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ABSTRACT

ANALYSIS OF THE EFFECTS OF VANCOMY CIN CONTAINING
BIOCERAMIC/POLYMER COMPOSITES ON BIOFILM PREVENTION,
BIOCOMPATIBILITY AND OSTEOGENIC MODIFICATION OF
MESENCHYMAL STEM CELLS

Kankili¢, Berna
Ph. D., Department of Biotechnology
Supervisor: Prof. Dr. Erdal Bayramli
Co-Supervisor: Prof. Dr. Feza Korkusuz

September 2015, 90 pages

Osteomyelitis is a difficult to treat bone infection. In clinic, osteomyelitis is treated
with surgical debridement followed by the antibiotic therapy. But, due to the low
blood circulation in the infection area and the production of an exopolysaccharide,
biofilm, by the pathogen violence the treatment. Therefore local drug delivery
systems are generated. These systems transmit the effective dose to the infection area
without any toxic effects.

In this study, vancomycin containing PDLLA/B-TCP and PLGA/B-TCP composites
were developed and characterized. Vancomycin containing PDLLA/B-TCP and
vancomycin containing PLGA/B-TCP composites released 3.1 = 0.2 mg and 3.4 +
0.4 mg vancomycin for six weeks, respectively and the released vancomycin was
sufficient for MRSA susceptibility. Also, the released vancomycin inhibited the
biofilm formation of Methicillin Resistant S. aureus. Vancomycin containing
PDLLA/B-TCP and vancomycin containing PLGA/B-TCP composites were
biocompatible with Mesenchymal Stem Cells and SaOS-2 osteosarcoma cells.

The composites showed alkaline phosphatase activity at day 21. But for the RT-PCR

studies conducted with the extraction medium of the composites, the vancomycin



containing PDLLA/B-TCP and vancomycin containing PLGA/B-TCP composites
were not induced the differentiation of mesenchymal stem cells by not expressing

some of the osteogenesis related signalling molecules.

Keywords: Antibiotic, osteomyelitis, PDLLA, PLGA, vancomycin, bone, polymer,

MRSA, drug delivery systems, controlled release, biodegradable polymer, biofilm
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0z

VANKOMISIN ICEREN BiYOSERAMIK/POLIMER KOMPOZITLERIN
BIYOFILIM ENGELLEMESI, BlYOUYUMLULUGU VE MEZENKIMAL KOK
HUCRELERIN OSTEOJENIK DEGISIMLERI UZERINE ETKILERININ
ANALIZI

Kankili¢, Berna
Doktora, Biyoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. Erdal Bayramli
Ortak Tez Yoneticisi: Prof. Dr. Feza Korkusuz

Eyliil 2015, 90 sayfa

Osteomiyelit tedavisi olduk¢a zor bir kemik enfeksiyonudur. Klinikte osteomiyelit
tedavisi cerrahi debridman sonrasi sistemik olarak verilen antibiyotikler ile
saglanmaktadir. Ancak enfeksiyon bolgesinde yeterli kan akisinin olmamasi ve
enfeksiyon yaratan patojenin biyofilim adi verilen ekzopolisakkarit yapinin iginde
antibiyotiklere karsi1 direngli olmasi nedeniyle enfeksiyon tam anlamiyla yok
edilememektedir. Bu nedenle enfeksiyon bolgesine ilag¢ tasiyict sistem yerlestirme
fikri dogmustur. Bu sistemler viicutta herhangi bir toksik etki yaratmadan direkt

olarak enfeksiyon bolgesine etkin dozu ulastirmaktadir.

Gergeklestirilen ¢alismada vankomisin igceren PDLLA/B-TCP ve PLGA/B-TCP
kompozitler gelistirilmis ve karakterize edilmistir. Vankomisin iceren PDLLA/B-
TCP ve PLGA/B-TCP kompozitler alt1 hafta boyunca 3.1 £ 0.2 mg ve 3.4 + 0.4 mg
vankomisin salmistir ve salinan miktar MRSA duyarliligi icin yeterlidir. Ayrica
salim ortamlarindan alinan Orneklerle gerceklestirilen biyofilm olusumu engelleme
caligmasinda, gelistirilen kompozitlerin MRSA biyofilm olusumunu engelledigi

gosterilmistir. Gelistirilen kompozitler mezenkimal kok hiicreler ve SaOS-2
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osteosarkoma hiicreleri ile biyouyumludur. Ayrica, kompozitlerin hiicrelerle 21
giinliik kiiltiiri sonunda hiicreler alkalin fosfataz aktivitesi gostermistir. Ancak,
kompozitlerden salinan maddelerin bulundugu besiyerlerlerinin kullanildigi RT-PCR
calismasinda kompozit gruplar1 bazi osteogenez ilintili sinyal molekiillerini ifade

etmeyerek mezenkimal kok hiicrelerin farklanmasini tetiklememistir.
Anahtar Kelimeler: Antibiyotik, osteomiyelit, PDLLA, PLGA, vankomisin, kemik,

polimer, MRSA, biyouyumluluk, ila¢ tastyict sistemler, kontrollii salim, biyobozunur

polimer, biyofilim
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CHAPTER 1

INTRODUCTION

Osteomyelitis is a difficult to treat orthopedic infection, which arose as a result of the
colonization of pathogens, especially the most causative organism methicillin
resistant Staphylococcus aureus (MRSA) (1). The treatment of osteomyelitis is
generally done with surgical debridement and parenteral antibiotic administration up
to six weeks (2).

In parenteral antibiotic administration, the antibiotic reached to the infection area
cannot eradicate the pathogen, since only lower amounts of antibiotic can reach to
infection area due to low blood circulation and the circulated amount is lower than
the minimum inhibitory concentration. Also, the pathogen can capable of forming a
biofilm in the infection area. Biofilms protect the pathogen from immune defenses
and they are resistant to antibiotics, so the parenteral antibiotic cannot eradicate the
pathogen (3).

Drug delivery systems are developed in order to control and treat bone infections. In
drug release systems, biodegradable and biocompatible polymers or bioceramics
carries drugs. In some cases, both kinds of materials are used to minimize each
material’s disadvantages and composites are developed. These drug delivery systems
should be active against the pathogen involved in the infection, release antibiotic at
least ten times higher than the minimum inhibitory concentration of the pathogen, not
evoke any immune response (4).

Poly (D, L-lactide) (PDLLA) and poly (D, L-lactide-co-glycolide) (PLGA) are
biodegradable and biocompatible polymers generally used as carrier in drug delivery
systems (5). The disadvantages of these polymers are their acidic products after the
biodegradation. The acidic products decrease the pH of the environment and fasten
the further degradation. Also, these polymers have low cell adhesion potential (6).
Beta-tricalcium phosphate (B-TCP) is a biodegradable bioceramic used in local drug
delivery systems. The bioceramic has high solubility rate, and degrades faster (2),

(7). It also shows osteointegration and osteoconduction properties (8).
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From this point of view, we developed two different drug release systems;
vancomycin containing PDLLA/B-TCP composites and vancomycin containing
PLGA/B-TCP composites and searched for their biofilm inhibition potential and

biocompatibility with mesenchymal stem cells.



CHAPTER 2

BACKGROUND INFORMATION

2.1 Bone

Bone is a tissue that supports and protects the organs, provides motility, stores
minerals and produces red and white blood cells. Bone is made up of organic
compartment type 1 collagen, inorganic compartment carbonate hydroxyapatite (Ca,
Mg, Na),;, (PO4 , CO3 )s (OH),) and water (9). The organic compartment, type I
collagen, gives rigidity while inorganic compartment, hydroxyapatite, gives the

elasticity to the tissue.

Osteon of compact bone

Lacunae containing osteocytes

Trabeculae of spongy
bone

= Haversian
canal

Osteon

Periosteumn

Yolkmann's canal

Figure 1. The structure of bone (10).

The outer layer of the bone is called cortical or compact bone. The primary
functional unit of cortical bone is called osteon. Osteons are connected to each other
and the periosteum, the membrane covering the bone, by Volkmann’s canals.
Volkmann’s canal provides energy and nourishing elements for osteon (Figure 1).
Each osteon also surrounds Haversian canal, which protects blood vessels and nerve
cells of the bone and enables the communication between osteocytes by canaliculi
(Figure 2) (11).



Osteon — C ):
v
(]

Haversian Canal

Osteocyte Canaliculi

Figure 2. The structure of an osteon (12).

Osteocyte is a star shaped bone cell derived from osteoprogenitor cells and
embedded in bone matrix. They can differentiate into osteoblasts and osteoids.
Osteocytes regulate mineral homeostasis by resorbing the bone with their osteocytic
osteolysis function and have mechanosensory mechanisms (13). Osteoblast is
another type of bone cell responsible from bone formation. Mesenchymal stem cells
(MSC) or osteoprogenitor cells differentiate into preosteoblasts and then to mature
osteoblasts. The unmineralized organic portion of bone matrix forms prior to bone
tissue formation is known as osteoid or bone extracellular matrix (ECM) is secreted
by these osteoblasts and as the osteoid becomes mineralized, osteoblasts are trapped
in lacunae and osteocyte become bone lining cells (14). Osteoclasts are another bone
cell type that degrade the mineralized bone and bone ECM by secreting proteolytic
enzymes and acids and derived from hematopoietic cells (11, 15). The ECM of bone
consists of collagens, proteoglycans, glycosaminoglycans and glycoproteins like
alkaline phosphatase osteonectin, osteocalcin, bone sialoprotein and osteopontin.
Bone ECM upregulates or downregulates the signaling pathways and regulates bone

cells while providing the mechanical property of bone (14).

Spongy bone, also known as trabecular or cancellous bone, is another type of osseous
tissue found at the ends of long bones. This tissue has higher vascularity and

responsible from production of blood cells (11).
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2.1.1 Bone Formation

The bone is formed by two mechanisms: intramembranous ossification and
endochondral ossification. In intramembranous ossification, MSC differentiate into
osteoblasts and form an ossification center. Osteoblasts secrete osteoid and it begins
to calcify. The osteoblasts trapped in calcified osteoid become osteocytes and by the
entrapment of osteocytes on mesenchymal surface, periosteum forms. Later, the
mineral deposition continues leads to creation of trabeculae and forms the spongy
bone. Finally, the trabeculae under the periosteum thicken and replaced with lamellar
bone and form compact bone plates. Spongy bone stays internally and its vascular
tissue becomes red marrow. Flat bones of skull, mandible and maxilla are formed by
intramembranous ossification (16). In endochondral ossification, a hyaline cartilage
model grows by cell division of chondrocytes. As the chondrocytes become mature,
hyaline cartilage model begins to calcify. The perichondrium around the hyaline
cartilage vascularizes and becomes periosteum. The osteoprogenitor cells in the
periosteum use calcified matrix and becomes osteoblasts. The osteoblasts secrete
osteoid and form trabeculae. The ossification of long bones and bone fracture healing

is followed by endochondral ossification (17).

