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ABSTRACT

SELF-ASSEMBLY TECHNIQUE FOR PRODUCING
L-ARGININE/HYDROXYAPATITE COATINGS ON Ti6Al4V
IMPLANTS

In the present study, we introduce a self-assembly method to produce L-arginine
(L-Arg) /Hydroxyapatite (HA) coatings. Firstly, Ti6Al4V substrates were etched in a
concentrated solution of HCl/HsSO,4. ZrOs was reactively sputtered on Ti6Al4V as
an intermediate layer between HA and Ti6Al4V. Reactive magnetron sputtering was
performed at 200 W and 200 °C for 4 hours. HA was deposited on ZrOs layer by
electrophoretic deposition (EPD) at 30 V in 205 seconds. HA suspension was obtained
by ultrasonic and magnetic agitation of 1 g HA in 35 ml isopropanol for 3 hours. Finally,
the samples were immersed in L-Arg solution in phosphate buffered saline (pH=7.4) and
incubated at room temperature for 24 hours. Scanning Electron Microscopy (SEM), X-
Ray Diffractometry (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Raman
and X-Ray Photoelectron Spectroscopy (XPS) analyses were performed to characterize
the coated and uncoated Ti6Al4V implants. Raman and XRD spectra of ZrO, layer
demonstrated the characteristic peaks of monoclinic structure. The most characteristic
bands on Raman spectrum were a doublet at 181 and 189 cm ™!, a broad peak at 477
cm ™. Moreover, XRD spectrum revealed that ZrO, coating had a monoclinic crystal
structure. FTIR and Cls spectra spectra of L-Arg/HA coating revealed the formation
of new bonds which were C-O/N and protonated O-C=0. According to XPS analyses,
C/Ca ratio increased with the addition of L-Arg and Ca/P ratio was decreased. It
can be concluded that L-Arg particles were self-assembled on HA layer by binding
of the carboxyl group of L-Arg to calcium atoms of HA. Overall, L-Arg/HA coatings
were successfully coated on ZrOs-coated Ti6Al4V orthopedic implants by self-assembly
method.

Keywords: Self-assembly, amino acid, orthopedic implant.
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OZET

Ti6Al4V IMPLANTLAR UZERINDE KENDILIGINDEN
YIGILMA TEKNIGI ILE L-ARJININ/HIDROKSIAPATIT
KAPLAMALAR URETME

Bu g¢aligmada, kendiliginden yigilma yontemi ile L-Arjinin (L-Arg)/
Hidroksiapatit (HA) kaplamalar iiretildi. ZrO,, HA ve Ti6Al4V arasinda bir orta kat-
man olarak reaktif magnetron sigratma yontemiyle Ti6Al4V iizerine kaplandi. Reaktif
magnetron sigratma iglemi, 200 W ve 200 °C’ de 4 saat boyunca yapildi. ZrO, tabakasi
tizerine elektroforetik kaplama yontemi kullanilarak 30 V’ ta 205 saniye boyunca HA
kaplandi. Elektroforetik kaplama i¢in 1 g HA’ in 35 ml izopropanol icerisinde ultrasonik
banyo ve magnetik karigtiric ile karistirilmasiyla HA siispansiyonu hazirlandi. Daha
sonra Ornekler, L-Arg’ mn PBS ¢ozeltisi (pH=7.4) igerisine yerlestirildi ve oda sicak-
liginda 24 saat boyunca inkiibe edildi. Kaplanmig ve kaplanmamig Ti6AI4V implant-
larin karakterizasyonu Taramali Elektron Mikroskobu (SEM), X Isimi Kirmmimi (XRD),
Fourier Doniigiimlii Infrared Spektroskopisi (FTIR), Raman ve X-Ray Fotoelektron
Spektroskopisi (XPS) ile gergeklegtirildi. ZrO, kaplamanin XRD ve Raman analiz-
leri, monoklinik yapinin karakteristik piklerini gosterdi. Raman spektrumundaki en
karakteristik pikler 181 ve 189 cm™!’ deki dublet pik ve 477 cm™!’ deki genis pik-
tir. Ayrica XRD analizi, ZrO, kaplamanin monoklinik fazdan olusan tek fazl yapiya
sahip oldugunu agiga gikarmigtir. L-Arg/HA kaplamanin FTIR ve XPS spektrum-
lar1, C-O/N bagimui ve protonlanmig karboksil grubunu gosterdi. XPS analizlerine gore,
L-Arg eklenmesiyle birlikte C/Ca orani artmig ve Ca/P oram azalmistir. Ozetle; L-
Arg, kendi karboksil grubu ile HA tabakasinin kalsiyumu arasinda bag olugturarak HA
tabakasinin {izerinde kendiliginden y1gildi. Sonug olarak; kendiliginden yi1gilma yontemi
kullanilarak, ZrO, kaph Ti6Al4V ortopedik implantlar iizerinde L-Arg/HA kaplamalar

basariyla olusturuldu.

Anahtar Sozciikler: Kendiliginden yigilma, amino asit, ortopedik implant
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1. INTRODUCTION

1.1 Motivation

Ti6Al4V is extensively utilized in orthopedic and dental implants due to its high
mechanical strength, corrosion resistance, toughness, low density and biocompatibility
[1] - [5]. Smooth-surfaced Ti6Al4V exhibit osseointegration in dental applications.
However, it is not adequate for osseointegration in load-bearing applications due to the
intervention of the fibrous tissue [6]. Fibrous tissue encapsulates and isolates Ti6Al4V
from surrounding bone after implantation |6, 7|. Therefore, it is essential to increase
osseointegration ability of Ti6A14V for orthopedic applications and developing bioactive

surfaces on Ti6Al4V is of great interest in implant research [7].

Several methods have been reported in order to design a bioactive surface on
titanium implants such as roughening the surface, coating with calcium phosphates
and coating with biomolecules [8]. Calcium phosphates including HA are deposited on
Ti6Al4V implants in order to induce bone ingrowth and bone-implant coating. How-
ever, the pre-osteogenic ability of calcium phosphates is generally insufficient for large
bone defects. Therefore, incorporation of biologically active molecules to hydroxyap-
atite is needed in order to increase osseointegration since biologically active molecules
can induce cellular activity and tissue responses |9, 10]. Biochemical modification uti-
lizes critical organic components of bone [10]. Many molecules have been studied in
calcium phosphate coatings. These molecules can be classified as amino acids [11, 12],
extracellular matrix proteins [13|, peptides [13, 14|, and growth factors [8, 15|. Amino
acids are of great interest since they are more stable molecules and less expensive,

compared to peptides or proteins [16].

