisphosphonate release

The morphological changes of the PLA film composites during the release study
were carried out by using SEM. For extended drug controlled release systems,
degradation of the polymeric matrix and the addition of particulate matter (HAp,
GM or BP) control the release of drug. The drug release rate and release time are
mainly influenced by the degradation kinetics of the polymer, especially in stage
two and three of the release behaviour, which means the slower the degradation
the longer the release time. Figure 35 represents the morphology comparison of
films loaded with gentamicin in the release study after the 1st and 3rd weeks to
zero time, while Figure 35 represents the morphology of samples loaded with

bisphosphonate after seven weks of release compared to zero time samples.
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Figure 34: Antibacterial efficacy (ai1) Controls compared with films loaded with
gentamicin. All films were introduced immediately after inoculating media with
bacteria; (b1) PLA films loaded with gentamicin after releasing gentamicin for four
weeks in PBS (pH 7.4, 37 °C and 100 rpm). Plain PLA films and media were used as
positive and negative control, all films were introduced immediately after bacteria
inoculation; (c1) Films loaded with gentamicin and PLAHApGM film after releasing
gentamicin for four weeks. Plain PLA films and media were used as positive and
negative control; all films were introduced immediately after bacteria inoculation.
az, bz, and cz are post-bacterial growth level up to 24 h of respective experiment.
Error bars are mean standard deviation (SD) of two biological and technical

replicates of the experiments conducted in different days.
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The general structures of PLAHAp, gentamicin loaded PLA and PLAHAp thin film
composites (Figure 35), shows the loaded particles existed in agglomerate forms
within the PLA matrix with an average size of 100 nm to 1.5 pm for PLAGM and
PLAHAp and 200 nm to 1 um for PLAHApGM (Figure 35-Week 0). The distribution
of drug and HAp drug loaded particles within the PLA matrix is good. The
micrographs also suggests that the PLAGM sample has more gentamicin
protruding close to the polymer surfaces compared to PLAHApGM which is
consistent with drug encapsulation efficiency data (Macha, Cazalbou, Ben-Nissan,
et al. 2015). This also explains the affinity between gentamicin and hydroxyapatite,
the factor that influences the physical interaction between them and the PLA

matrix.

PLAHApGM

Figure 35: SEM pictures of PLAGM, PLAHApGM and PLAHAp composites revealing
the degraded morphology after 1st and 3rd weeks in PBS solution.

Microstructures of samples after seven weeks of release were compared with the
samples before release as shown in Figure 36. It is shown that for both drug-PLA

and drug loaded HAp-PLA matrices an agglomeration of the drug particles exists as
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100 nm to 2 um sizes at time 0. The results show the evidence of the PLA matrix

degradation as a function of time.

The presence of clodronate (BP) in the films seems to affect the degradation
behaviour of the matrix. Normally, degradation depends on the rate of buffer or
water absorption into the polymeric matrix. Clodronate has extensive ionization,
which makes PLABP more hydrophilic than PLAHApBP and PLAHAp. Buffer or
water diffused into the polymeric matrix affects both polymer degradation and the
particles, as it is simultaneously consumed through hydrolysis of the matrix, and

drug release rates as it dissolves the drug within the matrix.

PLAHApBP
4

Figure 36: Structure of PLA drug release devices in sink conditions comparing

before and after 7 weeks of drug release.

Clodronate loaded in HAp is located on the surface, and also in nano and
mesopores of the particles. As measured by McCutcheon et al. (McCutcheon et al.
2004) coral structure contains in addition to micro pores a large number of nano
and mesopores. There is also some clodronate dispersed in the matrix alone which
degrades as in PLABP. The PLAHApBP is relatively less hydrophilic and is
observed to degrade the least. Based on these results it is observed that

clodronate release will be faster in PLABP than PLAHApBP composite.
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6.3.4 in-vitro gentamicin and bisphosphonate release in PBS and Tris-Cl
buffer respectively

Figure 37 shows drug release profiles composed of three stages for
Bisphosphonate (Figure 37a) and five stages for gentamicin (Figure 37b) loaded
PLA films and PLAHAp composites. It is possible that the first stage consists only of
the surface bound drug release that it is simple dissolution from the surfaces by
diffusion that includes both polymer and particle surfaces exposed to the
environment. The process is fast and the “burst effect” is observed. The second
stage includes a number of sub-stages dependent on the drugs, particles and the
environment but can be summarized as “progressive cumulative
dissolution”(PCD). In this stage the polymer matrix starts to degrade and allows
the liquid medium to penetrate into the HAp particles where surface bound drug
on the surfaces of the particles starts to dissolve and diffuse out. The rate of

dissolution is slower due to the strong ceramic nature of the particulate matter

(HAp).

In the third or last stage in addition to PCD the particulate matter starts to break
down, which is a relatively slow process and the dissolution rate is further reduced
but it includes the polymeric matrix dissolution, particle degradation and further

drug release at steady state rate.

[t is possible to appreciate different shapes of the release curves depending on the
type of drug and release medium. The release time was also enough to appreciate

significant degradation of the polymer matrix as shown in Figure 35 and 36.

A mathematical model proposed to fit the experimental data comprises three
different equations addressing full physical meaning according to the release
mechanism described previously. In the release profiles of drugs from degradable
polymer matrix the most sustained release part is by degradation of the polymer
matrix. Table 7 shows the time range of each release stage for bisphosphonate and
gentamicin (these values are an approximation considering the shape of the
release profiles, the final time of one stage occurs with the initial time of the next
one). Each stage time goes with the assumption that the drug is homogeneously
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distributed within the matrix and therefore there is uniform steady state release of

the drugs from the matrix.
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Figure 37: In vitro fractional cumulative release of (a) clodronate (Bisphosphonate,
BP) from PLA thin film composite in Tris-HCI buffer solution (pH 7.4, 37°C and 100

rpm) for eleven weeks and
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Figure 37: (b) gentamicin from PLA thin film composite in phosphate buffered
saline (PBS) solution (pH 7.4, 37 °C and 100 rpm) for fifteen weeks showing

different stages of drug release.

