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LIST OF ABBREVIATIONS

AFM - atomic force microscopy
ASTM - cobalt alloys

BCP - biphasic calcium phosphate
BG — bioactive glass

CAM - contact angle measurement
CHAp - calcium hydroxyapatite

CP — calcium phosphate

DTA - differential thermal analysis
FDA - Food and Drug Administration
FTIR - Fourier transform infrared spectroscopy
GC — glass ceramics

HA, HAP - hydroxyapatite
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PGA - poly(glycolic acid)
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PMMA - poly(methyl methacrylate)
PVA - poly(vinyl alcohol)

SBF - simulated body fluid

SD — standard deviation

SEM - scanning electron microscopy
TCP - tricalcium phosphate

TEA — triethylamine

TG — thermogravimetric analysis
THA - total hip arthroplasty

TilPro - titanium isopropoxide
UHMWPE - ultra-high molecular weight polyethylene
XRD — X —ray diffraction



INTRODUCTION

As the population age is increasing, the demand for hard tissue repair and
replacement is expanding as the bones lose their physical properties during
the years, requiring techniques and materials for implant preparation. The
research in this field is directed to engineering biomaterials and coatings with
appropriate chemical and mechanical properties, suface chemistry and surface
topography. This is being achieved by mimicking the natural organization of
bone on the implant surface, which allows to accelerate bone healing through
enhanced cell attachment and tissue formation [1], [2].

Calcium hydroxyapatite, Caio(PO4)s(OH)2, (CHAp), commonly referred as
hydroxyapatite (HA, HAP or CHAp) is a bioceramic material, extremely
similar to the inorganic part of bones and the dentine of teeth and it is non-
toxic within any quantity and osteoconductive [3], [4]. As it’s mechanical
strenght is low, for implant production it is usually combined with
biocompatible materials with higher mechanical strenght. It has been used
commercially as a coating on metallic implants since the 1980’s and it is still
the most widely used coating matelial for load bearing applications up to day
[2], [5]-[7]. CHAp has excellent biocompatibility (which means that it is
accepted by surrounding tissues without adverse effects and vice versa [8])
due to its compositional similarity to natural bone and exhibits a surface
chemistry that supports bone in-growth [9]-[12]. To fully achieve this, right
conditions like the composition of CHAp, coating technique and the substrate
itself must be applied.

In the early stages of implant development the main criteria for the first
implant development was appropirate physical properties and non-toxicity
[13], so that titanium and titanium alloys, stainless steel and cobalt-chromium
alloys were extensively used. It was noted, that metal implants have tendency
to oxidize, are biologically inert thus do not induce regeneration after
implantation and have mechanical mismatch with the natural bone [8], [14],
[15]. Poor implant fit and incomplete osseointegration lead to micromotion,
stress shielding and cause osteolysis - all of which ultimately contribute to
implant loosening and failure in 10-25 years, requiring an arduous, painful,
and expensive revision surgery [16].

Calcium phosphate coatings provide the necessary interlayer for the bone
ingrowth, while the substrate bears the load [17]. Coating substrates with
osteoconductive biomaterials is one of various surface modification methods
used to improve the mechanical, chemical and biological properties for
biomedical applications opening new opportunities for implants and
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prosthetic devices [7], [17], [18]. The CHAp thin films have been synthesized
using many preparation methods [19]. Although, plasma spray technique is
only method approved by FDA for biomedical applications and gained
commercial success [20] the method has some disadvantages.

The main aim of this doctoral thesis was target design of calcium
hydroxyapatite thin films on different substrates. The results obtained on the
specific modifications of surfaces of substrates and design of sub-layers for
the fabrication of CHAp coatings and characterization of obtained thin films
shows novelty and originality of this PhD thesis. For this reason, the tasks to
achieve the main goal were formulated as follows:

1. To modify the surface of titanium (Ti) substrate for the sol-gel synthesis of
porous and hydrophilic calcium hydroxyapatite coating.

2. To synthesize and characterize calcium hydroxyapatite coatings on novel
silicon nitride (SisN4) substrate.

3. To develop an accelerated synthesis approach for the rapid fabrication of
calcium hydroxyapatite thin films.



1. LITERATURE REVIEW

1.1 Use of the implants in medicine

A medical device is defined as implantable if it is either partly or totally
introduced, surgically or medically, into the human body and is intended to
remain there after the procedure [21]. Usually implantable medical devices
are used to replace or support missing or damaged biological structure and in
ideal scenario it should become a part of the host’s body. Besides there
functions, implants and bioactive materials have become indispensable tool in
medicine and are also used to deliver medication, monitor body functions and
etc. Some of the implants stay in the host’s body permanently — like hip
implants, and others are removed, after they are no longer needed — like
chemotherapy ports. In general, many implants are prosthetics and the earliest
example of this could be a toe, belonging to a noblewoman, found in Egypt
dated 950-710 B.C.

Fig. 1. Ancient implant [22], [23]

Even through prothetics, were used since ancient times, a significant
breakthrough in this field was after the introduction of the first generation of
biomaterials in 1960-1970, as the production of biomedical implants became
possible [23]. Biomaterials are natural or synthetic materials used to function
in bio-environment [24]. They can made from skin, bone or other body tissues,
metal, plastics, ceramics or other materials. Despite huge variety of implants
by many criteria, this literature review focuses on on load bearing dental and
orthopaedic implants, as these types are most relatable to the research made.
The possible applications of implants are listed in Table 1.
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Table 1.Uses of biomaterials [25]

No. Uses of Biomaterials Example
1 Replacement of damaged or Artificial hip/knee
diseased part joint replacement
Improving functionality or .
2 . Cardiac pacemaker
abnormality
3 Assist in healing Sutures, bone plates
and screws
Mastectomy
4 Improving cosmetic abnormality augmentation, chin
augmentation
. . . Probes and
5 Aid to diagnosis Catheres

In the early period of implants, material was considered fit for implantation
if it had minimal to zero toxicity. Later, both for dental and orthopaedic
implants structural and functional integration to the living bone became a
common requirement for the term success. This sets two main goals for proper
implants: to achieve the matching of mechanical properties mimicking the
characteristics of bone or tissue, and achieving biocompatibility and
osteoconductivity. The term for this was offered by Branemark, naming the
process “osteointegration” [23]. This could also be called bio-integration,
even though it is sometimes used with a slighly different meaning — “stimulate
bone growth with bioactive surface, that encourages the bond between the
implants and the surrounding bone” [26]. The success of osteointegration
depends on many factors like implant design, surface, topography and
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chemical factors like composition and structure. To summarize, material
should not be cytotoxic, surface should be rough and porous. To achieve this,
main development is focused on the surface of the materials and one of the
main techniques used for that is applying coatings [27].

1.1.1. Ortophedic implants

Orthopedics is a branch of surgery intended to restore the function of load-
bearing joints which are subjected to high level of mechanical stresses, wear,
and fatigue in the course of normal activity. These devices include prostheses
for hip (Fig. 2(2)), knee (Fig. 2(b)), ankle, shoulder (Fig. 2(c)), and elbow
joints (Fig. 2(d)) [2].

(a) Q (b)
\
‘ \ \\ﬁ

T

Fig. 2. Orthopedic Implant devices used for load bearing applications: (a) hip
implant, (b) knee implant, (c) shoulder implant, (d) elbow implant [2].
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Fig. 3. Various causes for failure of implants that leads to
revision surgery [34].

They also include the fracture fixation devices such as wires, pins, plates,
screws, etc. [2]. With an ageing population, trauma, diseases, war, and sports
related injuries there is an ever-expanding requirement for hard tissue repair
and development of implants for orthopedic applications [2], [19], [28]-[30].
It was estimated, that in 2011, 460,000 hip and 712 knee replacements
procedures performed in the US and double this number worldwide. It is
expected that this number will double till 2025 as a result growing demand for
a higher quality of life [25]. Although total hip arthroplasty has been called
the main surgical procedure in orthopedics, there is a significant amount of
research on-going in order to increase the longevity of the implants, because
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unfortunatelly now most joint replacemens fail after 10-25 years because of
incomplete osseointegration and implant failure requiring a painful and
expencive revision surgery [16], [31], [32]. Implants may fail due to many
factors, one of them being host’s biological response to the accumulation of
microscopic wear debris, particularly PE. As today, THA commonly has a
metal-on polymer bearing contact, with a cobalt chromium alloy (CoCr) head
and an ultra-high molecular weight polyethylene (UHMWPE) acetabular cup
[31]. Accumulation of wear debris leads to bone loss, inflamation and aseptic
implant loosening causing an infection [25], [33].

Another important reason of failure is the fact, that almost all metal and
alloys in body environment release metal ions which lead to loosening.
Reaction between metallic implant and body fluids may be minimized by
coating them with bioactive material like HA [35].

1.1.2. Dental implants

Dental implants are used to restore teeth by replacing both tooth and its
root. Metallic implant is inserted into the gum so that bone cells grow around
it and fix it. Titanium is the first choice for this purpose, as it osseointegrates
rapidly to the surrounding tissue and forms a tight seal against bacterial
invasion. Then abutment is placed on the anchor and then artificial tooth —
crown [2].

The first traces of dental implants could be dated back to 2500 BC in
ancient Egypt, where golden wire was used to stabilize teeth. Significant
experiment was performed by Dr. Hunter in 1700,s when he transplanted
incompletely developed tooth into the comb of a rooster and observed the
blood vessels of the rooster grew straight into the pulp of the tooth [23].
Another significant breakthrough was made by Dr. P. Branemark in 1952,
While studying blood flow in rabbit femurs by placing titanium chambers in
their bone, he noticed, that over time titanium became attached to the bone.
That is where the concept of osseointegration was proposed meaning “a direct
structural and functional connection between ordered, living bone, and the
surface of a load carrying implant” [23].

As was already mentioned, metallic biomaterials, such as stainless steel,
cobalt-based alloys, titanium and its alloys are widely used as artificial hip
joints, bone plates and dental implants due to their excellent mechanical
properties. However, there are some problems with metallic implants due to
corrosion and release of ions in biological fluids after implantation, which
leads poor implant fixation or even rejection of implant due to a lack of
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properties, such as osteoconductivity and osteoinductivity, and infections due
to bacterial adhesion and colonization at the implantation site. To overcome
these surface problems, surface modification was established, including
chemical treatment, physical and biological methods. In the 1987, de Groot et
al. [36] published their work on the development of plasma-sprayed
hydroxyapatite implants. Further improvements were developed by several
other authors which introduced the Screw-Vent implant which had a
hydroxyapatite coating on it. This coating allowed more rapid adaptation of
the bone to the implant surface and osseointegration. What is more, increased
implant functional surface allows better stress transfer. Schematic illustration
of the approach for electrochemical deposition of pure CHAp for coating
dental implants is presented in Fig. 4 [37].

U
Ay RS Y a

Fig. 4. Schematic illustration of the approach for electrochemical deposition
of pure CHAp for coating dental implants [37].

Even though plasma spay coated titanium with hydroxyapatite layer is
already used in the field of dentistry, there are some concerns related to this.
One these is that hydroxyapatite may undergo resorbtion and degradation,
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finally loosening titanium particles. The long — term adherence of coating
particles is poor, the thickness and composition is uneven. Other coatings
considered for this purpose are titanium nitride, carbon, glass, titatnium
dioxide [23]. Plasma sprayed CHAp-coated dental implants have also been
related with some clinical risks such as the delamination of the coating from
the titanium implant surface and failure at the implant—coating interface,
despite the fact that the coating is well attached to the bone tissue [39] .

1.1.3. Materials used for dental and orthopedic implants
1.1.3.1. Metals

In general, materials used for implants could be devided in metals,
polymers and ceramics [2]. Historically metals and alloys were the first
materials used for modern implants and are used up to day, with titanium,
cobalt-based alloys and stainless steel being the most popular. They have a
wide range of applications — fracture fixation, partial and total joint
replacement (see Fig. 5), external splints, braces and traction appratatus,
dental amalgams.

The metallic implants usually have high strength and tougness, but are
susceptible to chemical and electrochemical degradation — thus may
corrode/wear, leading to generation of particulate debris, which may cause
infection or other adverse biological reactions [17], [25], [40]. The
mechanical properties of different implants and bone are compared in Table
2.

Stainless steel is iron-based alloy with a minimum of 10.5% Cr. Type 316L
is one of the most widely used material for implant fabrication in orthopaedic
applications up to day. As all metals, it possesses good mechanical properties,
reasonable corrosion resistance, biocompatibility and density [17], [40].

Besides Cr for the corrosion resistance, Co alloys usually have small parts
of iron, molybdenum or tungsten to alter the properties. For the implant
application the most common types are Co—Cr—Mo (ASTM F75), Co—Cr—Mo
(ASTM F799), Co-Cr-W-Ni (ASTM F90) and Co-Ni—Cr—Mo-Ti (ASTM
F562) [2].

The ongoing use of titanium and its alloys (like TisAlsV, TisAl;Nb) for
dental and orthopaedic applications can be attributed to it’s low density, and
biocompatibility [7], [20]. Titanium also tends to develop stable oxide film,
mainly consisting of TiO,, which provides the excellent corrosion resitance
[171, [41].
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Types of Joints

Ball and Socket

Joint Structures —I

Fig. 5. Types of joints.

Magnesium is an emerging low density metal for orthopaedic applications,
as it is biodegradable and biocompatible. While degrading it provides room
for ingrowing bone. Compared to other metals, it’s elastic modulus is closer
to bone than other metals [42]. That removes the requirement for second
surgery for implant removal. As the degradation needs to be controlled,
calcium phosphate coatings have been suggested as a mean to control
corrosion rate [30], [43].
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Table 2. Comparison of Mechanical Properties between Implant Materials
and Bone [11]

Young’s Modulus Tensile Strength

Material (GPa) (MPa)
Alumina 365 6-55
Sintered HA 7090 50-110
HA coating 0.5-5.3% =51%788
J16L stainless steel 193 540
Co-Cr alloys 230 9001540
Ti-6A1-4V, wt % 106 900
PMMA bone cement 3.5 70
HDPE 1 30
Cortical bone 7-30 50-150
Cancellous bone 0.1-1 1.5-3

1.1.3.2. Polymers

Polymers are huge class of materials which differ from each other in
chemical composition, molecular weight, polydispersity, crystallinity,
hydrophobicity, solubility and thermal transitions. Besides, their properties
can be fine-tuned and they can be fabricated into complex structures as
opposite to ceramics, as they are viscoelastic. The main drawback for the
most of the polymers is the lack of rigidity, ductility and ultimate mechanical
properties required in load bearing applications. Also, most of them are unable
to meet the strict demands of the in vivo physiological environment [30], that
is why only some of the most potential and interesting for the research
according author are described below.

Polyetheretherketone (PEEK) is a polymer biomaterial, used for
orthopaedic applications since 1980’s [38]. It is an alternative to metal
implants because of it’s mechanical properties, biocompatibility, low modulus
of elasticity and translucency to X-rays [44]. It can be processed through
injection molding, extrusion or mashining allowing medical device
manufacturers broad design and manufacturing flexibility [45]. It is unreactive
and resistant to chemical and thermal degradation.

High density polyethylene (HDPE) was used for biological application, but
was replaced by ultra high molecular weight polyethylene (UHMWPE).
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UHMWPE compared to HDPE has almost the same chemical structure,
comparable mechanical properties, relatively low cost, excellent creep
resistance, good processability and biocompatibility, but higher rigidity and
impact resistance [46]. It is usually used as bearing surface and artificial
bones. Like with the most polymers, the main concern is that wear debris may
cause osteolysis and loosening. One of the methods to solve this is the use of
hydroxyapatite to improve biological fixation between the implant and the
human cells [47].

Various apatite-containing formulations based on PMMA are used in
orthopedics, as a bone cement for implant fixation, as well as to repair certain
fractures and bone defects. PMMA is obtained by polymerization of toxic
monomers, what may cause thermal and chemical necrosis [37], [48].
Moreover, it is neither degradable nor bioactive, does not bond chemically to
bones and might generate particulate debris leading to an inflammatory
foreign body response [30].

The most popular synthetic polymers PLA, PGA and their copolymers—
PLGA. They are biocompatible, mostly non-inflammatory and break down
gradually in the physiological environment of the body into biocompatible
products [25]. They have been investigated as scaffolds for replacement and
regeneration of a variety of tissues, cell carriers, controlled delivery devices
for drugs, membranes or films, screws, pins and plates for orthopedic
applications [30], [49]. One of the problems of PLGA is that it’s degradation
rate is un-matched with the growth of new bone, although it adjusted by
varying component monomers [30], [37]. Furthermore, PLGA is known to
support osteoblast migration and proliferation, which is a necessity for bone
tissue regeneration. Unfortunately, such polymers on their own are too weak
to be used in load bearing situations. In addition, they exhibit bulk
degradation, leading to both a loss in mechanical properties and lowering of
the local solution pH that accelerates further degradation in an autocatalytic
manner. As the body is unable to cope with the vast amounts of implant
degradation products, this might lead to an inflammatory foreign body
response [30].

1.1.3.3. Ceramics

Ceramics are inorganic compounds of metallic or nonmetallic materials,
with bonding which is usually formed at elevated temperatures. A class of
such materials used for orthopaedic applications are commonly referred to
bioceramics. These bioceramics may be bioinert (alumina, zirconia),
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bioresorbable (tricalcium phosphate), bioactive (hydroxyapatite, bioactive
glasses, and glass ceramics), or porous for tissue in growth (hydroxyapatite
coating, and bioglass coating on metallic materials). Their success depends on
their ability to induce bone regeneration and bone in growth at the tissue—
implant interface without the intermediate fibrous tissue layer [2].

Synthetic calcium phosphates (CP) are very important biomaterials due to
their high bioactivity in human bones and dental biomineralized tissues. These
CP bio-ceramics are widely used to treat bone defects due to their chemical
similarity to bone minerals with well biocompatibility [50], [51].
Interestingly, the mineral component in bones and teeth is a highly carbonate-
substituted, hydroxyl-deficient form of calcium hydroxyapatite [52]. The
nanodimensional and nanocrystalline forms of calcium phosphates can be
utilized in biomineralization and as biomaterials due to the excellent
biocompatibility [53], [54]. Nanoscience is indeed revolutionized every single
human craft and discipline, including medicine. Among nanomaterials,
nanocalcium hydroxyapatite (n-CHAp) has been widely used in scaffolds for
bone tissue engineering as well as implant coating material.