L-Arg has cationic charge in physiological conditions [17]. The cationic charge
of L-Arg facilitate the protein binding of HA [18|. HA interacts with bovine serum
albumin by the bond between Ca?* and -COO~. According to the study of Lee et al.



[18], Arg provides -NH?* groups and increases the number of cationic groups on HA and
these groups lead HA to bind -COO™ on bovine serum albumin. Moreover, Gonzalez-
Mec Quire et al. [11] demonstrated high bioactivity of Arg/HA coating. After immersion
in T-SBF for 5 days, an even calcium phosphate layer was formed on Arg/HA coated
titanium. They also showed the self-repair property of Arg/HA coating after scratch
test.

The cell culture studies with mesenchymal stem cells demonstrated the positive
effect of arg on their proliferation at an early stage. Moreover, mRNA expression of os-
teogenic gene expression markers which are alkaline phosphatase, type Ial collagen and
osteocalcin increased with the addition of arg. mRNA expression of transcription fac-
tors which are osterix, Runx2 and DIx5, key agents for stimulating osteoblast-specific
gene expression, increased with the addition of arg. Arg also increased mRNA expres-
sion of osteogenic gene expression markers which are alkaline phosphatase, type Ial
collagen and osteocalcin. According to Huh et al. [19], arg enhances osteoblastogene-
sis by regulating Wnt/(-catenin independent signaling and the mechanisms including
NFATc that regulate MSC fate and differentiation. Vater et al. [12] also indicated that
arg increased the adhesion, proliferation and ALP activity of bone marrow derived

mesenchymal stem cells on calcium phosphate cements.

Overall, L-Arg has potential in order to enhance osseointegration of HA-coated
orthopedic implants. This thesis introduces self-assembly method in order to function-
alize HA coatings with L-Arg. Based on the results achieved so far, self-assembly is an

efficient technique for synthesizing L-Arg/HA coatings.



1.2 Objectives

The aim of this study is to increase osseointegration of HA-coated Ti6Al4V
implants. For this purpose, L-Arg was incorporated to HA coatings by self-assembly

technique for the first time. The objectives of this study are as follows:

e Roughening the surfaces of Ti6Al4V implants in order to increase coating adhe-

sion

e Depositing ZrOy on Ti6Al4V implant by reactive sputtering in order to inhibit

Al and V ion release

e Fabrication of porous HA coating by EPD in order to enhance bone ingrowth on

Ti6Al4V implants

e Self-assembly of L-Arg on HA coating in order to increase bone ingrowth and

activity of bone cells on HA coating

1.3 Outline

This thesis is presented as follows: Background information of bone and joint
structure, orthopedic implants and modification of Ti6Al4V orthopedic implants are
reviewed in chapter 2. Experimental procedure and results are explained in chapter
3 and chapter 4, respectively. In chapter 5, the results and discussion are detailed.

Finally, the conclusions of the study are presented in chapter 6.



2. BACKGROUND

2.1 Bone

Bone is an essential organ for many functions in human physiology such as
support and protection of organs, movement, blood production, blood pH regulation,
homeostasis, mineral storage and supplying multiple progenitor cells [20, 21|. The
regulatory factors and genetic blue print facilitate bone to carry out its functions and
ascertain to sustain its structure. Genetic information determines the anatomical shape

of bone and is responsible for restoring that shape after fracture [22].

Bone has a complex structure which consists of a variety of materials arranged

in different scales. Figure 2.1 presents the structure of bone [23, 24].

Collagen
molecule
Collagen C‘;,:ll;‘_ﬁen
fiber _
60 2; Bone
(% Crystals
H
1 nm
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 2.1 Structure of Bone [23]

Bone is distinguished into two groups which are trabecular (cancellous) and cor-

tical (compact) at macro-level [23]|. Cancellous bone is more porous than cortical bone



[25]. Moreover, cancellous bone is functionally more related to metabolic activation
while cortical bone is more associated with mechanical strength [26]. At microstruc-
ture level (10-500 pm), it consists of osteons, Haversian systems and single trabeculae.
At sub-microstructure level (1-10 pm), bone has a lamellae structure. Finally, bone
includes its essential building blocks which are the collagen fibrils and apatite crystals

at nano-level [23].

The associated cells of the bone are osteoblasts, bone lining cells, osteocytes and
osteoclasts. They locate in different areas of bone. Osteoblasts, osteoclasts and bone
lining cells are placed along the surface of the bone and osteocytes are found in the
interior part of the bone. Osteoblasts, bone lining cells and osteocytes are originated
from mesenchymal stem cells. Mesenchymal stem cells are positioned in bone marrow,
periosteum, endosteum and bone canals. These cells have star-like shape and include
one nucleus. They inherit small amounts of organelles and cytoplasm. They prolifer-
ate and differentiate during both endochondral and intramembranous bone formation
[26]. During intramembranous ossification, mesenchymal stem cells differentiate into
osteoblasts. On the other hand, they differentiate into perichondrial cells and chondro-
cytes during endochondral ossification. Finally, the size of perichondrial cells increase

which is called hypertrophy and they differentiate into osteoblasts [25].

Osteoclasts are multi-nucleated cells which are derived from bone marrow-
derived macrophages. Macrophages are originated from hematopoietic stem cells which
is the other kind of stem cell found in bone |25, 26]. Hematopoietic stem cells fulfill
hematopoiesis by proliferating, differentiating and self-renewal. They are the only cell

type which can produce every blood cell lineages [27].

Figure 2.2 demonstrates the differentiation processes of mesenchymal stem cells

and hematopoietic stem cells into osteoblasts and osteoclasts, respectively.

In Figure 2.2, there is a double-headed arrow between osteoblasts and osteo-
clasts, representing the balance between osteoblasts which are responsible for bone

formation and osteoclasts which are responsible for bone resorption. In order to reg-
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Figure 2.2 (a) Osteoblast and osteoclast cell lineages (HSC: Hematopoietic stem cell, MP: Mes-
enchymal stem cell), (b) The differentiation processes of mesenchymal stem cells into osteoblasts [25]

ulate the amount of bone homeostatically, osteoblasts and osteoclasts carry out their

activities in balance [25, 22|.

2.1.1 Bone and Joint Diseases

The common bone and joint diseases include osteoporosis, osteoarthritis, rheuma-

toid arthritis and infections.

Osteoporosis: Osteoporosis is a common skeletal disease in aged humans. It
is often coupled with the coordinated function of osteoblasts and osteoclasts since it
is characterized by low bone mass. It is also identified by degeneration of bone tissue
and collapse of bone architecture, decrease of bone strength, and increase in the risk
of fracture |25, 28]. The imbalance between osteoblasts and osteoclasts occurs with

menopause and increasing age [28|.