6.3.4.1 Stage |
The initial very quick release (burst) of gentamicin or bisphosphonate can be
assimilated as the direct dissolution of drugs in water. It is shown in Figure 37a

that the initial burst took two weeks for bisphosphonate and only one week for
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gentamicin. At this stage it can be assumed that the release is purely governed by
diffusion of drugs from polymer surfaces (Liechty et al. 2010b; Severino et al.

2011).

6.3.4.2 Stage 11

For both BP and GM this step is driven by the internal diffusion of drugs
impregnated within the matrix possibly in the porous part of the matrix generated
during preparation. For gentamicin release from PLAHApGM samples, this stage is
preceded by a “lag phase” which occurs between 1 and 2 hours of release. The
presence of HAp loaded with gentamicin could in many ways hinder or slow down
the release of gentamicin through these micropores. This stage is a bit slower
release compared to the previous one due to the drug transporting through these

small and narrow pores.

Table 7: Specific time frames for different release stages and their numerical

values for bisphosphonate (Three stages) and gentamicin (Four stages)

Type of drug
Stages to (W) te(w)
released
Stage I (burst ext. release) 0 2
Bisphosphonate Stage II (internal release) 2 3
Stage III (degradation) 3 00
Stage I (burst ext. release) 0 1
Stage II (Internal release) 1 3
Gentamicin

Stage II (lag phase) 3 5
Stage III (degradation) 5 00

6.3.4.3 Sub Stage II1

Bisphosphonate

This is the terminal release phase or stage for bisphosphonate loaded devices
(Figure 37). At this stage there is pore growth due to both mass loss by polymer

degradation and pore coalescence (micropores coalescing (or joining) to form
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mesopores). For the device containing HAp (PLAHApBP) the release amount in all
stages is lower than PLABP because drug diffusion is delayed by an induction time
sufficient to allow nano and micropores of HAp to coalesce and permit the passage
of the macromolecular drug out from the occlusion through the microporated
matrix (Batycky et al. 1997). Moreover, for PLAHApBP, drug (BP) previously
adsorbed on mineral particles is reported to have strong affinity to the
nanocrystalline apatites with adsorption phenomena occurring at the surface of

apatite crystals (Pascaud et al. 2012).

Gentamicin

This is a ‘lag stage or phase’ for devices loaded with gentamicin. The lagging to
release a significant amount of drug from the devices could be attributed to the pH
change of entrapped, released acidic degradation products from the polymer
matrix. The acidic environment would trigger unfolding of the encapsulated
gentamicin until the degradation products dissolve and diffuse to the outer surface
of the matrix providing a way for the drugs to be released (Zhu, Mallery &
Schwendeman 2000).

6.3.4.4 Sub Stage IV

Gentamicin

This is the second burst stage for gentamicin loaded PLA and PLAHAp devices. It is
more vivid in the PLAHAp device due to the fact that at this stage we have more
drugs retained in this device compared to PLA for the reasons described
previously. After the retardation of drug release in the previous stage, drugs
saturated close to the surface and released immediately after the degradation

products dissolve and pH increases.

6.3.4.5 Stage 11

Gentamicin

This is the terminal release stage for gentamicin-loaded devices. After a greater
fraction of the drug is released, the remaining drug release is directly associated
with polymer degradation (Cabezas et al. 2014). There is the possibility of drug
release by conventional diffusion at this stage, but it is considered to be negligible

164



compared to that released by polymer degradation. In this study, it was observed

that this stage was the slowest and steady stage drug release phase.

6.3.5 Release kinetics-(Gentamicin)

The release kinetic study was assessed by a model dependent method. Based on
number of kinetic models available in literature, which described the overall
release of drug from the dosage forms, the models were carefully selected and
used to fit the release data (Costa & Sousa Lobo 2001; Liechty et al. 2010a;
Mohammadi et al. 2010; Ford Versypt, Pack & Braatz 2013). Finally, data were
fitted to seven different models: Zero order, 1st Order, Higuchi, Hixson-Crowell,

Korsmeyer-Peppas and Reciprocal powered time.

Table 8. Modelled dissolution characteristics of the mean dissolution profile.

Mathematical
Model PLAGM PLAHApGM
expression
r? 0.440 0.937
Zero order F =Qy+ kot
ko 0.125 0.070
r? 0.866 0.874
First order In(1—-F) = —kt
k 0.226 0.098
r? 0.959 0.803
Higuchi F=at'?+b
a 0.273 0.214
r? 0.758 0.898
Hixson- Crowell 1- 1-F)Y3 =kt
k 0.060 0.029
r? 0.992 0.962
Korsmeyer-Peppas F = kt"
n 0.282 1.315
3
“[1-@-F?3xF  r* 0945 0.727
Baker Lonsdale 2
— K k 0.107 0.038
= kt
| q r? 0.971 0.835
Reciproca owere 1
b b (— - 1) o b 0744 1.037
time F t
m 1.524 17.190

F = fraction of drug released up to time t, r? = Square correlation coefficient, Qo, ko,
k, a, b, n, m and b are parameters of the models.
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The correlation coefficients (r?) indicate that drug release kinetic of PLAGM and
PLAHApGM fitted with the power law model described by Korsmeyer-Peppas
(Table 8). If this semi-empirical equation does not allow for the determination of
all of the mechanisms involved in the release, it is still possible to determine the
mechanisms of transport by considering two borderline cases, which correspond
to distinct physical realities (when n = 0.5 and n = 1). The n coefficient obtained for
PLAGM (n < 0.5) indicates that the release mechanism was mainly controlled by
diffusion while the value obtained for PLAHApGM (n > 1) is characteristic of a
number of mixed transport mechanisms including diffusion, possibly super case II
kinetics as well as a release due to damage to the composite surface

through dissolution.

