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LIST OF ABBREVATIONS

ALD Atomic layer deposition

Asp DL-Aspartic acid

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

CaCOs Calcium carbonate

CaHPO, Calcium hydrogen phosphate
CDHA Calcium-deficient hydroxyapatite
CHAp Calcium hydroxyapatite

ClAp Chlorapatite

CP Calcium phosphate

CvD Chemical vapour deposition
DDDA Dodecanedioic acid

DSC Differential scanning calorimetry
DTA Differential thermal analysis
DTG Derivative thermogravimetry
FAp Fluorapatite

FT-IR Fourier-transform infrared spectroscopy
IR Infrared spectroscopy

PVA Poly(vinyl alcohol)

SEM Scanning electron microscopy
Sa Suberic acid

Si Silicium (substrate)

SLS Sodium lauryl sulfate

a-TCP a-Tricalcium phosphate

Ti Titanium (substrate)

TEM Transmission electron microscopy
TG Thermogravimetry

XRD X-ray diffraction



INTRODUCTION

Calcium hydroxyapatite (CHAp, Caio(PO4)s(OH)2) is the main
inorganic part of bone tissue being involved in bone growth and characterized
by excellent biocompatibility. Synthetic CHAp shows strong osteopermeable
properties making it a particularly attractive material for biomedical
applications [1]. A high surface area, reactivity and biomimetic morphology
make nano-CHAp more favourable in applications such as orthopaedic
implant coatings or bone substitute fillers [2]. CHAp presents in the human
body both inside bone and teeth. The architecture of the bone comprises of
type-1 collagen as an organic component and the CHAp as an inorganic
component (Fig. 1). These two components form a composite structure at the
nanoscale, in which nano-CHAp is interspersed in the collagen network. In
the bone, the CHAp particles present in the shape of spherical particles, plates,
needles or other, are about 40 to 60 nm long, 20 nm wide, and 1.5 to 5 nm
thick [3, 4].

Collagen triple helix
(=300 = 1.5 nm)

I [ Hydroxyapatite crystals
Collagen fiber (~ 5 jum) (~50 = 25 = 2 nm)

Hydroxyapatite

Fig. 1. The hierarchical structure of collagen and hydroxyapatite as main
constituents of natural bone tissue [5].

The arrangement of different CHAp crystalline sizes and shapes
provides support for this tissue's structural stability, hardness and function [6,
7]. CHAp application in orthopedics can vary from bone defects repair and
bone augmentation to coatings for human body metallic implants. The CHAp-
based implants can provide an interlocked porous structure [8-10]. This
structure can act as the extracellular matrix, promoting the natural process of
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cellular development and tissue regeneratio [10, 11]. Furthermore, CHAp can
enhance the osseointegration process by promoting rigid anchorage between
the implant and the surrounding tissue without the growth of fibrous tissue.
The successful osseointegration retains the bone anchorage for a long period,
hence completely restoring functional ability [12, 13].

To build more effective CHAp bulk and coatings with increased
biocompatibility still is a challenge and hot area of scientific investigations.
Therefore, the synthesis processes and chemistry have to be thoroughly
investigated. The use of artificial calcium phosphate (CP) biomaterials has
been gaining therapeutic scope in diverse clinical applications. However, an
equally attractive field of application involving CHAp is its use in various
sensors [14-17]. Using the aqueous sol-gel method, CHAp coatings can be
synthesized on various substrates (e.g., titanium, quartz, silicon) by
controlling the temperature, pH and concentration of starting materials [18].
In order to produce a coating that is more resistant to physiological conditions,
various new methods are being sought for the modern synthesis of CHAp
layers that replicate bone tissue. Recently, it was demonstrated that silicon-
containing CHAp provide enhanced bioactivity and antibacterial properties
over pure CHAp [19]. Besides, silicon could improve osteoblastic response
on calcium phosphate bioceramics, probably, since it presents in trace
concentrations in natural bone. Sol-gel method for the synthesis of CHAp,
however, is considered a high-temperature approach, requiring elevated
temperatures to obtain the CHAp crystalline phase. However, high
temperatures do not support the formation of nanocrystalline materials [20].
The CHAp coatings obtained at 1000 °C could be inhomogeneous, for
example, consisting of two distinct regions: one with small grains,
approximately 200 nm in size, and one with larger grains, approximately 800
nm in diameter [21]. Additionally, the formation of the TiO, phase at high
temperatures reduces adhesion of CHAp films on Ti substrates [22].

Calcium-deficient hydroxyapatite (CDHA, Caiox(HPO4)x(POa)s-
x(OH)2) is CHAp with a Ca/P ratio from 1.50-1.67 [23]. Previous studies
have reported a larger specific surface area and superior incorporating efficacy
of CDHA when compared to other CaPs [18, 24]. The chemical composition
of CHAp can be modified from the stoichiometric form to the Ca-deficient
form by selecting an appropriate Ca/P molar ratio [22]. Solubility, specific
surface area, surface wettability, and hence the adsorption characteristics of
CHAp depend greatly on their morphology and crystallinity [25, 26]. The
crystal structure of CHAp is notable due to the fact, that it has two types of
crystal planes, namely, a-face and c-face. The a-face is positively charged due
to calcium ions, while the c-face is negatively charged due to oxygen atoms
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belonging to phosphate ions [27]. Anisotropic growth of CHAp crystals in one
or another crystallographic direction is an important factor from the point of
view of specific interaction of oriented crystals with other substances, which
may lead to enhanced performance and specific application of this material.
For example, the adsorption of proteins on CHAp crystals depends on their
morphology, different types of proteins, such as basic and acidic proteins,
adsorb selectively on the crystal planes of CHAp [28, 29]. Thus, tuning the
morphology of CHAp crystals may lead to enhanced biological properties as
well. In this light, the controllable synthesis of plate-like or rod-like crystals
with different aspect ratio and surface charge is an important task.

The aim of this dissertation was the development of new methods for
the synthesis of bulk and coatings of calcium hydroxyapatite with controlled
morphological features. For this reason, the tasks to achieve the main goal
were formulated as follows:

1. Development of a low-temperature synthetic approach for the fabrication
of calcium hydroxyapatite coatings on a silicon substrate.

2. Development of a low-temperature synthetic approach for the fabrication
of calcium hydroxyapatite coatings on a titanium substrate.

3. Investigation of the effects of various organic solvents and solvothermal
synthesis conditions on the formation of calcium hydroxyapatite via
hydrolysis of a-tricalcium phosphate.

4. Investigation the effects of different organic additives on the formation
of calcium hydroxyapatite via hydrolysis of a-tricalcium phosphate.

Novelty and originality of the work

In this study, for the first time the calcium hydroxyapatite thin films
were fabricated at a sufficiently low temperature applying environmentally
friendly sol-gel using the spin-coating technique and dissolution-precipitation
synthesis methods on Si substrate. This low-temperature synthetic approach
was also developed for the fabrication of calcium hydroxyapatite coatings on
Ti substrate. In the present PhD thesis, the effects of various organic solvents
and solvothermal conditions on the formation of calcium hydroxyapatite via
hydrolysis of a-tricalcium phosphate were investigated. Moreover, the effects
of sodium lauryl sulphate and various amino acids (DL-aspartic acid,
dodecanedioic acid, suberic acid) on the formation and morphological
properties of calcium hydroxyapatite have been also estimated.
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Defensive statements
The CHAp coatings on Si substrate could be easily synthesized by
environmentally friendly sol-gel and dissolution-precipitation synthesis
methods. The coatings were obtained for the first time using the spin-
coating technique.
The CHAp coatings could be synthesized by the same sol-gel and
dissolution-precipitation synthesis methods on Ti substrate as well.
Almost single phase CHAp could be obtained with negligible amount of
side phases.
Methyl alcohol and ethylene glycol have a stronger inhibitory effect on
a-TCP hydrolysis than ethyl alcohol, isopropyl alcohol and butyl
alcohol. The morphology of the obtained CDHA samples could be
changed from plate-shaped to rod-shaped. The ethylene glycol had the
highest impact on the sample morphology.
The nature and the concentration of organic additives influence the phase
purity and morphology of the final CDHA specimens. Higher
concentrations of sodium lauryl sulphate and dodecanedioic acid induce
the formation of impurities, while aspartic and suberic acid do not affect
the phase purity. The morphology of the samples could be changed from
plate-shaped to rod-shaped.
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1. LITERATURE OVERVIEW
1.1 Basic aspects of human bone

Humans are born with 270 bones, but this number drops to 206 as an

adults. The tubular bone is made up of the periosteum, bone tissue and bone
marrow. In the bone tissue, its elastic framework is formed by proteins, mainly
collagen type I and minerals, which fill the cavities in the bone. Bone tissue
also contains bone cells: osteocytes, osteoclasts and osteoblasts, and bone
tissue itself has three main functions [30, 31]:

1.

Mechanical — supports and protects vital organs and the nervous system.
Bones allow the transfer of force from one part of the body to another.
Mechanical stiffness and low elasticity reduce tension in the bone tissue,
while the flexibility of the bone helps to absorb shock and reduce the risk
of fractures.
Metabolic —bone tissue is a dynamic tissue, constantly regenerating itself
under mechanical stresses. This tissue has accumulated stores of calcium
ions. Bone is therefore involved in the homeostasis of mineral ions in the
body.
Haematopoiesis — the bone marrow in the bone tissue is responsible for
the production of all three types of blood cells.

Bone is a natural composite material consisting of about 45-60 %

minerals, 20-30 % matrix and 10-20 % water. When the water fraction is
included in the organic phase, the composition of bone can be illustrated as
follows in Figure 2 [32].

Mineral phase 70% [_] Organic phase
[ Mineral phase

Hydroxyapatite 95%

Other components 5%
(Mg, Na, K, F, Zn, Sr,and C)

Organic phase 30%

Bone matrix 98%
Collagen 95%
Non-collagenous proteins 5%

(BMPs, TGF-B: 2% NCPs)

Bone cells 2%
Osteoblasts
Osteocytes
Osteoclasts

Fig. 2. Chemical composition of bone tissue.
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The inorganic part of the bone tissue consists of abundant calcium and
phosphorus, which form hydroxyapatite (CHAp, Caio(PO4)s(OH)2) crystals.
The latter are found close to collagen fibres. Small amounts of calcium
phosphate, magnesium, sodium, potassium and small amounts of other
elements (copper, manganese, zinc, etc.) are also present, as well as
mineralised inorganic phases, such as chlorapatite (CIAp), fluorapatite (FAp),
sodium and magnesium-bearing apatites. The inorganic phase allows the bone
to have high stiffness and mechanical strength.

The organic phase consists mainly of type | collagen (about 90 %),
whose fibres regulate the formation and spatial orientation of CHAp crystals,
and small amounts of type Il and IV collagen, which regulate the diameter of
collagen fibrils. The remaining 10 % are proteins such as glycoproteins,
proteoglycans, osteopontin, osteocalcin and others [33, 34].

The structure and composition of bone determine its mechanical
properties. The mechanical behaviour of the whole bone is not discrete, but
rather continuous, varying according to local composition and geometry. In
general, whole bone is more resistant to compressive forces than to tensile
forces, and the volumetric mechanical properties of bone at the macroscopic
level are highly dependent on geometry [35]. Both of these generalisations are
consistent with what might be expected when thinking about bone
functionality. It is advantageous for bone to be more resistant to compression
due to the presence of such forces during weight bearing and the mechanism
of compression injuries. Bone, like other biological materials, has so-called
hierarchical structure, consisting of different levels (Figure 3) depending on
the scale [36].

Osteocytes Blood vessels

Cancellous bone \

Collagen fibril

L )
Lamella " o o
,/\ & . ¢ ... o,
D by .o
e ¥°
/ \ | i . L
/] \ 7

* * Hydroxyapatite

Collagen fiber

Collagen molecule
Cortical bone Osteon  Haversian canal

Macrostructure Microstructure Nanostructure
Mesostructure Sub-microstructure Sub-nanostructure

Fig. 3. The hierarchical structure of bone.
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Calcium hydroxyapatite is one of the substances found in bone tissue
that is involved in bone growth and has excellent biocompatibility. CHAp
crystals oriented along the collagen fibres contribute to the strength of the
bone itself (Figure 1). Synthetic calcium hydroxyapatite has many advantages
as a biomaterial. CHAp, as an inorganic biomaterial, has strong
osteoconductive properties, making it a particularly attractive material in the
biomedical field [37]. Calcium hydroxyapatite has a Ca:P ratio of 1.67 (5:3),
but the Ca:P ratio in bone tissue actually ranges from 1.37 to 1.87, indicating
that other additional ions such as strontium, zinc, and carbonate may be
present in the bone mineral.

1.2 Synthetic calcium hydroxyapatite (Caio(PO4)s(OH)2)

Synthetic CHAp is partially resorbed in body fluids and the resorption
itself depends on the crystallinity of the material. When CHAp was immersed
in an equilibrium salt solution, which mimics the human body fluid medium,
a significant loss of OH groups and a decrease of amorphous Ca-P material in
the coating was observed [38]. Studies have shown that bone tissue growth is
faster when the coating contains a higher amount of amorphous phase due to
faster initial dissolution [39]. The crystal structure of hydroxyapatite crystals
is shown in Figure 4 [40].

PO,
OH i
Ca (,

Fig. 4. The structure of hydroxyapatite crystals [40].

CHAp is a brittle material and not fully suitable for use as an artificial
substitute for hard tissue, so it is often combined with other materials (e.g.
collagen, strontium, or titanium) that improve bioimplant properties such as
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flexibility and hardness. Calcium hydroxyapatite can be obtained in several
ways — naturally and chemically. In the first way, it can be extracted from
mammalian bones or coral. Most natural calcium phosphates can be found as
small polycrystalline structures. It is worth noting that large crystals are quite
rare [41]. Compared to synthetic calcium hydroxyapatite, natural CHAp is
non-stoichiometric because it contains trace elements such as Na* , Zn?%,
Mg?, K*, Si?*, Ba?*, F- and COs* [42, 43]. As mentioned above, CHAp can
also be produced synthetically. Although many methods have been developed
for the synthesis of CHAp, such as sol-gel, electrochemical, chemical
precipitation, etc., the preparation of calcium hydroxyapatite with specific
properties remains challenging, as the synthesis of CHAp can lead to the
formation of toxic intermediates [44]. Therefore, the development of new
methods for CHAp synthesis are still very desired.

Recent studies have shown that calcium hydroxyapatite can also exist
in a monoclinic form. This form is the most thermodynamically stable at room
temperature and the main difference between the monoclinic and hexagonal
forms is the orientation of the OH" groups (Figure 5). In the hexagonal form
of CHAp, the two adjacent hydroxyl groups are oriented in opposite
directions, whereas in the monoclinic form, all the OH" groups are oriented in
the same direction in the same column, with the opposite direction between
the columns [45]. Although the structural differences between monoclinic and
hexagonal CHAp are small, they are sufficient to strongly influence some of
the physicochemical properties of CHAp. As monoclinic CHAp is structurally
more stoichiometric than hexagonal CHAp, it is expected that this will lead to
quite different solubility and diffusion kinetics. Therefore, knowledge of the
origin and synthesis of the monoclinic CHAp phase is crucial to understand
the mechanisms of calcium hydroxyapatite formation and its promising
applications in bone remodelling and enhancement [46].
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Fig. 5. Crystal structures of the low-temperature monoclinic P2; phase (a)
and (b), and the high-temperature hexagonal P63 phase (c) and (d)
hydroxyapatite Caio(PO4)s(OH): [47].

Calcium hydroxyapatite is an important inorganic component of human
and other vertebrate bones and teeth. Due to its biocompatibility with living
tissues, CHAp, together with other materials such as various biosticks, carbon
nanostructures, etc., is known as bioceramics. These bioceramics are resistant
to microbial attack and pH changes [48]. In order to characterise the
interaction between CHAp-based bioceramics and bone tissue, a model has
been proposed (Figure 6) [48]. This model proposes series of initial steps (1-
3) that take place before the equilibrium between the hydroxyapatite and the
biological fluids occurs. The implantation of hydroxyapatite into the body
initially leads to the dissolution of the material, as shown in reactions 1-5:

Ca5(P04)30H( + Hig 2 Cas(PO4)3(H20)( (1)
Cas(P04)3(H,0)(y & 3Caz(P0y4); o + Cagq) + 2H,0(aq) (2)
Ca3(P04)z 0 + 2H{ ) 2 Cally + 2CaHPO, (1) (3)
CaHPO, () + Hq) 2 Caly) + HaPOj (g (4)

CaHPO, () 2 Cafy,) + HPO 4 (5)

After some time, an equilibrium is established between the modified
hydroxyapatite surface and the biological fluids and calcium hydrogen
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phosphate (CaHPO,) is formed on the surface. The implant is then integrated
into the tissue, e.g. by protein adsorption and cell adhesion. The more detailed
mechanism consists of the 8 steps shown in Figure 6:

H' HO H G "' ¢ O

new bone

Ca{POY,0H /' Cay(PO,); /' CaHPO, .. HA surface| /

@@@@@@@

Fig. 6. Diagram of the phenomena occurring on the surface of the HA post-
implantation: (1) start of the implantation procedure, when HA dissolution
occurs solubilisation of the HA surface begins; (2) continuation of
solubilisation of the HA surface; (3) the equilibrium between saline solutions
and the modified HA surface (Changes in the composition of the HA surface
do not imply the onset of a new phase the formation of a new phase on the
surface of DCPA or DCPD); (4) adsorption of proteins and/or other bio-
organic substances compounds; (5) cell adhesion; (6) cell proliferation; (7)
initiation of new bone formation; and (8) formation of new bone [49].

1.3 Synthesis methods
1.3.1 Bulk

Synthetic CHAp can be obtained in a variety of ways including the
simple, fast and cost-efficient solid-state reaction [50], sol-gel method,
techniques based on ammonium hydrogen phosphate as a phosphorus
precursor and calcium acetate monohydrate as a calcium ion source [51], as
well as wet precipitation [26], hydrothermal [23] and solvothermal syntheses
[18] and others. Another group of synthetic approaches employed for the
synthesis of CHAp considers the phase conversion from other less stable CPs.
For instance, calcium-deficient hydroxyapatite CDHA can be obtained
through the transformation from alpha-tricalcium phosphate (Cas(POa)2, a-
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TCP) or amorphous CP in agueous medium [24]. Synthetic pathways
employing high-temperature treatment usually result in the formation of large
agglomerated particles. Crystallographically oriented products are usually
obtained by low-temperature chemical methods.

Functional groups of organic substances, such as carboxyl or amino,
can specifically interact with the planes of CHAp particles during the crystal
growth process and affect particle growth in one or another direction.
Different additives were previously employed in order to investigate their
effect on the crystal growth, morphology and properties of CHAp. For
instance, Suchanek et al. [22] successfully synthesized CHAp nanofibers in
the presence of monoethanolamine under hydrothermal conditions. The role
of sebacic acid on the formation of CHAp was investigated in [1]. Jiang et al.
[52] showed that poly(acrylic acid) depending on its concentration can
promote or inhibit CHAp crystallization. Moreover, the composition of mixed
agueous-organic reaction medium also has an effect on the crystallization and
morphology of CHAp [53].

1.3.2 Coatings

Plasma spraying method requires that the metal surface of the implant
be rough, as this will result in better adhesion to the sprayed CHAp. To form
CHAPp or other coatings, the powder is injected into the plasma stream where
it acquires a velocity of 50 to 600 m/s and impacts with high force on the
substrate, adhering to it to form the desired coating. Although this method is
known as one of the main coating technologies, the properties of the resulting
coatings depend on the design of the plasmotron, the power of the plasmotron,
the location of the injection of the powder, the type of gas used to form the
plasma, and the temperature of the substrate [54, 55].

CHAp coatings can be deposited using atomic layer deposition (ALD)
technology. This process involves chemisorption, i.e. the molecules of the
precursor react with the surface to be coated until there are no active sites on
the surface. The ALD method is one of the best in the field of thin-film
forming, as it allows the production of very thin layers with precise thickness
and extremely smooth and homogeneous layers. One of the advantages of this
method is that it uses lower temperatures than classical CVD (chemical vapour
deposition) processes, which allows the use of more reactive materials and
different substrates.

The deposition process involves the reaction of two substances (Figure
7). First, reagent A is sprayed into the cell until it is fully adsorbed and the
reaction proceeds no further. This is followed by the second step, purification.
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In this step, the unreacted precursor and reaction by-products are removed.
Reagent B is then sprayed until the surface becomes saturated and the cleaning
procedure is repeated. The number of cycles in the tests is determined by the
thickness of the coating to be obtained [56].
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Fig. 7. Schematic illustration of one ALD reaction cycle.

Calcium hydroxyapatite coatings can be deposited by magnetron
sputtering. This is a versatile technique where thin, nanostructured layers of
materials are deposited from a gas phase (plasma). Due to the quality of the
coatings produced, this method has become one of the main technologies for
the formation of thin films under vacuum. The magnetic field causes the
electrons to be concentrated at the surface of the target by the Lorentz force.
Increasing the sputtering yield and the growth rate of the coating can be
achieved by increasing the number of inert gas ions in the electric field. In
recent years, this preparation method of coatings has been particularly
popular, for example, CHAp coatings on polytetrafluoroethylene (PTFE) have
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been simulated using this method [57]. Depending on the type of energy
source used, magnetron sputtering can be divided into two types: (1) direct
current magnetron sputtering (DC) and (2) radio frequency sputtering (RF).
DC magnetron sputtering is relatively cheaper compared to RF, but only
electrically conductive targets such as metals or doped semiconductors are
used (Figure 8) [58].
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Fig. 8. Schematic representation of a magnetron sputtering equipment and
deposition process.

Electrochemical deposition of CHAp coatings is an increasingly
popular method of forming coatings by electrolysis from an electrolyte of
appropriate composition. The method does not require expensive apparatus
and the thickness and structure of the deposited coatings can be controlled by
selecting the appropriate potential, current density, electrolyte composition
and pH [59]. However, the method has a disadvantage for the coatings, such
as poor adhesion to the surface. In addition, metallic implants with poor
adhesion of the coating can easily form small debris, which leads to implant
rejection in the body [59].

The sol-gel method is a convenient and increasingly popular synthesis
method that can form thin coatings (Figure 9). The advantages of this method
are: low temperature, low-cost synthesis equipment, easy control of the
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process, and technological simplicity. The parameters of the coating to be
formed are controlled by varying the sol-gel concentration, the technical
parameters of the equipment and the heating temperature. The synthesis of
sol-gels consists of several steps. First, the sol (colloidal solution) is heated
until a two-phase gel system is achieved. Once the gel consistency is reached,
surface coating is possible.

The aqueous sol-gel method can be used to synthesise calcium
hydroxyapatite on a variety of substrates (e.g. titanium, quartz, silicon) by
controlling the temperature, pH and concentration. The calcium
hydroxyapatite obtained by this synthesis method can be alloyed with various
metals or alloys of metals quite easily, thus modifying the properties of the
compound obtained.
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Fig. 9. Schematic of different stages of sol-gel process [60].

Spin coating is used to obtain thin (<1 um) and uniform coatings on
flat surfaces (Figure 10).

The coating fluid is dripped into the centre of the target (substrate)
and the substrate starts to spin. The dropped solution is distributed on the
surface of the substrate by centrifugal force and gravity. The thickness of the
coating formed depends on the viscosity of the solution dropped, the
evaporation rate of the solution and the rotational speed. Generally, at higher
rotational speeds, thinner coatings are formed. One of the disadvantages of the
spin coating method in industrial applications is the loss of material, as the
excess droplet solution is dispersed off-target by the centrifugal force of
rotation [61].
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Fig. 10. Stages of spin coating on substrate [61].

Dip coating is the deposition of a liquid film by controlling the rate and
time of dipping and lifting of the substrate (Figure 11). The substrate is first
dipped and soaked in the solution, followed by the formation of a thin film on
the substrate as the solvents evaporate. This method is convenient for coating
irregularly shaped substrates and is popular in industry and laboratories
because of its low cost and simple processing steps. The required coating
properties can be obtained by controlling the soaking time and the extraction
rate, but the coating obtained by the dipping method may be uneven due to the
non-uniformity of the substrate [62].

T Substrate

Precursor solution

Fig. 11. Schematic diagram of dip coating [62].
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1.4 Applications

Synthetic calcium hydroxyapatite is used in dentistry and orthopaedics
because CHAp is part of the chemical composition of tooth enamel and bone.
CHAp coatings on implants increase the biocompatibility of implants.
Calcium hydroxyapatite nanoparticles are also used to mineralise tooth
enamel. The mineralisation of tooth enamel reduces tooth sensitivity and tooth
damage caused by various acids and helps to remove the calcium fluorapatite
that forms. Calcium hydroxyapatite is used in dentistry as a filler for damaged
teeth into which the tooth has grown [63-66].

Another application is the removal of fluoride from water. Calcium
fluorapatite is thermodynamically more stable than hydroxyapatite. However,
this method of fluorine removal requires the addition of calcium ions [67] as
washing calcium hydroxyapatite with water dissolves some of the mineral in
the water and introduces phosphates into the water, which would make the
water unsuitable for human drinking. Recently, a new process has been
presented that produces water with a higher calcium content and the removal
of fluoride.

In archaeology, the results of the analysis of calcium hydroxyapatite in
archaeological finds are important. As trace elements accumulate in bones and
mineral fractions, their concentrations can tell us a great deal about animal
diets (whether marine or terrestrial), migrations and even a great deal about
prehistoric climates [68]. We can also learn about migration routes and
geographical origins [69]. Oxygen in fossilised calcium hydroxyapatite can
provide information about past climates [70]. Calcium hydroxyapatite is also
used in the delivery of a variety drugs and drug preparation due to its stability.
Porous block calcium hydroxyapatite is used in the delivery of antibiotics and
anticancer drugs and CHAp nanoparticles are even used in gene therapy [71,
72].