Figure 2.3 shows the difference between a healthy bone and an osteoporotic

bone.

PO 0 W _ .
' ,

Figure 2.3 Scanning electron micrographs of osteoporotic trabecular bone (Left) and normal tra-
becular bone (right) [29]

As seen in Figure 2.3, healthy trabecular bone is composed of cylinders inter-
connected by thick bars. On the other hand, the osteoporotic bone is consisted of rods
which are not connected as the arrow indicates. Therefore, the mechanical strength of

osteoporotic bone is low [29].

Osteoarthritis: Osteoarthritis is a cartilage disorder related to focal articu-
lar cartilage degradation. Degradation occurs with the destruction of cartilage which
triggers articular chondrocytes and synovial lining cells to produce and secrete pro-
teolytic enzymes which degrade the cartilaginous matrix. These enzymes are aggre-
canase, matrix metalloproteinase, proinflammatory cytokines and mediators such as
prostaglandins and nitric oxide. This also causes a local inflammation and affects the
surrounding tissue. Osteoarthritis is identified by cartilage loss, pain, joint stiffness and
impairment to movement. It is a very common disease for the population involving
people elder than 65 years. The people of this population have osteoarthritis in at least
one of their joints [30, 31].



Figure 2.4 demonstrates an X-ray image of hip osteoarthritis.

Figure 2.4 Hip osteoarthritis [32]

Rheumatoid Arthritis: Rheumatoid arthritis is a chronic inflammatory dis-
ease. It is characterized by pain, disability, and joint destruction [33|. Rheumatoid

arthritis has autoimmune component which is different from osteoarthritis [34].

Bone and Joint Infections: Bone and joint infections are generally sourced
from aerobic bacteria such as Streptococcus sp., Staphylococcus sp., Enterobacteria,
Enterococcus sp. and non-fermenting Gram-negative bacilli. However, bone and joint
infections caused by anaerobic bacteria are rare. According to a study of Walter et
al. [35], 75% of infections by anaerobic bacteria are post-operative infections. For
example, most of the reported cases of anaerobic bacteria are related to post-operative
shoulder infections associated with Propionibacterium acnes. Other anaerobic bacteria
species, such as Clostridium sp., Bacteroidessp., Finegoldia magna, Corynebacterium
diphtheroides, Parvimonas micra, Fusobacterium sp., Peptoniphilus sp., Peptostrepto-
coccus sp. and Prevotella sp., have been reported in osteitis, septic arthritis, spondy-

lodiscitis and orthopedic prosthesis infections.



2.2 Total Hip Arthroplasty (THA) and Total Knee Arthro-
plasty (TKA)

Orthopedic implants became a widespread resource for enhancing the quality
of life [36]. THA and TKA are the basic surgical approaches in order to remedy

osteoarthrosis and rheumatoid arthritis on knee and hip [37]-[41].

Figure 2.5 demonstrates a schematic figure of THA.

-

Metalic Cup N
\’

Polymeric Cup

i Artificial Hip Joint

Femoral Head

'\ | Femur

Hip stem

Figure 2.5 Total Hip Arthroplasty [42]

The demand for orthopedic implants is increasing as well as the number of revi-
sion surgeries. Therefore, finding new routes for expanding the lifespan of orthopedic

implants and decreasing the number of revision surgeries is necessary (36, 43].

2.2.1 Failure of THA and TKA

Hip replacements may be revised due to several reasons such as aseptic loosening,
infection and hip dislocation [43, 44| and the failure reasons of knee replacements may
be listed as aseptic loosening, polyethylene wear, infection, instability, malalignment

or malposition, deficient extensor mechanism, arthrofibrosis, avascular necrosis in the
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patella, isolated patellar resurfacing and periprosthetic fracture [45]. Aseptic loosening
and infection may be considered as the common failure reasons of THA and TKA

which are explained below:

Aseptic loosening: The reason of aseptic loosening is osteolysis which can be
related to wear debris released from the elements of prosthesis [44]. The micromotion
of the prosthesis relative to bone during loading generate wear particles. These wear

particles cause inflammation and bone resorption, leading to poor osseointegration [43].

Infection: Failures caused by infection have more devastating effect than asep-
tic loosening [46]. Patients with rheumatoid arthritis are more susceptible to infection
due to anti-rheumatoid drugs and nature of the disease [47|. Early infections are gener-
ally sourced from highly virulent organisms such as or Gram-negative bacilli or S. aureus
and microorganisms of low virulence, for example coagulase-negative staphylococci, are
mainly the reason of late infections. Some antimicrobial agents are utilized in order
to prevent infections [46]. However, a study involving 54 patients with prosthetic joint
infection reveals that microorganisms can even grow on cemented prosthetics loaded
with antimicrobials such as vancomysin, gentamicin and tobramycin [48]. According to
Trampuz et al. [46], the result of the diagnosis depends on the stability of the implant,
duration of the infection, the condition of surrounding tissue and antibiotic resistance
of the pathogen. Hence, producing implants with antimicrobial properties is of great

challenge.

2.3 Ti6Al4V for Orthopedic Implants

Ti6Al4V is an o+ alloy which is developed in 1950s for aerospace applications.
It is extensively utilized in orthopedic applications owing to its superior mechanical
strength, low density, corrosion resistance and biocompatibility [1] - [4]. These ortho-
pedic applications are cementless orthopedic prostheses and trauma surgery implants
such as screws, plates or intramedullary nails [3]. However, Ti6Al4V has some draw-

backs which restricts its usage as an implant.
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Ti6Al4V shows low hardness and wear resistance in aggressive environment
[49, 50]. Moreover, Al and V ions may release to the surrounding tissue. Al and V can
cause long-term health problems [51, 52]. Furthermore, osseointegration of Ti6Al4V
is inadequate [6, 50]. Therefore, some modification techniques have been developed in

order to amend the surface of Ti6Al4V implants. These are listed as follows [42, 53, 54]:

Machining, polishing, grinding, blasting

Chemical etching

Modification with bioceramic layers

Modification with bioglass and bioactive glass ceramic layers

Modification with biomolecules

2.4 Bioceramic Coatings
2.4.1 Bioinert Ceramic Coatings
Nitrides, carbides, Al,O3 and ZrO, are classified in bioinert ceramics. Bioinert

ceramic coatings have mostly been studied in order to enhance the hardness, wear and

corrosion resistance of Ti6Al4V implants [42].

2.4.1.1 ZrO,. ZrO, is a non-resorbable bioinert ceramic which has superior

strength and toughness than other ceramic materials. Superior mechanical proper-
ties and longevity of ZrOs make it preferred in implant industry [55]. Today, it is
utilized as femoral head in THA [56].