6.3.5.1 Release Kinetics—Comparison of Drug Release Profiles

PLAGM and PLAHApGM dissolution profiles were compared using statistical
difference factors, difference factor (f1), and similarity factor (f2) (Table 9). The
test indicates that there is a significant statistical difference between the two
kinetic profiles. This difference is confirmed by the release half-life (tso%) obtained
for each material loaded with gentamicin. Thus, the release half-life of PLAGM is

obtained around 14 days while 124 days are necessary for PLAHApGM.

Table 9. Modelled dissolution characteristics and difference and similarity factors
of PLA film and PLAHAp composites loaded with gentamicin.

PLAGM PLAHApGM
tsoo (weeks) 1.76 15.53
f1 difference factor 54.4
f2 similarity factor 24.2

The release of gentamicin from these devices seems to follow the semi-empirical
equation described by the Korsmeyer-Peppas model. Nevertheless, the ‘n’
coefficient obtained for PLAGM and PLAHApGM indicate that somehow a number
of different mechanisms might control release. Thus, the release of gentamicin

contained from the PLA matrix seems to be mainly controlled by diffusion whereas
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for PLAHApGM it is possibly a mixture of diffusion, the super case Il mechanism

and other mechanisms of transport which control the drug release.

It should be added that the analysis shows that the diffusion mechanism is
observed for the PLAGM model (regression coefficients of models which use
diffusion are good). However it is certain that at the end of the initial release,
degradation of the polymeric network will “favour” the dissolution of the
remainder of the drug. So, this phenomenon (diffusion and degradation) should
occur at the end of the surface drug release (when dissolution of the drug has
created a secondary porosity inside the polymeric network and the resultant
“fragility” of it) and/or depends to the dissolution rate, surface area, of the PLA
film used. For this reason, we have to consider only the early part of the dissolution
kinetic (just below 60% drug released) and hence, in the case of PLAGM, the
release can be assumed to proceed and be mainly controlled by the diffusional

process (Macha, Cazalbou, Ben-Nissan, et al. 2015).

6.3.6 Release Kkinetics - Bisphosphonate

The release study of BP from thin films shows kinetic profiles characteristic of a
sustained release. However, the profiles show a substantial difference, since the
whole quantity of BP was totally dissolved from the PLA film in 4 weeks, whereas
only 44% of the drug was released in the same time period when BP was loaded
onto HA particles before being introduced into a PLA matrix. This difference was
confirmed by the (f1) and similarity (f2) factors obtained, 49 and 18 respectively,
indicating that adsorbing BP onto the surface of HA before introduction to the PLA
film induces a modification of the drug-release behaviour. Thus, when BP is loaded
onto HA particles, it allows a significant decrease of the initial burst effect and a
decrease of the release rate, therefore prolonging the release period and

permitting the extension of the therapeutic efficacy of the material.

To enable a better understanding of the phenomena occurring during drug release,
we used mathematical models to allow a quantitative interpretation of the
dissolution profiles and thus describe the mechanisms that govern the dissolution.
In the case of PLABP, we chose some mathematical models adapted to film forms
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(zero-order, first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas) to
describe the drug dissolution. Only the first weeks were considered, as the rest of
the curve corresponded to the plateau. Dissolution data closely fitted to the zero-
order equation (r2 = 0.997), which is usually used to describe the drug dissolution
from transdermal systems and corresponds to a kinetic with the same amount of
drug dissolved/unit of time (in this case, 24.3 pg BP/day). In the case of
PLAHAPpBP, the drug is previously adsorbed on mineral particles embedded in the
PLA thin matrix film. Pascaud et al. (2012) have highlighted the strong affinity of
BP molecules for the nanocrystalline apatites and have described the adsorption
phenomena that occur at the surfaces of apatite crystals. Thus, BP molecules in
contact with apatite crystals are exchanged with phosphate ions located in the
reactive labile apatitic layer, and cannot be spontaneously released without
another anionic exchange or without the dissolution of the crystals. This is unlike
the kinetic release of BP dispersed into PLA (PLABP), which is constituted by two
clearly defined portions (the first constituting zero-order drug release and the

other corresponding to the plateau, i.e. when the drug is totally dissolved).

On the other hand, the release kinetics of BP contained in the composite film
(PLAHApBP) seems to present three separate linear parts. Considering the fact
that each portion is linear, we were able to determine the daily dose released for
each part of the kinetics. The first part corresponds to the first 2 weeks; during this
period, the daily drug released is quite important and is equal to 10.59 pg/day (r2
= 0.995). The second part of the curve corresponds to the release that occurs
during weeks 3-5; the slope of the curve is greatly reduced and the daily dose then
released is 0.91 pg/day (r2 = 0.999). The third part of the release kinetics occurs
during weeks 7-11; there was a noticeable increase of the release rate, with the
daily dose released equal to 1.33/pug/day (r2 = 0.990). Finally, 60% of the drug
contained in the composite is released after 11 weeks, which allows considering a
release, and therefore a local therapeutic action, over several months (Macha,

Cazalbou, Shimmon, et al. 2015b).
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6.4 Summary and Conclusions

The study of PLA-calcium phosphate thin film composites reveals possible
potential applications of these devices in the biomedical field as drug delivery
systems. The flexibility they provide allows them to conform to any desired clinical
shape and size. Incorporation of hydroxyapatite in the matrix, has the added
advantages of controlled release, improved encapsulation efficiency, increases drug
stability and maintenance of bioactivity and the continuous supply of calcium Ca?*
and phosphate PO42 ions which can assist in bone regeneration and repair.
Gentamicin release profiles, exhibited a steady state release rate, with significant
antimicrobial activity even at high concentration of bacteria (Macha, Cazalbou,
Ben-Nissan, et al. 2015). The systems also showed the potential for prolonged
release of antibiotic. The loading of drug onto HAp particles induces a significant
decrease of the release period, for both gentamicin and bisphosphonate,
permitting the therapeutic efficacy of composite biomaterial locally to be extended.
The bisphosphonate release study showed the ability of these devices to control
clodronate release for a prolonged period of time. Depending on the degree of
clinical dosage required, the devices developed could be tuned to release the drug

in both short and prolonged periods of time.
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CHAPTER 7: STEM CELLS AND BIOLFIM STUDY

The in vivo efficiency of the thin film biocomposites were investigated with both
biofilm formation and stem cell culture studies. In this chapter, biological testing of
stem cell culture human adipose derived stem cells (hADSC) and biofilm study of S.
aureus and P. aeruginas on PLA-hydrothermally converted coral composites loaded

with gentamicin are covered.