In bone formation and regeneration, many signaling molecules are essential. Some of
these signaling molecules like transforming growth factor beta (TGF-B), bone
morphogenetic proteins (BMPs), and growth differentiation factors (GDFs) belong to
TGF-p superfamily. TGF-p induces MSC, chondrocyte, preosteoblast and osteoblast
proliferation and collagen, proteoglycan, osteopontin, osteonectin and alkaline
phosphatase production (8). It triggers the BMP synthesis and induces the inhibition
of osteoclast activity (13). BMPs are responsible from osteogenesis, mesenchymal
and osteoprogenitor cell proliferation, differentiation and bone extracellular matrix
synthesis. BMPs are divided into four groups: BMP-2 and BMP-4 form group 1,
BMP-5, BMP-6 and BMP-7 form group 2, BMP-12, BMP-13 and BMP-14 form
group 3 and BMP-3 and BMP-3b form group 4. BMP-3 is an antagonist to other
BMPs and it down regulates the bone density. Unlike the other BMPs, BMP-1
induces the development of bone and cartilage but it does not belong to TGF-
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superfamily (18). BMPs bind to serine/threonine kinase receptors and initiate Smad
signaling. Smad family has eight members and divided into three groups. The
receptor regulated Smads (SMAD 1, 2, 3, 5 and 8), common mediator Smad (SMAD
4) and the inhibitory Smads (SMAD 6 and 7). Once the Smads are activated, they
regulate the transcription of target genes (19). BMPs also induce the secretion of
other growth factors like insulin like growth factors (IGFs) and vascular endothelial
growth factors (VEGFs) (20). IGFs are secreted from osteoblasts, chondrocytes, bone
matrix and endothelial cells. IGF-1 induces the formation of bone matrix while IGF-
2 stimulates cellular proliferation and type 1 collagen production (21). Nearly at the
end of endochondral ossification, cartilage and bone are degraded to induce the
angiogenesis by VEGF dependent pathway. VEGF expressed by osteoblasts and
osteoblast like cells is stimulated by BMPs (22). Platelet derived growth factor
(PDGF) is another growth factor expressed by macrophages, osteoblasts and platelets
for the proliferation of MSCs and osteoblasts (19). Fibroblast growth factor (FGF) is
also expressed by macrophages, osteoblasts and MSCs and it triggers the cell
division of MSCs and osteoblasts (23).

Besides the growth factors, matrix metalloproteinases secreted by macrophages
degrade the bone ECM and they are essential for bone formation (23, 24). There are
also many transcription factors that regulate bone formation according to osteoblast
differentiation and they control the expression of many ECM protein genes or
osteogenic genes during the differentiation. Runt related transcription factor
(RUNXZ2) is a transcription factor responsible from the differentiation of osteoblasts.
It also regulates the expression of alpha-1 type I collagen (COL1ALl), alpha-2 type |
collagen (COL1A2) and bone gamma carboxyglutamate (gla) protein (BGLAP).
During the differentiation of mature osteoblasts into osteocytes, mature osteoblasts
express BGLAP while osteocytes express dentin matrix protein 1. Runx2 is a leading
gene expressed during bone formation; since this gene is expressed by osteoblasts

and without osteoblasts there will not be any bone formation (25).

2.1.2 Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells found in bone marrow have self-renewal ability and they
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can differentiate into many cell types like bone, fat, cartilage, muscle (26, 27). They
can be easily isolated and expanded in vitro, therefore they are frequently used in
regenerative medicine and tissue engineering (28). After the signaling of major
molecules interleukin 1 and 6 (IL-1 and IL-6) in the inflammation of bone, fracture
repairment is followed by the signaling of TGF-B, IGF, FGF, PDGF, BMPs and
VEGF. All these signaling molecules induced the proliferation and differentiation of
MSCs (17, 22, 29, 30). In the regeneration or formation of the bone, mesenchymal
stem cells are activated and they can differentiate into osteoblasts and chondrocytes.
Once MSCs differentiate into chondrocytes, they can form the bone by endochondral
ossification. MSCs can be isolated from various sources in the body like, bone
marrow, mineralized bone and adipose tissue. BMP and FGF signaling pathways
influence the differentiation of MSCs (31). MSCs can be induced to differentiate into
osteoblasts in vitro by using dexamethasone, L-ascorbic acid and beta

glycerophosphate during cell culturing (23, 32).

2.2 Osteomyelitis

Osteomyelitis is an inflammatory difficult to treat bone infection caused by pyogenic
bacteria which are capable to form pus (33). The infection is generally arisen
secondary from a contigous focus of infection such as trauma, surgery or vascular
insufficiency and hematogenous spread (34). Osteomyelitis can be classified as acute
or chronic osteomyelitis; acute osteomyelitis lasts for days and weeks while chronic
osteomyelitis lasts for months or years (35).

In the mechanism of infection, microorganisms adhere to host bone tissue with their
adhesins specific for host proteins like collagen, fibronectin and bone sialoprotein
(36). Macrophages attack to the pathogen, release proteolytic enzymes and leads to
tissue lysate. In the manner of adaptive immunity, pus spreads to vascular channels
in the bone and deteriorate blood flow (37). As the infection progresses to chronic
state, necrotic bone is fragmented and sequestrum is formed (Figure 3) (34). Chronic
osteomyelitis is generally treated with surgical debridement and four to six week

lasting parenteral antibiotic therapy (38).
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Figure 3. lllustration of osteomyelitis (39)

Methicillin resistant Staphylococcus aureus (MRSA) is the most common pathogen
isolated from the infection site but other pathogens like Staphylococcus epidermidis,
coagulase-negative staphylococci, Enterobacter species, Pseudomonas aeruginosa
and Mycobacterium species are also responsible for osteomyelitis. Staphylococcus
aureus is a gram positive, facultative anaerobe. It has a spherical shape with 0.5 to
1.5 um diameter and forms bead like clusters when colonized. Staphylococcus
aureus is naturally found in human skin and nostrils. It attaches to the surface with
its adhesins and exotoxins and many of its strains are capable of forming biofilm.
Biofilm protects the pathogen from environmental conditions like antibiotics and
phagocytosis (40).

2.2.1 Biofilm

Biofilm is a three dimensional extracellular polymeric matrix formed by the
irreversible attachment of the Staphylococcus aureus to a surface (41). Once

Staphylococcus aureus attach to a surface, it begins to produce multi-layered



biofilms under glycocalyx, or slime layer (35). Gross et al. found that teichoic acids
found in the pathogen are the leading cause for biofilm formation (42). Besides,
polysaccharide intercellular adhesin (P1A) is also responsible for biofilm formation
(43). In a biofilm environment, bacteria can communicate with chemotaxis, known
as quorum sensing when they reach to a threshold cell density (44). Biofilm protects
the bacteria from outer environmental conditions like antibiotic agents, phagocytosis,
oxygen radical and protease defenses. As biofilm decreases the permeability of
antimicrobial agents by acting as a diffusion barrier, in order to eradicate the bacteria
within the biofilm, higher concentrations of antimicrobial agents are needed (45).
Also under the protection of a biofilm, mature bacteria colonies can detach from the
biofilm and they can migrate and form new biofilms in uninfected areas (46) (Figure
4).

Figure 4. The stages of biofilm formation (47).

Biofilms can be detected by various techniques like tissue culture plate, tube method,
Congo Red Agar method, bioluminescent assay, and fluorescent microscopy. In
tissue culture plate method, which is the major biofilm detection technique, biofilm
forming bacteria are inoculated into 1% glucose containing trypticase soy broth.
Bacteria culture is placed in 96 well tissue culture plate as 200 pl per well. The plate
is incubated at 37°C for 24-48 hours. After, planktonic bacteria are poured out and
wells are washed. The wells are filled with 0.1% crystal violet stain and then washed

with water to get rid of the excess stain. Remaining crystal violet stain is solubilized



with 95% ethanol and optical density (OD) is measured in ELISA reader at 620 nm
(48). In another technique; tube method, bacteria are again inoculated in 1% glucose
containing trypticase soy broth but this time test tubes are used instead of a tissue
culture plate. Same procedures are carried out like in tissue culture method but at the
end this time biofilm formation is detected qualitatively according to control strains.
Biofilm formation is scored as weak/none, moderate or strong. In Congo Red Agar
method, Congo Red indicator is added to sucrose containing brain heart infusion
agar. Microorganisms are inoculated into Congo Red Agar plates and incubated at
37° for 24 hours. Dry crystals containing black colonies give qualitative biofilm
formation (45). Xiong et al. monitored the biofilm formation in a mouse infection
model with bioluminescent bacteria (49). Lux operon inserted S.aureus and P.
aeruginosa are monitored real time with the help of an imaging system. Also a multi
photon laser scanning microscopy can be used for the detection of biofilm formation

in fluorescent bacteria (50).

2.2.3 Vancomycin

Vancomycin is a tricyclic glycopeptide antibiotic isolated from Streptomyces
orientalis, effective against Gram-positive bacteria, especially MRSA (51-53). The
drug shows its bactericidal effect by inhibiting the cell wall biosynthesis with
binding to the cell wall precursors (54). Vancomycin has side effects such as
nephrotoxicity, ototoxicity, poor venous tolerance thus systemic administration of
this drug has some limitations (55). Vancomycin has four to six hours in vivo half-
life and it is extracted from the body by renal extraction. On the other hand, in vitro
half-life of the drug at 37°C is nine hours (56). The minimum inhibitory
concentration (MIC) of vancomycin for MRSA is <2 pg/ml (57).

2.3 Controlled Drug Delivery Systems

Controlled drug delivery systems gain attention, since the infection in the body
cannot be eradicated by systemic or parenteral drug delivery. As the infection
deteriorates the blood circulation, systemically delivered drugs cannot reach to
infection area. Beside the delivery of the drug to the infection area, these systems

also have advantages like improving the efficacy of the drug and diminishing its
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toxic effects (58). In controlled drug release, the drug concentration is in therapeutic

level for the desired time of action (Figure 5) (59).

......... One dose

R ™ -~ = -- —  Repeated doses

. ——aue— Controlled release

Therapeutic
level

Drug concentration in the organism

Desired time of action

Figure 5. The illustration of controlled release (59).

For controlled drug delivery, there must be a carrier for the drug and drug is released
either by diffusion, chemical reaction or solvent activation and transport. In diffusion
systems, there is either a matrix (monolithic systems) or a reservoir (membrane
systems) and drugs are diffused through these systems. In a matrix; drug is uniformly
dissolved or dispersed (60) whereas in reservoir systems, drugs are surrounded by the
carrier (61).

In chemically controlled drug delivery systems, drug is released by degradation of
the carrier material by water or a chemical reaction. Also, the drug can be linked to
the carrier material with unstable bonds that can be degrading by water or a chemical
reaction and release the drug. In solvent activated mechanism, the drug can be
released either by swelling of the carrier material or by osmotic effect in which

external water enters the system and gives out the drug (Figure 6) (59).

11



Diffusion controlled  Swelling controlled  Chemically controlled
(erosion)

Lt @ @ @ ® 00 ® 00
® 60 ’ ® 0 ® 60 @
. {y . Drug
® L ) l o
® O -
B 2 J
t @L )
o . . . . ® ®9o water
£
| oete e
. -9 @
® o ® @
" o
@ i ® 0
V l Matrix biodegradation
t; Matrix biodegradation o ) following device
following device Matrix biodegradation exhaustion

exhaustion following device
exhaustion

Figure 6. The illustration of three mechanisms for controlled drug delivery (59).

Drug release systems can be classified as nonbiodegradable and biodegradable
systems and many different types of carrier materials like polymers, ceramics and

polymer/ceramic composites can be used in their fabrication.

2.4 Polymers

Polymers are the macromolecules that are made up of the repeating units of
monomers. Polymers are classified as natural and synthetic polymers, and they are
widely used as surgical sutures, implants, and drug delivery systems and as scaffolds
in tissue engineering. The natural polymers are found and extracted from the nature
while synthetic polymers are industrially synthesized (55). Agarose (62), alginate
(63), hyaluronic acid (64), chitosan (65), methylcellulose (66), fibrin (67) and
collagen (68) are all natural polymers used for these purposes. On the other hand,
poly alpha-hydroxy acids, polyhydroxyalkanoate  (69), polyacrylate,
polycaprolactone (70), polyanhydrides (71), polyorthoester (72), polyvinyl alcohol
(73) and polymethylmethacrylate (74) are all synthetic polymers used to manufacture

drug release systems, scaffolds and implants.
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Polymetylmethacrylate (PMMA) is used as an antibiotic carrier for orthopedic
infections since 1970s (75). Unfortunately, PMMA has several drawbacks: PMMA is
a nonbiodegradable polymer, so a second surgery is needed for its removal from the
body. The polymer shows an exothermic reaction during polymerization, thus only
heat stable antibiotics can be carried and the material has a poor elution profile (76,
77). In order to alter these disadvantages, biodegradable biopolymers can be used.
Poly alpha-hydroxy acids like polylactic acid (PLA) and polyglycolic acid (PGA)
and their copolymers are biodegradable polymers generally used instead of PMMA

as a drug carrier.