To summarise the information in this chapter, calcium hydroxyapatite
and its different structures have the potential to expand medical capabilities,
archaeological knowledge and improve the quality of life. Finding a cheap,
efficient and reliable way of obtaining calcium hydroxyapatite could expand
the possibilities and the wider applicability of the areas discussed.
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2. EXPERIMENTAL

2.1 Materials

Disodium hydrogen phosphate (Na;HPO4, pure p. a., Chempur),
calcium acetate monohydrate (Ca(CHsCOOQ).-H20, 99.9 %, Fluka), calcium
nitrate tetrahydrate (Ca(NOs3)2-4H20, 99 %, Fluka), citric acid monohydrate
(CsHsO7-H20, 99.9 %, Fluka), 1,2-ethanediol (C2HsO2, 99 %, Alfa Aesar),
acetyl acetone (CsHsO», 99.9 %, Merck), 2-propanol (CsHsO, 99 %, Alfa
Aesar), polyvinyl alcohol (PVA7200) ([-CH.CHOH-],, 99.5 % Aldrich),
sulphuric acid (H.S0.), hydrogen peroxide (H20-), were used for the synthesis
of calcium hydroxyapatite. Calcium nitrate tetrahydrate (Ca(NOs).-4H.0, 99
%, Roth, Karlsruhe, Germany), diammonium hydrogen phosphate
((NH4).HPO4, 98 %, Roth, Karlsruhe, Germany), ammonium hydroxide
(NH40H, 25 %, Roth, Karlsruhe, Germany) were used for the synthesis of the
a-TCP. The obtained TCP was further used as a precursor for the synthesis of
CHAPp via a hydrolysis reaction under hydrothermal conditions with ethylene
glycol (EG, >99 %, Roth), methyl alcohol (MeOH, >99.9 %, Roth), ethyl
alcohol (EtOH, >96 %, Roth), isopropyl alcohol (PrOH, >99.5 %, Roth), butyl
alcohol (BuOH, >99.5 %, Roth), sodium lauryl sulfate (SLS, NaCi2H25SOa4,
>99.0 %, Roth, Karlsruhe, Germany), dodecanedioic acid (DDDA, C12H2204,
99 %, Sigma Aldrich, Germany), DL-aspartic acid (Asp, CsH/NO4, 99 %,
Sigma Aldrich, Germany) and suberic acid (Sa, CsH1404, 99 %, Sigma
Aldrich, Germany).

2.2 Synthesis of Caio(PO4)s(OH), coatings

Firstly, calcium carbonate (CaCOs) layers on silicon and titanium
substrates were fabricated by sol-gel method. In the sol-gel process 20 ml of
CsHgO were mixed with 1.8 ml of CsHsO- with stirring at room temperature.
An appropriate amount (1.0920 g) of Ca(NOs3)24H,O was added to the
solution and stirred for 1 h until the material dissolved [73]. The solution used
for coating was mixed with the PVA solution (0.5 g of PVA dissolved in 49.5
ml of distilled water with stirring at 90 °C for 1 h) in a ratio of 5:3. The silicon
substrate was repeatedly coated with 10, 20 and 30 layers of solution by spin-
coating method using two different spinning procedures (A) and (B) (Table 1)
and on a titanium substrate using a single spin-coating procedure (A). After
evaporation of solvent the substrates were dried in an oven for 10 min at 200
°C and heated at 600 °C for 5 h with a heating rate of 5 °C/min. Calcium
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hydroxyapatite coatings were synthesized by low-temperature dissolution-
precipitation method. Silicon substrates coated with partially amorphous
and/or crystalline CaCO3; were soaked in disodium phosphate solution (1
mol/l) for 28 days in a thermostat at 80 °C.

Table 1. Parameters of two different spinning procedures (A) and (B).

Parameter Spinning procedure (A), | Spinning procedure (B),
sec sec
RPM1 1000 500
RAMP1 1 2
TIME1 1 5
RPM?2 3000 1000
RAMP2 2 2
TIME2 1 5
RPM3 3000 1500
RAMP3 1 2
TIME3 30 90
RAMP4 10 10

Before the coating the silicon and titanium substrates were prepared by
different cleaning techniques. Silicon substrates (10x10 mm squares) were
washed with Piranha solution (3 parts of concentrated sulfuric acid and 1 part
of 30 % hydrogen peroxide solution) and distilled water. The titanium
substrates (Alfa Aesar 1 mm thick titanium alloy sheet, 15 mm diameter, 0.5
mm thick discs and 10x10 mm squares) were successively mechanically
polished with 600, 800 and 1200 grit sandpaper, and wet polished with an
ethanol-based oil (Struers, DP-Lubricant Brown). The polished substrates
were immersed in a 5M NaOH solution and left at 60 °C for 24 h. The
substrates were rinsed with distilled water and dried at room temperature
before the coating procedure.

The spin-coating method was applied by dripping a prepared sol-gel
solution onto the prepared substrates. Two procedures for the spin coating
method were used, as shown in Table 1. The main difference between the two
methods is spin rate. After each spin-coating procedure, the samples were
heated in an oven at 200 °C for 10 min. The low-temperature heated substrates
were then heated for 5 h at 600 °C with a temperature rise of 5 °C/min. The
spin-coating and heating procedures were repeated 10, 20 and 30 times.
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2.3 Synthesis of Caig(PO4)s(OH), powders

For the synthesis of o-TCP an appropriate amount (3.42 ¢) of
Ca(NO3)24H,0 was dissolved in 20 ml of deionized water. 1.27 g of
(NH4)2HPOwere dissolved in 15 ml of deionized water in a separate beaker.
After dissolution, concentrated ammonium hydroxide was added to the latter
solution until pH of the solution reached 10. After stirring for 1 min, an
aqueous solution of Ca(NOs)2-4H,0 was added rapidly. A white precipitate
formed which was stirred for 10 minutes at 400 rpm. The obtained precipitate
was subsequently vacuum filtered and washed with an appropriate volume of
deionized water and PrOH [74]. The synthesis product was dried overnight in
an oven at 50 °C. The dried powders were ground in agate mortar and annealed
in a furnace at 700 °C for 5 h at a heating rate of 5 °C/min.

Solvothermal reactions were performed with different proportions of
water and organic reagent. The water to alcohol v/v ratios of 0:100, 20:80,
40:60, 60:40, and 80:20 were applied. For the synthesis, 0.3 g of a-TCP
powder was placed into a 90 ml polytetrafluoroethylene-lined stainless-steel
pressure vessels and diluted with 20 ml of water-organic solvent mixture.
Solvothermal treatment was performed under 120 °C for 3 h and at 200 °C for
5 h. Finally, the resulting powders were filtered, washed with EtOH, and dried
at 50 °C overnight. The sample notations and treatment conditions are given
in Table 2.

Table 2. Solvothermal treatment conditions for the alcohol-based synthesis.

Notation Solvothermal Organic solvent
conditions applied
120-W-EG 120°C,3h ethylene glycol
120-W-MeOH 120°C,3h methyl alcohol
120-W-EtOH 120 °C, 3 h ethyl alcohol
120-W-PrOH 120°C,3h isopropyl alcohol
120-W-BuOH 120°C,3h butyl alcohol
200-W-EG 200°C,5h ethylene glycol
200-W-MeOH 200°C,5h methyl alcohol
200-W-EtOH 200°C,5h ethyl alcohol
200-W-PrOH 200°C,5h isopropyl alcohol
200-W-BuOH 200°C,5h butyl alcohol

The solvothermal synthesis reactions were performed also in the
presence of different concentrations of sodium lauryl sulfate (SLS) and amino
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acids: dodecanedioic acid, DL-aspartic acid and suberic acid. In a typical
procedure, 0.3 g of a-TCP powder and appropriate amount of SLS or amino
acids were placed into a 90 mL polytetrafluoroethylene-lined stainless-steel
pressure vessels, diluted with 20 mL of water and treated at 200 °C for 5 h.
Solvothermal reactions were performed in the presence of different
concentrations of DL-aspartic acid and suberic acid in water and ethylene
glycol (W:EG) mixture (v/v ratio of 40:60). The synthetic procedure was
analogical to that previous. After the hydrothermal treatment the resulting
powders were filtered, washed with ethyl alcohol, and dried at 50 °C
overnight. The sample notations and concentrations of additives in the
reaction solution are given in Table 3.

Table 3. Solvothermal treatment conditions for the SLS and organic acids-
based synthesis.

Notation Organic additive Concentration Water to
of additive ethylene glycol

ratio (v/v)
SLS:005 Sodium lauryl sulfate 0.005 mol/L 100:0
SLS:025 Sodium lauryl sulfate 0.025 mol/L 100:0
SLS:05 Sodium lauryl sulfate 0.05 mol/L 100:0
SLS:075 Sodium lauryl sulfate 0.075 mol/L 100:0
SLS:1 Sodium lauryl sulfate 0.1 mol/L 100:0
DDDA:005 | Dodecanedioic acid 0.005 mol/L 100:0
DDDA:025 | Dodecanedioic acid 0.025 mol/L 100:0
DDDA:05 Dodecanedioic acid 0.05 mol/L 100:0
DDDA:075 | Dodecanedioic acid 0.075 mol/L 100:0
DDDA:1 Dodecanedioic acid 0.1 mol/L 100:0
Asp:005 DL-Aspartic acid 0.005 mol/L 100:0
Asp:025 DL-Aspartic acid 0.025 mol/L 100:0
Asp:05 DL-Aspartic acid 0.05 mol/L 100:0
Asp:075 DL-Aspartic acid 0.075 mol/L 100:0
Asp:1l DL-Aspartic acid 0.1 mol/L 100:0
Sa:005 Suberic acid 0.005 mol/L 100:0
Sa:025 Suberic acid 0.025 mol/L 100:0
Sa:05 Suberic acid 0.05 mol/L 100:0
Sa:075 Suberic acid 0.075 mol/L 100:0
Sa:l Suberic acid 0.1 mol/L 100:0
Asp:005:EG DL-Aspartic acid 0.005 mol/L 40:60
Asp:025:EG DL-Aspartic acid 0.025 mol/L 40:60
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Notation Organic additive Concentration Water to
of additive ethylene glycol

ratio (v/Vv)
Asp:05:EG DL-Aspartic acid 0.05 mol/L 40:60
Asp:075:EG DL-Aspartic acid 0.075 mol/L 40:60
Asp:L:EG DL-Aspartic acid 0.1 mol/L 40:60
Sa:005:EG Suberic acid 0.005 mol/L 40:60
Sa:025:EG Suberic acid 0.025 mol/L 40:60
Sa:05:EG Suberic acid 0.05 mol/L 40:60
Sa:075:EG Suberic acid 0.075 mol/L 40:60
Sa:l:EG Suberic acid 0.1 mol/L 40:60

2.4 Characterization techniques

Raman spectroscopy studies were performed using a scanning near-
field spectroscopy system with a Raman spectroscopy attachment
(Alpha300R, WiTec). In addition, an Axiomcam 208 COLOR microscope
was used to study the morphology of the samples. Images were captured using
a high resolution digital camera.

Images of the surface morphology of coatings on titanium substrates
obtained with the Contour GT-K 3D optical profilometer (Bruker). This
system operates in non-contact mode using white light and phase shift
interferometry. The 3D profilometer produces an electrical topographic image
of the surface. The scanned area of the samples was 0,25 mm?.

Powder X-ray diffraction data were collected on a Rigaku miniFlex 11
(Rigaku, The Woodlands, TX, USA) or SmartLab (Rigaku) diffractometers
operating in Bragg-Brentano (6/20) geometry, using Ni-filtered Cu Ka
radiation. The data were collected within a 26 angle range from 10 to 60° at a
step width of 0.01° and speed of 5°/min.

Infrared (FT-IR) spectra were recorded in the range of 4000—400 cm™!
employing Bruker ALPHA ATR spectrometer (Bruker, Billerica, Ma, USA).

In order to study the morphology of the samples, a field-emission
scanning electron microscopes (FE-SEM) Hitachi SU-70 and Hitachi SU-
3500 (FE-SEM, Hitachi, Tokyo, Japan) were used.

Electrochemical measurements were carried out using a Solartron
1280C electrochemical measurement system (Ametek, Inc.) and a three-
electrode cell. The auxiliary electrode was a ~4 cm? platinum plate. A standard
electrode of Ag/AgQCI in saturated KCI solution was used as a reference
electrode and a titanium substrate as a working electrode. The working
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electrode was mounted in a special cell window in such a way that only one
side of the electrode was in contact with the solution and tightened through a
silicone gasket. Contact with the coating was achieved via a Pt wire which
was pressed against the electrode surface. The electrochemical cell was filled
with a Hanks' balanced salt solution (Sigma-Aldrich), the composition of
which is given in Table 4, and the measurements started after 10-15 s.

Table 4. Composition of Hanks' solution.

Component Concentration, g/L
CaCl,.2H,0 0.18
MgSO, 0.09
KCI 0.40
KH2PO, 0.06
NaHCO3 0.35
NaCl 8.00
Na;HPO4 0.05
D-glucose 1.00
Phenol red Na 0.01

The following measurements were carried out to determine the
corrosion parameters of the coatings under test: 1. Open circuit potential (Eocp)
measurements in Hanks' solution; and 2. Potentiodynamic voltammetric
measurements: the potential emission rate of the working electrode was 1
mV-stand the range of the potential emission was from -200 to 500 mV with
respect to Eqcp.

Textural properties of the prepared samples were estimated from N>
adsorption/desorption isotherms at —196 °C using a Micromeritics TriStar
3020 analyser. Before the measurements, all the samples were outgassed in
the N, atmosphere at 100 °C. The total surface area (Sget) was estimated using
the Brunauer-Emmet-Teller (BET) equation, while Barrett-Joyner-Halenda
(BJH) equation was used to calculate pore size distribution of the samples
[75].
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3. RESULTS AND DISCUSSION

3.1 Development of low-temperature method for the formation of
bioceramic nano-calcium hydroxyapatite coatings using sol-gel and
dissolution-precipitation processing

The main purpose of this part of doctoral dissertation was the
development of new fabrication methodological approach (sol-gel and
dissolution-precipitation) for the preparation of calcium hydroxyapatite
coatings on two different substrates.

3.1.1 Formation of Cai0(PO4)s(OH)2 coatings on silicon substrate

Firstly, for the development of a low-temperature synthetic approach
for the fabrication of calcium hydroxyapatite coatings the silicon substrate was
selected as model case. Moreover, it was demonstrated previously, that in
order to produce a coating that is more resistant to physiological conditions,
various new modern synthesis of CHAp layers that replicate bone tissue are
developed. Interestingly, the Si could be used for the formation of interfacial
layer on the metal alloys to increase the adhesion strength of biomaterials
substantially. For the synthesis of CaCOs layer, the silicon substrates were
repeatedly coated with 10, 20 and 30 layers of Ca-O sol-gel solution.
However, the XRD patterns of the samples obtained after 10 coatings
procedures did not contain any reflections attributable to crystalline CaCOs
phase. Fig. 12 represents the XRD patterns of CaCOsthin films obtained after
20 coatings using slightly different spin-coating procedures.
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Fig. 12. XRD patterns of the sol-gel derived CaCO3 samples on Si substrate
obtained after 20 coatings and annealed at 600 °C for 5 h after each spining
procedure, using different (A) and (B) spin-coating techniques.

As seen from Fig. 12, the peaks attributable to the CaCOs (26 = 29.5;
PDF [96-210-0190]) could be determined in the XRD patterns confirming the
formation of crystalline calcium carbonate. The XRD patterns of CaCOs layers
fabricated after 30 spin-coating procedures were almost identical to ones
presented in Fig. 12.

The SEM micrographs of the surfaces of obtained CaCOs; samples
showed the formation partially even surface with clearly pronounced
formation of individual crystallites. Interestingly, the quality of sol-gel coated
thin films of the CaCOj3; was not influenced by used spin-coating technique.
The Raman spectra of synthesized CaCOj3; coatings contained characteristic
CaCOs; peaks located at 153, 281, 617, 668, 709, 1084 cm™ [76, 77]. It is
interesting to note, that the positions of Raman bands determined in the Raman
spectra of synthesized CaCO; according to [76] could be attributed to the
partially amorphous calcium carbonate phase.

Calcium hydroxyapatite coatings were synthesized by low-temperature
dissolution-precipitation method. Silicon substrates coated with partially
amorphous and/or crystalline CaCO3z were soaked in disodium hydrogen
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phosphate Na;HPO, solution for 28 days at 80 °C. Fig. 13 presents XRD
patterns of CHAp coatings on Si substrate.
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Fig. 13. XRD patterns of calcium hydroxyapatite thin films fabricated by
sol-gel and dissolution-precipitation method using different spin-coating
techniques: a) - (A) and b) - (B).

The XRD analysis results show the negligible influence of parameters
of spinning on the crystallization of calcium hydroxyapatite on Si substrate.
The characteristic CHAp reflections could be easily distinguished (PDF [74-
0566]). Thus, the XRD analysis data proved that calcium hydroxyapatite could
be easily obtained at 80 °C from the Ca-O sol-gel precursor solution on Si
substrate using a spin-coating technique and following dissolution-
precipitation approach.

Thickness of CHAp coatings was measured using SEM analysis of
cross-sections of the films, and was found to be approximately 900-945 nm.
Fig. 14 shows Raman spectra in wavenumber region from 100 to 1250 cm™ of
CHAp sample containing 30 layers of CaCOsz on Si substrate.
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Fig. 14. Raman spectra of CHAp synthesized by sol-gel and dissolution-
precipitation method using different spin-coating techniques: a) - (A) and b) - (B).

The broad bands with sharp peaks near 300, 500 and 950 cm™ belongs
to overtone spectrum of Si substrate. However, the intense bands
corresponding to the symmetric stretching vibration of phosphate groups in
Caio(PO4)s(OH); are also seen [78, 79]. The Raman spectroscopy results are
in a good agreement with XRD analysis data. Using Raman optical
microscopy system, the representative optical images are presented in Fig.
15. Taken images demonstrate the formation of individual crystallites in the
film matrix. By pointing the laser at the formed individual crystallites, CHAp
signals have been observed. Defects commonly present in 2D materials, such
as cracks, vacancies and crystal boundaries [80, 81] were not detected in the
CHAp samples synthesized by low-temperature sol-gel and dissolution-
precipitation method.
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Fig. 15. Images of CHAp thin films obtained by Raman optical microscopy
system. Red circles marks the location of focused laser beam for measuring
Raman spectra.

In conclusion, the final formation of CHAp on the surface of Si could
be expressed by following equation [82-84]:

10 CaCOs + 6 POs* + 2 OH" — Cazo(PO4)s(OH), + 10 COs* 1)

The possible mechanism of formation of calcium hydroxyapatite by

suggested low-temperature sol-gel and dissolution-precipitation method is
presented in Fig. 16.
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Fig. 16. The possible mechanism of formation of calcium hydroxyapatite by
suggested low-temperature sol-gel and dissolution-precipitation method on
Si substrate.
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3.1.2 Formation of Caio(PO4)s(OH). coatings on titanium substrate

In this part of PhD thesis a low-temperature synthetic approach for the
fabrication of calcium hydroxyapatite coatings on a titanium substrate was
developed.

The phase composition of the obtained calcium carbonate coatings on
the titanium substrate was determined by X-ray diffraction analysis (Fig. 17).
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Fig. 17. The XRD patterns of CaCOs3 coatings obtained by spin coating on a
Ti substrate after 20 of spin-coating and thermal treatment procedures.
Diffraction peaks: *-CaCOj3; (ICDD 01-086-2339), A -CaTiO; (ICDD 03-
065-3287), o-CaO (ICDD 01-082-1691), e-TiO, (ICDD 01-083-2241).

According to the obtained results, the formation of CaCOg after 20
coating procedures was evidently observed. Additionally, the XRD patterns
contained intense diffraction peaks corresponding to TiO; (rutile) CaO and
CaTiOs crystalline phases. Fig. 18 shows the XRD patterns of the resulting
CaCOs3 coating on the titanium substrate after 28 days of immersion in
Na,HPO; solution and the Ti substrate was annealed at 600 °C. It can be seen
that the CHAp coating was successfully formed. The diffraction peaks
characteristic of the crystalline CHAp phase were observed [19, 85].
Additionally, the peaks attributed to secondary phases such as Na,HPO4 (from
immersion solution), Ti (substrate) and TiO, were also detected. It could be
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concluded that CHAp formed, but it did not prevent the formation of TiO,. On
the other hand, the characteristic peaks of CaTiO; are not visible, which may
have been due to the fact that the CaTiOj3 layer was coated with CHAp. One
of the key advantages of the sol-gel technique is its capacity to produce
homogeneous materials [86]. It is evident from the XRD results that the
combined sol-gel and dissolution-precipitation reactions method also
produces homogeneous CHAp coatings.
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Fig. 18. XRD patterns of CHAp coating obtained after immersion of CaCO3
coating for 28 days in NazHPQO, solution (1) and Ti substrate annealed at 600
°C (2). Diffraction reflections are marked: +-CHAp (ICDD 00-054-0022),
*-Na,HPO, (ICDD 01-076-2287), m-Ti (ICDD 01-089-5009), ¢-TiO, (ICDD
01-076-0318).

Raman spectra of the sol-gel-derived CaCOj3 coating and CHAp coating
obtained following the dissolution-precipitation reaction are shown in Fig. 19.
A high background is visible in the Raman spectrum of the CaCOj; coating;
however, the observed peak at 1084 cm™ corresponds to the symmetric
stretching of calcium carbonate [87]. In the Raman spectrum of the CHAp
coating, the peaks of phosphate group vibrations at 400, 574, 590, 950 and
1085 cm™ are seen. The peak at about 280 cm™ is attributed to the Ca-PO,
lattice. All this confirms that the CHAp coating was formed by the dissolution-
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precipitation process. The most intense peak observed, at 690 cm™?, is ascribed
to the Ti substrate. In addition, the peaks at 159, 220 and 485 could be
attributed to the TiO phase [88]. The obtained results of Raman spectroscopy
correlate well with the results of X-ray diffraction analysis. The absorption
bands observed in the FTIR spectra of synthesized coatings at 1411 cm™* and
879 cm! in the spectrum of the CaCO; coating can be assigned to the stretch
vibrations of the carbonate ion [89, 90]. The intense absorption band detected
at ~590 cm is attributed to the vibration of Ti-O in titania.
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Fig. 19. Raman spectra of CaCO; (top) and CHAp (bottom) coatings.
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The results deduced from the FTIR spectrum of the formed CHAp
coating are in good agreement with the results of XRD and Raman
spectroscopy, confirming the formation of intermediate (CaCOs) and end
products (Caio(PO4)s(OH)2). According to the origin of observed absorption
bands, the formation of carbonated hydroxyapatite (Caiox(POa)s-
x(CO3)x(OH)2-x-2y(COs3)y) occured during the dissolution-precipitation reaction
[90, 91].

The SEM micrographs of the formed CaCOs; after spin-coating and
thermal treatment procedures confirmed that the Ti substrate was uniformly
covered. SEM micrographs of CHAp coatings after immersion of the CaCOs
coating in NazHPQ, solution are presented in Fig. 20.

Fig. 20. SEM micrographs of CHAp coating obtained at different
magnifications.

It can be seen from the SEM micrographs obtained at lower
magnification that dendritic clusters of CHAp and Na;HPO. crystallites
formed on the titanium surface. The surface of CHAp is rough and porous
[92]. However, at higher magnification, the formation of homogenously
distributed plate-like crystals and spherical particles is seen. After annealing
the obtained CHAp coating at 900 °C, the morphology of the crystals changed
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dramatically, with the formation of rods of 1-2 pum in length and 100-150 nm
in width (see Fig. 21). This is in good agreement with literature data [19, 93].

Fig. 21. SEM micrographs of CHAp coating obtained after annealing at 900 °C.

The surface morphology of CHAp films was also studied with an
optical 3D profilometer (see Fig. 22). The results presented in Fig. 22 show
that the formed CHAp coatings were not evenly distributed on the Ti substrate.
Moreover, the surface roughness observed for CHAp coatings was higher than
that seen for the CaCOs; coating. These results partially correlate with
morphological features determined by SEM analysis. The surface roughness
and average coating height were observed to increase slightly after annealing
at 900 °C. The maximum roughness (7905 nm) and average height (10,296
nm) were determined for these coatings.
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Fig. 22. The results of optical 3D profilometry for the as-prepared CHAp
coating (top) and that annealed at 900 °C (bottom): optical 3D (A) and 2D
contour (B) images and roughness (C) profiles.

3.1.3 Electrochemical characterization
In order to study the corrosion behaviour of fabricated coatings, first of

all, the time dependences of the open-circuit potentials (Eocp) Of the samples
were measured in Hanks’ balanced salt solution (Fig. 23).
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Fig. 23. Exposure time dependences of the Eocp potential of titanium/CHAp
films in Hanks’ solution: 1-annealed Ti substrate, 2-CHAp coating, 3-CHAp
coating after annealing at 900 °C.

The open-circuit potential is a parameter that describes the relative
corrosion stability of the sample in the solution. The stability of Eqcp shows
that all the processes that determine its value are in a stationary state. The rates
of spontaneous reactions have stabilized and the investigated electrode surface
is stable. If Eqcp shifts to more positive values, it indicates a decrease in the
corrosivity of the electrode, i.e., blocking of the surface by a passive layer. If
Eocp shifts to more negative potentials, it indicates that the investigated system
is in the corrosion zone. As can be seen from Fig. 23, the Eqp value of the
CHAp coating initially decreased to ~—0.18 V, indicating that the corrosion
activity increased, which is related to the formation of a protective layer of the
formed CHAp coating. The Eo Of the working electrode began to shift to
more positive values after 7 min. and reached a quasi-stationary value. In this
case, a new passivation layer was formed on the surface of the tested electrode.
The Eocp 0f the annealed CHAp coating did not change much with increasing
exposure time. It was observed that this coating reached a quasi-stationary
value after ~6 min., and the passivation layer was formed quite quickly, which
indicates the formation of stable coating. The Eocp Of the Ti substrate started
to become positive in the initial stage of immersion, and the time-invariant
value of the Eo, settled after ~11 min. The difference in Eqp values between
the tested samples was negligible, indicating that the surface properties of
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formed CHAp coatings were similar. The influence of the formed CHAp
coating on the corrosion rate of the titanium in Hanks’ balanced salt solution
was evaluated using the Tafel dependences of the electrodes. The Tafel
polarization curves were recorded when the Eo, Of the electrodes reached
quasi-stationary values (Fig. 24).
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Fig. 24. Tafel dependencies: 1-heated Ti substrate, 2-CHAp coating, 3-CHAp
coating after annealing at 900 °C.