7.1 Introduction

Different types of cells have been used in tissue engineering and in therapeutic
strategies in cell therapy including stem cell transplantation. Stem cells are
primarily used to understand the mechanisms by which natural or synthetic
biomaterials are able to elicit a cellular response when implanted in vivo. In the
early days, adult stem cells were used in this process but proved difficult to grow
in culture because of being full developed. The attention was then focused onto the
use of fetal cells, which are not stem cells but behaved similarly and better than
adult cells when tested in conjunction with biomaterials (Dvir et al. 2006; Tsigkou

etal. 2007).

7.1.1 Stem cells

Stem cells are different from the other types of cells in the human body. They are
capable of dividing and renewing themselves for an extended period of time. They
are also unspecialized and can be differentiated into specialized cells. It was
previously believed that embryonic stem cells (ES) derived from inner cell mass of
preplantation embryos and adult stem cells were found in tissue or organs.
However, recent research indicates otherwise. ES can be found at all stages during
development (Lovell-Badge 2007). Bone marrow stem cells that are tough reside
in all tissues as a repair mechanism against injury have been extensively

investigated.

Currently, haemapoetic stem cell transplant (sometimes known as bone marrow
transplant) is most often recommended as a treatment option for people with
leukemia, multiple myeloma, and some types of lymphoma. It may also be used to

treat some genetic diseases that involve the blood. A patient undergoing either
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autologous or allogeneic transplantation can be treated by replacing diseased bone

marrow with highly specialized stem cells that develop into healthy bone marrow.

There has been an increase in the number of researches on implantable
biomaterials and their application in regenerative medicine. This has also created
necessary testing procedures to be undertaken using in-vitro laboratory tests,
according to ISO 10993 to avoid dangers for patients and unnecessary animal

experiments.

Cell compatibility of biomaterials involves three important stages, which are
adhesion of cells on the surface, proliferation and finally differentiation. When
biomaterial is implanted into a living body, rapidly the biomaterial is coated with a
protein layer before the cells’ attachment. Serum protein and various extracellular
matrices (ECM) are involved such as fibronectin, fibrinogen, albumin and
vitronectin (Palacio & Bhushan 2012). The protein adsorption and conformation is
partly influenced by the morphology of the biomaterial surface, which also
influences the cell adhesion and proliferation process (Noh & Vogler 2007). It has
been reported that micro/nano surface topography has a direct impact on cell

adhesion and proliferation with a micro-textured surface favouring the adhesion.

Apart from morphology, the chemical composition of the biomaterial surface has
been suggested to play a significant role in the adhesion and proliferation of cells.
Keselowsky and his co-workers (Keselowsky, Collard & Garcia 2003) showed that
the cell adhesion through integrin group of cell surface receptors depend on the
conformation of adsorbed fibronectin. In their demonstration, they used a self
assembly-monolayer of different functional groups such as OH, COOH, NH; and CH3
termini, to create surfaces with different chemistry that are hydrophilic and
neutrally charged, hydrophilic and acidic, hydrophilic and basic, and hydrophobic,
respectively. Their findings suggested that the adhesion strength of cell binding (as
determined by a centrifugation assay) followed the trend: OH>COOH>NH,>CHs.
They also found that specific gene expression of cells such as osteoblast, alkaline
phosphatase enzyme activity and matrix mineralization, showed the dependence
on surface chemistry in which OH- and NH:- terminated surfaces were more
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advantageous compared with COOH and CHz SAMs. Hydrophobic surfaces seem to
cause denaturation of proteins and prevent the surface exposure to cell-binding
groups responsible to cell adhesion. On the other hand, hydrophilic and neutrally
charged surfaces induce the least extent of unfolding or denaturation, leading to a

good cell adhesion on the fibronectin (E et al. 2003).

7.1.2 Bacteria and biofilm

The most frequent complications related to the use of implantable medical devices
such as vascular and urinary catheters, orthopaedic or cardiac prostheses and
endotracheal tubes are bacterial infections. Medical device-related infections
caused by biofilm are the public health concern and country’s economic burden
resulting in host patient morbidity and device removal, or mortality
(Desrousseaux, Sautou, Descamps & Traore 2013). It was reported by the
European Center for Disease Prevention and Control
[http://ecdc.europa.eu/en/healthtopics/Healthcare-
associated_infections/Pages/index. aspx] that approximately 4,100,000 patients
are estimated to acquire a healthcare-associated infection (HAI) in the European
Union each year. The number of deaths occurring as a direct consequence of these
infections is estimated to be at least 0.9% (37,000) and these infections are
thought to contribute to an additional 110,000 deaths (2.7%) each year. In the
United States, it was estimated that 1,737,125 patients acquired HAls for the year
2002, including 417,946 in intensive care units (ICUs) and 1,266,851 outside ICUs.
The number of associated deaths was 98,987; of these, 30,665 were from
bloodstream infections (BSIs), 13,088 from urinary tract infections (UTIs) and
8,205 from surgical site infections including those associated with orthopaedic
implants (Klevens et al. 2007). Efforts have been made by governments to prevent
HAIs and commit to provide the best and safest care. The Centre for Disease
Control and Prevention (CDC) has recently reported the decrease in HAI cases
((CDC) 2015) for central line-associated bloodstream infections (CLABSI), a 46
percent decrease between 2008 and 2013, catheter-associated urinary tract
infections (CAUTI), a 6 percent increase between 2009 and 2013; although initial
data from 2014 seem to indicate that these infections have started to decrease,
select surgical site infections (SSI), a 19 percent decrease between 2008 and 2013,
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and hospital-onset methicillin-resistant Staphylococcus aureus (MRSA) bacteremia

(bloodstream infections), an 8 percent decrease between 2011 and 2013.