2.4.1 Poly (D, L-Lactic acid) (PDLLA)

PDLLA is a copolymer of PLA, which can be found in two different forms: L-lactide
(PLLA) and D-lactide (PDLA). These two forms are in semi cystalline structure.
When the racemic mixtures of L-lactide and D-lactide are polymerized, an
amorphous poly (D,L-lactide) is formed (78). PDLLA is used as a controlled release
system carrier and scaffold material due to its biocompatibility and biodegradability
(79). During the biodegradation of PDLLA, the center is degraded more faster than

the outer layer as a result of high levels of acidic degradation products (80).

2.4.2 Poly (D, L-Lactide-co-Glycolic acid) (PLGA)

Poly (D, L-lactide-co-glycolic acid) is a biodegradable and biocompatible polymer
used for various medical purposes, and synthesized by ring opening co-
polymerization of D,L-lactide and glycolide. Since the chain compositions determine
the degradation rate of the polymer, the glycolic acid found its structure leads the
faster degradation of the polymer (55). The degradation rate of PLGA can be
adjusted by modifying the lactide:glycolide ratio of the polymer (81). If the lactide
ratio is higher than the glycolide ratio, polymer degrades much slower. As an
exception, PLGA with 50:50 lactide:glycolide ratio, degrades at a fastest rate (82).
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2.4.3 Biodegradation of PDLLA and PLGA

Biodegradation is the biological breakdown of the polymers and changing their
physicochemical properties as a result of their interactions with the surrounding
environment. The biodegradation rate is based on the molecular weight, surface area,
material phase (crystalline versus amorphous) and racemic ratio of the polymer,
presence of additives, implantation site and degradation mechanism (83, 84).

Biodegradation can occur as surface erosion or bulk erosion. In surface erosion, only
the surface is degraded while the inner structure is nondegraded. By contrast in bulk

erosion, all material is degraded (85).

Polymers can be degraded by hydrolysis, oxidation and enzymatic mechanisms. In
hydrolytic degradation, the chemical bonds found in the backbone of the polymer are
sheared by the water attack and form monomers. In oxidative degradation, the
polymers are generally exposed to body. Since this exposition evokes the immune
response, the reactive oxygen species produced by macrophages and leukocytes will
sheared the polymer chains and lead the biodegradation of the polymer. In enzymatic
degradation, enzyme is diffused to the surface of the polymer and adsorbed by the

substrate. After, hydrolytic mechanism is catalyzed and polymer degrades (84).

When a polymer degrades, it also releases some side products, which can induce the
local inflammation (Figure 7) (86).
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Figure 8. The metabolic biodegradation of PDLLA and PLGA (87).

In the biodegradation of PDLLA and PLGA polymers, their ester bonds are cleaved
by hydrolysis. As a result of the degradation, lactic acid and glycolic acid monomers
come off and in in vivo conditions, these monomers enter the tricarboxylic acid cycle
and excreted from the respiratory system as water and carbon dioxide (Figure 8) (86,
87). The lactic acid and glycolic acid monomers also trigger the further degradation

since the acidic products lower the pH of the solution (55).
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2.5 Bioceramics

Bioceramics are widely used as implant materials and drug carriers especially in the
orthopedics. As they can restore the functions of teeth and bone, they are also used as
bone fillers since 1960s (88). There are various types of bioceramics used in medical
field like calcium phosphates such as hydroxyapatite (89) , beta-tricalcium phosphate
(90), biphasic calcium phosphate (91) ; (92) calcium sulphate; and bioactive glasses
(93).

2.5.1 Beta-Tricalcium Phosphate (B-TCP)

Beta-tricalcium phosphate (Casz (POs) 2) is the beta (B) polymorph of tricalcium
phosphate known as a biodegradable ceramic (94). Besides biodegradability, f-TCP
also has osseointegration, osseoconduction and bioactivity properties (95). B-TCP is
more soluble than hydroxyapatite but its resorption rate is not high enough for

complete osseointegration (52).

2.6 Research Questions

We asked whether;

Vancomycin containing PDLLA or PLGA/B-TCP composites can be developed and
characterized.

These composites will release vancomycin for six weeks while showing antibacterial
activity against MRSA and inhibit biofilm formation.

These composites will allow cell proliferation and differentiation and stimulate

osteogenesis related signaling molecules.

2.7 Hypotheses

The hypotheses of the study were:

Vancomycin will be released from vancomycin containing PDLLA/B-TCP and

vancomycin containing PLGA/B-TCP composites for six weeks and will have

antibacterial activity against MRSA and inhibit biofilm formation.
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The vancomycin containing PDLLA/B-TCP and vancomycin containing PLGA/j-
TCP composites will proliferate and differentiate mesenchymal stem cells in in vitro
conditions and stimulate osteogenesis related signalling molecules.

2.8 Aims of Study

The aims of the study are;
1) to develop and characterize vancomycin containing PDLLA/B-TCP and
vancomycin containing PLGA/B-TCP composites
2) These composites will release vancomycin for six weeks, having antibacterial
activity against MRSA and inhibit biofilm formation
3) These composites will be biocompatible with mesenchymal stem cells in in

vitro conditions.

2.9 Study Design

This study was done to search (a) the biofilm inhibition potential of vancomycin
containing PLGA/B-TCP and PLGA/B-TCP composites in in vitro conditions and (b)
the biocompatibility of vancomycin containing PLGA/B-TCP and PLGA/B-TCP
composites with mesenchymal stem cells. At the beginning, the composites were
fabricated and characterized. Later, the in vitro degradation of the composites was
analyzed. This was followed with the analysis of bone like apatite formation on the
surface of the composites. Also, vancomycin releases from the composites were
observed for six weeks. Further, microbiological studies were conducted for
antibiotic susceptibility and biofilm formation. At the end, cell culture studies were

done with respect to the biocompatibility of the composites.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

PLGA (Resomer RG858S) and PDLLA (Resomer R202S) were purchased from
Evonik Industries (Evonik Industries, Essen, Germany). These were both solid
polymers with white to off white colour. PLGA composed of 85% D,L-lactide and
15% glycolide according to its molar ratio. PLGA and PDLLA had 1.4 dl/g and 0.22
dl/g inherent viscosity, respectively. Vancomycin hydrochloride was purchased from
Zhejiang Medicine (Zhejiang Medicine Co.,Ltd, Xinchang Pharmaceutical Factory,
Zhejiang, China). It was an almost white, hygroscopic powder, which was freely
soluble in water and slightly soluble in 96% ethanol. Beta tricalcium phosphate (p-
TCP) was purchased from BMT Calsis (BMT Calsis Health Technologies Co.,
Ankara, Turkey). It was a white powder with 75-200 um particle size.
Dichloromethane (CH2Clz) (JT Baker, Avantor Performance Materials,

Pennsylvania, United States of America) was used to dissolve the polymers.

3.2 Preparation of Vancomycin containing Polymer/Bioceramic Composites

In order to prepare vancomycin containing PLGA/B-TCP composites, a total of 8574
mg of PLGA was dissolved in 40 ml of dichloromethane. After, 5355 mg of
vancomycin hydrochloride powder was added into the solution followed by the
addition of 16071 mg B-TCP. The mixture was stirred on a magnetic stirrer with a
closed lid and dried at room temperature for 24 hours. After the evaporation of
dichloromethane, the rest powdery structure was grinded in a porcelain mortar. For
vancomycin containing PDLLA/B-TCP composites, all the procedures mentioned
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above were repeated but this time 8574 mg of PDLLA was used instead of PLGA.
The powders were hand pressed in a tablet pressing machine and totally 149
vancomycin containing PLGA/B-TCP composite discs and 160 vancomycin
containing PDLLA/B-TCP composite discs were obtained. The composite discs had
3 mm height with 6 mm diameter. The final content ratios of the composites were
53.57% B-TCP, 28.58% polymer and 17.85% vancomycin hydrochloride.

3.3 Characterization of Vancomycin containing Polymer/Bioceramic

Composites

3.1.1 Scanning Electron Microscopy

Surface topography of the vancomycin containing PLGA/B-TCP and PDLLA/B-TCP
composite discs were analyzed by using Nova Nanosem 430 (Fei, Oregon, USA)
Scanning Electron Microscope in METU Metallurgical and Materials Engineering
Department. The images were taken at 500, 1000 and 2500 magnifications. The
composite discs were fixed on supports and coated with gold film to obtain a
conducting surface before the analysis. The surface composition of the composite

discs was also analyzed with a built-in X-ray energy-dispersive spectrometry (EDS).

3.1.2 Fourier Transform Infrared Spectroscopy

The vancomycin containing composite discs were evaluated by using fourier
transformed infrared microscopy (FTIR-ATR) (Bruker Alpha, Bruker,
Massachusetts, United States of America). PLGA, PDLLA, B-TCP and vancomycin
were also analyzed to determine the similarities and differences between the

composite discs and plain materials. The infrared spectrum was collected in the range

-1 -1
of 4000-400cm with a resolution of 4cm and scans of 24.

3.4 In vitro Degradation of Vancomycin containing Polymer/Bioceramic

Composites

The vancomycin containing composite discs from each group were immersed into
simulated body fluid (SBF) for in vitro degradation. SBF was prepared as follows:
20



sterilized polyethylene bottle was filled with 750 ml of ultra pure water. A magnetic
stirring bar was placed into the bottle and the water was heated up to 37°C on a
magnetic stirrer. Afterwards, 7996 mg of sodium chloride (NaCl, Merck, New
Jersey, United States of America), 350 mg of sodium bicarbonate (NaHCO3, Merck,
New Jersey, United States of America), 224 mg of potassium chloride (KCI, Horasan
Chemistry, Ankara, Turkey), 228 mg of potassium phosphate dibasic trihydrate
(K2HPO43H20, Sigma Aldrich, Missouri, United States of America), 305 mg of
magnesium chloride hexa hydrate (MgCI26H.0, Riedel-de Haenn AG, Hanover,
Germany), 40 ml 1M hydrogen chloride (HCI, Sigma Aldrich, Missouri, United
States of America), 278 mg of calcium chloride (CaClz, Sigma Aldrich, Missouri,
United States of America), 71 mg of sodium sulphate (Na,SOas, Sigma Aldrich,
Missouri, United States of America) and 6057 mg of tris-(hydromethyl)
aminomethane ((CH2.OH)3CNH>, Sigma Aldrich, Missouri, United States of America
donated from Hacettepe University Faculty of Pharmacy) were added, respectively.
pH of the solution was set to 7.4 by adding 1 kmol/dm? of HCI solution. Later, the

volume was completed to 1000 ml by adding ultra pure water (96).

In vitro degradation of the composite discs were analyzed for 1 week, 3 weeks and 6
weeks. For each time point vancomycin containing composite discs from each group
(n=3) were weighted and placed into polystyrene bottles filled with 10 ml of SBF. At
the predetermined time points, the composite discs were removed from the bottles;
excess solution was removed with a filter paper and weighted. The wet composite
discs were dried under a laminar flow for 24 h and dry discs were weighted. The
mass loss of the composite discs were determined by the following equation where

m; is the initial dry weight of the composite disc and my is the final dry weight of the
composite disc.
i

m —mf
—x100%
m.

L

mass loss (%) =

For water uptake calculation, percent of absorbed SBF was determined like mass loss
equation. This time, initial dry weight of the composite disc was subtracted from wet
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weight of the composite disc and divided with initial dry weight of the composite

disc. The result was multiplied with hundred to obtain the percentage.

