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ABSTRACT

INVESTIGATIONS ON THE PROPERTIES AND DRUG RELEASES OF
BIODEGRADABLE POLYMER COATINGS ON METAL SUBSTRATES AS
DRUG CARRIERS

Baydemir, Tuncay
Ph.D., Department of Polymer Science and Technology
Supervisor: Prof. Dr. Erdal Bayraml

September 2009, 278 pages

The use of various biodegradable polymers for the improvement of different
controlled and long-lasting drug release systems is an active research area in recent
years. The application of different metal prostheses, especially titanium based ones,
to the human body is also very common. A most important disadvantage of these
prostheses is the risk of infection at the application areas that necessitates the
removing of the prosthesis with a second surgical operation and reapplication of it
after recovery. One of the best ways to solve this problem is to render metal
prostheses infection free with controlled and sustainable drug (antibiotic) release

systems.
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The long term sustained release of relevant antibiotics from the various
biodegradable polymer coated metal implants is studied in this thesis. Virtual fatigue
analysis and drug loading capacities of titanium and stainless steel samples with
different surface pattern and modifications were studied. Various biodegradable
polymer and drug combinations were examined and used for coating of metal
prosthesis. The aim is to design polymer-drug coated metal implants that are capable
of releasing a feasible amount of drug up to a period of at least 1 month. Various
coating techniques and surface modifications were also employed to improve the
adhesional properties of the drug containing polymers. Their adhesion abilities on the
metal substrates were tested by Lap-shear and T-peel tests. Polymer degradation
kinetics was followed by viscosity studies. Calibration lines for different drugs were
obtained and drug releases on different systems were followed by using UV

spectroscopy and microbial antibiotic sensitivity tests.

Among the techniques applied to prevent fast release of drugs initially, the
coatings of Vancomycin absorbed B-TCP (B-tricalcium phosphate) homogeneously
distributed in poly(D,L-lactide-co-glycolide) solution in chloroform followed by an
inert coating with poly(L-lactide) system proved to be feasible. By this technique,
initial burst release was minimized and drug release from implants lasted nearly 2
months. Multiple coatings on polymer plus drug coating layer also gave promising

results.

In vivo studies on dorsal muscles of native rabbits with antibiotic loaded
implants gave no negative effect on the surrounding tissues with high compatibility

free of infection.

Keywords: Implant Based Infections, Poly(D,L-lactide-co-glycolide), Poly(L-
lactide), B-tricalcium phosphate, Controlled and Sustainable Drug Delivery Systems



0z

METAL SUBSTRATLAR UZERINDE ILAC TASIYICI OLARAK
KULLANILAN BIYOBOZUNUR POLIMER KAPLAMALARIN
OZELLIKLERI VE ILAC SALIMLARI HAKKINDA
INCELEMELER

Baydemir, Tuncay
Doktora, Polimer Bilimi ve Teknolojisi Boliimii

Tez Yoneticisi: Prof. Dr. Erdal Bayramli

Eyliil 2009, 278 sayfa

Cesitli biobozunur polimerlerin kontrollii ve uzun siireli ilag salim sistemleri
gelistirilmesinde kullanilmasi son yillarda aktif bir arastirma alanidir. Farkli metal
protezlerin, Ozellikle titanyum bazli olanlarin, insan viicudunda farkli ortopedik
amaclar i¢in uygulanmasi da ¢ok yaygindir. Kullanilan bu protezlerin en 6nemli
dezavantaji ise uygulandiklar1 bolgelerde protezin ikinci bir operasyon ile alinip
enfeksiyonlu bolgenin iyilestirilmesinin ardindan yeniden uygulanmasini gerektiren
enfeksiyon olugsma riskidir. Bu problemi ¢ézmek icin en iyi yollardan biri metal
protezleri kontrollii ve siirdiiriilebilir ilag (antibiyotik) salim sistemleri ile donatarak

enfeksiyon riski tagimayan hale getirmektir.
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Bu tezde, s6zkonusu antibiyotiklerin farkli biyobozunur polimer kapli metal
protezlerden uzun siireli ve devamli salinimi c¢alisilmigtir. Farkli yiizey deseni ve
modifikasyonuna sahip titanyum ve paslanmaz ¢elik numunelerinin sanal yorulma
analizleri ve ila¢ yiikleme kapasiteleri ¢alisilmistir. Cesitli biyobozunur polimer ve
ilagc  kombinasyonlar1 c¢alisilmis ve bu kombinasyonlar metal protezlerin
kaplanmasinda kullanilmistir. Buradaki amag en az bir ay siiresince uygun miktarda
ilag salimi yapabilen polimer-ila¢ kapli metal protezler tasarlamaktir. Ayrica, ilag
iceren polimerlerin yapigma 6zelliklerini gelistirmek i¢in farkli kaplama teknikleri ve
ylizey modifikasyonlari uygulanmistir. Bunlarin metal yiizeyler iizerindeki yapisma
Ozellikleri Lap-shear ve T-peel testleri ile ¢alisilmistir. Polimer bozunma kinetikleri
viskozite caligmalar1 ile izlenmistir. Cesitli ilaglarin kalibrasyon dogrular1 elde
edilmis ve farkli sistemlerdeki ila¢ salimlart UV spektrofotometresi ve mikrobiyal

antibiyotik duyarlilik testleri kullanilarak izlenmistir.

Baslangicta olan hizli ilag salimini onlemek i¢in denenen metodlar arasinda
kloroform igerisinde ¢6ziinmiis poli(D,L-laktit-co-glikolit) icerisine homojen olarak
dagitilan vankomisin emdirilmis B-TCP (B-trikalsiyum fosfat) kaplamasi ve bunun
lizerine yapilan inert poli(L-laktit) kaplamasi sisteminin uygulanabilir oldugu
kanitlanmistir. Bu teknikle, baglangicta gergeklesen patlama salim minimize edilmis
ve protezlerdeki ilag salimlar1 yaklagik iki aya kadar stirmiistiir. Ayrica, polimer ve
ilag igeren kaplamalarin iizerine uygulanan ¢ok kathi kaplamalar da umut verici

sonuclar vermistir.
Antibiyotik yiiklii protezler ile yerel tavsanlarin sirt kasinda yapilan in vivo
caligmalari, protezlerin ¢evre dokularla enfeksiyon riski tagimaksizin uyumunun

ylksek olup herhangi bir olumsuz etkisinin olmadigini géstermistir.

Anahtar Kelimeler: Protez Temelli Enfeksiyonlar, Poli(D,L-laktit-co-glikolit),
Poli(L-laktit), B-trikalsiyum fosfat, Kontrollii ve Siirdiiriilebilir [lac Salim Sistemleri
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CHAPTER 1

INTRODUCTION

1.1 Overview of Biomaterials

The terms biomaterial and biomaterial science are extensively used for nearly
50 years. The concepts and definitions of this scientific area became much more
clear, broader and understandable as the new developments in this area were

achieved.

1.1.1 Definition and Use of Biomaterials

“Biomaterials” term has been used to describe both the materials derived from

biological sources and materials used in the human body for the treatment [6].

A biomaterial can be defined as any systematically, pharmacologically (living
or not living) inert substance or combination of substances utilized for implantation
within or incorporation with a living system to supplement or replace functions of
living tissues or organs. For this purpose, a biomaterial designated to be put in
contact with living tissues and/or body fluids resulting in an interface between living

and nonliving substances [7, 9, 10].

Along the history, the use of biomaterials can be seen widely. Starting from



ancient civilizations, with the help of the new technologies developed, the
importance of the use of biomaterials in our lives became clearer. Today, many
devices and implants can be produced and used in human body. Biomaterials in the
form of implants (sutures, bone plates, joint replacements, ligaments, vascular grafts,
heart valves, intraocular lenses, dental implants etc.) and medical devices
(pacemakers, biosensors, artificial hearts, blood tubes, etc.) are widely used to
replace and/or restore the function of traumatized or degenerated tissues or organs, to

assist and thus improve the quality of life of the patients [8-10].

“Biomaterials and medical devices find an application as prostheses and
implants in nearly any medical discipline. The introduction of an implant into a soft
or hard tissue induces in a first time a temporary inflammatory reaction followed by
a tissue repair around the implant. A prolonged inflammatory reaction after
implantation immediately makes rise questions about the biological and medical
advantages. In order to improve the tissue integration and subsequently the long-term
maintenance, the implant surface can be modified by mechanical, physical, chemical
or biological functionalization. The control of the physical, chemical and
biochemical properties of an implant surface is one of the most important issues in
the design of biomedical devices since the first interaction between a foreign body

(implant) and the biological environment occurs at the interface” [9].

Table 1.1 Uses of biomaterials [10]

Problem Area Examples

Replacement of diseased or damaged part Artificial hip joint, kidney dialysis machine
Assist in healing Sutures, bone plates, and screws

Improve function Cardiac pacemaker, intraocular lens

Correct functional abnormality Cardiac pacemaker

Correct cosmetic problem Augmentation mammoplasty, chin augmentation
Aid to diagnosis Probes and catheters

Aid to treatment Catheters, drains




1.1.2 History of Biomaterials

The history of biomaterials is more than several thousand years. In ancient
cultures (Egypt, Greece, Babylonia, China etc.), the use of gold, silver, cupper, lead,
wood, teeth of dogs, bones and many other materials possible have been used as
biomaterials. In these days, use of these materials was done without knowing the
concept and importance of biocompatibility. This term was introduced nearly 50

years ago [9].

By the development of aseptic surgical technique developed by Dr. J. Lister in
1860s the uses of biomaterials become practical. The problems in the previous
surgical attempts were resultant infections. Most successful implants were skeletal
ones but their inadequate design and low mechanical strength at stress concentrating
corners usually resulted in break of the implant. Also corrosion of implants was
another problem related with implants. Following improvements in this field, better
materials and designs were applied. In 1930s, with the introduction of stainless steel
and cobalt chromium alloys, successful fracture fixations were achieved. Use of
synthetic polymers became famous as a result of the understanding that PMMA
fragments did not cause adverse effects in the human body during World War II. The
blood vessel replacements in 1950s and heart valve replacements and cemented joint
replacements in the 1960s were followed these achievements. In recent years, much

more developments came true in the biomaterial sciences [10].

1.1.3 Biocompatibility

“Definitions of biomaterials and of biocompatibility have changed with respect
to the acquired knowledge and the increasing performance of a material. So a
biomaterial must now be understood as a (living or not-living) material destined to be
put in contact with living tissues and/or with biological fluids to evaluate, treat,

modify forms or replace any tissue, organ or function of the body” [9].



“The definition of biocompatibility has even more been changed with respect
to the considered material: First defined for biological inert materials, it has been
adapted to biological active and finally functionalized materials for drug binding and
drug delivery. It also has to consider biodegradable and natural materials. Its today
most objective definition should be the property of a biomaterial that is to generate in
the host an appropriate reaction. This means that knowing the multiple transient
signals in the organism, it is utopia to want not to generate any unwanted reaction.

Thus it is preferable to try to minimize it and to control it” [9].

1.1.4 Materials Used as Biomaterials

Biomaterials are primarily used for medical applications usually as prostheses
and implants [9, 11]. For different applications, materials can be chosen and
modifications and designs can be adjusted accordingly. “In medical applications,
biomaterials are rarely used as simple materials and are more commonly integrated

into devices” [11].

The materials used for biomedical applications can be grouped into four
categories. These are;

(a) metals

(b) ceramics

(c) polymers

(d) composites made from various combinations of (a), (b) and (c) [8].

Another classification of the materials is done by researchers as bioinert and
bioactive, biostable and biodegradable etc. Alumina, titania, zirconia, bioglass (or
bioactive glasses), carbon and hydroxyapatite (HA) are widely considered as
biocompatible ceramics. Metals and alloys that are successful as biomaterials
include: gold, tantalum, stainless steel, Co-Cr, NiTi (shape memory alloy), and Ti
alloys. A large number of polymers such as polyethylene (PE), polyurethane (PU),
polytetrafluoroethylene (PTFE), polyacetal (PA), polymethylmethacrylate (PMMA),



polyethylene  terepthalate =~ (PET), silicone rubber (SR), polysulfone,
polyetheretherketone (PEEK), poly(lactic acid) (PLA), and poly(glycolic acid)
(PGA) are also used in various biomedical applications. HA/PE, silica/SR, carbon
fiber/epoxy (CF/epoxy), and CF/PEEK are few examples of polymer composite
biomaterials. Each type of biomaterial has its own positive aspects that are

particularly suitable for specific application [8].

Table 1.2 Materials for use in the body [10]

Materials Advantages Disadvantages Examples
Polymers  Resilient Not strong Sutures, blood vessels, hip
Easy to fabricate Deforms with time socket, ear, nose, other soft
May degrade tissues
Metals Strong May corrode Joint replacements, bone
Tough Dense plates and screws, dental
Ductile Difficult to make root implants, pacer and
suture wires
Ceramics  Very biocompatible  Brittle Dental; femoral head of hip
Inert Not resilient replacement, coating of
Strong in compression Difficult to make dental and  orthopedic
implants
Composites Strong Difficult to make  Joint implants, heart valves

Tailor-made

1.2 Polymeric Biomaterials

All living organisms are made up of polymers. They form the building blocks
of life. Their presence has been started from the beginning of time. However, the
existence of polymers was not clear until the middle of the twentieth century. Along
with the development of synthetic polymers and understanding their nature, the doors
of a new world were opened to human being. After new developments in polymer
world, manmade polymeric materials were started to penetrate into our lives deeply.

Without polymers, life can not be as comfortable as today [12].



The use of polymers is boundless. Their great properties give them a chance to
be used in every field of life. One of them is as biomaterials. In the following parts,

some basic information about polymers is given.

1.2.1 Definition and Basic Concepts of Polymers

Polymers are large molecules consisting of a large number of small component
molecules (repeating units). The word polymer is derived from classical Greek poly
meaning “many” and meres meaning “parts.” Thus a polymer is a large molecule
(macromolecule) built up by the repetition of small chemical units. Most commercial
polymers are based on covalent compounds of carbon, although certain synthetic

polymers may also be based on inorganic atoms such as silicon [12-16, 20].

The wide variety of polymers includes such natural materials as cellulose,
starches, silk, natural rubber, proteins, polysaccharides, DNA and RNA. While these
polymers are interesting and have seen widespread use in numerous applications,
they are sometimes eclipsed by the seemingly endless variety of synthetic polymers
that are available today. From the earliest times, man has used natural occurring

polymers for different purposes [11, 16-18].

At first, man-made polymers were produced empirically without knowing the
chemical structure of the product. The only concern was the composition. However,
with the developments in science, structural concept of polymers became
understandable. After these developments about polymers, high numbers of

commercial polymers were produced between 1925 and 1950 [12, 14-17, 19].

In recent years, with better understanding polymer structure-property
relationships, discoveries of new polymerization techniques and use of new
monomers; synthetic polymers have started to find their place. These developments
in polymer science made it possible to create polymers by using various elements
and polymerization techniques. By the way, desired properties can be obtained in an

end product. Polymer materials can be produced in the form of solid plastics, fibers,



elastomers, or foams. They may be hard or soft or may be films, coatings, or
adhesives. They can be made porous or nonporous or can melt with heat or set with
heat. The possibilities are almost endless and their applications fascinating. Today,
their applications become essential for modern living and these materials are used in

all areas of daily life, from engineering to medicine [12-15].

1.2.2 Classification of Polymers

Polymers can be classified in different aspects. These are ranging from the
origin of the polymer to the preparation techniques. The more basic classification is
according to their origin. That means polymers are either natural or synthetic. Many
other classifications can be done according to the structure of polymer,
polymerization mechanism, thermal behaviour, preparation technique etc. [12].
Below, some brief explanations about different classifications of polymers are given.
This information makes much clearer to understand the importance of polymers as

biomaterials.

According to Origin:

Polymers may either be natural or synthetic. Enzymes, proteins, nucleic acids,
silk, starch, natural rubber, cellulose, alginates etc. are commonly known natural
based polymers. On the other hand, there are lots of synthetic polymers belonging

fibers, elastomers, plastics, adhesives etc. families [12, 15, 17, 18, 20].

According to Structure:

The structure of a polymer is basically dependant on the functionality of the
relevant monomers. A molecule may be classified as monofunctional, bifunctional,
or polyfunctional depending on whether it has one, two, or greater than two sites
available for linking with other molecules [12]. Therefore, the resultant polymer may
be linear, branched, crosslinked, ladder type etc. according to the monomer structure,

functionality and polymerization reaction [12, 14, 16, 17, 20].



“Polymers in the solid state may be amorphous or crystalline. When polymers
are cooled from the molten state or concentrated from the solution, molecules are
often attracted to each other and tend to aggregate as closely as possible into a solid
with the least possible potential energy. For some polymers, in the process of
forming a solid, individual chains are folded and packed regularly in an orderly
fashion. The resulting solid is a crystalline polymer with a long-range, three-
dimensional, ordered arrangement. In contrast to crystallizable polymers, amorphous
polymers possess chains that are incapable of ordered arrangement. They are
characterized in the solid state by a short-range order of repeating units. These
polymers vitrify, forming an amorphous glassy solid in which the molecular chains

are arranged at random and even entangled” [12].

Polymers may be either homopolymers or copolymers depending on their
composition. Polymers composed of only one repeating unit in the polymer
molecules are known as homopolymers. Polymers composed of more than one
different repeating unit in the polymer molecule are defined as copolymers [12-17].
The different kind of copolymers (unspecified, statistical, random, alternating, block

and graft) is given elsewhere [13, 15, 16].

“Polymers may also be classified as fibers, plastics, or elastomers. The reason
for this is related to how the atoms in a molecule (large or small) are hooked
together. The ability for close alignment of molecules depends on the structure of the
molecules. Those molecules with regular structure can align themselves very closely
for effective utilization of the secondary intermolecular bonding forces. The result is
the formation of a fiber. Fibers are linear polymers with high symmetry and high
intermolecular forces that result usually from the presence of polar groups. They are
characterized by high modulus, high tensile strength, and moderate extensibilities
(usually less than 20%). At the other end of the spectrum, there are some molecules
with irregular structure, weak intermolecular attractive forces, and very flexible
polymer chains. These are generally referred to as elastomers. Chain segments of
elastomers can undergo high local mobility, but the gross mobility of chains is

restricted, usually by the introduction of a few cross-links into the structure. In the



absence of applied (tensile) stress, molecules of elastomers usually assume coiled
shapes. Consequently, elastomers exhibit high extensibility (up to 1000%) from
which they recover rapidly on the removal of the imposed stress. Elastomers
generally have low initial modulus in tension, but when stretched they stiffen.
Plastics fall between the structural extremes represented by fibers and elastomers.
However, in spite of the possible differences in chemical structure, the demarcation
between fibers and plastics may sometimes be blurred. Polymers such as
polypropylene and polyamide can be used as fibers and as plastics by a proper choice

of processing conditions™ [12].

According to Thermal Behaviour:

According to thermal responses, polymers are classified as thermoplastics or
thermosets. Thermoplastic polymers soften and flow under the action of heat and
pressure. Upon cooling, the polymer hardens and assumes the shape of the mold.
They can be remolded into any shape using various polymer processing techniques.
On the other hand, a thermoset is a polymer that, when heated, undergoes a chemical
change to produce a cross-linked, solid polymer and chain motion of them is greatly
restricted by a high degree of crosslinking. Thermosets usually exist initially as
liquids called prepolymers; they can be shaped into desired forms by the application
of heat and pressure, but are incapable of undergoing repeated cycles of softening
and hardening. The basic structural difference between thermoplastics and
thermosets is that thermoplastic polymers are composed mainly of linear and
branched molecules, whereas thermosets are made up of cross-linked systems [12-

16, 20].

According to Preparative Technique:

Wallace Carothers classified the polymers according to their polymerization
mechanisms as condensation and addition polymerization. However, this
classification was found to be unsatisfactory after recognizing some condensation
polymerizations have features characteristic to the addition polymerization and some
addition polymerizations have features characteristic to the condensation

polymerization. Therefore, better classification was done as step-growth



polymerization and chain-growth polymerization [15, 16].

Polymers can be classified according to the preparative techniques used during
the polymerization of the monomer. Bulk polymerization, solution polymerization,
emulsion polymerization, suspension polymerization, solid state polymerization, gas-
phase polymerization and plasma polymerization techniques are the preparative

techniques and their definitions are given elsewhere [12, 14, 15].

As it is clear from above brief explanations about the polymer classifications;
the properties of polymers can be altered by the application of different
polymerization mechanisms and reaction conditions. Produced polymers can be in
various structures according to their monomer functionalities and polymerization
reaction conditions: Linear, branched, crosslinked, star-like, dendrimer, crosslinked,
ladder type etc. Also we may have homopolymers, copolymers, and hydrogels.
Polymers can be, crystalline, or amorphous. Molecular weight and its distribution
also affect the properties of produced polymer directly. That means mechanical,
thermal, and rheological properties of these materials can be modified to make them
suitable according to the purpose of usage. As a result, polymers have found various

applications as biomaterials as well as for other purposes.

1.2.3 Polymers as Biomaterials

The use of polymers as biomaterials becomes more common with discovering
their powerful properties. They can be produced in different forms ranging from
nanoparticles to macro product forms according to the purpose of use. Their
engineering properties can be adjusted in different ways. They can be used as
themselves or modified to resemble for use in human body. Also, their biodegradable
and biocompatible properties make them major candidates for biomedical

applications.

There are also some disadvantages with the use of polymers as biomaterials.
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Their low modulus of elasticity and viscoelastic characteristics make them difficult
to use for load bearing applications. Also, purity of polymers is hard to achieve.
There are usually additives within the polymers. The leaching of such additives

within the body may lead to toxicity or other detrimental effects [21].

The use of natural polymeric materials as biomaterials is also applicable but the
usage is limited with respect to limited kind and property of such materials. After the
great improvements in polymer sciences, polymers with desired properties can be

synthesized and used.

Produced, designed, and modified synthetic polymeric materials have been
widely used in sutures, artificial organs such as kidney and heart, medical disposable
supplies, prosthetic materials, dental materials, implants, dressings, extracorporeal
devices, encapsulants, polymeric drug delivery systems, tissue engineered products,

and orthodoses like those of metal and ceramic substituents [10, 13, 15].

The main advantages of the polymeric biomaterials compared to metal and
ceramic materials are ease of manufacturability to produce various shapes, ease of
secondary processability with desired mechanical and physical properties. The
required properties of polymeric biomaterials are similar to other biomaterials that
are biocompatibility, sterilizability, adequate mechanical and physical properties, and
manufacturability [10]. Also, depending upon the application, polymers used in the
biomedical field, must have one or more specific properties such as selective

permeability, the ability to biodegrade, and high strength or modulus [15].

Important properties of biodegradable biomaterials are as follows [22, 23]:
e The material should not evoke a sustained inflammatory or toxic response upon
implantation in the body.

e The material should have acceptable shelf life.

e The degradation time of the material should match the healing or regeneration

11



process.

e The material should have appropriate mechanical properties for the indicated
application and the variation in mechanical properties with degradation should be
compatible with the healing or regeneration process.

e The degradation products should be non-toxic, and able to be metabolized and
cleared from the body.

e The material should have appropriate permeability and processability for the

intended application.

The polymers that are used in biomedical applications can be either
homopolymers or copolymers. However, the basic classification of polymeric
biomaterials can be done as non-degradable and biodegradable polymeric

biomaterials.

1.2.3.1 Non-degradable Polymeric Biomaterials

In the non-degradable part of polymeric materials, although we have thousands
of different polymers and they could be used as biopolymers, only a small number of
polymers are mainly used in medical device fabrications from disposable to long-
term implants. Mostly used ones names and general uses are given in the following

table:
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Table 1.3 Biomedical applications of polymeric biomaterials [10]

Synthetic Polymers

Applications

Polyvinylchloride (PVC)

Polyethylene (PE)

Polypropylene (PP)

Polymethylmetacrylate
(PMMA)

Polystyrene (PS)
Polyethyleneterephthalate
(PET)
Polytetrafluoroethylene
(PTFE)

Polyurethane (PU)
Polyamide (nylon)

Blood and solution bag, surgical packaging, IV sets, dialysis
devices, catheter bottles, connectors, and cannulae
Pharmaceutical bottle, nonwoven fabric, catheter, pouch,
flexible container, and orthopedic implants

Disposable syringes, blood oxygenator membrane, suture,
nonwoven fabric, and artificial vascular grafts

Blood pump and reservoirs, membrane for blood dialyzer,
implantable ocular lens, and bone cement

Tissue culture flasks, roller bottles, and filterwares
Implantable suture, mesh, artificial vascular grafts, and heart
valve

Catheter and artificial vascular grafts

Film, tubing, and components

Packaging film, catheters, sutures, and mold parts

1.2.3.2 Biodegradable Polymeric Biomaterials

Biodegradable polymers can be either natural or synthetic. Synthetic polymers

can be produced with a wide range of desired properties. On the other hand, there is

no such chance for natural ones. Therefore, synthetic polymers are preferred usually

[24]. “The general criteria for selecting a polymer for use as a degradable biomaterial

are to match the mechanical properties and the degradation rate to the needs of the

application” [25].
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Table 1.4 Properties of some biodegradable polymers [25]

Polymer Tw (°C) T, (°C) Tensile modulus Degradation time
(MPa) (months)

Polyglycolic acid 225-230 35-40 7 6-12

L-Polylactic acid 173-178 60-65 2.7 >24

D,L-Polylactic acid Amorphous  55-60 1.9 12-16

Polycaprolactone 58-63  (-65)-(-60) 0.4 >24

85/15

Poly(D,L-lactide-co-glycolide) Amorphous 50-55 2.0 5-6

Degradable polymeric biomaterials are used to develop devices such as
prostheses, porous structures as scaffolds and controlled/sustained drug release
agents. Each of these applications demands materials with specific physical,
chemical, biological, biomechanical and degradation properties to provide efficient

therapy [23].

The application of synthetic biodegradable polymers started only in the later
half of 1960’s. The past two decades saw the development of a range of new
generation synthetic biodegradable polymers and analogous natural polymers

specifically developed for biomedical applications [23].

“Current efforts in biodegradable polymer synthesis have been focused on
custom designing and synthesizing polymers with tailored properties for specific
applications by [23]:

1) developing novel synthetic polymers with unique chemistries to increase the
diversity of polymer structure,

2) developing biosynthetic processes to form biomimetic polymer structures and

3) adopting combinatorial and computational approaches in biomaterial design to

accelerate the discovery of novel resorbable polymers”.

Some of the current biomedical applications of biodegradable polymeric

materials include: 1) large implants (bone screws, bone plates, contraceptive
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reservoirs etc.) 2) small implants (staples, sutures, nano or micro-sized drug delivery
vehicles etc.) 3) plain membranes for guided tissue regeneration and 4) multifilament

meshes or porous structures for tissue engineering [23, 26].

The biomaterials are mainly constituted by biodegradable polymers from
glycolide, lactide and e-caprolactone monomers. In addition to these mostly used
polymers and copolymers in this area; poly(dioxanone), poly(trimethylene
carbonate), poly(carbonate), and poly(vinyl alcohol) are also used in some extent for
their good biocompatibility, controllable biodegradability, and relatively good
processability. Polymer properties can be tailored from soft elastomerics to rigid
engineering plastics. In addition to mechanical properties, degradation rate,
hydrophilicity and solubility can be customized for individual applications. A
thorough understanding of these properties is critical to designing a quality medical

device or controlled-delivery system for use in humans [10, 27].

In Table 1.5, structures and names of some biodegradable polymers and

copolymers are given:
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Table 1.5 Names and structures of some biodegradable (co)polymers

Structure Name
. Polyvinyl alcohol
* (PVA, PVOH or PVAI)
OH |,

' 0 Polydioxanone
N > ) (PDO)
Polyglycolide

So

(PGA)
L ol
i me M Poly(L-lactide)
ﬁ \Co‘\\
Joo N (PLA or PLLA)
N |
\\,c\ i
_H3C\\ H
(|)| Polycaprolactone
*——0——(CH,)s—C—* (PCL)

HyC - Poly(D,L-lactide-co-glycolide)
I >C< : : i N Loy
* O\ /C_O C o /C_O/ \C .
/N I >C\ |
H;C H . - 0 |,
(T H3C\ “\\\H (T Poly(L-lactide-co-g-caprolactone)
C
0~ _C o \ﬁﬂo_(CHZ)S_C « | (PLLA/PCL)
™ Wy o y

1.2.3.2.1 Lactide-Glycolide Polymers

Biodegradable polyesters, especially poly(lactide) (PLA), poly(glycolide)
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(PGA) and their copolymers (PLGA) have been extensively studied and used in
medicine and surgery for controlled release of drugs, biodegradable sutures and
fracture fixation implants. In orthopedic surgery, implants made up of these polymers
are absorbed by the body after bone tissue growth in their porous structures. There
are some limitations for their use for drug formulations since these polymers are all
strongly hydrophobic. On the other hand, they can all be used as controlled drug
release agents because of their adjustable biodegradation properties and their high

biocompatibilities [2, 6, 28, 29, 30, 31].

PGA is usually obtained by polymerizing diglycolide with a tin catalyst [28].
Similarly, PLA can be obtained from dilactide by stannous octoate catalysed, ring-
opening polymerization [28, 32]. These polymers and their copolymers are obtained
by liquid-phase polymerization of the cyclic dimers of glycolide, lactide and their

mixtures [30].
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H,C CH; O CH; O
o o jr | ||jl o
—_— O—CH—C O—CH—C—
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Lactide Polylactide
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o [0} [0}
Catalyst ” ”
EE— O—CH,—C—FO—CH,—C—
0 Heat n
O
Glycolide Polylglycolide
9 0
H,C H
H;C ﬁ \C/ 0 H\ /H
O
X .y 0 —» to  —o \ | PN
C O C—O
0 D¢ I % o
O N x c |
3 H,C H 0 H/ \H 0
o 0
Lactide Glycolide Poly(Lactide-co-Glycolide)

Figure 1.1 Polymerization reactions of lactide and glycolide
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PLA, PGA, and PLGA can be degraded into non-toxic substances, and
removed from the human body [29]. “An important aspect of the biodegradation of
polyesters is the susceptibility of polyesters to hydrolytic degradation. Degradation
proceeds by random hydrolytic chain scission of the ester linkages, eventually
producing the monomeric hydroxyacid. Two distinct stages in the degradation
process have been identified. The first stage, which is nonenzymatic, is restricted to
random hydrolytic cleavage of ester linkages. The second stage, which is also
nonenzymatic, begins when the molecular weight of the polymer has decreased to the
point that chain scission can produce an oligomer small enough to diffuse from the
polymer bulk. Catastrophic loss of mechanical strength can occur during this second
phase. As the average MW approaches 10.000, microorganisms are able to digest the

low MW lactic acid oligomers to produce carbon dioxide and water” [20].