Many bioactive glass (BG)/glass ceramics (GC) have been prepared by
various techniques during last decades [55]. Bioactive glasses are a group of
synthetic silica-based biomaterials which are developed and used as a filler
material or bone graft substitute in order to bone repair and regeneration
applications by formation of apatite layer on their surfaces [56], [57]. In
contact with simulated body fluid (SBF), BGs are capable to form an apatite-
like surface layer. Usually, the BGs are surgically implanted into fracture or
bone defect for enhancing the healing rate due to their bioactivity [58], [59].
It is known that different composites and nanocomposite scaffolds cause the
better biological behaviour of the scaffolds. For example, the graphene-based
CHAp composites showed better mechanical and enhanced antibacterial
properties. In addition, these composites show their improved cell behaviour
compared to the individual components [60]. Up to now, there are enormous
efforts to develop different coatings that can enhance the biocompatibility
properties of metallic implant materials and provide antimicrobial effects
[61]-[65]. In the field of bone regeneration, has pushed towards an extensive
use of CHAp coated implants as a bone substitute, in view of its similarity to
the inorganic phase of mineralized tissues.

The quality of synthetic biomaterials, however, is highly dependent on the
overall characteristics and features of the synthesized powders. Such attributes
include density, purity, phase composition, crystallinity, particle size, particle-
size distribution, particle morphology, and specific surface area. Thus, all
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mentioned properties of bioceramics are highly sensitive to the processing
conditions, which are very much responsible for the crystallinity, crystal
shape, crystal size, crystal size distribution and phase purity of the resulting
powders. Metal-substituted Caio(PO4)s(OH)2 nanocrystallites were also
synthesized and investigated [66]-[70]. In most of the cases cationic
substitution of calcium did not changed the surface morphology of the end
product.

Biphasic calcium phosphate (BCP) ceramic comprises a mixture of CHAp
and B-TCP. This material was regarded as suitable for synthetic bone
applications and has been extensively used as substitution materials for
artificial bone grafts [71], [72]. Nano-sized particles of BCP have been
successfully prepared via sol-gel method after calcination of gel precursors at
900 °C. However, as the calcination temperature was increased up to 1200 °C,
the increase of CHAp phase with reduction in B-TCP phase in BCP was
observed [73].

The results are promising with respect to the application of sol-gel derived
calcium phosphosilicate glasses containing sodium or magnesium as
bioresorbable materials. It is evident that such implanted materials could be
successfully applied for new bone formation and have utility for cell-tracking
applications in regenerative medicine. Due to their high amount of amorphous
glassy phase and their enhanced apatite forming ability even after sintering at
high temperatures, these novel glass—ceramics can be suggested for the
synthesis of scaffolds for bone tissue repair or engineering [74]-[77].

1.2.Natural human bone
1.2.1. Composition and stucture of human bone

Humans are born with 270 bones and this number decreases to 206 by
adulthood. All this internal framework of bones performs six major functions:
support, movement, protection, production of blood cells, storage of minerals,
and endocrine regulation. These properties are mainly attributed to the
remarkable hierarchical architecture - the mineralized fibrils, which is
assembled by collagen molecules and mineralized by apatite crystals (looking
like needles or thin plates, about 40-60 nm long, 20 nm wide, and 1.5-5 nm
thick [1]) during the formation of the bone, still acts as the bone's universal
elementary building block, as shown in Fig. 6 [78].
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Fig. 6. The hierarchical structure of bone ranging from microscale skeleton to
nanoscale collagen and hydroxyapatite [78].

The main inorganic phase of human bone is calcium hydroxyapatite
(Ca1o(PO4 )s(OH)2, HA) — up to 65%, with other being 25% organic material
and 5% water by weight [7], [79]. Besides that, there is a significant amount
of other ions, like magnesium, sodium and potassium, so while producing HA
coatings, the goal is to achieve them as similar as posible to natural bone in
composition, crystal structure, crystallinity, crystal size, and morphology [80]
even though it may be debated [81]. HA has a Ca:P ratio of 1.67 (5:3),
however the Ca:P ratio in bone minerals actually varies between 1.37 and
1.87, indicating that these varied compositions of bone minerals may contain
other additional ions, such as strontium, zinc and carbonate [1].

Table 3. Chemical composition of bone (wt %) [37].

Inorganic Phase Organic Phase
HAp = 60 Collagen = 20
Non-collagenous proteins (osteocalcin, osteonectin,
H,O =9 osteopontin, thrombospondin, morphogenetic proteins,
sialoprotein, serum proteins) = 3
Carbonate = 4 Traces: Polysaccharides, lipids, cytokines
Citrate = 0.9 Primary bone cells: osteoblasts, osteocytes, osteoclasts
Na* = 0.7
M g2+ 2= (.5 -
Cl= =013

Others: K*, F~, Zn2*, Fe2t, Cu?t, Se2*, Ph2t

The organic matrix is composed 90% of two types of collagen and non —
collagenous organic material. Type | collagen is dominating and is being
secreted by osteoblasts. Non - collagenous organic materials are endogenous
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proteins which play an important role in biological activity and are being
produced by the bone cells [79].

Bone cells are called osteoblasts, osteoclasts, osteocytes and bone — lining
cells. Osteoblasts, bone lining cells and osteoclasts are present on bone
surfaces and are derived from local mesenchymal cells called progenitor cells.
Osteocytes are found in the interior of the bone and are produced from the
fusion of mononuclear bloodborne precursor cells. Main function of
osteoblasts is to synthesize the components that constitute the extracellular
matrix of bone [74]. Osteoclasts are involved in bone resorption which is
needed for bone remodelling in response to growth or changing mechanical
stresses upon the skeleton. When bone surfaces are neither in the formative
nor resorptive phase, they are covered by bone lining cells, who protect it from
osteoblast resorbtive activity. Once the osteoblast is finished working it is
trapped inside of the bone. When the osteoblast becomes trapped, it becomes
known as an osteocyte. Osteocytes are main mechanoreceptors of bone and
may secrete growth factors in response to mechanical stress [37], [79].

1.2.2. Properties of human bone

To discuss or design the biomimetic artificial scaffolds, understanding of
the structures and biomechanical properties of natural bone is required. Bone
is a multifunctional composite which among its other functions serves as a
support for other tissues in the body. As a structural material it is stiff, strong,
tough, lightweight and is adaptable. It’s excellent mechanical properties are
due to its complex, composite and hierarchical structure [82]. Human bone’s
density distribution from inside to outside spans a significant range: the
spongy low-density bone in the middle is called trabecular or cancellous bone
and the high-density outside is called cortical bone as shown in Fig. 7 [83].
Mechanical properties of the bone are determined by the chemical compostion
and structure [78], [84].

Cortical bone makes 80% of the bone mass, whereas cancellous with
honeycomb structure accounts for roughly 20% of the total mass of the
skeleton. The cortical bone has a higher Young’s modulus value in order to
provide sufficient mechanical strength to bear weight. Fracture toughness
values in the range reported for cortical bone (2-12 MPa-m1/2) are required
for load-bearing applications [56]. The special alignment of the cancellous
bone structure, however, is able to dampen the sudden stress [1]. This unique
hierarchical structure of bone enables its self-repairing properties; bone can
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alter its geometry and material properties in response to changing external
load stimuli, and it undergoes a continuous remodeling process [56].

Trabecular
bone

Cortical bone

Fig. 7. A cross-sectional view of femur bone [83]

Table 4. Mechanical properties of human bones [1]

Test direction related to bone axis

Parallel Normal
Tensile strength (MPa) 124-174 49
Compressive strength (MPa) 170-193 133
Bending strength (MPa) 160
Shear strength (MPa) 54
Young's modulus (GPa) 7.0-18.9 11.5
20-27 (random)
Ultimate tensile strain 0.014-0.031 0.007
Ultimate compressive strain 0.0185-0.026 0.028
Yield tensile strain 0.007 0.004
Yield compressive strain 0.010 0.011

One of the main properties of describing mechanical properties of bone is
elastic modulus (usially of Young’s modulus). Given the complexity of the
bone structure, it is not surprising that values reported in the literature vary a
lot. A change in mineral content due to ageing of other reasons affects the
elastic, post-yield and ultimate properties of bone [82], [85].
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A general trend is the elastic modulus increases with mineral volume
fraction in a roughly linear correlation. Human enamel has a very high degree
of mineralization, and corresponding elastic modulus is about 80 GPa.

1.3.Synthetic calcium phosphates

Calcium phosphate (CaP) is the common name of a family of minerals
containing calcium cations together with phosphate anions, and sometimes
hydrogen or hydroxide ions. Synthetic calcium phosphate bioceramics are
widely used in the field of bone regeneration, both in orthopedics and in
dentistry, due to their good biocompatibility, osseointegration and
osteoconduction [37]. Among these calcium phosphate bioceramics, the most
used materials are calcium hydroxyapatite, tricalcium phosphate, octacalcium
phosphate, amorphous calcium phosphate, dicalcium phosphate and other.

1.3.1. Composition and stucture of calcium hydroxyapatite

Calcium phosphates with a Ca/P atomic ratio between 1.5 and 1.67 are
called apatites (e.g., hydroxyapatite or fluorapatite). The term apatite was
coined in 1786 by German geologist Abraham Gottlob Werner based on the
ancient Greek word “apatao”, which means “to mislead” [37]. Calcium
hydroxyapatite Caio(PO4)s(OH). (HA) is an inorganic mineral exhibiting a
typical apatite lattice structure namely (A1o(BO4)sX2) where A, B and X are
represented by Ca?*, PO,*, and OH-, respectively. Early X-ray diffraction
studies have shown HA having a crystalline hexagonal arrangement of Ca?*,
PO.* ions around columns of OH-ions. The crystal structure of HA belongs to
the six fold space group (P63/m) with unit cell dimensions of a=b=9.421 nm
and ¢=6.884 nm [86]. Fig. 8 represents a prospective view of a HA crystal unit
cell [87].

Pure HA contains 39.68 wt % calcium and 18 wt % phosphorus giving rise
to a Ca:P mole ratio of 1.67.

25



) @
' Ca4(PO,)s(OH),

Fig. 8. Structure of calcium hydroxyapatite.

1.3.2. Properties of calcium hydroxyapatite

Physical properties, such as surface morphological features, stoichiometry,
solubility of HA and other are very important for the biological properties
(bioactivity, osteoconductivity, osteoinductivity) of final implants. Due to its
poor mechanical properties (brittleness and inflexibility), the use of
hydroxyapatite as a substitute bone material is unfortunately limited to places
that are not subject to great tension [88]. On the other hand, a hydroxylapatite
material is a perfect component of composite implants with synthetic
polymers and biopolymers. Dense hydroxyapatite bioceramics, formed into
suitable shapes, may be used in the creation of implants for the middle ear and
eye (orbital implant), and are included in inner dialysis systems [89].
Hydroxyapatite is widely used as a coating of metallic implants for bones in
order to improve and accelerate the process of osseointegration [90].
Hydroxyapatite powder plays an important role in dentistry (e.g., in the
treatment of dental pulp and dentine hypersensitivity). Hydroxyapatite,present
in toothpastes and dental gels, reduces the deposition of accretions on teeth. It
can also be used as a component of dental cements and fillings. It is also worth
mentioning that microporous structures of hydroxyapatite can serve as carriers
of drugs supplying medicinal substances directly to a destination. Properties
of calcium phosphates, which influence biological processes including protein
adsorption, cell adhesion and cell differentiation are also important for
biological processes [87].
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Lager pore size and lower macroporosity show greater ingrowth of
biomaterial compared to bioceramics with smaller pore size and higher
macroporosity [91]. It was demonstrated that HA with pores ranging from 20
nm to 500 pm enhanced protein adsorption significantly. In addition, a larger
number of micropores also enhance the adsorption of proteins, such as
fibrinogen and insulin [87]. Besides, protein adsorption also depends on
surface charge and solubility of calcium phosphate bioceramics. Moreover,
the dissolution process also is affected by microporosity and macroporosity of
bioceramics. The dissolution increases with decreasing crystal size and
increasing microporosity and macroporosity [91].

One of the primary features of hydroxyapatite is its capacity for ion
substitution (i.e., ion exchange). This means that the locations for hydroxyl
ions may be occupied by ions of a similar size and charge, such as Cl~ or F.
In turn, the locations for calcium cations may be occupied by the ions Mg?*,
Mn?*, Sr2* or other [86], [88], [92]. An important aspect is also the possibility
of the substitution of ions with different charges. For example,it is possible to
exchange phosphate ions (—3) with carbonate ions (—2). Such a situation leads
to the creation of a positively charged vacancy, which is compensated for by
the simultaneous release of one cation of calcium (Ca?*) and one hydroxyl ion
(OH") [93]. This capacity for the ion exchange of hydroxyapatites has been
used recently in biomaterials engineering. One also uses the fact that the
introduction of even small quantities of some ions may cause
changes/improvements in biological, physicochemical, or mechanical
properties [94]-[96].

It should be emphasized that infections around bone implants comprise the
key problem for modern reconstruction surgery [60]-[63], [65], [97]-[100].
Therefore, implantation surgery seeks additional factors that increase the
antibacterial activity around introduced biomaterials. At present, a fairly
common tendency is to use the antibacterial properties of certain ions,
including silver (Ag*) [98], [99], [101] and copper (Cu?*) [102]-[105]. In
addition, one tries to look for the possibility of using other ions, such as cerium
Ce® [106]-[109], titanium Ti** [110], [111], manganese (Mn?*) [112], [113]
and strontium Sr?* [114], among others. The mechanisms of the antibacterial
activity of ions are not fully explained yet.
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1.3.3. Synthesis methods

The sol-gel synthesis route in combination with the dip-coating process,
represents an easy low cost and efficient route to coat large surfaces,
permitting also the tailoring of the microstructure from the chemistry of the
sol-gel synthesis [90]. In 1998 Gross et al. [115] demonstrated that calcium
hydroxyapatite (CHAp) coatings could be successfully synthesized through
the sol-gel technique, using calcium diethoxide and triethyl phosphite
dissolved in ethanol as starting materials. 1,2-ethanediol was used as
complexing agent in the sol-gel processing. It was concluded that the
production of thin homogeneous hydroxyapatite coatings by sol-gel method
on titanium substrates using alkoxide precursors required control of the aging
time and annealing temperature. Worth mentioning, that CHAp powders were
first time obtained through the sol-gel technique using alkoxides as starting
materials in 1990 [116]. The sol-gel method offers a molecular-level mixing
of the calcium and phosphorus precursors, which capable of improving extent,
in comparison with conventional methods. Besides, the sol-gel approach
provides significantly milder conditions for the synthesis of HA powders or
films. In the sol-gel synthesis of HA, calcium alkoxides or salts are frequently
using as calcium precursors. In most cases, phosphorus compounds — oxide,
triethylphosphate and triethylphosphite are employing as phosphorus
precursors in water or organic solvents phase. However a long period of the
sol-gel preparation time, 24 h or longer is commonly reported in literature as
required to form desirable product. This is because of slow reaction between
calcium and phosphorus precursors in the sol phase.

A number of methods have been used for HA powder synthesis. One of the
most widely used methods is wet precipitation, where chemical reactions take
place between calcium and phosphorus ions under a controlled pH and
temperature of the solution. The precipitated powder is typically calcined at
400-1000 °C in order to obtain a stoichiometric, apatitic structure. However,
fast precipitation during phosphate solution titration (to calcium solution)
leads to chemical inhomogeneity in the final product. Slow titration and
diluted solutions must be used to improve chemical homogeneity and
stoichiometry of the resulting HA. Careful control of the solution condition is
critical in the wet precipitation. Otherwise, a decrease of solution pH below
about 9 could lead to the formation of Ca-deficient HA structure [4].

The synthesis of HA requires a correct molar ratio of 1.67 between Ca and
P in the final product. A number of combinations between calcium and
phosphorus precursors were employed for sol-gel HA synthesis.
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1.4.Coating techniques

So far, a number of commercial techniques have been developed to create
the HAp coating on metallic implants, such as sol-gel dip and/or spin coating
(Figs. 9 and 10, respectively) [15], [96], [117]-[126], electrochemical
deposition (see Fig. 4) [17], [127]-[130], electrophoretic deposition (Fig. 11)
[119], [131]-[134], plasma spraying process (Fig. 12) [135]-[137], magnetron
sputtering technique (Fig. 13) [138]-[140], hot isostatic pressing (Fig. 14)
[141]-[143], pulsed laser deposition (Fig. 15) [143], [144] and biomimetic
deposition (Fig. 16) [145]. Amongst the techniques listed, only plasma
spraying due to its very good coating properties is commercially approved by
the Food and Drug Administration (FDA), USA for biomedical coatings on
implants [146]. However, HAp coating by plasma spray technique is also
limited. It is due to poor uniformity in coating thickness and its adherence to
substrate, phase impurity, and low crystallinity. Moreover, plasma spray
deposition is not able to produce a uniform HAp coating with complex
geometry.

— — = g
— = — e

Immersion Withdrawal Consolidation Cuﬁl?g
Drying Sintering

Fig. 9. Sol-gel dip-coating technique.
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Fig. 11. Electrophoretic deposition technique.

30



Powder injection M

Fig. 12. Plasma spraying technique.
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Fig. 16. Biomimetic deposition.

The summarized techniques used for the preparation of Hap coatings
demonstrate some advantages such as high deposition rates, formation of
uniform coating thickness on flat substrates, possibility to obtain dense and
porous coatings, a high reproducibility and reliability and high adhesion
properties. However, the sol-gel synthesis method is relatively cheap,
provides very thin and homogeneous coatings, the method is suitable to
fabricate thin films at low processing temperatures and can be used to coat
complex shapes and different substrates.
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2. EXPERIMENTAL
2.1 Materials and methods
2.1.1. Materials

Materials used for calcium hydroxyapatite coatings preparation are listed
in Table 5.

Table 5. List of reagents.