The corrosion rates (jcor) Were determined by extrapolation from linear
ranges of cathodic and anodic Tafel dependencies. The determined corrosion

rates are presented in Table 5.

Table 5. Corrosion parameters of the investigated coatings.

Sample b, V ba, V Jeorr, Arem™
Ti substrate 0.0209 0.0163 2.27 x 10
CHAp coating 0.0302 0.0154 3.34x 108
CHAp coating annealed at 0.0420 0.0106 1.82 x 107
900 °C

The polarization curves of the CHAp coating shifted towards more
positive values, indicating a less active corrosion process. Table 5 also
presents the tendencies of the cathodic (b.) and anodic (b.) Tafel dependencies
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of the tested samples. It can be seen that the CHAp coating was characterized
by higher bc values than the uncoated Ti substrate. The anodic tendency of the
Tafel dependence of the obtained coatings decreased compared to that of the
titanium substrate. The largest positive boost was determined for the as-
prepared CHAp coating. Interestingly, the Eop Of the post-annealed CHAp
coating was lower. This may have been influenced by the porosity of the
coating, which did not prevent the Hanks’ balanced salt solution from
contacting the metal and causing corrosion. Evidently, these newly fabricated
porous and sufficiently rough CHAp films can be successfuly used not only
as biomimetic nanotherapeutic coatings but also as electochemical sensors
[94], thermoluminescent sensors [95], or pH-sensitive fluorescent protein
sensors [96]. The CHAp could be easily doped with lanthanide ions [97].
These nanostructures could be applied for the development of novel pH-
responsive systems, which can determine the acidity of biofilms
fluorometrically [98]. Finally, it is well known that pH is a critical indicator
of bone physiological function and disease status. The suggested CHAp
coatings fabricated at low temperatures could be applied for the development
of non-invasive and real-time sensing of bone pH in vivo [99]. Therefore, the
application of our CHAp system as a bone pH sensor currently is under
investigation.

In conclusion, it was found that a CHAp coatings were formed on the
silicon and titanium substrates using a novel low-temperature synthesis
method. SEM and 3D optical microscopy showed that the CHAp coatings
formed were non-uniform, porous, coarse crystalline and with large variations
in height. It was observed, that more uniform coatings of calcium
hydroxyapatite were obtained on Ti substrate. The corrosion behaviour of the
formed CHAp coatings on the titanium substrate was also evaluated by
electrochemical methods.

3.2 Solvothermal synthesis of calcium-deficient hydroxyapatite via
hydrolysis of a-tricalcium phosphate

The effects of various organic solvents (solvent nature and fraction in
the solution) and solvothermal conditions on the formation of calcium-
deficient hydroxyapatite (CDHA) via hydrolysis of a-tricalcium phosphate (-
TCP) were investigated in this part of PhD thesis. The effects of sodium lauryl
sulfate and various amino acids (DL-aspartic acid, dodecanedioic acid, suberic
acid) on the formation of calcium-deficient hydroxyapatite via hydrolysis of
a-tricalcium phosphate (a-TCP) were investigated as well. Moreover, a
combined effect of these additives and ethylene glycol as a synthesis medium
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was also estimated. The hydrolysis reaction was performed in solutions
containing different concentrations of additives in aqueous and mixed
aqueous-organic media under solvothermal conditions.

3.2.1 Investigation of influence of organic solvent on the formation of
CHAp

Some properties and characteristics of the a-TCP precursor used in
further investigations are presented in Fig. 25.
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Fig. 25. Characteristics of the obtained a-TCP precursor: XRD pattern (a),
Nitrogen adsorption-desorption isotherms and the corresponding BJH pore
size distribution (b), and SEM image (c).

As it could be seen from the XRD diffraction pattern (Fig. 25 (a)), all
the diffraction peaks match very well the standard XRD data of monoclinic
Cas(PO4), (ICDD #00-070-0364). The sample exhibited type IV isotherms
and displayed H3 hysteresis loop (Fig. 25 (b)). Based on the pore size
distribution results, illustrated in the inset image of Fig. 25 (b), the sample was
mainly characterized by the pores smaller than 10 nm, albeit larger pores up
to 55 nm were also present. BET surface area (Sger) of the precursor was 10.22
m? gl The starting powders consisted of the agglomerates of
nanodimensional elongated particles of irregular shape (Fig. 25 (c)).
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Under the reaction with water, a-TCP hydrolyzes and converts to
CDHA as described by the following equation [16]:

30-Cas(POs)z + H20 — Cag(HPO4)(PO4)s(OH) 2)

The phase crystallinity and purity of synthesized CDHA powders were
investigated by XRD analysis, which revealed some differences among the
obtained products. The samples treated with organic solvent only (0:100)
showed no evidence of CDHA formation: due to the absence of water, no
hydrolysis reaction occurred, and the phase of such samples remained a-TCP
(ICDD 00-070-0364).

In the case of EtOH, PrOH, and BUOH, introduction of even small
fraction (20:80) of water resulted in the formation of single-phased CDHA
(ICDD 00-76-0694), while an increasing water content provided the same
results. This was observed under various solvothermal conditions applied.
Under harsher solvothermal conditions (200 °C for 5 h), formation of monetite
was observed in the presence of EtOH, PrOH, and BuOH. This was especially
notable in the case of BUOH. For comparison between the solvents, XRD
patterns of the samples prepared under different solvothermal conditions using
W:O ratio of 40:60 are given in Fig. 26 as representative.
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Fig. 26. XRD patterns of the samples prepared using water to organic
solvent ratio of 40:60 after solvothermal treatment at 120 °C for 3 h (a) and
at 200 °C for 5 h (b).

In contrast, MeOH and EG had a stronger inhibitory effect on a-TCP

hydrolysis. These effects were especially notable for EG under the milder
solvothermal conditions. Fig. 27 shows powder XRD patterns of the samples
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prepared under different solvothermal treatment (120 °C for 3 h and 200 °C
for 5 h) using varying water to MeOH and water to EG ratios. After treatment
at 120 °C for 3 h, the sample with water to EG ratio of 20:80 remained a single
phase o-TCP (ICDD 00-070-0364, Fig. 27 (b)). Increasing water content
induced formation of CDHA, but a strong peak attributed to B-tricalcium
phosphate (B-TCP, ICDD 00-070-2065) was visible in the sample 120-W-EG-
40:60, while only a trace of B-TCP could be observed in the XRD pattern of
120-W-EG-60:40 (Fig. 27 (b)). MeOH has also inhibited formation of CDHA,
albeit to a lesser extent. The sample 120-W-MeOH-20:80 contained large
fractions of CDHA, B-TCP and a-TCP, traces of B-TCP were detected in the
sample 120-W-MeOH-40:60, while the samples with a larger amount of water
consisted of single-phase CDHA (Fig. 27 (a)).
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Fig. 27. XRD patterns of the samples prepared using different water to
MeOH (a, c¢) and water to EG (b, d) ratios under different solvothermal
conditions: 120 °C for 3 h (a, b) and 200 °C for 5 h (c, d).
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Increased temperature and prolonged time of the solvothermal synthesis
caused a shift in the inhibitory effect: single-phase CDHA was observed for
the sample 200-W-EG-60:40, only a trace of -TCP was detected in the XRD
pattern of 200-W-EG-40:60, whereas formation of CDHA was also obvious
in 200-W-EG-20:80, even though a significant fraction of B-TCP was still
present in the latter sample (Fig. 27 (d)). Higher temperature and longer
reaction time have also resulted in the decreased B-TCP fraction in the sample
200-W-MeOH-20:80 (Fig. 27 (c)).

FTIR spectra of the products prepared by the solvothermal treatment
are presented in Fig. 28.
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Fig. 28. FTIR spectra of the samples prepared using water to organic solvent
ratio of 40:60 after solvothermal treatment at 120 °C for 3 h (a) and at 200
°C for 5 h (b).

The FTIR range of 1500-400 cm™ was chosen as representative since
the main bands attributed to HAp and TCP polymorphs could be observed in
this region, and the differences between the samples were hardly
distinguishable in the full range spectra. Stretching modes of hydroxyl group
usually observed at 3572 cm™ was hardly visible in our case, and its intensity
was similar in all the samples [51]. Several absorption bands at around 1095—
960 and 636-550 cm™! were observed in all the samples. The bands centred at
561-556 and 603-599 cm™! are assigned to v4 O-P-O bending mode of CDHA
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[100]. Bands centred at 1020-1017 and 1090-1084 cm™' correspond to vs
asymmetric P-O stretching vibrations, the peak centred at 961-960 cm™
corresponds to symmetric P-O stretching vibrations (vi) of CDHA [100]. The
peak centred at 633-625 cm™! corresponds to the bending vibrational mode of
hydroxyl (-OH) group [18, 100]. An absorption band centered at 871-868
cm!is assigned to P-O(H) stretching mode of the HPO4>~ group, which is
present in the structure of calcium-deficient CDHA [24]. The aforementioned
bands were visible in the FTIR spectra of all the samples. Additional bands
attributed to B-TCP phase were only visible in the FTIR spectra of the samples
prepared using larger fractions of EG (120-W-EG-20:80; 120-W-EG-40:60;
200-W-EG-20:80). As it could be seen from Fig. 28 (a), bands at 544 and 1083
cm! of the sample 120-W-EG-40:60 could be attributted to B-TCP phase (va
and vs, respectively) [101]. Such results are in agreement with XRD data.

Morphology of the obtained samples varied from plate-shaped to rod-
shaped. Samples fabricated without organic solvents consisted of plate-shaped
crystals arranged into flower-like structures. In this study, only slight effects on
morphology were observed due to the introduction of EtOH, PrOH and BuUOH.
Under the milder solvothermal conditions (120 °C for 3 h), large proportion of
EtOH and PrOH (120-W-EtOH-20:80; 120-W-PrOH-20:80) caused formation of
large plates with no prominent self-assembly (Figs. 29-31).

Fig. 29. SEM images of the samples after solvothermal treatment with W-EtOH:
a) 120-W-EtOH-80:20; b) 120-W-EtOH-60:40; c) 200-W-EtOH-80:20; d) 200-
W-EtOH-60:40.
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Fig. 30. SEM images of the samples after solvothermal treatment with
W-PrOH: a) 120-W-PrOH-80:20; b) 120-W-PrOH-60:40.

Fig. 31. SEM images of the samples after solvothermal treatment with
W-BUOH: a) 120-W-BuOH-80:20; b) 120-W-BuOH-60:40; c) 200-W-BuOH-
80:20; d) 200-W-BuOH-60:40.

With an increasing proportion of water (W:O 40:60; 60:40; and 80:20),
formation of narrower plates and some rods was observed, moreover, the
crystals were arranged in the flower-like structures. When the reaction time
and temperature were increased, higher proportions of EtOH, PrOH and
BuOH resulted in the formation of rods. Moreover, more rods have formed at
the same W:O ratios under harsher conditions. However, plate-like crystals
were still prevailing in all of the samples. SEM images of the samples prepared
under different solvothermal conditions using W:O ratio of 40:60 are
presented in Fig. 32.
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: X7 N ... v
mal treatment with W:O ratio 40:60: (a) 120-W-EG-40:60; (b) 200-W-EG-
40:60; (c) 120-W-MeOH-40:60; (d) 200-W-MeOH-40:60; (e) 120-W-EtOH-40:60; (f) 200-W-EtOH-40:60; (g) 120-W-PrOH-

40:60; (h) 200-W-PrOH-40:60; (i) 120-W-BuOH-40:60; (j) 200-W-BuOH-40:60.

The use of MeOH and BuOH had a more prominent effect on the sample morphology. In this case, the samples were also
dominated by plate-like crystals, but a trend of long and narrow plates formation was observed. Moreover, more rods were present in

the MeOH and BuOH treated samples if compared to the samples prepared in W:EtOH and W:PrOH solutions.

From all the solvents analysed, EG had the highest impact on the sample morphology. Under the milder solvothermal conditions

(120 °C for 3 h), formation of CHAp was completely suspended in the sample 120-W-EG-20:80 (Fig. 33 (c)).

50



EG-0:100; (c) 120-W-EG-20:80; (d) 200-W-EG-20:80; (e) 120-W-EG-40:60; (f) 200-W-EG-40:60; (g) 120-W-EG-60:40; (h) 200-
W-EG-60:40; (i) 120-W-EG-80:20; (j) 200-W-EG-80:20; (k) 120-W-EG-100:0; (j) 200-W-EG-100:0.
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Sample 120-W-EG-40:60 consisted of large plates, some rods, and
some particles of different shape which could probably be attributed to 3-TCP
phase. Sample 120-W-EG-60:40 was characterised by a large amount of rods
in addition to the plates. In contrast, no rods were observed in a sample
prepared with a minimal amount of EG (120-W-EG-80:20). Prolonged
reaction time and increased temperature resulted in a rod-dominated
morphology of the CDHA samples. The sample 200-W-EG-20:80 was
characterised by larger and smaller rods, as well as some minor particles of
different shape which should be attributed to B-TCP phase. Slightly lower
proportion of EG (samples 200-W-EG-40:60 and 200-W-EG-60:40) resulted
in formation of both plate-shaped and a large amount of rod-shaped crystals.
No rods were observed in a sample prepared with a minimal amount of EG
(200-W-EG-80:20).

It is assumed that the solvothermally assisted formation of rod-like
crystals comprises two main stages: nucleation step (reaction of ions) when
small crystalline nuclei are formed in a supersaturated matrix, and a growth
step during which nuclei grow into their final shape and size [102]. In our
case, the changes in crystal morphology might be related to the decreased
supply of water when more organic solvent is introduced to the system. This
would limit the hydrolysis reaction of a-TCP [18]. Previous studies stated that
the increasing amount of alcohol in the aqueous reaction solution reduces
solubility of a-TCP and hence limits the supply of Ca?" and PO,* ions [18,
103, 104]. Such an effect is related to the changes in dielectric constant (e(w))
of the solution: with a decreasing dielectric constant of the solvent, solubility
decreases due to the decreased solvation energy [105, 106]. Dielectric constant
of pure water is 78.5 at 25 °C, whereas dielectric constants of alcohols are
significantly lower. Dielectric constants at 25 °C of the organic solvents used
in this study are as follows: &r(w)ec = 38.5; &r(w)meon = 32.70; &r(@)eron = 24.3;
er()pron = 19.92; &r(w)suon = 17.5 [106]. Variations in &(w) of water- organic
solvent mixtures depend on the composition of the solution, but in general,
er(w) values decrease with the increasing fraction of organic solvent [107].
Solvents with different physicochemical properties influence solubility,
crystal nucleation and growth rate which in turn has an effect on the
crystallinity and morphology of the final products [106]. When the hydrolysis
reaction is not suspended and the solution is supersaturated with Ca?* and
PO.* ions, nucleation is dominating over the crystal growth and smaller
crystals are formed. When on the contrary, the supply of Ca®* and PO, ions
is limited, fewer nuclei form and larger crystals tend to grow [102, 106]. Other
properties of different solvents might have also affected the processes of a-
TCP hydrolysis and HAp crystallisation. For instance, EG present in the

52



reaction mixture would significantly change the viscosity of the suspension
[108, 109]. Subsequently, ion mobility and diffusion rate would be reduced,
which would in turn inhibit the hydrolysis reaction and retard the nucleation
process [109]. Viscosity of the reaction media decreases with the increasing
temperature, and thus the inhibitory effects of EG on are less significant when
the solvothermal synthesis is performed at higher temperature (Fig. 27 (b, d)).

It is worth to note that the results obtained in this study differ from those
reported by Goto et al. [18] who managed to prepare needle-like CDHA
crystals arranged into flower-like structures by using water-ethyl alcohol
solutions. We assume such discrepancies could originate due to the different
starting materials used and slightly different solvothermal conditions applied:
Goto et al. applied commercial a-TCP (Taihei Chemical Industrial Co., Ltd.,
Osaka, Japan) synthesized at high temperature and consisting of large
particles, while in our study we used low-temperature synthesized metastable
a-TCP.

Fig. 34 shows the nitrogen adsorption-desorption isotherms and the
corresponding BJH pore size distribution for CDHA particles. According to
the new classification by the IUPAC, all the samples exhibited type IV
isotherms and displayed H3 hysteresis loops.
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Fig. 34. Nitrogen adsorption-desorption isotherms and the corresponding BJH pore size distribution for the samples after
solvothermal treatment with W:O ratio of 40:60: (a) 120 °C; (b) 200 °C; and (c) BET surface area for the samples after
solvothermal treatment with W:O ratio of 40:60 at 120 °C and 200 °C.
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This type of isotherms indicates the existence of mesopores in the
structure of all the samples. The hysteresis loop type H3 is associated with the
existence of aggregated plate-like particles [110]. Such results are in
agreement with SEM data. Based on the pore size distribution results
illustrated in the inset image of Fig. 34 (a, b), there were no significant
differences between the samples. All the samples were characterised by a wide
pore size distribution. Multi-scale pores ranged from 2.6 to 128 nm,
suggesting that both mesopores and macropores were present in the CDHA
structure. All the samples except those prepared with EG contained both
mesopores of smaller sizes (from 2.6 nm up to 9.0 nm), and small number of
larger mesopores (from 9.0 nm up to 128 nm). On the contrary, in the sample
120-W-EG-40:60 mainly mesopores of larger width (from 23.0 nm up to 50.2
nm) were found. We assume the pores of smaller sizes presented in the
structure of this sample were probably partially blocked by the viscous
ethylene glycol. As it can be seen from Fig. 34 (c), the mesoporous 120-W-
PrOH-40:60 had the highest BET surface area (Sger) of 24.3 m?g L. Extremely
low surface area was observed for the samples prepared using EG: Sger of 2.1
m2gtand 11.3 m?g* were obtained for the samples 120-W-EG-40:60 and 200-
W-EG-40:60, respectively. One reasonable explanation for this decrease is
that residues of EG may have increased blockage of the nitrogen gas
penetration. Also, this decrease of Sger could be the result of the structural
changes occurring during the synthesis of CDHA. The remaining samples
were characterised by similar Sger values ranging from 9.9 to 22.4 m?g™.

3.2.2 Investigation of influence of different organic additives on the
formation of CHAp

The characteristics of CDHA sample prepared in aqueous solution
under hydrothermal conditions without any additives are given in Fig. 35.
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Fig. 35. XRD patterns (left) and SEM image (right) of HAp synthesized
from a-TCP without additives. Vertical lines represent the standard XRD
pattern of HAp.

As seen from the XRD pattern, under selected synthesis conditions a-
TCP was fully converted to CDHA, all diffraction peaks matched the standard
XRD data of Caio(PO4)s(OH), (ICDD #00-76-0694). There were no peaks
associated with starting material. SEM image revealed that the morphology of
the sample was dominated by plate-like particles of micrometric dimensions.

Different results were observed when varying concentrations of SLS
and amino acids were applied as additives. The XRD patterns of the final
products are given in Fig. 36. The lowest concentration of SLS (0.005 mol/L)
did not affect the formation of CDHA in terms of phase purity, however
increasing SLS amount in the reaction solution resulted in the formation of
neighboring phase.
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Fig. 36. XRD patterns of the samples prepared using various concentrations of SLS (a), DL-aspartic acid (b), dodecanedioic acid (c)
and suberic acid (d) after a hydrothermal treatment at 200 °C for 5 h.
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In addition to the typical CDHA diffraction pattern, a sharp peak at ca.
25.4° could be seen, the intensity of this peak gradually increased with an
increase of SLS concentration. This peak was attributed to calcium sulfate
(CaS04, ICDD #00-072-0503). The observed results suggest that under
selected synthesis conditions the released Ca?* ions were more easily
precipitated by SO4* counterions rather than phosphate species. Similar trend
was observed for DDDA: the lowest concentration of DDDA (0.005 mol/L)
did not affect the formation of CDHA, but higher DDDA content resulted in
the formation of secondary crystal phase. The diffraction peak centered at ca.
13.6° emerged in the XRD pattern of the sample prepared using 0.025 mol/L
DDDA. The intensity of this peak increased significantly with an increase of
DDDA concentration. This peak corresponded to calcium hydrogen phosphate
hydrate (CaHs;OsP, ICDD #00-046-0494). Hydrothermal reactions in the
presence of DL-aspartic and suberic acids resulted in the formation of single-
phase CDHA regardless of the concentration of additives. No formation of
impurities or traces of TCP were observed in these cases. It should be noted,
that in the case of suberic acid the intensity of 3 major peaks varied depending
on the concentration of additive, which could suggest the change in powders
morphology. To summarize, 2 of 4 selected additives led to the formation of
secondary phases, while 2 others did not affect the phase purity.

In this study, we also aimed to check the combined effect of amino acids
and organic solvents on the phase purity and morphology of the sample. Since
single-phase CDHA was obtained using DL-aspartic and suberic acids, these
two additives were used for further experiments. Previous studies revealed
that among various organic solvents, ethylene glycol had the greatest
influence on the sample morphology [53]. The highest effect on morphology
was observed with water to ethylene glycol ratio of 40:60. Hence,
solvothermal synthesis with DL-aspartic and suberic acids was performed
with this mixture. The XRD patterns of the reaction products are demonstrated
in Fig. 37.
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Fig. 37. XRD patterns of the samples prepared using various concentrations of DL-aspartic (a) and suberic (b) acids in water-
ethylene glycol mixture (40:60, v/v) after a solvothermal treatment at 200 °C for 5 h.

59



It is seen that phase composition strongly depends on the concentration
of additive. With the lowest concentration of DL-aspartic acid (0.005 mol/L),
a significant amount of neighboring B-TCP phase was obtained along with a
major CDHA phase, however, the amount of B-TCP was reduced with an
increase of the concentration of additive. The XRD pattern of the sample
synthesized with 0.05 mol/L of aspartic acid did not reveal the presence of any
secondary crystal phase. At the same time, the diffraction peaks attributed to
monetite (CaHPO.) emerged in the XRD patterns with the highest
concentrations of acid (0.075 and 0.1 mol/L). The presence of suberic acid
demonstrated a very similar effect with a minor difference in phase
composition. In this case a negligible amount of monetite was detected already
in the sample with the concentration of acid of 0.05 mol/L. In our previous
study, the formation of monetite in the presence of organic solvents was also
observed at higher temperatures (200 °C) of the solvothermal treatment.
However, in this case increasing concentrations of amino acids promoted the
formation of monetite revealing complex nature of phase transitions in CPs.

FTIR spectra of the samples prepared by hydrothermal and
solvothermal treatment were also recorded. The spectral ranges of 1500-400
cm of FTIR spectra for the representative samples are displayed in Fig. 38.

As was expected, all the spectra exhibited the absorption bands
characteristic of CDHA [74]. The absorption bands of phosphate group in
CDHA structure were observed at ca. 560 and 603 cm™ (v4), 1020 and 1090
cm? (v3), 960 cm™ (v1) which were assigned to O-P-O bending, asymmetric
P-O stretching and symmetric P-O stretching vibrations, respectively. The O-
P-O bending vibration mode (v2) was observed at 470 cm™ and the band at ca.
630 cm™ was assigned to the hydroxyl group [74]. The absorption band
centered at around 870 cm™* was ascribed to the P-O(H) stretching mode of
the HPO4>~ group, which confirms the formation of CDHA, since this group
is absent in stoichiometric non-deficient HAp [24].

The morphology of the samples was found to be dependent both on the
nature and concentration of organic additive (Fig. 39).
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Fig. 38. FTIR spectra of the samples prepared using various concentrations of DL-aspartic (a) and suberic (b) acids in water-
ethylene glycol mixture (40:60, v/v) after a solvothermal treatment at 200 °C for 5 h.
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Fig. 39. SEM micrographs of the samples after hydrothermal treatment SLS:005 (a), SLS:05 (e), SLS:1 (i); Asp:005 (b), Asp:05 (f),
Asp:1 (j); DDDA:005 (c), DDDA:05 (g), DDDA:1 (k); Sa:005 (d), Sa:05 (h), Sa:1 (l).
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When a small amount of SLS (0.005 mol/L) was used in the
hydrothermal reaction, the plate-like crystals dominated in the sample,
however a small amount of rods was also seen. After increasing the amount
of organic compound (0.05-0.1 mol/L), the morphology of CDHA powders
changed considerably and rod-shaped assemblies started to form. The use of
low concentration of DL-aspartic acid resulted in the formation of micrometric
plate-like particles while increasing the amount of acid first led to the
reduction of particle size and further formation of some rods. The effect of
DDDA was similar to that of aspartic acid and the morphology evolution from
plate-like particles to the mixture of plates and rods was observed with an
increase of additive concentration. The influence of suberic acid on the
morphology of CDHA samples was found to be minor, plate like particles
were obtained regardless of the concentration of acid.