The degradation of PLA, PGA and their copolymers involves random
hydrolysis of ester bonds. PLA degrades to form lactic acid monomers which are
normally present within the body. Then, enters tricarboxylic acid cycle and is
excreted as water and carbondioxide. No significant amounts of accumulation of
degradation products have been reported in any of the vital organs [33, 34]. C"
labeled PLA has demonstrated little radioactivity in feces or urine. It is also reported
that in addition to hydrolysis PGA is also broken down by certain enzymes. Glycolic

acid also can be excreted by urine [34, 35].

The rate of degradation is determined by factors such as configurational
structure, copolymer ratio, crystallinity, molecular weight, morphology, stresses,

amount of residual monomer, porosity and site of implantation [34].

1.2.3.2.2 Lactide-Caprolactone Polymers

PCL is a semicrystalline polymer with a glass transition temperature of about
(-60)°C. The polymer has a low melting temperature (59 to 64°C) and is compatible

with a range of other polymers. PCL degrades at a much lower rate that PLA and is a
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useful base polymer for developing long-term, implantable drug delivery systems

[34].

Poly(caprolactone) is prepared by the ring-opening polymerization of the
cyclic monomer e-caprolactone. Catalysts such as stannous octoate are used to
catalyse the polymerization and low molecular weights alcohols can be used as
initiator which also can be used to control the molecular weight of the polymer [28,

34, 36, 37].

The homopolymer has a degradation time of the order of two to three years
[34, 38, 39, 40]. PCL with an initial average molecular weight of 50,000 takes about
three years for complete degradation in-vitro [34, 41]. Copolymers of g-caprolactone
with D,L-lactide have been synthesized to yield materials with more rapid
degradation rates [34, 40]. PCL is considered a non-toxic and a tissue compatible

material [34, 38].

O]
0]
Catalyst |
2 - 0—(CH,)s—C
Heat (CHy)s
n
g-caprolactone Polycaprolactone (PCL)

Figure 1.2 Polymerization reaction of e-caprolactone

During the past three decades, researches in copolymers of L-lactide and e-
caprolactone have increased steadily as their potential in a wide range of biomedical
applications has been realized. These applications have so far included biodegradable
controlled-release drug delivery systems [43, 44], monofilament surgical sutures [45,

46], and absorbable nerve guides [47]. Tissue compatibility of these copolymers in

19



vivo also studied in details [48]. By varying the copolymer composition, monomer
sequencing and molecular weight, the copolymer properties can be tailored to meet
the specific requirements of each particular application. The copolymers have been

shown to be both biocompatible and biodegradable [42].
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L-lactide g-caprolactone Poly(L-lactide-co-g-caprolactone)

Figure 1.3 Polymerization reaction of L-lactide with e-caprolactone

Biodegradation proceeds via simple hydrolysis (random chain scission) leading
to progressively lower molecular weight fragments. In the case of lactide rich
fragments, hydrolysis usually continues unabated until L-lactic acid is formed.
However, caprolactone rich fragments tend to be taken up in the final stage by
macrophages and giant cells and degraded within these cells by enzymes before
eventually yielding e-hydroxycaproic acid. Both L-lactic acid and e-hydroxycaproic
acid are either metabolizable or excretable from the human body without any adverse

toxicological effects [42].

1.2.3.2.3 Poly(vinyl alcohol)

Poly(vinyl alcohol) (PVA) production is the largest in volume all over the
world among the water soluble polymers [49]. It is not produced by direct
polymerization of the corresponding monomer, since vinyl alcohol tends to convert
spontaneously into the enol form of acetaldehyde, driven by thermodynamic reasons

and with extremely limited kinetic control [49, 50]. Therefore, it is prepared by the
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hydrolysis of polyvinyl acetate [28, 49].

The degree of solubility and biodegradability as well as other physical
attributes can be controlled by varying the MW and the degree of hydrolysis of the
polymer [28, 51]. Polyvinyl acetate, if hydrolyzed to less than 70%, is claimed to be
nonbiodegradable under conditions similar to those that biodegrade the fully
hydrolyzed polymer [28, 52]. PVA grades with degree of hydrolysis ranging between
70 and 99% are commercially available for applications that are somewhat bound to
the degree of polymerization, melting point, and rate of dissolution in water [49].
Biodegradation of PVA and PV A based materials at different conditions is explained

in details in elsewhere [49].

OH catalyst

== + —_— ———» O

\ initiator VH/\_F‘H
—> O O
5 o :< Y

poly(vinyl acetate)

CH;0H
catalyst O
L,F‘JJ . fo
OH /

poly(vinyl alcohol)

Figure 1.4 Reaction sequence used in the industrial production of PVA [49]

1.2.4 Ceramics as Biomaterials

Ceramics are refractory, polycrystalline compounds, usually inorganic,
including silicates, metallic oxides, carbides, and various refractory hydrides,
sulfides and selenides. Oxides such as Al,O3;, MgO, Si0O,, and ZrO, contain metallic

and nonmetallic elements and ionic salts such as NaCl, CsCl, and ZnS [10, 53]. The
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use of ceramic biomaterials was based on the inertness of the materials used and in
the following years, bioactive and degradable (partially or fully) ceramics were

identified for different clinical purposes [54].

In order to be classified as biomaterial, ceramic material should be nontoxic,
nancarcinogenic, nonallergic, noninflammatory, biocompatible and biofunctional for

its lifetime in the host [10].

Structural forms of bioceramics have included bulk solids or particulates with
and without porosities for tissue ingrowth, and more recently, coatings onto other
types of biomaterial substrates. Applications of ceramic biomaterials range from bulk
(100%) ceramic structures as joint and bone replacements to fully or partially
biodegradable substrates for the controlled delivery of pharmaceutical drugs, growth

factors, and morphogenetically inductive substances [54].

Bioceramics can be classified basically as nonabsorbable (relatively inert),
bioactive or surface reactive, and biodegradable or resorbable. Aluminum oxide
(alumina), zirconia, calcium aluminate, pyrolytic carbon-coated devices and silicone
nitrides are examples of nonabsorbable (bioinert) ceramics. They can maintain their
properties while in the host. Bioactive or surface reactive ones can form strong bonds
with adjacent tissue. Examples of this class are dense nonporous glasses and
hydroxyapatites. The last branch of bioceramics is biodegradable or resorbable
ceramics. They degrade upon implantation in the host. The rate of degradation
depends on the material used. The examples are mainly the variation of calcium
phosphate. Aluminum calcium phosphate, coralline, plaster of Paris, hydroxyapatite

and tricalcium phosphate can be counted in this class of bioceramics [10].

1.2.4.1 Tricalcium Phosphate (TCP) Ceramics

In general, calcium phosphates have been widely used as biomaterials. In terms

of degradability and bioactivity, tricalcium phosphates (TCPs) are preferred
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commonly in clinical applications among these bioceramics [55].

The first successful application of calcium phosphate reagent was for the repair
of bone defect in human in 1920 [56]. The synthetic scaffolds from calcium

phosphates have been employed in orthopedics since 1980°s [57].

Calcium phosphate ceramics are biodegradable, biocompatible and
osteoconductive materials and have been used widely as bone substitutes in

biomedical fields [56-64].

Classification of calcium phosphate ceramics can be done with respect to Ca-P
molar ratio and their properties, especially biodegradation, changes accordingly with

this ratio [57, 61, 64].

TCP ceramics have general formula Ca3(POs),. They are also known as
calcium orthophosphate, tertiary calcium phosphate or tribasic calcium phosphate.
They have a and B forms depending on their crystal structures. Different processing

conditions are needed to obtain each one.

Calcium phosphate ceramics, especially B-tricalcium phosphate (B-TCP) and
hydroxyapatite (HA) (Ca;o(PO4)s(OH),) show excellent bioactivity for bone repair
and regeneration because their chemical compositions are very similar to bone [57,
61-64]. Applying different fabrication processes, several forms of calcium
phosphates having different density and porosity can be produced [62]. A
multicrystalline porous form of B-TCP has been used to correct periodontal defect
and augment body contours [10, 65]. X-ray diffraction of B-TCP shows an average

interconnected porosity of over 100 um [10, 66].

1.2.5 Metals and Alloys as Biomaterials

Metallic biomaterials are the dominating group of materials because of their
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excellent mechanical properties including high strength, ductility, fracture toughness,

wear resistance and electrical and thermal conductivities [10, 67-71].

The most important parameters for metallic biomaterials that they cannot be
replaced by polymers or ceramics is their suitability under static, dynamic and impact

loads [67, 68, 71].

With having such superior properties, they can be used as total hip and knee
joints, artificial joints, dental implants, nails, screws, plates, spinal fixation devices,

stents, catheter guide wires, orthodontic archwires etc. [10, 67-71].

Corrosion resistance is one of the most important parameters for metals and
alloys to be used as biomaterials [67, 68, 71]. Possible release of toxic metallic ions
and particles may cause toxic and allergic reactions. Therefore, metallic biomaterials

should have good corrosion resistance [67, 68, 71].

Another important factor for metallic biomaterials is their availability and cost

for the production and acceptance as a medical device or implant [67, 70].
As explained properties and studies on metallic materials concerned, stainless
steels, CoCr alloys, titanium and alloys, pure niobium and tantalum can be count as

metallic biomaterials each one having its own advantages [10, 67-73].

In Table 1.6, some of the physical and mechanical properties of various

implant materials are given. Natural bone values are also given for comparison.
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Table 1.6 Properties of various metallic materials [71]

Properties Natural Ti Alloy Co-Cr Stainless
Bone Alloy Steel
Density (g/cm’) 1.8-2.1 4.4-4.5 8.3-9.2 7.9-8.1
Elastic modulus (GPa) 3-20 110-117 230 189-205
Compressive yield strength (MPa) 130-180 758-1117 450-1000 170-310
Fracture toughness (MPam'?) 3-6 55-115 N/A 50-200

1.2.5.1 Stainless Steels

The first stainless steel utilized for implant production was the 18-8 (type 302)
and is stronger and more corrosion resistant than vanadium steel. Later, known as
type 316 stainless steel, having a small percentage of molybdenum to improve the
corrosion resistance to salt water, was improved. In 1950s, carbon content of it was
reduced to 0.03 weight percent to increase the corrosion resistance and minimize the
sensitization. By this way, type 316L stainless steel was produced. Cr, Ni and Mo
content of steel is important for having high corrosion resistance and Cr and Ni

content of steel determines the austenitic phase formation [10].

The austenitic stainless steels (especially type 316 and 316L) are most widely
used for production of implants. Their hardening and strengthening processes can not
be achieved by heat treatment but can be done by cold-working. ASTM recommends
the use of type 316L rather than type 316 for implant production. The only difference

between these two types is their maximum carbon contents [10].
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Table 1.7 Composition of 316L stainless steel (American Society for Testing and
Materials, F139-86, p.61, 1992) [10]

Element Composition (w/w %)
Carbon 0.03 max
Manganese 2.00 max
Phosphorus 0.03 max
Sulfur 0.03 max
Silicon 0.75 max
Chromium 17.00-20.00
Nickel 12.00-14.00
Molybdenum 2.00-4.00

[ron Balance

The compositions of other stainless steel types used for biomedical applications

are given in elsewhere [72].

1.2.5.2 Titanium and Its Alloys

Among the metals, titanium and its alloys have an outstanding position due to
their excellent balance of mechanical properties, good biocompatibility, good
resistance to corrosion and light weight. Therefore, they are the most widely used

metals in orthopedic and dental applications [10, 67, 72, 74-77, 79].

The use of titanium for implant fabrication dates back to 1930s. There are four
grades of unalloyed commercially pure (cp) titanium and their chemical
compositions are given in the following table. For these different grades, oxygen,
iron and nitrogen content should be controlled carefully. Especially, oxygen has a

great influence on the ductility and strength of the titanium [10].
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Table 1.8 Chemical compositions of Ti and its alloy (American Society for Testing
and Materials, F67-89, p.39, F136-84, p.55, 1992) [10]

Element Grade 1 Grade 2 Grade 3 Grade 4 Ti6Al4V"

Nitrogen 0.03 0.03 0.05 0.05 0.05
Carbon 0.10 0.10 0.10 0.10 0.08
Hydrogen 0.015 0.015 0.015 0.015 0.0125
Iron 0.20 0.30 0.30 0.50 0.25
Oxygen 0.18 0.25 0.35 0.40 0.13
Titanium Balance Balance Balance Balance Balance

* Maximum allowable weight % of aluminum is 6.00%, Vanadium is 4.00%, and other elements are

0.1% or 0.4% total.

In the following table, some mechanical properties of Ti and its alloy are given.

Table 1.9 Mechanical properties of Ti and its alloy (ASTM F136 American Society
for Testing and Materials, F67-89, p.39, F136-84, p.55, 1992 and Davidson et al.,
1994) [10]

Property Gradel Grade2 Grade3 Grade4 Ti6Al4V
Tensile strength (MPa) 240 345 450 550 860
Yield Strength (MPa) 170 275 380 485 795
Elongation (%) 24 20 18 15 10
Reduction of area (%) 30 30 30 25 25

Another aspect for preference of titanium and its alloys over other metallic
biomaterials is that they have a low solubility and high thermodynamic stability.
With these properties, transport and reaction of corrosion products in/with the body
elements are prevented [67]. They are also preferable over other metallic

biomaterials in terms of occuring allergy problems concerned [72].
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Titanium based materials are not bioactive and after implantation they are
isolated from bone by surrounding fibrous tissue [74]. Biointegration of them is less
when compared to calcium phosphate ceramics [77]. Different functional coating and
surface pretreatment techniques can be applied and composite materials can be

developed to produce tailored biomaterials [67, 74-84].

Titanium and its alloys find usage in the human body as artificial hip joints,
artificial knee joints, bone plates, screws, dental implants etc. for replacing failed
hard tissue [72]. In dentistry, they are used for crowns, bridges, partial/complete

dentures, metal-ceramic restorations etc. [75].

1.3 Implant Related Infections

Infection is defined as a homeostatic imbalance between the host tissue and the
presence of microorganisms. Infection is associated with a large variety of wound
occurrences. Usually, sufficient immune response can overcome the microorganism
invasion. Otherwise, trials for decreasing bacterial load in the wound should be

necessary to maintain wound healing process [85].

Despite the advances in surgical techniques, sterilization and aseptic
procedures and newly developed antibiotics and delivery systems, risk of bacterial
infection is considerable when facing with musculoskeletal injuries and procedures

involving prosthetic implants [5, 83, 85-92].

Implant related infections are typically as a result of growing microorganisms.
The consequence is biofilm formation. Pathogenesis of implant related infections
involves interaction between the microorganisms (biofilm formation), the implant
and the host [93, 94]. Bacteria that have the ability to form biofilms show increased
protection from the host defense and high resistance to various antibiotic treatment

methods [95].
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Microorganism
(biofilm formation)

Implant
(surface characteristics)

Biocompatibility (inflammatory response)

Figure 1.5 Interaction between the microorganism, the implant and the host in the

pathogenesis of implant-associated infections [94]

Prosthetic joint infections can be classified as early infection, delayed infection
and late infection [93, 94]. The following table gives basic information about these

kinds of infections respectively.
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Table 1.10 Classification of implant-associated infections according to the onset of

symptoms after implantation [93]

Classification Onset of infection Pathogenesis

after implantation

Typical

microorganisms

Prosthetic  Infections
joint associated with
infections  fracture

fixation devices

Early infection <3mo <2wk During implant
surgery or the
following 2-4d

Delayed 3-24mo 2-10wk During implant
infection surgery with
delayed

manifestation

Late infection >24mo >10wk Predominantly
caused by
haematogeneous
seeding from

remote infections

Highly virulent organisms
such as Staphylococcus
aureus or Gram-negative

bacilli

Less virulent organisms
such as coagulase-negative
staphylococci or

Propionibacterium acnes

Typically caused by
virulent microorganisms
such as S. Aureus, -
haemolytic streptococci or

gram-negative bacilli

In modern biomaterials science, orthopedic implants gain importance to

improve the relevant patients’ lives. In USA and United Kingdom, more than

250,000 total hip replacements are performed annually in total. In spite of safety

regulations and high biocompatibilities, less than 10% of the patients are at risk to

have complications during their lifetime [96].

Nearly, half of the 2 million cases of nosocomial infections that occur each

year in USA are as a consequence of indwelling devices applied to patients [3, 93].

The cost of implant related infections are estimated as £ 7-11 million per year [97].

30



In the range of 3-40% of reported cases about external fixation devices and open

fractures can lead to osteomyelitis and septicaemia mainly [97].

The infection rate for primary hip replacement is less than 1% and for knee
replacement is less than 2%. [91, 93, 94, 98-100]. Since the infection rates are higher
after revision surgery (5-40%), in average, 1-5% of internal fixation devices become
infected [85, 90, 92, 94, 95, 101] and this rate decreases to 1-2% in the institutions

having highly trained surgeons [95].

Table 1.11 Clinical and economic consequences of infections associated with

surgical implants [3]

Implants Projected Average Preferred Estimated
inserted infections rate of practice of average
Implant in the US of infection surgical cost ($)
annually  implants (%) replacement
annually (no of stages)
Cardiovascular
Mechanical heart valve 85,000 3,400 4 1 50,000
Vascular graft 450,000 16,000 4 lor2 40,000
Pacemaker-defibrillator 300,000 12,000 4 2 35,000
Ventricular assist device 700 280 40 1 50,000
Orthopedic
Joint prosthesis 600,000 12,000 2 2 30,000
Fracture-fixation device 2,000,000 100,000 5 lor2 15,000
Neurosurgical-ventricular 40,000 2,400 6 2 50,000
shunt
Plasticcmammary implant 130,000 2,600 2 2 20,000
air
Urologic-inflatable penile 15,000 450 3 2 35,000
implant
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Infections related with surgical implants are problematic and more difficult to
treat [3, 4, 93, 98, 102-104] since implant surfaces are ideal substrates for bacterial
colonization and so for biofilm formation [109]. Treatment usually includes long
term systemic antibiotic therapy, repeated surgical procedures, including simple
debridement procedures and multiple revisions, and one or two stage removal and
replacement of the implant [3, 4, 89, 95, 97-100, 103-108]. These treatments are
resulted in considerable morbidity, pain, suffering and higher costs [3, 89, 92, 99,
100, 105, 110]. Also, during the treatment, patients have to stay in hospital for longer
periods with having an invalid physical and psychological state [92, 99].

Staphylococcus aureus and coagulase-negative staphylococci are responsible
for the majority of implant related infections after surgical procedure [102]. About
two thirds of infections are caused by either staphylococcus aureus or coagulase-

negative staphylococci [3, 89, 95, 99, 107, 111].

Table 1.12 Distribution of microorganisms causing implant-associated infections
[93]

Microorganism Frequency (%)
Staphylococcus aureus 33-43
Coagulase-negative staphylococci 17-21
Streptococci 11-12
Gram-negative bacilli 5-14
Enterococci 3-7
Anaerobes 2-5
Polymicrobial 5-13
Unknown 5-6

(Data are compiled from 40 episodes of infections associated with total knee arthroplasty [112] and 63

episodes with total hip arthroplasty [113])
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1.3.1 Osteomyelitis

Osteomyelitis is an inflammatory bone and bone marrow disease caused by
microbial infection (gram-positive and gram-negative bacteria) of the bone
medullary cavity, cortex and/or periosteum [114-116]. It is a refractory illness and

potentially leading to amputation or even death [117].

Two predisposing factors are required for the development of osteomyelitis,
which are trauma and introduction of bacteria [114]. The most common cause of

osteomyelitis is post-operative sepsis following orthopedic procedures [115].

Osteomyelitis may occur as a result of a bacterial bloodstream infection that
spreads to the bone. It can also occur from a nearby infection due to a traumatic
injury, frequent medication injections, a surgical procedure, or use of a prosthetic
device. Also, individuals with weakened immune systems are more likely to develop

osteomyelitis [118].

Osteomyelitis is a disease difficult to treat and eradicate [119]. The treatment
of chronic osteomyelitis usually includes removal of infected tissue and foreign
bodies by surgical debridement and application of appropriate antibiotic therapy for a
period of time usually 4-6 weeks based on bacterial sensitivity [114-116, 120-127,
129-131].

Implant related infections can be caused by all kinds of implanted medical
devices and the risk of infection can be either acute or chronic with periods of

latency extending the entire life of a patient [128].

Generally, systemic perioperative applications of antibiotics are performed in
orthopedic surgery. To prevent deep wound infection caused by inoculated bacteria,

high protective tissue levels are achieved [4].

Osteomyelitis and other possible implant related infections are usually treated
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by surgical debridement and prophylactic antibiotics [97, 132]. Conventional
systemic delivery of antibiotics for prevention and curing of such infections is
limited due to systemic toxicity [85, 86, 97, 130, 133], poor penetration into ischemic
and necrotic tissue [85, 97, 86, 133] and need for hospitalized monitoring of drug

levels and effects [5, 85].

When compared to the conventional antibiotic administration methods, local
antibiotic release systems can provide more efficient delivery of higher doses of
antibiotics for an extended duration to the site of infection without exceeding the
toxic levels [4, 5, 85, 86, 129, 134, 135]. Implant material combined with

antimicrobial drugs can serve as a suitable agent for local antibiotic release [90].

Local antibiotic release and further local and controlled antibiotic release
systems and devices have been investigated by many researchers. The success rates
of treatments are changing according to the efficiency of a system, materials’
properties, drug release rates, kind of drugs, kind of bacteria, level of bacterial
resistance to antibiotics etc. Optimization for all kinds of implant systems are
necessary to minimize the risk of infection and achieve qualified treatments when

facing with implant related infections.

1.4 Controlled Drug Release Systems

Drugs were commonly administrated by oral routes as liquids or in powder
forms. Later, new routes and dosage forms containing the drug(s) were introduced to
avoid the problems occurring through the utilization of the oral route of drug
administration. As time progressed, the need for delivery systems that maintain a
steady release of drug to the specific area of human body became obvious. Therefore,
drug delivery systems were developed to optimize the therapeutic properties of drug

products and render them more safe, effective and reliable [136].

From the starting point of pharmacological therapy, the major concern has been
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maintaining the steady therapeutic drug levels in vivo. The potential disadvantages of
oral and intravenous therapies mainly include;

e high plasma concentrations of drugs that may lead to toxicity

e low drug levels that cause to subtherapeutic blood levels

¢ having a potential to cause drug resistance in some instances.

To surpass such problems, newly developed controlled release systems were
essential [136]. In recent years, studies about targeting drugs to relevant body sites
and precise controlling of the drug release rates for prolonged times has shown the
possibility of such improvements. Newly developed drug delivery systems have had
a great impact on every branch of medicine [137]. Indeed, a large number of new
delivery technologies surface each year and every part of the body has been studied
as a potential route for administrating both classical and novel drugs. Attractive drug
delivery techniques (nanodevices, implants, microfabricated systems, cell
encapsulation devices etc.) are currently under intensive study and as a result of these

advances; the market for drug delivery is changing drastically [139].

In Figure 1.6 and 1.7, the differences between conventional drug

administration and controlled drug release can be seen.

S
BN

| non-therapeutic levels

Plasma Drug Concentration

Figure 1.6 Plasma drug concentrations resulting from multiple injections and/or oral

administrations [141]
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Figure 1.7 Drug levels in the blood with (a) traditional drug dosing (b) controlled
delivery dosing

In the early stages, researches were mainly focused on the zero-order release
devices that mean maintaining a constant drug concentration in blood for an
extended period of time. However, absorption of the drug by the body usually does
not follow the zero order kinetics. The main consideration should be to maintain the

drug concentration between minimum effective and maximum safe amounts [138].

Local drug release applications are preferred due to the numerous advantages
over systemic drug administration methods. These advantages are listed in Table
1.13. The local release applications are considered in the first place to address
thrombosis, osteomyelitis, periodontitis, biomedical device related infections and
other microbial pathologies or inflammatory complications that are refractory to

most conventional methods [128].
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Table 1.13 Advantages of local drug release systems over systemic drug therapy

[128]
1 Lower doses required
2 Greater control over toxicity and bioavailability of dose
3 Less susceptibility to promoting antibiotic resistance
4 Extended duration of release
5 Possibilities to combine local and systemic drugs with different kinetics
6 Controlled release from surfaces of combination devices directly to site
7 Avoidance of systemic drug exposure
8 Direct mitigation of device-centered infection using combination device

release

The above advantages must be weighed against the following concerns in the

development of each particular drug-delivery system:

toxicity of the materials or the degradation products from which the drug is
released, or other safety issues such as unwanted rapid release of the drug
discomfort caused by the system itself or the means of insertion,

expense of the system due to the drug encapsulation materials or the

manufacturing process [137].

1.4.1 Mechanisms of Drug Release Systems

Polymeric drug delivery systems can be classified into four major categories.

These are;

o diffusion-controlled systems
e solvent-activated systems

e chemically controlled systems [137, 140] and
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e magnetically controlled systems [137].

A combination of these systems is also applicable [137].

1.4.1.1 Diffusion-controlled systems

Diffusion-controlled systems involve two types: reservoir and matrix.

In a reservoir type, powder or liquid form of drug is placed into the various
shaped permeable polymer reservoirs. They can be both biodegradable and
nonbiodegradable. The important point for biodegradable ones is that their
biodegradation rates should be low to release the drug before biodegradation process
proceeds. A layer of polymeric material surrounds the core and through which drug
slowly diffuses. For the uniform and homogeneous release rates, the thickness of the
reservoir should be the same in every point. The major problems arising from
reservoir types are the need for removal of the reservoir if it is nonbiodegradable and
the ruptures of the reservoir resulting in large amount of drug release called as drug

dumping [136, 140].

In the matrix type, the drug is uniformly distributed throughout the polymer
matrix and is released at a uniform rate as drug particles dislodge from the polymer

network. In such a system, there is no danger of drug dumping [136, 140].

1.4.1.2 Solvent-activated systems

Solvent-activated systems are of two types: osmotically controlled and

swelling controlled systems.
In the osmotically controlled system, an external fluid containing a low

concentration of a drug moves across a semipermeable membrane to a region inside

the device, where the drug is in high concentration. Osmotic pressure tends to
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decrease the concentration gradient between one side of the membrane and the other.
The inward movement of fluid forces the dissolved drug out of the device through a

small orifice [140].

In the swelling controlled systems, the polymer holds a large quantity of water
without dissolving. The system consists of hydrophilic macromolecules cross-linked
to form a three-dimensional network. A characteristic of such systems is their
permeability, for low molecular weight solutes, at a controlled rate as the polymer

swells [140].

1.4.1.3 Chemically Controlled systems

Chemically controlled systems also have two classes: the “pendant-chain”

system and the biodegradable system.

A “pendant chain system” is one in which the drug molecule is chemically
linked to the backbone of the polymer. In the body, in the presence of enzymes and
biological fluids, chemical hydrolysis, or enzymatic cleavage, occurs with

concomitant release of the drug at a controlled rate [140].

In the bioerodible system, the controlled release of the drug involves polymers
that gradually decompose. The drug is dispersed uniformly throughout the polymer
and is slowly released as the polymer disintegrates. Two major advantages of
erodible systems are polymers do not have to be removed from the body after the
drug supply is exhausted, and the drug does not have to be water-soluble. For these
advantages, future use of biodegradable polymers is likely to increase more than any

other type of polymer in the future [140].
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1.4.1.4 Magnetically Controlled systems

Magnetically responsive drug carrier systems, composed of albumin and
magnetic microspheres, have been developed for use in cancer chemotherapy.
Because of their magnetic characteristics, these microspheres are theoretically
capable of enhanced area-specific localization. This carrier system is capable of
accommodating a wide variety of drugs. Two major advantages of the magnetically
responsive carrier system over other drug delivery systems are its high efficiency for
in vivo targeting and its controllable release of a drug at the microvascular level

[136, 140].

These different systems can be visualized in Figure 1.8:

Figure 1.8 Polymer-based delivery systems, adapted from [137]

In a-¢, small dots represent drug and arrows show the direction in which drug
is released. a. Reservoir system in which drug diffuses through a polymer membrane.

b. Matrix system in which the drug is evenly distributed through a polymer system.

40



¢. Osmotic system in which drug is pumped out through a laser-drilled hole. d.
Polymeric drug conjugates. The curved line represents polymer. The bonds
connecting drug (D) and polymer are cleavable inside the body. The targeting moiety

(T) is optional [137].

Drug release from biodegradable polymers can occur in the following three

mechanisms shown below (Heller, 1985) [11];

MECHANISM A

E+O+E®TE— — —(B—B—EB—FB)— —» SMAL

MOLECULES
®» ® ® e o ®

* REACTMITY (A) > (B

MECHANISM B

t, ts TOTAL
_— —_—

I1«12

MECHANISM C

- » — » TOTAL
EROSION

COMPLETELY DIFFUSION CONTROLLED

TOTAL
EROSION

COMPLETELY ERCSION CONTROLLED

Figure 1.9 Schematic representations of possible drug release mechanisms [11]

In mechanism A, covalently bonded active agent A to the biodegradable

polymer backbone composed of B, is released by the hydrolysis of the bond. In
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mechanism B, the active agent is contained within a core and is surrounded by a
biodegradable and rate controlling polymer membrane. Diffusion controlled release
occurs. In mechanism C, the active agent is dispersed in a biodegradable polymer

and release of active agent is controlled by diffusion, biodegradation or both [11].

In magnetically controlled systems, small magnetic beads are homogeneously
dispersed in a polymer matrix. Diffusion of the drug can be seen through the
biological system. When applying external oscillating magnetic field, larger amounts
of drug can be released quickly. The following figure represents such system [136].
Magnetically controlled release systems are not limited by such application. Other

possible uses of such systems are also possible.

Csecillating magnetic teld

Polymer rairix Jr vlr l l' ‘I’

Dispersed drug

O
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Vibrating magnetic beads

o | extruded

Figure 1.10 Schematic diagram of a magnetically controlled polymeric drug delivery
system (From Danckwerts and Fassihi, 1991) [136]

1.4.2 Implantable Drug Delivery Systems

Most extensively studied systems of devices for the release of antibiotics are

mainly includes musculoskeletal and orthopedics-related devices, wound dressings,
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periodontal devices, and intravascular devices and vascular grafts [85]. According to
the purpose; optimization of material selection, material properties, material
combinations, coatings, drug properties, body responses, active agent release
properties, biodegradation properties etc. are necessary for successful applications.
Therefore, the possibility of discovering newly devices seems endless. That is why;

the researches on such systems have been increasing as the time proceeds.