3.5 Bone Like Apatite Formation on the Surface of Vancomycin containing

Polymer/Bioceramic Composites

Apatite formation on the surface of the composite discs that were immersed into SBF
solution for 1, 3 and 6 weeks were determined with Nova Nanosem 450 (Fel,
Oregon, USA) Scanning Electron Microscope. The elemental compositions of the
composite discs were analyzed with EDS and the discs FTIR spectra were obtained.

3.6 Vancomycin Release Study for Vancomycin containing Polymer/Bioceramic

Composites

Vancomycin containing composite discs from each group (n=6) were immersed into
50 ml phosphate buffered saline (PBS) containing polystyrene tubes. PBS was
prepared by dissolving one PBS tablet (Oxoid, Hampshire, United Kingdom) in 100
ml distilled water. The tubes were placed into a hot water bath at 37°C and shaken
constantly at 30 rpm. At predetermined time points (1, 2, 4, 8, 12, 24, 48, 120 h and
1,2, 3,4,5, 6 weeks) 1 ml PBS was withdrawn and replaced with equal amount of
fresh PBS. The withdrawn solutions were analyzed spectrophotometrically with
Nanodrop ND 1000 spectrophotometer (Thermo Scientific, Massachusetts, United
States of America) at 280 nm with 1:10 dilution factor. A calibration curve for
vancomycin was generated to calculate the amount of released vancomycin in the

solution.

The validation of spectrophotometer analysis was done by measuring three different
vancomycin concentrations (100 pg/ml, 200 pg/ml and 300 pg/ml) at three different

time points for six times.

3.7 Content Uniformity of Vancomycin containing Polymer/Bioceramic
Composites
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In order to determine the vancomycin stability in the composite discs, the discs were
weighted and dissolved in 30 ml of dichloromethane. Later, 15 ml PBS was added
and the mixture was vortexed for 10 min followed with 1 h of stirring. The
supernatant was separated by centrifugation at 1500 rpm for 5 min. The solution was
analyzed spectrophotometrically with Nanodrop ND 1000 spectrophotometer
(Thermo Scientific, Massachusetts, United States of America) at 280 nm with 1:100
dilution factor.

3.8 Microbiological Studies of Vancomycin containing Polymer/Bioceramic
Composites

3.8.1 Antibiotic  Susceptibility Test for Vancomycin  containing
Polymer/Bioceramic Composites

The microbiological effects of the vancomycin containing composite discs were
evaluated with antibiotic susceptibility test. Slime forming and slime non-forming
methicillin resistant Staphylococcus aureus (MRSA) strains were obtained from
Hacettepe University Faculty of Medicine Department of Clinical Microbiology.
Bacterial suspensions were pipetted into sterile glass tubes containing 2 ml of
trypticase soy broth (Becton Dickinson, New Jersey, United States of America) and
the bacterial cultures were set to 0.5 McFarland standard with a benchtop turbidity
meter (Grant Instruments, Cambridge, United Kingdom). Sterile tampon swabs (LP
Italiana Spa, Milano, Italy) were dipped into bacterial cultures and streaked to sterile
90 mm Mueller Hinton agar plates (Orbak, Cagdas Health Services, Ankara,
Turkey). A single vancomycin containing composite disc from each group (n=3)
were placed into the middle of the agar plate and the plate was incubated at 37°C
overnight. The bacterial cultures were passaged in new sterile glass tubes containing
fresh 2 ml trypticase soy broth by setting the fresh bacterial solution to 0.5
McFarland standard. The zone of inhibitions were measured and recorded. The fresh
bacterial cultures were again streaked to fresh sterile agar plates like the day before
and the composite discs were removed from the old plates and placed to new agar

plates. The entire assay was done under aseptic conditions and lasted for 21 days.
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3.8.2 Biofilm Inhibition Study for Vancomycin containing Polymer/Bioceramic

Composites

Biofilm inhibition capabilities of vancomycin containing composites discs were
evaluated with tissue culture plate method. A vancomycin containing composite disc
from each group (n=3) was put into a polystyrene tube containing 10 ml of SBF and
placed in a hot water bath at 37°C and shaken constantly at 30 rpm. Every week, 1
ml SBF was withdrawn and replaced with equal amount of fresh SBF until week 6.
Beside SBF release mediums, PBS release mediums were also used for the assay.
Each time point was carried out in triplicate. Only slime forming MRSA strain was
used for this study. 200 ul bacteria was inoculated to fresh 2 ml trypticase soy broth
and incubated at 37°C overnight. On the other day, bacteria suspension turbidity was
checked with a benchtop turbidity meter and the bacteria suspension with 11.0
turbidity was poured into fresh 48 ml trypticase soy broth. This process was done in
duplicate. 200 ul bacterial culture was added into each well of round bottom 96 well
plates and 20 pl of drug release mediums collected from release studies were added
to the wells. The plates were incubated at 37°C for 48 h. Trypticase soy broth
without any bacteria was used as negative control while bacterial culture without any

release medium was used as positive control.

After incubation, tissue culture plates were turned upside down and the planktonic
bacteria were poured out. The plates were washed three times with tap water (200 pl
water for each well). After washing, 125 pul 0.1% crystal violet stain was added to
each well and plates were incubated at room temperature for 10 min. The plates
were shaken and the excess stain was poured out, again the wells were washed twice
with water. The plates were placed onto paper towel and allowed to dry. Each well
was filled with 200 pul 95% ethanol and the plates were incubated at room
temperature with closed lids for 15 min. The wells were gently mixed with pipetting
and 125 pl ethanol-crystal violet mix from each well were placed into a new 96 well
plate. The new plates were spectrophotometrically analyzed in ELISA reader (Tecan

Sunrise, Mannedorf, Switzerland) at 620 nm.
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3.9 Cell Culture Studies of Vancomycin containing Polymer/Bioceramic

Composites

Two different vancomycin containing composite discs were evaluated for their
proliferation and osteogenic potential. Cell proliferation and alkaline phosphatase
activities of the composite discs were done with both human bone marrow originated
mesenchymal stem cells (MSC, passage 6) (Poietics PT 2501, Lonza, Basel,
Switzerland) and SaOS-2 osteosarcoma cells (passage 17) (Sigma Aldrich, Missouri,
United States of America). Both cell cryovials were thawed in 37°C water and the
cells were transferred into polypropylene tubes with 2 ml PBS. Empty cryovials were
washed with 4 ml PBS and the PBS was added to the polypropylene tube. The PBS
amount in the propylene tube was completed to ten milliliters. The tubes were
centrifuged at 1500 rpm for 5 min and supernatant was poured. 5 ml PBS was added
to each tube and the cell pellet was dispersed. 50 ul cell suspension was mixed with
50 ul tryphan blue (Biological Industries, Israel) in a centrifuge tube and the cells
were counted on a Burker lamina.

For cell proliferation assay, total 202500 MSC and 202500 SaOS-2 cells were used.
The assay was done in 24 well cell culture plates (Corning Costar, New York, Unites
States of America) for three different time points (1, 3 and 7 days) in triplicate. In a
24 well cell culture plate, 12 wells were used for MSC while the other 12 wells were
used for SaOS-2 cells. 7500 cells were seeded on each composite discs and control
wells. The cells were cultured with MSC or SaOS-2 medium according to cell type.
MSC culture medium consisted of 52.8% Dulbecco’s Modified Eagle Medium
(DMEM) with 1 g/l glucose (Lonza, Basel, Switzerland), 35.2% MCDB-201 medium
(Sigma Aldrich, Missouri, United States of America), 10% heat inactivated fetal
bovine serum (FBS) (Sigma Aldrich, Missouri, United States of America), 1%
penicillin/streptomycin solution (Biochrom AG, Berlin, Germany) and 1% L-
glutamine (Biochrom AG, Berlin, Germany) while SaOS-2 culture medium consisted
of 89% DMEM with 4.5 g/l glucose (Sigma Aldrich, Missouri, United States of
America), 10% heat inactivated FBS and 1% penicillin/streptomycin solution. In
every 3-4 days, the mediums were changed. The plates were incubated at 37°C with
relative humidity under an atmosphere of 5% CO>. At predetermined time points, the
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culture mediums were aspirated and 500 pl fresh mediums were added with 50 ul of
cell proliferation agent WST-1 (Roche, Basel, Switzerland) for each well. The plates
were incubated at 37°C with relative humidity under an atmosphere of 5% CO. for 4
hours. After incubation, 110 ul WST-1 containing culture medium was pipetted into
a flat bottom 96 well plate and the absorbance of the wells were measured in ELISA
reader (Tecan Sunrise, Mannedorf, Switzerland) at 450 nm with 620 nm reference
wavelength.

The osteogenic potential of the vancomycin containing composite discs were
evaluated with alkaline phosphatase activity staining for both MSC and SaOS-2
cells. 7500 cells were seeded on each composite discs and control wells. The cells
were cultured with proper medium for 21 days at 37°C with relative humidity under
an atmosphere of 5% CO2 and in every 3-4 days the mediums were refreshed. On day
21, the mediums were discarded and 400 pl Alkaline Phosphate Yellow Liquid
substrate system for ELISA (Sigma Aldrich, Missouri, United States of America)
was added to each well. The plate was incubated for 30 min, and 100 ul of 3 N
sodium hydroxide (NaOH) was added to each well to stop the reaction. 200 ul final
product was pipetted to a flat bottom 96 well plate and analyzed with ELISA reader
(Tecan Sunrise, Mannedorf, Switzerland) at 405 nm wavelength.

3.10 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) Assay for

Vancomycin containing Polymer/Bioceramic Composites

Human bone marrow originated MSCs (passage 6, total 1500000 cells) were cultured
in T75 flasks with MSC medium at 37°C with relative humidity under an atmosphere
of 5% CO2 and in every 3-4 days the mediums were refreshed. When cell were
reached to 60-70% confluency, culture mediums in three flasks were discarded and
replaced with osteogenic differentiation medium consisted of %10 FBS, 100 nM
dexamethasone, 10 mM B-glycerophosphate (Applichem, Germany) and 0,2 mM L-
ascorbic acid (Sigma Aldrich, Missouri, United States of America) in DMEM-LG.
Another three flasks mediums were refreshed with MSC medium and these flasks
were used as control. Rest of the flasks were used for two different composite discs

and extraction mediums were used for this purpose. Briefly, 33 composite discs from
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each group were incubated with 30 ml of MSC culture medium. After 14 days of
incubation, the cells were trypsinized with 0.25% Trypsin-EDTA (Invitrogen, Gibco,
United Kingdom) and suspended in 200 pl PBS.

mMRNA was isolated with High Pure RNA Isolation Kit (Roche, Basel, Switzerland).
400 pl lysis/-binding buffer was added to suspended cells and vortexed for 15 s. The
sample was pipetted into a filter tube inserted in a collection tube and the entire tube
was centrifuged at 8000 x g for 15 s. After centrifugation, the liquid in the collection
tube was discarded. On the other hand, 90 ul DNase incubation buffer was mixed
with 10 ul DNase I and pipetted to the upper reservoir of the filter tube. The entire
tube was incubated at room temperature for 15 min. 500 ul wash buffer | was added
to filter tube and the entire tube was centrifuged at 8000 x g for 15 s. The liquid in
the collection tube was discarded again and this time 200 pl wash buffer II was
added to the filter tube and the entire tube was centrifuged at 13000 x g for 2 min.
The filter tube was removed from collection tube and inserted into a sterile
microcentrifuge tube. 60 pl elution buffer was added to the filter tube and
centrifuged at 8000 x g for 1 min. Eluted mRNA in the microcentrifuge tube was
analyzed for its concentration and quality with Alphaspec spechtrophotometer and

stored at -80°C for later analysis.