The SEM images of the samples synthesized in a mixture of water and
ethylene glycol in the presence of DL-aspartic and suberic acids are given in
Fig. 40.
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Fig. 40. SEM micrographs of the samples after solvothermal treatment under ratio 40:60 of water to ethylene glycol Asp:005:EG
(a), Asp:025:EG (b), Asp:05:EG (c), Asp:075:EG (d), Asp:1:EG (e); Sa:005:EG (f), Sa:025:EG (g), Sa:05:EG (h), Sa:075:EG (i),
Sa:1:EG (j).
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In the case of aspartic acid, the presence the lowest concentration of
additive resulted in the formation of a mixture of relatively long rods and short
rods. Using a higher concentration of aspartic acid the obtained powders
consisted of micrometric agglomerates, which in they turn were composed of
smaller plate- and rod-like particles. The size of the particles was significantly
smaller compared to those of synthesized in aqueous medium. In the case of
suberic acid, relatively large plate-like particles were obtained regardless of
the concentration of additive. The morphology was comparable with that of
powders obtained by the hydrothermal synthesis with no additives. To
summarize, different impact of additives on the morphology of HAp is
probably related to different structures and chemical compositions of organic
additives, which leads to a different interaction with HAp particles during the
nucleation and crystal growth process.
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CONCLUSIONS

The wet chemistry route has been developed to prepare calcium
hydroxyapatite (Caio(PO.)s(OH)2, HA) thin films on silicon substrate
using for the first time low-temperature sol-gel and dissolution-
precipitation approach. The calcium carbonate thin films on silicon
substrate were obtained by spin-coating technique when substrates were
repeatedly coated with 10, 20 and 30 layers of sol-gel solution. The
composites formed of crystalline and amorphous CaCO3 were obtained
by calcination the coatings for different time at 600 °C.

These CaCOs; coatings were used for the fabrication of calcium
hydroxyapatite thin films on silicon substrate using a dissolution-
precipitation procedure. The silicon substrates coated with partially
amorphous and/or crystalline CaCOs were soaked in disodium phosphate
Na;HPO, solution for 28 days at 80 °C. The XRD analysis and Raman
spectroscopy data proved that calcium hydroxyapatite could be easily
obtained by the developed synthesis method.

The possible mechanism of formation of calcium hydroxyapatite using
low-temperature sol-gel and dissolution-precipitation method was
suggested. The elaborated low-temperature synthesis method for HAp
coatings allow much more efficiently to control the surface morphology
of the end product.

The same low-temperature synthetic approach including the sol-gel and
dissolution-precipitation procedures was developed for the fabrication of
calcium hydroxyapatite coatings on titanium substrate. It was determined
that HAp with small amount of side phases have formed on the Ti
substrate. In the Raman and FTIR spectra the characteristic HAp
absorption bands were observed. The HAp surface formed on the Ti
substrate was rough and porous with homogenously distributed plate-like
crystals and spherical particles on the surface.

The corrosion behaviour of HAp coatings in Hanks' solution was also
evaluated. The HAp coating increased the corrosion resistance of the
titanium substrate. Also, the analysis of the corrosion behaviour and
parameters of the electrochemical tests showed that the protective
capacity of HAp coatings obtained by the sol-gel and dissolution-
precipitation methods is sufficiently high and could be increased after
forming a HAp coating of uniform thickness. These CHAp thin films
obtained by suggested synthesis method may be potential candidates in
the development of bone implants and different sensors for various
analytes.
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The effects of different organic solvents on the hydrolysis of a-TCP and
its conversion to CDHA under different solvothermal conditions have
been investigated. Methyl alcohol and ethylene glycol had a stronger
inhibitory effect on a-TCP hydrolysis than ethyl, isopropyl and butyl
alcohols.

The morphology of the obtained samples varied from plate-shaped to
rod-shaped. Samples containing some rods were obtained by applying
certain ethyl alcohol and isopropyl alcohol proportions, albeit plate-like
structures were still prevailing. The use of water-methyl alcohol and
water-butyl alcohol mixtures leads to the formation of more rods in
addition to the long and narrow plates. From all the solvents analysed,
ethylene glycol had the highest impact on the sample morphology.

The effects of sodium lauryl sulfate and various amino acids (DL-
aspartic acid, dodecanedioic acid, suberic acid) on the formation of
calcium-deficient hydroxyapatite via a hydrolysis of a-tricalcium
phosphate have been investigated. It was demonstrated that the nature
and the concentration of organic additives influence the phase purity and
morphology of the final product.

The higher concentrations of sodium lauryl sulfate and dodecanedioic
acid induced the formation of impurities in addition to hydroxyapatite,
while aspartic and suberic acid did not affect the phase purity. The
morphology of the samples prepared in aqueous medium varied from
plate- to rod-like depending on the concentrations of specific organic
additive. The use of a mixture of water and ethylene glycol led to the
formation of significantly smaller particles having a shape of rods and
narrow plates.
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SUMMARY IN LITHUANIAN

IVADAS

Kalcio hidroksiapatitas (CHAp, Caio(PO4)s(OH)2) yra pagrindiné
neorganiné kaulinio audinio dalis, dalyvaujanti augant kaulams ir pasizyminti
puikiu biologiniu suderinamumu. Sintetinis kalcio hidroksiapatitas pasizymi
stipriu  biologiniu aktyvumu, todél tai ypa¢ patraukli medziaga
biomedicininéms reikméms. Dé¢l didelio pavirSiaus ploto, reaktyvumo ir
biomimetinés metodikos nanokalcio hidroksiapatitas yra patogus naudoti
tokiose srityse kaip ortopediniy implanty dangos ar kauly pakaitaly uzpildai.
Kalcio hidroksiapatitas yra kauluose, dantyse. Kaulo struktiirg sudaro I tipo
kolagenas, kaip organinis komponentas, ir CHAp, kaip neorganinis
komponentas. Sie du komponentai sudaro kompoziting nanoskaline struktiir,
kurioje nanokalcio hidroksiapatitas jsiterpia j kolageno tinklg. Kauluose
esancios CHAp dalelés yra sferos formos, ploksteliy, adatéliy ar kitokio
pavidalo, mazdaug 40—60 nm ilgio, 20 nm plo¢io ir 1,5-5 nm storio. Skirtingi
CHAp kristaly dydziai ir formos uztikrina Sio audinio struktiirinj stabiluma,
kietumg ir funkcijg. CHAp taikymas ortopedijoje gali biiti jvairus, pavyzdziui,
kaulams priauginti, kauly defektams S$alinti, zmogaus kiino metaliniams
implantams padengti ir kt. IS CHAp pagaminti implantai gali uztikrinti tvarig
akyta struktiira. Be to, CHAp gali paspartinti osteointegracijos procesa,
skatindamas standy implanto ir aplinkiniy audiniy suaugimg, neveséjant
skaiduliniam audiniui. Sékminga osteointegracija ilgam iSlaiko kaulinj
jtvirtinimg ir visiskai atkuria funkcinj gebéjima.

Sukurti efektyvesnes CHAp dangas, pasizymincias didesniu biologiniu
suderinamumu, vis dar yra isSukis ir aktuali moksliniy tyrimy sritis. Todél
reikia nuodugniai iStirti sintezés procesus. Dirbtinio kalcio fosfato (CP)
biomedziagos vis placiau naudojamos jvairiose klinikinése srityse, tac¢iau ne
maziau patraukli CHAp taikymo sritis, yra jo naudojimas jvairiuose
jutikliuose. Naudojant vandeninj zoliy-geliy metoda, CHAp dangas galima
sintetinti ant jvairiy padékly (pvz., titano, kvarco, silicio), kontroliuojant
pradiniy medziagy temperatiira, pH ir koncentracijg. Siekiant pagaminti
fiziologinéms salygoms atsparesn¢ danga, ieSkoma jvairiy naujy metody
Siuolaikinei CHAp sluoksniy, atkartojanciy kaulinj audinj, sintezei. Neseniali
buvo jrodyta, kad silicio turintys CHAp pasizymi didesniu biologiniu
aktyvumu ir antibakterinémis savybémis nei gryni kalcio hidroksiapatitai. Be
to, silicis gali pagerinti osteoblastine reakcija j kalcio fosfato biokeramika, nes
natiiraliame kaule jo koncentracija yra labai maza. CHAp sintezei naudojamas
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zoliy-geliy metodas laikomas auksStos temperatiiros metodu, nes CHAp
kristalinei fazei gauti reikia aukStesnés temperatiros. Taciau auksta
temperatira nepadeda susidaryti nanokristalinéms medziagoms. CHAp
dangos, gautos 1000 °C temperatiiroje, gali biiti nehomogeniskos, pavyzdziui,
sudarytos i§ dviejy skirtingy sri¢iy: vienos su mazais, mazdaug 200 nm dydzio
grudeliais, ir kitos su didesniais, mazdaug 800 nm skersmens, grideliais. Be
to, aukstoje temperatroje susidaro TiO; fazé, sumazinanti CHAp dangy
adhezija ant Ti padékly.

Kalcio stokojantis hidroksiapatitas (CDHA, Caiox(HPO4)x(POs)s-
«(OH)2x) yra CHAp, kurio Ca/P santykis yra 1,50-1,67. Ankstesniy tyrimy
duomenimis, CDHA, palyginti su kitais CP, pasiZzymi didesniu specifiniu
pavirSiumi ir geresniu bendru efektyvumu. CHAp chemine sudétj galima
keisti i§ stechiometrinés formos j Ca neturin¢ia forma parenkant tinkama Ca/P
molinj santykj. CHAp tirpumas, savitasis pavirSiaus plotas, pavirSiaus
drégnumas, taigi ir adsorbcijos savybés labai priklauso nuo jy morfologijos ir
kristaliSkumo. CHAp kristalin¢ struktiira charakteringa tuo, kad turi dviejy
tipy, a ir c, kristalines plokStumas. A-plokStuma yra teigiamai jkrauta dél
kalcio jony, o c-plokStuma yra neigiamai jkrauta dél fosfato jonams
priklausanciy deguonies atomy. Anizotropinis CHAp kristaly augimas viena
ar kita kristalografine kryptimi yra svarbus specifinés orientuoty kristaly
sgveikos su kitomis medziagomis veiksnys, o tai gali lemti geresnes $ios
medziagos eksploatacines savybes ir specifinj taikyma. Pavyzdziui, baltymy
adsorbcija ant CHAp kristaly priklauso nuo jy morfologijos: skirtingy riisiy
baltymai, pavyzdZiui, baziniai ir riig§tiniai, selektyviai adsorbuojasi ant CHAp
kristaly plokstumy. Taigi CHAp kristaly morfologijos derinimas gali pagerinti
ir biologines savybes. Todél kontroliuojama ploksteliy ar lazdeliy pavidalo
kristaly sintezé yra svarbus uzdavinys.

Sios disertacijos tikslas — sukurti naujus kalcio hidroksiapatito milteliy
ir dangy su kontroliuojamomis morfologinémis savybémis sintezés metodus.
Siam tikslui pasiekti suformuluoti tokie uzdaviniai:

1. Sukurti Zematemperatirj kalcio hidroksiapatito sintezés metoda
dangoms ant silicio padéklo gauti.

2. Sukurti zematemperattrj] kalcio hidroksiapatito sintezés metoda
dangoms ant titano padéklo gauti.

3. Istirti jvairiy organiniy tirpikliy ir solvoterminés sintezés salygy poveikj
kalcio hidroksiapatito susidarymui hidrolizuojant a-trikalcio fosfata.

4.  Tstirti jvairiy organiniy priedy poveikj kalcio hidroksiapatito susidarymui
hidrolizuojant a-trikalcio fosfata.
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Darbo naujumas ir originalumas

Pirma karta kalcio hidroksiapatito plonasluoksnés dangos buvo
pagamintos pakankamai Zemoje temperatiiroje, taikant aplinkai
nekenksminga zoliy-geliy metoda, naudojant sukimo dengimo metodg ir
tirpinimo-nusodinimo sintezés metodg ant silicio dangy. Toks Zzemoje
temperatiiroje iSbandytas sintezés budas buvo pritaikytas ir kalcio
hidroksiapatito dangoms ant titano padékly gauti. IStirtas jvairiy organiniy
tirpikliy ir solvoterminiy salygy poveikis kalcio hidroksiapatito susidarymui
hidrolizuojant a-trikalcio fosfatg. [vertintas natrio laurilsulfato ir organiniy
rigsciy (DL-asparto aminorigsties, dodekano dikarboksirtigsties, oktano
dikarboksirtigsties) poveikis kalcio hidroksiapatito susidarymui ir jo
morfologinéms savybéms.

Ginamieji teiginiai

1. Kalcio hidroksiapatito plonasluoksnes dangas ant silicio padéklo galima
susintetinti aplinkai nekenksmingais paprastais zoliy-geliy ir tirpinimo-
nusodinimo sintezés metodais pirmg karta naudojant sukimo dengimo
metoda.

2. Taikant tuos pacius zoliy-geliy ir tirpinimo-nusodinimo sintezés
metodus galima gauti beveik vienfazes kalcio hidroksiapatito
plonasluoksnes dangas ant titano padéklo.

3. Metilo alkoholis ir etilenglikolis turi stipresnj slopinamajj poveikj a-TCP
hidrolizei nei etilo, izopropilo ir butilo alkoholiai. Gauty kalcio
stokojanciy hidroksiapatito méginiy morfologija galima pakeisti i§
ploks$tuminés formos j adatéliy pavidala. DidZiausig poveikj méginiy
morfologijai turi etilenglikolis.

4.  Organiniy priedy prigimtis turi jtakos kalcio stokojanciy hidroksiapatito
méginiy fazés grynumui ir morfologijai. Didesnés natrio laurilsulfato ir
dodekano  dikarboksirtigsties koncentracijos skatina  priemaiSy
susidaryma. DL-asparto roigstis ir oktano dikarboksirtigstis neturi jtakos
fazés grynumui. Méginiy morfologija galima keisti nuo ploksteliy
formos iki strypeliy pavidalo.

EKSPERIMENTINE DALIS

Eksperimento metodikos skyrius sudarytas i§ keturiy poskyriy.
Pirmajame poskyryje yra iSvardintos pradiniy junginiy, zoliy-geliy,
hidroterminei ir solvoterminei sintezéms naudotos medziagos, nurodant jy
grynumg bei gamintoja. Kalcio hidroksiapatito plonasluoksniy dangy ant

85



silicio ir titano padékly sintezé zoliy-geliy ir tirpinimo-nusodinimo metodais
— antrajame poskyryje; jvairiy organiniy tirpikliy ir solvoterminés sintezés
salygy poveikis kalcio hidroksiapatito susidarymui vykstant o-trikalcio
fosfato hidrolizéi bei jvairiy organiniy priedy poveikis kalcio hidroksiapatito
susidarymui vykstant o-trikalcio fosfato hidrolizei — tre¢iajame poskyryje;
ketvirtajame poskyryje iSsamiai aprasytos susintetinty junginiy fazinio
grynumo, struktiiros, morfologijos ir elektrocheminiy savybiy tyrimams
naudotos priemonés, programiné jranga bei aparatira.

REZULTATAI IR JU APTARIMAS

1. Biokeraminiy nanokalcio hidroksiapatito dangy formavimo Zemoje
temperattiroje metodo sukiirimas naudojant zoliy-geliy ir tirpinimo-
nusodinimo metodus

Siame skyriuje pateiktas sukurtas naujas zoliy-geliy ir tirpinimo-
nusodinimo metodas, kalcio hidroksiapatito dangoms ant dviejy skirtingy
padékly (silicio ir titano) paruosti.
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1 pav. CaCO3z dangy ant Si padéeklo, gauty zoliy-geliy metodu dengiant 20
karty ir po kiekvieno dengimo atkaitinant 5 val. 600 °C temperatiiroje bei
naudojant skirtingus (a) ir (b) sukimo dengimo metodus, Rentgeno spinduliy
difraktogramos.
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Rentgeno spinduliy difraktogramose (1 pav.) matyti smailés, kurios
priskiriamos CaCQOs3 (20 = 29,5; PDF [96-210-0190]) ir patvirtinan¢ios, kad
susidaré¢ Kristalinis kalcio karbonatas.

Gauty CaCOs dangy pavirS$iy morfologija tirta skenuojamaja
elektronine mikroskopija (SEM). Tyrimai parodé, kad dangy pavirSius i$
dalies lygus ir matyti susiformave atskiri kristalai. Pastebéta, jog pritaikius
skirtingus padékly sukimo dengimo metodus, jie neturéjo jtakos zoliy-geliy
biidu padengty CaCOs dangy kokybei. Susintetinty CaCOs dangy Ramano
spektruose aptinkamos CaCOs3 budingos smailés, esancios ties 153, 281, 617,
617, 668, 709, 1084 cm™. Jdomu pazyméti, kad pagal nustatytas Ramano
juosty padétis, susintetintag CaCO3 galima priskirti i§ dalies amorfinei fazei.

Silicio padéklai, padengti i§ dalies amorfiniu ir (arba) kristaliniu
CaCOs, buvo mirkomi dinatrio vandenilio fosfato Na,HPO; tirpale 28 dienas
80 °C temperatiroje. Rentgeno spinduliy difrakcinés analizés rezultatai (2
pav.) rodo, kad kalcio hidroksiapatita galima paprastai susintetinti 80 °C
temperatiiroje i§ Ca-O zoliy-geliy pirmtako tirpalo ant Si padékly, naudojant
sukimo dengimo metodg ir taikant tirpinimo-nusodinimo metodg. CHAp
dangy storis buvo iSmatuotas naudojant SEM analize, atlikus dangy
skerspjuviy analiz¢; nustatyta, kad dangy storis yra apie 900-945 nm. 3 pav.
pavaizduotas CHAp méginio Ramano spektras, registruotas 100-1250 cm*
srityje. Si padéklai dengti 30 sluoksniy CaCOs. Pladios juostos su aStriomis
vir§inémis ties 300, 500 ir 950 cm™ priskiriamos Si padéklo spektrui.
Matomos intensyvios juostos, atitinkan¢ios Caio(POa.)s(OH), fosfatiniy grupiy
simetrinius valentinius virpesius. Ramano sklaidos spektroskopijos rezultatai
gerai sutampa su XRD analizés duomenimis.
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2 pav. Kalcio hidroksiapatito dangy, pagaminty zoliy-geliy ir tirpinimo-
nusodinimo metodais, naudojant skirtingus sukimo dengimo metodus,
Rentgeno spinduliy difraktogramos: a) - (A) ir b) - (B).
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3 pav. CHADp, susintetinto zoliy-geliy ir tirpinimo-nusodinimo metodais,
naudojant skirtingus sukimo dengimo metodus, Ramano spektrai: a) - (A) ir
b) - (B).

Gauty kalcio karbonato dangy ant titano padékly faziné sudétis buvo
nustatyta Rentgeno spinduliy difrakcinés analizés metodu. Remiantis gautais
rezultatais, po 20 dengimo procediiry akivaizdziai matomas susidares CaCOs.
Rentgeno spinduliy difraktogramose matyti TiO. (rutilo) CaO ir CaTiOs
kristalinés fazés. 4 paveiksle pateiktos gauty CaCOs dangy ant titano padéklo
po 28 dieny panardinimo j Na;HPOstirpala ir Ti pagrindo, atkaitinto esant 600
°C temperatirai, Rentgeno spinduliy difraktogramos.
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4 pav. CHAp dangos, gautos 28 dienas panardinus CaCOs dangg j Na,HPO4

tirpalg (1), ir 600 °C temperattiroje atkaitinto Ti padéklo Rentgeno spinduliy

difraktogramos (2). Difrakciniai atspindziai: 4-CHAp (ICDD 00-054-0022),

*-Na;HPO, (ICDD 01-076-2287), m-Ti (ICDD 01-089-5009), -TiO. (ICDD
01-076-0318).

Pastebétos kristalinei CHAp fazei budingos difrakcijos smailés.
Aptiktos smailés, priskiriamos antrinéms fazéms, tokioms kaip Na,HPO, (i$
panardinimo tirpalo), Ti (padéklas) ir TiO,. Galima daryti iSvada, kad
susiformavo CHAp, taCiau jis nesutrukdé susidaryti TiO,. CaTiOs; bidingy
smaily nematyti, o tai galéjo biti susije su tuo, kad CaTiO3 sluoksnis galéjo
biti padengtas CHAp. Gauty CaCOs; ir CHAp dangy Ramano spektre
pastebéta smailé ties 1084 cm™ atitinka karbonato simetrinius valentinius
virpesius. CHAp dangy Ramano spektre matomos fosfato grupés virpesiy
smailés ties 400, 574, 590, 950 ir 1085c¢cm™. Smailé ties mazdaug 280 cm™
priskiriama Ca-PO; gardeléms. Intensyviausia smailé ties 690 cm
priskiriama Ti padéklui. Smailés, esancios ties 159, 220 ir 485 cm™, gali biti
priskirtos TiO, fazei. Gauti Ramano sklaidos spektroskopijos rezultatai gerai
koreliuoja su Rentgeno spinduliy difrakcinés analizés rezultatais. Susintetinty
dangy Furjé transformacinés infraraudonyjy spinduliy spektroskopijos (FT-
IR) spektruose pastebétos absorbcijos juostos ties 1411 cm™ ir 879 cm?
CaCO;z; dangos spektre gali biti priskirtos karbonato simetriniams
valentiniams virpesiams. Intensyvi absorbcijos juosta, aptikta ties ~590 cm™,
priskiriama titano Ti-O virpesiams. Rezultatai, gauti i$ susidariusios CHAp
dangos FT-IR spektro, puikiai sutampa su Rentgeno spinduliy difrakcijos ir
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Ramano sklaidos spektroskopijos rezultatais, patvirtinanciais tarpiniy
(CaCOs) ir galutiniy produkty (Caio(PO4)s(OH)2) susidaryma. Pagal stebéty
absorbcijos juosty kilme galima teigti, kad tirpinimo-nusodinimo proceso
metu susidaré karbonizuotas hidroksiapatitas (Caiox(POa4)sx(CO3)x(OH)2-x-
2y(COs)y).

Po sukimo dengimo ir terminio apdorojimo procediiry susidariusio
CaCOs SEM pavirsiaus morfologijos nuotraukos patvirtino, kad Ti padéklas
buvo padengtas tolygiai. CHAp dangy SEM nuotraukos po CaCOs dangos
panardinimo | Na;HPO4 tirpalg pateiktos 5 pav.

5 pav. CHAp dangy pavirSiy morfologija tirta skenuojamaja elektronine
mikroskopija.

IS gauty SEM nuotrauky matyti, kad titano pavirSiuje susiformavo
dendritinés struktiiros CHAp ir Na;HPO; kristaly klasteriai. CHAp pavirSius
yra Siurkstus ir porétas, susidaro homogeniskai pasiskirstg ploksteliy pavidalo
kristalai ir sferinés dalelés. Atkaitinus gauta CHAp danga 900 °C
temperatiroje, kristaly morfologija smarkiai pasikeicia: susidaro 1-2 pm ilgio
ir 100-150 nm plocio strypeliai. Ant Ti nusodinty CHAp dangy pavirSiaus
morfologija buvo tirta ir optiniu 3D profilometru. Pastebéta, kad pavirSiaus
SiurkStumas ir vidutinis dangos aukstis po atkaitinimo 900 °C temperattiroje
siek tiek padidéjo. Sioms dangoms nustatytas didziausias $iurkstumas (7905
nm) ir vidutinis aukstis (10,296 nm).
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Siekiant iStirti pagaminty dangy atsparuma korozijai, Hankso
balansiniame drusky tirpale buvo iSmatuotos méginiy atviros grandinés
potencialy (Eop) priklausomybés nuo laiko. CHAp dangy po 28 dieny
mirkymo Na;HPO, tirpale, pradiniame panardinimo etape elektrodo Eocp
vertés sumazéja iki ~-0.18 V (6 pav.). Toks atviros grandinés potencialo
mazéjimas rodo, jog korozinis aktyvumas didéja. Po 7 min. darbinio elektrodo
Eop pradeda dreifuoti teigiamesniy verCiy zonos link ir pasiekia
kvazistacionariag btseng. Tiriamo elektrodo pavirSiuje formuojasi naujas
apsauginis pasyvacinis sluoksnis. Pakaitinus titano dangg iki 900 °C
temperatiros, atviros grandinés potencialas Eop nedaug pakinta didéjant
ekspozicijos laikui. Pastebima, jog kvazistacionarig biiseng Si danga pasieke
po ~ 6 min., pasyvacinis sluoksnis susiformavo gana greitai, o tai rodo
suformuotos dangos stabilumg. Nepadengto titano padéklo Eocp potencialas
pradiniame panardinimo etape pradeda didéti ir po ~ 11 min. nusistovi tiriamo
elektrodo laike nekintanti atviros grandinés potencialo Eocp verté. Eocp verciy
skirtumas tarp tiriamyy méginiy yra nedidelis, o tai rodo, kad suformuotos
kalcio hidroksiapatito dangos yra porétos.
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6 pav. Titano/CHAp dangy Eq, potencialo priklausomybé nuo ekspozicijos
laiko Hankso balansiniame drusky tirpale: 1 - atkaitintas Ti padéklas, 2 -
CHAp danga, 3 - CHAp danga po atkaitinimo 900 °C temperatiiroje.
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Kalcio hidroksiapatito dangy jtaka titano padékly korozijos greiciui
Hankso balansiniame drusky tirpale buvo jvertinta pagal elektrody Tafelio
priklausomybes (7 pav.).
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7 pav. Tafelio priklausomybés. 1 — kaitintas titano padéklas, 2 — po 28 d.
panardinimo Na;HPOQ, tirpale, 3 — po 28 d. panardinimo Na;HPOQ4 tirpale ir
papildomai pakaitinus 900 °C temperaturoje.

Padengty CHAp dangomis elektrody koroziniai potencialai pasislinko
teigiamesniy verc¢iy link lyginant su nepadengtu titano padéklu (1 kreivé).
Didziausias teigiamas postiimis nustatytas CHAp dangai po 28 d. panardinimo
Na;HPO, tirpale. Dangos, kuri buvo papildomai pakaitinta 900°C
temperatiiroje, elektrodo Eqcp buvo mazesnis. Jtakos tam galéjo turéti dangy
porétumas, kuris netrukdo Hankso balansiniam drusky tirpalui kontaktuoti su
metalu ir vykti korozijai.