1.5 Scope of the Study

The main aim of this study was to develop long-lasting controlled drug release
system introduced implant systems. Our idea was to improve such release system
introduced implant device to minimize the risk of infections occurring as a result of
implant insertions. To achieve this aim, many steps and precautions should be taken.

These main steps that were studied can be listed as follows;

e Polymeric film formation and coating thickness studies
e Metal indentation studies

e Surface modification studies

e Studies on the adhesional properties of polymeric films
e Polymer degradation studies

e Studies on antibiotic activities

e Drug release studies (in vivo and in vitro)

e Effect of multilayer coating approach

e Effect of TCP (polymer composite approach)

e Microbial tests

e Antibiotic activity tests

e Antibiotic release kinetics etc.
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With the results of these and much more studies, our main aim is to achieve
nearly 2 month-lasting controlled drug release system introduced metal implant.
Also, other main goals are to reduce the initial fast release of such systems and to
improve adhesion for reducing the problems arising from coatings. The uses of such
implants are mainly for joint implantations. However, once the system is designed, it
can be used in many parts of the human body for different purposes. By the way,
getting rid of changing implant material in an infectious situations and providing
comfort for patient by reducing the treatment times, pain and expenses for treatments

are thought as the final achievements of this study.

1.6 Review of Literature

Schmidmaier et al. [142] studied a controlled, local release of growth factors
from a biodegradable polylactide coating of osteosynthetic implants. They
investigated the effect of locally applied IGF-1 and TGF-B1 from a biodegradable
PDLLA coating of intramedullary implants on fracture healing in a rat model. After
28 and 42 days, respectively, tibiae were dissected for mechanical torsional testing
and histomorphometrical analyses. X-rays demonstrated an almost completely
consolidated fracture, biomechanical testing showed a significantly higher maximum
load and torsional stiffness, and histological and histomorphometric analyses
demonstrated progressed remodeling after 28 and 42 days in the group treated with
growth factors as compared with controls. They found that PDLLA coating itself
revealed a positive effect on fracture healing even without incorporated growth
factors. They observed no systemic changes of serum parameters, including IGF-1
and IGF binding proteins, and no differences in body weight and body temperature
within and between groups. They conclude that the local application of growth
factors from a biodegradable PDLLA coating of osteosynthetic implants accelerates

fracture healing significantly without systemic side effects.

Price et al. [5] studied to develop a biodegradable implant coating with
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impregnated antibiotics as an adjunct to current therapy of chronic osteomyelitis.
They used a polylactic-co-glycolic acid copolymer (PLGA) as the biodegradable
carrier and gentamicin as the antibiotic. In the elution study, coated implants were
incubated in phosphate buffered saline (PBS) at 37°C and sampled daily for
gentamicin levels. The in vitro model consisted of test tubes containing Mueller-
Hinton culture broth inoculated with 5x10° cfu of Staphylococcus aureus and
incubated at 37°C. The implants were switched to a new set of inoculated tubes each
day. Tubes were sampled for colony counting to determine bactericidal effects.
Implant coatings consisted of 40 mg of gentamicin as a 20% mixture with PLGA.
The elution curve showed an average level of 138 pg/ml over 15 days. This local
concentration would be more than adequate to kill susceptible organisms. The in
vitro study showed a significant reduction in bacterial growth in the test tubes
containing coated implants. This study showed that a thin biodegradable implant
coating can be developed with bactericidal activity against the organisms frequently

associated with osteomyelitis in cases of open fractures.

Rutledge et al. [86] studied the efficacy and safety of an absorbable polymer
(polycaprolactone) as an antibiotic delivery vehicle for treatment of osteomyelitis.
They induced an intramedullary osteomyelitis in the femur of adult rabbits by
Staphylococcus aureus inoculation after use of a sclerosing agent, and then treatment
was done with intramedullary irrigation and implantation of a rod made of
polycaprolactone, polycaprolactone plus 6% tobramycin, or polymethylmethacrylate
plus 6% tobramycin. At defined intervals, the animals were euthanized and culture of
the inoculated site was done. Histologic sections of body tissues were made to look
for signs of systemic toxicity of the implant. After 4 weeks of treatment, they found a
statistically significant difference between the animals that were treated with
irrigation alone and the animals that were treated with antibiotic-laden rods of
polycaprolactone or polymethylmethacrylate. There was no difference between the
antibiotic rod types. No histologic evidence of toxicity was found. From this study,
they concluded that bioabsorbable rods of polycaprolactone are a safe and effective

means of antibiotic delivery for treatment of osteomyelitis.
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Lucke et al. [4] studied to evaluate the efficacy of a new biodegradable,
gentamicin-loaded poly(D,L-lactide) (PDLLA) coating of orthopedic devices to
prevent implant-related osteomyelitis. The medullary cavities of tibiae in 30 Sprague
Dawley rats were contaminated with Staphylococcus aureus. Titanium Kirschner
wires, uncoated (group II), coated with PDLLA (group III), or coated with PDLLA+
10% gentamicin (group 1V), were implanted. Follow-up was 6 weeks and in weekly
intervals X-rays of the tibiae were performed, blood counts were taken, and body
temperature and weight were determined. Cultures of implants of group IV showed
significantly reduced bacterial growth compared to cultures of groups II and III, and
three implants of group IV remained sterile. Further radiological and histological
signs of infection were significantly reduced in the gentamicin-coated group
compared to groups II and IIl. No significant differences in body weight, body
temperature, and blood parameters between all groups were observed. Thy finally
concluded that local application of antibiotic-coated orthopedic devices containing
PDLLA and 10% gentamicin significantly reduced implant-related infection in this

animal model.

Benoit et al. [129] studied to treat the bone infections with antibiotic loaded
plaster of Paris implants coated with poly(lactide-co-glycolide) controlled release
system. Implants were loaded with Vancomycin (60 mg/g of carrier). The regulation
of the release rate was performed by coating the carrier with a polylactide-co-
glycolide polymer composed by 10% (w/w) polyglycolic acid and 90% (w/w)
racemic poly(D,L-lactic acid). The release of the antibiotic from the biodegradable
matrix was evaluated in vitro. From this investigation, drug elution depends on the
coating depth. After a burst effect occurring on the first day of the experiment,
therapeutic concentrations were measured during one week when uncoated implants
were used. The coating allowed decrease of the burst effect and extended efficient
release to more than five weeks when the implants were embedded with six layers
(162 mm) of PLA45GA10. This delivery system was implanted into the femoral
condyle of rabbits. It was shown that the in vivo release was also closely regulated
by the coating depth. In all bone tissues (bone marrow and cortical bone)

surrounding the pellets, the drug concentration exceeded the MIC values for the
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common causative organisms of bone infections (Staphylococcus aureus) for at least
four weeks without inducing serum toxic levels. As a result, they concluded that due
to its cheapness, facility of use and sterilization, biocompatibility and
biodegradability, plaster of Paris coated with PLA45GA10 polymer giving a
controlled release of Vancomycin appears to be a promising sustained release

delivery system of antibiotics for the treatment of bone and joint infections.

Girsel et al. [135] studied to treat the implant-related osteomyelitis by using
polyhydroxyalkanoate rods. For this purpose, the rods were constructed of poly(3-
HB-co-3-HV) and poly(3-HB-co-4-HB), carrying 50% (w/w) Sulperazonet or
Duocidt. They were implanted in rabbit tibia in which implant-related osteomyelitis
had been induced with Staphylococcus aureus. The effectiveness of the antibiotics in
the treatment was determined. The establishment of osteomyelitis with bacterial
inoculation was complete after 3 weeks with 100% infection rate in all groups. Both
antibiotics were found to be highly effective against the bacteria. Following the
application of Sulperazone-P(3-HB-co-4-HB) rods, no infective agents could be
isolated from the infection site within the 6-week test period, indicating complete
treatment of the infection. The overall scores for radiological findings by the end of 6
weeks were 0.8/5 for the antibiotic-loaded rod implanted in the right limb, and 1.1/5
for the antibiotic-free rod implanted in the left limb. There was no statistical
difference between the antibiotic-loaded and antibiotic-free polymeric rods. In vivo
drug release was almost complete within the first week. The therapy was still very
effective even when the release rate was very high. In the SEM of in vitro tested
rods, the polymeric component was unchanged in 2 weeks while the drug leached
out, leaving voids behind. In vivo, however, the morphology of the implant was
significantly modified within 6 weeks post-implantation. They conclude that the
dissolution of the drug was the predominant mechanism through which the drug
release was controlled since in vivo drug release from implants was completed

mostly within one week.

Korkusuz et al. [131] studied the efficacy of locally implanted antibiotic-

calcium hydroxyapatite ceramic composites for the treatment of implant-related
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osteomyelitis in rats. For this purpose, female Sprague-Dawley rats were
anaesthetized with 10 mg/kg intraperitoneal ketamine hydrochloride and their left
hind leg was cleaned. The proximal part of the tibia exposed anteriorly and a hole
drilled through the cortex into the medullary cavity. A stock strain of Staphylococcus
aureus was injected through this hole and stainless-steel implants were inserted. The
hole was covered with bone wax to prevent bacterial leakage into the soft tissues.
After seven weeks, the 150 animals were divided into two groups of 75. The first
group was used to compare the effect of antibiotic-CHA composites with that of
parenteral antibiotic therapy. In 25 animals, antibiotic-CHA composites, each
containing 5 mg of gentamicin sulphate powder were implanted near the site of
infection; 25 animals were treated with intraperitoneal injection of gentamicin
sulphate for five weeks; and the remaining 25 rats received no treatment. At the end
of the study, high concentrations of antibiotics were detected at the site of infection
and bacteria were eradicated without removal of the metal implants. Parenteral
antibiotics and surgical debridement, alone or in combination with antibiotic-

impregnated acrylic bone cement failed to eradicate the infections.

Sasaki et al. [132] studied to produce an implant composed of calcium
phosphate cement, gentamicin and poly-L-lactic acid. For this purpose, PLA was
liquefied and mixed with gentamicin powder. Then, this mixture was grounded and
sieved. Selected ones mixed with calcium phosphate cement and hardening solution.
This mixture finally coated with calcium phosphate cement and formed into a
cylinder. The results of sustained-release testing in vivo and in vitro demonstrated
the effective antibiotic release was achieved over a 2-month period. They reported
that they did not only prevent osteomyelitis progression, but also achieve local bond

formation.

Stigter et al. [84] studied the carbonated hydroxyapatite (CHA) coatings onto
titanium implants by using a biomimetic precipitation method. They applied different
antibiotics into the CHA coatings and studied their release and efficacy against
bacteria growth in vitro. The used antibiotics were cephalothin, carbenicillin,

amoxicillin, cefamandol, tobramycin, gentamicin and Vancomycin. Increased
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concentrations of antibiotics in the coating solution led to a higher quantity of
antibiotic incorporated into the CHA coating. A bacterial inhibition test on
Staphylococcus aureus bacteria showed inhibition of growth for all antibiotics that
were released from the CHA coating. A release test was conducted in phosphate
buffer saline, PBS at pH 7.4 and 37°C and showed that antibiotics containing
carboxylic groups like cephalothin were slower released from the CHA coating than
others. At the end of this study, they concluded that certain antibiotics are able to
bind/chelate with calcium, resulting in a better incorporation into the CHA coating
and a slower release. Therefore, antibiotics incorporated in CHA coatings on
titanium implants can be used to prevent post-surgical infections and to promote

bone-bonding of orthopedic devices.

Fujimura et al. [102] investigated the in vitro efficacy of clarithromycin (CLA)
combined with cefazolin (CFZ) or Vancomycin (VCM) against Staphylococcus
aureus biofilms formed on titanium devices in order to confirm the efficacy of
eradication therapies against device-related infection. The distribution of CLA in
muscle tissue surrounding bone was also investigated by liquid
chromatography/tandem mass spectrometry in 10 orthopedic patients. Biofilm
formation and eradication of S. aureus were monitored by scanning electron
microscopy and using double-staining dyes. Although S. aureus biofilms were not
eradicated by CLA, CFZ or VCM alone, CLA combined with CFZ or VCM
destroyed biofilms, and S. aureus eradication was clearly observed 72 h later. In vitro
study showed that treatment with CLA plus CFZ or VCM destroyed staphylococcal

biofilms formed on medical devices and eradicated S. aureus.

Antoci Jr. et al. [109] examined the effect of covalently bonded Vancomycin
on Ti surface on Staphylococci epidermidis, a Gram-positive organism prevalent in
orthopedic infections. In this study, S. epidermidis colonization was significantly
inhibited on Vanc-Ti implants. On the other hand, the gram-negative organism
Escherichia coli readily colonized the Vanc-Ti rod, suggesting retention of antibiotic
specificity. By histochemical and SEM analysis, Vanc-Ti prevented S. epidermidis

biofilm formation, even in the presence of serum. Furthermore, when challenged
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multiple times with S. epidermidis, Vanc-Ti rods resisted bacterial colonization.
Finally, when S. epidermidis was continuously cultured in the presence of Vanc-Ti,
the bacteria maintained a Vancomycin sensitivity equivalent to the parent strain.
These findings indicate that antibiotic derivatization of implants can result in a
surface that can resist bacterial colonization. They concluded that this method can be

used for preventing and treating of periprosthetic infections.

Tunney et al. [105] studied on the susceptibilities of 49 isolates recovered from
orthopedic implants to seven antimicrobial agents by the broth microdilution method.
Ciprofloxacin and Vancomycin were more active than gentamicin, representing
aminoglycosides which are routinely incorporated into bone cement, and also more
active than the perioperative antimicrobial agents cefamandole and erythromycin.
Therefore, they concluded that the use of ciprofloxacin and Vancomycin in vivo

warrants further evaluation.

Radin et al. [83] described the synthesis of thin, resorbable, controlled release
bactericidal sol-gel films on a Ti-alloy substrate and determine the effect of
processing parameters on its degradation and Vancomycin release. They found that
film degradation is the main mechanism underlying the control of release. Using a
multi-layer process and various concentrations of Vancomycin, released
concentrations exceeded the minimal inhibitory concentration (MIC) of Vancomycin
against Staphylococcus aureus. As a result of better controlled release from these
systems and biocompatible properties, they conclude that these systems can be used

to prevent and treat bone infections.

Antoci Jr. et al. [101] proposed a way to prevent bacterial colonization on
implants. For this purpose, they covalently attached Vancomycin on titanium
surfaces. They found that the Vancomycin-modified surface was stable in aqueous
solutions over extended time periods and maintained antibiotic coverage even after
insertion of implant. The surface-bound antibiotic prevented bacterial colonization in
vitro after exposure to high levels of S. aureus, extended incubation in physiological

buffers, and repeated bacterial challenges. According to data obtained, they
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concluded that they have effectively engineered a stable, bactericidal Ti surface.

Schmidmeier et al. [143] studied on the cold coating of metallic implants with
biodegradable thin layer of poly(D,L-lactide) (PDLLA) including growth factors like
insulin like growth factor-1 (IGF-I) and transforming growth factor-beta 1 (TGF-$1).
These implants provided a continuous release of incorporated growth factors. The
properties of this bioactive coating were investigated in vitro and in vivo. SEM
analysis revealed a coating thickness of in average 14.8 mm on titanium and 10.7
mm on steel wires. Intramedullary implantation and extraction experiments depicted
a loss of PDLLA coating from titanium and steel implants of less than 5%. After
explantation of the implants, the coating displayed a complete and regular
uniformity. Smear tests demonstrated that the coating can be performed under sterile
conditions. The PDLLA depicted a reduction of about 8% within 6 weeks in vitro
and in vivo. The growth factors were incorporated in a stable form and demonstrated
a loss of stability of less than 3% within 42 days and less than 5% within one year. In
an elution experiment, 54% IGF-I and 48% TGF-B1 were released within the first 48
h. After 42 days, 76%o0f IGF-I and 71% of TGF-B1 were detected in the elution fluid
by ELISA. Comparable results were obtained in the in vivo experiments after 42

days.

Ramchandani et al. [2] tried to develop and characterize a biodegradable,
implantable delivery system containing ciprofloxacin hydrochloride for the localized
treatment of osteomyelitis and to study the extent of drug penetration from the site of
implantation into the bone. PLGA with lactide to glycolide ratio 50:50 implants were
compressed from microcapsules. In vitro dissolution studies were performed to study
the effect of manufacturing procedure, drug loading and pH on the release of
ciprofloxacin HCl. Rabbit model was used to study the extent of penetration of the
drug from the site of implantation The results of in vitro studies illustrated that drug
release from implants made by the nonpolar method was more rapid as compared to
implants made by the polar method. The release of ciprofloxacin HCl from the
implants was biphasic at < 20% w/w drug loading, and monophasic at drug loading

levels > 35% w/w. In vivo studies indicated that PLGA 50:50 implants were almost

51



completely resorbed within five to six weeks. Sustained drug levels, greater than the
minimum inhibitory concentration (MIC) of ciprofloxacin, up to 70 mm from the site

of implantation, were detected for a period of six weeks.

Wildemann et al. [144] aimed to investigate the potential of IGF-I, TGF-B1 and
BMP-2 released from a newly developed application systems of orthopedic implants
to induce ectopic bone formation in muscles. For this purpose, titanium discs were
coated on one side with the drug carrier poly(D,L-lactide) (PDLLA), with the carrier
plus IGF-I and TGF-B1 or with the carrier plus BMP-2. The discs were implanted in
the musculus cleidomastoideus of sheep and followed up for 3 months. X-rays were
taken after the operation and the day of sacrifice. The muscles plus implant were
harvested and prepared for histology. The results of the study showed that the local
and controlled release of growth factors from PDLLA coated implants does not
induce ectopic bone formation in sheep muscle and could be used in orthopaedic
surgery to increase healing without the risk of ectopic bone formation in the

surrounding soft tissue.

Ignatius et al. [145] investigated the porous composites made of poly(L, DL-
lactide) (PLA) and a-tricalcium phosphate (a-TCP) or the glass ceramic, GB14N,
respectively. They applied loaded implant model in sheep. Histological and
biomechanical evaluation were performed and compared to autogenous bone
transplants at 6, 12 and 24 months after implantation. No significant differences were
observed between the composites. After 6 months, the interconnecting pores of the a-
TCP-composite and the GB14N-composite were filled with newly formed bone and
soft tissue. Only a mild inflammatory response was observed. The reaction was
similar after 12 months. However, after 24 months a strong inflammatory reaction
was seen. The newly formed bone was partly osteolytic. The adverse reaction
occurred simultaneously to a significant reduction of the PLA component. The
histological results were reflected by the biomechanical outcomes. Both composites
showed compression strengths in the range of the autologous bone graft until 12
months of implantation. The strength of the implants decreased significantly after 2

years. Therefore, they concluded that this study should be improved to use such
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implants in clinical applications.

Turner et al. [120] investigated the use of tobramycin-loaded calcium sulfate
pellets to maintain high local site antibiotic concentrations for an extended period of
time with minimal systemic levels. For this purpose, they loaded calcium sulfate
pellets with 10% tobramycin. The number of pellets implanted was calculated to
yield an equivalent human maximum prescribed dose and 1.8-fold this dose. These
doses converted to approximately 20 mg/kg, and 36 mg/kg, respectively, for the
canine. Local and systemic tobramycin levels, pellet resorption, bone response,
clinical pathology parameters, and histopathologic responses of potential target
organs were analyzed to determine if there was any adverse response for a 28-day

period. No adverse effects were detected on any of the organs that were analyzed.

Sampath et al. [115] described the preparation and in vitro evaluation of
biodegradable, poly(L-lactic acid), implants for localized delivery of gentamicin
sulfate for the treatment of osteomyelitis. For this aim, they prepared cylindrical,
poly(L-lactic acid) implants containing gentamicin sulfate by compression of
microcapsules prepared by a nonsolvent-induced, coacervation process. Mean
particle size distributions of the microcapsules ranged from 278 to 444 um. The
gentamicin sulfate loading of the microcapsules was achieved at least 95% of the
theoretical value. In vitro dissolution studies on microcapsules and implants with
drug loading vary from 5 to 67% w/w. All batches of microcapsules and implants
released greater than 80% gentamicin sulfate within 3 weeks. By comparing with
their previous studies, they concluded that PMMA based implants had incomplete

and poorly controlled drug release profiles.

Naraharisetti et al. [116] aimed to develop a biodegradable composition that
gives sustained release and hence reducing the need for a second surgery to remove
the necessity of taking out the nonbiodegradable implant. They produced gentamicin-
loaded discs by compressing microparticle-gentamicin mixture obtained by spray
drying a mixture of gentamicin in a solution of a biodegradable polymer. Different

copolymers of poly(D,L-lactic-co-glycolic acid) (PLGA) were used. Different drug
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loading levels were studied and it was found that 10% drug loading was optimum for
this technique. About 60% of the drug is released in about 5 to 6 days and the
remaining drug is released in about 30 days in total. An in vivo study was carried on
rabbit femur and the local area and systemic concentration of gentamicin was
monitored. It was observed that concentration of gentamicin was above MIC values

for more than 20 days. It was also shown by computer simulations.

Yamashita et al. [121] treated eighteen patients with chronic osteomyelitis by
implanting pieces of antibiotic-impregnated calcium hydroxyapatite ceramic into a
cavity produced after thorough surgical excision of necrotic tissue. Within three
months the infected sites had all healed. During follow-up ranging from 24 to 75
months there was no recurrence of infection. Infection was controlled and
incorporation of the ceramic material into host bone was demonstrated

radiographically.

Liu et al. [123] developed novel solvent-free biodegradable capsules for
antibiotics and growth factors delivery. To fabricate a biodegradable capsule, they
pre-mixed polylactide—polyglycolide copolymers with Vancomycin. The mixture
was compression molded and sintered to form a cylinder with a cover of 8§ mm in
diameter. After the addition of 1 and 10 pg recombinant bone morphogenetic protein
(rthBMP-2) into the core, an ultrasonic welder was used to seal the capsules. An
elution method was employed to characterize the in vitro release characteristics of
the antibiotics and the rhBMP-2 over a 30-day period. The HPLC analysis and the
bacterial inhibition test showed that biodegradable capsules released high
concentrations and activity of Vancomycin above the MIC values in vitro. The
results of ELISA and ALP tests also guaranteed 30 day release of active material. As
a result, they concluded that this novel technique can be used for different drugs for

long-term releases.

Liu et al. [125] aimed to use biodegradable antibiotic beads for long-term drug
release. Different processing factors and effect on release rates were studied.

Polylactide-polyglycolide copolymers were mixed with Vancomycin. Different sized
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beads were produced by compression and sintering at 55°C. An elution method was
employed to characterize the release rate of antibiotic over a 35-day period at 37°C.
Drug releases were over the MIC values. A bacterial inhibition test was carried out to
determine the relative activity of the released antibiotics. The diameter of the sample
inhibition zone ranged from 6.5-10 mm, which is equivalent to 12.5-100% of
relative activity. They concluded that by changing processing parameters they could

control the release rates of the drugs.

Gitelis et al. [127] studied the biodegradable antibiotic-impregnated implants
for treating the chronic osteomyelitis. They used special calcium sulphate Kkits.
Tobramycin and Vancomycin were used as antibiotics. Firstly, antibiotics were
mixed with diluent and then this solution mixed onto the calcium sulphate powder.
After wetting, this mixture was blended and put into the mold. The final shapes of
implants were spheres with 7 mm diameter. These implants were put into the cavities
that have osteomyelitis. Classical treatment and the new method studied in parallel
on real patients. As a result of their study, they found that their method is
advantageous over the intravenous therapy (cost saving, no needed for removal of
implant, high doses of antibiotics applicable to the local places and aid in bone
repair). They treated different kind of bacteria that causing infection by this implants.

They reported that, to date there have been no relapses of infection.

Haris et al. [97] aimed to compare different coating systems on titanium bases
with and without an antimicrobial agent and tried to find the most efficient system
for resisting S. aureus and S. epidermidis adhesion and colonization. Also, they tried
to find which systems were cytocompatible to fibroblast cells. Five different coatings
(PDLLA, PTF, CaP/APC, PU, and PVP) were modified by their impregnation with
10% (w/w) CHA. On the surfaces without CHA, both staphylococcal strains and
spread fibroblasts were observed, but on the CHA impregnated surfaces few bacteria
and no intact fibroblasts were seen. This study showed that PDLLA and PTF have
the best potential as coatings on implants for drug delivery, as they were
cytocompatible to hTERT fibroblasts, eluted CHA effectively, and passed

mechanical testing.
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Ueng et al. [87] investigated poly(DL-lactide-co-glycolide) beads as an
antibiotic delivery system in vivo for the treatment of various surgical infections.
50:50 copolymer was mixed with Vancomycin powder and hot compressing molded
at 55 °C to form 8 mm in diameter biodegradable antibiotic beads. The antibiotic
beads were implanted in the distal femoral cavities of rabbits for in vivo
investigation. MIC values achieved for 56 days. Burst release was reported in the
first day. Sample inhibition zone diameters ranged from 8§ to 18 mm, and the relative
activity of Vancomycin ranged from 9.1% to 100%. Histological observations
showed that the materials were biodegradable, resorbed slowly, and did not cause a
significant host reaction. This study suggested that this technique for delivery of

antibiotics can be used to treat various surgical infections.

Garvin et al. [130] studied the polylactide/polyglycolide antibiotic implants to
treat osteomyelitis. In this study, osteomyelitis with S. aureus was established in the
tibiae of twenty-six adult mongrel dogs and they divided into three groups. Group 1
was treated with parenteral administration of gentamicin every eight hours for four
weeks. Group 2 was treated with a polymethylmethacrylate implant containing 100
milligrams of gentamicin that was placed in the tibia for six weeks. Group 3 was
treated with a polylactide/polyglycolide implant containing 100 milligrams of
gentamicin that was placed in the tibia for six weeks. Specimens of tissue were
obtained for quantitative culture and antibiotic immunoassay. The infection was
eradicated in ten of the sixteen tibiae in Group 1, in eight of the nine tibiae in Group
2, and in all nine tibiae in Group 3. No significant difference in eradication of the
infection reported between the animals that had been treated with a drug releasing

implants.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

2.1.1 Polymers

Structures of polymers used for this study are given in Table 2.1.

Table 2.1 Structures of the polymers used

Commerecial
Polymer Name Structure
Name
Poly(vinyl alcohol) . g
(PVOH or PVAI) OH |,
Polycaprolactone |(|)
(PCL) *—0—— (CHy)s—C—*
. o H;C\ ..&\H
Poly(L-lactide) [
TN /C*"/ \j‘ ’ Resomer® L 209S
(PLA or PLLA) IS, e
. . o e A g H H
Poly(D,L-lactide-co-glycolide) | c )¢
Y el NN /C*O/ \cHo H—o/ C\C . Resomer® RG 504
(PLGA) > RN \
HyC H o H/ \H 0
(ljl H3C\C.‘\\\\H (ljl
Poly(L-lactide-co-¢- 0~ _c—o” \Cﬂo_(CHz)s_c *
WO | /x | Resomer® LC 703
caprolactone) (PLLA/PCL) H;C H o n
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2.1.1.1 Poly(vinyl alcohol)s

Two kinds of poly(vinyl alcohol)s with different average molecular weights

were purchased from Sigma-Aldrich. The average molecular weights of them are

13,000-23,000 and 31,000-50,000 respectively. Degree of hydrolysis of these

polymers is 98-99 %.

2.1.1.2 Polycaprolactone

Polycaprolactone was purchased from Sigma-Aldrich, US. The properties of

this polymer are given below:

Table 2.2 Some properties of polycaprolactone [146]

Properties

Mw 65,000

Mn 42,500
Appearance White pellets
Melt Flow Index (MFI) (D1238-73, 80°C / 0.3MPa) 1.9 g/10 min
Izod Impact (D256-73 A, notched) 82 J/m
Hardness (Shore D, D2240-75) 55

Inherent Viscosity
Elongation (2in/min)

Melting Point

0.55-0.75 dl/g
600-1000%
60°C

2.1.1.3 Poly(L-lactide), Poly(D,L-lactide-co-glycolide), and Poly(L-lactide-co-¢-

caprolactone)

These biodegradable polymers were purchased from Boehringer Ingelheim

Pharma GmbH & Co. KG, Germany. Basic information and some properties of these

polymers are given in Table 2.3:
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Table 2.3 Properties of poly(L-lactide), poly(D,L-lactide-co-glycolide) and poly(L-lactide-co-g-caprolactone) [147-153]

Polymer/Property Poly(L-lactide) Poly(D,L-lactide-co-glycolide) Poly(L-lactide-co-g-caprolactone)
Code L 209S RG 504 LC 703S

Chemical Formula -(C6H304)n- —[(C6H804)X(C4H4O4)y]n— -[(C6H304)X(C6H1002)y]n-

Polymer Composition NA 48:52 to 52:48 molar ratio 67:33 to 73:27 molar ratio

Colour

Shape

Odour

Inherent viscosity
(25°C; 0,1 % in CHCL,)
Tg

Tm

Residual monomer(s)
Residual solvent(s)
Water

Tin

Heavy metals
Sulphated ash

white or off-white
irregular granules
odourless to almost odourless

2.6-3.2 dl/g

60 - 65 °C
180 - 185 °C
<0.1%
<0.089%
<0.5%
<60 ppm
<10 ppm
<0.1%

D,L-lactide : glycolide
white to off-white
powder

almost odourless

0.45 - 0.60 dl/g

46 - 50 °C
amorphous
<0.5%
<0.1%
<0.5%
<100 ppm
<10 ppm
<0.1%

L-lactide : e-caprolactone
white to light tan

irregular granules or flakes
odourless to nearly odourless

1.3-1.8dl/g

32-42°C
amorphous
<2%
<0.089%
<0.5%
<60 ppm
<10 ppm
<0.1%




2.1.2 Metals and Alloys

In this study, medical grade 316L stainless steel and Grade 2 titanium alloy
samples were used for various applications. Information about their properties and
compositions are given in previous chapter at Table 1.6, Table 1.7, Table 1.8 and

Table 1.9.

2.1.3 Ceramics

B-tricalcium phosphate (B-TCP) was used as a ceramic material. It was kindly
supplied from Prof. Dr. Muharrem Timugin’s laboratory at METU Metallurgical and
Materials Engineering Department. -TCP is a white amorphous powder with

average particle size of 50 um.