Complementary DNA (cDNA) was synthesized with Transcriptor High Fidelity
cDNA Synthesis kit (Roche, Basel, Switzerland). Total RNA was mixed with 2 ul
Random Hexamer Primer and PCR-grade water to make 11.4 pl total volume. The
tube was incubated at 65°C for 10 min in Geneamp 9700 Classic PCR machine
(Applied Biosystems, Thermo Scientific, Massachusetts, United States of America)
and immediately cooled on ice. Later, 4 ul transcriptor High Fidelity Reverse
Transcriptase Reaction Buffer, 0.5 pupl Protector RNase inhibitor, 2 pl
Deoxynucleotide mix, 1 pl DTT and finally 1.1 pl Transcriptor High Fidelity
Reverse Transcriptase was added to tube to make a 20 ul final volume. The reagents
were mixed carefully and the tube was incubated at 29°C for 10 min and then
incubated at 48°C for 60 min. Finally, reverse transcriptase was inactivated by
heating the tube at 85°C for 5 min. The reaction was stopped by placing the tube on
ice and cDNA was stored at -20°C.
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Real time quantitative PCR analysis was done by using Lightcycler 480 Probes
Master Mix (Roche, Basel, Switzerland). 10 pl Probes Master was mixed with 5 ul
PCR grade water. 15 ul PCR mix and 5 ul cDNA were pipetted into each well of
custom plate designed for 86 different genes. The list of the genes and their forward
and reverse primer sequences were given in Appendix C. Final PCR reaction was
done in Lightcycler 480 with 1 cycle of preincubation (95°C, 10 min), 45 cycles of
amplification (95°C, 10 s; 60°C, 30 s; 72°C, 1s) and cooling (40°C, 30 s).
Lightcycler 480 software was used to calculate the crossing point (Cp) for target and
reference genes with Advance Relative Quantification method. All target genes were
normalized to housekeeping genes ACTB, GAPDH and G6PD. The results were
given as fold change corresponding to mesenchymal stem cells control group

according to AACt calculation.

3.11 Statistical Analysis

All the results were given in average /+ standard deviation and analyzed with SPSS
11.0 and StatPlus software. Statistically significant values were defined as p < 0.05
based on Analysis of Variance (ANOVA). For the analysis of RT-PCR study, binary
logarithm of the AACt values were obtained and +£2 fold changes were assigned as

significant.
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CHAPTER 4

RESULTS

4.1 Characterization of Vancomycin containing Polymer/Bioceramic

Composites

The surfaces of vancomycin containing PDLLA/B-TCP and PLGA/B-TCP
composites were analyzed using Nanosem under 500, 1000 and 2500 magnification.
SEM micrographs taken from the surfaces of the composites were smooth but micro
cracks were noticed as seen in Figure 9 and Figure 10. No notable difference was
observed between PDLLA/B-TCP and PLGA/B-TCP composites.

WD | mag HV HFW e——0 N V]11]
7.0 mm [500 x| 20.0 kV | 597 pm METE-METU
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Figure 9. SEM micrographs of vancomycin containing PDLLA/B-TCP composites at
(@) 500X, (b) 1000X and (c) 2500X magnification.
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Figure 10. SEM micrographs of vancomycin containing PLGA/B-TCP composites at
(@) 500X, (b) 1000X and (c) 2500X magnification.

Vancomycin containing PDLLA/B-TCP and PLGA/B-TCP composites had similar
EDS spectra as seen in Figure 11. In both composites, carbon came from polymer,
calcium and phosphorous came from tricalcium phosphate and the source of chloride
was vancomycin HCI. EDS analysis revealed that, by neglecting carbon, oxygen, and
gold, PDLLA/B-TCP composites composed of 28.62% phosphorus, 14.54% chloride,
and 56.84% calcium (wt,%), while PDLLA/B-TCP composites composed of 27.43%
phosphorus, 14.16% chloride, and 56.41% calcium, respectively (wt,%). These
compositions were alike the intended composition where they composed of 53.57%

of tricalcium phosphate and 17.85% of vancomycin hydrochloride.
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Figure 11. EDS spectra of (a) vancomycin containing PDLLA/B-TCP and (b)
PLGA/B-TCP composites.

The FTIR spectra of both composites were shown in Figure 12. The adsorption bands
of vancomycin were found at 3252 cm™, 1644 cm, 1487 cm™, 1225 cm™, 1014 cm?
and 426 cm™*. The adsorption band at 3252 cm™ was for O-H stretching, while 1644
cm™ showed C=0 stretching. The bands at 1487 cm™, 1225 cm™ pointed C=C band
and C-O-C band, respectively (97). The adsorption bands of B-TCP were found at
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1212 cm* (pyrophosphate CPP group band), 1017 cm™ (C-O stretching), 727 cm™
(P-O stretching) and 542 cm™ (P-O bending) (98). The characteristic peaks of
PDLLA and PLGA were found at 1746 cm™ (C=0 band), 1183 cm™ (C-O band)
1022 cm™* (C-O band) and 540 cm™ (C-H band) (99). In both vancomycin containing
composites, the peaks were found at 1749 cm™ (C=0 band), 1017 cm™ (C-O band)
and 538 cm™. The similarities of spectra were pointed in circles, red defined
vancomycin, green defined B-TCP, purple defined PDLLA and blue defined PLGA.

"""'_"

a - R - o i -

Figure 12. FTIR spectra of (a) vancomycin, (b) B-TCP, (c) PDLLA, (d) vancomycin
containing PDLLA/B-TCP composite, () PLGA and (f) vancomycin containing
PLGA/B-TCP composite.

4.2 In vitro Degradation of Vancomycin containing Polymer/Bioceramic

Composites

The weight loss percentages of vancomycin containing PDLLA/B-TCP and PLGA/pB-
TCP composites were given in Figure 13. PDLLA/B-TCP composites lost
31.99+4.8%, 41.01+9.8% and 67.98+1.5% of their mass in week 1, week 3 and week
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6, respectively. On the other hand, PLGA/B-TCP groups lost only 10.81+1.1%,
18.33+0.6%, 19.13+0.2% of their mass in week 1, week 3 and week 6, respectively.
The loss percentages rose by time and PDLLA/B-TCP composites lost more mass
than PLGA/B-TCP composites. The statistical difference between PDLLA/B-TCP
and PLGA/B-TCP composites were p: 0.002 for week 1, p: 0.016 for week 3 and p:
0.0001 for week 6. Also for each group, there was a statistical difference between
weeks (p: 0.002 for week 1-week 6 and p:0.009 for week 3-6 in PDLLA/B-TCP
group and p:0.0005 for week 1-week 3 and p:0.003 for week 1-week 6 in PLGA/B-
TCP group).

80 T
- 700 0 :
= PDLLA/B-TCP composite
E &0 ¢ d W PLGA/B-TCP composite
2207 ' a-b, p:0.002
240 c-d, p:0.016
- e-f, p:0.0001
= 30 a-e, p:0.002
8 90 c-e, p:0.009
I:g:.- b-d, p:0.003

10

0

1 3 6
Weeks

Figure 13. The mass loss percentages of vancomycin containing composites over six

weeks.

The water uptake percentages of vancomycin containing PDLLA/B-TCP and
PLGA/B-TCP composites were given in Figure 14. PDLLA/B-TCP composites took
45.44+6.6%, 31.154+4.5% and 12.75+1.8% water in week 1, week 3 and week 6,
respectively. On the other hand, PLGA/B-TCP groups took 42.02+5.8%,
17.98+1.6%, 16.47+2.9% water in week 1, week 3 and week 6, respectively. The
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percentages decreased by time and there was no statistical difference between
PDLLA/B-TCP and PLGA/B-TCP groups except week 3 (p:0.008). In PDLLA/B-
TCP and PLGA/B-TCP groups, there was a statistical difference between first and
third, first and sixth and third and sixth weeks (For PDLLA/B-TCP, the statistical
difference between week 1 and 3 was p:0.03, between week 1 and 6 was p:0.001 and
between week 3 and 6 was p:0.003. For PLGA/B-TCP, the statistical difference
between week 1 and 3, and week 1 and 6 was p: 0.002).
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Figure 14. The water uptake percentages of vancomycin containing composites over
Six weeks.

4.3 Bone Like Apatite Formation on the Surface of Vancomycin containing
Polymer/Bioceramic Composites

The apatite formation on the surfaces of vancomycin containing PDLLA/B-TCP and
PLGA/B-TCP composites was confirmed with SEM micrographs shown in Figure 15
and Figure 16. With the increase of immersion time, the quantity and size of the

precipitates increased. From EDS spectra of the composites, calcium (Ca) and
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phosphorous (P) molar ratio for each immersion time was calculated. Ca/P molar
ratios for PDLLA/B-TCP composites were 1.57, 1.69 and 1.88 for week 1, week 3
and week 6, respectively. Similarly for PLGA/B-TCP composites, Ca/P molar ratios
were found 1.66, 1.73 and 1.77 for week 1, week 3 and week 6, respectively. Only
week 3 PDLLA/B-TCP and week 1 PLGA/B-TCP composites had similar Ca/P molar
ratios like stoichiometric apatite, which is 1.67 while the others were

nonstoichiometric apatite.

WD |mag| HV HFW | ~———300um
7.0 mm 500 x| 20.0 kV | 597 ym METE-METU

WD | mag HV HFW e—L 8 O V111]
9.3 mm [ 500 x| 20.0 kV | 597 ym METE-METU

(b)
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(d)
Figure 15. SEM micrographs of composites PDLLA/B-TCP for apatite formation:
(a) was not immersed into SBF, (b) immersed for 1 week, (c) immersed for 3 weeks,

(d) immersed for 6 weeks.
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(d)
Figure 16. SEM micrographs of composites PLGA/B-TCP for apatite formation: (a)
was not immersed into SBF, (b) immersed for 1 week, (c) immersed for 3 weeks, (d)

immersed for 6 weeks.

Also, FTIR spectra of SBF immersed PDLLA/B-TCP and PLGA/B-TCP composites
were obtained and compared with the FTIR spectra of composite that was not
immersed into SBF. The spectra of both composites were shown in Figure 17 and 18.
The characteristic peaks for PDLLA/B-TCP composite after seven days of SBF
immersion were found at 1747 cm™, 1183 cm™, 1037 cm™ and 540 cm™. These peaks
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were found at 1747 cm, 1024 cm?, 545 cm™?, 453 cm™ and 421 cm™ after three
weeks of SBF immersion. After six weeks of SBF immersion, the peaks were found
at 3351 cm?, 1747 cm?, 1183 cm?, 1022 cm™ and 539 cm™. Similarly, the
characteristic peaks for PLGA/B-TCP composite after a week of SBF immersion
were found at 1747 cm™, 1038 cm™, 598 cm™, 544 cm™ and 405 cm™. These peaks
were found at 1747 cm™, 1183 cm™, 1020 cm™ and 540 cm™ after three weeks of
SBF immersion. After six weeks of SBF immersion, the peaks were found at 1746
cm?, 1183 cm?, 1022 cm™ and 543 cmL.

i e )
e A A AR i ..l-""-’"'L*I-l'""-"-'H' Te

Figure 17. FTIR spectra of (a) PDLLA/B-TCP composite prior to SBF immersion,
(b) PDLLA/B-TCP composite immersed in SBF for one week, (c) PDLLA/B-TCP
composite immersed in SBF for three weeks, (d) PDLLA/B-TCP composite

immersed in SBF for six weeks.
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Figure 18. FTIR spectra of (a) PLGA/B-TCP composite prior to SBF immersion, (b)
PLGA/B-TCP composite immersed in SBF for one week, (c) PLGA/B-TCP
composite immersed in SBF for three weeks, (d) PLGA/B-TCP composite immersed

in SBF for six weeks.