CHAp plonasluoksnés dangos gali buti sékmingai naudojamos ne tik
kaip biomimetinés nanoterapinés dangos, bet ir kaip elektrocheminiai
jutikliai, termoliuminescenciniai jutikliai ar pH jautris fluorescenciniy
baltymy jutikliai. CHAp galima lengvai legiruoti lantanidy jonais. Sios
nanostruktiiros galéty buiti pritaikytos kuriant naujas j pH reaguojancias
sistemas, kurios gali fluorometriskai nustatyti biodangos rugstinguma.
Galiausiai gerai zinoma, kad pH yra labai svarbus kauly fiziologinés funkcijos
ir ligos buklés rodiklis. Sitlomos CHAp dangos, pagamintos Zemoje
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temperatiiroje, galéty biti taikomos kuriant neinvazinj realaus laiko kauly pH
jutiklj in vivo.

Apibendrinant reikia pazyméti, kad CHAp dangos buvo suformuotos
ant silicio ir titano padékly taikant naujg Zematemperatiirinj sintezés metoda.
SEM ir 3D optiné mikroskopija parodé, kad suformuotos CHAp dangos buvo
nevienalytés, porétos, stambiakristalinés ir su dideliais auks¢io svyravimais.
Pastebéta, kad vienodesnés kalcio hidroksiapatito dangos gautos ant Ti
padékly. Titano padékly su ant jy suformuotomis CHAp dangomis korozinis
elgesys buvo jvertintas elektrocheminiais metodais.

2. Kalcio stokojancio hidroksiapatito solvoterminé sintez¢ hidrolizuojant o-
trikalcio fosfata

Siame skyriuje pateikti duomenys apie tiriama jvairiy organiniy
tirpikliy, jy prigimties, koncentracijos tirpale ir solvoterminiy salygy poveikj
kalcio stokojancio hidroksiapatito (CDHA) susidarymui hidrolizuojant a-
trikalcio fosfatg (a-TCP). Tiriamas natrio laurilsulfato ir jvairiy organiniy
rugséiy (DL-asparto aminortgsties, dodekano dikarboksragsties, oktano
dikarboksirtigsties) poveikis kalcio stokojan¢io hidroksiapatito susidarymui
vykstant o-TCP hidrolizei. Ivertintas bendras S§iy organiniy priedy ir
etilenglikolio, kaip sintezés terpés, poveikis. Hidrolizés reakcija buvo
vykdoma tirpaluose, turin¢iuose skirtingas §iy organiniy priedy koncentracijas
vandeninéje ir miSrioje vandeningje-organinéje terpéje solvoterminémis
salygomis.

2.2. Organinio tirpiklio jtaka CHAp susidarymui

IS Rentgeno spinduliy difraktogramos (8 pav., a) matyti, kad visos
difrakcijos smailés atitinka monoklininio Caz(PO4), (ICDD #00-070-0364)
standartinés Rentgeno spinduliy difraktogramos duomenis. Méginio
izotermas galima priskirti 1V tipui, o susiformavusias histerezés kilpas — H3
tipui (8 b pav.). Remiantis pory dydzio pasiskirstymo rezultatais (8 pav. b),
méginyje daugiausia buvo mazesniy nei 10 nm pory, nors buvo ir didesniy
pory, iki 55 nm dydzio. Pirmtako BET (Brunauer-Emmett-Teller, pavirsiaus
ploto nustatymo metodas) pavirsiaus plotas (Sger) buvo 10,22 m?g. Pradinius
miltelius sudaré netaisyklingos formos nanovamzdeliy ir pailgy daleliy
aglomeratai (8 pav. c)).
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8 pav. a-TCP pirmtako charakteristikos: Rentgeno spinduliy difraktograma
(a), azoto adsorbcijos-desorbcijos izotermos ir atitinkamas BJH (Barret-
Joyner-Halenda (akuciy dydzio ir tiirio nustatymo metodas)) pory dydzio
pasiskirstymas (b) ir SEM vaizdas (c).

Susintetinty CDHA milteliy faziy kristaliSkumas ir grynumas buvo
iStirtas atliekant Rentgeno spinduliy difrakcing analizg, kuri atskleidé tam
tikrus gauty produkty skirtumus. Méginiuose, apdorotuose tik organiniu
tirpikliu (0:100), nesusidar¢ CDHA, nes nebuvo vandens, t.y. nejvyko
hidrolizés reakcija, ir tokiy méginiy fazé isliko a-TCP (ICDD 00-070-0364).
EtOH, PrOH ir BuOH atveju, jvedus net ir nedidele dalj, 20 % (20:80),
vandens, susidare vienfazis CDHA (ICDD 00-76-0694), o didéjant vandens
kiekiui rezultatai buvo tokie patys. Tai buvo stebima esant jvairioms
taikytoms solvoterminéms salygoms. Esant grieZtesnéms solvoterminéms
salygoms (200 °C 5 val.), dalyvaujant EtOH, PrOH ir BuOH, buvo stebimas
monetito susidarymas. Tai ypa¢ pastebima BuOH atveju. Norint palyginti
tirpiklius, 9 pav. kaip pavyzdys, pateikti méginiy, paruosSty skirtingomis
solvoterminémis salygomis, naudojant W:O santykj 40:60, Rentgeno
spinduliy difraktogramos.

IR absorbciniy smailiy srityje 1500-400 cm™ pastebétos pagrindinés
juostos, priskiriamos CHAp ir TCP polimorfams. Méginiy morfologija buvo
jvairi — nuo ploksteliy iki strypeliy formos. Méginius, susintetintus be
organiniy tirpikliy, sudaré ploksteliy formos kristalai, panasis | ,,gélés
pavidalo struktiiras. Tyrime pastebétas tik nedidelis EtOH, PrOH ir BUuOH
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poveikis morfologijai. Esant §velnesnéms solvoterminés reakcijos sglygoms
(120 °C 3 val.), didel¢ EtOH ir PrOH koncentracija (120-W-EtOH-20:80;
120-W-PrOH-20:80) 1émé dideliy ploksteliy formavimasi bei matyti iSryskéje

savitvarkiai sluoksniai (10 pav.).

a b
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9 pav. Méginiy, paruosty naudojant vandens ir organinio tirpiklio santykj
40:60 po 3 val. vykstant solvoterminei reakcijai esant 120 °C temperatiirai
(a) ir po 5 val. 200 °C temperatiirai (b), Rentgeno spinduliy difraktogramos.
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10 pav. Méginiy po solvoterminés sintezés reakcijos su W:O santykiu 40:60 SEM nuotraukos: a) 120-W-EG-40:60; b) 200-W-
EG-40:60; c) 120-W-MeOH-40:60 d) 200-W-MeOH-40:60; e) 120-W-EtOH-40:60; f) 200-W-EtOH-40:60; g) 120-W-PrOH-
40:60; h) 200-W-PrOH-40:60; i) 120-W-BuOH-40:60; j) 200-W-BuOH-40:60.
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Didinant vandens kiekj méginiuose (W:O 40:60; 60:40; ir 80:20),
pastebétas siauresniy ploksteliy ir lazdeliy susidarymas, be to, kristalai buvo
iSsidéste ,,gélés pavidalo struktiirose. Padidinus reakcijos laikg ir
temperattirag, esant didesnéms EtOH, PrOH ir BuOH koncentracijoms,
susidaré strypeliai. MeOH ir BuOH turéjo didesne jtakg méginiy morfologijai,
vyravo ploksteliniai kristalai, pastebéta ilgy ir siaury ploksteliy formavimosi
tendencija. Méginiuose, kurie gauti naudojant grynus MeOH ir BUOH gauta
daugiau lazdeliy, palyginti su méginiais, paruostais W:EtOH ir W:PrOH
tirpaluose.

Is visy tirty tirpikliy didziausig poveikj bandiniy morfologijai turéjo
etilenglikolis (11 pav.).
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11 pav. Méginiy, paruosty su skirtingais vandens ir etilenglikolio santykiais, SEM nuotraukos: a) 120-W-EG-0:100; b) 200-W-EG-
0:100; c) 120-W-EG-20:80; d) 200-W-EG-20:80 e) 120-W-EG-40:60; f) 200-W-EG-40:60; g) 120-W-EG-60:40; h) 200-W-EG-
60:40; i) 120-W-EG-80:20; j) 200-W-EG-80:20; k) 120-W-EG-100:0; j) 200-W-EG-100:0.
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Manoma, kad strypeliy pavidalo kristaly formavimasis tirpikliy jtakoje
susideda i$ dviejy pagrindiniy etapy: nukleacijos etapo (jony reakcija), kai
persotintoje matricoje susidaro mazi kristaliniai branduoliai, ir augimo etapo,
kurio metu branduoliai iSauga iki galutinés formos ir dydzio. Miisy atveju
kristaly morfologijos poky¢iai gali biiti susij¢ su sumazéjusiu vandens kiekiu,
kai | sistema patenka daugiau organinio tirpiklio. Tai apriboty a-TCP
hidrolizés reakcija. Ankstesniuose tyrimuose teigta, kad didéjant alkoholio
kiekiui reakcijos vandeniniame tirpale, mazéja o-TCP tirpumas, todél
ribojamas Ca?* ir PO,* jony tieckimas. Toks poveikis susijes su tirpalo
dielektrinés skvarbos (er(w)) pokyciais: mazéjant tirpiklio dielektrinei
skvarbai, tirpumas maZzéja dél sumazgjusios tirpinimo energijos. Gryno
vandens dielektriné konstanta 25 °C temperatiiroje yra 78,5, o alkoholiy
dielektriné konstanta yra gerokai maZesné. Siame tyrime naudoty organiniy
tirpikliy dielektrinés konstantos esant 25 °C temperatiirai yra tokios: er(®)ec
= 38,5; er(w)meon = 32,70; er(o)ewon = 24,3; er(®)rron = 19,92; er(m)suon =
17,5. Vandens ir organiniy tirpikliy miSiniy er(®w) pokyciai priklauso nuo
tirpalo sudéties, taciau apskritai er(w) reik§més mazéja didéjant organinio
tirpiklio daliai. Skirtingy fizikiniy ir cheminiy savybiy tirpikliai turi jtakos
tirpumui, kristaly uzuomazgy susidarymui ir augimo greiciui, o tai turi jtakos
galutiniy produkty kristaliSkumui ir morfologijai. Kai hidrolizés reakcija néra
sustabdyta ir tirpalas yra persotintas Ca?* ir PO,s* jonais, nukleacija dominuoja
pries kristaly augimg ir susidaro maZesni kristalai. Ir prieSingai, kai Ca?* ir
PO+* jony kiekis yra ribotas, formuojasi maziau branduoliy ir linke augti
didesni kristalai. a-TCP hidrolizes ir CHAp kristalizacijos procesams jtakos
galéjo turéti ir kitos skirtingy tirpikliy savybés, pavyzdziui, reakcijos misinyje
esantis etilenglikolis gerokai pakeisty suspensijos klampuma. Véliau
sumazéty jony judrumas ir difuzijos greitis, o tai stabdyty hidrolizés reakcija
ir sulétinty nukleacijos procesa. Reakcijos terpés klampumas mazéja didéjant
temperatirai, todél slopinamasis etilenglikolio poveikis yra maZziau
reik§mingas, kai solvoterminé sintez¢ atlickama aukstesnéje temperatiroje.

Nustatytos  sorbcijos-desorbcijos  izotermos  yra  budingos
mezoporinéms struktiiroms. Histerezés kilpos H3 tipas siejamas su agreguoty
ploksteliy pavidalo daleliy egzistavimu. Tokie rezultatai sutampa su SEM
analizés duomenimis. Remiantis pory dydzio pasiskirstymo pagal dydij
rezultatais, reikSmingy skirtumy tarp méginiy nenustatyta. Visiems
méginiams buidingas platus pory dydzio pasiskirstymas. Itin mazas pavirSiaus
plotas nustatytas méginiams, paruoStiems naudojant etilenglikol;.
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2.3 Skirtingy organiniy priedy jtaka CHAp susidarymui.

Kaip matyti i§ Rentgeno spinduliy difraktogramos (12 pav.),
pasirinktomis sintezés salygomis o-TCP visiskai virto CDHA, visos
difrakcijos smailés atitiko standartinius Caio(PO4)s(OH). (ICDD #00-76-
0694) duomenis. SEM vaizdas atskleide, kad méginio morfologijoje vyrauja
plokstelés pavidalo mikrometriniy matmeny dalelés.

Z
0 -
2 J
]
E h HAp (#00-76-0694)
l Ll | llI |In .II L"lllll'luI'lA
10 15 20 25 30 35 40 45 S50 55 60 ¢
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12 pav. Hidroterminémis sglygomis vandeniniame tirpale i§ a-TCP be jokiy
priedy paruosto CDHA méginio charakteristikos. Rentgeno spinduliy
difraktograma (kair¢je) ir SEM vaizdas (desSinéje). Vertikaliomis linijomis
pavaizduota standartiné CHAp Rentgeno spinduliy difraktograma.

Meéginiy, paruosty naudojant jvairios koncentracijos natrio laurilsulfata
(a), DL-asparto aminortgstj (b), dodekano dikarboksirtigst] (¢) ir oktano
dikarboksirtigstj (d) po hidroterminés reakcijos esant 200 °C temperatiirai po
5 val., Rentgeno spinduliy difraktogramos pateiktos 13 pav. Be tipiskos
CDHA Rentgeno spinduliy difraktogramos, matoma smailé ties 25,4°, kurios
intensyvumas palaipsniui didéja, didéjant natrio laurilsulfato koncentracijai.
Si smailé buvo priskirta kalcio sulfatui (CaSOa, ICDD #00-072-0503). Panasi
tendencija pastebéta ir dodekano dikarboksirtagsties atveju — didesnis jos
kiekis 1émé antrinés kristalinés fazés susidaryma. Si smailé atitiko kalcio
vandenilio fosfato hidrata (CaH3zOsP, ICDD #00-046-0494). Nepriklausomai
nuo DL-asparto aminoruigsties ir oktano dikarboksirugsties koncentracijos
hidroterminés reakcijos metu susidaré vienfazis CDHA.
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13 pav. Méginiy, paruos$ty naudojant jvairios koncentracijos natrio laurilsulfata (a), DL asparto aminortgstj (b), dodekano
dikarboksirtigstj (c) ir oktano dikarboksirtigstj (d) po hidroterminés reakcijos esant 200 °C temperatarai po 5 val., Rentgeno
spinduliy difraktogramos.
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Visuose FT-IR spektruose matomos CDHA budingos absorbcijos
juostos. Fosfatinés grupés absorbcijos juostos CDHA struktiiroje buvo
pastebétos mazdaug ties 560 ir 603 cm™ (v4), 1020 ir 1090 cm? (v3), 960 cm'?
(v1), kurios buvo priskirtos atitinkamai O-P-O lenkimo, asimetrinio P-O
tempimo ir simetrinio P-O tempimo virpesiams. O-P-O lenkiamyjy virpesiy
moda (v2) buvo stebima 470 cm™, o juosta ties 630 cm™ buvo priskirta
hidroksilo grupei. Absorbcijos juosta, kurios centras yra apie 870 cm™,
priskirta HPO,* grupés P-O(H) tempimo modai, o tai patvirtina CDHA
susidaryma.

Nustatyta, kad méginiy morfologija priklauso ir nuo organinio priedo
prigimties, ir nuo jo koncentracijos (14 pav.).

Kai hidroterminéje reakcijoje buvo naudojamas nedidelis kiekis natrio
laurilsulfato (0,005 mol/l), méginyje vyravo ploksteliy kristalai, taiau buvo
pastebétas ir nedidelis kiekis lazdeliy. Padidinus organinio priedo kiekj (0,05-
0,1 mol/l), CDHA milteliy morfologija labai pasikeit¢ ir émé formuotis
strypeliy pavidalo junginiai. Naudojant maZzos koncentracijos DL-asparto
aminoriigst] susidaré mikrometrinés ploksteliy pavidalo dalelés, o didinant
aminoriigsties kiekj pirmiausia sumazéjo daleliy dydis ir toliau formavosi
strypeliai. Dodekano dikarboksirtigsties (DDDA) poveikis buvo panasus |
DL-asparto aminortgsties poveikj, o didéjant koncentracijai stebéti
morfologijos pasikeitimai nuo ploksteliy pavidalo daleliy iki ploksteliy ir
strypeliy miSinio. Nustatyta, kad oktano dikarboksirtigsties jtaka CDHA
bandiniy morfologijai buvo nedidelé, nepriklausomai nuo dikarboksirtigsties
koncentracijos gautos i ploksteles panasios dalelés.

Meéginiuose, susintetintuose vandens ir etilenglikolio miSinyje, esant
DL-asparto aminortigSties maziausiai koncentracijai, susidaré santykinai ilgy
ir trumpy lazdeliy miSinys. Naudojant didesng¢ DL-asparto aminoriigsties
koncentracija, gautus miltelius sudaré mikrometriniai aglomeratai, kurie buvo
sudaryti i§ mazesniy ploksteliy ir lazdeliy pavidalo daleliy. Daleliy dydis buvo
gerokai mazesnis, palyginti su vandeninéje terpéje susintetintomis dalelémis.
Oktano dikarboksirtigSties atveju, nepriklausomai nuo priedo koncentracijos,
buvo gautos palyginti didelés ploksteliy dalelés. Morfologija buvo panasi ]
hidroterminés sintezés biidu be organiniy priedy gauty milteliy morfologija.
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14 pav. Méginiy po hidroterminés reakcijos SEM vaizdai SLS:005 (a), SLS:05 (e), SLS:1 (i); Asp:005 (b), Asp:05 (f), Asp:1 (§);
DDDA:005 (c), DDDA:05 (g), DDDA:1 (k); Sa:005 (d), Sa:05 (h), Sa:1 (1).
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ISVADOS

Kalcio hidroksiapatito (CHAp, Cai0(PO4)s(OH)2) plonasluoksniy dangy
ant silicio padékly sintezei pirmg karta buvo sukurtas
Zematemperatiirinis budas, taikant zoliy-geliy ir tirpinimo-nusodinimo
metodus. Kalcio karbonato dangos ant silicio padékly buvo gautos
naudojant sukimo dengimo metoda, kai padéklai buvo dengiami 10, 20
ir 30 zoliy-geliy tirpalo sluoksniy. CaCOs dangos buvo gautos skirtinga
laikg dangas kaitinant 600 °C temperatiiroje.

Sios CaCO; dangos buvo panaudotos kalcio hidroksiapatito
plonasluoksniy dangy gamybai ant silicio padékly, taikant tirpinimo-
nusodinimo metodg. Silicio padéklai, padengti i§ dalies amorfiniu ir
(arba) kristaliniu CaCOs, buvo mirkomi dinatrio fosfato Na,HPO, tirpale
28 dienas 80 °C temperatiiroje. Rengeno spinduliy difrakcinés analizés
ir Ramano sklaidos spektroskopijos duomenys jrodé, kad taikant sukurta
sintezés metoda galima lengvai gauti kalcio hidroksiapatita.

Pasitilytas galimas kalcio hidroksiapatito susidarymo mechanizmas
taikant zematemperatiirj zoliy-geliy ir tirpinimo-nusodinimo metodus.
Zematemperatiiris CHAp dangy sintezés metodas leidzia daug
efektyviau kontroliuoti galutinio produkto pavirSiaus morfologija.

Tas pats Zematemperatiiris sintezés metodas, apimantis zoliy-geliy ir
tirpinimo-nusodinimo metodus, buvo sukurtas kalcio hidroksiapatito
dangoms ant titano padékly sintetinti. Nustatyta, kad ant Ti padéklo
susidaré CHAp su nedideliu kiekiu Salutiniy produkty. Ramano ir FT-IR
spektruose pastebétos budingos CHAp absorbcijos juostos. Ant Ti
padékly susidariusios CHAp dangos pavirsius buvo Siurkstus ir porétas,
su homogeniskai pasiskirs¢iusiais plokstelés pavidalo kristalais ir
sferinémis dalelémis pavir§iuje.

Buvo jvertintas CHAp dangy korozinis atsparumas Hankso balansiniame
drusky tirpale. CHAp danga padidino titano padéklo atsparumg
korozijai. Taip pat korozijos ir elektrocheminiy bandymy parametry
analizé parodé, kad apsauginiy CHAp dangy, gauty zoliy-geliy ir
tirpinimo-nusodinimo metodais, jtaka yra pakankamai didelé ir gali biti
padidinta suformavus vienodo storio CHAp dangg. Sios sitilomu sintezés
metodu gautos plonasluoksnés CHAp dangos gali biiti potencialis
pretendentai kuriant kauly implantus ir jvairius jutiklius.

Istirtas skirtingy organiniy tirpikliy poveikis a-TCP hidrolizei ir jo
virtimui | CDHA skirtingomis solvoterminémis salygomis. Metilo
alkoholis ir etilenglikolis turéjo stipresnj slopinamajj poveikj o-TCP
hidrolizei nei etilo, izopropilo ir butilo alkoholiai.
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Gauty méginiy morfologija buvo jvairi — nuo ploksteliy pavidalo iki
strypeliy formos. Naudojant tam tikras etilo alkoholio ir izopropilo
alkoholio proporcijas, buvo gautos strypeliy formos, tadiau vis dar
vyravo ploksteliy pavidalo struktiros. Naudojant vandens-metilo
alkoholio ir vandens-butilo alkoholio miSinius, be ilgy ir siaury
ploksteliy susidaré daugiau strypeliy. IS visy tirty tirpikliy didziausia
poveiki méginiy morfologijai tur¢jo etilenglikolis.

Istirtas natrio laurilsulfato ir jvairiy organiniy ragséiy (DL-asparto
aminoragsties, dodekano dikarboksirtigsties, oktano dikarboksirtgsties)
poveikis kalcio stokojanc¢io hidroksiapatito susidarymui per a-trikalcio
fosfato hidrolizg. Parodyta, kad organiniy priedy prigimtis ir
koncentracija turi jtakos galutinio produkto fazés grynumui ir
morfologijai.

Didesnés natrio laurilsulfato ir dodekano dikarboksirtagsties
koncentracijos paskatino ne tik hidroksiapatito, bet ir priemaisy
susidaryma, o DL-asparto aminortgstis ir oktano dikarboksirtigstis
neturéjo jtakos fazés grynumui. Vandeningje terpéje paruosty bandiniy
morfologija, priklausomai nuo Kkonkretaus organinio priedo
koncentracijos, vyravo nuo ploksteliy iki strypeliy pavidalo. Naudojant
vandens ir etilenglikolio miSinj susidaré gerokai mazesnés dalelés,
turinCios strypeliy ir siaury ploksteliy forma.
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The wet chemistry route has been developed to prepare calcium hy-
droxyapatite (Ca, (PO,)(OH),, (HA)) thin films on a silicon substrate
using the novel low-temperature sol-gel and dissolution-precipitation
approach. The calcium carbonate thin films on the silicon substrate were
obtained by spin-coating technique when substrates were repeatedly coat-
ed with 10, 20 and 30 layers of sol-gel solution. The composites formed
of crystalline and amorphous CaCO, were obtained by calcination of
the coatings for different time at 600°C. A dissolution-precipitation pro-
cedure was used for the preparation of calcium hydroxyapatite thin films
on silicon substrate at 80°C. The obtained synthesis products were char-
acterised by X-ray powder diffraction (XRD) analysis, scanning electron
microscopy (SEM) and Raman spectroscopy.

Keywords: calcium hydroxyapatite, thin films, silicon substrate, spin-
coating, sol-gel processing

INTRODUCTION

HA crystals are present in the human body
both inside bone and teeth. In terms of the human

There is a need to reconstruct damaged hard tis-
sue for several reasons that include traumatic or
non-traumatic events, congenital abnormalities,
or disease. Damaged tissues stemming from these
events can become a major issue in orthopedic,
dental and maxillofacial surgery. A study on nu-
merous biomaterials revealed that calcium phos-
phates had been used in hard tissue reconstruction
for more than six decades. Calcium hydroxyapatite
(Ca (PO,),(OH),, HA) was the primary material
used in orthopedics and dentistry [1, 2].

* Corresponding author. Email: aivaras.kareiva@chf.vu.It

bone, the HA crystals as a bioactive ceramic cov-
er 65 to 70% by weight of the bone. Furthermore,
the architecture of the bone comprises type-I col-
lagen as an organic component and the HA as an
inorganic component. These two components form
a composite structure at the nanoscale, in which
nano-HA is interspersed in the collagen network.
This composite forms mineralised collagen and is
the precursor of biological mineralised tissue from
tendons and skin to hard mineralised tissues such
as bone and teeth. Moreover, in the bone, the HA
crystals present in the shape of plates or needles are
about 40 to 60 nm long, 20 nm wide, and 1.5 to
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5 nm thick [3, 4]. The arrangement of different HA
crystalline sizes and shapes provides support for
this tissue’s structural stability, hardness and func-
tion [5, 6].

HA application in orthopedics can vary from
bone defects repair and bone augmentation to
coatings for human body metallic implants.
The HA-based implants can provide an inter-
locked porous structure [7-9]. This structure can
act as the extracellular matrix, promoting the nat-
ural process of cellular development and tissue re-
generation [9, 10]. Furthermore, HA can enhance
the osseointegration process by promoting a rigid
anchorage between the implant and the surround-
ing tissue without the growth of fibrous tissue.
The successful osseointegration retains the bone
anchorage for a long period, hence completely re-
storing functional ability [11, 12].