2.1.4 Drugs

2.1.4.1 Vancomycin

Vancomycin is a bactericidial, broad-spectrum glycopeptide antibiotic [126,
154-158] which was isolated by McCormick and coworkers in 1956 [158, 159]. It is
highly effective against Gram-positive bacteria including Staphylococcus aureus,
Staphylococcus epidermis (and other coagulase-negative staphylococci), streptococci
and corynebacterium [126, 129, 154-158] which together constitute about 75% of the
bacteria implicated in deep prosthetic infections [129]. It is thermostable at 37°C and

readily released in vitro into the surrounding medium [129].
Vancomycin was produced by DBL Mayne Pharma Plc., UK, in powder form

for intravenous infusion. The active substance is Vancomycin hydrochloride and the

other ingredient is disodium edetate (EDTA disodium) [160]. It has a molecular
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weight of 1485.74 g/mol and is a light brownish powder that is readily soluble in
water. Molecular formula is CgH75C12N9O24*HCI. The structure of Vancomycin is

given in Figure 2.1.

HON

Figure 2.1 Structure of Vancomycin

2.1.4.2 Amoxicillin and Derivatives

Amoxicillin is a B-lactam antibiotic used to treat bacterial infections. Molecular
formula of amoxicillin is C;6H;9N3OsS and molecular weight is 365.4 g/mol. It is a
semi-synthetic bactericidal broad spectrum penicillin and effective against various
bacteria. Bactericidial effect is shown by inhibition of mucopeptid biosynthesis of

bacteria cell wall [161].

Amoxicillin was produced by Fako Ilaglari AS. and Afbar ilag Sanayi ve
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Ticaret AS., Turkey, under the name of Alfoxil™ in powder form for injection. It
contains sterilized amoxicillin sodium equivalent to 1 g. amoxicillin [161]. The

structure of amoxicillin is given in Figure 2.2.
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Figure 2.2 Structure of Amoxicillin

Augmentin™ was produced by GlaxoSmithKline, UK, in powder form. It is a
combination of amoxicillin sodium (B-lactam) antibiotic and potassium clavulanate
(B-lactamase) inhibitor as active materials. Augmentin™ is an antibiotic agent with a
notably broad spectrum of activity against the commonly occurring bacterial
pathogens. The B-lactamase inhibitory action of clavulanate extends the spectrum of
amoxicillin to embrace a wider range of organisms, including many resistant to other
B-lactam antibiotics. 1.2 g powder vials for intravenous injection contains
amoxicillin sodium equivalent to 1000 mg of amoxicillin and potassium clavulanate

equivalent to 200 mg clavulanic acid [165].

The amoxicillin component of the formulations exerts a bactericidal action
against many strains of Gram-positive and Gram-negative organisms. The clavulanic
acid component has very little bactericidal action. It does however, by inactivation of
susceptible B-lactamases, protect amoxicillin from degradation by a large number of
B-lactamase enzymes produced by penicillin resistant strains of organisms [165].
Molecular formula for clavulanic acid is CsHyNOs with molecular weight 199.16

g/mol. The structure of clavulanic acid is given in Figure 2.3.
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Figure 2.3 Structure of Clavulanic acid

2.1.4.3 Ceftazidime

Ceftazidime is a semi-synthetic B-lactam antibiotic belonging to the third
generation cephalosporin. It has a broad spectrum of antimicrobial activity against
Gram-positive and Gram-negative bacteria; including Pseudomonas aeruginosa,
unlike most third generation drugs [162, 163]. The molecular formula of ceftazidime
(as pentahydrate form) is CxnH2NgO7S,.5H,O with a molecular weight 636.65
g/mol.

Ceftazidime was purchased from GlaxoSmithKline, UK, under the trade name
of Fortum™. It is in a powder form and suitable for injection. It is light yellowish in
color and 1 g injectable powder contains 1 g ceftazidime (in pentahydrate form) and
118 mg sodium carbonate. It shows its bactericidial effect by preventing the
synthesis of bacteria cell wall [164]. The structure of ceftazidime is given in Figure

24.
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Figure 2.4 Structure of Ceftazidime

2.1.4.4 Cefazolin

Cefazolin is a [-lactam antibiotic belonging to the

first generation
cephalosporin. It has a broad spectrum of antimicrobial activity against Gram-

positive and Gram-negative bacteria. The bactericidial effect is seen as the inhibition
of bacteria cell wall synthesis at its last stage [166].

Cefazolin was purchased from Eczacibasi, Turkey, under the trade name of

Cefamezin®. 500 mg injectable powder contains 500 mg cefazolin (in sodium form)

[166]. Cefazolin has a molecular formula C;4H;3N3O04S; with molecular weight
454.51 g/mol. The structure of cefazolin is given in Figure 2.5.
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Figure 2.5 Structure of Cefazolin
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2.1.4.5 Ceftriaxone

Ceftriaxone is a semi-synthetic [-lactam antibiotic belonging to the third
generation cephalosporin. It has a broad spectrum of antimicrobial activity against
Gram-positive and Gram-negative bacteria. It is a yellowish-orange crystalline
powder which is readily-soluble in water, sparingly soluble in methanol and very

slightly soluble in ethanol [167].
Ceftriaxone was purchased from Roche, USA, under the trade name of
Rocephin®. 1 g intravenous flacon contains ceftriaxone disodium equivalent to 1 g

ceftriaxone [167]. Ceftriaxone has a molecular formula C;sH;sNgO;S; with

molecular weight 554.58 g/mol. The structure of ceftriaxone is given in Figure 2.6.
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Figure 2.6 Structure of Ceftriaxone
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2.1.4.5 Other Chemicals

Chloroform (99%), ethanol (99.5%), and acetone (99.5%) were purchased from
J.T.Baker (Holland). NaOH solutions with different concentrations were purchased

from Fischer (US).
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2.2 Experimental Techniques

The main experimental techniques used for the analyses are discussed in this

part.

2.2.1 Mechanical Tests

2.2.1.1 Fatigue Tests

Fatigue tests are used to determine the number of cycles (N) of applied strain at
a given level of stress that a sample can sustain before complete failure. This number
of cycles is called the “fatigue life”. The tests are started by subjecting a sample to
cyclic stress at specific maximum stress amplitude and the number of cycles to
failure is counted. This procedure is repeated on other samples at decreasing
maximum stress amplitudes. The data are plotted as stress (S) versus the logarithm of
the number of cycles to failure (N). This curve is known as S-N curve. “Fatigue limit
or endurance limit” is the maximum value of applied stress for which failure will not
occur no matter for how many cycles the stress is applied [13, 15]. Typical S-N

curve is given in Figure 2.7.

Strass Amplitude, 5

109 1 II)“ I(I?)s 1 i.'ﬁ 1(I)7
Cycles to Fallure, N

Figure 2.7 Typical S-N curves for A) a material that displays a fatigue limit and B) a
material that does not display a fatigue limit [168]
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Computer simulations and fatigue tests in virtual media was applied to all
indentations (n=5) and materials (n=2). Ansys Workbench 10.0 (ANSYS Inc., USA)
program was used for virtual media analysis. The models of titanium and stainless
steel samples were graphically drawn in virtual media and 100 N loads were applied
by using again with a modeled punch. S-N diagrams and stress distributions of

different samples were obtained as a result of these analyses.

2.2.1.2 Hardness Tests

Pendule Persoz & Konig Model 3034 from Braive Instruments, Belgium
(Elcometer Instruments GmbH, UK) was used for hardness tests. This equipment can
be used in accordance with standards ASTM D4366-92 Standard Test Methods for
Hardness of Organic Coatings by Pendulum Damping Tests, BS EN ISO 1522:2001,
BS 3900-E5:1998 Paints and varnishes. Pendulum damping test, DIN 53157
Pendelhérte nach Konig gem, and NFT 30-016 Persoz pendulum [169, 170]. In

Figure 2.8, the picture of this instrument can be seen.

Figure 2.8 Persoz & Konig pendulum hardness tester [170]

67



Persoz hardness instrument consists of a pendulum which is free to swing on
two balls resting on a coated test panel. The pendulum hardness test is based on the
principle that the amplitude of the pendulum's oscillation will decrease more quickly
when supported on a softer surface. The hardness of any given coating is given by
the number of oscillations made by the pendulum within the specified limits of
amplitude determined by accurately positioned photo sensors. An electronic counter

records the number of swings made by the pendulum [169].

The damping time of a pendulum oscillating on a sample indicates its hardness.
The amplitude of the oscillations reduces faster when the sample is soft. The Persoz
and Konig methods differ by the dimension, period and amplitude of the oscillations.
Surface smoothness, film thickness, temperature and relative humidity must all be

carefully controlled because these parameters affect the hardness values [170].

The Persoz test measures the time taken for the amplitude of oscillation to
decrease from 12° to 4° .The Konig test measures the time taken for the amplitude of
oscillation to decrease from 6° to 3° [170]. The major differences of these two

methods are given in Table 2.4.

Table 2.4 Properties of Persoz and Konig Methods [170]

Persoz Method Konig Method
Pendulum Stainless steel square Stainless steel triangular
pendulum, weight 500 g, pendulum, weight 200 g,
fitted with 2 balls fitted with 2 balls
measuring 8§ mm diameter. measuring 5 mm
diameter.
Deflections From 12° to 4° From 6° to 3°
Oscillation Period 1 second 1.4 seconds
Damping Time on Glass  Minimum 430 + 10 250 £ 4.2 seconds
seconds
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2.2.1.3 Lap Shear Tests

Lap shear tests were done according to the ASTM D 1002-72 “Standard Test
Method for Strength Properties of Adhesives in Shear by Tension Loading (Metal to
Metal)” [171]. Lap shear tests determine the shear strength of adhesives for bonding
materials. The test method is primarily comparative. The test is applicable for
determining adhesive strengths, surface preparation parameters and adhesive

environmental durability. The form and dimensions of the specimens are given in

Figure 2.9.
2.50 mm
I [ : |
&
25,4 mm
e e ——
254 mm 25,4 mm
642 mm
115.0 mm

Figure 2.9 Form and dimensions of test specimen used for lap shear tests

The test samples have dimensions of 115 x 25.4 x 2.50 mm. Length “L”
describes the area of adhesion occuring between two metal plates. Two ends of test

specimen described by marked lines are attached to the tensile tester grips for tests.

Lloyd Instruments, AMETEK (UK), LR5K model tensile tester machine was
used for lap shear tests. 5 kN capacity load cell and TG15 model self tightening
sliding wedge grip were used for analyses. Preload force was 2 N and crosshead
speed was 10 mm/min during the tests. NEXYGEN material test and data analysis

software was used for processing the data.
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Figure 2.10 Lloyd Tensile tester, grip and a load cell

2.2.1.4 T-Peel Tests

T-peel tests were done according to the ASTM D 1876-93 “Standard Test
Method for Peel Resistance of Adhesives (T-Peel Test)” [172]. This test method is
used for determination of the relative peel resistance of adhesive bonds between
adherents by means of a T-type specimen. The form and dimensions of the

specimens are given in Figure 2.11.
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Figure 2.11 Form and dimensions of test specimen used for T-peel tests

The test samples have thickness of 2.50 mm. Textured area between the plates
presents the area of adhesion. Two ends of test specimen are attached to the tensile

tester grips for tests.

Lloyd Instruments, AMETEK (UK), LR5K model tensile tester machine was
used for lap shear tests. 5 kN capacity load cell and TG15 model self tightening
sliding wedge grip were used for analyses. Preload force was 2 N and crosshead
speed was 10 mm/min during the tests. NEXYGEN material test and data analysis

software was used for processing the data.

2.2.1.5 Measuring Adhesion by Tape Test

Measuring adhesion by tape test was done according to the ASTM D 3359-92a
“Standard Test Methods for Measuring Adhesion by Tape Test” [173]. These test

methods cover procedures for assessing the adhesion of coating films to metallic
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substrates by applying and removing pressure-sensitive tape over cuts made in the
film. Test Method B is suitable for laboratory use. In this method, a lattice pattern
either six or eleven cuts in each direction is made in the film to the substrate. Then,
pressure sensitive tape is applied over the lattice and removed. Adhesion is evaluated

by comparison with descriptions and illustrations (Figure 2.12) [173].

None B3t ,ﬁ_&_ gre E::[EI' than
S32088 Y065
5B 1B 3B 2B 1B 0B

Figure 2.12 Classification of adhesion test results by tape test

2.2.2 Gloss Tests

Gloss is an optical term that describes a surface's ability to reflect light. A high-
gloss surface directly reflects light with minimum hazing or diffusion. A glossmeter
measures specular reflection, or the capacity of a surface to reflect light.
Measurements by this test method correlate with visual observations of surface
shininess made at roughly the corresponding angles. A glossmeter comprises an
incandescent light source which is directed at the test surface at a specified incidence
angle and a receptor which is located at the mirror reflection of the incident beam. A
polished black glass with a refractive index of 1.567 is used as a standard and is
assigned a gloss of 100 at all geometries. Gloss readings can only be compared
between similar materials and test procedures. ASTM D523 covers the measurement
of the specular gloss of nonmetallic specimens for glossmeter geometries of 60°, 20°,

and 85° [174, 175].

For gloss measurements, BYK-Gardner tri-glossmeter (USA) was used.
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2.2.3 UV-Visible Absorption Spectroscopy (UV-VIS)

Molecular absorption in the ultraviolet (UV) and visible (VIS) region of the
spectrum is dependent on the electronic structure of the molecules Absorption of
energy is quantized, resulting in the elevation of electrons from orbitals in the ground
state to higher energy orbitals in an excited state [176]. Absorption of UV-VIS
radiation in organic molecules is restricted to certain functional groups
(chromophores) that contain valence electrons of low excitation energy. Therefore,
many molecules absorb ultraviolet or visible light. Different molecules absorb
radiation of different wavelengths. The absorbance of a solution increases as
attenuation of the beam increases. The absorption of UV or visible radiation
corresponds to the excitation of outer electrons. There are three types of electronic
transition which can be considered; (a) transitions involving o, ©, and n electrons, (b)
transitions involving charge-transfer electrons and (c) transitions involving d and f

electrons [177].

Absorbance (A) is directly proportional to the path length, b, and the

concentration, c, of the absorbing species. According to Beer's Law;

A =¢€bc (2.1)

where ¢ is a constant of proportionality, called as absorptivity. By taking advantage

of this equation and calibration curves of the relevant drugs, concentrations of them

in a solution can be calculated theoretically.
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Possible electronic transitions of ¢, , and n electrons are given in Figure 2.13.
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Figure 2.13 Possible electronic transitions of 6, , and n electrons [177]

In the study, UV spectrophotometer was used to analyze the concentrations of
different drugs in solutions. For these analyses, Shimadzu UV-160U and Shimadzu
UV-1201 model spectrophotometers and quartz cells were used (Figure 2.14).

Figure 2.14 Pictures of UV-VIS Spectrophotometers used
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2.2.4 Scanning Electron Microscopy (SEM)

In SEM, an image of the surface of a polymer can be visualized. In this
technique, a fine beam of electrons (5-10 nm in diameter) is scanned across the
sample surface of an opaque specimen in synchronization with a beam from a
cathode-ray tube [13, 14]. The scattered electrons produced can then result in a signal
which modulates this beam. This produces an image with a depth-of-field which is
usually 300-600 times better than that of optical microscope. SEM also enables
three-dimensional image to be obtained. Scanning electron microscopes in general
have magnification ranges from x20 to x100.000 [13]. The surface of a specimen to
be analyzed by SEM must be electrically conductive. Therefore, nonconductive
materials observed in the SEM are typically coated with a thin, electrically grounded
layer of metal to minimize negative charge accumulation from the electron beam
[11]. Since polymers tend not to be good conductors, they need to be coated with

thin layer of conducting material such as gold [13].

For SEM analyses, JSM-6400 Electron Microscope (JEOL, Japan), equipped
with NORAN System-6 X-ray Microanalysis System & Semafore Digitizer (Figure
2.15) at METU Metallurgical & Materials Engineering Department, SEM Laboratory
was used. It is equipped with secondary and backscattered electron detectors and an
X-ray microanalysis system. It is capable of providing both topographical and
compositional information about the specimen. Hummer VII Sputter Coating Device
(ANATECH, USA) (Figure 2.16) was used for sample coating. The samples are
coated with a very thin layer of a gold-palladium (Au-Pd) alloy.
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Figure 2.16 A picture of Sputter Coating Device

2.2.5 Viscosity Measurements

Viscosity measurements were done by using Ubbelohde capillary viscometer.
Constant temperature at 25°C was maintained by using a thermostated water bath.
The relative viscosities, 1, = t/to were measured; where t and t, are the flow times for
the solution and solvent respectively. The intrinsic viscosity [n] is obtained from the
reduced viscosity TMq and inherent viscosity M, versus concentration plots by

extrapolation to zero concentration. The viscosity measurements were done as a
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measure of polymer degradation.

The reduced viscosity and the inherent viscosity are described by the Huggins

and Kraemer equations respectively:

Nrea = Tsp/C = ] + K'[]'C (2.2)

Ninh = Inn:/C = [n] - K>’ [n]*C (2.3)
where;

Nsp is the specific viscosity and ng, =1, —1

Nr is the relative viscosity

C is the concentration (g/dl)

] is the intrinsic viscosity (dl/g)

K’ is the Huggins constant

K’> s the Kraemer constant

The Huggins and Kraemer constants are related as shown below;

K-K”>=0.5 (2.4)

The Huggins and Kraemer equations provide the most common procedure for

evaluation of [n] from experimental data. This involves a dual extrapolation

according to equations 2.2 and 2.3 and gives [n] as the mean intercept of the lines of

both equations. The intrinsic viscosities were obtained from the mean intercepts.

2.2.6 Kirby-Bauer Disc Diffusion Antibiotic Sensitivity Testing

Kirby-Bauer disc diffusion antibiotic sensitivity testing uses antibiotic-

impregnated wafers to test whether particular bacteria are susceptible to specific

antibiotics. The bacterium is swabbed on the agar in petri dishes. After obtaining a

bacteria film over the plate surface antibiotic loaded discs are placed into the agar.
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The antibiotic diffuses from the disc into the agar. After a period of incubation,
sensitivity or resistance to the antibiotic can be determined by measuring the zone
that forms around the disc. Large zones mean the bacteria are sensitive to the drug,
small or nonexistent zones are signs of resistance. If the bacteria are susceptible to a
particular antibiotic, an area of clearing surrounds the wafer where bacteria are not
capable of growing (called a zone of inhibition). The size of the zone and the rate of
antibiotic diffusion are used to estimate the bacteria's sensitivity to that particular
antibiotic. This test is easy to apply and essential for the selection of antibiotics for

deciding better treatment ways.

After the test, radius of the zone of inhibition areas is measured by using a
milimetric ruler. The results are compared with the control disc’s results and the
concentration and effectiveness of the other applied antibiotic discs can be
determined by using these results. An example of the tests after incubation time can

be demonstrated as in Figure 2.17.

Antibiotic Loaded Zone of Inhibition
Discs (No Growth)

Culture Plate
(bacteria growing on the medium)

Bacteria resistance to
antibiotic
(No zone of inhibition)

Figure 2.17 Kirby-Bauer disc diffusion antibiotic sensitivity testing
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2.2.7 Energy Dispersive X-Ray Spectroscopy (EDX)

Energy Dispersive X-Ray Spectroscopy (EDX) is an analytical technique used
to identify and quantify the elemental composition of the sample. EDX spectroscopy
is usually used in conjunction with SEM. EDX can provide elemental analysis on
specimen areas as small as nanometers in diameter. In principle, the specimen is
bombarded by SEM’s electron beam and then electrons are ejected from the atoms
that are available at sample’s surface. Resulting electron vacancies are filled by the
electrons at higher state. Emitted X-ray’s energy that is characteristic for the element
responsible for emission is determined by detector. The number of X-rays is counted
for each particular energy and results are given as counts vs. energy graph. EDX is
mainly composed of four components: beam source, X-ray detector, processor and

analyzer [179].

For this study, EDX analyses were done to understand the changes in elemental

composition of the surface of implant materials after surface modification studies.

N
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kicked-out
electon - -

Figure 2.18 Working principle of EDX [179]
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2.3 Experimental Methods

2.3.1 Studies on Metal Surface Geometry

Metal implants were chosen as the substrates for controlled releasing agents
and the hip joint was chosen as a main implant to be processed, however, the success

of the methods will result in use of other metal based implant materials.

A porous surface morphology was formed at the acetabular component and at
the '% upper part of femoral handle of the hip joint. In these parts, it is possible to
load the antibiotic including polymer coatings more effectively than the other

surfaces in question.

For the lower part of the body, a surface treatment was done by processing
with 5 M NaOH for 48 hours at 60°C and placing in an oven for 1 hour at 600°C.
This process was performed in order to produce a surface with high adhesion and can
be preferred for plaque and tooth implants where porous morphology can not be
applied.

. .1 Asetabulum : Porous part
",
1 Head-Neck : Shine surface

B e 1 Body (upper) - Porous part

. e B0V (lower) - 5 M NaQH ftreated part

!' e e 1 Tip - Shine surface (micro movement)

Figure 2.19 An approach to the hip joint design, Grade 2 titanium sample used for

the experiments can be seen at right
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2.3.2 Indent Prototype Studies

To increase the loading efficiency on the smooth implant surfaces, indentation
studies were performed. Five different indentations were applied for this purpose

(Figure 2.20).

Figure 2.20 Different indentations applied to implants

2.3.3 Determination of Biomechanical Changes Related to the Indentation

The different indentations were applied (as described in Section 2.3.2) on 316L
stainless steel and medical grade Ti-Al-V alloy samples and biomechanical tests
were done on these samples. The S-N figures of the fatigue tests on these samples

were drawn.

2.3.4 Computer Simulation and Fatigue Tests in Virtual Media

Computer simulations and fatigue tests were applied to all of the indentations
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(n=5) and materials (n=2) in virtual media. Ansys Workbench 10.0 (ANSYS, Inc.,
USA) program was used for virtual media analysis. The models of titanium and
stainless steel samples were made in virtual media and 100 N load was applied by
using again with a computer modeled punch. Simulated mash vision of indentation

and punch and the applied force graph are given in Figure 2.21.
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Mash vision of Model 4 Applied Force Graph

Figure 2.21 Mash vision for Model 4 and applied force graph

2.3.5 Hardness, Gloss and Measuring Adhesion by Tape Tests

Solutions of 10% (w/v) PVOHs in water, 10% (w/v) RG 504 and LC 703 in
chloroform and 5% (w/v) PCL and L 209S in chloroform were prepared and
precleaned glass plates were coated with these polymers to obtain a film thickness of
50 um. Mechanically controlled coating stage was used to obtain uniform coating.
These glass plates were used for hardness, gloss and adhesion by tape tests
measurements. For adhesion tests 3M Company Scotch® Magic™ Tape (USA) was
employed.
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2.3.6 Coating Thickness and Coating Density Measurements

15% (w/v) solutions were prepared in water with two different PVOHs.
Cleaned titanium plates were coated by dipping two times into this solution and
plates were dried for 1 day and 7 hours in an oven at 40 °C. By calculating the
coating area, coating densities were found. Thickness measurements were done by

using a micrometer (Mitutoyo, USA).

2.3.7 Calibration Curves for Different Drugs

Calibration curves for Vancomycin, Amoxicillin, Ceftazidime, Cefazolin and
Ceftriaxone based drugs were obtained by using UV spectrophotometer. For this
purpose, varying concentrations of antibiotics were prepared and their absorbances
were measured at definite wavelengths. Then, absorbance vs. concentration graph
was obtained by using the data. The equations of calibration curves were found and
these equations were used to calculate the amount of released drugs in the drug

release studies. Two parallel sets of solutions were studied to minimize the errors.

2.3.8 Preparation of Coating Solutions

Polymers in question were dissolved in an appropriate solvent (water or
chloroform) with continuous stirring by using a magnetic stirrer. Then drugs were
dispersed in the medium. By continuous stirring, homogeneous suspensions are
obtained for coating. For inert multiple coatings, polymer solution, without
antibiotic, was used. The different procedures and amount of materials used will be

given where needed.

2.3.9 Coating Procedure

Metal plates were coated by applying a dip coating procedure. Drying process
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. . . 0
for coatings was achieved in 37 C constant temperature vacuum oven.

2.3.10 Surface Modification of Titanium Plates

Different surface modifications and surface cleaning procedures were applied
to titanium plates prior to the coating applications and information about these

procedures are given in relevant sections.

2.3.11 Drug Release Studies

Drug release amounts at definite time intervals from coatings were measured in
an aqueous medium. Simulated body fluid or triple distilled water was used as drug
release medium. Drug loaded metal plates were immersed in the liquid medium.
Release studies were done in a 37°C constant temperature vacuum oven. At
predetermined time intervals, plates were taken to a fresh solvent. On the remaining
solutions, absorbance measurements were done by using UV spectrophotometer.
Then, by using the calibration curves, the concentrations and the amounts of drug

released were calculated.

2.3.12 Polymer Degradation Studies

Degradation of polymers used for coating was analyzed by solution viscosity
measurements. Polymer coated plates were put into the triple distilled water and at
definite time intervals, polymers were dissolved in chloroform and their solution
viscosities were measured. By using flow times of these solutions in capillary

viscometer, comments were done on degradation profiles of polymers.
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2.3.13 Kirby-Bauer Disc Diffusion Antibiotic Sensitivity Tests

To check the antibiotic release results obtained by UV analysis, Kirby-Bauer
disc diffusion antibiotic sensitivity tests were also performed. For these studies,
bacteria seeded petri dishes and solutions obtained from release experiments were
used. The existence and the amount of antibiotics in the aqueous solutions were

estimated from the zone diameters.

2.3.14 SEM Analysis

Pure plates, coated plates and plates after drug release studies were analyzed

and surfaces of the implants were investigated by using SEM analysis.

2.3.15 In Vivo Tests

At this stage of the study, drug loaded implants were placed at the dorsal
muscle of six six-month old native rabbits. Test subjects were not infected initially.
These implants were followed for six months and implant surfaces and surrounding

tissues were investigated histologically.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Investigation of Solubility of Polymers and Drugs

It was observed that polyvinyl alcohols (PVOHs) were soluble in water; PLGA
RG 504 was soluble in ethyl acetate, chloroform, acetone and tetrahydrofuran; Poly
(L-lactide) L 209S, Poly (L-lactide-co-g-caprolactone) LC 703 and polycaprolactone
were soluble in chloroform. Therefore, it was decided to use water and chloroform as

solvents. All of the antibiotics used were soluble in water.

3.2 Film Formation and Coating Thickness Studies

For coating thickness and coating density measurements, 15 % (w/v) PVOH
(high molecular weight) solutions were prepared in water. Titanium plates with
different surface treatments were used for coatings (Table 3.1). They were; as
received, polished, 4 No sandpapered, wire emery applied and sandblasted titanium
plates. Plates were cleaned with detergent-triple distilled water-acetone-triple
distilled water cycle prior to coating. Film coatings were done by dip coating method

for two times and coated plates were dried in an oven at 37°C for 30 hours.

Coating thicknesses were measured by using a micrometer. For coating density
calculations, the surface areas of titanium plates were measured and initial and final
weights of plates were recorded from which the coating density can be calculated.

These measurements were done twice and average values given in Table 3.1.
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Table 3.1 Coating thickness and coating density measurements

Titanium plate Coating thickness (mm) Coating density (g/m?)
As received 0.16 30.85

Polished NA NA

4 No sandpapered 0.17 32.10

Wire Emery 0.12 29.75
Sandblasted 0.17 33.60

Coating thicknesses were nearly the same for four samples. Coating densities
were around 30 g/m”. The highest value measured for sandblasted one as expected. It
was concluded that the antibiotic including polymer coatings were loaded more
effectively on sandblasted porous surfaces than the other surfaces in question. For

polished samples, homogeneous coatings were not achievable.

3.3 Indent Prototype Studies

In these studies, to increase the loading efficiency, five different indentation

patterns were applied to the Grade 2 titanium alloy and 316L stainless steel plates.

Grade 2 Titanium plates  316L Stainless Steel plates

Figure 3.1 Indent Prototypes (indent 1 is the upper, indent 5 is the bottom one)



3.3.1 Loading Efficiency on Indentations

For these five different indentations, drug containing polymer loading values

were measured and given in Table 3.2.

Table 3.2 Polymer loading on different indentations

Indent1 Indent2 Indent3 Indent4 Indent 5
Loading amount (g) 0.13 0.22 0.18 0.14 0.27
% Increase 29 107 82 44 156

It was observed in indent prototypes No.2 and No.5, % increase in polymer
loading was greater than 100 %. Therefore, it was concluded that such indentations

are applicable to implant surfaces such as smooth implants and screw necks.

3.3.2 Biomechanical Changes Related to the Indentation

Fatigue tests were applied on the plates with five different indentations. S-N

curves of both used materials are given in Figure 3.2.
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Figure 3.2 S-N figures for (a) grade 2 titanium alloy and (b) stainless steel 316L

It was found that 107 times loading on the samples of both materials with and

without indentation did not cause the fatigue failure. For this reason, it was

concluded that the indentations can be used safely for the plaque and screw

applications.

Computer simulations and fatigue tests in virtual media analysis applied to all

indentations (n=5) and materials (n=2). Ansys Workbench 10.0 (ANSYS, Inc., USA)

program was used for virtual media analysis. The models of titanium and stainless

steel samples were done in computer programs and 100 N load was applied by using

again with a virtual punch.
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Figure 3.3 Virtual media model, FEA stress distribution and S-N diagrams for
Indentation Model 1
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Figure 3.4 Virtual media model, FEA stress distribution and S-N diagrams for
Indentation Model 2
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Indentation Model 3
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Figure 3.5 Virtual media model, FEA stress distribution and S-N diagrams for
Indentation Model 3
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Indentation Model 4
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Figure 3.6 Virtual media model, FEA stress distribution and S-N diagrams for
Indentation Model 4
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Indentation Model 5
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Figure 3.7 Virtual media model, FEA stress distribution and S-N diagrams for
Indentation Model 5

According to the results obtained from the computer simulations and virtual
fatigue tests, it was determined that indentations applied on the grade 2 titanium and
stainless steel 316L samples did not cause any damage to the integrity of the implant
materials. Such indentations can be applied to implant material to obtain

homogeneous high amount of drug containing polymer coatings.
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3.4 Surface Treatment Studies on Titanium Plates

3.4.1 Surface Treatment

In this part, different surface pretreatments on titanium plates were applied.