4.4 Vancomycin Release Study for Vancomycin containing Polymer/Bioceramic

Composites

Both PDLLA/B-TCP and PLGA/B-TCP composites released vancomycin for six
weeks (Figure 19) and the calibration curve was given in Appendix A. PDLLA/B-
TCP composites released 2278 + 198 pg vancomycin while PLGA/B-TCP
composites released 2102 + 204 pg in one day. After six weeks, total amount of
vancomycin released from composites were found 3115 + 234 pg for PDLLA/B-TCP
and 3443 + 438 ng for PLGA/B-TCP.
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Figure 19. Cumulative released vancomycin percentage of the composites.

The spectrophotometer analysis was validated by measuring three known

vancomycin concentrations at three different time points (Table 1). The absorbances

were almost same for each concentration with minimal standard deviation.

Table 1. The absorbance values of three different concentrations at three different

times (Average+tstandard deviation).

100 pg/ml 200 pg/ml 300 pg/ml
Day 1 0.045+0.003 0.090+0.002 0.133+0.002
Day 2 0.045+0.002 0.088+0.001 0.133+0.002
Day 3 0.044+0.001 0.089+0.002 0.133+0.002
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4.5 Content Uniformity of Vancomycin containing Polymer/Bioceramic

Composites

The composites from each group (n=10) weighted and dissolved in dichloromethane.

The dissolved solution was analyzed with spectrophotometer. The theoretical and

measured vancomycin entrapment amounts were given in Table 2.

Table 2. Theoretical and actual vancomycin amounts in the composites.

Composite

Theoretical vancomycin

amount

Measured vancomycin

amount

PDLLA/B-TCP composite

23.077+1.298 mg
(21.346-25.876 mg)

20.680+1.582 mg
(18.636-23.179 mg)

PLGA/B-TCP composite

23.091+0.948 mg
(21.202-24.023 mg)

19.599+0.931 mg
(18.311-20.907 mg)

The results showed that actual vancomycin amounts were between 85% (17578.27
ug for PDLLA/B-TCP composite and 16658,79 ug for PLGA/B-TCP composite) and
115% (23782,36 ng for PDLLA/B-TCP composite and 22538,37 pg for PLGA/pB-

TCP composite) of the average content.

4.6 Antibiotic Susceptibility Test for Vancomycin containing

Polymer/Bioceramic Composites

The inhibition zone diameters of the composites were measured for 21 days and
found that both vancomycin containing composites were susceptible to both strains
of MRSA (for strain capable of forming biofilm and for strain which did not form

any biofilm) for 21 days (Figure 20).
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(c) (d)

Figure 20. The inhibition zones of composites at day 21. (a) PDLLA/B-TCP
composite with biofilm forming MRSA strain, (b) PDLLA/B-TCP composite with
MRSA strain, (¢) PLGA/B-TCP composite with biofilm forming MRSA strain and
(d) PLGA/B-TCP composite with MRSA strain.

There was a statistically significant difference between groups (p:0.006) (Figure 21).
In PDLLA/B-TCP composites, there was a statistically significant difference between
biofilm forming and non biofilm forming MRSA strains (p:0.039). The p value
indicating the statistically significant difference between PDLLA/B-TCP and
PLGA/B-TCP composites for biofilm forming MRSA strain was 0.021. According to
Clinical and Laboratory Standards Institute (CLSI), the inhibition zone diameter
must be equal or greater than 15 mm for the susceptibility of MRSA against
vancomycin and the results showed that the inhibition zone diameters were never
smaller than 18 mm during the study. Thus, MRSA was susceptible to the
vancomycin containing composites during the study period.
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Figure 21. The inhibition zone diameters of the composites for 21 days.

4.7 Biofilm Inhibition Study for Vancomycin containing Polymer/Bioceramic

Composites

There were slight differences in absorbance between the bacterial control and
composites groups for biofilm inhibition study as seen in Figure 22, and 23. It was
found that the released medium added to bacterial suspensions inhibited the
formation of biofilm through six weeks. There was no statistically significant
difference between the assays done with PBS or SBF, but in both assays, there was a
statistically significant difference between composite groups and bacterial control
(p<0.05).
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Figure 22. Absorbance of bacterial control, PDLLA/B-TCP and PLGA/B-TCP

composites at 620 nm for SBF.
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Figure 23. Absorbance of bacterial control, PDLLA/B-TCP and PLGA/B-TCP
composites at 620 nm for PBS.
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4.8 Cell Culture Studies of Vancomycin containing Polymer/Bioceramic

Composites

The proliferation of cells cultured on the surface of the composites was analyzed by
WST-1. WST-1 based assays are colorimetric assays used for the quantification of
cell proliferation, cell viability and cytotoxicity. The ascending absorbance in the
assay indicated cell proliferation. The assay was done by using two different types of
cells in order to figure out whether there was a difference in the proliferation of the
cells. For both composite groups, the cells cultured on the composites proliferated
from day 1 to day 7. However, the proliferation was not as high as the proliferation
of cells cultured without any composite (Figure 24). Also mesenchymal stem cells
proliferated more rapidly than SaOS-2 cells. The statistical difference in MSCs
cultured without any composite was 0.001 and in SaOS-2 cells cultured without any
composite was 0.048. For day 1, 3 and 7; there were differences in the PDLLA/pB-
TCP+MSC group (p:0.004), PDLLA/B-TCP+Sa0S-2 group (p:0.014) and PLGA/B-
TCP+MSC group (p:0.024).
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Figure 24. Proliferation of the MSC and SaOS-2 cells in day 1, 3 and 7 according to
the absorbance of WST-1 at 450 nm.
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The alkaline phosphatase activities of cells cultured with the composites were
quantified by using a ready to use buffered alkaline phosphatase substrate containing
p-nitrophenylphosphate (pNPP). This colorless agent developed a yellow colored
solution when reacted with the alkaline phosphatase and gave out an absorbance in
order to quantify the activity. The ALP activities of the composites cultured with
MSC were higher than the only MSC group but there was no statistical difference
between these groups (Figure 25). The ALP activities of the composites cultured
with SaOS-2 cells were also higher than the only SaOS-2 cell group, but this time
there was a statistical difference between the groups (p:0.003) (PDLLA/B-TCP
composite+Sa0S-2 cells versus only SaOS-2 cells; p: 0.011, PLGA/B-TCP
composite+Sa0S-2 cells versus only SaOS-2 cells; p: 0.006).
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Figure 25. ALP activity of the groups at day 21 according to their absorbances at
405 nm.
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4.9 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) Assay for

Vancomycin containing Polymer/Bioceramic Composites

In the RT-qPCR assay, there was no AHSG, BMP5, COL2A1, DMP1, FGF3, MMP9
gene expressions in any groups. Alkaline phosphatase gene, ALPL expressed
10.87+8.85 fold higher in osteogenic medium group while the expression was
decreased for PDLLA/B-TCP+MSC (0.39+0.05) and PLGA/B-TCP+MSC
(0.77+0.19).
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Figure 26. Fold change of ALPL and BGLAP gene expressions between groups.

Bone gamma carboxyglutamic acid containing protein (Bglap) is encoded by
BGLAP gene and used as a biochemical marker for bone formation. BGLAP gene
expression was 2.52+1.85, 0.96+0.44 and 1.71+0.24 fold higher in osteogenic
medium group, PDLLA/B-TCP group and PLGA/B-TCP group, respectively (Figure
26). In the bone morphogenic protein family, the distinct fold changes were observed
for BMP-1, BMP-2, BMP-3 and BMP-4 (Figure 27). In osteogenic medium group,
BMP-1 gene expression was 4.31+6.02 fold higher while BMP-2 gene expression
was 3.43+£3.08, BMP-3 gene expression was 0.41+0.29 and BMP-4 gene expression
was 1.40+0.27 fold higher. In PDLLA/B-TCP group, BMP-1 gene expression was
like control (0.93+0.34) but BMP-2 gene expression was 4.52+0.11 fold higher.
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BMP-3 and BMP-4 gene expressions were 0.20+0.05 and 0.45+0.13. In PLGA/B-
TCP group, fold change for BMP-1, BMP-2, BMP-3 and BMP-4 genes were
1.43+0.06, 10.28+0.02, 0.46 and 0.51+0.04, respectively.
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Figure 27. Fold changes of BMP-1, BMP-2, BMP-3 and BMP-4 gene expressions

between groups.

For the collagen genes group, the distinct fold changes were observed for COL10AL,
and COL3AL1 (Figure 28). There was no gene expression for COL2A1 gene in any

group.
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Figure 28. Fold changes of collagen gene expressions between groups.

For fibroblast growth factor (FGF) genes, the expressions were all decreased except

FGFR1 gene in all groups (Figure 29).
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Figure 29. Fold changes of FGF1, FGF2, FGFR1 and FGFR2 gene expressions

between groups.
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For matrix metallopeptidases (MMP), there was no expression for MMP9 and
MMP10 in any group. On the contrary, MMP2 and MMP8 gene expression were

increased in all groups according to control (Figure 30).
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Figure 30. Fold changes of MMP2 and MMP8 gene expressions between groups.

Insulin like growth factors 1 and 2 (IGF1 and IGF2) showed different results in the
manner of gene expression. For IGF1, in all groups the gene expression was
increased while for IGF2, the gene expression was decreased in composite groups

while it was increased for osteogenic medium group (Figure 31).
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Figure 31. Fold changes of IGF1, IGF1R and IGF2 gene expressions between

groups.

The transcription factors related with osteoblast differentiation and skeletal
development, runt related transcription factor 2 (RUNX2) and sex determining
region Y box 9 (SOX9) were both decreased in composites groups. For osteogenic

medium group, RUNX2 expression was increased while it was decreased for SOX9

(Figure 32).
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Figure 32. Fold changes of RUNX2 and SOX9 gene expressions between groups.

The SMAD gene expressions were decreased for both composite groups. For

osteogenic medium group, all SMAD gene expressions except SMAD 3 were

increased (Figure 33).
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Figure 33. Fold changes of SMAD 1, 2, 3 and 4 gene expressions between groups.
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The gene expressions related with transforming growth factor (TGF) and its receptor
were given in Figure 34. The expression of genes expressing TGFB1l and TGFB3
were increased in all groups; but for the receptor 2 of transforming growth factor

beta, the genes expressions were decreased for both composite groups (Figure 34).
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Figure 34. F Fold changes of TGFB1, TGFB2, TGFB3, TGFBR1 and TGFBR2 gene

expressions between groups.

The expressions of CDH11, CTSK, EGF, EGFR and TWIST1 were given in Figure
35. The expression of CTSK was increased in every group while the expressions of

CDH11, EGF and EGFR were all decreased.
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Figure 35. Fold changes of CDH11l, CTSK, EGF, EGFR, and TWIST1 gene

expressions between groups.

The expressions of ANXAS5, ITGB1 and PHEX were all downregulated in
composites group according to control (Figure 36). In the expression of twist
homolog 1 (TWIST1) gene, osteogenic medium and PDLLA/B-TCP composite
group showed elevation in fold change while, PLGA/B-TCP composite group
showed a decrease. The expression of phosphate regulating endopeptidase (PHEX)

gene was decreased for both composites unlike osteogenic medium group.

57



10,00

1,00

Fold change

0,10

0,01

L3

N\

ANXA5 COMP ITGB1 PHEX VDR

O Osteogenic
medium+MSC

m PDLLA/B-
TCP+MSC

# PLGA/p-
TCP+MSC

Figure 36. Fold changes of ANXA5, COMP, ITGB1, PHEX and VDR gene

expressions between groups.

For determining the genes fold changes significance between the groups, the binary

logarithm of the AACt values were calculated and +2 fold changes were taken as

significant. The significant values were given in grey boxes in Table 3.

Table 3. The upregulation or downregulation of genes in the test groups according to

control.