7104 exhibits in three different crystalline structures which are monoclinic,
tetragonal and cubic. ZrO, is in monoclinic form at ambient temperature. With

increasing temperature to ~ 1170°C and ~ 2370°C, it transforms into tetragonal and
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Figure 2.6 Zr-Nb (2.5% Nb) Femoral Head with a Thermally Oxidized Surface- Brand Name:
Oxinium

cubic phases respectively. Cooling tetragonal ZrO, make it transform back into mono-
clinic phase in a destructive martensitic mechanism which is diffusionless and displacive.
Moreover, this transformation causes a 4 % volume expansion. It is possible to produce
metastable tetragonal and cubic phases at ambient temperature by adding aliovalent
cations into its crystal structure. Incorporation of some oxides such as Y,03, CaO,

CeOy and MgO provides more symmetric tetragonal and cubic structures [57].

Y103 stabilized ZrQO, is considered as the most appropriate for medical implants
[57, 58]. (Y203),(ZrOs);_, consists of 0.02<x<0.09 and 0.04<x<0.4 retains tetragonal
and cubic phases at ambient conditions, respectively. This means a Y /(Y+Zr) molar
ratio of 4-17 % and 8-57 % [57|. In addition to dopants, grain size has a decisive effect
on the metastability of tetragonal phase. According to Garvie’ s theory, small crystallite
size decreases the transformation temperature. Crystallite size effect is explained by
the difference of the surface energies of monoclinic and tetragonal phases, balancing for
the chemical free energy. 30 nm is the critical diameter to obtain metastable tetragonal

710 [59, 60).
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Despite the progress of the techniques to keep tetragonal ZrO, in a metastable
state, the retrieval studies demonstrated the increase of monoclinic phase on tetrago-
nal ZrO, femoral heads [61]|. Tetragonal zirconia destabilizes in water or water vapor
[62]. This is called low temperature degradation. The filling of oxygen vacancies in
tetragonal ZrO, structure with water species is considered as the main cause for desta-
bilization [63|. The other reasons of transformation may be heat and pressure [64]. Low
temperature degradation accelerates by micro-cracks, pores and increased roughness
[62]. The retrieved heads showed increased roughness, wear and decreased hardness
[63, 64]. The increase in wear rate of femoral heads is related to surface transformation
which is associated with sphericity and increased roughness. Wear particles can induce
macrophage reaction by entering the periprosthetic tissues. Macrophages starts osteo-
clastic bone resorption by releasing pro-inflammatory cytokines, leading to osteolysis

and replacement of the implant [63].

The Deposition Techniques of ZrO,: The deposition techniques of ZrO,
include physical vapor deposition (PVD) [65, 66|, plasma spraying, magnetron sput-
tering [66] and electrochemical methods such as anodization [67], microarc oxidation

[68] and EPD [69].

Magnetron sputtering has become a preferred technique for a variety of indus-
trial coatings. Magnetron sputtering is a promising technique in order to produce
corrosion resistant, hard and wear-resistant coatings [70]. In basic magnetron sput-
tering process, inert gas is ionized by an external power supply and produces plasma.
Glow discharge plasma bombards target material by energetic ions and removes atoms
from target material. These atoms condense on substrate material to produce a thin

film |70, 71].
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Figure 2.7 schematizes the process of sputtering.
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Figure 2.7 Sputtering Process [71]

Vacuum pumping

In some applications, a reactive gas takes part in the process with an inert gas.
This technique is called reactive gas sputtering. The reactive gas can be Oy or Ny. In
this technique, the dissociation products of reactive gas react with the target while the

inert gas ions bombard the target [71].

2.4.2 Bioactive Ceramic Coatings

TiO,, bioactive glass ceramics and calcium phosphates are bioactive ceramics

[72, 73]. Bioactive ceramics provide direct bonding with living tissues [72].

2.4.2.1 Hydroxyapatite. Calcium phosphates have similar composition and struc-

ture to the apatite in human bones. The example of calcium phosphates are (-
tricalcium phosphate (5-Cag(POy)s2), hydroxyapatite (HA, Ca;0(PO4)s(OH)2) and
biphasic calcium phosphate which consists of both [-tricalcium phosphate [9, 74].
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HA is the thermodynamically most stable phase among calcium phosphates under

physiological conditions [75]. The crystalline structure of HA is shown in Figure 2.8.

Figure 2.8 The Crystalline Structure of HA (Green, red, orange and white symbols represent Ca,
O, P and H respectively)[76]

HA is extensively studied in biomedical research and industry due to its strong
bioactivity and osteoconductivity which promotes bone formation and biological fixa-
tion |74, 77, 78]. Moreover, it is non-inflammatory, non-toxic and causes no immunolog-
ical or fibrous reaction [79]. However, HA coatings can suffer from high tensile stress on
Ti6Al4V implants due to the mismatch of the coefficient of thermal expansion between

Ti6Al4V and HA. This causes low adhesion strength of HA coatings [80].

The Deposition Techniques of HA: The deposition techniques of HA include
plasma spraying [77, 81|, magnetron sputtering |66, 82|, dip coating [78, 83|, sol-gel
[84, 85] and EPD [86, 87|.

EPD is an effective method to produce ceramic coatings on metallic substrates.
However, the research field of EPD is not limited to ceramics. It is also extensively
utilized to deposit bioactive glass, carbon nanotubes, drugs and biological molecules

such as proteins, enzymes, polysaccharides and cells. This technique has so many
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advantages including low cost and simplicity. It is a versatile technique to be used
for material combinations with different patterns. It is also an effective technique to
produce porous bioactive coatings as well as to coat porous and textile substrates [88|.

Moreover, it can be operated at ambient temperature [88, 89].

EPD is based on a two-step process. First step is electrophoresis and the second

one is deposition [90]:

Electrophoresis: Electrophoresis is the migration of the charged molecules
which are dispersed in a suspension toward the deposition electrode in an electric field.
The molecules in the suspension can acquire surface charge in different mechanisms such
as by dissociating ions into solvent, adsorbing ions from solvent or electron transfer with

the solvent.

Deposition: Deposition is the accumulation of the molecules on the surface
of the oppositely charged electrode, a substrate which is connected to an electrode or

placed in between the electrodes.
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Figure 2.9 is a schematic presentation of EPD.

piower supply

cathode anode

particles in stable
SUSPENSion
{positively
charged)

Figure 2.9 EPD Process [8§]

2.5 Arg in Biomedical Studies

Biomolecules including proteins or specific amino acids have gained interest
in biomedical studies since they are important molecules for living organisms [91].
Compared to proteins or peptides, amino acids are preferred for clinical applications

since they are more stable molecules and less expensive [16].