HA coatings on different substrates are being
widely used in orthopaedics and dentistry [13-19].
Many preparation techniques are used currently
in coating of HA onto different substrates [18, 20].
Hydroxyapatite synthesised by different methods
has different surface morphology and the prod-
ucts also have different chemical properties [25-
29]. In order to produce a coating that is more
resistant to physiological conditions, various new
methods are being sought for the modern synthe-
sis of HA layers that replicate bone tissue. Si could
be used for the formation of an interfacial layer on
the metal alloys to increase the adhesion strength
of biomaterials substantially [26]. Cha et al. [27]
also showed that silicon could be used for improv-
ing the biological performance of ZrO, substrate.
The results revealed that Zr-Si-HA substrates are
very promising biomaterials for bone tissue engi-
neering. Interestingly, Hiebl et al. [28] reported
that the Si-based substrate is also a promising
candidate for the formation of materials which
are aimed to be used in cardiovascular tissue engi-
neering approaches. Moreover, silicon substrates
modified with graphene oxides could be applied to
control living cells on these substrates [29]. These
substrates are important for the development of
bio-applications, including biosensors and im-
plant biomaterials. Recently, samarium-doped
hydroxyapatite (Sm-HA) coatings were fabricated
on the Si substrate [30]. This study showed that
the Sm-HA samples on the Si substrate are good
candidates for the development of new antimicro-

bial agents. A natural rubber-calcium phosphate
hybrid for applications as bioactive coatings was
also synthesised on the Si substrate [31]. Finally,
silicon or silicon-containing composites are very
useful substrates for the application for blood-
contacting implants, for the patterned cell culture
in vitro or to improve cell response [32-34].

In this paper, we report the novel low-temper-
ature sol-gel synthetic and dissolution-precipita-
tion approach and the characterisation of HA thin
films on a silicon substrate using a spin-coating
technique.

EXPERIMENTAL

Firstly, calcium carbonate (CaCO,) layers on sili-
con substrates were fabricated by sol-gel synthe-
sis. Silicon substrates were washed with Piranha
solution (3 parts of concentrated sulfuric acid and
1 part of 30% hydrogen peroxide solution) and
distilled water. In the sol-gel process, 20 ml of
2-propanol (99.0%; Alfa Aesar) were mixed with
1.8 ml of acetylacetone, C,H,0, (99.9%; Merck)
with stirring at room temperature. An appropri-
ate amount (1.0920 g) of calcium nitrate tetrahy-
drate (Ca(NO,),-4H,0) (99.0%; Fluka) was added
to the solution and stirred for 1 h until the mate-
rial dissolved [35]. The solution used for coating
the silicon substrates was mixed with the polyvi-
nyl alcohol (PVA) (PVA7200, 99.5%; Aldrich) so-
lution in a ratio of 5:3. A polyvinyl alcohol (PVA)
solution was obtained by dissolving 0.5 g of poly-
vinyl alcohol (PVA) in 49.5 ml of distilled water
with stirring at 90°C for 1 h. The silicon substrate
was repeatedly coated with 10, 20 and 30 layers
of solution by the spin-coating method using two
different spinning procedures (A) and (B) (Table).
After the evaporation of solvent the substrates
were dried in an oven for 10 min at 200°C and heat-
ed at 600°C for 5 h with a heating rate of 5°C/min.
Calcium hydroxyapatite coatings were synthe-
sised by the low-temperature dissolution-precipi-
tation method. Silicon substrates coated with par-
tially amorphous and/or crystalline CaCO, were
soaked in a disodium phosphate Na,HPO, (pure
p-a., Chempur) solution (1 mol/l) for 28 days in
a thermostat at 80°C.

For the characterisation of surface properties,
the X-ray powder diffraction (XRD) analysis,
scanning electron microscopy (SEM) and Raman
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Table. Silicon substrate coating techniques
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51 e Si
RAMP1 1 2 < £
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RAMP2 2 2 =T \\d\w
TIME2 1 5 |
RPM3 3000 1500
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TIME3 30 9 10 20 30 40 50 60
RAMP4 10 10 20,°

spectroscopy were applied. The XRD studies were
performed on a Rigaku miniFlex II diffractometer
operating with Cu Kal radiation (start angle 10;
stop angle 60; sampling W. 0.010; scan speed 5.0;
kV 30). In order to study the morphology and mi-
crostructure of the samples a scanning electron
microscope Hitachi SU-70 was used. The thick-
ness of HA coatings was measured using the SEM
analysis of the cross-sections of films. Raman spec-
troscopy studies were performed using a scanning
near-field spectroscopy system with a Raman
spectroscopy accessory (Alpha300R, WiTec). El-
emental analysis was performed on a Thermo Fis-
cher Scientific Flash 2000 Elemental Analyzer.

RESULTS AND DISCUSSION

As was mentioned, the silicon substrates were re-
peatedly coated with the 10, 20 and 30 layers of
the sol-gel solution. However, the XRD patterns
of the samples obtained after 10 coatings proce-
dures did not contain any reflections attribut-
able to a crystalline CaCO, phase. Figure 1 rep-
resents the XRD patterns of CaCO, thin films
obtained after 20 coatings using slightly differ-
ent spin-coating procedures. As seen from Fig. 1,
the peaks attributable to CaCO, (26 =~ 29.5; PDF
[96-210-0190]) could be determined in the XRD
patterns confirming the formation of crystalline
calcium carbonate. Additionaly, the diffraction
peak from the substrate Si (20 = 33; PDF [96-901-
1057]) is also seen. It is interesting to note that
the XRD patterns of CaCO, layers fabricated after
30 spin-coating procedures were almost identical
to the ones presented in Fig. 1.

Fig. 1. XRD patterns of the sol-gel derived CaC0, samples on the Si
substrate obtained after 20 coatings and annealed at 600°C for 5 h
after each spining procedure, using different (A) and (B) spin-coating
techniques

The SEM micrographs of the surfaces of ob-
tained CaCO, samples are shown in Fig. 2. The sur-
face of the specimen obtained after 30 spinning
times is partially even with the clearly pronounced
formation of individual crystallites. The quality of
the sol-gel coated thin films of CaCO, is not influ-
enced by used spin-coating techniques.

The synthesised CaCO, coatings were also in-
vestigated using Raman spectroscopy. The Raman
spectra of the synthesised samples are depicted in
Fig. 3. The analysis of Raman spectroscopy results
shows the characteristic CaCO, peaks located at
153, 281, 617, 668, 709 and 1084 cm™" formed af-
ter 30 coatings using the both spin-coating tech-
niques (A) and (B) [36, 37]. It is interesting to note
that the positions of Raman bands determined in
the Raman spectra of synthesised CaCO, accord-
ing to [36] could be attributed to the partially
amorphous calcium carbonate phase.

Calcium hydroxyapatite coatings were synthe-
sised by a low-temperature dissolution-precipitation
method. The silicon substrates coated with partially
amorphous and/or crystalline CaCO, were soaked
in the disodium phosphate Na,HPO, solution for 28
days at 80°C. Figure 4 presents the XRD patterns of
the Si substrate coated initially with CaCO, follow-
ing the formation of the calcium phosphate phase.
The results of XRD analysis show the negligible influ-
ence of the parameters of spinning on the crystallisa-
tion of calcium hydroxyapatite on the Si substrate.
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Fig. 2. SEM micrographs of the CaC0, thin films on the silicon substrate fabricated after 30 coatings using different (A, top)
and (B, bottom) spin-coating techniques and obtained at different magnifications
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Fig. 3. Raman spectra of the CaC0, samples containing 30 layers synthesised using different spin-coating
techniques: (a) Aand (b) B
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Fig. 4. XRD patterns of the calcium hydroxyapatite thin films fabricat-
ed by the sol-gel and dissolution-precipitation method using different
spin-coating techniques: (a) Aand (b) B

The characteristic HA peaks could be easily distin-
guished (PDF [74-0566]) despite some reflections
originated from the used substrate are also visible.
Thus, the data of XRD analysis proved that calcium
hydroxyapatite could be easily obtained at 80°C
from the Ca-O sol-gel precursor solution on the Si
substrate using the spin-coating technique and fol-
lowing dissolution-precipitation approach.

The thickness of HA coatings was measured
using the SEM analysis of the cross-sections of
films, and was found to be approximately 900-
945 nm. The elemental analysis of synthesised
products was also performed. No carbon due
to a possible formation of carbonate apatite in
the synthesis products was detected.

Figure 5 shows the Raman spectra in the wave-
number region from 100 to 1250 cm™ of the CHA
sample containing 30 layers of CaCO, on the Si
substrate. The spectra were recorded at the cen-
tre of the specimens. The broad bands with sharp
peaks near 300, 500 and 950 cm™ belong to
the overtone spectrum of Si substrate. However,
the intense bands corresponding to the symmet-
ric stretching vibration of phosphate groups in
Ca, (PO,),(OH), are also seen [38, 39]. The results
of Raman spectroscopy are in a good agreement
with the XRD analysis data. Using the Raman
optical microscopy system in the representative
optical images is presented in Fig. 6. The images
demonstrate the formation of individual crystal-
lites in the film matrix. By pointing the laser at
the formed individual crystallites, HA signals
were observed. Defects commonly present in 2D
materials, such as cracks, vacancies and crystal
boundaries [40, 41], were not detected in the HA

0.10
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0.084 *Si
3
<
B
% 0.06
=1
L
E
g 0.04
g
<
24
0.02 430
o
0.00 —
114

T T T L T T T T T T T T T
242 369 497 625 753 881 1008 1136

Raman shift, cm™

Fig. 5. Raman spectra of the HA synthesised by the sol-gel and dissolution-precipitation method
using different spin-coating techniques: (a) A and (b) B
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Fig. 6. Images of the HA thin films obtained by Raman optical microscopy system. Red circles mark the location of focused laser beam

for measuring Raman spectra

samples synthesised by the low-temperature sol-
gel and dissolution-precipitation method.

Thus, the final formation of HA on the surface
of Si could be expressed by the following equation
[42-44]:

10 CaCO, +6 PO +2 OH >
Ca,(PO,),(OH), + 10 CO,”. (1)

The possible mechanism of the formation of cal-
cium hydroxyapatite by the suggested low-temper-

ature sol-gel and dissolution-precipitation method
is presented in Fig. 7.

CONCLUSIONS

The wet chemistry route has been developed to
prepare calcium hydroxyapatite (Ca, (PO,) (OH),,
HA) thin films on the silicon substrate using for
the first time the low-temperature sol-gel and disso-
lution-precipitation approach. The calcium carbon-
ate thin films on the silicon substrate were obtained
by the spin-coating technique when the substrates

Na,HPO,
Ca-O 1 mol/l
sol-gel H,0 H,0
. 600°C 80°C
solution | CaCO,
- CaCO
g =h S 2 days
0 H,0 H,0
Si
~ T Por om
Cor } \ COr
| (Ca,(PO,),(OH), || e I x

S Room temperature, air

Si

Fig. 7. The possible mechanism of the formation of calcium hydroxyapatite by the suggested low-temperature sol-gel and dissolution-precipi-

tation method on the Si substrate
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were repeatedly coated with 10, 20 and 30 lay-
ers of the sol-gel solution. It was demonstrated
by XRD analysis and Raman spectroscopy that
the quality of CaCO, coatings was not dependent
on the spinning rate. The composites formed of
crystalline and amorphous CaCO, were obtained
by calcination of the coatings for different times
at 600°C. These coatings were used for the fab-
rication of calcium hydroxyapatite thin films on
the silicon substrate using the dissolution-pre-
cipitation procedure. The silicon substrates coat-
ed with partially amorphous and/or crystalline
CaCO, were soaked in the disodium phosphate
Na,HPO, solution for 28 days at 80°C. The data
of XRD analysis and Raman spectroscopy again
proved that calcium hydroxyapatite could be eas-
ily obtained by the developed synthesis method.
The possible mechanism of the formation of cal-
cium hydroxyapatite using the low-temperature
sol-gel and dissolution-precipitation method was
also suggested. It is well known that the main
morphological features (particle size, shape and
size distribution) of the synthesis products de-
pend very much on the synthesis temperature.
The elaborated low-temperature synthesis method
for HA coatings would allow a much more effi-
cient control of the surface morphology of the end
product.
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NAUJAS BIOKERAMINIU NANOKALCIO
HIDROKSIAPATITO DANGY FORMAVIMO
METODAS NAUDOJANT ZOLIU-GELIUY IR
TIRPINIMO-NUSODINIMO PROCESUS

Santrauka

Siame darbe kalcio hidroksiapatito (Ca, (PO,) (OH),,
(HA)) plonos plévelés ant silicio padéklo susintetintos
taikant nauja Zematemperaturj zoliy-geliy ir tirpinimo-
nusodinimo metoda. I$ pradZiy ant silicio padéklo buvo
gautos CaCO, dangos kaitinant zolius-gelius skirtin-
ga laikg 600 °C temperatiroje. Kalcio hidroksiapatito
plonoms pléveléms paruosti ant silicio padéklo 80 °C
temperatiroje buvo naudota tirpinimo-nusodinimo
procedira. Gauti sintezés produktai apibadinti remian-
tis rentgeno spinduliy difrakcijos analize, skenuojancia
elektrony mikroskopija ir Ramano spektroskopija. Taip
pat buvo pasialytas galimas kalcio hidroksiapatito susi-
darymo mechanizmas.
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Abstract: In this study, a low-temperature synthetic approach was developed for the fabrication
of calcium hydroxyapatite (CHAp) coatings on a titanium substrate. The titanium substrates were
first coated with CaCOj3 by a spin-coating technique using a sol-gel chemistry approach, and the
obtained product was transformed into CHAp during a dissolution—precipitation reaction. The phase
purity and structural and morphological features of the obtained CHAp coatings were evaluated
by X-ray diffraction (XRD) analysis, FTIR spectroscopy, Raman spectroscopy, scanning electron
microscopy (SEM) and using a 3D optical profilometer. It was demonstrated that almost-single-phase
CHAp formed on the titanium substrate with a negligible number of side phases, such as Na,HPOy
(starting material) and TiO,. In the Raman spectrum of the CHAp coating, the peaks of phosphate
group vibrations were clearly seen. Thus, the obtained results of Raman spectroscopy correlated
well with the results of X-ray diffraction analysis. The corrosive behaviour of CHAp coatings on a
titanium substrate was also evaluated using electrochemical methods. It was found that the corrosion
resistance of titanium coated with CHAp increased significantly. These CHAp thin films may be
potential candidates for use in not only in regenerative medicine but also in the development of
different sensors.

Keywords: calcium hydroxyapatite; thin films; titanium substrate; spin coating

1. Introduction

Calcium hydroxyapatite (Caj9(PO4)s(OH),; CHAp) is one of the substances found in
bone tissue, being involved in bone growth and characterized by excellent biocompatibility.
CHAUp shows strong osteopermeable properties, making it a particularly attractive material
for biomedical applications [1]. A high surface area, reactivity and biomimetic morphology
make nano-CHAp more favourable in applications such as orthopaedic implant coating or
bone substitute filler [2]. Recent efforts have been focused on the possibility of combining
nano-CHAp with other drugs and materials for multipurpose applications, such as antimi-
crobial treatment, osteoporosis treatment, sensing and magnetic manipulation [3]. To build
more effective nano-CHAp and composite systems, the synthesis processes, chemistry
and toxicity have to be thoroughly investigated. These nanomaterials have a significant
role in many biomedical areas, such as sustained drug and gene delivery, bioimaging,
magnetic resonance, cell separation and hyperthermia treatment, due to their promising
biocompatibility [4].

The use of artificial biomaterials has been gaining therapeutic scope in diverse clinical
applications. However, an equally attractive field of application involving CHAp is its
use in various sensors. The CO-gas-sensing property of CHAp ceramics with an average
crystallite size of 31-54 nm was investigated by Mahabole et al. [5]. It was concluded
that CHAp can be used as a CO gas sensor at an optimum temperature near 125 °C. The
results presented in the study [6] indicate that the CHAp sensor is applicable for qualitative
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and conformational analysis of protein adsorption. CHAp was also used to develop a
potentiometric sensor for phosphate ions [7]. Alkaline phosphatase (ALP) is a critical
biological marker for osteoblast activity during early osteoblast differentiation. The highly
sensitive and rapidly responsive novel near-infrared fluorescent probes for the fluorescent
detection of ALP were described [8]. ALP detection in vivo was achieved using NIR probe-
labelled three-dimensional calcium-deficient hydroxyapatite (CDHA) scaffolds. The results
suggest the possibility of early-stage ALP detection during neo-bone formation inside a
bone defect, by in vivo fluorescent evaluation using 3D CDHA scaffolds. Recent trends
in the application of calcium apatite compounds for electrochemical detection of heavy
metals or H,O, are shown in the studies [9,10].

Continuous research on CHAp nanomaterials (CHAp-NMs) has explored novel fab-
rication approaches coupled with functionalization and characterization methods [11,12].
CHAp coatings can be deposited using atomic layer deposition (ALD) technology [13] or
magnetron sputtering [14]. Due to the quality of the produced coatings, these methods are
the main technologies for the fabrication of thin layers in a vacuum. The electrochemical
method of CHAp coating deposition is a popular way of forming coatings by electrolysis
from an electrolyte with the appropriate composition. The method does not require the
above-mentioned expensive equipment, and the thickness and structure of the deposited
coatings can be controlled by varying the appropriate potential, current density, electrolyte
composition and pH [15]. Using the aqueous sol-gel method, CHAp can be synthesized on
various substrates (e.g., titanium, quartz, silicon) by controlling the temperature, pH and
concentration [16]. This method is considered a high-temperature approach, requiring ele-
vated temperatures to obtain the CHAp crystalline phase. However, high temperatures do
not support the formation of nanocrystalline materials [17]. The CHAp coatings obtained
at 1000 °C could be inhomogeneous, for example, consisting of two distinct regions: one
with small grains, approximately 200 nm in size, and one with larger grains, approximately
800 nm in diameter [18]. Additionally, the formation of the TiO, phase at high temperatures
reduces adhesion of CHAp films on Ti substrates [19].

In this study, we investigated the possibility of fabricating CHAp thin films at a
sufficiently low temperature, applying environmentally friendly sol-gel and dissolution—
precipitation methods [1,20-22] for the first time using the spin-coating technique. The
spin-coating method offers great promise for the fabrication of thin films with desirable
properties [23]. The spin-coating technique allows very homogeneous samples composed
of nano-scaled particles to be fabricated [16]. This low-temperature synthetic approach
was developed for the fabrication of CHAp coatings on Ti substrates; however, it could be
easily used for the formation of CHAp nanostructures on different substrates. The results
of characterization of the obtained CHAp are presented herein.

2. Results
2.1. X-ray Diffraction Analysis

The phase composition of the obtained calcium carbonate coatings on the titanium
substrate was determined by X-ray diffraction analysis (Figure 1).

According to the obtained results, the formation of CaCOj3 after 20 coating procedures
was evidently observed. Additionally, the XRD patterns contained intense diffraction peaks
corresponding to TiO; (rutile) CaO and CaTiOj crystalline phases.

Figure 2 shows the XRD patterns of the resulting CaCOj3 coating on the titanium
substrate after 28 days of immersion in Na,HPOy solution and the Ti substrate was annealed
at 600 °C.

It can be seen that the CHAp coating was successfully formed. The diffraction peaks
characteristic of the crystalline CHAp phase were observed [16,19]. Additionally, the
peaks attributed to secondary phases such as Na,HPO, (from immersion solution), Ti
(substrate) and TiO, were also detected. It could be concluded that CHAp formed, but
it did not prevent the formation of TiO,. On the other hand, the characteristic peaks of
CaTiOj are not visible, which may have been due to the fact that the CaTiO3 layer was
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coated with CHAp. The influence of Ti substrate modification on the formation of CHAp
coatings was previously deeply investigated [19]. To achieve a better quality of CHAp
coatings, Ti substrates were modified by adding a calcium titanate sublayer or additional
preheating at 650 °C. One of the key advantages of the sol—gel technique is its capacity
to produce homogeneous materials [24]. It is evident from the XRD results that the com-
bined sol-gel and dissolution—precipitation reactions method also produces homogeneous
CHAPp coatings.
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Figure 1. The XRD patterns of CaCOj3 coatings obtained by spin coating on a Ti substrate after 20 of
spin-coating and thermal treatment procedures. Diffraction peaks: *—CaCOj3 (ICDD 01-086-2339),
A—CaTiOj3 (ICDD 03-065-3287), O—CaO (ICDD 01-082-1691), e—TiO, (ICDD 01-083-2241).
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Figure 2. XRD patterns of CHAp coating obtained after immersion of CaCOj3 coating for 28 days in
NayHPOy solution (1) and Ti substrate annealed at 600 °C (2). Diffraction reflections are marked:
#—CHAp (ICDD 00-054-0022), *—Na,HPO, (ICDD 01-076-2287), B—Ti (ICDD 01-089-5009), —TiO,
(ICDD 01-076-0318).
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2.2. Raman and FTIR Spectroscopy

Raman spectra of the sol-gel-derived CaCO3 coating and CHAp coating obtained
following the dissolution—precipitation reaction are shown in Figure 3.
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Figure 3. Raman spectra of CaCOj3 (top) and CHAp (bottom) coatings.

A high background is visible in the Raman spectrum of the CaCOj3 coating; however,
the observed peak at 1084 cm~! corresponds to the symmetric stretching of calcium car-
bonate [25]. In the Raman spectrum of the CHAp coating, the peaks of phosphate group
vibrations at 400, 574, 590, 950 and 1085 cm ! are seen [25]. The peak at about 280 cm !
is attributed to the Ca-POy lattice. All this confirms that the CHAp coating was formed
by the dissolution—precipitation process. The most intense peak observed, at 690 ecm L, is
ascribed to the Ti substrate. In addition, the peaks at 159, 220 and 485 could be attributed
to the TiO, phase [26]. The obtained results of Raman spectroscopy correlate well with the
results of X-ray diffraction analysis.
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Figure 4 demonstrates the FTIR spectra of synthesized coatings. The absorption bands
observed at 1411 cm~! and 879 cm ™! in the spectrum of the CaCO3 coating can be assigned
to the stretch vibrations of the carbonate ion [27,28]. The intense absorption band detected
at ~590 cm ! is attributed to the vibration of Ti-O in titania.
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Figure 4. FTIR spectra of CaCOj (top) and CHAp (bottom) coatings.

The results deduced from the FTIR spectrum of the formed CHAp coating are in good
agreement with the results of XRD and Raman spectroscopy, confirming the formation of
intermediate (CaCO3) and end products (Cay(PO4)s(OH),):

10 CaCO5 + 6NayHPO, + 2 HyO = Cay(POs)g(OH), + 8 NaHCO; + 2NapCO; (1)

According to the origin of observed absorption bands, the formation of carbonated hydrox-
yapatite (Calo,X(I’O4)6,x(CO3)X(OH)2,X,ZY(CO3)Y) occured during the dissolution—precipitation
reaction [28,29].
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2.3. Microscopical Characterization

Figure 5 shows the SEM micrographs of the formed CaCOj after spin-coating and thermal
treatment procedures. The resulting porous surface was homogeneous with evenly distributed
particles. The obtained SEM images confirm that CaCOj3 layers were formed and the Ti substrate was
uniformly covered.

Figure 5. SEM micrographs of CaCOj3 coating obtained at different magnifications.

SEM micrographs of CHAp coatings after immersion of the CaCO3 coating in NapHPOj solution
are presented in Figure 6. It can be seen from the SEM micrographs obtained at lower magnification
that dendritic clusters of CHAp and NayHPOy crystallites formed on the titanium surface. The
surface of CHAp is rough and porous [30]. However, at higher magnification, the formation of
homogenously distributed plate-like crystals and spherical particles is seen. After annealing the
obtained CHAp coating at 900 °C, the morphology of the crystals changed dramatically, with the
formation of rods of 1-2 um in length and 100-150 nm in width (see Figure 7). This is in good
agreement with literature data [1,16].

The surface morphology of CHAp films was also studied with an optical 3D profilometer (see
Figures 8 and 9). As seen from Figure 8, the surface roughness of the Ti substrate increased with
the formation of the CaCOj coating. The results presented in Figure 9 show that the formed CHAp
coatings were not evenly distributed on the Ti substrate. Moreover, the surface roughness observed
for CHAp coatings was higher than that seen for the CaCOj3 coating. These results partially correlate
with morphological features determined by SEM analysis. The surface roughness and average
coating height were observed to increase slightly after annealing at 900 °C. The maximum roughness
(7905 nm) and average height (10,296 nm) were determined for these coatings.

2.4. Electrochemical Characterization

In order to study the corrosion behaviour of fabricated coatings, first of all, the time depen-
dences of the open-circuit potentials (Eocp) of the samples were measured in Hanks’ balanced salt
solution (Figure 10).
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Figure 6. SEM micrographs of CHAp coating obtained at different magnifications.

Figure 7. SEM micrographs of CHAp coating obtained after annealing at 900 °C.
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Figure 8. The results of optical 3D profilometry for Ti substrate (top) and CaCOj coating (bottom):
optical 3D (A) and 2D contour (B) images and roughness (C) profiles.
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Figure 9. The results of optical 3D profilometry for the as-prepared CHAp coating (top) and that
annealed at 900 °C (bottom): optical 3D (A) and 2D contour (B) images and roughness (C) profiles.
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Figure 10. Exposure time dependences of the Eqcp potential of titanium/CHAp films in Hanks’
solution: 1—annealed Ti substrate, 2—CHAp coating, 3—CHAp coating after annealing at 900 °C.

The open-circuit potential is a parameter that describes the relative corrosion stability of the
sample in the solution. The stability of Eocp shows that all the processes that determine its value
are in a stationary state. The rates of spontaneous reactions have stabilized and the investigated
electrode surface is stable. If Eocp shifts to more positive values, it indicates a decrease in the
corrosivity of the electrode, i.e., blocking of the surface by a passive layer. If Eop shifts to more
negative potentials, it indicates that the investigated system is in the corrosion zone. As can be
seen from Figure 10, the Eocp value of the CHAp coating initially decreased to ~—0.18 V, indicating
that the corrosion activity increased, which is related to the formation of a protective layer of the
formed CHAp coating. The Eocp of the working electrode began to shift to more positive values after
7 min and reached a quasi-stationary value. In this case, a new passivation layer was formed on
the surface of the tested electrode. The Eocp of the annealed CHAp coating did not change much
with increasing exposure time. It was observed that this coating reached a quasi-stationary value
after ~6 min., and the passivation layer was formed quite quickly, which indicates the formation of
stable coating. The Eocp of the Ti substrate started to become positive in the initial stage of immersion,
and the time-invariant value of the Eocp settled after ~11 min. The difference in Eocp values between
the tested samples was negligible, indicating that the surface properties of formed CHAp coatings
were similar.