Fold Up- or Down-regulation according to Control
Gene Osteogenic PDLLA/B-TCP | PLGA/B-TCP
Medium + MSC + MSC + MSC
ALPL 3,44 -1,36 -0,37
ANXAS5 0,17 -1,11 -0,73
BGLAP 1,33 -0,06 0,69
BMP1 2,11 -0,10 0,52
BMP2 1,78 2,18 3,36
BMP3 -1,29 -2,31 -1,12
BMP4 0,49 -1,16 -0,98
CDH11 -0,09 -0,88 -0,56
COL10A1 1,60 0,93 3,09
COL14A1 -2,06 -0,79 -0,70
COL15A1 -1,05 0,65 1,65
COL1A1 0,13 0,80 1,11
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Table 3. (continued)

COL1A2 0,56 0,16 0,46
COL3A1 1,26 0,34 0,68
COLS’AlL -0,89 -0,17 0,11
COMP il 1,19 2,55
CTSK 2,41 0,49 1,14
EGF -0,46 -1,37 -1,20
EGFR -0,41 -1,23 -1,36
FGF1 -0,59 -0,57 -0,10
FGF2 -2,85 -0,74 -1,17
FGFR1 0,35 -0,03 0,19
FGFR2 -0,60 -0,70 -0,54
FLT1 2,38 -1,78 -1,46
IGF1 0,76 1,93 2,53
IGF1R 0,13 -1,18 -1,19
IGF2 3,63 -1,72 -0,94
ITGB1 -0,11 -0,90 -0,63
MMP2 0,19 0,67 1,17
MMP8 5,72 1,12 1,82
PHEX 0,75 -2,91 -1,01
RUNX2 1,34 -0,60 -0,43
SMAD1 0,45 -2,26 -1,01
SMAD?2 0,17 -0,87 -0,57
SMAD3 -1,26 -1,14 -1,66
SMAD4 0,30 -0,58 -0,44
SOX9 -1,38 0,01 -0,14
TGFB1 0,27 0,86 1,28
TGFB2 0,51 -1,74 -2,39
TGFB3 1,07 0,20 0,89
TGFBR1 -5,17 -4,85 -4,41
TGFBR2 1,30 -0,51 -0,26
TWIST1 0,85 0,35 -0,54
VDR -0,59 2,59 2,02
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CHAPTER 5

DISCUSSION

Osteomyelitis is a bone infection, generally caused by Staphyloccocus aureus (100).
When the infection staged to chronic level, the infection can not be treated with
antibiotics alone. Poor blood circulation in the infection area due to the compression
of vascular channels and bone necrosis makes osteomyelitis a persistent disease
(101). In order to treat osteomyelitis, local drug delivery systems are generated.
These systems released the entrapped drug in a controlled manner while being

biocompatible.

In this study, vancomycin containing PDLLA/B-TCP and PLGA/ B-TCP composites
were fabricated. The composites had smooth surfaces with microcracks. EDS
spectras confirmed the content of the composites by giving carbon peaks resembling
polymer, phosphorous and calcium peaks resembling bioceramic and chloride
resembling the antibiotic, vancomycin HCI. The composites and their materials were
analyzed with FTIR and found that composites had similar adsorption bands with
their contents.

In the degradation study, PDLLA/B-TCP composites lost 67.98+1.5% of their weight
by week six while PLGA/B-TCP composites only lost 19.13+£0.2% of their weight.
This weight loss was likely due to ionic release of TCP and perhaps to a smaller
extent, hydrolytic degradation of polymer. The addition of TCP is hypothesized to
accelerate the degradation of the polymer. Since the TCP particles were only
physically blended into the polymer, they occupied random spaces in the polymer.
After the composite was immersed in solution, the hydrophilic TCP particles tended
to fall off and interact with the surrounding medium. The TCP was converted to its
more stable soluble phase that is apatite. The falling of TCP also created voids within

the polymer, thus exposing their surfaces to hydrolytic attack and weakening the
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overall structure of the polymer (102). The molecular weight of PDLLA was
between 10-18 kDa, whereas the molecular weight of PLGA was 190-240 kDa.
Since the molecular weight of PDLLA was lower than the molecular weight of
PLGA, PDLLA/B-TCP composite degraded more rapidly. Also during the
fabrication of the composites, there was a pounding step after dissolving all the
components in dichloromethane. In this step, PDLLA/B-TCP composites had larger
structures than PLGA/B-TCP composite, so during the packing of the composites this
may lead the weakness of the composite. The water uptake percent of the composites
were decreased by week 6 in both composite types. Baro et. al. characterized the
gentamicin bone implants made up of PDLLA, TCP and hydroxyapatite in vitro.
According to study, the mass loss and water uptake of the implants were increased by
8 weeks (103). But in this study, same implants were used all through the time. In
our study, we used fresh samples for every time point. As a result, our water uptake
results were not same with the literature. On the other hand, higher content of
hydrophilic TCP in the composites facilitated the absorption and diffusion of SBF
and resulted in higher water absorption. This increased water absorption resulted in
the higher weight loss (104). The water absorption process is a balance between the
dissolution of oligomers in the solution and water uptake of the residual material.
Accumulation of the hydrophilic degradation products inside the composites resulted
in the increase of water absorption during the whole degradation process. When
water absorption reached a certain value, the increase rate began to reduce as a result

of the dissolution of the degradation products (83).

The bone like apatite formation on the surface of composites were proved with SEM,
EDS and FTIR results. TCP in the composites in this study dissolved in SBF

solution, suggesting OH", calcium and phosphate ions combined to form an apatite
(105). SEM results showed the agglomeration of the apatite particles on the surface
of the composites and EDS results gave the Ca/P molar ratio of the apatite. It was
found that all the apatite formed on the surface of the composites were non-
stoichiometric apatite with Ca/P molar ratio # 1.67 (105). But, the Ca/P atomic ratios
were 1.57, 1.69 and 1.88, respectively, for the PDLLA/ B-TCP composite immersed
for 1, 3 and 6 weeks and 1.66, 1.73 and 1.77 respectively, for the PLGA/ B-TCP
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composite immersed for 1, 3 and 6 weeks, which were comparable to the value
(1.67) for stoichiometric HA (52). The apatite deposition on the surface of the
composite reflected the in vitro bioactivity of the composites (106).

Both PDLLA/B-TCP and PLGA/B-TCP composites released vancomycin for six
weeks. PDLLA/B-TCP composite released only 11.21% of its vancomycin while
PLGA/B-TCP released 11.64%. These results were quite low when compared with
the literature (100). In literature most of the drug delivery system released 80-100%
of their drug content during the study. We mentioned before that, our composites did
not have a porous structure and the drug can only be released from the microcracks.
Therefore, the composites can continue to release their drug content for long times.
Also, the composites showed a burst effect in 24 hours. We assumed that this initial
burst was related with the diffusion of vancomycin located near to the surface of the
composites (107).

Both biofilm forming MRSA strain and MRSA strain without any biofilm formation
capability were susceptible to the vancomycin released from both composites. The
inhibition zone diameters were measured for 21 days and the diameters changed day
by day according to the released vancomycin. The diameters were decreased by day
21 but the bacteria were still susceptible for the composites according to CLSI
guidelines (108).

Some strains of MRSA are capable of biofilm forming and this biofilm protects the
bacteria from the environmental conditions. Here we conducted a biofilm inhibition
study with both composites. We diluted the bacterial solutions by adding 20 pl of the
vancomycin release mediums from different times and incubated the plates for 2
days (100). We found that both composites inhibited the biofilm formation for six
weeks. This confirms the antibacterial properties of vancomycin containing
composites. Biofilm inhibition study was conducted to mimic a condition whereby
biofilm formation has been established in osteomyelitis. Both vancomycin containing
PDLLA/B-TCP and PLGA/B-TCP composites can eliminate the formation of the
biofilm. The result shows these particles are able to release drugs at a concentration
sufficient to completely inhibit the formation of a biofilm. Inhibition of biofilm

formation in osteomyelitis is beneficial because this is the key to treat the infection
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(100).

The biocompatibility of the composites were analyzed by the proliferation assay
done with WST-1. WST-1 based assays are colorimetric assays used for the
quantification of cell proliferation, cell viability and cytotoxicity based on the
cleavage of a tetrazolium salt (WST-1) by mitochondrial dehydrogenases in viable
cells. Increased enzyme activity leads to an increase in the amount of formazan dye,
which is measured with a spectrophotometer (109). According to results, the cells on
the composites proliferated by day 7 for both MSC and SaOS-2 cells. There was no
any significant difference between PDLLA/B-TCP and PLGA/B-TCP composites at
any time point. But, the proliferation of only cell in cell culture plate was higher than
the composite group. Since the surface area of the cell culture plate was larger, cells

proliferated more in the wells than the surfaces of the composites.

Alkaline phosphatase (ALP) is an early marker expressed by preosteoblasts and
mineralizing osteoblasts (105). We searched the alkaline phosphatase activity of the
composites with MSC and SaOS-2 cells for 21 days and found that the composite
groups had more ALP activity than only cell groups but there was no significant
difference between the groups for MSC. The significant differences in the SaOS-2
cell groups were related with osteoblast-like nature of the SaOS-2 cells. Since these
cells had osteoblast-like properties, it was expected that these cells showed higher
ALP activity than MSC (110).

On the other hand, according to RT-PCR results, alkaline phosphatase gene
expression (ALPL) was decreased for both composite groups. This conflict may be
related to the RT-PCR studies were conducted in non-contact mode while the ALP
activity study was done in contact mode. Also, ALP activity study was lasted for 21
while RT-PCR studies were lasted for 14 days. The expression of ALPL was low for
both composites but the differences in the fold changes were not significant. The
cells cultured with osteogenic medium showed higher ALPL expression related with
the synergetic effect of the dexamethasone. The gene expression levels of osteo
calcin (bone gamma-carboxyglutamic acid-containing protein (BGLAP)) a late

secreted protein produced by mature osteoblasts, was also higher in osteogenic
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medium group according to composites groups. BMP1 or procollagen C proteinase, a
secreted metalloprotease requiring calcium and needed for cartilage and bone
formation (111) was upregulated significantly in osteogenic medium group, whereas
it was downregulated in both composites groups. RUNX2 is a key regulator of
chondroblast and osteoblast differentiation, and of bone development in vivo (112).
RUNX2 regulates the expression of major extracellular matrix genes (including
alkaline phosphatase, osteopontin, osteocalcin, type | collagen, and type X collagen)
expressed by chondroblasts and osteoblasts. Expression and activation of RUNX2 is
regulated by many bone derived growth factors, including bone morphogenetic
proteins (BMPs). BMPs form a unique group of proteins within the TGF-B super
family of genes, and play pivotal roles in the regulation of cartilage and bone
development. BMP-activated Smads (Smadl, -5, and -8) induce RUNX2 gene
expression, and Smads interact physically with the Runx2 protein to induce
osteoblast differentiation (113). Here in our study, BMP1 was only upregulated in
osteogenic medium group. But for BMP2, there was significant upregulation for both
PDLLA/B-TCP and PLGA/B-TCP composites and the upregulation was higher than
osteogenic medium group. On the contrary, BMP4 expression was downregulated
both composites group. Nevertheless, this upregulation was not induced the
upregulation of the SMADs 1, 2, 3 and 4 in composites groups and as a result there
was no RUNX2 upregulation. By the way, neither the upregulation of RUNX2 in the
osteogenic medium group, nor the downregulation in the composites groups had any
significant difference. TGF-B1, another factor involved in osteoblast proliferation
and differentiation was also upregulated in composites groups but this increase did
not lead the upregulation of the SMAD genes. TGF-B2, one of TGF-Bllisoforms
within bone matrix, modulates the differentiation of osteoblasts and the proliferation
of osteoprogenitor cells (114). Here, only the cells cultured with osteogenic
differentiation medium showed the upregulation of TGF-B2, so that the cells in
composite groups could not differentiate into osteoblasts. Differentiation of human
mesenchymal stem cells into bone forming cells is stimulated by endothelial growth
factor, EGF (115). Again, the expression of both EGF and its receptor EGFR were
downregulated for both composites groups.
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CHAPTER 6

CONCLUSION

As a conclusion, PDLLA/B-TCP and PLGA/B-TCP composites were developed and
characterized. Vancomycin containing PDLLA/B-TCP and vancomycin containing
PLGA/B-TCP composites released 3.1 = 0.2 mg and 3.4 + 0.4 mg vancomycin for six
weeks, respectively and had antibacterial activity against MRSA while also having
biofilm inhibition ability. Vancomycin containing PDLLA/B-TCP and vancomycin
containing PLGA/B-TCP composites were biocompatible with Mesenchymal Stem
Cells and SaOS-2 osteosarcoma cells and the apatite formation on the surface of the
composites indicating the bioactivity of the material. In contact mode, the composites
showed ALP activity at 21 days with both MSC and SaOS-2 cells.