Reagent Chemical formula Purity Producer
Calcium acetate | . 11 c00), H0 | 99.9% Fluka
monohydrate
1,2- ethandiol C2HeO2 99.0 % Alfa Aesar

Ethylenediamine tetra [(HO.CCH2).NCH,CH

0
acetic acid (EDTA ,N(CH;CO,H) , 99.0 % Alfa Aesar

Triethylamine (HOCH2CH:)sN 99.0 % Merck
(TEA)
Phosphoric acid H3PO4 85.0 % Reachem
(concentration)
Calcium hydroxide Ca(OH) >95% Roth
Poly(vinyl [-CH.CHOH-] 99.5 % Aldrich

alcohol) (PVA 70000)

2.1.2. Methods
2.1.2.1. Synthesis of calcium hydroxyapatite thin films

The calcium hydroxyapatite coating solution was prepared using calcium
acetate monohydrate was as starting material. To the aqueous solution of
Ca(CHsCOO0); the 1,2-ethandiol was added. The obtained mixture was stirred
for 30 min at 65 °C. Then ethylenediaminetetraacetic acid was added, and
after 15 min triethanolamine (TEA) was slowly added. The solution was
stirred for 10 h. Then diluted phosphoric acid was added (Ca/P ratio was 1.67).
Finally, this solution was mixed by ratio 5:3 with PVA dissolved in distilled
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water. Composition - 0.003 mol Ca(CH3;C0OO);-H,0, 0.003 mol TilPro, 0.009
mol citric acid, 2.22 mol H,O and 0.00004 mol PVVA 70000, 5.39 mol H0.

For the fabrication of calcium titanate sublayers by sol-gel route the citric
acid was dissolved in distilled water and mixed with titanium (IV)
isopropoxide. The solution was stirred at 90 °C until titanium isopropoxide
was completely dissolved. In the next step, either calcium acetate
monohydrate (Ca(CH3zCOO),-H,0 or calcium hydroxide Ca(OH); as the Ca
source were added to the above solution. Therefore, two separate solutions
were prepared. Next, 1,2-ethandiol was added to the both solutions under the
stirring for 1 h at room temperature. Finally, these solutions were mixed with
PVA dissolved in distilled water.

A schematical diagrams of sol-gel preparation of calcium titanate sublayers
are shown in Fig. 17.

[ (ca(cH,c00), - H,0] | 1,2-ethandiol | [EDTA || TEA |
| | | |
Stirring for 10h Stirring at 90°C

| (Ca(CH,C00), - H,0|

or
1,2-ethandiol

Stirring for 1 h at

room temperature

Coating solution

Dip - coating

Coating solution
Dip - coating

| Annealing at 650°C for 5h |

| Annealingat 650°C for 5h |

Fig. 17. Schematical diagrams of sol-gel preparation of calcium titanate sublayers
(right) and calcium hydroxyapatite thin films (left).

2.1.2.1. Substrate cleaning and coating

All substrates were cleaned in an ultrasonic bath with acetone, ethanol and
distilled water sequentially.

For the accelerated route to obtain coatings, one dip-coating cycle
consisted of dipping the substrate and retrieving it, drying for 10 minutes in
200°C in dip-coater dryer and leaving for 110 minutes to reach temperature
equilibrium with the room repeated 5 times. After that, samples were heated
to 650 °C with temperature ramp of 1 °C/min and annealed for 5 h. The
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samples were left to cool to the room temperature within the furnace. The
formation of coatings on silica substrate was performed using a dip-coater
(Holmarc HO-TH-02B). The dipping rate of substrate was 85 mm/min and
lifting rate was 40 mm/min. The substrate was left in the gel solution for 20 s.

The standard route contained of immersing (85 mm/min) and withdrawal
(40 mm/min) for all the samples. The dipping procedure was repeatedly
performed 10, 20 and 30 times unless stated differently. Substrates were
annealed at 650°C for 5 h using the same temperature ramp of 1°C/min after
each dip-coating procedure. The samples were cooled to the room temperature
within the furnace.

Additionally, in some experiments the Ti substrates were heat-treated at
650°C for 5 h with temperature ramp of 1°C/min.

2.1.2.2. Instrumentation and characterisation techniques

The synthesis products were analyzed by X-ray diffraction (XRD, Rigaku
MiniFlex I1) analysis, scanning electron microscopy (SEM, Hitachi SU 70),
AFM measurements (Veeco Bioscope 2 atomic force microscope) and contact
angle measurements (KSV Instrument CAM 100).

FTIR spectra were recorded in transmission mode by using FTIR
spectrometer ALPHA (Bruker, Inc.), equipped with a room temperature
detector DLATGS. Spectra were acquired from 100 interferogram scans with
2 cm! resolution.

Raman spectra were recorded using inVia Raman (Renishaw, United
Kingdom) spectrometer equipped with thermoelectrically cooled (=70 °C)
CCD camera and microscope. Raman spectra were excited with 442 nm
radiation from He-Cd laser. The 50x/0.75 NA objective lens and 2400
lines/mm grating were used to record the Raman spectra. The accumulation
time was 400 s. To avoid damage of the sample, the laser power at the sample
was restricted to 0.8 mW. The Raman frequencies were calibrated using the
silicon standard according to the line at 520.7 cm™ and air O, (1555.0 cm™)
and N, (2330.1 cm™) bands. The high resolution Raman spectra were excited
with 632.8 nm He—Ne laser (1 mW power at the sample) and dispersed with
2400 lines/ mm grating. Spectral slit width near 1500 cm™ determined by
analysis of air Oz band was 3.4 cm™. Parameters of the bands were determined
by fitting the experimental spectra with Gaussian-Lorentzian shape
components using GRAMS/A1 8.0 (Thermo Scientific) software [147].

Thermogravimetric analysis of precursor gels was performed using Perkin
Elmer Pyris 1 TGA instrument.
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3. RESULTS AND DISCUSSION

3.1 Sol-gel derived porous and hydrophilic calcium
hydroxyapatite coating on modified titanium substrate

The results of thermogravimetric (TG) analysis of synthesized Ca-Ti-O
precursor gels are presented in Fig. 18. Three weight loss mechanisms in the
temperature ranges of 50-250 °C, 250430 °C and 430-650 °C can be
distinguished in the TG curves. In the first step, the weight loss (approximately
15%) is associated with evaporation of the adsorbed and structural water. In
the second stage the main decomposition of the gel occurs (45%) due to
thermal degradation of organic parts (ethylene glycol, PVA, citrates) present
in the gels. Finally, pyrolysis of the remaining constituents (about 20%) of the
gels between 430 and 650 °C takes place. No further weight loss could be
observed above 650 °C.

Interestingly, the TG curves Ca-Ti-O precursor gels obtained using
calcium acetate and calcium hydroxide as starting material are almost
identical. The TG/DTA curves of the Ca-P-O precursor gel are shown in Fig.
18. Again, in the first mass loss stage (about 15%) in the temperature range of
160-200 °C evaporation of moisture from the gel takes place. The main
decomposition of the gel with the mass loss of about 65% could be observed
up to 650 °C, similarly to the Ca-Ti-O gel.

Fig. 19. represents XRD patterns of HAp coatings fabricated on the Ti
substrate which was heat-treated before dip-coating procedure. The pre-
heating of Ti substrate was performed to create an initial titanium oxide layer
that would prevent further development of oxide layer during the formation of
the coatings.
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Fig. 18. TG/DTA curves of Ca-Ti-O precursor gels obtained using calcium acetate
(dotted line) and calcium hydroxide (solid line) as starting material (top) and
TG/DTA curves of Ca-P-O precursor gels (bottom).

The intensity of reflections attributable to the HAp phase increases with
increasing number of coating layers. Consequently, the intensity of the
diffraction peaks related to the Ti substrate monotonically decreases.
Evidently, the formation of TiO is suspended by the initial pre-heating
process of substrate at 650 °C for 5 h in air. The intensity of characteristic
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diffraction peaks of titanium oxide remains unchanged upon increasing the
number of dip-coating and annealing procedures.
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XRD patterns of HAp films on the pre-heated Ti at 650 °C for 5 h in air.

Diffraction peaks: * - (Cai0(PO4)s(OH)2 (PDF: 74-0566);
0 —TiO, (PDF: 73-2224); * - Ti (PDF: 44-1294).

For example, Fig. 20. represents XRD patterns of HAp coatings obtained
directly on cleaned titanium substrate without preliminary heating at elevated
temperatures. In this case, the HAp diffraction peaks are visible already after
10 coating procedures. Their intensity monotonically increases with
increasing number of layers up to 30 layers. Again, the intensity of diffraction
peak attributable to Ti decreased with increasing number of HAp layers.
However, the intensity of the peaks associated with TiO, phase evidently
increases, indicating the continuous growth of titanium oxide. These results
confirm the effect of pre-annealing procedure of Ti substrate to prevent further
development of titanium oxide layer during fabrication of the HAp coatings

(see Fig.

21) [148].

39



4 (o]
1 e | .
J l\ | * o
130 layers | /|. \. [| = ’f o o0
] v \«J R/ WL e_s_ 2o feh
> 1 (o}
Z ] -
o ] o | 2
£ 7] | * (o o)
9 20 layers e | . f.. I 1o 1 o
g M e oo s N0
A *
m -

(0]

10 layers

20(°)

Fig. 20. XRD patterns of HAp films on the Ti.
Diffraction peaks: ¢ - (Cai0(PO4)s(OH). (PDF: 74-0566);
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Figs. 22 and 23 represent XRD patterns of HAp coatings obtained on the
Ti substrates prepared with 10 sublayers of CaTiOj3 (calcium acetate was used
as Ca source). As evident, the peaks attributable to CaTiOs are clearly visible
after 10 coating cycles, however, along with CaTiOs, TiO: is present at the Ti
surface . The formation of HAp is visible after 10 dipping procedures. After
additional 10 coating cycles, the intensity of HAp diffraction peaks evidently
increased. The diffraction peaks attributable to CaTiOs; are not visible
anymore, as the sublayer of CaTiOs was fully covered by HAp. Moreover, it
appears that TiO- is also forming in the sol-gel processing when the Ti
substrate was not preheated before the formation of the CaTiOs sublayer (see
Fig. 22). The intensity of TiO; reflections increases with each step of dipping
in the HAp gel procedure. Thus, the initial formation of a sublayer of calcium
titanate on the Ti substrate did not prevent the formation of titanium oxide.
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Fig. 21. XRD patterns of Ti substrates repeatedly heated at 1000 °C for 5 h
with temperature ramp of 1 °C/min [148].

The situation is different, when the Ti substrate was pre-heated before the
formation of a calcium titanate sublayer. Apparently, the intensities of
diffraction peaks of TiO, remain unchanged with increasing number of HAp
layers up to 20 (see Fig. 23).

The same set of experiments was performed when calcium hydroxide was
used as Ca source to form a CaTiOgs sublayer on the Ti substrate. XRD patterns
of HAp coatings obtained on sublayers of CaTiOs (calcium hydroxide was
used as Ca source), which were fabricated on heat-treated and just cleaned
titanium substrate indicated that the formation of HAp proceeds independently
on the nature of the calcium starting material (see Figs. 24 and 25). The
intensity of reflections attributable to TiO, remains unchanged with increasing
the number of HAp coatings on the heat-treated Ti substrate (with CaTiOs
sublayer). However, the amount of TiO, increased monotonically when Ti
without initial pre-heating was used.
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Fig. 22. XRD patterns of HAp films on Ti (without initial pre-heating).
Diffraction peaks are marked: ¢ - (Cai0(PO4)s(OH), (PDF: 74-0566); 0 — TiO, (PDF:
73-2224); * - Ti (PDF: 44-1294); x — CaTiOs (PDF: 22-0153).
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Fig. 23. XRD patterns of HAp films on the pre-heated at 650 °C for 5 h in air.
Diffraction peaks: * - (Cai0(PO4)s(OH), (PDF: 74-0566); 0 — TiO; (PDF: 73-2224);

* - Ti (PDF: 44-1294).
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Fig. 24. XRD patterns of CHAp films on Ti (without initial pre-heating) with
CaTiO3 sublayer (derived from calcium hydroxide) annealed at 650 °C for 5 h in air.
Diffraction peaks are marked: * - (Cai0(PO4)s(OH)2 (PDF: 74-0566); 0 — TiO, (PDF:

73-2224); * - Ti (PDF: 44-1294); x — CaTiO3 (PDF: 22-0153).
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Fig. 25. XRD patterns of CHAp films on processed Ti (initially pre-heated) with
CaTiOj sublayer (derived from calcium hydroxide) annealed at 650 °C for 5 h in air.
Diffraction peaks are marked: * - CHAP (Ca10(PO4)s(OH). (PDF: 74-0566); 0 — TiO;

(PDF: 73-2224); * - Ti (PDF: 44-1294); x — CaTiOs (PDF: 22-0153).
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The morphology of coatings was investigated using scanning electron
microscopy (SEM). Fig. 26 shows the SEM micrographs of HAp obtained on
as-prepared for coating and thermally processed Ti substrates.
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Fig. 26. SEM micrographs of CHAp coatings obtained on Ti without initial pre-
heating (bottom) and on initially pre-heated (top): 10 (left) and 30 layers (right).

Obviously, the influence of pre-annealing of the substrate on the
morphology of HAp thin films is negligible. However, the formation of a more
porous surface with increasing number of layers is evident. On the other hand,
the surface morphology of coated Ti substrates with CHAp is quite different
in comparison with pure Ti substrate (see Fig. 27 [148]. As seen from Fig. 27,
the surface of titanium substrate consisted of the regular shaped crystallites
with a size of 3-10 um. The size of TiO; crystallites increases with increasing
the duration of annealing.
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Fig. 27. SEM micrographs of Ti substrates repeatedly heated at 1000 °C for 5 h
with temperature ramp of 1 °C/min: 5 times (at left) and 15 times (at right) [148].

As mentioned before, the CaTiO3 sublayer was synthesized using calcium
acetate and calcium hydroxide, respectively as starting materials on both pre-
heated and as-received Ti substrates. The SEM micrographs of the CaTiO3
sublayer and CHAp layer on CaTiOs sublayer obtained from calcium acetate
on heat-treated Ti substrates are shown in Fig. 28. The main morphological
features of calcium titanate are quite different compared to HAp.

The CaTiOs islands 2-3 um in size composed of spherical nanoparticles
have formed on the pre-heated Ti substrate. This type of surface morphology
disappeared after dipping this substrate 10 times to the Ca-P-O sol-gel
solution. Again, the formation of a porous HAp surface is observed. With
increasing number of HAp layers, however, the surface morphology of thin
films remains almost unchanged. The SEM micrographs of CaTiOs sublayer
and HAp on CaTiOs sublayer obtained from calcium hydroxide on just
cleaned Ti substrates are shown in Fig. 29. Apparently, after formation of the
HAp films the surface became flatter and more porous. The microstructure of
fabricated HAp is very similar to that observed for the HAp coating on Ti
substrate without initial pre-heating and without additional CaTiOs3 sublayer.
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Fig. 28. SEM micrographs of CaTiO3 obtained from calcium acetate on heat-
treated Ti substrate (bottom) and CHAp coatings prepared on CaTiOg3 sublayer: 10
layers (middle) and 20 layers (top).
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Fig. 29. SEM micrographs of CaTiO3 obtained from calcium hydroxide on Ti
substrate without initial pre-heating (top) and 20 layers of CHAp coatings prepared
on CaTiOs3 sublayer (bottom).

To estimate the wettability of the coatings obtained, contact angle

measurements (CAM) were performed. The results of these measurements are
summarized in Table 6.
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Table 6. Results of contact angle measurements (CA — contact angle).

CA with
Number of layers on | CA without CA with CaTiO3 CaTiOs
modified substrate sublayer sublayer from Ca(Ac)2 | sublayer from
Ca(OH),
10 75.96+1.22 62.90+1.88 83.44+0.41
20 76.42+2.54 76.18+5.87 71.57+6.14
30 66.22+8.05 72.50+1.53 80.55+3.84
Number of layers on
not modified
substrate
10 68.93+3.17 67.24+0.85 71.96+1.00
20 49.42+0.67 58.53+5.46 51.36+3.15
30 52.07+1.46 53.35+5.59 51.26+2.18

Interestingly, the hydrophobic properties are not dependent on a number of
CHAp layers up to 20. The contact angle of dip-coated samples on unheated
and pre-heated Ti substrates with and without CaTiOs sublayers remains
around 70 degrees. However, increasing the number of HAp layers to 30, the
contact angle decreased monotonically from ~70 down to 49.4-58.5 degrees.
This very interesting tendency could be related to the phase composition of
the CHAp films [149]. As evident from the XRD patterns, the crystallinity of
CHAp also increases significantly after obtaining 30 layers on the substrates.
So, the decrease of hydrophobicity is associated with formation of CHAp
crystallites with hydrophilic OH groups. The surfaces remained hydrophilic
after 30 immersing, withdrawal and annealing steps independent of the Ti
surface pre-treatment conditions. The increased hydrophilicity of CHAp-
coated Ti enhances a wettability of the coatings. Consequently, such coatings
can accelerate osteointegration, i. e. structural and functional connection
between living bone and the surface of a load-bearing artificial implant [149].

3.2 Sol-gel processing of calcium hydroxyapatite thin films
on silicon nitride (SizN4) substrate

The results of XRD analysis of CHAp coatings are presented in Fig. 30.
The XRD patterns of CHAp films on silicon nitride substrate without CaTiO3
sublayer show the formation of CHAp phase already after ten coating proce-
dures. The intensity of diffraction peaks attributable to the CHAp increases
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with increasing the number of coatings. Evidently, the CaTiOs; sublayer
formed on silicon nitride does not promote the formation of CHAp phase.
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Fig. 30. XRD patterns of CHAp films (top) and CHAp films with sublayer
(bottom) on silicon nitride substrate. Diffraction peaks: ¢ - (Cai0(PO4)s(OH), (PDF:
74-0566); 0 — SizN4; ¢ - CaTiOs3
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SEM micrographs of the CHAp coatings are presented in Figs. 31 and 32.
Evidently, the morphology of ten layers of CHAp and CaTiOs on silicon
nitride is different.