Surgical site infection (SSI) is the most common HAI among surgical patients, with
a mortality rate of 3% and 77% of patient deaths reported to be related to
infection (Cataife et al. 2014). SSI related to the orthopaedic implants are of great
relevance for public health due to the increasing number of aged and disabled
patients requiring this type of surgical intervention. It has been estimated that 5%
of patients undergoing clean surgical procedures and up to 20% of patients having
intra-abdominal surgical procedures develop a surgical site infection. Such
infections result in 3.7 million excess hospital days and more than US $1.6-3 billion

in excess hospital costs per year.

Because of the large number of patients suffering from biofilm-based device-
related infections, a number of strategies for their prevention have been developed
in the last two decades. Different strategies have been proposed for either
preventing or controlling biofilm development. Modification or development of
devices with surface properties that have an effect against microbial adhesion or
viability seems to be a promising approach for the prevention of device-related
infections. The designing of medical devices with an antimicrobial agent is one of
the strategies. Antibiotics can be incorporated into the materials, coated,
covalently bonded or loaded into the thin film that can be used to cover the
implants resulting into either slow release of antibiotic or in contact killing without
release of antibiotic (Cerca et al. 2012; Desrousseaux, Sautou, Descamps & Traoré
2013). Another strategy is to modify the surface of the medical device chemically
or physically to render the surface microbial-adhesion free. Chemical surface
modifications have been mostly targeted on the hydrophobicity properties of the

materials. (Garrett, Bhakoo & Zhang 2008; Kargupta et al. 2014).

Bacteria adhesion is a complex phenomenon affected by many factors, including
the properties of surface materials, some characteristics of bacteria itself and the
environment where the adhesion takes place such as the presence of serum
protein or bactericidal substances (An & Friedman 1998). According to
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thermodynamic theory, bacteria attachment is interpreted as a spontaneous
decrease in the free energy in a system. Some of the proposed theory and models
of adhesion seem to be limited because they consider physical interaction between
the surface and bacteria and neglect biological aspects of adhesion in which
specific bacterial structures responsible for adhesive activities called adhesins that
control cell to cell or cell to abiotic surface adhesion. Bacteria may have different
adhesives for different surfaces (different acceptor). The ionic strength and pH of
the medium in which the adhesion takes place influence the charge of the cell wall
and of the substrate (in terms of surface chemistry, charge and hydrophobicity)

and therefore affects their interaction.

Bacterial biofilms are protected from antibiotic killing. Poor diffusion and
penetration of antibiotic through the biofilm, contribute to the persistence of
biofilm infections especially those associated with implanted devices (Stewart
2002). A variety of reasons on microbial resistance to antimicrobial agents have
been postulated. An increase in the depletion of oxygen and nutrients resulting in
slow growth of bacteria, adaptive stress responses and formation of persistant
cells are hypothesized to constitute a multilayered defense. The focus is directed
towards disabling biofilm resistance, which may enhance the ability of existing
antibiotics to treat infections involving biofilms (Hoiby et al. 2010). It has been
reported that in most cases, biofilm can be prevented aggressively by antibiotic in
their early stages and can also be treated by chronic suppressive therapy. Mah and
his co-workers (Mah et al. 2003) suggested that the use of traditional antibiotics
combined with a drug that interferes with biofilm-specific resistance would be the

right approach to render biofilms more susceptible to treatment

The major challenge associated with the use of antibiotics is ensuring retention of
antibiotic release and activity for a prolonged period of time after post-operation
(Kargupta et al. 2014). In Chapter 6 we have shown that the use of biodegradable
polymer - ceramic composite for prevention of bacterial infections associated with
orthopaedic implants would be an ideal approach. It was reported that the release
of antimicrobial agent from PLA thin film composites sustained for more that 8
weeks (Macha, Cazalbou, Ben-Nissan, et al. 2015).
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P. aeruginosa is regarded as an opportunistic pathogen causing indwelling device-
related infections especially in catheters. P. aeruginosa infection is a leading cause
of morbidity and mortality in cystic fibrosis (CF) patients. It was reported that the
median survival age of a patient with CF in 2011 was predicted to be 36.8 years, a
slight rise compared to 2010 (Marshall & Hazl 2011). S. aureus infection on the
other hand causes serious infectious complications such as severe sepsis, septic-
thrombosis and/or severe deep-seated infections (endocarditis, osteomyelitis and

other metastatic infections) (von Eiff et al. 2005).

7.2  Materials and Methods
7.2.1 Materials
Samples PLA, PLAGM, PLAHAp and PLAHApGM were prepared using materials and

chemicals stated in Chapter 2 in section 2.4 and Chapter 6 Section 6.2.

7.2.2 Methods

8.2.2.1 Sample preparations for Biofilm and Stem cells experiments

PLA films and film composites loaded with gentamicin were prepared as described
in Chapter 6 Section 6.2.2. Samples for biofilm experiments were cut into a
circular shape of approximately 1 cm diameter and glued on the sterilized
cylindrical coupons. Then the glued samples were sterilized in UV for 40 minutes.
For stem cell experiments, samples were casted into the sterilized glass petri

dishes 60 x 15 mm and these dishes were used in the experimental work.

7.2.2.2 Cell culture experiment

Cell attachment and morphology on the PLA thin film composite samples were
evaluated in vitro using cultures of human adipose derived stem cells (hADSC) at
passage 5. Approximately 5 x 10# cells/ ml were seeded on glass petri dishes with
the cast samples in DMEM/F12 Glutmax (Gibco) 10 % fetal bovine serum (Gibco)
and incubated at 37°C, 5% CO: for 7 days. Briefly, the PLA and PLAGM samples
were coated with Poly-L-lysine at room temperature for 30 minutes and rinsed
twice with phosphate buffered saline (pH 7.4) before cell culture. Samples were
washed with PBS (pH 7.4), fixed in 4 % formaldehyde (Sigma) and then
dehydrated in an ethanol gradient from 10%-100% at 10% increments at 10
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minutes each before the cells were observed in SEM (ZEISS Supra55VP, Zeiss,
Germany) operated at 5kV accelerated voltage, using back scatter electron

detector.