The influence of the formed CHAp coating on the corrosion rate of the titanium in Hanks’ bal-
anced salt solution was evaluated using the Tafel dependences of the electrodes. The Tafel polarization
curves were recorded when the Eop of the electrodes reached quasi-stationary
values (Figure 11).
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Figure 11. Tafel dependencies: 1—heated Ti substrate, 2—CHAp coating, 3—CHAp coating after
annealing at 900 °C.

The corrosion rates (jcorr) Were determined by extrapolation from linear ranges of cathodic and
anodic Tafel dependencies. The determined corrosion rates are presented in Table 1.

Table 1. Corrosion parameters of the investigated coatings.

Sample b, V ba, V jeorr, A-em—2

Ti substrate 0.0209 0.0163 227 x 1078

CHAUp coating 0.0302 0.0154 334 x 1078

CHAQp coating annealed at 900 °C 0.0420 0.0106 1.82 x 107

The polarization curves of the CHAp coating shifted towards more positive values, indicating a
less active corrosion process. Table 1 also presents the tendencies of the cathodic (bc) and anodic (ba)
Tafel dependencies of the tested samples. It can be seen that the CHAp coating was characterized
by higher b, values than the uncoated Ti substrate. The anodic tendency of the Tafel dependence
of the obtained coatings decreased compared to that of the titanium substrate. The largest positive
boost was determined for the as-prepared CHAp coating. Interestingly, the Eocp of the post-annealed
CHAUp coating was lower. This may have been influenced by the porosity of the coating, which did
not prevent the Hanks’ balanced salt solution from contacting the metal and causing corrosion.

Evidently, these newly fabricated porous and sufficiently rough CHAp films can be successfuly
used not only as biomimetic nanotherapeutic coatings but also as electochemical sensors [31], thermo-
luminescent sensors [32], or pH-sensitive fluorescent protein sensors [33]. The CHAp could be easily
doped with lanthanide ions [34]. These nanostructures could be applied for the development of novel
pH-responsive systems, which can determine the acidity of biofilms fluorometrically [35]. Finally, it
is well known that pH is a critical indicator of bone physiological function and disease status. The
suggested CHAp coatings fabricated at low temperatures could be applied for the development of
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non-invasive and real-time sensing of bone pH in vivo [36]. Therefore, the application of our CHAp
system as a bone pH sensor currently is under investigation.

3. Experimental
3.1. Materials and Synthesis

CHAQp coatings were synthesized on a titanium substrate using a spin-coating technique from
sol-gel-derived calcium carbonate following the dissolution—precipitation reaction at low temper-
atures. To prepare the Ca-O precursor solution, 20 mL of 2-propanol (C3HgO, 99.0%, Alfa Aesar,
Haverhill, MA, USA) was mixed with 1.8 mL of acetylacetone (C5HgO,, 99.9%, Merck, Roway, NJ,
USA) at room temperature. A total of 1.1 g of calcium nitrate tetrahydrate (Ca(NO3),-4H,0, 99.0%,
Fluka, Buchs, Switzerland) was added to the resulting solution and stirred for 1 h. The resulting
solution was mixed with PVA ([-CH,CHOH-],,, 99.5%, Aldrich, Burlington, MA, USA) at a ratio of
5:3 (v/v) [37]. The obtained Ca-O precursor solution was used for the synthesis of calcium carbonate
coatings on the Ti substrate at 600 °C by the spin-coating technique. Finally, the synthesized CaCO3
thin films were immersed in a 1 M NayHPOy solution for 28 days at 80 °C. A schematic diagram of
the preparation of CHAp coatings is shown in Figure 12. The titanium substrates (Alfa Aesar, 1 mm
titanium alloy sheet, 15 mm diameter, 0.5 mm thick discs and 10 x 10 mm squares) before the deposi-
tion of Ca-O precursor solution were carefully mechanically polished with 600-, 800- and 1200-grit
sandpaper wet with ethanol-based oil (Struers, DP-Lubricant Brown, Cleveland, OH, USA). During
the mechanical polishing of the surface, the oxide film formed in the air and surface defects were
removed. The polished substrates were immersed in a 5 M NaOH solution and left at a temperature
of 60 °C for 24 h. Before the deposition procedure, the substrates were washed with distilled water
and dried at room temperature.

20 ——
Na,HPO,
Sol-gel a2 : g
solution 600 °C 80 °C fmet
_ H.0 H.0
0 sh 28 days || Caco,
0
Ti
POF=OH™
co3™ l | co3™
Room I |
Ca o (POL)5(0H), temperature, air
— | CaCo;
Ti
Ti

Figure 12. The schematic diagram of preparation of CHAp coatings on Ti substrate using low-
temperature sol-gel and dissolution-precipitation methods.

During the spin-coating process, several drops of the precursor solution were placed onto the
substrates and spin-coated for 30 s @ 3000 rpm (acceleration was 1000 rpm/s). After each spin-coating
procedure, the samples were dried for 10 min in the oven at 200 °C. Finally, the samples were annealed
for 5 h at 600 °C (with a heating rate of 5 °C/min.). Spin-coating and annealing procedures were
repeated 10 and 20 times.



Inorganics 2023, 11, 33

13 0f 15

3.2. Characterization

To determine the phase purity of synthesized products, X-ray diffraction (XRD) measurements
were performed with Rigaku miniFlex II or SmartLab (Rigaku) diffractometers using Cu Ka1 radia-
tion. Raman spectroscopy studies were performed using a scanning near-field spectroscopy system
with a Raman spectroscopy attachment (Alpha300R, WiTec, Ulm, Germany). Infrared spectra were
obtained with an FTIR spectrophotometer Perkin Elmer Spectrum TWO with an ATR accessory.
In order to study the morphology of the samples, a field-emission scanning electron microscope
(FE-SEM) Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan) was used. Surface morphology images
of coatings on titanium substrates were also obtained using an optical 3D profilometer Contour
GT-K (Bruker, Billerica, MA, USA). This system works in non-contact mode using white-light and
phase-shift interferometry. A 3D profilometer creates an electrical topographic image of the surface.
The scanned area of the samples was 0.25 mm?2. Electrochemical measurements were performed
using an electrochemical measurement system, Solartron 1280C (Ametek, Inc., Berwyn, PA, USA),
and a three-electrode cell. The auxiliary electrode was a ~4 cm? platinum plate. A standard electrode
of Ag/AgCl in a saturated KCl solution was used as the reference electrode, and a titanium pad
was used as the working electrode. The working electrode was installed in a special window of the
cell in such a way that only one side of the electrode was in contact with the solution and tightened
through a silicone gasket. Contact with the coating was achieved through a Pt wire that was pressed
against the electrode surface. The electrochemical cell was filled with Hanks’ balanced salt solution
(Sigma-Aldrich, St. Louis, MO, USA).

4. Conclusions

In this study, a low-temperature synthetic approach including sol-gel and dissolution—precipi-
tation procedures was developed for the fabrication of calcium hydroxyapatite (CHAp) coatings on a
titanium substrate. A spin-coating method was used for the formation of calcium carbonate layers
from the Ca-O precursor solution. The final step of the synthesis of calcium carbonate coatings on the
Ti substrate was performed at 600 °C. Finally, the synthesized CaCOj thin films were immersed in a
1 M Nap;HPO; solution for 28 days at 80 °C to obtain the CHAp phase. The structural properties,
phase purity and morphology of the formed coatings were evaluated by X-ray diffraction analysis,
FTIR and Raman spectroscopies, SEM and 3D optical profilometry. It was determined that CHAp
with a small number of side phases formed on the titanium substrate. In the Raman and FTIR spectra,
the characteristic CHAp absorption bands were observed. The CHAp surface formed on the Ti
substrate was rough and porous with homogenously distributed plate-like crystals and spherical
particles. The results of the investigation of the surface morphology of CHAp films observed by
optical 3D profilometer partially correlated with morphological features determined by SEM analysis.
The corrosion behaviour of CHAp coatings in Hanks’ solution was also evaluated. The CHAp coating
increased the corrosion resistance of the titanium substrate. Additionally, the analysis of the corrosion
behaviour and parameters of the electrochemical tests showed that the protective capacity of CHAp
coatings obtained by the sol-gel and dissolution—precipitation methods was sufficiently high and
increased after a CHAp coating of uniform thickness was formed. These CHAp thin films obtained
by the suggested synthesis method may be potential candidates for use in the development of bone
implants and different sensors for various analytes.
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Abstract: In the present work, the effects of various organic solvents (solvent nature and fraction
within the solution) and solvothermal conditions on the formation of calcium-deficient hydroxyapatite
(CDHA) via hydrolysis of a-tricalcium phosphate (x-TCP) are investigated. The wet precipitation
method is applied for x-TCP synthesis, and the hydrolysis reaction is performed in solutions with
different water-to-organic solvent ratios under solvothermal conditions at 120 °C for 3 h and at 200 °C

check for for 5 h. Ethyl alcohol, isopropyl alcohol, and butyl alcohol did not inhibit the hydrolysis of a-TCP,

updates while methyl alcohol and ethylene glycol have a more prominent inhibitory effect on the hydrolysis,
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hence the formation of single-phased CDHA. From all the solvents analysed, ethylene glycol has
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Hydroxyapatite (Cajo(PO4)s(OH),, HAp) is a major inorganic component in human
Received: 31 January 2022 hard tissue and is one of the most investigated calcium phosphates (CaPs) [1-3]. Due to its
Accepted: 11 February 2022 bone-like chemical composition and crystalline structure, HAp is extensively applied as
Published: 13 February 2022 bioceramic material for bone grafting [4,5]. In addition to that, HAp has found applications
Publisher’s Note: MDPI stays neutral 1N drug delivery [6], chromatography [7], and is a very promising material for the treatment
with regard to jurisdictional claims in  Of air, water, and soil pollution [8-11]. Since HAp is considered to be an environmentally
published maps and institutional affil- ~ benign functional material, and due to its remarkable adsorption capacity, HAp could
ations. be extremely useful in the field of environmental management [8]. Calcium-deficient
hydroxyapatite (CDHA, Cajg_x(HPO4)x(PO4)s—x(OH),_) is HAp with a Ca/P ratio from
1.50-1.67 [12]. Previous studies have reported a larger specific surface area and superior
incorporating efficacy of CDHA when compared to other CaPs [13,14]. The chemical
composition of HAp can be modified from the stoichiometric form to the Ca-deficient form
by selecting an appropriate Ca/P molar ratio [15].

Solubility, specific surface area, surface wettability, and hence the adsorption char-
acteristics of HAp crystals, depend greatly on their morphology and crystallinity [5,11].
Moreover, HAp contains the following two types of crystal planes: a (b)-plane, rich in
positively charged Ca?* ions, and a c-plane, exposing negatively charged phosphate and hy-
droxyl groups [10]. Hence, if the crystal growth along a specific direction is induced, HAp
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could gain new desirable properties and be applied, for instance, as a selective adsorbent
of negatively or positively charged compounds [9].

HAp could be obtained via different synthesis methods, including solid-state reactions,
sol-gel technology, chemical precipitation, hydrolysis, hydrothermal, or solvothermal meth-
ods [2,16-18]. Among them, solvothermal synthesis is probably the most popular method,
providing the possibility to obtain well-crystallized, single-phase HAp [1,19,20]. In addition
to that, many groups have already reported the solvothermal synthesis of specifically
shaped (plate-like and rod-like) HAp crystals using various additives in the reaction so-
lution [1,20-22]. Several groups suggested that various alcohols could be successfully
applied as HAp morphology-controlling agents during the solvothermal process. For
instance, Goto et al. [16] has reported the synthesis of needle-like HAp crystals using ethyl
alcohol-water solutions. Guo et al. [23] has observed that isopropyl alcohol has affected
the crystallite size and crystallinity degree of the HAp crystals but had little effect on
the sample morphology. However, as far as we know, no comprehensive study has ever
been performed to compare the effects of different organic solvents on the hydrolysis of «-
tricalcium phosphate (x-TCP) under solvothermal conditions. In this study, we aim to fill in
this gap. To this end, solvothermal reactions were performed with different proportions of
water-organic solvent. The organic solvents used were as follows: ethylene glycol, methyl
alcohol, ethyl alcohol, isopropyl alcohol, and butyl alcohol. The effects of the solvothermal
conditions, nature of the solvent, and organic solvent fraction in the solution on the phase
purity and morphological features of HA were investigated.

2. Materials and Methods
2.1. Synthesis

First, metastable x-TCP was synthesized by wet precipitation method as a precursor
for the further conversion to CDHA. An appropriate amount (3.42 g) of calcium nitrate
tetrahydrate (Ca(NOj3),-4H,0, >99%, Roth, Karlsruhe, Germany) was dissolved in 20 ml
of deionized water. A portion (1.27 g) of diammonium hydrogen phosphate (NH4),HPOy,
>98%, Roth, Karlsruhe, Germany) was dissolved in 15 ml of deionized water in a sepa-
rate beaker. After dissolution, concentrated ammonium hydroxide (NH4OH, 25%, Roth,
Karlsruhe, Germany) was added to the latter solution until pH of the solution reached 10.
After stirring for one minute, an aqueous solution of Ca(NO3),-4H,0 was added rapidly.
A white precipitate formed, which was stirred for 10 minutes at 400 rpm. The obtained
precipitate was subsequently vacuum filtered and washed with an appropriate volume of
deionized water and isopropyl alcohol [24]. The synthesis product was dried overnight
in an oven at 50 °C. The dried powders were ground in agate mortar and annealed in a
furnace at 700 °C for 5 h at a heating rate of 5 °C/min.

Solvothermal reactions were performed with different proportions of water and ethy-
lene glycol (EG, >99%, Roth, Karlsruhe, Germany), water-methyl alcohol (MeOH, >99.9%,
Roth, Karlsruhe, Germany), water-ethyl alcohol (EtOH, >96%, Roth, Karlsruhe, Germany),
water-isopropyl alcohol (PrOH, >99.5%, Roth, Karlsruhe, Germany), and water-butyl alco-
hol (BuOH, >99.5%, Roth, Karlsruhe, Germany). The water to alcohol v/v ratios of 0:100,
20:80, 40:60, 60:40, and 80:20 were applied. For the synthesis, 0.3 g of x-TCP powder was
placed into 90 ml polytetrafluoroethylene-lined stainless-steel pressure vessels and diluted
with 20 ml of water-organic solvent mixture. Solvothermal treatment was performed at
120 °C for 3 h and at 200 °C for 5 h. Finally, the resulting powders were filtered, washed
with EtOH, and dried at 50 °C overnight.

The sample notations and treatment conditions are given in Table 1. Water to alcohol
v/v ratios of 0:100, 20:80, 40:60, 60:40, and 80:20; 100:0 were applied to all the solvents
under both conditions of solvothermal treatment.
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Table 1. Sample codes, solvents applied, and solvothermal treatment conditions.

Notation Solvothermal Organic Solvent Water-to-Organic
Conditions Applied Solvent (W:0)
120-W-EG 120°C,3h ethylene glycol
120-W-MeOH 120°C,3h methyl alcohol
120-W-EtOH 120°C,3h ethyl alcohol 0:100
120-W-PrOH 120°C,3h isopropyl alcohol 20:80
120-W-BuOH 120°C,3h butyl alcohol 40:60
200-W-EG 200°C,5h ethylene glycol 60:40
200-W-MeOH 200°C,5h methyl alcohol 80:20
200-W-EtOH 200°C,5h ethyl alcohol 0:100
200-W-PrOH 200°C,5h isopropyl alcohol
200-W-BuOH 200°C,5h butyl alcohol

2.2. Characterization

Powder X-ray diffraction data were collected on a Rigaku MiniFlex II diffractometer
(Rigaku, The Woodlands, TX, USA) operating in Bragg—Brentano (6/20) geometry, using
Ni-filtered Cu K« radiation. The data were collected within a 26 angle range from 10 to 60°
at a step width of 0.01° and speed of 5°/min. Infrared (FTIR) spectra were recorded in the
range of 4000—400 cm! employing Bruker ALPHA ATR spectrometer (Bruker, Billerica,
Ma, USA). In order to study the morphology of the samples, a field-emission scanning
electron microscope (FE-SEM) Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan) was used.

Textural properties of the prepared samples were estimated from N, adsorption/desorption
isotherms at —196 °C using a Micromeritics TriStar 3020 analyser (Micromeritics, Norcross,
GA, USA). Before the measurements, all the samples were outgassed in the N, atmosphere
at 100 °C. The total surface area (Sggr) was estimated using the Brunauer-Emmet-Teller
(BET) equation, while Barrett-Joyner-Halenda (BJH) equation was used to calculate pore
size distribution of the samples [25].

3. Results and Discussion

The characteristics of the a-TCP precursor are presented in Figure 1. As it could
be seen from the XRD diffraction pattern (Figure 1a), all the peaks match the standard
XRD data of monoclinic Caz(POy), (ICDD #00-070-0364) very well. The starting powders
consisted of agglomerates of nanodimensional, mostly uniform elongated particles of
irregular shape (Figure 1c). The sample exhibited type IV isotherms and displayed an
H3 hysteresis loop (Figure 1b). Based on the pore size distribution results, illustrated in
the inset image of Figure 1b, the sample was mainly characterised by pores smaller than
10 nm, albeit larger pores up to 55 nm were also present. The BET surface area (Sggt) of the
precursor was 10.22 m? g~ 1.

Under the reaction with water, x-TCP hydrolyses and converts to CDHA as described
by the following equation [16]:

30-Cas(POy)2 + HyO — Cag(HPOL)(PO,)s(OH) @

A sufficient amount of water is required for the first stage to occur. The phase crys-
tallinity and purity of synthesized CDHA powders were investigated by XRD analysis,
which revealed some differences among the obtained products. The samples treated with
organic solvent only (0:100) showed no evidence of CDHA formation. Due to the ab-
sence of water, no hydrolysis reaction occurred, and the phase of such samples remained
«-TCP (ICDD 00-070-0364). This was true for all the organic solvents used under different
solvothermal treatments.
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Figure 1. Characteristics of the obtained a-TCP precursor: XRD pattern (a), nitrogen adsorption-
desorption isotherms and the corresponding BJH pore-size distribution (b), and SEM image (c).

In the case of EtOH, PrOH, and BuOH, the introduction of even a small fraction (20:80)
of water resulted in the formation of single-phased CDHA (ICDD 00-76-0694), while an
increasing water content provided the same results. This was observed under various
applied solvothermal conditions. Under harsher solvothermal conditions (200 °C for 5 h),
the formation of monetite was observed in the presence of EtOH, PrOH, and BuOH. This
was especially notable in the case of BuOH. For comparison between the solvents, XRD
patterns of the samples prepared under different solvothermal conditions using a W:O
ratio of 40:60 are given in Figure 2 as representative.
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Figure 2. XRD patterns of the samples prepared using water-to-organic solvent ratio of 40:60 after a
solvothermal treatment at 120 °C for 3 h (a) and at 200 °C for 5 h (b).

In contrast, MeOH and EG had a stronger inhibitory effect on o-TCP hydrolysis. These
effects were especially notable for EG under the milder solvothermal conditions. Figure 3
shows the powder XRD patterns of the samples prepared under different solvothermal
treatments (120 °C for 3 h and 200 °C for 5 h) using varying water to MeOH and water
to EG ratios. After a treatment at 120 °C for 3 h, the sample with a water to EG ratio of
20:80 remained a single phase «-TCP (ICDD 00-070-0364, Figure 3b). Increasing water
content induced the formation of CDHA, but a strong peak attributed to B-tricalcium
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phosphate (3-TCP, ICDD 00-070-2065) was visible in the sample 120-W-EG-40:60, while
only a trace of 3-TCP could be observed in the XRD pattern of 120-W-EG-60:40 (Figure 3b).
MeOH has also inhibited the formation of CDHA, albeit to a lesser extent. The sample
120-W-MeOH-20:80 contained large fractions of CDHA, 3-TCP and o-TCP. Traces of 3-TCP
were detected in the sample 120-W-MeOH-40:60, while the samples with a larger amount
of water consisted of single-phase CDHA (Figure 3a).
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Figure 3. XRD patterns of the samples prepared using different water to MeOH (a,c) and water to EG
(b,d) ratios under the following different solvothermal conditions: 120 °C for 3 h (a,b) and 200 °C for
5h(c,d).

The increased temperature and prolonged time of the solvothermal synthesis caused
the following shift in the inhibitory effect: single-phase CDHA was observed for the sample
200-W-EG-60:40, only a trace of 3-TCP was detected in the XRD pattern of 200-W-EG-40:60,
whereas the formation of CDHA was also obvious in 200-W-EG-20:80, even though a
significant fraction of 3-TCP was still present in the latter sample (Figure 3d). A higher
temperature and longer reaction time have also resulted in a decreased 3-TCP fraction in
the sample 200-W-MeOH-20:80 (Figure 3c).

The FTIR spectra of the products prepared by the solvothermal treatment are presented
in Figure 4. The FTIR range of 1500-400 cm~! was chosen as representative since the
main bands attributed to HAp and TCP polymorphs could be observed in this region,
and the differences between the samples were hardly distinguishable in the full range
spectra. The stretching modes of the hydroxyl group usually observed at 3572 cm™!
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were hardly visible in our case, and their intensity was similar in all the samples [26].
Several absorption bands at around 1095-960 and 636-550 cm~! were observed in all
the samples. The bands centred at 561-556 and 603-599 cm ! are assigned to v4 O-P-O
bending mode of CDHA [3]. Bands centred at 1020-1017 and 1090-1084 cm~! correspond
to v3 asymmetric P-O stretching vibrations, while the peak centred at 961-960 cm ™
corresponds to symmetric P-O stretching vibrations (v;) of CDHA [3]. The peak centred
at 633-625 cm™! corresponds to the bending vibrational mode of the hydroxyl (~-OH)
group [3,16]. An absorption band centred at 871-868 cm ™! is assigned to the P-O(H)
stretching mode of the HPO4?~ group, which is present in the structure of calcium-deficient
CDHA [12]. The aforementioned bands were visible in the FTIR spectra of all the samples.
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Figure 4. FTIR spectra of the samples prepared using water-to-organic solvent ratio of 40:60 after
solvothermal treatment at 120 °C for 3 h (a) and at 200 °C for 5 h (b).

The additional bands attributed to 3-TCP phase were only visible in the FTIR spectra
of the samples prepared using larger fractions of EG (120-W-EG-20:80; 120-W-EG-40:60;
200-W-EG-20:80). As it could be seen from Figure 4a, bands at 544 and 1083 cm ™! of the
sample 120-W-EG-40:60 could be attributed to 3-TCP phase (v4 and v3, respectively) [27].
Such results are in agreement with the XRD data.

The morphology of the obtained samples varied from plate-shaped to rod-shaped. Sam-
ples fabricated without organic solvents consisted of plate-shaped crystals arranged into
flower-like structures. In this study, only slight effects on morphology were observed due to
the introduction of EtOH and PrOH. Under the milder solvothermal conditions (120 °C for
3 h), large proportion of EtOH and PrOH (120-W-EtOH-20:80; 120-W-PrOH-20:80) caused the
formation of large plates with no prominent self-assembly (Figures S2 and S3). With an
increasing proportion of water (W:O 40:60; 60:40; and 80:20), the formation of narrower
plates and some rods was observed; moreover, the crystals were arranged in flower-like
structures. When the reaction time and temperature were increased, higher proportions
of EtOH, PrOH, and BuOH resulted in the formation of rods. Moreover, more rods have
formed at the same W:O ratio under harsher conditions. However, plate-like crystals were
still prevalent in all of the samples. SEM images of the samples prepared under different
solvothermal conditions using a W:O ratio of 40:60 are presented in Figure 5.
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Figure 5. SEM images of the samples after solvothermal treatment with W:O ratio 40:60: (a) 120-
W-EG-40:60; (b) 200-W-EG-40:60; (c) 120-W-MeOH-40:60; (d) 200-W-MeOH-40:60; (e) 120-W-EtOH-
40:60; (f) 200-W-EtOH-40:60; (g) 120-W-PrOH-40:60; (h) 200-W-PrOH-40:60; (i) 120-W-BuOH-40:60;
(j) 200-W-BuOH-40:60.

The use of MeOH (Figures 5c,d and S1) and BuOH (Figure 5i,j) had a more prominent
effect on the sample morphology than the previously described solvents (Figures S3 and S4).
In this case, the samples were also dominated by plate-like crystals, but a trend of long and
narrow plate formation was observed. Moreover, more rods were present in the MeOH
and BuOH treated samples when compared to the samples prepared in W-EtOH and
W-PrOH solutions.

From all the solvents analysed, EG had the highest impact on the sample morphology.
Under the milder solvothermal conditions (120 °C for 3 h), the formation of HAp was
completely suspended in the sample 120-W-EG-20:80 (Figure 6¢). Sample 120-W-EG-
40:60 consisted of large plates, some rods, and some particles of different shapes, which
could probably be attributed to 3-TCP phase (Figure 6e). Sample 120-W-EG-60:40 was
characterised by a large number of rods in addition to the plates (Figure 6g). In contrast, no
rods were observed in a sample prepared with a minimal amount of EG (120-W-EG-80:20;
Figure 6i). Prolonged reaction time and increased temperature resulted in a rod-dominated
morphology of the CDHA samples. The sample 200-W-EG-20:80 was characterised by
larger and smaller rods, as well as some minor particles of different shapes, which should
be attributed to 3-TCP phase (Figure 6d). A slightly lower proportion of EG (samples
200-W-EG-40:60 and 200-W-EG-60:40; Figure 6f/h) resulted in the formation of both plate-
shaped and a large number of rod-shaped crystals. No rods were observed in a sample
prepared with a minimal amount of EG (200-W-EG-80:20; Figure 6j).