Fig. 31. SEM micrographs of CHAp coatings obtained on silicon nitride:
10 (left), 20 (right) and 30 (bottom) layers

The surface of CaTiOs sublayer (Fig. 32) totally flat and smooth, whereas the
formation of islands of CHAp (Fig. 31) on the surface of substrate is clearly
seen. In both cases (without and with sublayer) the surface morphology
changes with increasing amount of CHAp layers. The island structure remains
for the CHAp sample obtained after 20 coating procedures directly on the
silicon nitride substrate. However, the good connectivity between CHAp
grains is visible for the sample obtained on the substrate with calcium titanate
sublayer. Besides, the cracks on the coatings have formed in both cases. The
cracks become more visible for the CHAp coatings obtained after 30 dip-
coating cycles. The differences of the surface morphology of thicker coatings
disappeared, i.e., are not dependent on the sublayer structure. The both
coatings are slightly cracked, having smoother surface without formation of
islands.
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Fig. 32. SEM micrographs of coatings obtained on silicon nitride: 10 layers of
sublayer (left), 20 (middle) and 30 layers (right) CHAp on top.

The cracking could have been caused by thermal expansion mismatch
between the film and the susbtrate. As the films get more thicker they get more
vulnerable to the expansion and contraction. As we left our samples to cool in
furnace during procedure, this could potentially be avoided by controlled and
slower cooling. The coating thickness determined by SEM for the sample
obtained after 30 dip-coating cycles was about 2 pm.

The results obtained by SEM are in a good agreement with those obtained
by AFM measurements (Fig. 33).
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Fig. 33. AFM micrographs of CHAp films (left) and CHAp films with sublayer
(right): 10, 20 and 30 layers (accordingly from top to bottom)

52



The edges of cracks are evident in the AFM images of CHAp coatings
obtained after 20 and 30 dip-coating procedures. Moreover, the obtained
CHAp coatings are porous. The coatings should be porous for the medical
applications since the blood and related human fluids should have a possibility
to circulate through the material. However, the pore size is not crucial feature.

Figure 34 shows Raman spectrum of 30-layer coating on SisN4 substrate.
The most intense band at 962 cm™ belongs to v1 (A1) symmetric stretching
vibration of tetrahedral PO,*~ group [150]-[152]. Peak position of this band
indicates that studied compound is stoichiometric hydroxyapatite with molar
Ca/P ratio of 1.667 [150], [153]. Lower intensity bands near at 587 and 631
cm ! are associated with triple degenerate (F2 symmetry) asymmetric bending
modes va oOf phosphate group [151], [152]. The doubly degenerate (E
symmetry) symmetric deformation vibrational modes v, are visible near 432
cmt. Two bands located at 1045 and 1071 cm™ are assignable to triply
degenerate (F.) asymmetric stretching vibrational mode of phosphate group vs
[151], [152]. The low frequency bands (below 350 cm™?) might be associated
with translations of Ca?*,PO4*", and OH™ groups and vibrations of phosphate
group [153], [154]. In the high frequency spectral region the relatively broad
feature is visible at 3569 cm™. This band belongs to O—H stretching vibration
of hydroxyl group and immediately confirms hydroxylation of the studied
sample [153]-[156]. The width of the v1 band provides information on the
degree of crystallinity of the studied compounds [153], [156]. For this purpose
we recorded high resolution Raman spectra by using 632.8 nm excitation
wavelength and 2400 lines/mm grating. The width of v, band determined as
full width at half maximum (FWHM) was found to be 11.5 cm™. Similar
FWHM values were obtained for 10-layer (11.8 cm™) and 20-layer (11.7
cm™) deposited samples on SisNs substrate. Obtained FWHM values are
relatively high comparing with well-ordered crystalline structure of
hydroxyapatite (4-7cm™) [153], [156]. The FWHM value of O—H stretching
vibration was also relatively high (70.3 cm™), comparing with previously
reported values for hydroxyapatite (6-12 cm™?) [156]. Thus, presented Raman
data indicate that studied samples possess hydroxyapatite molecular structure;
although the long range arrangement is relatively disordered with dominant
nanocrystalline-like form. Interestingly, during sol-gel preparation of CHAp
thin films on silicon substrate, the formation of oxyhydroxyapatite
Cai10(PO4)s(OH)2—2Oy instead of CHAp was observed [87]. However, this
was not the case during fabrication of CHAp films on silicon nitride substrate.

53



o
I4cps 3 1 cps
D
©O
(9]
> o]
=
(72}
c
)
(0.
£
[ =
©
£
c | g 5
2 3
o=
o ~ <~
@ o
23 0 e -
\ W
1 1 1 1 1 L 1 1

200 400 600 800 1000 1200 3200 3400 3600
Wavenumber / cm™’ Wavenumber / cm™’

Fig. 34. Raman spectrum of sample containing 30 layers of Ca—P-O gel
deposited on SizN4 substrate in 200-1300 and 3100-3700 cm™ spectral regions.
Excitation wavelength is 442 nm (0.8 mW)

To estimate wettability of the coatings obtained, the contact angle
measurements (CAM) were performed. The results of these measurements are

summarized in Table 7.

Table 7. Contact angle results determined for CHAp coatings (n = 3).

Amount of . CaTiOj3 sublayer from
CHAp layers Without sublayer Ca(AC):
10 97.240.1 93.1+3.5
20 100.343.5 94.1+0.6
30 93.4+1 92.2+1.3

No significant differences could be observed between the CHAp coatings
fabricated without and with CaTiOg3 sublayer. The contact angles determined
for the synthesized specimens using 10, 20 and 30 immersion and withdrawal
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procedures were found to be in the range of 92-100°. The obtained results of
contact angle measurements show slight correlations between number of
layers and contact angle values of CHAp surfaces. However, the contact angle
slightly decreases for the CHAp films obtained after 30 coating procedures
possibly due to the formation of cracks and higher porosity. As seen, with
increasing number of layers up to 20, the hydrophobicity of surfaces
increased. Finally, the results presented in this study demonstrated that
suggested sol-gel process is perfectly suitable for the synthesis of calcium
hydroxyapatite on the silicon nitride substrate allowing to control phase purity
and morphological properties of CHAp. The obtained materials could be
effectively used as multifunctional delivery systems for biotechnological
applications [157], [158].

3.3 Accelerated fabrication of calcium hydroxyapatite
thin films on silicon substrate

The XRD results of CHAp coatings obtained by accelerated procedure are
presented in Fig. 35. The XRD patterns of CHAp films on silica substrate
show the formation of CHAp phase already after 1 coating cycle (5 dips).
However, using standard sol-gel procedure calcium hydroxyapatite phase on
silicon substrate along with minor amount of tricalcium phosphate could be
obtained only after 15 or 30 coating procedures [159].

SEM micrographs of the CHAp coatings are presented in Fig. 36. As seen,
a smooth homogenous surface with small grains is obtained after 1 coating
cycle. After 3 coating cycles, the surface is rougher, with bigger grains and
few cracks. This might be caused by thermal expansion mismatch between the
coating and the susbtrate. This more perfect microstructer could be obtained
by controlling the cooling procedure. The final sample, obtained after 6
coating cycles contains the biggest grains due to the increased number of
annealing procedures. The size of formed spherical particles (~100-200 nm)
is independent on the amount of used coating cycles. However, the
progressive changes in the surface morphology of CHAp films with increasing
the spinning time were observed when standard sol-gel procedure was used
for the fabrication of CHAp coatings [159]. Moreover, the silicon substrate
was completely coated by calcium hydroxyapatite plate-like crystals or
regular polygons with bigger particle size (300-400 nm) was determined from
the SEM micrographs (Fig. 37).
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Fig. 35. XRD patterns of CHAp films on silica substrate.
Diffraction peaks: ¢ - (Cai0(PO4)s(OH). (PDF: 74-0566); ¢ - Si.

The SEM results are in a good agreement with the results of contact angle
measurements. After the initial coating, the contact angle increased from 67°
(blank sample) to 85°. With the increasing number of coating cycles, the
contact angle decreased due to the existance of cracks on the surface and
higher porosity. Interestingly, in the sample prepared using standard sol-gel
procedure and containing 5 layers of CHAp the contact angle determined was
90.8° [159]. However, again with further increasing number of layers of
CHAp, the hydrophobic properties of films decreases or remain very similar.
So, the hydrophobic-hydrophilic properties of CHAp coating synthesized on
silicon substrate seem to be independent on the used synthesis method.

Fourier transform infrared (FTIR) spectroscopy in transmission mode
revealed that free PO’ ion belongs to tetrahedral (Tq) symmetry and its
vibrational spectrum consists from four modes; Raman-active totally
symmetric stretching vi (A1), Raman-active double degenerate symmetric
deformation v, (E), both infrared and Raman-active triply degenerate
asymmetric stretching vz (F2), and both infrared and Raman-active triply
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Fig. 36. SEM micrographs of CHAp coatings obtained on silica:
1 (A), 3 (B) 6 (C) coating cycles and blank sample (D).

degenerate asymmetric deformation v4 (F2) vibrational modes [151], [160],
[161]. Figure 38 compares FTIR spectra of different CHAp layers on Si
substrate. Peak positions and assignments of the bands are listed in Table 8.
Peak positions of the PO4*" coincide well with hydroxyapatite structure [150],
[162], [163]. In the high frequency region the sharp band due to O—H
stretching vibrations of OH™ ion is visible at 3571 cm™; thus confirming
presence of the hydroxyapatite crystal lattice. The width of v(OH) band
determined as full width at half maximum (FWHM) was found to be 15.5cm™
for 6 cycles sample. This value is slightly large comparing with previously
reported values for crystalline hydroxyapatite (6—12 cm™) [156]; however, is
considerable lower comparing with calcium hydroxyapatite film on SisNa
substrate (70.3 cm™).
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Fig. 37. SEM micrographs of CHAp coatings containing 1 layer (top, left), 5 layers
(top, right), 15 layers (bottom, left) and 30 layers (bottom, right) of Ca-P-O gels and
calcined at 1000 °C after each spin-coating procedure [159].

The relative amount of carbonate ions was evaluated by analysis of
integrated intensity ratios A(COs?)/A(PO,*") (Table 8). One can see that
relative amount of carbonate slightly increases with decreasing number of
deposited layers. The relative amount of hydroxyl ion remains similar for all
studied samples. Importantly, the hydroxyapatite structure is preserved even
for very thin (1 cycle — 5 dips) coating on Si, as clearly visible from the
presence of v(OH) peak near 3570 cm ™ (Figure 38).
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Fig. 38. FTIR absorbance spectra of annealed (650 °C, 5h) CHAp films
on Si substrate: (a) 6 cycles, (b) 5 cycles; (c) 3 cycles, and (d) 1 cycle.

Table 8. Infrared wavenumbers [cm™'] of CHAp films on Si substrate.

Mode,
Mode, molecular
rou 6 cycles 5 cycles 3 cycles 1 cycle molecular
group group
v1 (A1), POs* 961.3m 961.2m 959.8 m 958.8m 961.3m
vz (E), PO4* 473 vw 473 vw n.o. n.o. 473 vw
va (F2), PO 1031.2vs | 1030.6vs | 1029.0vs | 1028.1vs | 1031.2vs
312, T 1086 sh 1085 sh 1084 sh n.o. 1086 sh
570.4s 570.8 s 569.2's 567.8 s 570.4s
3_
va (F2), POs 601.8 s 602.2 s 601.1s 600.6 s 601.8's
1418 m, sh | 1419 m, sh | 1422 m, sh | 1420 m, sh | 1418 m, sh
vas(CO3), COz*~ 1459.8 m 1460.4 m 1460.3 m 1459.0 m 1459.8 m
15443 m 1543.9 m 1543.1 m 1541.1 m 1544.3 m
v(COs), COs*" 879.4m 879.4m 879.6 m 879.5m 879.4m
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Mode,
Mode, molecular
rou 6 cycles 5 cycles 3 cycles 1 cycle molecular
group group
overtones/
combination 1933.9w 1934.2 w 19359 w 1936.7 w 1933.9w
des. PO~ 20175w | 2017.0w | 20182w | 2017.0m 20175 w
modes, 4™, 22022w | 22020w | 22027w | 22023m | 22022 w
HPO4*~
_ 3545.6 vw | 3545.1vw | 3544.7vw | n.o. 3545.6 vw
v(OH) OH 3570.8 w 3570.4 w 3570.3w 3570.0 w 3570.8 w
vi (A1), PO 961.3m 961.2m 959.8 m 958.8m 961.3m

Abbreviations: n.o. — not observed; v — stretching; vas — asymmetric stretching; y — out
of plane deformation; vs — very strong; s — strong; m — middle; w — weak; vw — very
weak; sh —shoulder.
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CONCLUSIONS

1. Calcium hydroxyapatite (Caio(PO4)s(OH)2; CHAp) coatings on Ti
substrate were fabricated for the first time by modifying its surface by
a calcium titanate sublayer and/or pre-heating the substrate at elevated
temperatures before the coating procedure. The results of TG analysis
of synthesized Ca-Ti-O precursor gels obtained using calcium acetate
and calcium hydroxide as starting material were almost identical. The
main decomposition of the Ca-P-O precursor gel with the mass loss of
about 65% was observed up to 650 °C, similarly to the Ca-Ti-O gel.

2. It was determined that the intensity of reflections attributable to the
CHAp phase in the XRD patterns of fabricated films increased with
increasing number of coating layers. The formation of TiO, phase
which reduces adhesion of CHAp films was arrested by initial pre-
heating of the substrate at 650 °C for 5 h in air. Besides, the intensity
of reflections attributable to TiO remained unchanged with increasing
the number of CHAp coatings on the heat-treated Ti substrates with
CaTiOg3 sublayer.

3. It was also demonstrated that surface modification of Ti substrate did
not have any influence on the morphology of the CHAp thin films.
However, the formation of more porous surface with increasing
amount of layers was evident. Contact angle measurements showed
that with increasing the number of CHAp layers from 20 up to 30, the
contact angle decreased monotonically from ~70 to 49.4-58.5 °
indicating the formation of high quality of hydrophilic CHAp coatings.

4. Calcium hydroxyapatite coatings were fabricated from Ca—P-O sol-
gel solution for the first time to the best our knowledge on silicon
nitride (SizNa4) substrate. For comparison, the CHAp films were dip-
coated also on a silicon nitride substrate modified with calcium titanate
sublayer. From XRD results were observed that formation of CHAp as
single phase occurs after annealing of coatings with or without calcium
titanate sublayer in air atmosphere at 650 °C for 5 h. However, the
amount of deposited CHAp was found to be lower in the presence of
CaTiOg3 sublayer.

61



According to SEM micrographs and AFM images, it was found that
the morphological features of CHAp coatings were dependent on
number of layers of the end product. The formation of islands was
observed for the CHAp sample obtained after 20 coating procedures
directly on the silicon nitride substrate. However, the good
connectivity between CHAp grains was determined for the sample
obtained on the substrate with calcium titanate sublayer. The both
CHAp coatings obtained after 30 dip-coating cycles were slightly
cracked and porous, having smoother surface without formation of
islands.

The Raman spectroscopy data indicated that studied coatings on SisN.
substrate possess hydroxyapatite molecular structure and no formation
of oxyhydroxyapatite Caio(POs)s (OH)22xOx on silicon nitride was
observed. The contact angles determined for the synthesized
specimens using 10, 20, and 30 immersion and withdrawal procedures
were found to be in the range of 92-100° showing low level of
hydrophobicity.

Calcium hydroxyapatite thin layers were fabricated from Ca-P-O sol-
gel solution on silica (Si) substrate using improved dip-coating
method. This suggested technique allowed to achieve desired results 4
times faster in comparison with previously suggested processing.

XRD results confirmed the formation of CHAp as single phase after
annealing of coatings in air atmosphere at 650 °C for 5 h. SEM
micrographs of the CHAp surfaces revealed the formation of smooth
and homogenous coatings with small grains. The size of formed
spherical particles (~100-200 nm) was independent on the amount of
used coating cycles.

The spectroscopic data also indicated the presence of ordered
crystalline structure of hydroxyapatite film. The SEM results were in
a good agreement with the results of contact angle measurements.
After the initial coating, the contact angle increased from 67° (blank
sample) to 85°. With the increasing number of coating cycles, the
contact angle decreased due to the existance of cracks on the surface
and higher porosity.
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SANTRAUKA
1. IVADAS

Sintetinés medziagos, naudojamos kurti implantus, dazniausiai biina
biologiskai inertiskos, o jy fizikinés savybés skiriasi nuo nattralaus kaulo. Tai
prailgina implanto jsisavinimo laikg. Dél fiziniy savybiy nesuderinamumo,
nuolauzy kaupimosi ar kity priezas¢iy implantai per laikg biina atmetami, ir
pacientui atliekama pakartotina operacija. Senstant populiacijai $iy procediiry
reikés vis daugiau.

Kalcio hidroksiapatitas ((Caio(PO4)s(OH)2-CHAp) yra viena pagrindiniy
nattralaus kaulo sudedamyjy daliy. Implanty dengimas sintetiniu kalcio
hidroksiapatitu, sukuriant tarpinj sluoksnj tarp implanto ir kaulo, yra logiskas
kelias sprendziant anks¢iau jvardintas problemas. Tai leisty greitesnj implanto
Isisavinima ir fiziniy savybiy suderinamuma.

Plazmos purskimas yra vienintelis patvirtintas Maisto ir vaisty
administracijos JAV (FDA) biomedicininiy prietaisy dengimo bidy.
Nepaisant to jis turi savy trikumy — dél naudojamos aukstos temperatiiros
proceso valdymas yra sudétingas. Sunku gauti homogeniSkas, gerai
sukibancias su padéklu, norimo sluoksnio storio dangas. Taip pat kyla
problemy dengiant sudétingy formy objektus. Dél Siy priezasCiy
susidoméjimas naujy medziagy, tinkamy implantams, dangy gamybos ir
dengimo biidais yra nuolat augantis.

Sios disertacijos tikslas yra kalcio hidroksiapatito plony sluoksniy tikslinis
dizainas ant skirtingy padékly. Dangy gavimas ant modifikuoty pavir$iy ir
skirtingy padékly yra Sio darbo isskirtinumas ir naujumas. Siam tikslui
pasiekti iskelti Sie uzdaviniai:

1. Modifikuoti titano (Ti) padéklo pavirsiy ir ant jo zoliy-geliy metodu gauti
porétas bei hidrofilines kalcio hidroksiapatito dangas.
2. Susintetinti ir apibudinti kalcio hidroksiapatito dangas and silicio nitrido

(SizN4) padéklo.