7.2.2.3 Preparation of media

Trytpic Soy Broth (TSB) for Staphylococcus aureus (S. aureus) and Mueller Hinton II
BR cation adjusted media (MHB) for Pseudonomas aeruginosa (P. aerugonas) were
prepared by thoroughly dissolving 30 g of TSB powder (Bacto™ TSB (BD) and 22 g
of MHB powder in 1 L of polished 18 MQ (MilliQ, Millipore, Victoria, Australia)
water respectively. Then the solutions were autoclaved to sterilize (121 °C, liquid

cycle) and stored at room temperature.

7.2.2.4 Bacteria strains and static biofilm formation assay

S. aureus (ATCC 25923) and P. aeruginosa (ATCC 15692) were used for this study
and were cultured in a shaking incubator, 250 rpm at 37 °C under anaerobic and
aerobic conditions respectively. For static biofilm formation, cells were grown in
broth medium overnight, and diluted 1:100 into TSB and MHB media respectively.
These cell suspensions were inoculated into a 12-well plate containing a triplicate
of samples glued on coupons. The plate was sealed with sterile breathable film
(Aeraseal; Excel Scientific, Victorville, CA, USA) and statically grown at 37°C, 5%
CO2 for 24 h. Biofilm samples were washed with PBS, stained using SYTO9 Green
fluorescent Nucleic Acid Stain (Life Technologies Corp, Carlsbad, CA, USA) and
fixed with 4% paraformaldehyde.

7.2.2.5 Confocal Laser Scanning Fluorescence Microscopy (CLSM)

The morphologies of the biofilm were analyzed using confocal laser scanning
microscopy (CLSM) (Nikon A1, Tokyo, Japan), using an oil-immersion lens (60
Objective lens and numerical aperture of 1.4 with Z-series images taken in 1.0 um
slices) with NIS Elements Confocal software. A total of eight images were acquired

randomly from each specimen.
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7.2.2.6 Images Analysis with COMSTAT

Recorded CLSM images were reconstructed by IMARIS (Bitplane AG, Zurich,
Switzerland) for biofilm structural quantification in computer statistics software
COMSTAT (Heydorn et al. 2000) and presented as three-dimensional structures.
The reconstructed Tagged Image Format File (.TIFF) images were converted from
gray-scale into a black-and-white picture that could be analyzed by the COMSTAT
program. The threshold settings were achieved by comparing the original gray-
scale picture with the black-and-white picture, and the best value was chosen to
give the most accurate conversion of the gray-scale to the black-and-white picture.

This threshold value is fixed and then used for all image stacks (Kreth et al. 2004).

7.2.2.7 Scanning Electron Microscopy (SEM)

The morphological analyses of PLA films and composites were performed in a
Scanning Electron Microscope (SEM) (ZEISS Supra55VP, Zeiss, Germany). Samples
were fixed by conductive adhesive tape on aluminium stubs and covered with
carbon using a sputter coater. Images were taken at various magnifications at

acceleration voltages of 5 kV.

7.3  Results and Discussions

7.3.1 Biofilm

In the biofilm study, four biofilm image features calculated by COMSTAT were
chosen to characterize biofilm development by S. aureus and P. aeruginosa on PLA
thin film composites. These variables, biomass, average thickness, roughness
coefficient and surface to biovolume ratio were selected for interpretation of
biological and physical characteristics of biofilm (Heydorn et al. 2000) on these
surfaces. Biomass represents the overall volume of the biofilm, and also provides
an estimate of the biomass in the biofilm, average thickness provides a measure of
the spatial size of the biofilm, roughness represents a measure of biofilm
heterogeneity and surface to biovolume ratio tells us how large a portion of the
biofilm is exposed to the nutrient flow. Tables 10 and 11 represent the results in

summary of these four parameters of biofilm calculated by COMSTAT.
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P. aeroginosa showed a stronger tendency to form micro-colonies on the surface of
PLA films than S. aureus, which is indicated by higher roughness coefficients (Table
10). The higher surface to biovolume ratio of P. aeroginosa is an indication of its
flat growth on the surface compared to S. aureus. This is also consistent with the
lower average thickness of the biofilm it forms on the surface. It is also suggested
that S. aureus grows faster than P. aeroginosa on PLA surfaces indicated by lower
surface to volume ratio, higher average thickness and hence higher biomass in the

biofilm (Figure 38).

Table 10: Biomass, average thickness, roughness coefficient and surface to
biovolume ratio of biofilm of S. aureus and P. aeroginosa on PLA thin film

composites after 24 hours.

Average Surface to
Biomass Roughness
Samples Thickness biovolume ratio
s (um3/pm?2) Coefficient
2 (nm) (nm?/pm3)
<
';-? PLA 1.50+0.70 2.09+0.87 0.56+0.18 9.68+2.64
~
S PLAGM 1.34+0.71 2.16+0.99 0.65+0.36 7.13+2.01
al
PLAHAp 2.20+0.40 3.19+0.45 0.77+0.31 14.80+5.59
PLAHApGM 2.36+0.48 2.59+0.84 0.72+0.28 15.43+6.42
PLA 1.10+0.57 2.31x0.72 0.90+0.08 4.33+0.58
§ PLAGM 1.04+0.52 2.66x0.70 0.48+0.21 4.02+0.42
~
S PLAHAp 2.75+0.43 4.51+0.50 0.48+0.21 3.56+0.31
%
PLAHApGM 2.03+0.44 2.90+0.35 0.41+0.20 3.50+0.32

Values are means of data from 30 image stacks (five images from each of 3 specimens in biological replicates

and technical triplicate experiments)

The effect of antibiotic in the films (PLAGM and PLAHApGM) against biofilm after
24 hours seemed to be minimal for S. aureus and none at all for P. aeroginosa. This
is possibly due to the fact that static conditions may influence the low release rate
of drugs from the device and also 24 hours is not enough time to realize polymer
degradation and significant release of antibiotic. Both bacteria displayed more
growth of biofilm (highest biomass and highest average thickness) on PLAHAp due

to the improvement of bioactivity by HAp in the samples.
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Table 11: Biomass, average thickness, roughness coefficient and surface to
biovolume ratio of biofilm of S. aureus and P. aeroginosa on PLA thin film

composites after 5 days.