Figure 2.10 presents the molecular structure of arg.

NH,

0
HN%\NH\/\‘)LOH

NH,

Figure 2.10 Molecular Structure of L-Arg (drawn on ChemSketch)
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Arg is a cationic amino acid in physiological conditions [17]. Many studies have
demonstrated the antimicrobial properties of cationic amino acids such as lysine and
arg. These amino acids make bidentate hydrogen bonding and cation-7 interactions
with the lipopolysaccharide, teichoic acid and phosphatidyl glycerol phospholipid head
groups on the surface of the bacterial cellular walls and disrupt its structure by forming
a pore within the bacterial wall or change its permeability. This leads them to enter

the interior of the bacterial cell and affect its cellular functions [92, 93].

According to the study of Shafer et al. [94], the structure of guanidinium is the
primary agent for antimicrobial activity. The activity of an arg-rich peptide against
methicillin-resistant S. aureus decreased when four arg residues were replaced with
lysine residues. This shows that cationic charge is not enough for potent antimicrobial
activity and arg interacts specifically with bacteria surface. Stronger interaction and
higher activity is associated with the higher potential of guanidinium group to make

hydrogen bonding in the formation of salt bridges [92, 94].

In addition to antimicrobial studies, the potential benefits of cationic charge
of arg has been practiced in many studies in order to enhance protein binding of HA
[18]. HA interacts with bovine serum albumin by the bond between Ca®* and -COO™.
According to Lee et al. [18] , arg provides -NH3' groups and increases the number
of cations on HA to interact with -COO- on bovine serum albumin. Lee et al. also
indicates the lower affinity of arg to positively charged proteins. The high bioactivity of
Arg/HA coating was demonstrated by Gonzalez-McQuire et al. [11]. An even calcium
phosphate layer was formed on Arg/HA coated titanium after immersion in T-SBF for

5 days. They also presented self-repair property of Arg/HA coating after scratch test.

The studies with mesenchymal stem cells showed the positive effect of arg on
proliferation at early stage. Moreover, arg increased mRNA expression of osteogenic
gene expression markers which are alkaline phosphatase, type Ial collagen and osteo-
calcin. Further investigations also demonstrated the increase of mRNA expression of
the transcription factors which are osterix, Runx2 and DIx5 which are key agents for

stimulating osteoblast-specific gene expression with the addition of arg. According to
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Huh et al. [19], arg increases osteoblastogenesis by controlling Wnt/S-catenin inde-
pendent signaling and the mechanisms including NFATc that regulate MSC fate and
differentiation. The study of Vater et al. [12] also revealed that arg increased the
adhesion, proliferation and ALP activity of bone marrow derived mesenchymal stem
cells on calcium phosphate cements. Overall, arg is a promising material for biomedical

applications and has great potential to enhance osseointegration of HA coatings.
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3. MATERIALS AND METHODS

3.1 Surface Treatment of Ti6 Al4V Substrates

As-obtained Ti6Al4V substrates were firstly polished by a micropolisher (Prox-
xon D-54518). The substrates were then ultrasonically cleaned in acetone, isopropanol
and distilled water for 15 minutes, respectively. The clean samples were dried with N.
Subsequently, these samples were etched in HCl:distilled water:H5SO4 solution (1:2:3,
v/v/v) in water bath (Isolab) at 60 °C for 4 hours and rinsed with water. Figure 3.1

shows the color change of colorless acid solution to violet after acid etching process.

Figure 3.1 Etchant solution after 4-hour-treatment

Violet color occurs due to the formation of Ti?T salts by the oxidation of titanium

in acid solution [95].
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3.2 Characterization of Etched Substrates

3.2.1 Scanning Electron Microscopy (SEM)

Surface morphology of pristine and etched Ti6Al4V substrates were examined
by SEM (Philips XL30 ESEMFEG/EDAX) in secondary electron mode without any
sputter coating at Bogazici University Research and Development Center. The applied
voltage was 10 kV and the surfaces were magnified by 100x, 500x, 2000x, 5000x, 10000x,
20000x and 50000x.

3.2.2 Stylus Profilometer

Roughness measurements were carried out by using Dektak Profilometer (Bruker
Dektak XT) at clean room of Center for Life Sciences and Technologies. The average
R,, R, and R, values were measured on three samples by evaluating five different lines

with a length of 55000 g for 400 seconds. The applied cut-off length was 0.8 mm.

3.3 Deposition of ZrO, by Reactive DC Magnetron Sputtering

Reactive sputtering process was conducted in the system designed and manufac-
tured by Vaksis R&D and Engineering. The etched substrates were placed in deposition
chamber and base pressure of below 5x10~7 Torr was achieved. Then, the temperature
of the substrates was increased to 200 °C and 50 sccm Argon gas was pumped into
the system. Subsequently, the volume of Argon was decreased to 30 sccm and 20 sccm
O, gas was pumped into the chamber. Before the process was initiated, the sputtering
power was increased to 200 W in the rate of 40 W /min and the target was pre-sputtered
for 5 minutes in order to clean the surface of the Zr target and stabilize the process.
Finally, the substrate stage rotated at 15 rpm and reactive sputtering was performed

for 4 hours. The parameters of sputtering process are given at Table 3.1.



Table 3.1

Reactive sputtering parameters
Base Pressure (Torr) Below 5x10~°
Substrate to Target Distance (cm) | 13
Substrate Temperature (°C) 200
Flow Rate of Ar (sccm) 30
Flow Rate of Oy (sccm) 20
Sputtering Pressure (Torr) 5x1073
Sputtering Power (W) 200
Bias Voltage (V) 295-302
Sustrate Rotation Rate (rpm) 15
Sputtering Duration (h) 4

Figure 3.2 demonstrates the ZrOs-coated Ti6Al4V samples.

Figure 3.2 Ti6Al4V samples not coated (left) ZrOq-coated (right)

22
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3.4 Characterization of ZrO, Coatings

3.4.1 SEM

Morphology of reactively sputtered ZrO, coatings were evaluated by SEM
(Philips X130 ESEMFEG/EDAX) in secondary electron imaging mode by applying
a voltage of 10.0 kV at Bogazici University Research and Development Center. The
samples were not coated by sputtering. The surfaces were magnified by 100x, 500x,

2000x, 5000x, 10000x, 20000x and 50000x.

3.4.2 Raman Spectroscopy
The type of crystalline structure of ZrO, coating was determined by using Ra-
man Spectroscopy (Renishaw-INVI Reflex Confocal Raman System) with an excitation

wavelength of 532 nm from a green light laser at Ahmet Kelegoglu Faculty of Education

in Necmettin Erbakan University.