The following steps were followed:

e Titanium plates were sandpapered by using 400 number SiC sandpaper and
then cleaned with alcohol for 15 minutes in an ultrasonic bath.

e The samples were kept in 5 M NaOH solution at varying time intervals.
Solution temperature was set at 48°C for sample 4 and was set 60°C for the
other samples.

e The plates were cleaned by dipping 3-5 times into distilled water. Plates were
dried at 40°C. Each plate was kept in an oven for 1 hour at 600°C.

e SEM and EDX analysis were done on the samples.

The treatment duration and alkaline solutions used for surface treatments on

titanium plates are given in Table 3.3.

Table 3.3 Solutions used, treatment duration and temperatures for surface treatments

Sample No Solution Treatment Duration
1 5M NaOH, 60 °C 1 day
2 5M NaOH, 60 °C 2 days
3 5M NaOH, 60 °C 3 days
4 5M NaOH, 48 °C 7 days
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3.4.2 SEM Analysis

For SEM analysis, micrographs were obtained at magnification 2000X and

5000X for each sample.

Figure 3.9 SEM image for sample 1 (1 day, 60 °C, 5000X)
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Figure 3.11 SEM image for sample 2 (2 days, 60 °C, 5000X)
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Figure 3.13 SEM image for sample 3 (3 days, 60 °C, 5000X)
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Figure 3.15 SEM image for sample 4 (7 days, 48 °C, 5000X)

Figures 3.8 to 3.15 show SEM photographs of the surfaces of titanium alloys
subjected to 5 M NaOH treatments. From these images, it can be concluded that
smooth surfaces of titanium alloys become more porous when they are treated with 5

M NaOH alkaline solution at 60°C and 48°C. Increasing the treatment time, a more
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porous structure was observed for the samples. Obtaining macroporous layer on
titanium alloy surfaces has a major importance since these materials are not
bioactive. In many publications, it is given that NaOH treatments followed by heat
treatments increases bioactivity of titanium based implant materials and bonelike
apatite layer forms over the surfaces when they are inserted into the body. It is also
reported that when surface treated implants immersed in simulated body fluids
(SBFs), a bonelike apatite layer forms on the surface of the implant material. This
gives the implant a bone bonding property and integration with the living bone is

succeeded by this way [74, 78, 80, 180-184].

3.4.3 EDX Analysis

To gain information about the surface chemical element surface composition
after surface treatments, EDX scanning analysis were done at 2000X. EDX graphs of

titanium plates are as follows:

3000 4 Ti
2500 4
2000
1500 -

1000 4

500+ Ti
0 Na Au Ca

Figure 3.16 EDX graph for sample 1 (1 day, 60 °C)
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Figure 3.17 EDX graph for sample 2 (2 days, 60 °C)
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Figure 3.18 EDX graph for sample 3 (3 days, 60 °C)
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Figure 3.19 EDX graph for sample 4 (7 days, 48 °C)

At the end of these analyses, stable and defined amorphous sodium titanate
layer was defined over all of the samples’ surfaces. In addition to the sodium peak,
calcium peak was also detected in all EDX graphs. Figure 3.20 outlines the steps in

the formation of bonelike layer on the titanium surfaces.

NaOH SBF
aqueous solution Ca+t (PO4)3'
LY
g
Na* ¥idApatite HaO+
e
TiO2 hydrogel
Ti
(A) formation of alkali titanate (B) densification of hydrogel (C) apatite nucleation and
hydrogel by alkali treatment into alkali titanate by heat growth via TiOz hydrogel
treatment formation in SBF

Figure 3.20 Schematic representation of structural change of Ti metal with alkali

treatment (A), heat treatment (B) and apatite formation mechanism in SBF(C) [182]
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3.4.4 Surface Cleaning of Titanium Alloys Prior to Coating

Another surface treatment prior to surface coating steps was done according to
ASTM D2651-90 “Standard Guide for Preparation Metal Surfaces for Adhesive
Bonding” [178]. According to this procedure (10.2.1 Acid Etch) following steps

were applied on titanium alloy surfaces:

e Immerse for 2 min at room temperature in the following solution: 841 ml
orthophosphoric acid (reagent grade, 85 to 87%), to 63 ml hydrofluoric acid
(reagent grade, 60%).

e Rinse.

e Oven dry for 15 min at 88 to 93 °C.

This surface treatment technique was used to increase the bonding ability of
titanium alloy implant surfaces. Then, these titanium alloy samples were used for

coating applications.

3.5 Persoz Hardness Tests

Solutions of 10% (w/v) PVOHs in water, 10% (w/v) RG 504 and LC 703 in
chloroform and 5% (w/v) PCL and L 209S in chloroform were prepared and
precleaned glass plates (9,5 cm x 10 cm) were coated with these polymers to obtain a
film thickness of 50 pm. Pendule Persoz & Konig Model 3034 from Braive
Instruments was used for hardness tests. Measurements were done on three different

points of coated glass plates and average values are given in Table 3.4.
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Table 3.4 Persoz hardness results of polymer coatings

Sample Persoz Hardness (ASTM)
PVOH (Mwt:31000-50000) 389
PVOH (Mwt:13000-23000) 386
L 209S 424
RG 504 351
LC 703 225
PCL 253

According to the hardness results, Poly(L-lactide) L 209S has the highest

hardness value as expected. The hardness values are in the following order:

L 209S > PVOH (high Mwt.) > PVOH (low Mwt.) > RG 504 >PCL > LC 703

The hardness order gives some information about the degradation profiles of
the polymers that is responsible for controlled drug release. Since drug release is
mainly affected by diffusion and by degradation, the hardness values have
importance for drug release studies. In this regard, the information obtained from this
study is helpful in designing a polymeric system for coating applications. Also, the
hardness values are a measure of deformation of polymeric coatings. Coatings
applied on the implant material should maintain its uniformity during the application
to the body, therefore the hardness value of polymeric film should be comparatively

high.

3.6 Gloss Tests

The samples used for hardness tests are also used for gloss tests. Since the final
appearance of coated implant material is important, gloss measurements were done.

The results are given in Table 3.5.
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Table 3.5 Gloss measurements of polymer coatings

Sample Gloss
20° 60" 85"

PVOH (Mwt:31000-50000) 163.9 141.9 111.0
PVOH (Mwt:13000-23000) 163.5 144.9 110.6
L 209S 140.0 133.2 108.6
RG 504 62.2 84.7 74.6
LC 703 148.4 137.5 111.5
PCL 47.1 63.8 93.8

Gloss results give information about the surface shininess and coating
roughness. Higher the gloss value means smoother the surface. It can be concluded
from the gloss results, PCL and RG 504 coatings have much less smooth surface

appearance than the other coatings.

3.7 Measuring Adhesion by Tape Test

Adhesion measurement by tape test according to ASTM standards was applied
to the polymer coated glass specimens. For these tests, coatings were cut in small
squares and pressure sensitive tape from 3M Company was applied. Then the tape

was pulled back and adhesion was determined and evaluated from 5B to 0B.

Table 3.6 Adhesion measurements of polymer coatings by Tape Tests

Sample Adhesion (Tape Test)
PVOH (Mwt:31000-50000) 0B
PVOH (Mwt:13000-23000) 0B
L 209S 1B
RG 504 1B
LC 703 0B
PCL 0B
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According to the results, the adhesions of the polymers are weak and coating
integrity can be easily broken. These tests were applied to measure the difference in
adhesional properties of different polymers we plan to use in drug release
experiments. Poly(L-lactide) L 209S and PLGA RG 504 coatings have better

adhesional properties over the other polymer coatings.

3.8 Lap Shear Tests

Surface modified titanium alloy plates (Table 3.7) were used for lap shear tests.
As film forming material, PLGA RG 504 and poly(L-lactide) L 209S polymers were
used. Titanium plates were cleaned in sequence with detergent-triple distilled water-
0.1 M NaOH-triple distilled water cycle and dried at 37°C prior to application of
coating materials. Tests were applied for three times to each kind of titanium alloy.
The samples were dried again at 37°C for one day before applying the tests.
Maximum force values at failure were measured and comments on the type of failure
were given. The application of these tests is described in Section 2.2.1.3. Forms and
dimensions of specimens used are explained in Figure 2.9. Tensile testing machine
used for lap shear tests is shown in Figure 2.10. In Figure 3.21, typical load-

propagation extension graph for lap shear tests is given.

Load (N)

N

4.0 5.0 6.0 7.0
Propagation Extension (mm)

Figure 3.21 Typical load-propagation extension graph for lap shear tests
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3.8.1 Lap Shear Tests for PLGA RG 504

10% (w/v) RG 504 solution was prepared in chloroform and this solution was
used as an adhesive material. Bonded plates were dried in an oven at 37°C for one
day. Samples prepared were tested by using a tensile testing machine, Lloyd
Instruments, AMETEK (UK), LR5K. 5 kN capacity load cell and TG15 model self
tightening sliding wedge grip were used for analyses. Preload force was 2 N and
crosshead speed was 10 mm/min during the tests. NEXYGEN material test and data
analysis software was used for processing the data. The results of these tests are as

following:

Table 3.7 Lap shear test results for RG 504

Titanium Plate Force at Break  Average Force Shear Stress
™) ) (N/em?)
1)313.79

Not-treated 2)703.46 452.65+177.69 70.18+27.55
3)340.70

1)378.70
4 No Sandpapered 2)716.72 693.16+247.69 107.47+38.40
3)984.04

1)302.86
Wire Emery 2)449.43 378.79+59.95 58.73+9.29

3)384.08

1)777.40

Sandblasted 2)112.93 389.24+282.56 60.35+43 .81
3)277.40
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Figure 3.22 Comparisons of RG 504 Lap Shear tests

3.8.2 Lap Shear Tests for Poly(L-lactide) L 209S

5% (w/v) L 209S solution was prepared in chloroform and this solution was
used as an adhesive material. Bonded plates were dried in an oven at 37°C for one
day. Prepared samples were tested by using a tensile testing machine, Lloyd
Instruments, AMETEK (UK), LR5K. 5 kN capacity load cell and TG15 model self
tightening sliding wedge grip were used for analyses. Preload force was 2 N and
crosshead speed was 10 mm/min during the tests. NEXYGEN material test and data

analysis software was used for processing the data. The results of these tests are as

following:
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Table 3.8 Lap shear test results for L 209S

Titanium Plate Force at Break  Average Force Shear Stress
™) N) (N/em’)
1)51.29
Not-treated 2)114.75 68.84+32.77 10.67£5.08
3)40.46
1)129.46
4 No Sandpapered 2)260.54 195.00+65.54 30.23£10.16
3)NA
1)194.60
Wire Emery 2)268.92 257.87+47.79 39.98+7.41
3)310.08
1)170.14
Sandblasted 2)402.41 264.371£99.76 40.99+15.47
3)220.54
60 - ONot-treated
T Bl 4 No Sandpapered
50 |
OWire Emery
40 A 1] OSandblasted

30 4

Shear Stress (N/cm?)

20 +

10 +

Figure 3.23 Comparisons of L 209S Lap Shear tests

Drug dispersed L 209S solutions in chloroform was prepared and lap shear tests

were applied by using this suspension as an adhesive.
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Table 3.9 Lap shear test results for L 209S + drugs

a) 5% (w/v) L 2098 in chloroform (2.5g/50ml)+0.1268 g Cefamezin

Titanium plate Force at Break (N)  Shear Stress (N/cmz)
Not-treated NA NA

4 No Sandpapered 31.49 4.88

Wire Emery 86.62 13.43
Sandblasted 119.39 18.51

b) 5% (w/v) L 209S in chloroform (2.5g/50ml)+0.1261 g Rocephin

Titanium plate Force at Break (N)  Shear Stress (N/cm?)
Not-treated 85.84 13.31
4 No Sandpapered 222.79 34.54
Wire Emery 249.37 38.66
Sandblasted 228.87 35.48

As a result, the best adhesional property was observed in 4 No sandpapered
titanium samples with PLGA RG 504 adhesive. Sandblasted samples had the highest
adhesional force values with poly(L-lactide) L 209S. All samples’ failures occurred
from polymer adhesives (adhesive failure). Strength at failure values for both
polymers was high enough to resist surface detachments during application of
implants to the body. Poly(L-lactide) L 209S has a more viscous and higher
crystalline structure; therefore its high adhesional ability is observed on porous
surfaces. However, PLGA RG 504 has higher adhesional properties on smooth or

nearly smooth surfaces.

When antibiotics are added (Cefamezin and Rocephin) to the adhesives, it was
observed that on not-treated and unmodified titanium surfaces, failures occurred at
very low shear stress values. Better adhesional results were observed for the other
samples. For adhesive L 209S, the same trend observed that is, high stress at failure
value for porous surfaces is valid. When compared to the lap shear tests with pure L
2098, big decrease in shear stress values were observed for the samples containing
Cefamezin. On the other hand, slight decrease in shear stress values occurred in the

Rocephin containing samples.
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3.9 T-Peel Tests

Surface modified titanium alloy plates (Table 3.10) were used for T-peel tests.
As adhesive material, PLGA RG 504 and poly(L-lactide) L 209S polymers were
used. Since the adhesional ability is much more affected from the cleanliness of the
surfaces, titanium plates were cleaned in sequence with detergent-triple distilled
water-0.1 M NaOH-triple distilled water cycle and dried at 37°C prior to application
of coating materials. Tests were applied for three times to each kind of titanium
alloy. The samples were dried again at 37°C for one day before applying the tests.
Maximum force values at failure were recorded and comments on the type of failure
were given. The application of these tests is described in Section 2.2.1.4. Forms and
dimensions of specimens used are explained in Figure 2.11. Tensile testing machine
used for T-peel tests is shown in Figure 2.10. In figure 3.24, typical load-propagation

extension graph for T-peel tests is given.

Load (N)

3‘0 4‘0 ! ‘0
Propagation Extension (mm)

Figure 3.24 Typical load-propagation extension graph for T-peel tests
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3.9.1 T-Peel Tests for PLGA RG 504

10% (w/v) RG 504 solution was prepared in chloroform and this solution was
used as adhesive material. Bonded plates were dried in an oven at 37°C for one day.
Samples prepared were tested by using a tensile testing machine, Lloyd Instruments,
AMETEK (UK), LR5K. 5 kN capacity load cell and TG15 model self tightening
sliding wedge grip were used for analyses. Preload force was 2 N and crosshead
speed was 10 mm/min during the tests. NEXYGEN material test and data analysis

software was used for processing the data. The results of these tests are as following:

Table 3.10 T-peel test results for RG 504

Titanium Plate Force at Break  Average Force Shear Stress
N) ™) (N/em?)

1)32.18

Not-treated 2)62.66 52.90+14.66 2.98+0.82
3)63.85
1)25.61

4 No Sandpapered 2)80.78 48.46+23.50 2.73+1.32
3)38.99
1)34.13

Wire Emery 2)44.27 41.07+4.91 2.31+0.28
3)44.80
1)29.43

Sandblasted 2)59.14 51.80+16.13 2.91+0.91
3)66.84
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Figure 3.25 Comparisons of RG 504 T-peel tests

3.9.2 T-Peel Tests for Poly(L-lactide) L. 209S

5% (w/v) L 209S solution was prepared in chloroform and this solution was
used as adhesive material. Bonded plates were dried in an oven at 37°C for one day.
Samples prepared were tested by using a tensile testing machine, Lloyd Instruments,
AMETEK (UK), LR5K. 5 kN capacity load cell and TG15 model self tightening
sliding wedge grip were used for analyses. Preload force was 2 N and crosshead
speed was 10 mm/min during the tests. NEXYGEN material test and data analysis

software was used for processing the data. The results of these tests are as following:
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Table 3.11 T-peel test results for L 209S

Titanium Plate Force at Break  Average Force Shear Stress
(N) (N) (N/em?)
1)22.75
Not-treated 2)37.98 33.01+7.26 1.8610.41
3)38.30
1)31.46
4 No Sandpapered 2)36.92 34.9842.49 1.9740.14
3)36.56
1)37.14
Wire Emery 2)41.98 43.6616.13 2.461+0.34
3)51.87
1)26.01
Sandblasted 2)73.03 47.52+£19.40 2.67+1.09
3)43.52
4 1 ) O Not-treated
&g 3.5 1 B4 No Sandpapered
(3]
< 37 OWire Emery
® 25 mm
o . {|} O Sandblasted
o,
5 1
S 15
1 -
0.5
0

Figure 3.26 Comparisons of L 209S T-peel tests

The same tendency with lap shear tests can be seen in T-peel tests. RG 504
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samples have higher failure force values on smooth surfaces. L 209S, on the other
hand, have shown higher force values with more porous surfaces. All samples’
failures occurred from polymer adhesives (adhesive failure). Strength at failure
values for both polymers was high enough to resist surface detachments during

application of implants to the body.

3.10 Polymer Degradation Studies

In this part, degradation profiles of PLGA RG 504 and poly(L-lactide) L 209S
polymers were investigated. Viscosity measurements were done by using a capillary
viscometer. The metabolic degradation schema for polylactide and polyglycolide is

shown in Figure 3.27.

POLYGLYCOLIDE » GLYCOLIC ACID
\\* Excreted in urine
POLYLACTIDE —————»= LACTIC ACID T
OXALIC ACID

T

GLYCOLIC ACID

l

CITRATE GLYCINE

A ] l
\ ACETYL CoA -+— PYRUVIC ACID -4————————— SERINE

o

COg

CO;

TRICARBOXYLIC
ACID CYCLE

H,O

Figure 3.27 Metabolic degradation pathways for polyglycolide and polylactide
polymers (Bostman OM) [98]
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3.10.1 Degradation Profile for PLGA RG 504

0.5 g polymer was dissolved in 100 ml chloroform under constant stirring.
Polymer films were obtained by evaporating the solvent. Then, these films were
placed into the 20 ml DI water in an oven at 37 °C. At predetermined time intervals,
the films were taken, dried and dissolved again with initial amount of chloroform.
Then the flow times were measured by using Ubbelohde viscometer. For this
purpose, constant temperature water bath held at 25 °C was used. Set of solutions
was prepared by dilution with chloroform and flow time of each solution was

measured at least three times to ensure the reliability.
a) Stock Solution (RG 504)

10 ml polymer solution (0.5 g/dl) was taken and dilutions were done by adding
5 ml portions of chloroform. At each step, thermal equilibrium was established by

holding the solution in constant temperature water bath for 15 min. before the

measurements.

Table 3.12 Intrinsic viscosity values for RG 504 (stock solution)

C (g/d)) solvent 0.500 0.333 0.250 0.200
Flowtime (s) 103.31 166.22 144.39 134.95 127.71
Nrel 1.609 1.398 1.306 1.236
Ninh 0.951 1.006 1.068 1.059
Nred 1.218 1.195 1.224 1.180

Regression

[n] (dV/g)

From 1y vs C line 1.1487

From 1;¢q vs C line 1.1802

Average 1.1645
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b) Degradation of RG 504

20 ml polymer solutions (0.5 g/dl) were taken and chloroform was evaporated
to obtain clear polymer films. Then, these films were put into 20 ml DI water at 37°C
for 2 days, 1 week, 4 weeks and 6 weeks. These films were taken out of water, dried
in an oven at 37°C and dissolved again in 20 ml chloroform. From each solution, 10
ml was taken and used for viscosity measurements. At each step, thermal equilibrium
was established by holding the solution in constant temperature water bath for 15

min. before the measurements.

117



Table 3.13 Intrinsic viscosity values of RG 504 at various degradation times

Degradation Ll

Time From n;,y, vs. C line From 1,eq vs. C line Average
0 1.1487 1.1802 1.1645

2 days 1.0077 1.0329 1.0203

1 week 1.0002 1.0415 1.0209

4 weeks 0.1424 0.1265 0.1345

6 weeks 0.1092 0.1073 0.1083

From the interpretation of the data, intrinsic viscosity values for RG 504
polymer films degraded in water at different time intervals were calculated (see
Appendix F). It can be easily seen that degradation of these polymer films are
continuous and very fast. Intrinsic viscosity values of RG 504 in chloroform
decreased to nearly 9 % of its initial value after 6 weeks degradation in water. Major
degradation occurs in 30 days mostly. Intrinsic viscosity vs. degradation time graph

can be seen in Figure 3.29.

1.4 -

Intrinsic Viscosity

0 10 20 30 40 50

Degradation Time (days)

e dots stand for [n] values obtained from 14 vs. C graphs
e dots stand for [n] values obtained from n;,, vs. C graphs

Figure 3.29 Intrinsic viscosity vs. degradation time graph for RG 504
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For linear and unbranched polymers such as Resomer® RG 504, the viscosity

of a diluted polymer solution is directly correlated to the My (viscosity average

molecular weight) by the Mark-Houwink equation that is given below [185]:
M]=K Mv® (3.1)

By using the solution viscometry results, the change in My with degradation
time can be calculated. Mark-Houwink constants for 50:50 poly(D,L-lactide-co-
glycolide) in chloroform are given as K = 1.333x107 dl/g, and a = 0.544 [185, 186].

The change in My values with degradation time can be seen in Figure 3.30.

300,000

250,000

200,000

150,000

100,000

50,000

Viscosity Average Molecular Weight

0 \
0 10 20 30 40 50
Degradation Time (days)

e dots stand for asy values obtained by using Mq vs. C graphs
e dots stand for sy values obtained by using 1., vs. C graphs

Figure 3.30 Change in My of RG 504 with degradation time

As it can be seen from the Figure 3.30, My for RG 504 decreased to nearly
1.3% of its initial value after 6 weeks degradation in water. Most of the degradation

occurred in 4 weeks.
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3.10.2 Degradation Profile for Poly(L-lactide) L 209S

0.25 g polymer was dissolved in 100 ml chloroform under constant stirring.
Polymer films were obtained by evaporating the solvent. Then, these films were
placed into the 20 ml DI water in an oven at 37 °C. At predetermined time intervals,
the films were taken, dried and dissolved again with initial amount of chloroform.
Then the flow times were measured by using Ubbelohde viscometer. For this
purpose, constant temperature water bath held at 25 °C was used. Set of solutions
was prepared by dilution with chloroform and flow time of each solution was

measured at least three times to ensure the reliability.

a) Stock Solution (L 209S)

10 ml polymer solution (0.25 g/dl) was taken and diluted with 10 ml
chloroform. From this solution, 10 ml was taken and 5 ml chloroform was added. For
measurements, dilutions were done by adding 5 ml portions of chloroform. At each
step, thermal equilibrium was established by holding the solution in constant

temperature water bath for 15 min. before the measurements.

Table 3.14 Intrinsic viscosity values for L 209S (stock solution)

C (g/dD) solvent 0.0833 0.0625 0.0500 0.0417
Flowtime (s) 103.31 283.82 231.47 201.34 180.65
Nrel 2.747 2.241 1.949 1.749
Ninh 12.131 12911 13.346 13.406
Nred 20.972 19.856 18.980 17.962

Regression

[n] (dl/g)

From njpp vs C line 14.852

From 1;¢q vs C line 15.309

Average 15.081
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Figure 3.31 nin // NMrea VS. Concentration graph for stock solution (L 209S)

b) Degradation of L 209S

20 ml polymer solutions (0.25 g/dl) were taken and chloroform was evaporated
to obtain clear polymer films. Then, these films were put into 20 ml DI water at 37°C
for 2 days, 1 week, 4 weeks and 6 weeks. These films were taken out of water, dried
in an oven at 37°C and dissolved again in 20 ml chloroform. From each solution, 10
ml was taken and diluted with 10 ml chloroform. Then, 10 ml was taken and 5 ml
chloroform was added. For measurements, dilutions were done by adding 5 ml
portions of chloroform. At each step, thermal equilibrium was established by holding

the solution in constant temperature water bath for 15 min. before the measurements.
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Table 3.15 Intrinsic viscosity values of L 209S at various degradation times

Degradation Ll

Time From n;,y, vs. C line From 1,eq vs. C line Average
0 14.852 15.309 15.081

2 days 13.972 14.465 14.219

1 week 11.714 10.761 11.238

4 weeks 11.152 11.295 11.224

6 weeks 12.083 12.026 12.055

From the interpretation of the data, intrinsic viscosity values for L 209S
polymer films degraded in water at different time intervals were calculated (see
Appendix G). It can be easily seen that degradation of these polymer films are
relatively slow. Intrinsic viscosity values of L 209S in chloroform decreased to
nearly 75-80 % of its initial value after 6 week degradation in water. Intrinsic

viscosity vs. degradation time graph can be seen in Figure 3.32.
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e dots stand for [n] values obtained from 14 vs. C graphs
e dots stand for [n] values obtained from n;,, vs. C graphs

Figure 3.32 Intrinsic viscosity vs. degradation time graph for L 209S
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As a result, it can be concluded that the degradation profile of L 209S sample is

very slow. Therefore, L 2098 inert coatings were thought to be helpful to control the

drug release from the interior RG 504 coatings.

By using the solution viscometry results, the change in My with degradation

time can be calculated. Mark-Houwink constants for poly(L-lactide) in chloroform

are given as K = 6.774x10™* dl/g, and a = 0.700 [185, 186]. The change in My values

with degradation time can be seen in Figure 3.33.
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Figure 3.33 Change in My of L 209S with degradation time

As it can be seen from the Figure 3.33, My for L 209S decreased to

approximately 60-70 % of its initial value after 1 week of degradation in water.

During the rest of the time until 6 weeks, no major change in My was detected.

According to degradation profiles of PLGA RG 504 and poly(L-lactide) L209S

polymers in aqueous media, it can be concluded that degradation rate of RG 504 is

higher than L 209S. That means, L 209S is more stable in terms of hydrolysis.
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Depending on the degradation kinetics obtained for both polymers, different uses of
them can exist. Preferably, RG 504 was decided mostly to be used as drug carrier

and L 209S as inert coating agent.

3.11 Calibration Curves for Antibiotics Used in Release Studies

In this part, calibration curves of different drugs used were obtained. For this
purpose, antibiotics were dissolved in water at different concentrations. In some
trials, PBS (for preparation, see Appendix E) was used as solvent to compare if there
were any difference. Two concentration sets of drugs were prepared to ensure the
reliability. The maximum absorbance values were measured at predetermined
wavelengths by using a UV-Visible spectrophotometer. Data obtained were used to
prepare a calibration curve (absorbance vs. concentration curve). The line equations
obtained from these curves were used to calculate the released amounts of antibiotics

in drug release experiments.

3.11.1 Calibration Curve for Vancomycin

To obtain a calibration curve for Vancomycin, various concentrations of
Vancomycin were prepared in triple distilled water. UV-Vis spectrophotometer was
used for absorbance measurements. It was found that Vancomycin has a maximum
absorbance at 281 nm. Detection limits were found between 5 pg/ml and 500 pg/ml
concentration. Two parallel sets were prepared and used for absorbance

measurements to maintain accuracy.
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Figure 3.34 Calibration curve for Vancomycin (at 281 nm)

3.11.2 Calibration Curve for Alfoxil (Amoxicillin)

In the study for obtaining calibration curve for Alfoxil (amoxicillin), various
concentrations of Alfoxil were prepared in PBS. UV-Vis spectrophotometer was
used for absorbance measurements. It was found that Alfoxil has a maximum
absorbance at 206 nm. Detection limits were found between 1 pg/ml and 25 pg/ml
concentration. Two parallel sets were prepared and used for absorbance

measurements to maintain accuracy.
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Figure 3.35 Calibration curve for Alfoxil (at 206 nm)

3.11.3 Calibration Curve for Augmentin (Amoxicillin)

In the study for obtaining calibration curve for Augmentin (amoxicillin),
various concentrations of Augmentin were prepared in PBS. UV-Vis
spectrophotometer was used for absorbance measurements. It was found that
Augmentin has a maximum absorbance at 289 nm. Concentration range used was
between 50 pg/ml and 1000 pg/ml. Two parallel sets were prepared and used for

absorbance measurements to maintain accuracy.
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Figure 3.36 Calibration curve for Augmentin (at 289 nm)

3.11.4 Calibration Curve for Fortum (Ceftazidime)

In the study for obtaining calibration curve for Fortum (ceftazidime), various
concentrations of Fortum were prepared in PBS. UV-Vis spectrophotometer was
used for absorbance measurements. It was found that Fortum has a maximum
absorbance at 208 nm and 256 nm. Concentration range used was between 2.5 pg/ml
and 25 pg/ml. Two parallel sets were prepared and used for absorbance

measurements to maintain accuracy.
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Figure 3.37 Calibration curves for Fortum a) at 208 nm, b) at 256 nm

3.11.5 Calibration Curve for Cefamezin (Cefazolin)

In the study for obtaining calibration curve for Cefamezin (cefazolin), various
concentrations of Cefamezin were prepared in PBS. UV-Vis spectrophotometer was
used for absorbance measurements. It was found that Cefamezin has a maximum
absorbance at 289.5 nm. Concentration range used was between 10 pg/ml and 50
png/ml. Two parallel sets were prepared and used for absorbance measurements to

maintain accuracy.
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Figure 3.38 Calibration curve for Cefamezin (289.5 nm)

3.11.6 Calibration Curve for Rocephin (Ceftriaxone)

In the study for obtaining calibration curve for Rocephin (ceftriaxone), various
concentrations of Rocephin were prepared in PBS. UV-Vis spectrophotometer was
used for absorbance measurements. It was found that Cefamezin has a maximum
absorbance at 290 nm. Concentration range used was between 10 pg/ml and 50
png/ml. Two parallel sets were prepared and used for absorbance measurements to

maintain accuracy.
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Figure 3.39 Calibration curve for Rocephin (at 290 nm)

3.12 Drug Release Studies

In these studies, drug containing polymers were used to coat different implant
surfaces. In general, coated implants were immersed in the aqueous medium and at
definite time intervals, some amount of solvent was taken out and its absorbance was
measured or medium is completely refreshened and obtained solution was used for
absorbance measurements. UV analyses were done on the aqueous samples and by
using the calibration curves and equations, released drug concentrations and amounts
could be calculated. Special features about metal surfaces and coating formulations

will be given where needed in the following separate sections.

3.12.1 Drug Release Studies from Augmentin (Amoxicillin Derivative) Loaded

Implants

15 ml solutions of 5% (w/v) poly(L-lactide) L 209S and 10% (w/v) poly(L-
lactide-co-caprolactone) LC 703 were taken and 0.3 g of Augmentin was dispersed in

each of the solutions. Cleaned (in a detergent-triple distilled water-0.1 M NaOH-
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triple distilled water cycle) titanium plates (dimensions with I cm x 1 cm x 0.15 cm)
were coated with these solutions and dried for 1 day in an oven held at 37°C. Then,
these plates were put into the UV cells with PBS and placed in an oven at 37°C.
Absorbance values at 289 nm were measured at predetermined time intervals. After
20 and 48 hours, solvent was freshened. For all the samples, no reliable absorbance

values can be measured after 72 and 96 hours in refreshened solutions.