Beside the biocompatibility and antibacterial properties of the composites, the
composites did not show any osteogenic differentiation, and bioconduction activity
in non contact mode according to RT-PCR studies. The vancomycin containing
PDLLA/B-TCP and vancomycin containing PLGA/B-TCP composites were not
induced the differentiation of mesenchymal stem cells by not expressing some of the
osteogenesis related signalling molecules. This may due to the absence of an
osteogenic medium, since mesenchymak stem cells cannot differentiate into
osteoblast just with the help of the composite. Also, the non contact mode study
design may effect the gene expression results, since in the contact mode the gene
expression can be elevated.

To conclude, future studies can be conducted both in vitro and in vivo in order to find

out the osteogenic capability of the composites in contact mode.
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APPENDIX A

CALIBRATION CURVE FOR VANCOMYCIN
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Figure 37. Calibration curve of vancomycin
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APPENDIX B

GENE LIST FOR RT-PCR CUSTOM PLATES

Table 4. Gene List for RT-PCR custom plates

Gene Gene Forward Primer | Reverse Primer
Name | Description Sequence Sequence

alpha-2-HS- TGCTAAAGAGGC | TGTTGCCTTACA
AHSG | glycoprotein CACAGAGG AAAGCCATATT

alkaline

phosphatase,

liver/bone/ AGAACCCCAAAG | CTTGGCTTTTCCT
ALPL | kidney GCTTCTTC TCATGGT
ANXA TCTTCGGAAGGC | GGGATGTCAACA
5 annexin A5 TATGAAAGG GAGTCAGGA

bone  gamma-
BGLA | carboxyglutamat | CCAGCCCTATGG | TTTTCAGATTCCT
P e (gla) protein ATGTGG CTTCTGGAGTT

bone

morphogenetic | TATGTGGAGGTC | GAGTTTGGACCC
BMP1 | protein 1 CGAGATGG GCAGAA

bone

morphogenetic | GACTGCGGTCTC | GGAAGCAGCAAC
BMP2 | protein 2 CTAAAGGTC GCTAGAAG

bone

morphogenetic | CCCAAGTCCTTT | TCTGGATGGTAG
BMP3 | protein 3 GATGCCTA CATGATTTGA

bone

morphogenetic | GAGGAAGGAAG | GCACTACGGAAT
BMP4 | protein 4 ATGCGAGAA GGCTCCT

bone TGTTTTTGCTCAC

morphogenetic | GCAATAAATCCA | TTGTGTTATAAT
BMP5 | protein 5 GCTCTCATCA CT

bone

morphogenetic | ACATGGTCATGA | ACTCTTTGTGGT
BMP6 | protein 6 GCTTTGTGA GTCGCTGA
CALC | calcitonin CGCTTGCGGTGG | GGTAATAGCATG
R receptor TATTATCT GATAGTGGTTGG

cadherin 11, | CATCGTCATTCT | TCAAAGACAATG
CDH11 | type 2, CCTGGTCA AGTGGTTCTTTC
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Table 4. (continued)

COL10 | collagen, CAGTTCTTCATTC | AGGACTTCCGTA
Al X, alpha 1 CCTACACCA GCCTGGTT
COL14 | collagen, GACCCCTCATCA | ATGGCTTCCAGC
Al X1V, alpha 1 TGTTCTGC TCATCTTG
COL15 | collagen, TGATGGTCGAGA | GGAGCCATGCCA
Al XV, alpha 1 CATAATGACA AATGAC
COL1 | collagen, type I, | AGGTGAAGCAGG | CTCGCCAGGGAA
Al alpha 1 CAAACCT ACCTCT
COL1 | collagen, type I, | TCTGGAGAGGCT | GAGCACCAAGAA
A2 alpha 2 GGTACTGC GACCCTGA
COL2 | collagen, TTTCAAGGCAAT | TCCAGGTTTTCC
Al I, alpha 1 CCTGGTG AGCTTCAC
COL3 | collagen, ACTGGAGCACGG | TCCTGGTTTCCC
Al I, alpha 1 GGTCTT ACTTTCAC
COL5 | collagen, TCTTGGCCCAAA | GGCGTCCACATA
Al V, alpha 1 GAAAACC GGAGAGC
cartilage
oligomeric GGGTCCCCAATG | CCTTTTGGTCGTC
COMP | matrix protein AAAAGG GTTCTTC
CGAAGCCAGACA | AGAGCAAAGCTC
CTSK | cathepsin K ACAGATTTC ACCACAGG
dentin  matrix
acidic
phosphoprotein | TTCCTTTGGGGA | TGCCTGAGCCAA
DMP1 |1 TTATCCTGT ATGACC
GTTCTTTAGATC
epidermal CCTCAGATGGGA | AACTTCACCACC
EGF growth factor AAACGTG T
epidermal
growth  factor | CAGCCACCCATA | AACTTTGGGCGA
EGFR | receptor TGTACCATC CTATCTGC
fibroblast
growth factor 1 | AATCAGCCAAAG | CAAAACAGAGCA
FGF1 | (acidic) AGCCTGTC GGGAACTACC
fibroblast
growth factor 2 | CCCGACGGCCGA | CACATTTAGAAG
FGF2 | (basic) GTTGAC CCAGTAATCT
fibroblast GCGTCTGGGTTC | CTTGGGCCCTCT
FGF3 | growth factor 3 | TCAGCTAT TCAGTTC
fibroblast
growth  factor | AAGATTGGCCCA | GCACCTCCATCT
FGFR1 | receptor 1 GACAACC CTTTGTCG
fibroblast
growth  factor | GACCCAAAATGG | GACCACTTGCCC
FGFR2 | receptor 2 GAGTTTCC AAAGCA
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Table 4. (continued)

insulin-like TGCTTTTGTGATT | GCAGAGCTGGTG
IGF1 growth factor 1 | TCTTGAAGG AAGGTGA

insulin-like

growth factor 1 | TCAGCGCTGCTG | GGCTCATGGTGA
IGF1R | receptor ATGTGT TCTTCTCC

insulin-like GCTGGCAGAGGA | GGGATTCCCATT
IGF2 growth factor2 | GTGTCC GGTGTCT

integrin, beta 1

(fibronectin

receptor,

antigen  CD29

includes MDF2, | CTTGGAACAGAT | TCCACAAATGAG
ITGB1 | MSK12) CTGATGAATGA CCAAATCC

matrix
MMP1 | metallopeptidas | CAAAAGAGGAG | TTCACATCCTTTT
0 e 10 GACTCCAACA CGAGGTTG

matrix

metallopeptidas | TATTTGATGGCA | ACAGTCCGCCAA
MMP2 |e?2 TCGCTCAG ATGAACC

matrix

metallopeptidas | GGGAACGCACTA | TTCAAAGGCATC
MMP8 |e8 ACTTGACC CTTGATAGC

matrix

metallopeptidas | ATCCGGCACCTC | CAGACCGTCGGG
MMP9 |e9 TATGGTC GGAG

phosphate

regulating

endopeptidase

homolog, X- | AGTGCATCCACC | TTCCCCAAAAGA
PHEX | linked AACCAGAT AAGGCTTC

runt-related
RUNX | transcription GCCTAGGCGCAT | CTGAGAGTGGAA
2 factor 2 TTCAGAT GGCCAGAG

TGTGTACTATAC

SMAD | SMAD family | GTATGAGCTTTG | TAACATCCTGGC
1 member 1 TGA GGTGGTA
SMAD | SMAD family | AAAGGGTGGGG | GAAGTTCAATCC
2 member 2 AGCAGAATA AGCAAGGAGT
SMAD | SMAD family | GCATGAGCTTCG | AATCCAGCAGGG
3 member 3 TCAAAGG GGTACTG
SMAD | SMAD family | TGGCCCAGGATC | CATCAACACCAA
4 member 4 AGTAGGT TTCCAGCA

SRY (sex

determining TACCCGCACTTG | TCTCGCTCTCGTT
SOX9 | region Y)-box9 | CACAAC CAGAAGTC
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Table 4. (continued)

transforming

growth  factor, | ACTACTACGCCA | TGCTTGAACTTG
TGFB1 | beta 1 AGGAGGTCAC TCATAGATTTCG

transforming GAAGAACTAGAA

growth  factor, | GCAAGATTTGCA | TGATCACCACTG
TGFB2 | beta 2 G GTATATGTGGA

transforming

growth  factor, | GCTTTGGACACC | CCCAGATCCTGT
TGFB3 | beta 3 AATTACTGC CGGAAGT

transforming CATAATAAGGCA
TGFB | growth  factor, | AAATTGCTCGAC | GTTGGTAATCTT
R1 beta receptor 1 | GATGTTCC CA

transforming
TGFB | growth factor, | GACCAGAAATTC | CAACGTCTCACA
R2 beta receptor Il | CCAGCTTCT CACCATCTG

Tumor necrosis

factor Precursor | CGGTGCTTGTTC | GCCAGAGGGCTG
TNF (TNF-alpha) CTCAGC ATTAGAGA
TWIST | twist homolog 1 | AGCTACGCCTTC | TCCTTCTCTGGA
1 (Drosophila) TCGGTCT AACAATGACA

vitamin D (1,25-

dihydroxyvitami | CTTCTCTGGGGA | TGGACGAGTCCA
VDR n D3) receptor | CTCCTCCT TCATGTCT

hypoxanthine

phosphoribosylt | TGACCTTGATTT | CGAGCAAGACGT
HPRT1 | ransferase 1 ATTTTGCATACC | TCAGTCCT

growth

differentiation TGAATGGATAAT | GTTGGATGGACG
GDF10 | factor 10 CTCACCGAAA AACGATCT

GGCCAGGTCATC | GGATGCCACAGG

ACTB | actin, beta ACCATT ACTCCAT

glyceraldehyde-
GAPD | 3-phosphate CTCTGCTCCTCCT | ACGACCAAATCC
H dehydrogenase | GTTCGAC GTTGACTC

glucose-6-

phosphate TCCATCAGTCGG | CACCAGATGGTG
G6PD | dehydrogenase | ATACACACA GGGTAGAT

polymerase

(RNA) 1l (DNA

directed)

polypeptide A, | CCTGAGTCCGGA | GCCTCCCTCAGT
Control | 220kDa TGAACTG CGTCTCT

polymerase

(RNA) 1l (DNA | GCAAATTCACCA | CACGTCGACAGG
Control | directed) AGAGAGACG AACATCAG

84




Table 4. (continued)

polymerase

(RNA) Il (DNA

directed)

polypeptide A, | TCCGTATTCGCA | TCATCCATCTTGT
Control | 220kDa TCATGAAC CCACCAC

transferrin

receptor  (p90, | TGGGTTTTTGTTA | GGAGGTAACATG
Control | CD71) CCTTTATGGTT CAAATAATGTGA

transferrin

receptor  (p90, | TGGGTTTTTGTTA | GGAGGTAACATG
Control | CD71) CCTTTATGGTT CAAATAATGTGA
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