3.4.3 XRD
XRD spectrum of ZrO, coating was obtained by using Bruker D8 Advance

with Cu Ka radiation (A=1.540 A) at Surface Science and Technology Center in Kog

University. The data were collected between 0°-90°. The slit size was 1 mm.

3.5 Production of HA Coatings by EPD

3.5.1 Preparation of HA Suspension

A previously reported method was modified to prepare HA suspensions [96]. 1

g HA was dissolved in 35 ml isopropanol and magnetically stirred for 1 hour. The
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applicable suspension with dispersion stability was obtained by ultrasonic agitation
and magnetic stirring of HA nanoparticles for 3 hours. The pH of the final suspension

was 6.

3.5.2 EPD

ZrOq-coated Ti6Al4V was utilized as anode and stainless steel was used as
electrode. The distance between anode and cathode was 2 ¢cm. The applied voltage
was 30 V and the duration of the deposition process was 205 s at room temperature.

Figure 3.2 shows the experimental setup of EPD.

Figure 3.3 Experimental setup for EPD

Finally, the HA coatings were dried at room temperature for 24 hours.
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3.5.3 Sintering of HA Coatings

HA coatings were sintered at 600 °C for 1 hour in ambient atmosphere [97] in

the furnace (Thermo Fisher- K114).

3.6 Functionalization of HA Layer with L-Arg

0, 174 g L-Arg was dissolved in 50 ml phosphate buffered saline (pH=7.4).
HA-coated samples were immersed in the prepared solution and incubated at room
temperature for 24 hours. The half of the HA-coated samples were coated with L-Arg

and the others were kept as control.

3.7 Characterization of HA and L-Arg/HA Coatings

3.7.1 SEM

Surface morphology of HA and L-Arg/HA coatings was examined by using SEM
(Philips XL30 ESEMFEG/EDAX) at Bogazici University Research and Development
Center. The samples were coated with platinum by using Polaron SC7640 for 60
seconds before SEM analysis. The applied voltage and plasma current were 1.8 kV and
25-27 mA, respectively. SEM micrographs were taken by applying voltage of 10 kV in

secondary electron mode.

3.7.2 FTIR

The compositional changes of HA coatings after incubation in L-Arg solution

and the binding mechanism of HA and L-Arg was figured out by using FTIR (Thermo

Scientific Nicolet). 32 scans were collected in the range from 4000 cm™* to 500 cm™*

at resolution of 2 ecm™1!.
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3.7.3 XPS

XPS measurements of HA and L-Arg/HA coatings were performed by using
Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer. This instrument was

equipped with Al Ka micro-focused monochromator. Spot size was 400 p.

3.7.4 Ninhydrin Test

Ninhydrin is used to detect the free amine groups on the surface [98, 99]. A
previously reported method by Kim et al. [99] was used. HA-coated and L-Arg/HA
coated samples were immersed in ninhydrin solution which had a concentration of 1
mol /] in ethanol for 1 minute. Subsequently, the samples were taken into glass petri
dishes and covered. Then, they were incubated at 37 °C for 15 minutes. The color

changes were photographed.
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4. RESULTS

4.1 Surface Treatment of Ti6Al4V Substrates

SEM images of unetched and etched Ti6Al4V are shown in Figure 4.1.

Figure 4.1 (a) Pristine (2000x, scale bar: 20 um) and etched Ti6Al4V substrates in different
magnifications (b) 2000x, scale bar: 20 pm (c) 10000x, scale bar: 20 pm (d) 50000x, scale bar: 1 ym

According to Figure 4.1, unetched Ti6Al4V has a smooth surface with a few
parallel grooves and etching of Ti6Al4V in HCl:distilled water:H,SO,4 solution for 4
hours changes its morphology significantly. Etching process formed a rougher surface

with many nano pits. The roughness results are given in Table 4.1.



The R,, R, and R values of etched Ti6Al4V substrates

Table 4.1

Line 1 (x) || Line 2 (p) || Line 3 (u) || Line 4 (p) || Line 5 (p) || Average (p)
Rea: 4.35 Rg: 4.04 Rg: 4.43 Ry 4.34 R, 4.31 Ra: 4.29
Ry 5.27 | Ry 4.87 || Ry 537 | Ry 520 | Ryt 521 | Ry 5.18
R.: 21.50 || R;: 2099 | R.: 22.11 | R,: 22.07 | R,: 21.30 R.: 21.59
Rg: 3.76 Rg: 4.11 Rg: 3.70 Rg: 4.54 Rg: 3.92 Rq: 4.01
R, 4.67 | Ry 5.00 || Ry 456 | Ry 5.54 | Ry 4.82 || Ry 4.92
R,: 20.35 || R,: 20.99 || R,: 19.67 || R,: 23.25 | R,: 20.52 R.: 20.96
R,: 4.14 R,: 4.31 R,: 4.30 R,: 4.34 Rg: 4.39 Rg: 4.30
Ry 5.06 | Ry 532 || Ry 525 | Ry 527 | Ry 541 | Ry 5.26
R.: 2224 || R,: 21.73 || R.: 2145 | R.: 21.99 | R,: 22.53 R.: 21.99
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The R, value of substrates increased from 0.4 p to 4.20 p by etching process.
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4.2 7ZrQO, Coating

Figure 4.2 presents the SEM micrographs of ZrOs coating.
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Figure 4.2 SEM images of ZrO, coating on etched substrates in magnifications of (a) 2000x, scale
bar: 20 pm (b) 5000x, scale bar: 10 um (¢)10000x, scale bar: 5 um (d) 20000x, scale bar: 2 pm

Figure 4.2 demonstrates that Ti6Al4V kept its rough morphology since ZrO,
film was thin. Raman and XRD spectrums of ZrO, coating reveal the crystalline

structure of ZrO, coating. These spectra are shown in 4.3 and 4.4, respectively.
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Figure 4.3 Raman spectrum of ZrOs coating

The doublet at 181 and 189 cm~! and the broad peak at 477 cm~! are the most
distinct characteristic bands of monoclinic ZrO,. The other characteristic peaks of
monoclinic ZrO, which are at 306, 333, 380, 555 and 621 cm™! can also be identified
on Raman spectrum [100, 101].
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Figure 4.4 XRD spectrum of ZrOs coating (m: monoclinic, s: substrate)

On XRD spectrum, the peaks correspond to monoclinic ZrOs and substrate. No
peaks related to tetragonal structure are observed in the XRD spectrum. Moreover,
Appendix A shows the software scan which approves that the coating has single phase.
The most intense peaks of monoclinic ZrO, can be identified at 28.2° and 31.5°. These

peaks are related to (1 I11) and (111) structures, respectively.
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4.3 HA Coating

Figure 4.5 shows the SEM image of HA coatings.
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Figure 4.5 SEM micrographs of HA coating in different magnifications (a) 50000x, scale bar: 1 ym
(b) 100000x, scale bar: 500 nm

As can be seen in Figure 4.5, HA coating has a porous structure which facilitates
bone-implant interaction. Since there was no agglomeration, the difference of the
particle sizes might be due to the size variation of the commercial HA particles which
was below 200 nm. Similar SEM images were obtained by Drevet et al. [87] who

utilized the same commercial HA particles in their studies.
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Figure 4.6 shows the XRD spectrum of HA coating.
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Figure 4.6 XRD spectrum of HA coating

XRD spectrum of HA coating reveals that HA is the only calcium phosphate

structure in the coating after sintering and there are no impurities.