3. Sukurti greitesnj kalcio hidrosiapatito plony sluoksniy gavimo buda.
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2. EKSPERIMENTO METODIKA

Eksperimento metodikos skyrius yra sudarytas i§ dviejy poskyriy ir yra
skirtas apraSyti atliko darbo eksperimentinius ypatumus. Visa metodika yra
detaliai iSdéstyta disertacijos antrajame skyriuje. Pirmame poskyryje yra
iSvardintos cheminés medziagos, naudotos sintezei. Antrajame poskyryje yra
iSdéstyta visa eksperimento metodika, zoliy-geliy sintezés metodika, padékly
paruoSimas ir susintetinty medziagy sudéties, morfologijos bei kity savybiy
tyrimams naudota jranga.

3. REZULTATAIIR JUU APTARIMAS

3.1 Poréto ir hidrofilinio kalcio hidroksiapatito dangos gavimas ant
modifikuoto titano padéklo zoliy—geliy metodu

Ca-Ti-O pirmtako geliy termogravimetrinés analizés rezultatai pateikti
Ipav. Matome tris masés netekties sritis: ties 50-250 °C, 250430 °C ir 430—
650 °C. Pirmoji sritis (mazdaug 15%) priskiriama adsorbuoto ir struktiirinio
vandens pasiSalinimui. Antrojoje srityje (mazdaug 45%) masé mazéja dél
organiniy medziagy terminio skilimo (etilenglikolis, PVA, citratai).
Paskutiniame etape suskyla likusios organinés medziagos. Masés netekties
vir§ 650 °C nepastebéta. Ca-Ti-O pirmtaky geliy terminis skilimas
nepriklauso nuo to, ar sintezé€s metu naudojamas kalcio acetatas, ar kalcio
hidroksidas.
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1 pav. Ca-Ti-O pirmtaky geliy, susintetinty naudojant kalcio acetata (taskiné linija)
ir kalcio hidroksida (iStisiné linija) (virSuje), ir Ca-P-O pirmtaky geliy (apacioje)
TG/DTA kreivés.

Ca-P-O pirmtako gelio termogravimetrinéje kreivéje matoma masés

netektis (apie 15%) temperatiry intervale 160-200 °C dél drégmés
pasisalinimo, o pagrindinis gelio skilimas (apie 65%) yra stebimas iki 650 °C.
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2 pav. pavaizduotos CHAp dangy, gauty ant Ti padékly, kurie, prie§
dengima jmerkimo biidu, buvo iskaitinti, rentgeno spinduliy difraktogramos.
Padékly kaitinimas buvo atliktas norint sukurti titano oksido sluoksnj, kuris
neleisty oksido sluoksniui susidaryti formuojant CHAp dangas.
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2 pav. CHAp dangy, gauty ant iskaitinto Ti (650 °C, 5 h ore), Rentgeno spinduliy
difraktogramos. Difrakcinés smailés: ¢ - (Ca1o(PO4)s(OH), (PDF: 74-0566); 0 — TiO;
(PDF: 73-2224); * - Ti (PDF: 44-1294).

Smailiy, priskiriamy CHAp fazei, intensyvumas didéja didéjant sluoksniy
skaiCiui. O smailiy, priskiriamy TiO,, intensyvumai mazéja. Galima daryti
iSvada, kad TiO; susidarymas yra slopinamas dél pradinio padéklo
modifikavimo — kaitinimo 650 °C 5 val. ore prie§ dengiant CHAp. Titano
oksido difrakcijos smailiy intensyvumas didéjant CHAp sluoksniy skaiciui
lieka nepakites.

3 pav. pavaizduota CHAp dangy rentgeno spinduliy difraktogramos,
gautos ant nuvalyto titano padéklo, jo nekaitinant pries dengima. Siuo atveju,
CHAp difrakcinés smailés atsiranda jau po 10 sluoksniy. Jy intensyvumas
didéja didéjant sluoksniy skaiciui. Ti priskiriamos difrakcijos smailiy
intensyvumas maz¢ja, taciau TiO; fazés difrakciniy smailiy intensyvumai
didéja. Tai liudija tolimesnj titano oksido susidaryma. Sie rezultatai patvirtina,
kad dengiant titana CHAp sluoksniais, Ti iSkaitinimo procediira stabdo
tolimesnj titano oksido sluoksnio augima.
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3 pav. CHAp sluoksniy, gauty ant Ti padéklo, Rentgeno spinduliy difraktogramos.
Difrakcinés smailés: ¢ - (Caio(PO4)s(OH), (PDF: 74-0566); 0 — TiO, (PDF: 73-
2224); * - Ti (PDF: 44-1294).

4 ir 5 pav. atvaizduota CHAp dangy, gauty and Ti padéklo, padengto 10
sluoksniy CaTiOs (pasluoksnis) (kalcio acetatas buvo naudotas Ca Saltiniu).
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4 pav. CHAp dangy, gauty ant Ti (be pradinio iskaitinimo) padékly su CaTiO3
pasluoksniu (kalcio acetatas kaip Ca Saltinis), rentgeno spinduliy difraktogramos.
Difrakcijos smailés: ¢ - (Cai0(PO4)s(OH). (PDF: 74-0566); o0 — TiO, (PDF: 73-
2224); * - Ti (PDF: 44-1294); x — CaTiOs (PDF: 22-0153).
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5 pav. CHAp dangy, gauty ant Ti (kaitinto 650 °C 5 h ore) padékly su CaTiO3
pasluoksniu (kalcio acetatas kaip Ca Saltinis), rentgeno spinduliy difraktogramos.
Difrakcijos smailés: ¢ - (Cai0(PO4)s(OH). (PDF: 74-0566); o — TiO. (PDF: 73-
2224); * - Ti (PDF: 44-1294); x — CaTiOs (PDF: 22-0153).

Galima pastebéti, kad CaTiOs priskiriamos smailés yra matomos po 10
dengimo cikly, taciau kartu pastebimas yra TiO; biidingos smailés. CHAp
susidarymas taip pat matomas jau po 10 pamerkimo ir i§kaitinimo procediiry.
Po papildomy 10 cikly, CHAp priskiriamy smailiy intensyvumas did¢ja,
taciau CaTiOs charakteringy smailiy daugiau nebepastebime. Galima teigti,
kad CaTiOs pasluoksnis buvo padengtas CHAp. TiO; priskiriamy smailiy
intensyvumas, kai buvo naudotas neiskaitintas padéeklas, irgi did¢ja. Galima
teigti, kad kalcio titanato pasluoksnis titano oksido susidarymo nesustabdo
(4 pav.). Taciau, kai Ti padéklas prie§ dengiant kalcio titanato pasluoksnj buvo
iSkaitintas, buvo gauti kitokie rezultatai. Titano oksido smailiy intensyvumas
i8liko nepakites iki 20 dengimo cikly (5 pav.).

Toks pat eksperimentas buvo atliktas CaTiOz pasluoksnio gamybai ant Ti
padéklo Ca saltiniu naudojant kalcio hidroksida. IS gauty CHAp dangy,
dengty ant kalcio titanato pasluoksnio (ant iSkaitinto arba tik nuvalyto Ti
padéklo), rentgeno spinduliy difraktogramy matoma, kad CHAp susidarymas
yra analogiSkas, t. y. nepriklauso nuo Ca Saltiniu naudotos medziagos (6 ir
7 pav.).
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Dangy morfologijos ypatumai yra pavaizduoti SEM nuotraukose (8 pav.).
Vizualiai skirtumo tarp dangy, gauty ant iSkaitinto ar neiSkaitino padéklo
nesimato. Taciau did¢jant sluoksniy skaiCiui did¢ja pavirSiaus porétumas.
9 pav. pavaizduotos CaTiOs pasluoksnio, naudojant kalcio acetata arba kalcio
hidroksida, ir ant pasluoksnio dengto CHAp, SEM nuotraukos. Kalcio titanato
morfologija gerokai skiriasi nuo CHAp dangy. CaTiOs pavir$ius ant iSkaitinto
Ti yra sudarytas i§ 2-3 pum dydzio saleliy, kurios sudarytos i§ sferiniy
nanodaleliy. Si morfologija pasikei¢ia po 10 dengimo cikly — pradedamas
matyti porétas CHAp pavirSius. Po dar 10 sluoksniy CHAp pavirSiaus
morfologija iSlieka beveik tokia pati.
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6 pav. CHAp dangy, gauty ant Ti (be pradinio iSkaitinimo) su CaTiO3 pasluoksniu
(gauto i$ kalcio hidroksido), rentgeno spinduliy difraktogramos. Difrakcijos
smailés: ¢ - (Caio(PO4)s(OH)2 (PDF: 74-0566); 0 — TiO;, (PDF: 73-2224); * - Ti
(PDF: 44-1294); x — CaTiO3 (PDF: 22-0153).
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7 pav. CHAp dangy, gauty ant Ti padéklo (iSkaitinto) su CaTiOs pasluoksniu (gauto
i§ kalcio hidroksido), rentgeno spinduliy difraktograma. Difrakcijos smailés:
* - CHAP (Ca10(PO4)s(OH). (PDF: 74-0566); 0 — TiO, (PDF: 73-2224);
*-Ti (PDF: 44-1294); x — CaTiO; (PDF:22-0153).
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8 pav. CHAp dangy, gauty ant iskaitinto Ti (virSuje) ir neiskaitinto Ti (apacioje)
padékly, SEM nuotraukos: 10 sluoksniy (kairéje) ir 30 sluoksniy (deSinéje).
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10 pav. pavaizduotos analogiskos CHAp gauto su CaTiO3 pasluoksniu ant
neiskaitinto Ti, SEM nuotraukos. CHAp dangos akivaizdZziai yra lygesnés ir
labiau porétos. Mikrostruktiira yra labai panasi | CHAp dangos, gautos ant
neiskaitinto Ti ir be kalcio titanato pasluoksnio.

Dangy drékinimo savybés buvo tiriamos matuojant kontaktinj kampa.
Rezultatai apibendrinti 1 lenteléje. Jdomu pastebéti, kad hidrofobinés savybés
nepriklauso nuo CHAp sluoksniy skaiciaus iki 20 sluoksnio. Méginiy ant
iSkaitinto ar neiSkaitinto padékly, su pasluoksniu arba be jo, kontaktinis
kampas yra mazdaug 70 °. Taciau padidinus sluoksniy skaiciy iki 30,
kontaktinis kampas sumazéja nuo iki 49-59 °.

-
=

. e
SU70.5 0KV, 14.5Smmgd 00K SE(L)

S#20 50Ky 17-7mm %590k SE(L)

9 pav. CaTiOs dangos ant iSkaitinto Ti padéklo (apacioje) ir CHAp dangy
ant §io pasluoksnio (10 sluoksniy (viduryje) ir 20 sluoksniy (virSuje)),
SEM nuotraukos.
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10 pav. CaTiO3 dangos ant neiskaitinto Ti padéklo (kair¢je) ir CHAp dangos
ant Sio pasluoksnio (20 sluoksniy), SEM nuotraukos.

1 lentelé. Kontaktinio kampo matavimo rezultatai (CA — kontaktinis kampas,
SD - standartinis nuokrypis).

Sluoksniy skai¢ius CA su CaTiO3 CA su CaTiO3
o CA be o I
ant modifikuoto asluoksnio pasluoksniu i§ pasluoksniu i§
padéklo P Ca(Ac) Ca(OH);
10 75,96x1,22 62,90+1,88 83,44+0,41
20 76,42+2,54 76,18+5,87 71,57+6,14
30 66,22+8,05 72,50+1,53 80,55+3,84

Sluoksniy skai¢ius
ant nemodifikuoto

padéklo
10 68,93+3,17 67,24+0,85 71,96x1,00
20 49,42+0,67 58,53+5,46 51,36+3,15
30 52,07+1,46 53,35+5,59 51,26+2,18

3.2 Kalcio hidroksiapatito plony sluoksniy ant silicio nitrido (SizNa)
padéklo sintezé zoliy—geliy metodu

CHAp dangy be ir su pasluoksniu, gauty ant silicio nitrido padéklo,
difraktogramos yra pavaizduotos 11 pav. CHAp fazés susidarymas pastebimas
jau po 10 dengimo cikly. Difrakcijos smailiy intensyvumas didéja didinant
sluoksniy skaiciy.

CHAUp ir kalcio titanato dangy SEM nuotraukos yra pavaizduotos 12 ir 13
pav. Matoma, kad kalcio titanato ir kalcio hidroksiapatito 10 sluoksniy dangy
morfologijos skiriasi. CaTiOs pasluoksnio pavir§ius (13 pav.) yra lygus, o
CHAp pavirSius yra sudarytas i§ saleliy. Visais atvejais dangose susidaro
itrikimai, kurie rySkéja didéjant sluoksniy skaiCiui. Dangy trukingjima
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greiCiausiai sukélé terminio plétimosi tarp dangos bei padéklo
nesuderinamumas. Kuo storesnis sluoksnio storis, tuo danga tampa maziau
atspari plétimuisi ir susitraukimui. Sio eksperimento atveju méginiai buvo
palickami atausti krosnyje. Tiksliau kontroliuojant temperatiirg greiciausiai
buity galima gauti vientisas dangas. SEM tyrimais nustatyta, kad dangos po 30
dengimo cikly storis buvo mazdaug 2 pm.
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11 pav. CHAp dangy, gauty ant silicio nitrido, rentgeno spinduliy difraktogramos:
be pasluoksnio (virSuje) ir su pasluoksniu (apacioje). Difrakcijos smailés: * -
(Calo(PO4)6(OH)2 (PDFZ 74-0566); 00— Si3N4; ¢- CaTi03.
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12 pav. CHAp dangy ant silicio nitrido be pasluoksnio SEM nuotraukos: 10 (kair¢),
20 (desiné) ir 30 (apacioje) sluoksniy.

13 pav. CaTiOjz pasluoksnio ant silicio nitrido (kair¢) ir CHAp dangy ant
pasluoksnio (10 (desing) ir 20 (apacioje) sluoksniy) SEM nuotraukos.
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SEM rezultatus patvirtino ir atominés jégos mikroskopijos matavimy
duomenys (14 pav.).

1760 v

1158 ree

N0

14 pav. CHAp dangy (kairéje) ir CHAp dangy ant pasluoksnio (desinéje) AFM
nuotraukos: 10, 20 ir 30 sluoksniy (nuo virSaus i apacia).

Kaip matome i§ AFM nuotrauky, po 20 ir 30 sluoksniy pastebimi jtrukimai.

Taip pat galima teigti, kad CHAp dangos yra porétos.
15 pav. pavaizduotas CHAp dangos, gautos po 30 dengimo cikly ant silicio

nitrido padéklo, Ramano spektras.
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15 pav. CHAp dangos, gautos po 30 dengimo cikly ant silicio nitrido padéklo,
Ramano spektras 200-1300 ir 3100-3700 cm ™ spektro srityse. Suzadinimo bangos
ilgis - 442 nm (0.8 mW).

Intensyviausia juosta ties 962 cm™ priskiriama PO4*~ grupei. Jos padétis
leidzia teigti, kad junginys yra stechiometrinis hidroksiapatitas, kuriame Ca ir

P molinis santykis yra 1,667.
Norint nustatyti méginiy drékinimo savybes buvo matuotas kontaktinis

kampas. Rezultatai pateikti 2 lenteléje.

2 lentelé. Kontaktinio kampo matavimy rezultatai CHAp dangoms (n = 3).

CHAp. . CaTiO; pasluoksnis i$
sluoksniy Be pasluoksnio
e Ca(Ac)2
skaiCius
10 97,240,1 93,1+3,5
20 100,3+3,5 94,1+0,6
30 93,4+1,0 92,2+1,3
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CHAp méginiy, susintetinty su kalcio titanato pasluoksniu ir méginiy be
pasluoksnio, iSmatuotos kontaktinio kampo vertés yra gana artimos. Dangy su
10, 20 ir 30 sluoksniais nustatytas kontaktinis kampas kito nuo 92 iki 100°.
Reikia pastebéti, kad kontaktinis kampas nezymiai sumazéja, kai sluoksniy
skaiCius yra 30. To priezastimi gali biiti labiau jtriikusiy dangy susidarymas.

Sio tyrimo metu nustatyta, kad zoliy-geliy metodas puikiai tinka kalcio
hidroksiapatito dangoms ant silicio nitrido gauti. Si sintezés metodologija
leidzia kontroliuoti dangy fazinj grynuma ir morfologines savybes.

3.3 Pagreitintas kalcio hidroksiapatito plony sluoksniy gavimas
ant silicio padéklo zoliy—geliy metodu

CHAp dangy, gauty ant silicio padéklo pagreitintos procediros keliu,
rentgeno spinduliy difraktogramos yra pavaizduotos 16 pav. Akivaizdu, kad
CHAp faz¢ formuojasi jau po 1 dengimo ciklo (5 pamerkimai).

Gauty dangy SEM nuotraukos pateiktos 17 pav. Matyti, kad susidaro
homogeniskas, lygus CHAp dangy pavirSius su mazomis granulémis jau po
vieno dengimo ciklo. Padidinus dengimo cikly skaiciy, pavirSius tampa
Siurkstesnis, susidarant didesnémis granulémis ir keliais jtrikimais.

*

6 dengimo
ciklai

L] - |

3 dengimo
ciklai

| ":\M _‘_;u: v |Nv‘-..M .

e ——

*

|
1 dengimao |
1 . ciklas
."I‘.\"—‘-!\-\.._ ——

St S —
e, T —
. e U

Blankas

MM

Santykinis intensyvumas

25 30 35 40 45 50 55
20

16 pav. CHAp dangy, gauty ant silicio padéklo pagreitintu biidu, rentgeno spinduliy
difraktogramos. Difrakcinés smailés: * - (Caio(PO4)6(OH), (PDF: 74-0566); ¢ - Si.
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17 pav. CHAp dangy, gauty ant silicio padéklo, SEM nuotraukos.
Dengimo cikly skaicius: 1 (A), 3 (B) 6 (C) ir 0 (D).

Tai gali buti dél terminio plétimosi tarp dangos ir padéeklo
nesuderinamumo. Po 6 dengimo cikly susidaro didZiausio granulés.