Average Surface to
Biomass Roughness
Samples Thickness biovolume ratio
« (nm3/pm?2) Coefficient
g (nm) (nm?/pms3)
=
gn PLA 3.68+0.67 4.99+0.48 0.24+0.23 2.85+0.42
St
g PLAGM 3.08+0.64 3.68+0.69 0.57+0.37 1.14+0.39
2 PLAHAp 3.67+0.83 4.03+0.60 0.30+0.08 2.12+0.59
PLAHApGM 3.79+0.70 4.40+1.10 0.32+0.35 1.28+0.28
PLA 2.51+0.82 3.52+1.27 0.34+0.22 2.85+0.74
% PLAGM 3.61+0.64 3.70+0.50 0.37+0.16 1.79+0.16
S
= PLAHAp 4.89+0.74 5.14+0.97 0.28+0.17 1.74+0.07
v
PLAHApGM 2.38+0.41 4.17+1.16 0.21+0.02 1.81+0.19

S. aureus P. aeroginosa

Figure 38: CLSM of 1-day old static grown biofilm of S. aureus and P. aeroginosa on
a) PLA b) PLAGM c) PLAHAp and d) PLAHApGM showing their distributions. a, b
and d for S. aureus reveals large and high micro-colonies while b shows single cells
and small cell clusters cover the surface on of the film. P. aeroginosa shows more

growth and wider coverage of the surface than S. aureus.
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Figure 39: CLSM of 5-day old static grown biofilm of S. aureus and P. aeroginosa on
a) PLA b) PLAGM c) PLAHAp and d) PLAHApGM showing their distributions. a, b
and d for S. aureus reveals large and high micro-colonies while b shows single cells
and small cell clusters cover the surface on of the film. P. aeroginosa b and d shows

more coverage of the surface by biofilm compared to a and b.

The preliminary results obtained from five day’s experiments for S. aureus and P.
aeroginosa on PLA thin film samples are presented in Table 11. Both strains at day
5 had grown into micro colonies, reflected by their low surface to volume ratio
compared to biofilm at day 1. On the other hand, microscopy images of S. aureus on
the films show large and high micro-colonies on PLA, PLAHAp and PLAHApGM
samples while on PLAGM high number of single cells and small cell clusters were
observed (Figure 38 and 39). This could be due to the effect of antibiotic presence
in the film. It is suggested that cells were able to attach onto the surface of PLAGM
samples but the drug released from the surface suppresses the ability of bacteria to

make a biofilm.
[t could also be envisaged that there is a possibility under flow-biofilm-growth

conditions that more drugs would be released from the surface and may suppress

the attachments of bacteria on the surfaces. Being high-level antimicrobial

184



resistant in Gram-negative, P. aeroginosa displays similar structure characteristics

on the surface of PLA thin films.

7.3.2 Cell attachment and morphology

Synthetic polymeric biomaterials can only support cell adhesion and proliferation
to a limited extent due to the lack of functional groups necessary for cell
interaction (Alvarez-Barreto et al. 2011). Figure 40 presents SEM pictures showing
the morphology and attachment of hADSC seeded on PLA thin film composites. The
results show abundant cell attachment on PLAHAp and PLAHApGM samples and
none on PLA and PLAGM. PLA has an alkyl pendant group (CHs-) in its backbone,
which makes the polymer more hydrophobic, and tends to denaturalize protein
responsible for cell binding and adhesion. Gentamicin has NHz- group, which with
CH3- on the polymer backbone reduces any chance for protein binding on the
surface. This was evident because these samples (PLA and PLGM) do not show any
cells on their surfaces. The addition of hydroxyapatite (HAP) in the matrix
improves the bioactivity of the materials by changing the surface chemistry from
hydrophobic to hydrophilic and neutrally charged with the presence of OH group,
which favours binding of adhesive protein (vitronectin and fibronectin) and
subsequently cellular interaction (Thevenot, Hu & Tang 2008). There are several
techniques currently used to treat biomaterial surfaces in order to improve their
biocompatibility, including physical, chemical and mechanical techniques. Surface
treatments such as exposure to plasma, coatings, corona discharge, ions and
ultraviolet (UV)-ozone can enhance the cell attachments. Specific functional groups
can be covalently attached to biomaterial surfaces using chemical synthesis

techniques to attach biomolecules (Palacio & Bhushan 2012).
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Control Sample

PLAHAp PLAGM PLA

PLAHApPGM

Figure 40: SEM picture of stem cell cultured PLA thin film composites for 10 days,
showing attachment and morphology of cells.
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In order to confirm the lack of protein adsorption on the surface of PLA and PLGM
samples, we coated them with polylysine as an attachment factor to enhance the
electrostatic interaction between negatively charged ions of the cell membrane
and positively-charged ions of the culture surface by increasing the number of
positively-charged sites available for cell binding. The results suggest that cells
were able to attach on the PLA and PLAGM surfaces after coating in less than 24

hours (Figure 41).