4.4 Functionalization of HA coating with L-Arg

Figure 4.7 presents SEM images of L-Arg/HA coating.
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Figure 4.7 SEM micrographs of L-Arg /HA coating in different magnifications (a) 50000x, scale bar:

1 pm (b) 100000x, scale bar: 500 nm
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SEM images of L-Arg/HA coating shows the irregular aggregates of self-assembled
L-Arg nanoparticles as can be observed in many previous studies [102]| - [104]. FTIR

spectrums are presented in figure 4.8.
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Figure 4.8 FTIR spectrums of HA and L-Arg/HA coatings

On the FTIR spectrum of HA coating, the peaks at 561, 591, 956, 1018, 1083

cm~! refer to -PO43~ group and the peak at 628 cm™!

refers to -OH group. Many
different peaks can be observed on the spectrum of L-Arg/HA coating, including 878,
1224, 1369, 1417, 1461, 1548, 1719 and 1739. The peaks at 878, 1417 and 1461 cm™!
correspond to the CO3%~ which is sourced from atmospheric CO, dissolved in L-Arg
solution. The peak at 1224 cm™! refers to C-N bond [16]. The peaks at 1369 and 1548
cm~! refer to the asymmetric C-O stretch in carboxyl group [75, 105]. The peak at
1739 cm~! accompanied with the peak at 1719 cm™! is an evidence of the protonated

carboxyl group. These peaks can be attributed to carbonyl stretching of carboxyl group
[106].
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C1s spectrums of HA and L-Arg/HA coatings are shown in Figure 4.9.
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Figure 4.9 Cls spectrums of HA and L-Arg/HA coatings

C1s spectrum of HA reveals the carbon contamination of HA coating which was
recorded for many studies [107] - [109]. The peaks at 284.37 eV and 285.33 eV refer to
the C-C and C-O bonds due to the carbon contamination, respectively [109]. The other
peaks at 288.41 eV and 289.56 eV are recorded as the other oxidized forms of carbon
in previous studies [108, 109]. Cls spectrum of L-Arg/HA coating demonstrates the
arise of new peaks at 285.74 eV and 288.69 eV. These peaks correspond to C-O/N and
O-C=0 bonds which are related to the functional groups of L-Arg [110].
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Table 4.2 presents the changes in the atomic percentages with the incorporation

of L-Arg to HA.

Table 4.2
Ca/P and C/Ca ratios of HA and L-Arg/HA coatings

HA-coated || L-Arg/HA-coated
Ca/P | 150 1.39
C/Ca| 042 0.79

According to Table 4.2, Ca/P ratio decreased and C/Ca ratio was increased
with the incorporation of L-Arg to HA coating.

Figure 4.10 presents the results of ninhydrin test.

Figure 4.10 (a) HA coating after ninhydrin test (b) L-Arg/HA coating after ninhydrin test

As presented in Figure 4.10, there was no color change on HA coating but L-

Arg/HA coating uniformly stained purple.
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5. DISCUSSION

Ti6Al4V substrates which were magnetron sputtered with ZrOy were coated
with HA via EPD and then L-Arg was self-assembled on HA coatings for the first time
in the literature. Surface morphology and chemistry of the coatings. To confirm self-
assembly of L-Arg on HA surface, SEM, FTIR, XPS and ninhydrin tests were carried

out. The results of these tests were then compared with similar studies in the literature.

71Oy coatings do not adhere easily on the smooth Ti6Al4V surface. Many
studies roughened substrates by acid etching or sand-blasting before the coating process
in order to increase coating adhesion and according to the study of Man et al. [111],
adhesion strength of the coatings increased with the increase of the roughness [66, 87|.
The smooth topography of Ti6Al4V implants transformed into a rough topography
with nano-level changes after etching in HCl:distilled water:H5SO, solution for 4 hours.
Measurements taken by the profilometer showed an increase of the surface roughness

from 0.04 p to over 4 p.

Raman spectrum of reactively sputtered ZrO, demonstrates the bands corre-
sponding to monoclinic ZrO,. Monoclinic ZrO, has strong lines at 180 cm™!, 192
cm™!, 476 cm ™! and weak lines at 223 cm™!, 307 cm ™!, 502 cm ™!, 538 em ™!, 559 cm .
It also has medium lines at 337 cm™!, 348 cm™!, 382 ecm™!, 617 cm™! and 638 cm™!
[100, 101]. In Raman spectrum of reactively sputtered ZrO,, Raman bands can be
observed at 181 ecm™!, 189 ecm™, 333 cm™!, 380 cm™!, 477 cm ™!, 555 cm™! and 621
cm™!. The small peaks at 220 cm ™! and 306 cm™! can also be seen; however, Ti6Al4V
substrate has a broad peak between 150 cm™! and 350 cm™!. Therefore, the bands

at 220 ecm ™! and 306 cm™! are not so clear.

Raman analysis is not sufficient to determine the crystal structure of ZrO, since
the band at 621 cm™' corresponds to both monoclinic and tetragonal phases [101].

Therefore; to validate the results of the Raman analysis, XRD study was performed.



39

Figure 4.5 shows the XRD spectrum of ZrOs coating. According to XRD analysis, the
peaks of monoclinic structure were present and no peak related to tetragonal phase was
observed. Detailed scanning on software also proved that there was no tetragonal phase
in the obtained ZrO, coating. This spectrum is provided in Appendix A. Moreover, the
peaks of Ti6A14V substrates are more intense than the peaks of ZrO, coating. Then,
some bands could only be detected by the software (Appendix A). The relatively lower
intensity of ZrO, peaks was correlated to ZrO, coating being too thin. This fact can be
attributed to the thickness of the film. The obtained coating was a thin film which had
a thickness of 240 nm. By reactive magnetron sputtering, thin films are produced unless

the deposition rate is increased by adjusting the number and position of magnetrons

[112].