SEM rezultatai sutampa su kontaktinio kampo matavimo rezultatais. Po
pradinio dengimo kontaktinis kampas padidéjo nuo 67° (padéklas) iki 85°.
Daugéjant sluoksniy skaiCiui, kontaktinis kampas mazéjo dél jtrikimy
susidarymo ir pavirSiaus porétumo didéjimo.

CHAp dangy ant silicio padéklo FTIR spektrai pateikti 18 pav.
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18 pav. CHAp dangy ant silicio padéklo FTIR spektrai: (a) 6 ciklai, (b) 5 ciklai;
(c) 3 ciklai ir (d) 1 ciklas.

Nustatyta, kad laisvas PO4*~ jonas priklauso tetrahedrinei (Tq4) simetrijai.
Absorbcijos juosty priskyrimas virpesiams yra pateiktas 3 lenteléje. PO4>
smailiy padétys sutampa su charakteringomis padétimis, biidingomis
hidroksiapatito struktiirai.

Auksty dazniy srityje ties 3571 cm™® stebima smaila O-H virpesiy
absorbcijos juosta. Sis rezultatas patvirtina, jog hidroksiapatito kristalinéje
gardeléje yra hidroksidas. Santykinis karbonato jony kiekis buvo nustatytas
integruoto intensyvumo analizés metodu A(CO3* )/A(POs*") (3 lentelé). I8 jos
galima matyti, kad santykinis karbonato kiekis Siek tiek mazéja didéjant
sluoksniy skaiciui. Santykinis hidroksido jony kiekis islicka toks pat visuose
tirtuose meéginiuose. Svarbu paminéti, kad hidroksiapatito struktiira islieka
visuomet, nepriklausomai nuo dangos ant Si padéklo storio.
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3 lentelé. CHAp dangy ant Si padéklo FTIR absorbcijos juostos.

Molekuliné grupé | 6 ciklai 5 ciklai 3 ciklai 1 ciklai Moda
vi (A1), PO~ 961,3m 961,2m 959,8 m 958,8 m 961,3m
vz (E), PO4* 473 vw 473 vw n.o. n.o. 473 vw
vz (F2), POs* 1031,2 vs 1030,6 vs 1029,0 vs 1028,1 vs 1031,2 vs
1086 sh 1085 sh 1084 sh n.o. 1086 sh
vq (F2), POs* 570,4 s 570,8 s 569,2 s 567,8 s 570,4 s

601,8 s 602,2 s 601,1s 600,6 s 601,8 s
vas(COs3), CO3z%~ 1418 m, sh | 1419 m,sh | 1422 m,sh | 1420 m, sh | 1418 m, sh
1459,8 m 1460,4 m 1460,3 m 1459,0 m 1459,8 m
15443 m 15439 m 1543,1m 1541,1m 1544,3 m

v(CO3), COs*~ 879,4m 879,4m 879,6 m 879,5m 879,4m
vir§toniai/ 19339 w 1934,2 w 19359 w 1936,7 w 19339 w
kombinuoti 20175w | 2017,0w | 20182w | 2017,0m | 2017,5w
rezimai, POS-, | 22022w | 22020w | 22027w | 22023m | 22022w
HPO4>
v(OH) OH™ 3545,6 vw | 3545, 1vw | 3544,7vw | n.o. 3545,6 vw
3570.8 w 3570,4 w 3570,3 w 3570,0 w 3570,8 w
vi (A1), PO~ 961,3m 961,2m 959,8 m 958,8 m 961,3m

Santrumpos: n.0. — nestebéta; v — iSsitempimas; vas — asimetrinis i$sitempimas; y —
neplok$tuminé deformacija; vs — labai stipri; s — stipri; m — vidutiné; w — silpna; vw —
labai silpna; sh —petys.

ISVADOS

1. Pirmg kartg zoliy-geliy metodu buvo gautos kalcio hidroksiapatito
(Ca10(PO4)s(OH)2; CHAp) dangos ant titano padéklo, pries dengima
iSkaitinus titano pavirSiy ir/ar susintetinus kalcio titanato pasluoksnj. Ca-
Ti-O pirmtako gelio termogravimetrinés analizés rezultatai parodé, kad
pradine kalcio medziaga gali buti naudojami kalcio acetatas ir kalcio
hidroksidas. Ca-P-O pirmtako gelio, panaSiai kaip ir Ca-Ti-O gelio,
pagrindiné masés netekimo sritis stebéta ties 650 °C, kada netenkama apie
65% mases.

2. Nustatyta, kad CHAp fazei priskiriamy rentgeno spinduliy difrakciniy
atspindziy intensyvumas didéja didé¢jant sluoksniy skaiciui. TiO: fazés
susidarymas, kuri mazina CHAp adhezija, gali buti nuslopintas Ti padékla
iSkaitinant 650 °C temperatiiroje, 5 h ore prie§ dengiant dangas. Be to,
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titano oksidui priskiriamy atspindziy intensyvumas iSlieka nepakites
dengiant dangas ant iskaitinto Ti su kalcio titanato pasluoksniu.

. Pademonstruota, kad Ti padéklo pavirSiaus modifikavimas netur¢jo jtakos
CHAp plony dangy morfologijai. Didinant sluoksniy skai¢iy pastebéta,
kad dangos tampa porétesnés. Kontaktinio kampo matavimai parode, kad
susidaro hidrofilineés CHAp dangos, ir kad didinant sluoksniy skaiciy nuo
20 iki 30, kontaktinis kampas mazéja nuo ~70 ° iki 49,4-58,5°.

. Pirma karta kalcio hidroksiapatito dangos buvo susintetintos ant silicio
nitrido padéklo substrato. CHAp dangos and silicio nitrido su kalcio
titanato pasluoksniu ir be jo buvo gautos zoliy-geliy metodu. IS rentgeno
spinduliy difrakcinés analizés rezultaty nustatyta, kad CHAp formuojasi
nepriklausomai, ar pasluoksnis yra, ar jo néra, méginius iskaitinant 5 h 650
°C temperattiroje. Reikia pastebéti, kad méginiuose su CaTiO3 pasluoksniu
CHADp susidaré¢ maziau.

. I§ SEM ir AFM nuotrauky nustatytos CHAp dangy morfologinés savybés.
Pastebéta, kad jos priklauso nuo sluoksniy skaiciaus. Dengiant tiesiai ant
silicio nitrido padéklo (be pasluoksnio), po 20 sluoksniy pastebétos
susidarancios salelés. Méginiuose su kalcio titanato pasluoksniu pastebéta,
kad salelés yra labiau sukibusios. Po 30 sluoksniy abiem atvejais méginiy
pavirSius pasidaro porétas ir sutriikingjes, pavirsiuje salelés nebesusidaro.
. Ramano spektroskopijos duomenys jrodé, kad dangos ant silicio nitrido
pasizymi kalcio hidroksiapatito molekuline struktiira. Oksihidroksiapatito
Caio(PO4)s(OH)2 2xOx susidarymo nepastebéta. Zemo hidrofobigkumo
dangy nustatytas kontaktinis kampas po 10, 20 ir 30 dengimo cikly buvo
tarp 92-100°.

. Kalcio hidroksiapatito ploni sluoksniai buvo susintetinti i§ Ca-P-O zolio-gelio
ant silicio padéklo jmerkimo budu, naudojant pagreitintg technologija. CHAp
dangos gautos 4 kartus grei¢iau nei jprastine procediira.

. CHAp fazés susidarymas po meéginiy iskaitinimo 5 h ore 650 °C
temperatliroje buvo patvirtintas rentgeno spinduliy difrakcinés analizés
duomenimis. CHAp pavirSiaus SEM nuotraukos parod¢, kad pavirsius yra
lygus ir homogeniskas, su mazomis granulémis. Daleliy dydis (~100-200
nm) nepriklausé nuo dengimo skaiciaus.

. Spektroskopiniai duomenys taip pat patvirtino tvarkingos CHAp
kristalinés struktiiros susidarymg dangose. SEM rezultatai sutapo su
kontaktinio kampo matavimo rezultatais. Kontaktinis kampas padidéjo nuo
67° iki 85°. Taciau toliau didinant sluoksniy skaiciy, kontaktinis kampas
dél padidéjusio pavirSiaus porétumo ir jtriikkimy atsiradimo mazéjo.
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angle (CA) measurements were used to evaluate the hydrophilic/hydrophobic properties of the end products.
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1. Introduction

The demand for implants to improve human life quality keeps rising,
as the bones lose their physical properties over time. Titanium is almost
a perfect material for orthopedic and dental applications, because it
is non-toxic, has great corrosion resistance, good mechanical and
antibacterial properties [1-5]. Main drawbacks are weak titanium
osteoconductivity and mechanical mismatch between bone and the im-
plant [6,7]. This means, that after 10-25 years implants may fail and
need to be replaced requiring an arduous, painful, and expensive revi-
sion surgery [8]. Coating titanium with osteoconductive biomaterials
is one of various surface modification methods used to improve the me-
chanical, chemical and biological properties of titanium and its alloys for
biomedical applications [1,4,9]. Hydroxyapatite (Ca;o(PO4)s(OH)2;
HAp) is a promising bioceramic material for this application, because
it is similar to the inorganic part of the bones and teeth [10-13]. To
increase osteoconductivity and serving time of the implant, the HAp
coating must have particular properties. These include thickness, crys-
tallinity, microstructure, surface roughness, porosity, Ca/P ratio and
phase composition [14]. There is an agreement, that the purity of HAp
in implant coatings must be as high as possible, the Ca/P ratio - 1.67,
it must have good adhesion to the substrate and chemical stability
[15]. Coating density and porosity are two conflicting requirements, as
porosity is essential for the cell in-growth and coating density should
be high for superior adhesion. Crystallinity is another factor to be

* Corresponding author.
E-mail address: pranas_usinskas@yahoo.com (P. Usinskas).

http://dx.doi.org/10.1016/j.surfcoat.2016.10.032
0257-8972/0© 2016 Elsevier B.V. All rights reserved.

taken into consideration, as to large extent it controls in vivo coating
dissolution [16-19]. All these properties and also implant shape and
its surface texture are variables to achieve coating with optimum
properties.

The HAp thin films have been synthesized using many preparation
methods including electrochemical deposition, biomimetic coating,
hot isostatic pressing, pulsed laser deposition, sputter coating, dynamic
mixing, ion beam sputtering, sol-gel deposition, thermal spraying, and
combinations of these processes [4,18]. Although, plasma spray
technique is the only method approved by the US Food and Drug Ad-
ministration for biomedical applications and gained commercial success
[20,21], the method has several disadvantages. First of all, it needs costly
equipment. Moreover, plasma spraying may lead to phase and structur-
al inhomogeneity, which result in resorption differences from area
to area. Also, high temperatures cause HAp degradation to secondary
phases like o-tricalcium phosphate, B-tricalcium phosphate,
tetracalcium phosphate and oxyhydroxyapatite [18,21,22]. Finally, par-
ticles suffer rapid cooling, once deposited on the substrate and this may
lead to formation of amorphous calcium phosphate (ACP), poor adhe-
sion and cracking which may cause implant failure [20,23,24].

Sol-gel processing is a low cost and simple method, which allows
achieving molecular - level mixing of the HAp precursors [21]. Much
better chemical homogeneity of the HAp as compared to solid-state re-
actions could be achieved. Besides, milder conditions are applied and
this leads to better structural integrity and less defects [24,25]. This
also prevents metal substrates from mechanical degradation or phase
transition as the coating process is carried out generally at ambient tem-
perature [7,13,22,26]. The annealing of HAp coatings at elevated
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temperatures causes oxidation of Ti with formation of TiO,. Although on
the other hand titanium dioxide shows antibacterial properties [27],
formation of this auxiliary phase may lead to cracking of HAp coatings.
On the other hand, it improves the adhesion of HAp to the substrate
and improves bioactivity [5,21,28,29]. In this contribution the HAp coat-
ings on Ti substrate were prepared by sol-gel method using dip-coating
technique. The aim of this study is to achieve HAp coatings on Ti with
good adhesion, high porosity and correct phase composition by modify-
ing its surface by adding a calcium titanate sublayer and/or pre-heating
the substrate at elevated temperatures before the coating procedure.
The effect of modification of Ti substrate on the formation of TiO, during
annealing was investigated with the purpose to improve the adhesion
of the HAp coating to the titanium.

2. Materials and methods

To deposit calcium titanate sublayers by a sol-gel route, citric acid
(299.5%; Fluka) was dissolved in distilled water and mixed with titani-
um (IV) isopropoxide (TilPro, 97%; Alfa Aesar). The solution was stirred
at 90 °C until the titanium isopropoxide was completely dissolved. In
the next step, either calcium acetate monohydrate Ca(CH3C0O),-H,0
(99.9%; Fluka) or calcium hydroxide Ca(OH), (295%, Roth) as the Ca
source were added to the above solution. Therefore, two separate solu-
tions were prepared. Next, 1,2-ethandiol (99.0%; Alfa Aesar) was added
to the both solutions under stirring for 1 h at room temperature. Finally,
these solutions were mixed with poly(vinyl alcohol) (PVA 70000,
99.5%; Aldrich) dissolved in distilled water.

To prepare thin HAp films, calcium acetate monohydrate was used
as starting material. To the aqueous solution of Ca(CH5COO0), the 1,2-
ethandiol was added. The obtained mixture was stirred for 30 min at
65 °C. Then ethylenediaminetetraacetic acid (EDTA; 99.0%; Alfa Aesar)
was added, and after 15 min triethanolamine (TEA; 99.0%; Merck)
was slowly added as a complexing agent. The solution was stirred for
the next 10 h. Then diluted orthophosphoric acid (H3PO, 85%;
Reachem) was added (Ca/P ratio was 1.67). Finally, this solution was
mixed with PVA dissolved in distilled water.

These solutions were used to synthesize calcium titanate sublayers
and calcium hydroxyapatite thin films on Ti substrate using dip-coating
technique. Additionally, in some experiments the Ti substrates were
heat-treated at 650 °C for 5 h, after reaching this temperature with a
heating rate of 1 °C/min. Before coating, all substrates were cleaned in
an ultrasonic bath with acetone, ethanol and distilled water sequential-
ly. The dip-coated samples were also annealed at 650 °C for 5 h using the
same heating rate of 1 °C/min. Fig. 1 shows the schematical view of sol-
gel preparation of calcium titanate sublayers and calcium hydroxyapa-
tite thin films on Ti substrate. The coating and annealing procedures
were repeated 10, 20 and 30 times.

[ ca(cH,c00), -

H,0] [ 1.2-cthandiol | [EDTA |

Stirring for 10h

The formation of coatings on Ti substrate was performed using a dip-
coater (KSV Dip Coater D). Thermogravimetric analysis of precursor gels
was performed using Perkin Elmer Pyris 1 TGA instrument. The synthe-
sis products were analyzed by X-ray diffraction (XRD, Rigaku MiniFlex
II) analysis, scanning electron microscopy (SEM, Hitachi SU 70) and
contact angle measurements (KSV Instrument CAM 100).

3. Results and discussion

The results of thermogravimetric (TG) analysis of synthesized
Ca-Ti-O precursor gels are presented in Fig. 2. Three weight loss
mechanisms in the temperature ranges of 50-250 °C, 250-430 °C and
430-650 °C can be distinguished in the TG curves. In the first step, the
weight loss (approximately 15%) is associated with evaporation of the
adsorbed and structural water. In the second stage the main decompo-
sition of the gel occurs (45%) due to thermal degradation of organic
parts (ethylene glycol, PVA, citrates) present in the gels. Finally, pyroly-
sis of the remaining constituents (about 20%) of the gels between 430
and 650 °C takes place. No further weight loss could be observed
above 650 °C.

Interestingly, the TG curves Ca-Ti-O precursor gels obtained using
calcium acetate and calcium hydroxide as starting material are almost
identical. The TG/DTA curves of the Ca-P-O precursor gel are shown in
Fig. 2. Again, in the first mass loss stage (about 15%) in the temperature
range of 160-200 °C evaporation of moisture from the gel takes place.
The main decomposition of the gel with the mass loss of about 65%
could be observed up to 650 °C, similarly to the Ca-Ti-O gel.

Fig. 3 represents XRD patterns of HAp coatings fabricated on the Ti
substrate which was heat-treated before dip-coating procedure. The
pre-heating of Ti substrate was performed to create an initial titanium
oxide layer that would prevent further development of oxide layer dur-
ing the formation of the coatings.

The intensity of reflections attributable to the HAp phase increases
with increasing number of coating layers. Consequently, the intensity
of the diffraction peaks related to the Ti substrate monotonically
decreases. Evidently, the formation of TiO, is suspended by the initial
pre-heating process of substrate at 650 °C for 5 h in air. The intensity
of characteristic diffraction peaks of titanium oxide remains unchanged
upon increasing the number of dip-coating and annealing procedures.

For example, Fig. 4 represents XRD patterns of HAp coatings obtain-
ed directly on cleaned titanium substrate without preliminary heating
at elevated temperatures. In this case, the HAp diffraction peaks are vis-
ible already after 10 coating procedures. Their intensity monotonically
increases with increasing number of layers up to 30 layers. Again, the in-
tensity of diffraction peak attributable to Ti decreased with increasing
number of HAp layers. However, the intensity of the peaks associated
with TiO, phase evidently increases, indicating the continuous growth

Stirring at 90°C
(Ca(CH;C00), * H,0

Stirring for 1 hat
room temperature

Coating solution

Fig. 1. A schematical diagrams of sol-gel preparation of calcium titanate sublayers (at left) and calcium hydroxyapatite thin films (at right) on Ti substrate.
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of titanium oxide. These results confirm the effect of pre-annealing pro-
cedure of Ti substrate to prevent further development of titanium oxide
layer during fabrication of the HAp coatings.
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Fig. 3. XRD patterns of HAp films on the pre-heated at 650 °C for 5 h in air. Diffraction
peaks: * - Ca;o(PO4)s(OH), (PDF: 74-0566); 0 - TiO, (PDF: 73-2224); * - Ti (PDF: 44-
1294).
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Fig. 4. XRD patterns of HAp films on Ti substrate. Diffraction peaks: * - Ca;o(PO4)s(OH)2
(PDF: 74-0566); 0 - TiO, (PDF: 73-2224); * - Ti (PDF: 44-1294).