Figure 41: SEM picture of cell cultured samples coated with polylysine a) PLA b)
PLAGM

7.4 Summary and Conclusions

Cell attachment and proliferation on synthetic biomaterials is an important step
for the material’s biocompatibility. PLAHAp and PLAHApGM display strong affinity
to hADSC due to the presence of HAp in a polymer matrix. Lack of cells attachment
on PLA and PLAGM is not a problem since PLA is biodegradable and is meant in
many applications to degrade over time and be replaced with tissue. Polylysine
coating on PLA and PLAGM reveals the possibility of surface treatments in case the
attachment is of medical importance. Other surface methods like plasma
treatments could also be employed to render the surface suitable for protein
binding. The use of PLA-HAp composites as drug release systems could give us the
possibility of avoiding any additional revision surgery as currently used in PMMA

antibiotic delivery systems (Chou, Valenzuela, et al. 2014).

187



The bacterial strains used in this study play a significant role in the medical
context. They are responsible for most of the medical implant-related infections.
The activities of these organisms have resulted in a growing interest in their
physiology and molecular biology performance especially in biofilm formations. It
appears that biofilm development occurs differently on the same surface under
different strains. An alternative model for biofilm development (flow chamber
biofilms) will give the other side of biofilm development, a phenomenon that is
close to in-vitro settings. Reduction of the medical device-related infections lie on
the ability to develop medical devices with modified materials. However, further
investigations are still needed to widen our current understanding of the biofilms
and their prevention mechanisms in order to achieve the minimum number of

medical device related infection incidents.
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CHAPTER 8: GENERAL SUMMARY AND CONCLUSIONS

In this research, bioactive PLA based thin film composites for biomedical
applications were successful developed and characterized. It also entailed the use
of marine structures because they are biogenic, have unique architecture and are
readily available. Most of the marine structures are composed of calcium carbonate
(aragonite or calcite) and can be converted into calcium phosphate materials by
simple chemical exchange. The marine structure, coralline materials, was
converted to HAp and used with PLA for thin film composites. The use of PLA thin
films for biomedical applications has clinical advantages due to low material cost,
its architecture due to their interconnected porosity, faster processing times, the
ability to conform into different shapes, availability of large surface area, the
improvement of properties especially mechanical and the possibility of being able

to control drug release.

8.1 Effects of drying techniques of PLA films and improvement of
interfacial properties of PLA-Bioglass composites

The modified drying techniques have been suggested to improve mechanical
properties of thin film PLA. It was suggested that by controlling the evaporation
rate of the solvent from the polymer controls both the topography and the
mechanical properties of the film. These techniques have successful improved
tensile strength of PLA film by 300% when at high drying rate (under vacuum) and
200% at low drying rate (in desiccator). Bioglass particles were successful
modifies using APTES and used for PLA composites. The results suggested the
improvements of the percentage tensile elongation of PLA-Bioglass thin film
composites. The morphology of the fracture surfaces showed that treated bioglass
composites had stronger interfacial bonding at the PLA interface than untreated
bioglass composites. The results suggest that by nano-surface treating the bioglass
with 1% APTES significantly influences the percentage elongation of the
PLA/bioglass composite at fracture. SEM shows more agglomeration of untreated

bioglass within the composite.
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8.2 Drugloading and release from PLA-HAp thin film composites

Coralline materials were characterized and then successfully converted to HAp in
two different techniques. Hydrothermally, coral converts into HAp in ammonium
phosphate solutions with preservation of sample form and morphology indication
topotactic iron exchange reaction mechanisms. Mechano-chemical conversion of
coral to HAp follows a topotactic reaction mechanism under ammonium phosphate
solution and dissolution-recrystallization using orthophosphoric acid phosphate
solution. HAp derived coral has the wide potential in the medical field especially in

orthopaedic and tissue engineering.

The study of PLA-calcium phosphate thin film composites reveals possible
potential applications of these devices in the biomedical field as drug delivery
systems. The flexibility they provide allows them to conform into any desired
clinical shape and size. Incorporation of hydroxyapatite in the matrix, has the
added advantages of controlled drug release, improves drug encapsulation efficiency,
increases drug stability and maintenance of bioactivity and continuous supply of
calcium Ca?* and phosphate P0O42- ions which can assist in bone regeneration and
repair. The devices showed the ability to uptake and release gentamicin and
bisphosphonate, which could be used for the treatment of bacterial infections and
osteoporosis respectively. The systems also showed the potential for prolonged
release of these drugs. The loading of a drug onto HAp particles induces a
significant decrease of the release period, for both gentamicin and bisphosphonate,
permitting the therapeutic efficacy of composite biomaterial locally to be extended.
Depending on the degree of clinical dosage required, the devices developed could

be tuned to release the drug in both short and prolonged periods of time.

8.3 Biocompatibility in vitro and biofilm behavior of PLA-HAp thin film
composites

Cell attachment and proliferation on synthetic biomaterials is an important step
for the materials biocompatibility. PLAHAp and PLAHApGM display strong affinity
to hADSC due to the presence of HAp in a polymer matrix. Depending on the
application, lack of cells attachment on PLA and PLAGM is not a problem since PLA
is biodegradable and in most applications it degrades over time and is replaced
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with tissue. Polylysine coating on PLA and PLAGM reveals the possibility of surface
treatments in case cell attachment is of medical importance. Other surface
methods like plasma treatments could also be employed to render the surface

suitable for protein binding that enhance cells’ attachment.

S. aureus and P. aerigonas bacterial strains used to study biofilm on the surfaces of
the developed devices play a significant role in the medical context. They are
responsible for most of the medical implant-related infections. The activities of
these organisms have resulted in a growing interest in their physiology and
molecular biology performance especially in biofilm formations. In this study, it
appears that biofilm development occurs differently on the same surface under
different strains. Since the biofilm study was preliminary, it is suggested that an
alternative model for biofilm development (flow chamber biofilms) would give the
other side of biofilm development, a phenomenon that is close to in-vivo settings.
Reduction of the medical device-related infections lies on the ability to develop
medical devices with antimicrobial surface modified materials. However, further
investigations are still needed to widen our current understanding on the biofilms
and their prevention mechanisms in order to achieve the minimum number of

medical device related infection incidents.
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