Table 3.16 Absorbance and drug releases for Augmentin loaded plates

Coating Coating A A A’ A A’ A A
formulation Weight (g) (1h)  (6h)  (20h) | (24h) (48h) | (72h) (96h)
L209S + 0.0073 0.506 0.759 0.825 | 0.128 0432 | NA  NA
Augmentin _ 0.0085 0.496 0.758 0.856 | 0.208 0.737 | 0.043 NA
LC703 + 0.0070 0.335 0.507 0.657 | 0225 0.688 | NA  NA
Augmentin  0.0080 0378 0.623 0.788 | 0.205 0.619 | NA  NA

* After 20 and 48 hours, PBS was refreshened.

Total Amount of Released Drug (g)

Coating 1 6 20 24 48 72 96
formulation hour hours hours hours hours hours hours
L209S + 2,5x10°  3,8x10°  4,1x10° 4,7x10° 62x10°  NA NA
Augmentin  2,5x10°  3,8x10°  43x10° 53x10° 79x10° 8,1x10° NA
LC703 + 1,7x10°  2,5x10°  3,3x10°  4,4x10° 6,7x10°  NA NA
Augmentin  1,9x10°  3,1x10° 3,9x10° 4,9x10° 7,0x10°  NA NA

Fast releases of the drug were observed for all of the samples studied.
Therefore, new approaches (such as multiple inert coatings) were applied in the
following sections. Antibiotic releases are mostly completed in 2 day time period for

all the samples.
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3.12.2 Drug Release Studies from Alfoxil (Amoxicillin) Loaded Implants

3.12.2.1 Effect of Polymer Type on Drug Release

Polymer solutions were prepared in triple distilled water (for two kinds of
PVOHs) and chloroform (for the other polymers) with magnetic stirrer. Then, 10 ml
from these solutions were taken and Alfoxil was added to these solutions to be 10 %
of the total weight (polymer+drug). Obtained suspensions were placed in ultrasonic
stirrer for 4.5 hours to attain homogeneity. By using these suspensions, two kinds of
titanium plates were coated. Plates with codes 1-6 were in the dimensions of
2x1x0.28 cm and surface modification was done according to ASTM D 2651-90
with orthophosphoric acid (aq) plus hydrofluoric acid (aq) (described in Section
3.4.4). Plates with codes 1A-6A were in the dimensions of 1x1x0.15 ¢cm and no
further surface modifications were done on these samples. These two different
titanium plates can be seen in Figure 3.40. Coated samples were dried in an oven at
37 °C for 1 day and used in release experiments. All of the samples were placed in a
40 ml PBS solution and put in an oven held at 37 °C. At definite time intervals, 4 ml
sample was taken and used for UV analysis. Samples were frozen until absorbance
measurements. By wusing the calibration curve for Alfoxil, released drug
concentrations can be calculated. Coating formulations, absorbance measurements,
released drug concentrations and total release concentrations are given in Table 3.17,
and 3.18. In the Figures 3.41 to 3.46, total released Alfoxil concentration with time

graphs can be seen.
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Figure 3.40 Titanium plates used for the experiments (“A-coded” sample on the left,

“number-coded” sample on the right)
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Table 3.17 Coating formulations and absorbance measurements on Alfoxil loaded titanium plates

vel

Sample  Coating formulation Coating A A A A A A
Code weight (g) (1 day) (2days) (1 week) (2 weeks) (4 weeks) (6 weeks)
1 10% (w/v) PVOH 0.0033 0.302 0.268 0.272 0.308 0.336 0.347
1A (low Mwt) +Alfoxil 0.0016 0.312 0.227 0.235 0.261 0.229 0.236
2 10% (w/v) PVOH 0.0031 0.356 0.315 0.302 0.346 0.361 0.403
2A (high Mwt) +Alfoxil 0.0028 0.245 0.238 0.253 0.293 0.302 0.288
3 10% (w/v) PCL + 0.0074 0.806 0.779 0.749 0.785 0.796 0.818
3A Alfoxil 0.0029 0.298 0.282 0.306 0.343 0.612 0.385
4 10% (w/v) RG 504 + 0.0053 0.395 0.396 0.410 0.434 0.444 0.554
4A Alfoxil 0.0026 0.168 0.146 0.163 0.220 0.194 0.242
5 10% (w/v) LC 703 + 0.0079 0.602 0.589 0.590 0.657 0.608 0.820
5A Alfoxil 0.0041 0.335 0.332 0.342 0.397 0.366 0.428
6 5% (w/v) L 209S + 0.0047 0.354 0.335 0.343 0.407 0.381 0.441
6A Alfoxil 0.0030 0.200 0.205 0.244 0.315 0.302 0.361

*Coating solutions were 10 ml and drugs were added to be 10% of the polymer matrix.



gel

Table 3.18 Total released drug concentrations from Alfoxil loaded titanium plates

Sample Polymer  Theoretical Drug Total Drug Concentration in PBS (pg/ml)

Code Type Weight (mg) 1 day 2 days 1 week 2 weeks 4 weeks 6 weeks
1 PVOH 0.33 7.09 6.31 6.39 7.02 7.46 7.60
1A (low Mwt.) 0.16 7.34 540 5.56 6.02 5.53 5.62
2 PVOH 0.31 8.46 7.52 7.26 8.04 8.27 8.81
2A (high Mwt.) 0.28 5.64 548 5.78 6.50 6.63 6.45
3 PCL 0.74 19.92 19.30 18.69 19.27 19.50 19.78
3A 0.29 6.98 7.30 7.11 7.77 11.88 8.99
4 0.53 9.45 9.48 9.77 10.19 10.34 11.74

RG 504
4A 0.26 3.67 3.17 3.52 4.53 4.14 4.75
5 LC 703 0.79 14.73 14.42 14.45 15.65 14.90 17.60
5A 0.41 7.93 7.86 8.07 9.05 8.57 9.36
6 0.47 8.41 7.98 8.14 9.28 8.88 9.65
L 209S
6A 0.30 4.49 4.61 540 6.67 6.47 7.22

* Total released drug concentrations are calculated for 40 ml solution medium.
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Figure 3.41 Alfoxil release and % release from PVOH (low molecular weight)
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Figure 3.42 Alfoxil release and % release from PVOH (high molecular weight)
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Figure 3.46 Alfoxil release and % release from Poly(L-lactide) L 209S

From the graphs and calculated released drug amounts, released drug
percentages in one day release time were 85.9% for sample 1, 80.6% for sample 2A
and 96.3% for sample 3A. For samples 1A, 2 and 3, released drug percentages
exceeded the total theoretical amount of loaded drug. This may be due to
inhomogeneous distribution of the antibiotic in the polymer phase. During drying of

the polymer-film solution, homogeneity of the drugs can be lost due to unexpected

141



physical changes. On the remaining samples, the released drug percentages in one
day release time decreased to 71.3% for sample 4, 56.5% for sample 4A, 74.6% for
sample 5, 77.4% for sample 5A, 71.6% for sample 6 and 59.9% for sample 6A.
Therefore, in general, it can be concluded that almost the entire drug was released in
one day for homopolymers. On the other hand, for copolymers, drug releases
continued in a very slow manner. At the end of 6 week drug release time, the
released drug percentages increased to 88.6% for sample 4, 73.1% for sample 4A,
89.1% for sample 5, 91.3% for sample 5A, 82.1% for sample 6 and 96.3% for
sample 6A. At the end of this section, it is found that preventing burst release of
drugs could not be achieved by this method. Almost all of the loaded drugs were
released in one day. The remainder of the drugs was not enough to maintain a
feasible amount of release for antibiotic activity. Changes in the sample preparation
were made to prevent burst release and achieve better controlled drug release implant
models. These changes are the introduction of inert coating on the polymer+drug
composite and use of tricalcium phosphate (TCP) as drug carrier is explained in the

forthcoming sections.

3.12.2.2 Drug Release Studies from Inert Coating Applied Implants

To solve the burst release problem faced in the previous section, inert coatings
applied over the drug containing polymer layer. 10% (w/v) PLGA RG 504 solution
was prepared in chloroform and Alfoxil drug was added to this solution that the final
weight of it was 10% of the total weight (polymer+drug). Obtained suspension was
placed in ultrasonic stirrer for 4.5 hours to achieve homogeneity. By using this drug
dispersed suspension, titanium plates were coated once. Then 1, 2 and 4 layers of
10% (w/v) RG 504 coatings (without drug) were applied to the titanium plates to
prevent the burst release of drug from implant samples. Before each coating layer
applied, samples were dried in an oven held at 37°C. Then, these samples were put
into the 20 ml PBS containing closed glass vessels. The drug release experiments
were carried out in an oven held at 37°C. At predetermined time intervals, samples

were taken out from the vessels and placed in fresh PBS containing ones. The UV
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measurements were done on the PBS solutions to find out the released drug amounts.

Table 3.19 Absorbance measurements and released drug concentrations for Alfoxil

loaded titanium implant samples (inert coating applied)

Sample A A A A A A
Code (6 h) (1 day) (2days) (1 week) (2 weeks) (4 weeks)
1 layer 0.677 0.538 0.151 1.167 0.329 1.874

2 layers 0.262 0.492 0.382 1.097 0.347 0.569

4 layers 0.227 0.317 0.346 0.329 0.235 1.744
Sample Total Drug Concentration in PBS (ng/ml)

Code 6 h 1 day 2 days 1 week 2 weeks 4 weeks
1 layer 16.64 29.74 32.98 62.09 69.86 116.97
2 layers 6.07 17.99 27.11 54.44 62.67 76.56
4 layers 5.18 12.65 20.86 28.63 34.01 77.81

Total Drug Concentration (pug/ml)
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Figure 3.47 Effect of inert coatings on Alfoxil release

As a result of these studies, promising improvements were achieved. The

slower rate of drug release and therefore managing the burst release at initial times

was achieved. Also, with increasing the number of inert coatings, drug release

143



profiles seemed to be much more controllable and long-lasting. With these promising
results, further and much more detailed studies on inert coating applications were

performed.

In the following studies on inert coating applications, firstly, the sandblasted
titanium plates were rinsed with detergent-DI water-acetone-DI water cycle and
dried in an oven. Polymer PLGA RG 504 was dissolved in chloroform to be 10%
(w/v). Alfoxil, as a drug, was dispersed in the polymer solution to obtain 10% (w/w)
drug content with respect to the dissolved polymer. The suspension was placed in
ultrasonic stirrer for 4.5 hours to achieve homogeneity. Titanium plate used in this

study (dimensions 1.5 cm x 1.5 cm x 0.25 ¢cm) can be seen in Figure 3.48.

Figure 3.48 Titanium plate used for inert coating applications (“Y-coded” sample)

The first coating layers for all samples studied were done with drug containing
solutions. The samples were dried in an oven at 37°C and inert coatings were applied
by using the RG 504 solution which contains no drug in it. The samples were coated
with 0, 1, 2, and 4 inert coatings. Before each coating layer applied, samples were
dried in an oven held at 37°C. Two samples were studied for each kind of
application. Samples 1Y-2Y have single inert PLGA layer, 3Y-4Y have 2 inert
PLGA layers, 5Y-6Y have 4 inert layers and 7Y-8Y have no inert layers. Total

weight, coating weight and theoretical loaded drug weight measurements are given in
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the Table 3.20 and 3.21.

Table 3.20 Sample weights for inert coating applications (RG 504+Alfoxil)

Sample Code Wo(g) Wi(g) Ws(g) Wi(g) Wa(g)

1Y 1.8598 1.8640 1.8710 - -
2Y 1.8938 1.8984 1.9049 - -
3Y 1.8786 1.8833 1.8900 1.8974 -
4Y 1.8589 1.8632 1.8700 1.8791 -
5Y 1.8534 1.8584 1.8654 1.8746 1.8842
6Y 1.8538 1.8588 1.8670 1.8759 1.8873
7Y (control) 1.8960 1.9001 - - -
8Y 1.8696 1.8741 - - -

* W, stands for weight of titanium plate
W, stands for weight of a plate+drug containing coating layer
W, stands for weight of W +1 inert coating layer
W; stands for weight of W;+2 inert coating layers
W, stands for weight of W+4 inert coating layers

Table 3.21 Coating weights and theoretical drug weight for inert coating applications
(RG 504-+Alfoxil)

Sample Code Coating Weight (mg) Theoretical Drug
Weight (mg)
1st 2nd 3rd 4th
1Y 4.2 7.0 - - 0.42
2Y 4.6 6.5 - - 0.46
3Y 4.7 6.7 7.4 - 0.47
4Y 4.3 6.8 9.1 - 0.43
oY 5.0 7.0 9.2 9.6 0.50
6Y 5.0 8.2 8.9 114 0.50
7Y (control) 4.1 - - - 0.41
8Y 4.5 - - - 0.45
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All the samples were put into the 20 ml PBS containing closed glass vessels.
The drug release experiments were carried out in an oven held at 37°C. At
predetermined time intervals (5 hours, 1, 2, 7, 14, 28, and 42 days), samples were
taken out from the vessels and placed in a fresh PBS containing ones (pH 7.4).
Absorbance values were measured at 206 nm to determine the amount of drug
released at each time interval. The absorbance values and corresponding amount of

drugs released are given in Table 3.22 and 3.23.

Table 3.22 Absorbance measurements (RG 504+Alfoxil)

Sample Code Absorbance (206 nm)
S5h 1day 2days 7days 14 days 28 days 42 days

1Y 0.207  0.385  0.321 0.509  0.183  0.609 1.201
2Y 0427 0.382 0.293 0408 0.283 0419 1.180
3Y 0.293  0.540 0366 0375 0.200 0.468  0.821
4Y 0.395  0.207  0.961 0.768  0.238  0.438 1.327
oY 0.296  0.737  0.179 0386  0.157  0.928 1.894
6Y 0.355 0423 0435 0259 0.257 0.893 1.528
7Y (control) - - - - - - 1.436
8Y 0.791 0.354 0.256  0.148 0.177  0.281 0.225

Table 3.23 Released drug concentrations (RG 504+Alfoxil)

Sample Code Drug Concentration in PBS (ng/ml)
5h l1day 2days 7days 14 days 28 days 42 days

1Y 4.67 9.20 7.57 12.36 4.06 1490  29.98
2Y 10.27 9.12 6.86 9.79 6.60 10.07  29.44
3Y 6.86 13.15 8.72 8.95 4.49 11.31  20.30
4Y 9.46 4.67 23.87 18.95 5.46 10.55  33.19
5Y 6.93 18.16 3.95 9.23 3.39 23.03  47.62
6Y 8.44 10.17 1047 5.99 5.94 22.14 3831
7Y (control) - - - - - - 35.96
8Y 19.54 8.41 5.92 3.17 3.90 6.55 5.13
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Total drug release profiles of all kinds of samples can be seen in Figure 3.49,
3.50,3.51 and 3.52.
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Figure 3.49 Alfoxil release profiles for samples 1Y and 2Y
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Figure 3.50 Alfoxil release profiles for samples 3Y and 4Y
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Figure 3.51 Alfoxil release profiles for samples 5Y and 6Y
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Figure 3.52 Alfoxil release profile for sample 8Y

According to the results obtained, improved controlled releases could be
achieved by the application of inert coatings on the implant samples. Sample 8Y with
no inert coating show burst release initially. With the application of inert coatings,
burst release was reduced and a remarkable amount of drug releases in the following

weeks were observed. The control sample (7Y) released lesser amount of drug than
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the other samples in 42 day release period which may be a result for not changing the
PBS with fresh ones. Diffusion of the drug from the polymer matrix was possibly
reduced. There are some points that need careful consideration. Firstly, multiple
coatings should be applied in a fast manner to prevent the dissolution of the previous
coating layers. Secondly, total released amount of the drugs was higher than the
theoretical loadings. Since drug is suspended in the polymer solution, actual loaded
amounts may differ from the theoretical values. Drug particles possibly prefer to
attach to the surface of titanium implant samples during the coating applications.
Also, polymer degradation products had a contribution to the absorbance
measurements at that wavelength. Therefore, for Alfoxil loaded samples much more
precise experimental detection techniques, such as High Performance Liquid

Chromatography (HPLC) with suitable columns should be applied.

3.12.3 Drug Release Studies from Fortum (Ceftazidime) Loaded Implants

3.12.3.1 Drug Release Studies from Inert Coating Applied Implants

10% (w/v) PLGA RG 504 solution was prepared in chloroform and Fortum
drug was added to this solution to have 10% of the total polymer comprising Fortum
weight. The suspension was placed in ultrasonic stirrer for 4.5 hours to achieve
homogeneity. Two kinds of sandblasted titanium plates (dimensions 1.5 cm x 1.5 cm
x 0.25 cm) were used for this part that can be seen in Figure 3.53. These implant
samples were cleaned with the same cleaning cycle as described before prior to the
coating applications. By using the drug dispersed suspension, titanium plates were
coated once. Then 1, 2 and 4 layers of 10% (w/v) RG 504 coatings (without drug)
were applied to the titanium plates to prevent the burst release of drug from implant
samples. Before each coating layer application, samples were dried in an oven held at
37°C. Then, these samples were put into the 20 ml PBS containing closed glass
vessels. The drug release experiments were carried out in an oven held at 37°C. At

predetermined time intervals, samples were taken out from the vessels and placed in
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fresh PBS containing ones. The UV measurements were done on the PBS solutions
to find out the released drug amounts. For each kind of specimen, 4 different samples
were prepared. Two of the samples were used for drug release studies and the other
two were used for microbial tests. Total sample weights for both kinds of specimens
at each coating application are given in Table 3.24 and 3.26. Coating weights and

theoretical loaded drug weights are given in Table 3.25 and 3.27.

Figure 3.53 Titanium plates used for the experiments (“A-coded” sample on the left,

“S-coded” sample on the right)
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Table 3.24 Sample weights with coatings for specimen A

Sample Code  Wo(g) Wi(g) Wag) Wi(g Wa(@)
1A 2.0086 2.0120 2.0165 2.0240 2.0418
2A 2.0066 2.0102 2.0139 2.0209 2.0380
3A 1.9699 1.9740 1.9786 1.9873 2.0039
4A 1.9593 1.9635 1.9678 1.9747 1.9925
5A 2.0228 2.0272  2.0322  2.0408 -
6A 1.9825 1.9868 1.9923 2.0018 -
7A 1.9708 1.9765 1.9816 1.9896 -
8A 2.0209 2.0249 2.0291 2.0366 -
9A 2.0090 2.0129 2.0181 - -
10A 2.0062 2.0104 2.0150 - -
11A 1.9447 1.9490 19535 - -
12A 1.9784 1.9823 1.9870 - -
13A 2.0229  2.0275 - - -
14A 1.9726 1.9770 - - -
15A 2.0162  2.0210 - - -
16A 2.0081 2.0138 - - -

* W, stands for weight of titanium plate
W, stands for weight of a plate+drug containing coating layer

W, stands for weight of W;+1 inert coating layer

W; stands for weight of W;+2 inert coating layers
W, stands for weight of W;+4 inert coating layers
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Table 3.25 Coating weights and theoretical drug weights for specimen A

Sample Code Coating Weight (mg) Theoretical Drug
Ist 2nd  3rd  4th Weight (mg)
1A 3.4 4.5 7.5 17.8 0.34
2A 3.6 3.7 7.0 17.1 0.36
3A 4.1 4.6 8.7 16.6 0.41
4A 4.2 4.3 6.9 17.8 0.42
5A 4.4 5.0 8.6 - 0.44
6A 4.3 5.5 9.5 - 0.43
TA 5.7 5.1 8.0 - 0.57
8A 4.0 4.2 7.5 - 0.40
9A 3.9 52 - - 0.39
10A 4.2 4.6 - - 0.42
11A 4.3 4.5 - - 0.43
12A 3.9 4.7 - - 0.39
13A 4.6 - - - 0.46
14A 4.4 - - - 0.44
15A 4.8 - - - 0.48
16A 5.7 - - - 0.57
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Table 3.26 Sample weights with coatings for specimen S

Sample Code  Wo(g) Wi(g) Wag) Wi(g Wa@)
18 2.0949  2.1007 - - -
28 2.1329  2.1386 - - -
38 2.0038 2.0094 2.0172 - -
4s 2.0262 2.0315 2.0387 - -
55 2.0379 2.0441 2.0525 2.0599 -
6S 2.0959 2.1017 2.1093  2.1169 -
7S 2.0802 2.0862 2.0944 2.1021 2.1246
8S 2.1293 2.1358 2.1432  2.1508 2.1757
9S 2.0446 2.0512 2.0583 2.0652 2.0862
10S 2.0891 2.0958 2.1034 21111 2.1328
118 1.9750 1.9801 1.9864 1.9929 -
12S 2.0740 2.0806 2.0882 2.0969 -
13s 2.0648 2.0710 2.0777 - -
14s 2.0809 2.0868 2.0930 - -
15S 2.0641 2.0708 - - -
16S 2.1706  2.1764 - - -

* W, stands for weight of titanium plate
W, stands for weight of a plate+drug containing coating layer

W, stands for weight of W;+1 inert coating layer

W; stands for weight of W;+2 inert coating layers
W, stands for weight of W;+4 inert coating layers
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Table 3.27 Coating weights and theoretical drug weights for specimen S

Sample Code Coating Weight (mg) Theoretical Drug
Ist 2nd  3rd  4th Weight (mg)
1S 5.8 - - - 0.58
2S 5.7 - - - 0.57
3S 5.6 7.8 - - 0.56
4S5 53 7.2 - - 0.53
5S 6.2 8.4 7.4 - 0.62
6S 5.8 7.6 7.6 - 0.58
7S 6.0 8.2 7.7 22.5 0.60
8S 6.5 7.4 7.6 24.9 0.65
9S 6.6 7.1 6.9 21.0 0.66
10S 6.7 7.6 7.7 21.7 0.67
11S 5.1 6.3 6.5 - 0.51
12S 6.6 7.6 8.7 - 0.66
13S 6.2 6.7 - - 0.62
14S 59 6.2 - - 0.59
15S 6.7 - - - 0.67
16S 5.8 - - - 0.58

All the samples were put into the 20 ml PBS containing closed glass vessels.
The drug release experiments were carried out in an oven held at 37°C. At
predetermined time intervals (5 hours, 1, 2, 7, 14, 28, and 42 days), samples were
taken out from the vessels and placed in a fresh PBS containing ones (pH 7.4).
Absorbance values were measured at 208 nm and 256 nm to determine the amount of

drug released at each time interval. The absorbance values are given in Table 3.28

and 3.29.
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Table 3.28 Absorbance measurements for specimen A (RG 504+Fortum)

Sample Code Absorbance (208 nm)

S5h 1day 2days 14 days 28 days 42 days
3A 0.215 0.505 0.583 0.459 1.817  2.080
4A 0.333 0.292  0.525 0.900 1.418 1.891
TA 0.523 0.404 0.378 0.722 1.447  2.378
8A 0.362  0.383 0.253 0.643 1.655 1.806
11A 0.677  0.631 0.726 1.372 1.169 1.375
12A 0.536  0.518 0.171 1.519 1.392 0.550
15A 1.265 0.468 0.729 1.170  0.870 1.589
16A(control) - - - - - NA

Sample Code Absorbance (256 nm)

S5h 1day 2days 14 days 28 days 42 days
3A 0.073 0.176  0.150  0.195 0.273 0.303
4A 0.118 0.118 0.133 0.285 0.177 0.265
TA 0.288 0.178 0.135 0.337 0.279 0.446
8A 0.183 0.139 0.074  0.205 0.347 0.318
11A 0.376  0.207  0.230  0.358 0.272 0.289
12A 0.313 0.191 0.048  0.355 0.305 0.083
15A 0.956 0.186  0.182  0.243 0.191 0.319
16A(control) - - - - - 1.438

Table 3.29 Absorbance measurements for specimen S (RG 504+Fortum)

Sample Code Absorbance (208 nm)
S5h 1day 2days 14 days 28 days 42 days
9S 0.381 0.869 1.227  0.667 1.321 1.218
10S 0417 0918 0.686 0984  2.241 1.738
11S 0.590 0327 0.252  0.957 1.134  2.195
12S 0.401 0.739 0442 2.057 0917 2.041
13S 0.678 0.437  0.173 0.449  0.651 1.458
14S 0.683 0.450 0.433 0.471 0.371 1.732
15S 1.108 0.391 0.247 1.273 0.907 1.443
16S(control) - - - - - 1.734
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Table 3.29 Cont’d.

Sample Code Absorbance (256 nm)
S5h 1day 2days 14 days 28 days 42 days
9S 0.130 0349 0382 0.310 0.157 0.079
10S 0.147  0.371 0.266 0406 0.432 0.131
11S 0.232  0.182 0.134 0322  0.195 0.411
12S 0.210 0.280 0.184  0.635 0.141 0.361
13S 0.470  0.223 0.088 0.139 0.119 0.322
14S 0.429 0.234  0.145 0.143 0.087 0.346
15S 0.859  0.164 0.057 0.256 0.209  0.301
16S(control) - - - - - 0.761

Drug concentrations related to this absorbance values are given in Table 3.30

and 3.31.

Table 3.30 Released drug concentrations for specimen A (RG 504+Fortum)

Sample Code Drug Concentration in PBS (ng/ml) (208 nm)
5h 1day 2days 14 days 28 days 42 days

3A 8.19 18.47  21.24 16.84  65.00 74.32
4A 12.37 10.92 19.18 3248 50.85 67.62
7A 19.11 14.89 13.97  26.17 51.88  84.89
8A 13.40  14.15 9.54 2337 5925  64.61
11A 2457 2294 2631 4922 4202 4932
12A 19.57 18.93 6.63 5443 4993  20.07
15A 45.42 17.16  26.41 4205 3141 56.91
16A(control) - - - - - NA
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Table 3.30 Cont’d.

Sample Code Drug Concentration in PBS (ug/ml) (256 nm)
S5h 1day 2days 14 days 28 days 42 days

3A 2.63 6.50 5.53 7.22 10.15 11.27
4A 4.32 4.32 4.89 10.60 6.54 9.85

TA 10.71 6.58 4.96 12.56 10.38 16.65
8A 6.77 5.11 2.67 7.59 12.93 11.84
11A 14.02 7.67 8.53 13.35 10.11 10.75
12A 11.65 7.07 1.69 13.23 11.35 3.01

15A 35.83 6.88 6.73 9.02 7.07 11.88
16A(control) - - - - - 53.95

Table 3.31 Released drug concentrations for specimen S (RG 504+Fortum)

Sample Code Drug Concentration in PBS (ug/ml) (208 nm)
S5h 1day 2days 14 days 28 days 42 days
9S 14.07 3138  44.07 2422  47.41 43.76
10S 1535 33.12 2489 3546  80.03 62.20
11S 21.49 12.16 9.50 3450 40.78  78.40
125 14.78  26.77 16.24 7351 33.08 72.94
13S 24.61 16.06 6.70 1649  23.65  52.27
14S 24.78 16.52 15.92 17.27 13.72  61.98
15S 39.85 14.43 9.32 45.71 32.73 51.73
16S(control) - - - - - 62.05
Sample Code Drug Concentration in PBS (ug/ml) (256 nm)
5h 1day 2days 14 days 28 days 42 days

9S 4.77 13.01 14.25 11.54 5.79 2.86

10S 541 13.83 9.89 15.15 16.13 4.81

11S 8.61 6.73 4.92 11.99 4.96 15.34
125 7.78 10.41 6.80 23.76 5.19 13.46
13S 17.56 8.27 3.20 5.11 4.36 11.99
14S 16.02 8.68 5.34 5.26 3.16 12.89
15S 32.18 6.05 2.03 9.51 7.74 11.20
16S(control) - - - - - 28.50
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Drug release profiles for all of the samples studied in this section can be seen

in the Figure 3.54 to 3.77.
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Figure 3.54 Fortum release profiles for samples 3A and 4A (208 nm)
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Figure 3.55 Fortum release profiles for samples 7A and 8A (208 nm)
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Figure 3.56 Fortum release profiles for samples 11A and 12A (208 nm)
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Figure 3.57 Fortum release profile for sample 15A (208 nm)
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Figure 3.58 Fortum release profiles for samples 3A and 4A (256 nm)
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Figure 3.59 Fortum release profiles for samples 7A and 8A (256 nm)
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Figure 3.60 Fortum release profiles for samples 11A and 12A (256 nm)
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Figure 3.61 Fortum release profile for sample 15A (256 nm)
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Figure 3.62 Fortum release profiles for samples 3A, 7A, 11A and 15A (208 nm)
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Figure 3.63 Fortum release profiles for samples 4A, 8A, 12A and 15A (208 nm)
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Figure 3.64 Fortum release profiles for samples 3A, 7A, 11A and 15A (256 nm)
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Figure 3.65 Fortum release profiles for samples 4A, 8A, 12A and 15A (256 nm)
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Figure 3.66 Fortum release profiles for samples 9S and 10S (208 nm)
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Figure 3.67 Fortum release profiles for samples 11S and 12S (208 nm)
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Figure 3.68 Fortum release profiles for samples 13S and 14S (208 nm)
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Figure 3.69 Fortum release profile for sample 15S (208 nm)
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Figure 3.70 Fortum release profiles for samples 9S and 10S (256 nm)

80
70
60
50
40

(ng/ml)

30
20
10

Total Drug Concentration in PBS

—d—11S
=3e=12S

Time (day)

Figure 3.71 Fortum release profiles for samples 11S and 12S (256 nm)
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Figure 3.72 Fortum release profiles for samples 13S and 14S (256 nm)
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Figure 3.73 Fortum release profile for sample 15S (256 nm)
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Figure 3.74 Fortum release profiles for samples 9S, 118, 13S and 15S (208 nm)
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Figure 3.75 Fortum release profiles for samples 10S, 12S, 14S and 15S (208 nm)
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Figure 3.76 Fortum release profiles for samples 9S, 118, 13S and 15S (256 nm)
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Figure 3.77 Fortum release profiles for samples 10S, 12S, 14S and 15S (256 nm)

Following results can be concluded with the information obtained from the
absorbance measurements, drug concentrations related to this absorbance values and

drug release profiles.