Figs. 5 and 6 represent XRD patterns of HAp coatings obtained on the
Ti substrates prepared with 10 sublayers of CaTiOs (calcium acetate was
used as Ca source). As evident, the peaks attributable to CaTiO5 are
clearly visible after 10 coating cycles, however, along with CaTiOs,
TiO, is present at the Ti surface. The formation of HAp is visible after
10 dipping procedures. After additional 10 coating cycles, the intensity
of HAp diffraction peaks evidently increased. The diffraction peaks at-
tributable to CaTiO; are not visible anymore, as the sublayer of CaTiO3
was fully covered by HAp. Moreover, it appears that TiO, is also forming
in the sol-gel processing when the Ti substrate was not preheated be-
fore the formation of the CaTiO5 sublayer (see Fig. 5). The intensity of
TiO, reflections increases with each step of dipping in the HAp gel pro-
cedure, Thus, the initial formation of a sublayer of calcium titanate on
the Ti substrate did not prevent the formation of titanium oxide.

The situation is different, when the Ti substrate was pre-heated be-
fore the formation of a calcium titanate sublayer. Apparently, the inten-
sities of diffraction peaks of TiO, remain unchanged with increasing
number of HAp layers up to 20 (see Fig. 6).

The same set of experiments was performed when calcium hydrox-
ide was used as Ca source to form a CaTiO5 sublayer on the Ti substrate.
XRD patterns of HAp coatings obtained on sublayers of CaTiO3 (calcium
hydroxide was used as Ca source), which were fabricated on heat-
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Fig. 5. XRD patterns of HAp films on Ti (without initial pre-heating) with CaTiO5 sublayer
(derived from calcium acetate) annealed at 650 °C for 5 h in air. Diffraction peaks are
marked: « - Ca;9(PO4)s(OH), (PDF: 74-0566); 0 - TiO, (PDF: 73-2224); * - Ti (PDF: 44-
1294); x - CaTiO5 (PDF: 22-0153).
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Fig. 6. XRD patterns of HAp films on Ti (initially pre-heated) with CaTiO5 sublayer (derived
from calcium acetate) annealed at 650 °C for 5 h in air. Diffraction peaks are marked: « -
Cayo(PO4)6(OH), (PDF: 74-0566); 0 - TiO, (PDF: 73-2224); * - Ti (PDF: 44-1294); x -
CaTiO; (PDF: 22-0153).

treated and just cleaned titanium substrate indicated that the formation
of HAp proceeds independently on the nature of the calcium starting
material. The intensity of reflections attributable to TiO, remains un-
changed with increasing the number of HAp coatings on the heat-treat-
ed Ti substrate (with CaTiO3 sublayer). However, the amount of TiO,
increased monotonically when Ti without initial pre-heating was used.

The morphology of coatings was investigated using scanning elec-
tron microscopy (SEM). Fig. 7 shows the SEM micrographs of HAp
obtained on as-prepared for coating and thermally processed Ti sub-
strates. Obviously, the influence of pre-annealing of the substrate on
the morphology of HAp thin films is negligible. However, the formation
of a more porous surface with increasing number of layers is evident.

As mentioned before, the CaTiO5 sublayer was synthesized using cal-
cium acetate and calcium hydroxide, respectively as starting materials
on both pre-heated and as-received Ti substrates. The SEM micrographs
of the CaTiO5 sublayer and Hap layer on CaTiO3 sublayer obtained from
calcium acetate on heat-treated Ti substrates are shown in Fig. 8. The
main morphological features of calcium titanate are quite different com-
pared to HAp.

The CaTiOs islands 2-3 pm in size composed of spherical nanoparti-
cles have formed on the pre-heated Ti substrate. This type of surface
morphology disappeared after dipping this substrate 10 times to the
Ca-P-0 sol-gel solution. Again, the formation of a porous HAp surface
is observed. With increasing number of HAp layers, however, the sur-
face morphology of thin films remains almost unchanged. The SEM mi-
crographs of CaTiO5 sublayer and HAp on CaTiO5 sublayer obtained
from calcium hydroxide on just cleaned Ti substrates are shown in Fig.
9. Apparently, after formation of the HAp films the surface became flat-
ter and more porous. The microstructure of fabricated HAp is very sim-
ilar to that observed for the HAp coating on Ti substrate without initial
pre-heating and without additional CaTiO3 sublayer.

To estimate the wettability of the coatings obtained, contact angle
measurements (CAM) were performed. The results of these measure-
ments are summarized in Table 1.

Interestingly, the hydrophobic properties are not dependent on a
number of HAp layers up to 20. The contact angle of dip-coated samples
on unheated and pre-heated Ti substrates with and without CaTiO3
sublayers remains around 70°. However, increasing the number of
HAp layers to 30, the contact angle decreased monotonically from ~70
down to 49.4-58.5°. This very interesting tendency could be related to
the phase composition of the HAp films [30]. As evident from the XRD
patterns, the crystallinity of HAp also increases significantly after
obtaining 30 layers on the substrates. So, the decrease of hydrophobicity
is associated with formation of HAp crystallites with hydrophilic OH
groups. The surfaces remained hydrophilic after 30 immersing, with-
drawal and annealing steps independent of the Ti surface pre-treatment
conditions. The increased hydrophilicity of HAp-coated Ti enhances a
wettability of the coatings. Consequently, such coatings can accelerate
osteointegration, i. e. structural and functional connection between liv-
ing bone and the surface of a load-bearing artificial implant [30].

4. Conclusion

This study reports on composition, microstructure and hydrophilic/
hydrophobic properties of hydroxyapatite (Ca;o(PO4)s(OH)2; HAp)
coatings deposited from sol-gel precursors on Ti substrates. HAp coat-
ings on Ti were achieved by modifying its surface by a calcium titanate
sublayer and/or pre-heating the substrate at elevated temperatures be-
fore the coating procedure. The results of TG analysis of synthesized Ca-
Ti-O precursor gels obtained using calcium acetate and calcium

SU70 5.0kV 15.6mm x5.00k SE(M)

Fig. 7. SEM micrographs of HAp coatings obtained on Ti without initial pre-heating (bottom) and on initially pre-heated (top): 10 (left) and 30 layers (right).
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»

Fig. 8. SEM micrographs of CaTiO5 obtained from calcium acetate on heat-treated Ti substrate (left) and HAp coatings prepared on CaTiO5 sublayer: 10 layers (bottom) and 20 layers

(right).

SU70 5.0kV 16.6mm x5.00k-SE(M) ...~

Fig. 9. SEM micrographs of CaTiO5 obtained from calcium hydroxide on Ti substrate without initial pre-heating (left) and 20 layers of HAp coatings prepared on CaTiO; sublayer (right).

hydroxide as starting material were almost identical. The main decom-
position of the Ca-P-O precursor gel with the mass loss of about 65% was
observed up to 650 °C, similarly to the Ca-Ti-O gel. The intensity of re-
flections attributable to the HAp phase in the XRD patterns of fabricated
films increased with increasing number of coating layers. The formation
of TiO, phase which reduces adhesion of HAp films was arrested by ini-
tial pre-heating of the substrate at 650 °C for 5 h in air. Besides, the in-
tensity of reflections attributable to TiO, remained unchanged with

Table 1
Contact angle results determined for CHAp coatings (n = 3).

increasing the number of HAp coatings on the heat-treated Ti substrates
with CaTiO5 sublayer. Moreover, it was demonstrated that surface mod-
ification of Ti substrate did not have any influence on the morphology of
the HAp thin films. However, the formation of more porous surface with
increasing amount of layers was evident. Contact angle measurements
showed that with increasing the number of HAp layers from 20 up to
30, the contact angle decreased monotonically from ~70 to 49.4-58.5°,
indicating the formation of high quality of hydrophilic Hap coatings.

Amount of CHAp Pre-heated substrates Unheated substrates

layers Without CaTiO3 sublayer from CaTiO; sublayer from Without CaTiO; sublayer from CaTiOj3 sublayer from
sublayer Ca(Ac), Ca(OH), sublayer Ca(Ac), Ca(OH),

10 76.0 £ 12 629 + 1.9 834 + 04 66.2 + 2.5 72.5 +£59 80.6 + 6.1

20 764 +2.1 762 +£ 1.5 71.6 + 3.8 68.9 + 3.2 672 +£ 09 720 £1.0

30 494 + 0.7 585 + 5.5 514 +32 52.1 £15 534 +5.6 513 +£22
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Abstract Calcium hydroxyapatite (Ca;o(PO4)s(OH),,
CHAp) films were obtained on silicon nitride (SizN4) sub-
strate by a sol-gel method using a dip-coating technique. In
the sol-gel process, ethylendiamintetraacetic acid and 1,2-
ethandiol, triethanolamine, and polyvinyl alcohol were used
as complexing agents and gel network forming agents,
respectively. Calcium acetate monohydrate was used as Ca
source. The samples were annealed at 650 °C for 5h in air
after each dip-coating procedure which was repeated 10, 20,
and 30 times. The coatings were characterized using X-ray
diffraction, scanning electron microscopy, atomic force
microscopy, Raman spectroscopy, and contact angle mea-
surements. Monophasic CHAp layers on silicon nitride
(Si3Ny) substrate were fabricated and characterized for the
first time to the best our knowledge.
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1 Introduction

As the demand for bone implants keeps increasing [1],
biomaterials research has focused on the improvement of
implant design features in an attempt to accelerate bone
healing at early implantation times [2, 3]. Materials used for
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implantation could be divided to metals, ceramics, and
plastics [4]. The metals and metal alloys are usually used to
replace load-bearing bones with titanium being the most
popular. Because of their chemical properties, the range of
metals is narrowed to stainless steels, titanium and its
alloys, tantalum, and cobalt—chromium-based alloys. As for
dental applications, the metal-implants are preferable for
patients up to today. However, the release of metal particles
and ions can lead to osteolysis and allergies [5, 6]. Also,
implant after a while loses stability due to mechanical dif-
ferences between bone and metal. Moreover, if screws and
plates are used to secure bone fractures, implant will have to
be removed by a surgical procedure [3, 7-9]. High density
polyethylene (PE) is also used for hip and knee replacement
with predictable and durable results. It shows good prop-
erties of biocompatibility, good wear resistance, and che-
mical stability. Although, during the years PE implant wear
particles give adverse biological effects like osteolysis (a
painful inflammatory reaction) [4, 10].

Silicon nitride (SizNy) is a non-oxide ceramic that was
primary used for industrial applications like internal com-
bustion and high-temperature gas turbines. After improve-
ments were made in its synthesis, processing, and
properties, SizNy is now one of the most extensively studied
ceramics in history. It is used where extreme toughness,
strength, low coefficient of friction, and low wear properties
are required and these properties are ideal for the medical
applications like bearing components of prosthetic hip and
knee joints as it is biocompatible and have the ability to
propagate human osteoblast cells in vitro [4, 9, 11, 12]. The
fact, that silicon nitride dissolves in aqueous fluids propose
that wear particles can dissolve in vivo, which may reduce
possibility of infection and increase the serving time of the
implant [13, 14].

To optimize bonding of implant material and tissue,
surface modifications of the implant are being utilized like
coating, surface etching, and blasting [2, 8, 14, 15]. Coat-
ings of synthetic calcium hydroxyapatite (CHAp,
Ca;o(PO4)6(OH),) are being extensively explored as it has
been clinically applied on orthopedic and dental implants
due to their excellent biocompatibility and osseointegration
[16-20]. CHAp has chemical similarity to the mineral
component of mammalian bones and teeth [6, 7, 21]. To
achieve long-term implant stability and good osseointegra-
tion, CHAp coating should have particular properties like
porosity, crystallinity, uniformity of coating thickness,
surface roughness, phase purity, and good adhesion [2, 22,
23]. There is an agreement, that chemical purity must be as
high as possible with Ca/P ratio of 1.67 and a trend to
produce crystalline coatings [24]. Also, a good adhesion
and no cracking is desired. Other desired properties may
depend on the application as they may be conflicting. For
example, the coating density and porosity are two
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conflicting requirements, as porosity is essential for the cell
in-growth and coating density should be high for superior
adhesion [25].

There are many techniques used for implant coating like
plasma spraying, thermal spraying, pulsed laser ablation,
dynamic mixing, electrophoretic deposition, biomimetic
coating, ion-beam-assisted-deposition, hot isostatic press-
ing, and others [3, 22, 23]. Amongst all the techniques,
plasma spraying is the most used, as it was approved by the
Food and Drug Administration, USA for biomedical coat-
ings. However, despite of the advantages of this technique,
the coated hydroxyapatite shows poor mechanical proper-
ties [18, 22]. The dip-coating coating technique along with
sol—gel processing is an inexpensive and fast technique that
requires simple equipment. Besides, it allows to mass pro-
duce coatings on big substrates of irregular shapes. The
parameters of coating can be controlled through the sol-gel
concentration, withdrawal speed, and annealing temperature
[8, 26]. Combination of sol-gel and dip-coating provides
other potential advantages, such as a high purity and
homogeneity and reduced thickness of coating. On the other
hand, it has some limitations like brittleness of the coating
and high annealing temperatures [8].

In this study, the dip-coated CHAp layers from sol-gel
solution were fabricated for the first time to the best our
knowledge on silicon nitride substrate. Considering the
properties of substrate, such as high strength and fracture
toughness, inherent phase stability, scratch resistance, low
wear, biocompatibility, hydrophilic behavior, easier radio-
graphic imaging and resistance to bacterial biofilm forma-
tion and the properties of CHAp coating like excellent
biocompatibility and osseointegration should be interesting
for orthopedic applications [27]. To obtain CHAp thin films
on silicon nitride we used the same synthetic procedure as
for Ti substrate [28]. Since many reports about the impor-
tance of sublayer to increase adhesion of CHAp coatings on
Ti substrate are known, the CHAp coatings on silicon
nitride substrates were prepared with or without calcium
titanate sublayer. However, the special challenge to coat this
material was that silicon nitride was never coated by CHAp
coating. The samples were characterized by X-ray diffrac-
tion (XRD) analysis, scanning electron microscopy (SEM),
atomic force microscopy (AFM), Raman spectroscopy and
contact angle measurements (CAM).

2 Materials and methods

Materials and methods used for this experiment were
similar to the previously reported [28]. For the deposition of
calcium titanate sublayers by a sol-gel route, the citric acid
(299.5%; Fluka) was dissolved in distilled water and mixed
with titanium (IV) isopropoxide (TilPro, 97%; Alfa Aesar).
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The solution was stirred at 90 °C until the titanium iso-
propoxide was completely dissolved. In the next step, cal-
cium acetate monohydrate Ca(CH;COO),-H,O (99.9%;
Fluka) was added to the above solution as the Ca source.
Next, 1,2-ethandiol (99.0%; Alfa Aesar) was added to the
solution under stirring for 1 h at room temperature. Finally,
the solution was mixed by ratio 5:3 with poly(vinyl alcohol)
(PVA 70000, 99.5%; Aldrich) dissolved in distilled water.
Molar ratios: 0.03 mol Ca(CH;COO),-H,0, 2.22 mol-H,0,
0.036 mol 1,2-ethandiol, 0.033mol ethylenediaminete-
traacetic acid (EDTA), 0.113 triethanolamine (TEA), 0.018
mol H3(PO), and 0.00004 mol PVA 70,000, 5.39 mol H,O.

To prepare CHAp films, calcium acetate monohydrate
was used as starting material. To the aqueous solution of Ca
(CH3COO), the 1,2-ethandiol was added. The obtained
mixture was stirred for 30min at 65°C. Then EDTA
(99.0%; Alfa Aesar) was added, and after 15 min TEA
(99.0%; Merck) was slowly added as a complexing agent.
The solution was stirred for the next 10h. Then diluted
orthophosphoric acid (H;PO, 85%; Reachem) was added
(Ca/P ratio was 1.67). Finally, this solution was mixed by
ratio 5:3 with PVA dissolved in distilled water. Molar ratios
—0.003 mol Ca(CH3C0OO),-H,0, 0.003 mol TilPro, 0.009
mol citric acid, 2.22mol H,O and 0.00004 mol PVA
70,000, 5.39 mol H,O.

The calcium titanate sublayers and CHAp thin films on
silicon nitride substrate were obtained using dip-coating
technique. Before the processing, all substrates were
cleaned in an ultrasonic bath with acetone, ethanol, and
distilled water sequentially. The dip-coated samples were
annealed at 650 °C for 5 h, reaching this temperature with
heating rate of 1°C/min. The samples were left to cool to
the room temperature within the furnace. Coating and
annealing procedures were repeated 10, 20, and 30 times.

The formation of coatings on silicon nitride substrate was
performed using a dip-coater (KSV Dip Coater D). The
dipping rate of substrate was 85 mm/min and lifting rate
was 40 mm/min. The substrate was left in the gel solution
for 20ss.

The synthesis products were analyzed by XRD (Rigaku
MiniFlex II) analysis, SEM(Hitachi SU 70), AFM mea-
surements (Veeco Bioscope 2 atomic force microscope) and
CAM (KSV Instrument CAM 100). Raman spectra were
recorded using inVia Raman (Renishaw, United Kingdom)
spectrometer equipped with thermoelectrically cooled
(=70°C) CCD camera and microscope. Raman spectra
were excited with 442 nm radiation from He—Cd laser. The
50x/0.75 NA objective lens and 2400 lines/mm grating
were used to record the Raman spectra. The accumulation
time was 400s. To avoid damage of the sample, the laser
power at the sample was restricted to 0.8 mW. The Raman
frequencies were calibrated using the silicon standard
according to the line at 520.7 cm™! and air O, (1555.0
cem™") and N, (2330.1cm™') bands. The high resolution
Raman spectra were excited with 632.8 nm He—Ne laser (1
mW power at the sample) and dispersed with 2400 lines/
mm grating. Spectral slit width near 1500 cm™"' determined
by analysis of air O, band was 3.4 cm™'. Parameters of the
bands were determined by fitting the experimental spectra
with  Gaussian-Lorentzian shape components using
GRAMS/A1 8.0 (Thermo Scientific) software.