After deposition of nano-sized ZrOs on Ti6Al4V, HA was coated with EPD.
This technique enables production of homogeneous and porous coatings which lead to
improved biological activity and fixation of the implant [88, 113, 114]. HA particles
have strong tendency to agglomeration [115|. Using the suspensions with coagulated
particles causes inhomogeneous coating layers and this leads to generation of cracks
during sintering because of different shrinkage behavior of diverse species within the
coating layer. Hence, preventing agglomeration of the particles is necessary [116]. Fig-
ure 4.5 shows uniform, crack-free, homogeneous and porous HA deposited with EPD.
To prepare high-quality coatings, firstly, highly stable suspensions have to be prepared.
Preparing HA suspensions in isopropanol without dispersant provided high suspension
stability. Dispersants are usually suggested in order to prevent agglomeration of HA
particles; however, such additives may cause contamination [115]. The advantage of
selection of an organic medium for suspension stability is also recorded in many studies
since the utilization of aqueous suspensions may cause local instability due to the gas

evolution sourced from the electrolysis of water at low voltages [86, 115, 117, 118].

Ethanol and isopropanol are the mostly studied organic mediums for prepar-
ing HA suspensions [87, 88, 119|. Figure 4.5 shows that HA coatings with a dense
microstructure is favorable to achieve high adhesion strength. Similar images can be

seen in the study of Farrokhi-Rad et al.[120] who utilized isopropanol as a suspension
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medium. According to the study of Farrokhi-Rad et al., dense and high-quality HA
coatings can be obtained from HA suspension in isopropanol rather than ethanol. In
optimization experiments of the study, the HA coatings produced from the suspension
with ethanol were much thicker than the HA coatings produced from the suspension
with isopropanol when voltage, duration and concentration were kept constant as 30
V, 1 minute and 1 g/35 ml, respectively. Similarly, Farrokhi et al. observed a higher
deposition rate of HA particles in ethanol. Since HA particles in isopropanol have a
higher zeta potential and a lower deposition rate, the particles are not prone to ag-
glomerate and they can find enough time to homogeneously distribute on the substrate
surface. A higher zeta potential and lower deposition rate are associated with the
greater molecular size of isopropanol. The ionization reaction of the pure alcohol is as

follows [121]:

RCH,OH + RCH,OH — RCH,OH; + RCH,O~

The solubility of RCH,OH3 ions decrease with the increase of the molecular size
of alcohol. This enhances the tendency of RCH,OH; ions to adsorb on HA molecules
by hydrogen bonding. Since the mobility of RCH,OHJ [HA] particles is less than the
mobility of RCH,OHj species, the conductivity of HA suspension with isopropanol
is lower than HA suspension with ethanol. This leads to a lower deposition rate and

therefore, denser and higher-quality coatings can be produced [120].

As can be observed in XRD spectrum of HA-coated substrates, HA is the only
calcium phosphate present in the coating. This means that sintering at 600 °C did
not cause the decomposition of HA. This result is in correlation with the results in
the literature. Many studies indicated that approximately 600 °C is efficient for the
sintering process and this heat treatment profile also do not cause decomposition of

HA [97, 116, 81].
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Ninhydrin staining and SEM micrographs of L-Arg/HA coatings demonstrate
the bound L-Arg molecules on HA layer. SEM micrographs of L-Arg/HA coatings
which are illustrated in Figure 4.7 reveal the agglomeration of self-assembled L-Arg
molecules on HA layer. Single nanoparticles of L-Arg are not distinct on SEM micro-
graphs. This may be due to the similar structure of L-Arg particles to HA particles
[122]. On the other hand, Cls spectrum of L-Arg/HA coatings exposed the new peaks
at 285.74 eV and 288.69 eV which demonstrated the existence of the amino acid on
the surface of HA [110]. For analysis of Cls spectrums, various studies based on HA,
proteins, L-Arg/HA and protein/HA were investigated. According to these previous
studies, carbon contamination is quite common for HA coatings [107] - [109]. The
peak at 284.37 eV on the spectrum of HA coating and the peak at 284.48 eV on the
spectrum of L-Arg/HA coating both refer to C-C bond. The increase in the intensity
of this peak is associated with the increase in the amount of carbon with the addition

of L-Arg [110].

In addition to the Cls spectrums, the change in the atomic percentages of
elements reveals the changes in the chemical compositions on HA layer. These results
were similar to the results of Jahromi et al. [16]. First, C/Ca ratio almost doubled up
by the incorporation of L-Arg to HA due to the carbon containing groups of L-Arg.
Second, the Ca/P ratio decreased. These results are associated with the incorporation
of the carbon groups on HA surface. The FTIR spectrum also reveals the protonated
carboxyl group. Therefore, it can be concluded that carboxyl groups of L-Arg particles

bound to calcium atoms of HA particles as many previous studies stated [16, 123].

In conclusion, L-Arg/HA coatings on ZrOs-coated Ti6Al4V implants were suc-
cessfully prepared by self-assembly technique based on the results of SEM, FTIR, XPS
analyses and ninhydrin staining. SEM micrographs showed agglomerated L-Arg par-
ticles which were self-assembled on HA layer. FTIR and XPS analyses revealed the
increase of carbon content and the new bonds of C-O/N and O-C=0 with the addition
of L-Arg. Ninhydrin test also proved the existence of free amine groups on HA surface.
XPS analyses also demonstrated the decrease of Ca/P and the increase of C/Ca, ex-

posing the incorporation of carbon groups on HA structure. According to FTIR and
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XPS results, L-Arg/HA coatings were obtained by the bond between the carboxyl of
L-Arg and Ca atoms of HA. Overall, this thesis shows that self-assembly technique is a
practical technique in order to produce L-Arg/HA coatings which have great potential

for biomedical applications.

5.1 Future Studies

This study introduces self-assembly method in order to deposit L-Arg molecules
on HA coatings which has a potential to increase osseointegration of HA coatings. The
promising results may enlighten the future studies on orthopedic implants and bone
tissue engineering. Currently, human bone marrow derived mesenchymal stem cells
are subcultured till third passage. Alamar Blue test and alkaline phosphatase test will
be performed in order to evaluate the effect of L-Arg on viability and differentiation
of human bone marrow derived mesenchymal stem cells, respectively. In the future,
in vivo studies may be performed to analyze the true potential of these implants for

commercial applications.
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Figure B.1 Confluent human bone marrow mesenchymal stem cells at passage 2
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