At 208 nm absorbance measurements, 3A and 4A samples have nearly same
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drug release profiles (Figure 3.54) verifying their almost equal drug containing
coating weights. Samples 7A-8A (Figure 3.55) and 11A-12A (Figure 3.56) pairs also
have release profiles verifying their drug containing coating weights. From the
overall drug release profiles given in Figure 3.62 and 3.63, it can be seen that
multiple inert coatings are helpful in reducing the burst release occuring in the initial
times for drug release. In sample 15A (no inert coating), after 5 hours, the released
concentration of drug was equal to 45.42 pg/ml, for samples 11A and 12A (1 inert
coating) this concentration was reduced to 24.57 and 19.57 pg/ml, for samples 7A
and 8A (2 inert coatings) it was further reduced to 19.11 and 13.40 pg/ml and finally
for samples 3A and 4A (4 inert coatings) released drug concentration was 8.19 and

12.37 pg/ml respectively.

For samples 9S to 14S at 208 nm absorbance measurements, relevancy of drug
release profiles with drug containing layer weights can be seen between the samples
9S and 10S in Figure 3.66, 11S and 12S in Figure 3.67, and 13S and 14S in Figure
3.68. Also, it can be seen that multiple inert coatings are helpful in reducing the burst
release occuring in the initial times for drug release. In sample 15S (no inert coating),
after 5 hours, the released concentration of drug was equal to 39.85 pg/ml, for
samples 13S and 14S (1 inert coating) this concentration was reduced to 24.61 and
24.78 pg/ml, for samples 11S and 12S (2 inert coatings) it was further reduced to
21.49 and 14.78 pg/ml and finally for samples 9S and 10S (4 inert coatings) released
drug concentration was 14.07 and 15.35 ug/ml respectively. Another conclusion can
be done on these samples that much more higher loadings for the first layer can be
achieved in S type of specimens with respect to A type ones (almost 40% increase in
loading weight). Therefore, in need of loading high weight coatings, S type samples

can be used.

At 256 nm absorbance measurements, 3A and 4A samples have nearly same
drug release profiles again (Figure 3.58) verifying their almost equal drug containing
coating weights. Samples 7A-8A (Figure 3.59) and 11A-12A (Figure 3.60) pairs also
have release profiles verifying their drug containing coating weights. From the

overall drug release profiles given in Figure 3.64 and 3.65, it can be seen that
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multiple inert coatings are helpful in reducing the burst release occuring in the initial
times for drug release. In sample 15A (no inert coating), after 5 hours, the released
concentration of drug was equal to 35.83 pug/ml, for samples 11A and 12A (1 inert
coating) this concentration was reduced to 14.02 and 11.65 pg/ml, for samples 7A
and 8A (2 inert coatings) it was further reduced to 10.71 and 6.77 pg/ml and finally
for samples 3A and 4A (4 inert coatings) released drug concentration was 2.63 and
4.32 pg/ml respectively. In Figure 3.64 and 3.65, overall comparison of these
different specimens’ drug releases can be seen. The effect of application of multiple
inert coatings on drug release rates and burst releases can easily be seen in these
figures. The improvements on these parameters are much clearer in the UV

measurements done at 256 nm.

For samples 9S to 14S at 256 nm absorbance measurements, relevancy of drug
release profiles with drug containing layer weights can be seen between the samples
9S and 10S in Figure 3.70, 11S and 12S in Figure 3.71, and 13S and 14S in Figure
3.72. Also, it can be seen that multiple inert coatings are helpful in reducing the burst
release occuring in the initial times for drug release. In sample 15S (no inert coating),
after 5 hours, the released concentration of drug was equal to 32.18 pg/ml, for
samples 13S and 14S (1 inert coating) this concentration was reduced to 17.56 and
16.02 pg/ml, for samples 11S and 12S (2 inert coatings) it was further reduced to
8.61 and 7.78 pg/ml and finally for samples 9S and 10S (4 inert coatings) released
drug concentration was 4.77 and 5.41 pg/ml respectively. Overall drug release

profiles are given in Figure 3.76 and 3.77 respectively.

In these studies, burst releases reduced and drug release times were extended as
aimed. However, total drug release amounts on all the samples were found higher
than the theoretical loading values. Therefore, drug loading control studies were

done and explained in details in the following part.
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3.12.3.2 Drug Loading Control Studies

10% PLGA RG 504 (w/v) in chloroform was prepared. Then, suitable amount
of Fortum was taken and dispersed in 20 ml of this solution to obtain 10% (w/w) of
the coatings. Sandblasted titanium plates were cleaned in the clean cycle described

before and coated with this solution.

Table 3.32 Samples used for drug loading control studies

Sample No wo (g2) w1 () wi (g)
1 1.9773 1.9810 1.9770
2 1.9797 1.9828 1.9799
3 1.9869 1.9910 -
4 1.9844 1.9884 -

The samples 1 and 2 were coated with drug containing PLGA solution and
samples 3 and 4 were coated with only PLGA solution. w( values stands for the
weight of titanium plates, w; values stands for the weight of coated samples and w¢

values stands for the weight of the samples after removing the coatings.

For samples 1 and 2, after coating procedure, the films were removed by
dissolving in 25 ml chloroform. Separatory funnel was used to collect the polymer
and the antibiotic in chloroform and PBS phases respectively. The aim was take the
water soluble drug into the PBS phase. Then, PBS phase used in UV analysis. The
absorbance values measured at 256 nm were 0.155 for sample 1 and 0.127 for
sample 2 respectively. From the coating weights, theoretical drug loadings are 0.37
mg for the former and 0.31 mg for the latter. From the absorbance measurements,
loaded drug values are 0.29 mg for sample 1 and 0.23 mg for sample 2. This means,

in average, 76 % of the theoretical drug loading could be achieved.

Sample 3 and 4 were coated with pure PLGA and put into 20 ml PBS solution

to understand that whether polymer coatings degradation had a contribution to the
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absorbance values. After 2 weeks, the measurements at 256 nm gave absorbance
values of 0.151 for sample 3 and 0.128 for sample 4. After these results, it can be
concluded that, the absorption values were much higher than the actual ones because
of PLGA degradation products. It introduced an error in the long term analysis. Also
ceftazidime activity was time dependant. In water or PBS, the activity of drug
changed with time and absorbance peaks became broader. That is why, the
measurements for the amount of total drug released in 6 weeks release period

exceeded the theoretical drug loadings.

3.12.3.3 Disk Diffusion Antibiotic Sensitivity Tests

Calibration curve was drawn for Fortum by using disk diffusion antibiotic
sensitivity tests. For this purpose, different concentrated drug samples were placed
into bacteria seeded petri dishes for 1 day and zone diameters cleaned from bacteria

were measured.

Table 3.33 Zone diameter data for Fortum

Concentration Zone Diameter
(1g/ml) (mm)
250 35
125 30
62.5 24
31.7 20
15.7 18
7.8 14
3.9 12
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Figure 3.78 Calibration curve for Fortum in terms of zone diameters

The remaining samples prepared previously were used in the disk diffusion
antibiotic tests to control their drug releasing properties. Zone diameters occuring for

each sample and corresponding drug concentrations are given in the following table.
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Table 3.34 Disk diffusion antibiotic sensitivity test results

Sample Code  Zone diameter (mm) Concentration (ng/ml)

1A 12 4.2
2A 12 4.2
S5A 14 7.7
6A 15 10.0
9A 17 16.1
10A 15 10.0
13A 20 30.2
14A 15 10.0
1S 15 10.0
2S 17 16.1
3S 16 12.8
4S 14 7.7
5S 13 5.8
6S 15 10.0
7S 11 3.0
8S 7 0.5

From Table 3.34, sample 1A, 2A, 7S and 8S (4 inert layers) has the lowest
drug release amounts in comparison with the other samples. The general tendency
was observed as expected; drug release amounts increased as the number of inert

layers decreased.

3.12.3.4 Ceftazidime (Fortum) Activity Control Studies

For the activity tests of Fortum, known concentration in triple distilled water
and PBS solutions of this drug was prepared. Absorbance measurements were done
initially, after 1, 3, 9, 15, 21, 35 and 42 days in water and initially, 1, 2, 7, 14, 21, 28,
35, 42 and 49 days in PBS samples. Samples were put in an oven held at 37°C during
these time intervals. Change in solutions’ absorbance values with time can be seen in

Figure 3.79 and 3.80.
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Figure 3.80 Change in Fortum activity with time (in PBS)

As it can be seen from these figures, Fortum’s activity decreases with time and
it can be concluded that activity of this drug is time-dependant. Also, maximum
absorbance value shifted to lower wavelengths as time proceeds. When comparing
the colors of the solutions, it was observed that they changed into a yellowish color

in time.

176



3.12.4 Drug Release Studies from Vancomycin Loaded Implants

3.12.4.1 Vancomycin Activity Control Studies

Vancomycin solutions prepared in triple distilled water at varying
concentrations (for concentrations, refer to Figure 3.34) were used for these studies.
The solutions’ absorbances were measured at 281 nm wavelength by using UV-Vis
spectrophotometer. Then these solutions were placed in an oven held at 37°C. After 2
weeks, solutions’ absorbances were measured again. The initial and after-two-week

absorbance measurements can be seen in Figure 3.81.

Olnitial A Values
1.5 4 B A values after 2 weeks

0.5 +

Absorbance (281 nm)
[E=N

1 2 3 4 5 6 7 8 9 10
Sample No

Figure 3.81 Change in Vancomycin activity with time

According to Figure 3.81, it can be concluded that Vancomycin did not lose its
activity in aqueous solution and Vancomycin activity can be accepted as time

independent within this interval.
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3.12.4.2 Drug Release Studies on Vancomycin Impregnated TCP

In this section, Vancomycin release properties of implants were studied. TCP
was used as an assisting agent to the polymer matrix (a polymer composite). The aim
was to regulate the drug release kinetics and to help to eliminate the burst release of
drugs. The expectation was that TCP has a porous structure and it can provide a
controlled release with a favorable kinetics. Another aspect of choosing TCP was its

biodegradable and biocompatible properties.

3.12.4.2.1 Packing Density Measurement of TCP

In the packing density studies of TCP, previously weighed TCP was tapped in
a graduated cylinder for half an hour and the volume of it was estimated. This study
was repeated for three times and the average apparent density of TCP was found as
0.843 g/ml compared to the intrinsic density which is 3.140 g/ml. The overall, macro
and micro, porosity can be calculated as 1 minus the ratio of apparent density to that

of intrinsic density as 0.73.

3.12.4.2.2 Drug Release Studies

In the drug release studies, after dissolving 0.5 g Vancomycin in triple distilled
water, 2.594 g TCP was added and content was mixed continuously by using
magnetic stirrer for 6 hours. For the mixture to set, it was placed at room temperature
for 1 day. Then, water was evaporated in a vacuum oven held at 45-50 °C. The solid

obtained was powdered and used for drug release studies.

1.5 g of this powder (TCP+Vancomycin) was dispersed in a 5 ml 10% (w/v)
PLGA RG 504 solution in chloroform. Modified titanium plates (same with S-coded
samples) were cleaned with a cleaning cycle described previously and coated by

dipping into the suspension. After drying the plates in an oven held at 37°C for 1 day,
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they were inert coated by dipping into the 5% (w/v) poly(L-lactide) L 209S solution
for a short time. Finally, they were dried in an oven again for 1 day prior to the drug
release analysis. Two parallel samples L-1 and L-2 were prepared as explained above

and their weights after each drying stage are given in Table 3.35.

Table 3.35 Sample weights for inert coating applications for samples L-1 and L-2

Sample wo () w1 (8) w2 (8)
L-1 2.1011 2.1952 2.2016
L-2 2.0803 2.1507 2.1574

In this table wy stands for the plate’s weight, w; stands for the weight of plate
with drug loaded and w; stands for the weight of plate with inert coating applied.

The coating weights at each coating application and corresponding theoretical

drug weight is given in Table 3.36.

Table 3.36 Coating weights and theoretical drug weights for samples L-1 and L-2

Sample Code Coating Weight (mg) Theoretical Drug
1st layer 2nd layer Weight (mg)

L-1 94.1 6.4 11.4

L-2 70.4 6.7 8.6

After coating procedure, these plates were placed into the 2 ml triple distilled
water containing closed glass vessels and placed in an oven at 37°C. At
predetermined time intervals, plates were put into the fresh solvents and solutions
used for UV analysis. Solutions were frozen until the absorbance measurements.

Absorbance measurements were done at 281 nm and results are given in Table 3.37.

179



Table 3.37 Absorbance measurements for specimens L-1 and L-2

Sample Absorbance (281 nm)
Code

1day 2days Sdays 8days 12days 16 days 21 days 26 days
L-1 2.500 2.493 2495 1.600 1.158 0.792 0.909 1.224
L-2 2496 2492 2432 1.090 0.639 0482 0475 0.601

Corresponding released drug concentrations with these absorbance
measurements were calculated by using the Vancomycin calibration curve equation
and results are given in Table 3.38. Note that these values are not cumulative. After
each measurement, the aqueous phase was refreshened. Therefore, 2 days means the

amount of antibiotic released between end of day 1 and end of day 2.

Table 3.38 Released Vancomycin concentrations for specimens L-1 and L-2

Sample Drug Concentration (ng/ml)
Code

1day 2days Sdays 8days 12 days 16 days 21 days 26 days
L-1 622 620 621 397 287 195 224 303
L-2 621 620 605 269 157 117 116 147

Total drug release profiles of specimens L-1 and L-2 with time can be seen in

Figure 3.82. The slow release profile is evident in Figure 3.82.
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Figure 3.82 Vancomycin release and % release profiles for samples L-1 and L-2

According to Figure 3.82, 57.4 % of the Vancomycin loaded from L-1 sample
and 61.7 % of the Vancomycin loaded from sample L-2 was released in 26 days.
Relatively faster drug release profiles for both samples were observed in the first five
days. However, drug release rate decreased to a smaller value after 8 days. But an
increase in the drug release is observed after 3 weeks as before which is due to
polymer degradation. Eventually, the drug release curves for these samples can be

divided into five separate parts which are curve between 1 to 2 days, 2 to 5 days, 5 to
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8 days, 8 to 21 days and 21 to 26 days. For L-1 sample, slope of the curve is 620
between 1 to 2 days and it decreases to 207 between 2 to 5 days, 132 between 5 to 8
days and finally slope becomes 53.5 from 8 to 21 days of drug release. However
slight increase in slope (60.6) was detected after 3 weeks. In the same way, for L-2
sample, slope of the curve is 620 between 1 to 2 days and it decreases to 201.7
between 2 to 5 days, 89.7 between 5 to 8 days and finally slope becomes 29.7 up to
26 days of drug releases. No major increase in the slope was detected between 21 to
26 days for this sample. If this trend continues after 8 days, drug release period can

last approximately 70-80 days for all loaded drug to be released.

3.12.4.2.3 Disk Diffusion Antibiotic Sensitivity Tests

Disk diffusion antibiotic sensitivity tests of the samples obtained from L-1 and
L-2’s drug release studies were applied on the bacteria seeded petri dishes and drug

activities and releases were determined by using the zone diameters (Figure 3.83).
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Figure 3.83 Disk diffusion antibiotic sensitivity tests for L-1 and L-2
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From the measurements of zone diameters which occurred in disk diffusion
antibiotic sensitivity tests, done by using a computer program, drug release profiles
of the samples could be followed. In every case, control spot refers to 100 pg/ml
drug concentration. Zone diameters are given in Table 3.39 and total drug release

profiles can be seen in Figure 3.84.

Table 3.39 Disk diffusion antibiotic sensitivity test results for L-1 and L-2

Sample Code Zone diameter (unit)* Concentration (ng/ml)

* The unit is a virtual mm obtained from images of the antibiotic sensitivity tests by using a computer

program.

L1-1 day 17.5 (control: 11) 159.1
L1-2 days 15.5 (control: 11) 140.9
L1-5 days 15.5 (control: 11) 140.9
L1-8 days 12 (control: 11) 109.1
L1-12 days 11 (control: 11) 100.0
L1-16 days 8.5 (control: 11) 77.3
L1-21 days 7.8 (control: 19.2) 40.6
L1-26 days 8.4 (control: 19.2) 43.8
L1-50 days 11.5 (control: 19.2) 104.5
L2-1 day 16.5 (control: 15) 110.0
L2-2 days 14.2 (control: 15) 94.7
L2-5 days 9.3 (control: 15) 62.0
L2-8 days 8 (control: 15) 53.3
L2-12 days 9 (control: 15) 60.0
L2-16 days 8.5 (control: 15) 56.7
L2-21 days 8 (control: 15) 533
L2-26 days 8.3 (control: 19.2) 43.2
L2-50 days 11 (control: 19.2) 57.3
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Figure 3.84 Vancomycin release profiles for samples L-1 and L-2 according to disk

diffusion antibiotic sensitivity tests

As it can be seen in Figure 3.84, drug release profiles for samples in question
are almost the same. These two types of experiments, disk diffusion and drug release,
support each other and give similar results. Vancomycin impregnated in TCP
suspension in PLGA RG 504 solution had promising results for controlled drug
release metal implant production. After obtaining these promising results, it was
decided to make deeper investigations on these formulations to compare the effect of

making inert coating and using a TCP (a polymer composite approach).

3.12.4.3 Further Drug Release Studies on Vancomycin Loaded Implants

3.12.4.3.1 Drug Release Studies from Antibiotic-Polymer Coated and Antibiotic-
TCP-Polymer Coated Metal Substrates

In Vancomycin release studies from drug loaded implants, mainly four
different samples were prepared. Three samples for each kind were used to compare

results with each other. For samples 1V to 3V and 7V to 9V, no inert coating was
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applied. For the rest of the specimens, inert coating application was done. Samples
1V to 6V did not contain any TCP, whereas samples 7V to 12V, TCP were used as a

drug carrying material.

Titanium based implant samples were cleaned with the cleaning cycle

described previously. Mainly, two sets of samples were prepared.

As a first set (samples 1V to 6V), drug containing layer had the formulation of
0.25 g Vancomycin dispersed in 10 ml 10% (w/v) RG 504 solution in chloroform.
After coating with this suspension, inert coating was applied on the samples 4V to
6V by using 5% (w/v) L 209S solution in chloroform. All of the coating mixtures
prepared under constant stirring for 6 hours. Each coating layer was dried for one day

in 37°C oven and second coating layer was applied after drying period.

For the second set of samples (7V to 12 V), 1g TCP+Vancomycin mixture
(preparation described in section 3.12.3.2.2) was dispersed in 10 ml 10% (w/v) RG
504 solution in chloroform. First layer of coating was done with this suspension. For
samples 10V to 12V, inert coating was applied by using 5% (w/v) L 209S solution in
chloroform. All of the coating mixtures prepared under constant stirring for 6 hours.
Each coating layer was dried for one day in 37°C oven and second coating layer was

applied after drying period.

Coating weights of prepared samples and theoretical loaded drug weights are
given in Table 3.40. For samples 1Vto 6V, drug weight is equal to the 20% of the
coating weight; for samples 7V to 12V, drug weight is equal to the 8.1% of the

coating weight.
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Table 3.40 Coating weights and theoretical drug weights for specimen V

Sample Code  w; (mg) w; (mg)  Theoretical drug weight (mg)

1v 4.8 - 0.96
2V 5.8 - 1.16
3V 6.0 - 1.20
4V 54 3.5 1.08
sV 6.7 3.6 1.34
6V 6.8 34 1.36
1A% 7.0 - 0.57
8V 7.1 - 0.58
9V 7.0 - 0.57
10V 9.6 2.8 0.78
11V 8.1 3.2 0.66
12V 7.9 4.1 0.64

After coating procedure, these samples were placed into the 2 ml triple distilled
water containing closed glass vessels and placed in an oven at 37°C. At
predetermined time intervals, plates were placed in the fresh solvents and solutions
used for UV analysis. Solutions were frozen until the absorbance measurements were
done. Absorbance measurements were done at 281 nm and results are given in Table

3.41.
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Table 3.41 Absorbance measurements (1V to 12V)

Sample Absorbance (281 nm)
Code

1day 2days 5days 10 days 14 days 21 days 28 days 37 days 55 days
v 1.728 0.078 0.041 0.056 0.015 0.030 0.049 0.016 -
2V 2.147  0.107 0.047 0.060  0.037 - 0.029 - 0.058
3V 2277 0.153 0.065 0.041 0.030 0.069 0.043 0.023 0.061

4V 1.407 0.293 0.189 0.123 0.059 0.081 0.076 0.102 0.169
5V 1.620  0.465 0.280 0.195 0.084 0.095 0.051 0.050 0.113
6V 1.654  0.307 0.300 0.198 0.086 0.115 0.084 0.067 0.147

v 0.335 0.065 0.037 0.033 0.025 0.038 0.060 0.022 0.075
8V 0.353 0.042 0.042 0.051 0.037 0.050 0.112 0.021 0.076
\Y 0.311 0.055 0.033 0.053 0.031 0.050 0.060 0.018 0.144

10V 0.130 0.048 0.066 0.068 0.044 0.072 0.082 0.058 0.157
11v 0.112 0.060 0.087 0.084 0.051 0.079 0.113 0.059 0.128
12v 0.114 0.062 0.082 0.071 0.053 0.083 0.063 0.061 0.124

Drug concentrations related to this absorbance values are given in Table 3.42.
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Table 3.42 Released drug concentrations for specimen V

Sample Released Drug Concentration (pg/ml) (281 nm)
Code

1day 2days 5days 10 days 14 days 21 days 28 days 37 days 55 days

v 42898 16.48 7.23 10.98 0.73 4.48 9.23 0.98 -

2V 533.73  23.73 8.73 11.98 6.23 - 4.23 - 11.48
3V 566.23 3523 13.23 7.23 4.48 14.23 7.73 273 12.23
4V 348.73 70.23 4423 27.73 11.73 17.23 1598 2248 39.23
5V 401.98 113.23 6698 4573 1798 20.73 9.73 948 25.23
6V 41048 7373 7198 4648 1848 2573 1798 13.73 33.73
IAY% 80.73  13.23 6.23 5.23 3.23 6.48 11.98 248 15.73
8V 85.23 7.48 7.48 9.73 6.23 9.48 24.98 223 1598
v 74.73  10.73 5.23 10.23 4.73 9.48 11.98 1.48 3298
10v 29.48 8.98 13.48  13.98 7.98 1498 1748 1148 36.23
11v 2498 1198 18.73 17.98 9.73 16.73 2523 11.73 28.98
12v 2548 1248 1748 1473 1023  17.73 1273 1223 27.98

Drug release profiles for all of the samples studied in this section can be seen
in the Figure 3.85 to 3.88. Note that these values are not cumulative. After each
measurement, the aqueous phase was refreshened. Therefore, 2 days means the

amount of antibiotic released between end of day 1 and end of day 2.
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Figure 3.85 Vancomycin release and % release profiles for samples 1V to 3V

190



800
g E 700
o2
T = 600
A
ST
[
£ 500
€% —=—av
c O
% 5 ——5V
= o 400 —A—6V
300 T T T T T T 1
0 10 20 30 40 50 60
Time (day)
120 -
100 -
2
o 80 -
©
K4
& 60 -
2 —|— 4V
5 40
" ——5V
X
20 - —A—6V
0 T T T T T 1
0 10 20 30 40 50 60
Time (day)

Figure 3.86 Vancomycin release and % release profiles for samples 4V to 6V
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Figure 3.87 Vancomycin release profiles for samples 7V to 9V
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Figure 3.88 Vancomycin release profiles for samples 10V to 12V

For samples 1V to 3V, initial burst releases were obvious. As the time
proceeds, very little drug was released from these samples. In 55 days release period,
the entire theoretical total drug released from these samples. 89.5% of total drug
loaded was released from sample 1V in 1st day and in 10 day 96.8% of drug release
was completed. Likely, 88.9% of total drug loaded from sample 2V was released in 1
day and 96.3% of total drug was released in 10 days. Finally, for sample 3V, released
drug percentage was 85.4% in 1 day and 93.8% of the total drug loaded was released

193



in 10 days. From these results, it can be concluded that Vancomycin dispersed in
RG504 solution coated implants do not have long lasting controlled drug release

profiles. High percentage of the loaded drugs is released within a few days.

For samples 4V to 6V, inert coating with L 209S solution was applied on to the
drug containing first layer. The improved drug release profiles can be seen in Figure
3.86. In 55 days release period, the entire theoretical total drug was released from
these samples. Higher release rates occurred in 10 days of release period with respect
to the rest of the 55 days. Drug releases continued from these samples with smaller
and at almost same rates as the time proceeds. Also initial burst releases were
reduced with the application of inert coating. For sample 4V, 58.4%; for sample 5V,
56.5% and for sample 6V, 57.6% of the total drug loaded was released in 1 day.
These amounts are much smaller in comparison with samples 1V to 3V. In 10 days
release period, 82.2% of the total drug loaded was released for sample 4V, 88.3% of
the total drug loaded was released for sample 5V and 84.6% of the total drug loaded
was released for sample 6V. For these samples, burst release was reduced to a
smaller extent and drug releases continued up to the 55 days of release period. It can
be concluded that inert coating application reduces initial burst release and long

lasting release profiles can be achieved.

For samples 7V to 9V, Vancomycin impregnated in TCP and this powder is
homogeneously distributed in RG504 solution. These samples release profiles can be
seen in Figure 3.87. As it is clear from this figure, nearly linear drug release profiles
were obtained in these samples. For 55 days of drug releases, 51.0% of the loaded
drug was released from sample 7V, 58.2% of the loaded drug was released from
sample 8V and 56.7% of the loaded drug was released from sample 9V. That means
drug releases can continue up to extended time periods. For sample 7V, 55.6%; for
sample 8V, 50.5% and for sample 9V, 46.3% of the total drug loaded was released in
1 day. By this method, initial burst releases can be reduced and almost linear drug

release profiles can be obtained. Also, drug release times can be further extended.
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Finally, for samples 10V to 12V, inert coating of L 209S solution was applied.
The linear drug release profiles with higher slopes can be seen in Figure 3.88. Also
initial burst releases were further reduced. In 55 days drug release period, 39.5% of
loaded drug from sample 10V, 50.3% of loaded drug from sample 11V and 47.2% of
loaded drug from sample 12V were released. For sample 10V, 19.1%; for sample
11V, 15.0% and for sample 12V, 16.9% of the total drug loaded was released in 1
day. From these samples, it can be concluded that burst release can be further
reduced and linear drug release profiles can be obtained with the application of inert
coating to this coating system. Also, drug release times can be further extended by

this method.
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3.12.4.3.2 Disk Diffusion Antibiotic Sensitivity Tests

The samples obtained from 1V to 12V specimens were used for disk diffusion
antibiotic sensitivity tests. Solutions taken at predetermined time intervals from the
glass vessels were applied on the bacteria seeded petri dishes and drug activities and
releases were determined by using the zone diameters. Solutions were frozen until

the analysis. The results of these tests are shown in Figure 3.89.

(b) 2 days (c) 5 days

Figure 3.89 Disk diffusion antibiotic sensitivity tests for V samples
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(h) 35 days
Figure 3.89 Continued; refer to Figure 3.89 (a) for sample numbers
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From the measurements of zone diameters done by using a computer program,
drug release profiles of the samples could be followed. In every case, control spot
refers to 100 pg/ml drug concentration. Zone diameters and corresponding released
drug concentrations are given in Table 3.43 and Table 3.44. Total drug release
profiles according to disk diffusion antibiotic sensitivity tests can be seen in Figure

3.90 to Figure 3.93.

Table 3.43 Disk diffusion antibiotic sensitivity test results for V samples

Sample Zone Diameter (unit)”
Code

a ays ays ays ays ays ays ays
lday 2days Sdays 10days 14days 21days 28days 35 day

v 71 36 - - 32 32 - 47
2V 87 60 - - 32 32 - -
3V 85 - 32 - 32 32 - -
4v 76 - 31 32 34 32 42 34
5V 78 38 54 36 32 32 34 34
6V 83 32 40 40 32 34 38 40
1A% 40 32 32 - 32 34 - 32
8V 46 - - - 32 32 - 32
Y% 52 - 32 - 32 32 - 32
10v 34 - 32 32 32 32 32 34
11V 44 - 32 32 32 34 31 32
12V 34 - 32 32 32 34 31 38
Control 86 70 82 76 64 80 74 80

* The unit is a virtual mm obtained from images of the antibiotic sensitivity tests by using a computer
program.
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Table 3.44 Drug releases from disk diffusion antibiotic sensitivity tests for V

samples

Sample Released Drug Concentration (ng/ml)

Code

1day 2days Sdays 10days 14 days 21days 28 days 35 days

v 82.6 514 - - 50.0 40.0 - 58.8
2V 101.2 85.7 - - 50.0 40.0 - -
3V 98.8 - 39.0 - 50.0 40.0 - -
4v 88.4 - 37.8 42.1 53.1 40.0 56.8 42.5
5V 90.7 54.3 65.9 47.4 50.0 40.0 45.9 42.5
6V 96.5 45.7 48.8 52.6 50.0 42.5 514 50.0
v 46.5 45.7 39.0 - 50.0 42.5 - 40.0
8V 53.5 - - - 50.0 40.0 - 40.0
9V 60.5 - 39.0 - 50.0 40.0 - 40.0
10V 39.5 - 39.0 42.1 50.0 40.0 43.2 42.5
11v 51.2 - 39.0 42.1 50.0 42.5 41.9 40.0
12v 39.5 - 39.0 42.1 50.0 42.5 41.9 47.5
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Figure 3.90 Vancomycin release profiles for samples 1V to 3V according to disk

diffusion antibiotic sensitivity tests

199



500 -
)
= 400 -
S E
o2
§ £ 300
© =
S%
® £ 200 -
= § o —m— 4V
o
F 8 100 {1 g —&—5v
6V
0 T T T 1
0 10 20 30 40
Time (day)

Figure 3.91 Vancomycin release profiles for samples 4V to 6V according to disk

diffusion antibiotic sensitivity tests
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Figure 3.92 Vancomycin release profiles for samples 7V to 9V according to disk

diffusion antibiotic sensitivity tests
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Figure 3.93 Vancomycin release profiles for samples 10V to 12V according to disk
diffusion antibiotic sensitivity tests

Same comments can be done with the drug release profiles obtained from
absorbance measurements. Disk diffusion antibiotic sensitivity tests have shown that
inert coatings with L 209S solution were helpful in reducing the initial burst release.
Linear release profiles were obtained with the samples 10V to 12V. These microbial
tests were also evidence to the continuity of drug releases for studied time periods.
Concentration measurements were different than the ones obtained from absorbance
measurements. Absorbance measurements possibly gave more accurate results.
However, the trends in the drug release profiles were found mostly same for both

techniques.