3 Results

The results of XRD analysis of CHAp coatings are pre-
sented in Fig. 1. The XRD patterns of CHAp films on
silicon nitride substrate without CaTiO3 sublayer show the
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Fig. 1 XRD patterns of CHAp films (leff) and CHAp films with CaTiO5 sublayer (right) on silicon nitride substrate. Diffraction peaks: *—

(Cayo(PO,)s(OH), (PDF: 74-0566); 0—Si;N,; $—CaTiO;
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formation of CHAp phase already after ten coating proce-
dures. The intensity of diffraction peaks attributable to the
CHAp increases with increasing the number of coatings.
Evidently, the CaTiO5 sublayer formed on silicon nitride
does not promote the formation of CHAp phase.

SEM micrographs of the CHAp coatings are presented in
Figs. 2 and 3. Evidently, the morphology of ten layers of
CHAp and CaTiO; on silicon nitride is different. The sur-
face of CaTiO; sublayer (Fig. 3a) totally flat and smooth,
whereas the formation of islands of CHAp (Fig. 2a) on the
surface of substrate is clearly seen. In both cases (without
and with sublayer) the surface morphology changes with
increasing amount of CHAp layers. The island structure
remains for the CHAp sample obtained after 20 coating
procedures directly on the silicon nitride substrate. How-
ever, the good connectivity between CHAp grains is visible
for the sample obtained on the substrate with calcium tita-
nate sublayer. Besides, the cracks on the coatings have
formed in both cases. The cracks become more visible for
the CHAp coatings obtained after 30 dip-coating cycles.
The differences of the surface morphology of thicker coat-
ings disappeared, i.e., are not dependent on the sublayer
structure. The both coatings are slightly cracked, having
smoother surface without formation of islands. The crack-
ing could have been caused by thermal expansion mismatch
between the film and the susbtrate. As the films get more

5.3mm x5.00k SE(U)

thicker they get more vulnerable to the expansion and
contraction. As we left our samples to cool in furnace
during procedure, this could potentially be avoided by
controlled and slower cooling.

The coating thickness determined by SEM for the sample
obtained after 30 dip-coating cycles was about 2 pm.

The results obtained by SEM are in a good agreement
with those obtained by AFM measurements (Fig. 4). The
edges of cracks are evident in the AFM images of CHAp
coatings obtained after 20 and 30 dip-coating procedures.
Moreover, the obtained CHAp coatings are porous. The
coatings should be porous for the medical applications since
the blood and related human fluids should have a possibility
to circulate through the material. However, the pore size is
not crucial feature.

Figure 5 shows Raman spectrum of 30-layer coating on
Si;N, substrate. The most intense band at 962 cm ™" belongs
to vy (A;) symmetric stretching vibration of tetrahedral
PO,>~ group [29-31]. Peak position of this band indicates
that studied compound is stoichiometric hydroxyapatite
with molar Ca/P ratio of 1.667 [29, 32]. Lower intensity
bands near at 587 and 631 cm ™! are associated with triple
degenerate (F, symmetry) asymmetric bending modes v, of
phosphate group [30, 31]. The doubly degenerate (E sym-
metry) symmetric deformation vibrational modes v, are
visible near 432cm™'. Two bands located at 1045 and

10.0um

Fig. 2 SEM micrographs of CHAp coatings obtained on silicon nitride. Number of layers: 10 (a), 20 (b), and 30 (c)

m x5.00k SE(U)

0 5.0kV 16.7mm x5.00k SE(M)

Fig. 3 SEM micrographs of coatings obtained on silicon nitride: 10 layers of CaTiO3 sublayer (a), 20 (b) and 30 (c) layers of CHAp on top of

CaTiO,
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Fig. 4 AFM micrographs of CHAp films on silicon nitride (top) and on silicon nitride with sublayer (botfom): 10, 20, and 30 layers (from left to

right)
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Fig. 5 Raman spectrum of sample containing 30 layers of Ca—P-O gel
deposited on SizN, substrate in 200-1300 and 3100-3700 cm '
spectral regions. Excitation wavelength is 442 nm (0.8 mW)

1071 cm™" are assignable to triply degenerate (F,) asym-
metric stretching vibrational mode of phosphate group v;
[30, 31]. The low frequency bands (below 350 cm ) might
be associated with translations of Ca®>", PO,>~, and OH~
groups and vibrations of phosphate group [32, 33]. In the
high frequency spectral region the relatively broad feature is
visible at 3569 cm™~'. This band belongs to O-H stretching
vibration of hydroxyl group and immediately confirms

hydroxylation of the studied sample [32-35]. The width of
the v; band provides information on the degree of crystal-
linity of the studied compounds [32, 35]. For this purpose
we recorded high resolution Raman spectra by using 632.8
nm excitation wavelength and 2400 lines/mm grating. The
width of v, band determined as full width at half maximum
(FWHM) was found to be 11.5cm™!. Similar FWHM
values were obtained for 10-layer (11.8 cm™') and 20-layer
(11.7 cm™ ") deposited samples on SizN, substrate. Obtained
FWHM values are relatively high comparing with well-
ordered crystalline structure of hydroxyapatite (4-7 cm™')
[32, 35]. The FWHM value of O—H stretching vibration
was also relatively high (70.3 cm™"), comparing with pre-
viously reported values for hydroxyapatite (6-12cm™")
[35]. Thus, presented Raman data indicate that studied
samples possess structure;
although the long range arrangement is relatively disordered
with dominant nanocrystalline-like form. Interestingly,
during sol-gel preparation of CHAp thin films on silicon
substrate, the  formation of  oxyhydroxyapatite
Ca;o(PO4)6(OH), ,,0, instead of CHAp was observed
[36]. However, this was not the case during fabrication of
CHAp films on silicon nitride substrate.

To estimate wettability of the coatings obtained, the
CAM using distilled water were performed. The results of
these measurements are summarized in Table 1. No sig-
nificant differences could be observed between the CHAp

hydroxyapatite molecular
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Table 1 The results of contact angle measurements for CHAp
coatings (n = 3)

Amount of CHAp layers Without sublayer With CaTiO3 sublayer

10 972+ 1.1 93.1+3.5
20 100.3 +£3.5 94.1+0.6
30 934+1.0 922+1.3

coatings fabricated without and with CaTiO; sublayer. The
contact angles determined for the synthesized specimens
using 10, 20, and 30 immersion and withdrawal procedures
were found to be in the range of 92-100°. The obtained
results of CAMs show slight correlations between number
of layers and contact angle values of CHAp surfaces.
However, the contact angle slightly decreases for the CHAp
films obtained after 30 coating procedures possibly due to
the formation of cracks and higher porosity. As seen, with
increasing number of layers up to 20, the hydrophobicity of
surfaces increased. As compared with the results of the
coatings on Ti substrate [28], the values of contact angle in
this case are larger. This could be explained by the different
nature of the substrates. Finally, the results presented in this
study demonstrated that suggested sol-gel process is per-
fectly suitable for the synthesis of CHAp on the silicon
nitride substrate allowing to control phase purity and mor-
phological properties of CHAp. The obtained materials
could be effectively used as multifunctional delivery sys-
tems for biotechnological applications [37, 38].

4 Conclusion

Calcium hydroxyapatite (CHAp, Ca;o(PO4)¢(OH),) layers
were fabricated from Ca—P-O sol—gel solution for the first
time to the best our knowledge on silicon nitride (SizNy)
substrate. For comparison, the CHAp films were dip-coated
also on a silicon nitride substrate modified with calcium
titanate sublayer. From XRD results were observed that
formation of CHAp as single phase occurs after annealing
of coatings with or without calcium titanate sublayer in air
atmosphere at 650°C for 5h. However, the amount of
deposited CHAp was found to be lower in the presence of
CaTiOj; sublayer. According to SEM micrographs and AFM
images, the morphological features of CHAp coatings were
dependent on number of layers of the end product. The
formation of islands was observed for the CHAp sample
obtained after 20 coating procedures directly on the silicon
nitride substrate. However, the good connectivity between
CHAp grains was determined for the sample obtained on
the substrate with calcium titanate sublayer. The both
CHAp coatings obtained after 30 dip-coating cycles were
slightly cracked and porous, having smoother surface

@ Springer

without formation of islands. The Raman data indicated that
studied samples possess hydroxyapatite molecular structure
and no formation of oxyhydroxyapatite Ca;p(POy)s
(OH),_,,0O, on silicon nitride was observed. The contact
angles determined for the synthesized specimens using 10,
20, and 30 immersion and withdrawal procedures were
found to be in the range of 92-100° showing low level of
hydrophobicity.
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In this study we demonstrate, that sol-gel route is suitable to quicker obtain calcium hydroxyapatite (Caio(PO4)s(OH)2,
CHAp) coatings on crystalline Si substrate by modified dip-coating technique. The substrate was dip-coated by
precursor and dried for 10 minutes at 200 °C with following cooling using the heating block for 110 min and annealing
at 650 °C. Ethylendiamintetraacetic acid and 1,2-ethandiol, and triethanolamine and polyvinyl alcohol were used as
complexing agents and as gel network forming agents, respectively. The obtained coatings were characterized by X-ray
diffraction (XRD) analysis, scanning electron microscopy (SEM), FTIR spectroscopy and contact angle measurements

(CAM).
Keywords: hydroxyapatite, sol-gel, dip—coating, thin film.

1. INTRODUCTION

Engineering of biomaterials is a growing field that
focuses on the development of materials to replace or
augment human tissues [1]. Orthopedic and dental
implants are medical devices manufactured to replace a
missing joint or bone or to support a damaged bone [2].
The medical implants are mainly fabricated using stainless
steel and titanium alloys [1,3]. As the metal implants
should stay in the human body for a long time, they should
not have drawbacks like corrosion or dissolution and toxic
ion release.

Many different techniques are being used to synthesize
Calcium Hydroxyapatite (CHAp) coatings on the substrate
[4]. Plasma spraying is the only one approved by the Food
and Drug Administration (FDA) [5]. This method is being
criticized because of its expensive equipment, use of high
temperatures, which may cause degradation on CHAp and
difficulty in controlling coating quality and adhesion [6].
Dip-coating, combined with sol-gel processing in an
inexpensive and simple process, that can be carried out
with simple equipment. This method allows to mass
produce coating on various size and shape substrates and
the parameters can be controlled through sol-gel
concentration,  withdrawal speed and annealing
temperatures. Also, high purity and homogeneity can be
achieved. On the other hand, annealing temperatures are
usually high and coating is brittle [7-9].

In this study we combined dip-coating with sol-gel
processing to produce quicker CHAp films on silica
substrate. Drying step was introduced into dip-coating
process that made this process less time consuming.

* Corresponding author. Tel.: +370-6-0100440;
E-mail address: pranas_usinskas@yahoo.com (P. Usinskas)
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2. EXPERIMENTAL DETAILS

To prepare CHAp films, calcium acetate monohydrate
was used as calcium source. To the aqueous solution of
Ca(CH3COO), the 1,2-ethandiol was added. The obtained
mixture was stirred for 30min at 65°C. Then
ethylenediaminetetraacetic acid was added, and after
15 min triethanolamine (TEA) was slowly added. The
solution was stirred for 10 h. Then diluted orthophosphoric
acid was added (Ca/P ratio was 1.67). Finally, this solution
was mixed by ratio 5:3 with PVA dissolved in distilled
water [10, 11]. All crystalline Si substrates were cleaned in
an ultrasonic bath with acetone, ethanol and distilled water
sequentially. One dip-coating cycle consisted of dipping
the substrate and retrieving it, drying for 10 min at 200 °C
in dip-coater dryer and leaving for 110 min. The procedure
was repeated 5 times. After that, samples were heated at
650 °C for 5h using the heating rate of 1 °C/min. The
samples were cooled to the room temperature within the
furnace. The formation of coatings on silicon substrate was
performed using a dip-coater (Holmarc HO-TH-02B). The
dipping rate of substrate was 85 mm/min and lifting rate
was 40 mm/min. The substrate was left in the gel solution
for 20 s.

The coatings were characterized by X-ray diffraction
(XRD, Rigaku MiniFlex II) analysis, scanning electron
microscopy (SEM, Hitachi SU 70) and contact angle
measurements (KSV Instrument CAM 100). FTIR spectra
were recorded in transmission mode by using FTIR
spectrometer ALPHA (Bruker, Inc.), equipped with a room
temperature detector DLATGS. Spectra were acquired
from 100 interferogram scans with 2 cm™! resolution.

Blank Si substrate after 6 cycles (without coating) was
used as a reference sample.



3. RESULTS AND DISCUSSION

The XRD results of CHAp coatings obtained by
accelerated procedure are presented in Fig. 1. The XRD
patterns of CHAp films on silica substrate show the
formation of CHAp phase already after 1 coating cycle (5
dips).

SEM micrographs of the CHAp coatings are presented
in Fig.2. As seen, a smooth homogenous surface with
small grains is obtained after 1 coating cycle. After 3
coating cycles, the surface is rougher, with bigger grains
and few cracks. This might be caused by thermal
expansion mismatch between the coating and the substrate.
This more perfect microstructe could be obtained by
controlling the cooling procedure. The final sample,
obtained after 6 coating cycles contains the biggest grains
due to the increased number of annealing procedures. The
SEM results are in a good agreement with the results of
contact angle measurements. After the initial coating, the
contact angle increased from 67° (blank sample) to 85°.
With the increasing number of coating cycles, the contact
angle decreased due to the existence of cracks on the
surface and higher porosity.

1 6 coating
. cycles o, |

. e

3 coating '\
cycles
"‘”“‘*—-—mew“m”
1 coating
cycle

Relative intensity

b
MMM,_W.'E:)J |
et bt

|Blank sample

M%

30 35 40 45
20

25

Fig. 1. XRD patterns of CHAp films on silica substrate.
Diffraction peaks: *—(Caio(PO4)s(OH)2 (PDF:
+-Si

74-0566);

Fig. 2. SEM micrographs of CHAp coatings obtained on silica:
a—1,b-3; c—6 coating cycles; d—blank sample

Fourier transform infrared (FTIR) spectroscopy in
transmission mode revealed that free PO4’~ ion belongs to
tetrahedral (74) symmetry and its vibrational spectrum
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consists from four modes; Raman-active totally symmetric
stretching vi (41), Raman-active double degenerate
symmetric deformation v, (£), both infrared- and Raman-
active triply degenerate asymmetric stretching vs (F>), and
both infrared- and Raman-active triply degenerate
asymmetric deformation v4 (F) vibrational modes
[12-15]. Fig. 3 compares FTIR spectra of different CHAp
layers on Si substrate. Peak positions and assignments of
the bands are listed in Table 1. Peak positions of the PO4*
coincide well with hydroxyapatite structure [16—18]. In
the high frequency region, the sharp band due to O—H
stretching vibrations of OH™ ion is visible at 3571 cm™;
thus confirming presence of the hydroxyapatite crystal
lattice. The width of v(OH) band determined as full width
at half maximum (FWHM) was found to be 15.5 cm™' for 6
cycles sample. This value is slightly large comparing with
previously reported values for crystalline hydroxyapatite
(6—-12cm™) [19]; however, is considerable lower
comparing with calcium hydroxyapatite film on SizN4
substrate (70.3 cm™') [20].

The relative amount of carbonate ions was evaluated
by analysis of  integrated intensity ~ ratios
A(CO5*)/A(PO4*) (Table 1). One can see that relative
amount of carbonate slightly increases with decreasing
number of deposited layers. The relative amount of
hydroxyl ion remains similar for all studied samples.
Importantly, the hydroxyapatite structure is preserved even
for very thin (1 cycle — 5 dips) coating on Si, as clearly
visible from the presence of v(OH) peak near 3570 cm™!

(Fig. 3).
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Fig. 3. FTIR absorbance spectra of annealed (650 °C, 5 h) CHAp
films on Si substrate: a—6 cycles, b—5 cycles; ¢—3
cycles; d—1 cycle

4. CONCLUSIONS

Calcium hydroxyapatite (CHAp, Caio(PO4)s(OH)2)
thin layers were fabricated from Ca-P-O sol-gel solution
on silicon (Si) substrate using improved dip-coating
method. This suggested technique allowed to achieve
desired results 4 times faster in comparison with
previously suggested processing. XRD results confirmed
the formation of CHAp as single phase after annealing of
coatings in air atmosphere at 650 °C for 5 h.



Table 1. Infrared wavenumbers [cm™'] of CHAp films on Si substrate

Mode, molecular Mode, molecular
6 cycles 5 cycles 3 cycles 1 cycle
group group

vi (A1), PO4~ 961.3 m 961.2 m 959.8 m 958.8 m 961.3 m

va (E), PO#*~ 473 vw 473 vw n.o. n.o. 473 vw

vs (F2), PO 1031.2 vs 1030.6 vs 1029.0 vs 1028.1 vs 1031.2 vs

3 ), T 1086 sh 1085 sh 1084 sh n.o. 1086 sh

570.4 s 570.8 s 569.2 s 567.8 s 570.4 s

3

v (F2), POs 601.8 s 602.2 s 601.1s 600.6 s 601.8 s
1418 m, sh 1419 m, sh 1422 m, sh 1420 m, sh 1418 m, sh

vas(CO3), CO3*~ 1459.8 m 1460.4 m 1460.3 m 1459.0 m 1459.8 m
15443 m 15439 m 1543.1 m 1541.1 m 15443 m

¥(CO3), COs* 879.4 m 879.4 m 879.6 m 879.5m 879.4 m
Overtones/combination 19339 w 19342 w 19359 w 1936.7 w 19339 w
modes, POs. HPOg2 20175 w 2017.0 w 2018.2 w 2017.0 m 20175 w
’ ’ 22022 w 2202.0 w 2202.7 w 2202.3 m 22022 w
- 3545.6 vw 3545.1 vw 3544.7 vw n.o. 3545.6 vw

V(OH) OH 3570.8 w 35704 w 35703 w 3570.0 w 3570.8 w

vi (A1), PO~ 961.3 m 961.2 m 959.8 m 958.8 m 961.3 m

Abbreviations: n.o. — not observed; v — stretching; vas — asymmetric stretching; y — out of plane deformation; vs — very strong; s — strong;
m — middle; w — weak; vw — very weak; sh —shoulder.

The spectroscopic data also indicated the presence of

ordered crystalline structure of hydroxyapatite film. SEM
micrographs of the CHAp surfaces revealed the formation
of smooth and homogenous coatings with small grains.
The SEM results were in a good agreement with the results
of contact angle measurements.
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