3.12.4.3.3 SEM Analysis

Scanning electron micrographs were taken for the samples at different time

intervals. These micrographs can be seen in Figure 3.94.
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(C) After 1 week of drug release study

Figure 3.94 Scanning Electron Micrographs: (A) Uncoated macroporous surfaces of
titanium implants. (B) Coated titanium implants; first layer with Vancomycin
impregnated B-TCP (16.2% (w/w) Vancomycin, 1g) dispersed PLGA RG 504
solution in chloroform (10% w/v) and second layer inert coating with PL L209S
solution in chloroform (5% w/v). (C) After 1 week immersion in water at 37°C. (D)
After 2 weeks immersion in water at 37°C. (E) After 3 weeks immersion in water at
37°C. (F) After 4 weeks immersion in water at 37°C. (G) After 6 weeks immersion in

water at 37°C.
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Figure 3.94 Scanning Electron Micrographs: (Cont’d...)
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The surface topography of the implants seen in Figure 3.94-A was resulted in
the higher loading capacity implants in comparison to the smoother implant surfaces.
Also, the attachment of the films on such surfaces was stronger. For the coated
implants (Figure 3.94-B), coating with polymer films was achieved and in 500x
magnification, porous structure of the inert layer was obvious. This layer was
controlling drug release kinetics without stopping the release. The thought was that
drug release is primarily controlled by diffusion from the matrix and secondly by
polymer erosion. The porous structure of the inert layer is due to chloroform
evaporation. After 2 weeks of immersion in water, degradation of the polymer matrix
can be seen. Surface whitening and TCP particles were obvious. Also from this time

on, bacteria colonization on the samples was observed.

3.12.4.3.4 In Vivo Analysis

For in vivo analysis, drug loaded titanium implants (first coating layer with
Vancomycin impregnated B-TCP (16.2% (w/w) Vancomycin, 1g) dispersed PLGA
RG 504 solution in chloroform (10% w/v) and second coating layer with Polylactide
L 209S solution in chloroform (5% w/v)) were placed at the dorsal muscle of six six-
month native rabbits. These implants were followed for six weeks and implant

surfaces and surrounding tissues investigated histologically.
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Figure 3.95 6 weeks after implantation (hematoxylin and eosin stain, x 200). No
evidence for necrosis and tissue damage was observed. Implant material does not

damage muscle structure

Figure 3.96 6 weeks after implantation (Masson’s Trichrome stain, x 100). Ligament
formation was observed in the area between implant and muscle. No macrophage

formation was observed in formed ligament
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Figure 3.97 6 weeks after implantation (Masson’s Trichrome stain, x 400). It was

observed that implant material allowed new blood vessel formation

As a result of the in vivo applications, consistency of the implants with
surrounding tissue was observed. Implants did not cause any tissue damage and no
macrophage formation was detected. In addition, ligament formation in some areas
was observed.

3.12.4.4 Drug Release Kinetics

In this section, controlled drug release kinetics of the in vitro analysis was
investigated. For this purpose, a curve fitting analysis was performed. In order to
study the mechanism of drug releases from polymer matrices, in vitro drug release
data were fitted to kinetic models such as zero order, first order, Higuchi equation

[187] and Korsmeyer-Peppas equation [188].
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The rate equations of zero order and first order kinetics are given in the

following equations (Equations 3.2 and 3.3) respectively;

My/M.,, = kt (3.2)
M, =M, e™ (3.3)

where M; is the amount of drug released at time t, M., is the amount of drug released

at infinite time and k is a release rate constant.

Higuchi equation describes the Fickian diffusion of drug and simply expressed

as in the following equation (Equation. 3.4);

M/M., = ky t? (3.4

where My/M,, is the drug release fraction, ky is the Higuchi’s kinetic constant and t is

the release time.

Finally, Korsmeyer-Peppas equation which is widely used for describing drug

release kinetics from polymeric systems is given below (Equation 3.5);

log M¢/My) =logk +nlogt (3.5)

where My/M,, is the drug release fraction, k is the release rate constant, t is the release

time and n is the diffusional exponent describes the mechanism of drug release.
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Figure 3.98 Plot of kinetic data in accordance with zero-order release model for

samples L-1 and L-2
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Figure 3.99 Plot of kinetic data in accordance with first-order release model for

samples L-1 and L-2
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Figure 3.100 Plot of kinetic data in accordance with Higuchi release model for

samples L-1 and L-2
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Figure 3.101 Plot of kinetic data in accordance with Korsmeyer-Peppas release

model for samples L-1 and L-2
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Table 3.45 Kinetic parameters for samples L-1 and L-2

Sample Zero order First order Higuchi Korsmeyer-Peppas
Code R’ Ko R’ K, R’ Ky R’ n_ Kgp
L-1 0.8619 0.0673 0.6871 0.0021 0.9586 2.1412 0.9501 0.47 0.0308

L-2 0.7519 0.0674 0.5993 0.0018 0.8859 2.1162 0.9059 0.41 0.0515
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Figure 3.102 Plot of kinetic data in accordance with zero-order release model for V

samples. Each result shows the mean + SD, (n=3)
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Figure 3.103 Plot of kinetic data in accordance with first-order release model for V

samples. Each result shows the mean + SD, (n=3)
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Figure 3.104 Plot of kinetic data in accordance with Higuchi release model for V

samples. Each result shows the mean + SD, (n=3)
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Figure 3.105 Plot of kinetic data in accordance with Korsmeyer-Peppas release

model for V samples. Each result shows the mean + SD, (n=3)

Table 3.46 Kinetic parameters for V coded samples

Sample Code
Kinetic model
1V-2V-3V  4V-5V-6V  7V-8V-9V 10V-11V-12V
R? 0.7119 0.7036 0.9579 0.9553
Zero-order
Ko 0.0078 0.0276 0.0197 0.0281
] R? 0.6938 0.6328 0.9137 0.8029
First-order 5
Ky 8x10 0.0003 0.0005 0.0012
) ] R? 0.8698 0.8661 0.9831 0.9975
Higuchi
Ky 0.3543 1.2545 0.8171 1.1759
R? 0.9692 0.9541 0.9411 0.9962
Korsmeyer-Peppas n 0.0292 0.1250 0.1555 0.4268
Kep  0.8616 0.4457 0.1653 0.0201

For biodegradable polymer matrix devices, the drug is dispersed in the matrix
and drug releases from this matrix is usually diffusion and degradation controlled.
With the application of inert coatings, drug diffusion rates were lowered and drug

releases maintained for a longer time periods. Burst releases were reduced and both

212



drug release pathways became important for drug release rates.

According the results obtained, zero-order and first-order kinetics failed to
explain the drug releases from samples L-1 and L-2. Korsmeyer-Peppas plot gave the
highest correlation coefficient (R?) values for these samples with n values 0.47 and
0.41. That means, drug release mechanism is Fickian diffusion and drug release is
dependent to the square root of time. Higuchi plot also gave higher correlation

coefficient results.

In the same manner, zero and first-order kinetics were failed to explain drug
releases from samples 1V to 6V (without B-TCP). Korsmeyer-Peppas plot gave the
highest R values for these samples. For the rest of the samples, Higuchi and
Korsmeyer-Peppas plots’ gave higher R* values. For samples 10V-12V, Korsmeyer-
Peppas plot gave R” value of 0.9962 with n value 0.43. In general, for f-TCP used
samples, Higuchi model explained the drug release kinetics best with R* values of
0.9831 and 0.9975. As a result, drug release mechanism is mostly Fickian diffusion

and drug release is dependent on the square root of time of release.
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CHAPTER 4

CONCLUSIONS

A lot of infectious cases have been reported as a result of metal implant
application to the human body. Some of them can be overcome by using medical
drugs. On the other hand, most of the infections remain active without taking the
infected implant, medication of the infected area and reapplication of the clean
implant again. This painful process has economical and uncomfortable consequences

to the patient. This study mainly includes the pathways to solve these problems.

The main purpose of this study is the production of metal implants; especially
titanium based ones, coated with polymer films in which relevant drug were
dispersed. The ultimate goal is to remove the necessity of painful process in
infectious conditions explained above occurring in metal implant applications.
Implants can be turned out to be controlled and long-lasting drug release agents with

such coating applications.

Polymers investigated were soluble in water (PVAls) and chloroform (PCL,
RG 504, L 209S and LC 703) and all the drugs were soluble in water. Coating
weights for PVAls for different surface prepared metal implants were almost the
same. The result of coating density is 30 g/m® in average. For the chosen loading
applications, no homogeneous coatings were achieved with polished surfaced
implants. Among the polymers investigated, PVAIs did not give promising long
release profiles in aqueous medium therefore they were not used for further

investigations. The PCL also was not found to be suitable biodegradable coating
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material.

In the indent prototyping applications to the implant surfaces, it was observed
that loading amounts of drug plus polymer can be increased. Since the polymer
coatings included drugs, large amounts of drugs can be loaded to the same implants
with indentations. It was found that 10’ cycling loading on the samples of stainless
steel and titanium based implant materials with and without indentation did not cause
fatigue failure. For this reason, it was concluded that the indentations can be used for
the plaque and screw applications. According to the results obtained from the
computer simulations and virtual fatigue tests, indentations applied on the implant
samples did not harm the integrity of the implant materials; therefore, such
indentations can be applied to the suitable implant material in need of loading higher

amounts of drug carrying polymer coatings.

In the SEM photographs of the surfaces of titanium alloys, it is found that
smooth surfaces of titanium alloys become more porous when they are treated with 5
M NaOH alkaline solution at 60°C and 48°C followed by post heat treatments.
Increasing the duration of treatments, porosity of the samples’ surfaces increased.
Obtaining macroporous layer on titanium alloy surfaces has major importance since
the metal is not bioactive. The bioactivity of such implant materials increases by the
formation of apatite layer along the surfaces when they are inserted into the body. In
EDX analysis, stable amorphous sodium titanate layer was found over all of the

samples’ surfaces.

Hardness tests indicated that polymeric coatings had enough strength to
maintain their uniformity during applications to the human body. Degradation
profiles of the different polymers were used to estimate hardness order. The hardness
order were found in a decreasing manner as L209S>PVAI(Mwt:31000-
50000)>PVAI(Mwt:13000-23000)>RG504>PCL>LC703 for polymer coatings.

From the gloss measurements, it can be concluded that PCL and RG 504

coatings have less smooth final surface appearance than the other coatings.
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Adhesion by tape tests revealed that all polymeric coatings tested were not
strong enough to resist the test. L 209S and RG 504 coatings had preferable

adhesional properties over the other polymer coatings.

According to lap shear tests, the best adhesional property was observed in 4 No
sandpapered titanium samples with PLGA RG 504 adhesive. On the other hand,
sandblasted samples had the highest adhesional force values with PL L 209S. All
samples’ failures occurred as adhesive failure. Strength at failure values for both
polymers were high enough to resist surface detachments during application of
implants to the body. PL L 209S is more viscous and has high crystalline structure;
therefore, it shows good adhesional properties. However, PLGA RG 504 has higher
adhesional properties on smooth or nearly smooth surfaces compared to other film
forming material. With drug added adhesives, it was observed that on pure and
unmodified titanium surfaces, failures occurred at very low shear stress values.

Better adhesional results were observed for the surface modified samples.

The tendency observed in lap shear tests can also be seen in T-peel tests. RG
504 used samples has higher failure force values with smoother surfaces. L 209S, on
the other hand, have shown higher force values with more porous surfaces. All
samples’ failures occurred as adhesive failure. Strength at failure values for both
polymers were high enough to resist surface detachments during application of

implants to the body.

In the study of degradation of polymer films, it can easily be seen that
degradation of RG 504 polymer films are continuous and very fast. Intrinsic

viscosity values of RG 504 in chloroform decreased to nearly 9 % of its initial value

after 6 week degradation in water. Major degradation occurs in 30 days. My for RG
504 decreased to nearly 1.3% of its initial value after 6 weeks of degradation in
water. On the other hand, degradation of L 209S polymer films is relatively slow.

Intrinsic viscosity values of L 209S in chloroform decreased to nearly 75-80 % of its

initial value after 6 week degradation in water. My for L 209S decreased to
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approximately 60-70% of its initial value after 1 week of degradation in water.

During the rest of the time until 6 weeks, no major change in My was detected.

By using the calibration curves, released drug concentrations at predetermined
time intervals is calculated. In Augmentin containing L 209S and LC 703 coating
implants, initial burst release was very high and no meaningful absorbance value was
measured after 48 hours of drug release. In the same manner, for the Alfoxil
containing polymer coatings on implant materials, most of the loaded drugs were
released in one day. The remaining drugs were not enough to maintain the controlled

and prolonged drug release from titanium based implants.

To solve the burst release problem faced, inert coatings were applied over the
drug containing polymer layer. 1, 2 and 4 layers of RG 504 coatings over Alfoxil
containing RG 504 layer were applied. These coatings are called inert since they did
not contain antibiotics. A slower rate of drug release was obtained and burst release
was eliminated. With increasing the number of inert coatings, drug release profiles
seemed to be much slower and long-lasting. The multiple inert coatings should be
applied in a fast manner to prevent the dissolution of the previously coated layers.
For the Fortum loaded samples, initial release rates were reduced more with
increasing the number of inert coatings. Much higher loading amounts were achieved
by using macroporous surfaces (at least 40% increase in comparison to the smooth
surfaces). In these studies, burst releases were also reduced and drug release
durations were extended as aimed. Disk diffusion antibiotic sensitivity tests proved

that drug release amounts decreased as the number of inert layers increased.

In the drug loading control experiments, in average 76 % of drug loading by
weight could be achieved in comparison to the theoretical values for some of the
antibiotics. Pure RG 504 coated samples give absorbance values during release times
employed and it was concluded that higher drug amounts found in release
experiments were as a result of contribution of degradation products of polymers to

the absorbance values.
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In the drug activity measurements, it was found that the activity of Fortum is
time-dependent and decreases with time. With Fortum, therefore, the absorbance
measurements may not reflect the actual released amount. They will underestimate
the amount of drug released. On the other hand, Vancomycin activity did not change

with time that is activity of Vancomycin is time-independent.

Coating of implants with Vancomycin impregnated B-TCP, dispersed in RG
504 solutions, gave promising results. Inert coating of L 209S were applied on the
samples. Almost 60% of the loaded Vancomycin was released from L-coded samples
in 26 days. According to the release profiles, it was estimated that Vancomycin
release can last approximately 70 days. Drug releases and release profiles were also
investigated by disk diffusion antibiotic tests. After these promising results, it was
decided to make a thorough investigation of the effect of inert coating of L 209S and

use of TCP as a drug carrying material.

Due to the long-term stability of Vancomycin in aqueous solutions The studies
are concentrated on this antibiotic and, V-coded samples were prepared. For samples
1V to 6V, Vancomycin dispersed RG 504 solution was used as a coating material
and drug weight was equal to the 20% of the coating weight. Samples 4V to 6V were
inert coated with L 209S solution. For samples 7V to 12V, Vancomycin impregnated
B-TCP dispersed RG 504 solution was used as a coating material and drug weight
was equal to the 8.1% of the coating weight. Samples 10V to 12V were inert coated
with L 209S solution. According to the drug release studies, burst releases for the
samples 1V to 3V were obvious and most of the Vancomycin was released in a few
days. For the inert coating applied samples (samples 4V to 6V) burst releases were
reduced and continuous drug release profiles were obtained. However, 80-90% of the
loaded drug was released in 10 days for these samples. For samples 7V to 9V, linear
but burst-like release profiles were achieved and 50-60% of loaded Vancomycin was
released in 55 days of release period. Burst release was reduced somewhat and
release period was extended with these samples. Finally, for the inert coating applied
samples (samples 10V to 12V), burst release was further reduced and linear drug

release profiles with higher slope could be obtained. Also, drug release times were
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further extended. The same trends were found as a result of disk diffusion antibiotic

tests.

The surface topography of the samples can be seen from SEM micrographs.
This topography resulted in higher loading capacity with respect to smooth surfaces
and stronger attachment of polymer films onto the implant surface was achieved. The
porous structure of the polymer films could be clearly seen. These pores were as a
result of chloroform evaporation and helpful in controlling the drug releases from the
inside polymer matrix. Impregnation of Vancomycin in TCP also reduced the initial
burst release and extended the drug release time periods. Polymer degradation as a

function of release time can also be seen from SEM images.

In in-vivo analysis, implants were placed at the dorsal muscle of six six-month
native rabbits. These implants were followed for six weeks and implant surfaces and
surrounding tissues investigated histologically. Consistency of the implants with
surrounding tissue was observed. Implants did not cause any tissue damage and no
macrophage formation was detected. In addition, ligament formation in some areas

was observed.

In the study of the drug release kinetics, in vitro drug release data were fitted to
kinetic models such as zero order, first order, Higuchi equation and Korsmeyer-
Peppas equation. For the L-coded samples, zero and first order models failed to
explain the drug releases. Korsmeyer-Peppas and Higuchi models were successful in
explaining the drug release kinetics from these samples with high correlation
coefficient values. In the same manner, Korsmeyer-Peppas and Higuchi models were
successful in explaining the drug release kinetics from V-coded samples with high
correlation coefficient values. Drug releases were mainly proportional with the

square root of time of release.

To sum up, medical metal implants with the ability of preventing infections
were designed. Desired release profiles for at least two months time period were

achieved with Vancomycin impregnated B-TCP dispersed in RG 504 coating and
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over it L 209S inert coating applied titanium based implants. Initial burst release,
which is the major problem in such medical implants, was minimized. The integrity
of coatings were tested and found to exhibit resistance to slipping of the coating layer
during the application to the body. This proposed technique can be used to impart
controlled drug release function to metal implants. Drug releases can be optimized
for different shaped implants by changing the amount of dispersed drug or by
adjusting the surface morphology of the metal substrates and by application of

indentations to the implants.
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CHAPTER 5

RECOMMENDATIONS

Various polymer-drug pairs were examined with respect to their controlled and
sustained drug release efficiencies on metal based implant samples. From the
polymers studied, drug containing poly(D,L-lactide-co-glycolide) interior coating
and poly(L-lactide) inert coating over this coating was found to be the best system to
achieve this purpose. Further improvement in drug release profiles were obtained by
embedding the drug material into the porous structured B-TCP and using this
material in the same system with polymers. This improved method was also

successful for controlled drug releases from metal implants for over 2 months.

Homogeneous drug loading was achieved by using drug material dispersed in
polymer solution. 10 % (w/v) poly(D,L-lactide-co-glycolide) solution in chloroform
and 5 % (w/v) poly(L-lactide) solution in chloroform were viscous enough to obtain

uniform polymer coatings over implant surfaces.

Polymer coatings over implant surfaces were strong enough to maintain their
integrity for the process of application into the body. Their strengths were measured

by using tape tests, lap shear tests and T-peel tests.

During the application of coating process, the dipping times should be held at
minimum since the new applied layer can dissolve the interior layer and deform its
integrity. End points of implant surfaces can be nonhomogeneous with dip coating

applications. This problem can be resolved by using spray coating technique or by
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using removable end points.

The experimental technique developed in this study is used for the powdered
solid drugs after making suitable optimizations. Drug loadings can be adjusted by
changing the drug percentages or by using more porous implant surfaces. Also,
loading amounts can be increased by using different indentations on implant surfaces
in question. Finally, it is concluded that metal implants for various purposes can be

rendered with controlled drug release property as shown in this thesis.

For detailed clinical studies, application of coating materials over implant
surfaces should be performed in a clean room. In an industrial application, spray
coating systems with continuous mixing ability will be helpful in achieving
homogeneous coatings. Implant surface cleaning is another important aspect for
obtaining uniform coatings. y-rays can be used for the sterilization of implants since
no measurable effects of these rays on the polymer systems and drug releases were

detected in our systems.

Developed drug release systems can also be used without a metal base (e.g.
cold molding). The area of usage of these systems can be extended by such

applications.

Finally, HPLC analysis can be done for more precise antibiotic release
measurements for obtaining a final product. In vitro biocompatibility tests and in
vivo infection models should be studied prior to the production of an implant

material.
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APPENDIX A

DSC THERMOGRAMS OF POLYMERS USED

~1.0+

Figure A.1 DSC thermogram of poly(D,L-lactide-co-glycolide) (Resomer RG 504)

0.0=

Figure A.2 DSC thermogram of poly(L-lactide) (Resomer L 209S)
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Heat Flow

Figure A.3 DSC thermogram of poly(L-lactide-co-caprolactone) (Resomer LC 703)
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Figure A.5 DSC thermogram of poly(vinyl alcohol) (]\Tw :13.000-23.000)
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Figure A.6 DSC thermogram of poly(vinyl alcohol) (m :31.000-50.000)
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APPENDIX B

REPRESENTATION OF IMAGES OF VANCOMYCIN ITSELF AND AFTER
IMPREGNATION INTO B-TCP

Figure B.1 Images of powder Vancomycin
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Figure B.2 Images of Vancomycin impregnated 3-TCP
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APPENDIX C

LAP-SHEAR TESTS

Load (N) Load (N)

0 80 90 100 110 10 00 10 20 0 80 90 100 110

40 50 60 7 3 0 o 60 7
Propagation Extension (mm) Propagation Extension (mm)
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30 a0 50 60 70
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Figure C.1 Lap-shear tests for RG 504 coatings on titanium plates (no surface

modification)
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Figure C.2 Lap-shear tests for RG 504 coatings on titanium plates (4 No
sandpapered)
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Figure C.3 Lap-shear tests for RG 504 coatings on titanium plates (wire emery)
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Figure C.4 Lap-shear tests for RG 504 coatings on titanium plates (sandblasted)
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Figure C.5 Lap-shear tests for L 209S coatings on titanium plates (no surface

modification)
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Figure C.6 Lap-shear tests for L 209S coatings on titanium plates (4 No
sandpapered)
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Figure C.7 Lap-shear tests for L 209S coatings on titanium plates (wire emery)
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Figure C.8 Lap-shear tests for L 209S coatings on titanium plates (sandblasted)
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APPENDIX D

T-PEEL TESTS
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Figure D.1 T-peel tests for RG 504 coatings on titanium plates (no surface

modification)
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Figure D.2 T-peel tests for RG 504 coatings on titanium plates (4 No sandpapered)
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Figure D.3 T-peel tests for RG 504 coatings on titanium plates (wire emery)
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Figure D.4 T-peel tests for RG 504 coatings on titanium plates (sandblasted)

262



Load (N) Load (N)

11\

PN VP
10 00 10 20 3 40 50 60 70 o 90 100 110 10 00 10 20 40 50 60 70 o 90 100 110
Propagation Extension (mm) Propagation Extension (mm)

Load (N)
P |
Lvm_r |
10 00 10 20 0 90 100 110

30 40 50 60 70
Propagation Extension (mm)

Figure D.5 T-peel tests for L 209S coatings on titanium plates (no surface
modification)
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Figure D.6 T-peel tests for L 209S coatings on titanium plates (4 No sandpapered)
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Figure D.7 T-peel tests for L 209S coatings on titanium plates (wire emery)
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Figure D.8 T-peel tests for L 209S coatings on titanium plates (sandblasted)
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APPENDIX E

PREPARATION OF PHOSPHATE BUFFERED SALINE (10 x PBS)

The following is dissolved in 800 ml distilled water.
= NacCl (80.0 g)
= KCI(2.0g)
* Na,HPO, (14.4 g)
» KH,PO4 (2.4 g2)
pH is adjusted to 7.4 with HCI or NaOH.

Distilled water is added for the final volume of 1 L.
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APPENDIX F

DEGRADATION STUDIES FOR PLGA RG 504

Table F.1 Intrinsic viscosity calculations for RG 504 (2 days)

C (g/d) solvent 0.500 0.333 0.250 0.200
Flowtime (s) 103.31 156.56 137.97 129.27 125.12
Nrel 1.515 1.335 1.251 1.211
Ninh 0.831 0.868 0.896 0.957
Nred 1.030 1.006 1.004 1.055
Regression
[n] (dVg)
From 1y vs C line 1.0077
From 1;¢q vs C line 1.0329
Average 1.0203
211
§)
2
_‘é 1
3
E
§ 0.9
2
E
2
.E 08 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Concentration (g/dl)

(e dots stand for 1,¢q vs. C data, e dots stand for n;,, vs. C data)

Figure F.1 nin, // Nreq vs. Concentration graph for degradation of RG 504 (2 days)
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Table F.2 Intrinsic viscosity calculations for RG 504 (1 week)

C (g/dD) solvent 0.500 0.333 0.250 0.200
Flowtime (s) 103.31 150.25 134.50 127.60 124.40
Nrel 1.454 1.302 1.235 1.204
Ninh 0.749 0.792 0.844 0.928
Nred 0.908 0.907 0.940 1.020

Regression

[n] (dV/g)

From 1y vs C line 1.0002

From 1,¢q vs C line 1.0415

Average 1.0209

=
[N
]

[N

o
©

Inherent Viscosity//Reduced Viscosity
o
o0

0.7 -
0.6 -
0.5 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Concentration (g/dl)

(e dots stand for n,q vs. C data, e dots stand for n;,, vs. C data)

Figure F.2 nin, // Nreq vS. Concentration graph for degradation of RG 504 (1 week)
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Table F.3 Intrinsic viscosity calculations for RG 504 (4 weeks)

C (g/dD) solvent  0.500 0.333 0.250 0.200
Flowtime (s) 103.31 123.76 114.24 111.24 107.49
Nrel 1.198 1.106 1.077 1.040
Ninh 0.361 0.303 0.297 0.196
Nred 0.396 0.318 0.308 0.200

Regression

[n] (dV/g)

From 1y vs C line 0.1424

From 1;¢q vs C line 0.1265

Average 0.1345

o ) o )
N w N ol
Il Il Il I
@
o

o
[En
I

Inherent Viscosity//Reduced Viscosity

o

0 0.1 0.2 0.3 0.4 0.5 0.6
Concentration (g/dl)

(e dots stand for n,q vs. C data, e dots stand for n;,, vs. C data)

Figure F.3 My // Nrea vs. Concentration graph for degradation of RG 504 (4 weeks)
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Table F.4 Intrinsic viscosity calculations for RG 504 (6 weeks)

C (g/dD) solvent 0.500 0.333 0.250 0.200
Flowtime (s) 117.37 127.12 124.82 121.91 120.01
Nrel 1.083 1.063 1.039 1.022
Ninh 0.159 0.183 0.153 0.109
Nred 0.166 0.189 0.156 0.110

Regression

[n] (dV/g)

From njpp vs C line 0.1092

From 1;¢q vs C line 0.1073

Average 0.1083

©
N
]

Inherent Viscosity//Reduced Viscosity
o
=

o

0 0.1 0.2 0.3 0.4 0.5 0.6
Concentration (g/dl)

(e dots stand for n,q vs. C data, e dots stand for n;,, vs. C data)

Figure F.4 nin, // Nreq vs. Concentration graph for degradation of RG 504 (6 weeks)
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APPENDIX G

DEGRADATION STUDIES FOR PL L209 S

Table G.1 Intrinsic viscosity calculations for L 209S (2 days)

C (g/d) solvent 0.0833 0.0625 0.0500 0.0417
Flowtime (s) 103.31 267.25 219.48 193.78 174.69
Nrel 2.587 2.124 1.876 1.691
Ninh 11411 12.053 12.583 12.598
Nred 19.052 17.984 17.520 16.571
Regression
[n] (dVg)
From 1y vs C line 13.972
From 1;¢q vs C line 14.465
Average 14.219
z 25 -
20
3
S /./.
e 15
&
E} ‘HN
Z 10 -
£
55
-
E 0 T T T 1
0 0.02 0.06 0.08 0.1
Concentration (g/dl)

(e dots stand for n,eq vs. C data, e dots stand for n;,, vs. C data)

Figure G.1 Minh // Mrea vs. Concentration graph for degradation of L 209S (2 days)
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Table G.2 Intrinsic viscosity calculations for L 209S (1 week)

C (g/dD) solvent  0.0833 0.0625 0.0500 0.0417
Flowtime (s) 103.31 243.59 201.71 176.51 161.22
Nrel 2.357 1.952 1.709 1.561
Ninh 10.293 10.702 10.718 10.679
Nred 16.291 15.232 14.180 13.453

Regression

[n] (dVg)

From 1y vs C line 11.714

From 1;¢q vs C line 10.761

Average 11.238

N
o
]

=
(¢
|

Inherent Viscosity//Reduced Viscosity
o S

o

0 0.02 0.04 0.06 0.08 0.1
Concentration (g/dl)

(e dots stand for 1,¢q vs. C data, e dots stand for n;,, vs. C data)

Figure G.2 Min, // Mreq vs. Concentration graph for degradation of L 209S (1 week)
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Table G.3 Intrinsic viscosity calculations for L 209S (4 weeks)

C (g/dD) solvent 0.0833 0.0625 0.0500 0.0417
Flowtime (s) 103.31 229.62 193.15 173.63 158.46
Nrel 2.223 1.870 1.681 1.534
Ninh 9.590 10.015 10.388 10.261
Nred 14.682 13.920 13.620 12.806

Regression

[n] (dVg)

From 1y vs C line 11.152

From 1;¢q vs C line 11.295

Average 11.224

N
o
]

|

Inherent Viscosity//Reduced Viscosity
[N
o

a1
|

o

0.02 0.04 0.06 0.08 0.1

o

Concentration (g/dl)

(e dots stand for 1,¢q vs. C data, e dots stand for n;,, vs. C data)

Figure G.3 Miny // Mreq vs. Concentration graph for degradation of L 209S (4 weeks)
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Table G.4 Intrinsic viscosity calculations for L 209S (6 weeks)

C (g/d)) solvent 0.0833 0.0625 0.0500 0.0417
Flowtime (s) 117.37 286.80 232.46 208.43 188.41
Nrel 2.444 1.981 1.776 1.605
Ninh 10.728 10.938 11.374 11.346
Nred 17.335 15.696 15.520 14.508
Regression
[n] (dV/g)
From 1y vs C line 12.083
From 1;¢q vs C line 12.026
Average 12.055
‘E 20 -
=
g 15 -
% /
% 10 *.—‘—M
=
g
2
E 0 T T T T 1
0 0.02 0.04 0.06 0.08 0.1
Concentration (g/dl)

(e dots stand for n,¢q vs. C data, e dots stand for n;,, vs. C data)

Figure G.4 Minh // Mrea vs. Concentration graph for degradation of L 209S (6 weeks)
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