It is assumed that the solvothermally assisted formation of rod-like crystals comprises
the following two main stages: the nucleation step (reaction of ions), when small crystalline
nuclei are formed in a supersaturated matrix, and the growth step, during which nuclei
grow into their final shape and size [28]. In our case, the changes in crystal morphology
might be related to the decreased supply of water when more organic solvents are intro-
duced to the system. This would limit the hydrolysis reaction of x-TCP [16]. Previous
studies stated that the increasing amount of alcohol in the aqueous reaction solution re-
duces the solubility of x-TCP and hence limits the supply of Ca?* and PO, ions [16,29,30].
Such an effect is related to the changes in dielectric constant (g,(w)) of the solution: with
a decreasing dielectric constant of the solvent, solubility decreases due to the decreased
solvation energy [31,32]. Dielectric constant of pure water is 78.5 at 25 °C, whereas the
dielectric constants of alcohols are significantly lower. The dielectric constants at 25 °C of
the organic solvents used in this study are as follows: &(w)gg = 38.5; &/(w)meon = 32.70;
e(w)gton = 24.3; &(w)pron = 19.92; &(w)pyon = 17.5 [32]. Variations in &(w) of water-
organic solvent mixtures depend on the composition of the solution, but in general, &(w)
values decrease with the increasing fraction of organic solvent [33]. Solvents with different
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physicochemical properties influence solubility, crystal nucleation, and growth rate, which
in turn has an effect on the crystallinity and morphology of the final products [32]. When
the hydrolysis reaction is not suspended and the solution is supersaturated with Ca?* and
PO43’ ions, nucleation takes dominance over the crystal growth and smaller crystals are
formed. On the contrary, when the supply of Ca?* and PO4>~ ions is limited, fewer nuclei
form and larger crystals tend to grow [28,32]. Other properties of different solvents might
have also affected the processes of x-TCP hydrolysis and HAp crystallisation. For instance,
the presence of EG in the reaction mixture would significantly change the viscosity of
the suspension [34,35]. Subsequently, ion mobility and diffusion rates would be reduced,
which would in turn inhibit the hydrolysis reaction and retard the nucleation process [35].
The viscosity of the reaction media decreases with the increasing temperature, and thus the
inhibitory effects of EG are less significant when the solvothermal synthesis is performed
at higher temperatures (Figure 3b,d).

Figure 6. SEM images of the samples prepared with different ratios of water and ethylene glycol:
(a) 120-W-EG-0:100; (b) 200-W-EG-0:100; (c) 120-W-EG-20:80; (d) 200-W-EG-20:80; (e) 120-W-EG-40:60;
(f) 200-W-EG-40:60; (g) 120-W-EG-60:40; (h) 200-W-EG-60:40; (i) 120-W-EG-80:20; (j) 200-W-EG-80:20;
(k) 120-W-EG-100:0; (1) 200-W-EG-100:0.

It is worth noting that the results obtained in this study differ from those reported by
Goto et al. [16], who managed to prepare needle-like CDHA crystals arranged into flower-
like structures by using water-ethyl alcohol solutions. We assume such discrepancies could
originate due to the different starting materials used and slightly different solvothermal
conditions applied. In their study, Goto et al. applied commercial x-TCP (Taihei Chemical
Industrial Co., Ltd., Osaka, Japan) synthesized at a high temperature and consisting of
large particles, while in our study we used low-temperature synthesized metastable x-TCP.

Figure 7 shows the nitrogen adsorption-desorption isotherms and the corresponding
BJH pore-size distribution for CDHA particles. According to the new classification by
the IUPAC, all the samples exhibited type IV isotherms and displayed H3 hysteresis
loops. This type of isotherm indicates the existence of mesopores in the structure of all
the samples. The hysteresis loop type H3 is associated with the existence of aggregated
plate-like particles [36]. Such results are in agreement with SEM data (Figures 5 and 6).
Based on the pore size distribution results illustrated in the inset image of Figure 7a,b, there
were no significant differences between the samples. All the samples were characterised
by a wide pore size distribution. Multi-scale pores ranged from 2.6 to 128 nm, suggesting
that both mesopores and macropores were present in the CDHA structure. All the samples
except those prepared with EG contained both mesopores of smaller sizes (from 2.6 nm up
to 9.0 nm) and a small number of larger mesopores (from 9.0 nm up to 128 nm). On the
contrary, in the sample 120-W-EG-40:60, mainly mesopores of larger width (from 23.0 nm
up to 50.2 nm) were found. We assume the pores of smaller sizes presented in the structure
of this sample were probably partially blocked by the viscous ethylene glycol. As it can be
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seen from Figure 7c, the mesoporous 120-W-PrOH-40:60 had the highest BET surface area
(Spet) of 24.3 m?g 1. An extremely low surface area was observed for the samples prepared
using EG: Spgr of 2.1 m?g ! and 11.3 m2g~! were obtained for the samples 120-W-EG-40:60
and 200-W-EG-40:60, respectively. One reasonable explanation for this decrease is that
residues of EG may have increased blockage of the nitrogen gas penetration. Moreover, this
decrease in Sgpt could be the result of the structural changes occurring during the synthesis
of CDHA. The remaining samples were characterised by similar Sggt values ranging from
9.9 t022.4m?g L.

o
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Figure 7. Nitrogen adsorption-desorption isotherms and the corresponding BJH pore-size distribution
for the samples after solvothermal treatment with a W:O ratio of 40:60: (a) 120 °C; (b) 200 °C; and
(c) BET surface area for the samples after solvothermal treatment with a W:O ratio of 40:60 at 120 °C
and 200 °C.

4. Conclusions

A comprehensive study was performed to compare the effects of different organic sol-
vents on the hydrolysis of a-TCP and its conversion to CDHA under different solvothermal
conditions. Methyl alcohol and ethylene glycol had a stronger inhibitory effect on «-TCP
hydrolysis than ethyl alcohol, isopropyl alcohol, and butyl alcohol. This was especially
notable under milder solvothermal conditions. The morphology of the obtained samples
varied from plate-shaped to rod-shaped. Samples containing some rods were obtained by
applying certain ethyl alcohol and isopropyl alcohol proportions, albeit plate-like structures
were still prevailing. The use of water-methyl alcohol and water-butyl alcohol mixtures
leads to the formation of more rods in addition to the long and narrow plates. From all the
solvents analysed, ethylene glycol had the highest impact on the sample morphology. Un-
der certain water to ethylene glycol ratios and solvothermal conditions, samples containing
a significant fraction of rods were obtained.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12020253 /51, Figure S1: images of the samples after solvother-
mal treatment with W-MeOH; Figure S2: SEM images of the samples after solvothermal treatment
with W-EtOH; Figure S3: SEM images of the samples after solvothermal treatment with W-PrOH;
Figure S4: SEM images of the samples after solvothermal treatment with W-BuOH.
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Abstract: In this study, the effects of sodium lauryl sulfate and various amino acids (DL-aspartic
acid, dodecanedioic acid, and suberic acid) on the formation of calcium-deficient hydroxyapatite
via hydrolysis of a-tricalcium phosphate (-TCP) were investigated; moreover, a combined effect
of these additives and ethylene glycol as a synthesis medium was also estimated. The hydrolysis
reaction was performed in solutions containing different concentrations of additives in aqueous
and mixed aqueous—organic media under solvothermal conditions. It was demonstrated that the
nature and the concentration of organic additives influence the phase purity and morphology of the
final product. Higher concentrations of sodium lauryl sulfate and dodecanedioic acid induced the
formation of impurities in addition to hydroxyapatite, while aspartic and suberic acid did not affect
the phase purity. The morphology of the samples varied from plate- to rod-like depending on the
concentrations of specific organic additive.

Keywords: calcium hydroxyapatite; a-tricalcium phosphate; amino acids; organic additives;
solvothermal synthesis

1. Introduction

Calcium phosphates (CPs) are the group of materials which are widely used in differ-
ent areas, including medicine and bone regeneration [1], catalysis [2], sorption of organic
pollutants [3], and heavy metals [4], as host matrices for the development of optical ma-
terials [5] and many others. Probably, the most popular member of the CPs family is
calcium hydroxyapatite (Cay(PO4)(OH),, HAp), which is the main inorganic component
of human hard tissues.

HAp crystallizes in a hexagonal crystal structure with a space group P63/m. The crys-
tal structure of HAp is notable due to the fact that it has two types of crystal planes, namely,
a-face and c-face. The a-face is positively charged due to calcium ions, while the c-face
is negatively charged due to oxygen atoms belonging to phosphate ions [6]. Anisotropic
growth of HAp crystals in one or another crystallographic direction is an important factor
from the point of view of specific interaction of oriented crystals with other substances,
which may lead to enhanced performance and specific application of this material. For ex-
ample, the adsorption of proteins on HAp crystals depends on their morphology. Different
types of proteins, such as basic and acidic proteins, can adsorb selectively on the crystal
planes of HAp [7,8]. Another effect of crystallographically oriented HAp particles was
shown by Goto et al. [3] who demonstrated that tuning the morphology of HAp crystals
may lead to enhanced or selective adsorption of cationic or anionic dyes. In this light,
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the controllable synthesis of plate-like or rod-like crystals with different aspect ratios and
surface charges is an important task for many industries and purification technologies.

Synthetic HAp can be obtained in a variety of ways, including solid-state reaction [9],
sol-gel method [10], as well as wet precipitation [11], hydrothermal [12] and solvothermal
syntheses [13], and others. Another group of synthetic approaches employed for the syn-
thesis of HAp considers the phase conversion from other less stable CPs. For instance,
Ca-deficient HAp can be obtained through the transformation from alpha-tricalcium phos-
phate (Caz(POy),, a-TCP) or amorphous CP in aqueous medium [14]. Synthetic pathways
employing high-temperature treatment, such as solid-state reaction or sol-gel, usually
result in the formation of large agglomerated particles and do not lead to the anisotropic
growth of the crystals. Crystallographically oriented products are usually obtained by
low-temperature wet chemical methods.

Functional groups of organic substances, such as carboxyl or amino, can specifically
interact with the planes of HAp particles during the crystal growth process and affect
particle growth in one or another direction. Different additives were previously employed
in order to investigate their effect on the crystal growth, morphology, and properties of HAp.
For instance, Suchanek et al. [15] successfully synthesized HAp nanofibers in the presence
of monoethanolamine under hydrothermal conditions. In et al. [16] investigated the role of
sebacic acid on the formation of HAp and demonstrated that sebacic acid can accelerate
nucleation and act as an inhibitor in the specific direction of HAp crystal growth. Jiang
et al. [17] showed that poly(acrylic acid), depending on its concentration, can promote or
inhibit HAp crystallization; moreover, the composition of mixed aqueous-organic reaction
medium also has an effect on the crystallization and morphology of HAp [18].

In the present work, a comprehensive study has been performed to investigate the
influence of various organic additives on the phase purity and morphology of HAp synthe-
sized via a hydrolysis of «-TCP under hydrothermal/solvothermal conditions. The effects
of different concentrations of sodium lauryl sulfate (SLS, CH3(CH>)11O0SO3Na) and three
amino acids—dodecanedioic acid (C12H04), DL-aspartic acid (C4H7NOy), and suberic
acid (CgH1404)—were studied and compared. To the best of our knowledge, the effect
of these additives on the hydrolysis of low-temperature synthesized metastable «-TCP
and simultaneous formation of HAp had never been investigated. These compounds
have different functional groups and different carbon chain length. Two of the selected
molecules contain only carboxyl groups (dodecanedioic and suberic acids); however, they
have different chains containing 12 and 8 carbon atoms, respectively. Aspartic acid has a
very short chain having only 4 carbon atoms. At the same time, in addition to the carboxyl
group, there is a -NH, group in this molecule. Finally, sodium lauryl sulfate has a long
chain (C12) and an SO4~ functional group, which is absent in other selected molecules;
moreover, a complex effect of amino acids and ethylene glycol was studied as well.

2. Materials and Methods
2.1. Synthesis

Starting «-TCP powders were synthesized following the procedure described else-
where [19]. Briefly, a certain amount (3.42 g) of calcium nitrate tetrahydrate (Ca(NO3),-4H,0,
99%, Roth, Karlsruhe, Germany) was dissolved in 20 mL of deionized water and a por-
tion of diammonium hydrogen phosphate ((NH,),HPOy, 98%, Roth, Karlsruhe, Germany)
(1.27 g) was dissolved in a separate beaker in 15 mL of deionized water. After a full dissolu-
tion, 5 mL of concentrated ammonium hydroxide (NH4OH, 25%, Roth, Karlsruhe, Germany)
was added to the (NH4),HPOy solution and stirred; subsequently, the Ca-containing so-
lution was added, rapidly resulting in the formation of white precipitates, which were
aged in the solution for 10 min. Next, the precipitates were filtered and washed with
100 mL of deionized water and 150 mL of isopropyl alcohol. The synthesis product was
dried overnight in an oven at 50 °C and annealed at 700 °C for 5 h with a heating rate of
5°C/min.
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The «-TCP was further used as a precursor for the synthesis of hydroxyapatite (HAp)
via a hydrolysis reaction under hydrothermal conditions. The reactions were performed in
the presence of different concentrations of sodium lauryl sulfate (SLS, NaC1,H25504, >99%,
Roth, Karlsruhe, Germany) and amino acids—dodecanedioic acid (DDDA, C;pH»Oy,
99%, Sigma Aldrich, Darmstadt, Germany), DL-aspartic acid (Asp, C4HyNOy4 99%, Sigma
Aldrich, Darmstadt, Germany), and suberic acid (Sa, CsH1404, 99%, Sigma Aldrich, Darm-
stadt, Germany). In a typical procedure, 0.3 g of a-TCP powder and appropriate amount of
SLS or amino acids were placed into a 90 mL polytetrafluoroethylene-lined stainless-steel
pressure vessel, diluted with 20 mL of water, and treated at 200 °C for 5 h.

Solvothermal reactions were performed in the presence of different concentrations of
DL-aspartic acid and suberic acid in water and ethylene glycol (W:EG) mixture (v/v ratio
of 40:60). The synthetic procedure was analogical to that with aqueous solutions.

After the hydrothermal treatment the resulting powders were filtered, washed with
ethyl alcohol, and dried at 50 °C overnight. The sample notations and concentrations of
additives in the reaction solution are given in Table 1.

Table 1. Sample codes, used organic additive, concentration of additives, and reaction media.

Notation Organic Additive C;);'t;e;;;:it‘i,:n ‘év]a;:;lt ?{E:ilz,y::/l:j
SLS:005 Sodium lauryl sulfate 0.005 mol/L 100:0
SLS:025 Sodium lauryl sulfate 0.025 mol/L 100:0
SLS:05 Sodium lauryl sulfate 0.05 mol/L 100:0
SLS:075 Sodium lauryl sulfate 0.075 mol/L 100:0

SLS:1 Sodium lauryl sulfate 0.1 mol/L 100:0
DDDA:005 Dodecanedioic acid 0.005 mol/L 100:0
DDDA:025 Dodecanedioic acid 0.025 mol/L 100:0

DDDA:05 Dodecanedioic acid 0.05 mol/L 100:0

DDDA:075 Dodecanedioic acid 0.075 mol/L 100:0

DDDA:1 Dodecanedioic acid 0.1 mol/L 100:0
Asp:005 DL-Aspartic acid 0.005 mol/L 100:0
Asp:025 DL-Aspartic acid 0.025 mol/L 100:0
Asp:05 DL-Aspartic acid 0.05 mol/L 100:0
Asp:075 DL-Aspartic acid 0.075 mol/L 100:0

Asp:l DL-Aspartic acid 0.1 mol/L 100:0
Sa:005 Suberic acid 0.005 mol/L 100:0
Sa:025 Suberic acid 0.025 mol/L 100:0

Sa:05 Suberic acid 0.05 mol/L 100:0

Sa:075 Suberic acid 0.075 mol/L 100:0

Sa:l Suberic acid 0.1 mol/L 100:0
Asp:005:EG DL-Aspartic acid 0.005 mol/L 40:60
Asp:025:EG DL-Aspartic acid 0.025 mol/L 40:60
Asp:05:EG DL-Aspartic acid 0.05 mol/L 40:60
Asp:075:EG DL-Aspartic acid 0.075 mol/L 40:60
Asp:1:EG DL-Aspartic acid 0.1 mol/L 40:60

Sa:005:EG Suberic acid 0.005 mol/L 40:60
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Table 1. Cont.

Notation Organic Additive C:?r:;;:;:zn \(/;Vlz;tce;lt ;f:illy::;:;
Sa:025:EG Suberic acid 0.025 mol/L 40:60
Sa:05:EG Suberic acid 0.05 mol/L 40:60
Sa:075:EG Suberic acid 0.075 mol/L 40:60
Sa:1:EG Suberic acid 0.1 mol/L 40:60

2.2. Characterization

Powder X-ray diffraction data were collected on a Rigaku miniFlex II diffractometer
(Rigaku, The Woodlands, TX, USA) working in Bragg—Brentano (6/20) geometry, using
Ni-filtered Cu Ky radiation. The data were collected within a 20 angle range from 10 to
60° at a step width of 0.01° and speed of 5°/min. Infrared (FTIR) spectra were taken in the
range of 4000—400 cm ! with Bruker Alpha ATR spectrometer (Bruker, Billerica, MA, USA).
To study the morphological features of the samples, a field-emission scanning electron
microscope (FE-SEM), the Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan), was employed.

3. Results

The XRD pattern and FTIR spectrum of starting o-TCP powder used for the synthesis
of CDHA are shown in Figures S1 and S2 (see Supplementary Materials), respectively. The
XRD pattern did not reveal the presence of neighboring crystalline CP, such as 3-TCP or
others, and all diffraction peaks were ascribed to a-TCP. The FTIR spectrum confirms the
results of XRD analysis. The shape of the spectrum is in a good agreement with those
reported in literature [20]; moreover, the absence of absorption band at around 729 cm™!
indicates the absence of calcium pyrophosphate, which is a commonly observed impurity
in TCP powders synthesized by wet precipitation [21].

In aqueous medium «-TCP reacts with water and converts to calcium-deficient hy-
droxyapatite (Cag(HPO4)(PO4)5(OH), CDHA), as described by the following equation [13]:

30-Cas(POy)z + HyO — Cag(HPO,)(PO4)s(OH) N

The characteristics of the CDHA sample prepared in aqueous solution under hy-
drothermal conditions without any additives are given in Figure 1. As seen from the XRD
pattern, under selected synthesis conditions «-TCP was fully converted to CDHA, and all
diffraction peaks matched the standard XRD data of Cao(PO4)s(OH), (ICDD #00-76-0694).
There were no peaks associated with the starting material. The SEM image revealed that
the morphology of the sample was dominated by plate-like particles of micrometric di-
mensions. HAp of slightly different morphology was obtained from commercial x-TCP
by Goto et al. [13]. The difference might be due to the different starting x-TCP, since the
authors used commercial a-TCP of micrometric size, whereas our «-TCP consisted of
smaller particles [20].

HAp (#00-76-0694)
K

Intensity

L v n ||I,||| .[L.]lllul.
25 30 35 40 45 50 55 60

2theta (deg.)

Figure 1. XRD pattern (left) and SEM image (right) of HAp prepared from «-TCP without additives.
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Different results were observed when varying concentrations of SLS and amino acids
were applied as additives. The XRD patterns of the final products are given in Figure 2.
The lowest concentration of SLS (0.005 mol/L) did not affect the formation of CDHA
in terms of phase purity; however, increasing the SLS amount in the reaction solution
resulted in the formation of neighboring phase (Figure 2a). In addition to the typical CDHA
diffraction pattern, a sharp peak at ca. 25.4° could be seen, and the intensity of this peak
gradually increased with an increase in the SLS concentration. This peak was attributed
to calcium sulfate (CaSOy, ICDD #00-072-0503). The observed results suggest that under
selected synthesis conditions the released Ca?* ions were more easily precipitated by SO4>~
counterions rather than phosphate species. A similar trend was observed for DDDA: the
lowest concentration of DDDA (0.005 mol/L) did not affect the formation of CDHA, but
higher DDDA content resulted in the formation of secondary crystal phase (Figure 2c).
The diffraction peak centered at ca. 13.6° emerged in the XRD pattern of the sample
prepared using 0.025 mol/L DDDA. The intensity of this peak increased significantly
with an increase in DDDA concentration. This peak corresponded to calcium hydrogen
phosphate hydrate (CaHzOsP, ICDD #00-046-0494). Hydrothermal reactions in the presence
of DL-aspartic and suberic acids resulted in the formation of single-phase CDHA, regardless
of the concentration of additives (Figure 2b,d). No formation of impurities or traces of TCP
were observed in these cases. It should be noted that in the case of suberic acid (Figure 2d)
the intensity of three major peaks varied depending on the concentration of the additive,
which could suggest the change in the powders” morphology. To summarize, two of four
selected additives led to the formation of secondary phases, while two others did not affect

the phase purity.
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Figure 2. XRD patterns of the samples prepared using various concentrations of SLS (a), DL-aspartic
acid (b), dodecanedioic acid (c), and suberic acid (d) after a hydrothermal treatment at 200 °C for 5 h.
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In this study, we also aimed to check the combined effect of amino acids and organic
solvents on the phase purity and morphology of the sample. Since single-phase CDHA was
obtained using DL-aspartic and suberic acids, these two additives were used for further
experiments. Our previous study revealed that among various organic solvents, ethylene
glycol had the greatest influence on the sample morphology [18]. The highest effect on
morphology was observed with water to ethylene glycol ratio of 40:60; hence, solvothermal
synthesis with DL-aspartic and suberic acids was performed with this mixture. The XRD
patterns of the reaction products are demonstrated in Figure 3.

a a-TCP (#00-070-0364) b -TCP (#00-070-0364)
4 p-TCP —— Asp:005:EG « B-TCP — Sa:005:EG
+
o pTCP ‘k —— Asp:025EG —— Sa025EG
l I\ | ]
| 4\ J '\ A
Pt i WA Mt e W Mt
ASpOSEG  Monetite Sa05EG
2 2
] ] e
2 2
= h = [
 Monetite “ A ASp:075:EG © Monetite I —— Sa075:EG
\
/ 1 | I
N JIC A W AT 1
emy \V\_AM W e WA i
© Monetite Asp:1:EG  Monetite Sat:EG
..
o
HAp (#00-76-0694) HAP (#00-76-0694)
| I il ”] I lll‘llll | | il HI | I||‘|u|
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
2theta (deg.) 2theta (deg.)

Figure 3. XRD patterns of the samples prepared using various concentrations of DL-aspartic
(a) and suberic (b) acids in water—ethylene glycol mixture (40:60, v/v) after a solvothermal treatment
at 200 °C for 5 h.

It is seen that phase composition strongly depends on the concentration of additive.
With the lowest concentration of DL-aspartic acid (0.005 mol/L), a significant amount
of neighboring B-TCP phase was obtained along with a major CDHA phase; however,
the amount of B-TCP was reduced with an increase in the concentration of additive
(Figure 3a). The XRD pattern of the sample synthesized with 0.05 mol/L of aspartic
acid did not reveal the presence of any secondary crystal phase. At the same time,
the diffraction peaks attributed to monetite (CaHPO,) emerged in the XRD patterns
with the highest concentrations of acid (0.075 and 0.1 mol/L). The presence of suberic
acid demonstrated a very similar effect (Figure 3b) with a minor difference in phase
composition. In this case, a negligible amount of monetite was detected already in the
sample with the concentration of acid of 0.05 mol/L. In our previous study [18], the
formation of monetite in the presence of organic solvents was also observed at higher
temperatures (200 °C) of the solvothermal treatment; however, in this case, increasing
concentrations of amino acids promoted the formation of monetite revealing the complex
nature of phase transitions in CPs.

Figures 4 and 5 present the FTIR spectra of the samples prepared by hydrothermal
and solvothermal treatments.
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Transmittance

Aspi005 DDDA:005

SLs:025 Aspi025 DDDA:025 Sa:025

SLS:05 Asp:05 DDDA:05 Sa:05

SLS:075 Asp:075 DDDA:075 Sa:075
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Figure 4. FTIR spectra of the samples prepared using various concentrations of SLS (a), DL-aspartic
acid (b), dodecanedioic acid (c), and suberic acid (d) after a hydrothermal treatment at 200 °C for 5 h.
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Figure 5. FTIR spectra of the samples prepared using various concentrations of DL-aspartic (a) and
suberic (b) acids in water—ethylene glycol mixture (40:60, v/v) after a solvothermal treatment at

200 °C for 5 h.
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The spectral range of 1500-400 cm~! was chosen as representative, because in this
range the main absorption bands assigned to CDHA can be observed. As was expected, all
the spectra exhibited the absorption bands characteristic of CDHA [22]. The absorption
bands of phosphate group in CDHA structure were observed at ca. 560 and 603 cm ™!
(v4), 1020 and 1090 cm ™! (v3), 960 cm~! (v1) which were assigned to O-P-O bending,
asymmetric P-O stretching, and symmetric P-O stretching vibrations, respectively. The O-
P-O bending vibration mode (v3) was observed at 470 cm~! and the band at ca. 630 cm™*
was assigned to the hydroxyl group [22]. The absorption band centered at around 870 cm ™!
was ascribed to the P-O(H) stretching mode of the HPO4?~ group, which confirms the
formation of CDHA, since this group is absent in stoichiometric non-deficient HAp [14].
Other bands of low intensity (Figure 4a,c) can be ascribed to the impurities formed during
the synthesis and identified by XRD.

The FTIR spectra of synthesized products in the range from 4000 to 400 cm™ are
provided in Figures S3-58; moreover, the spectra of the used organic additives are shown
for comparison. The broader range additionally reveals the presence of absorption band
centered at ca. 3570 cm ™!, which corresponds to the stretching mode of the hydroxyl
group [22]. It is seen that in most cases the absorption bands corresponding to additives are
absent in the spectra of fabricated CDHA powders, which suggests that the additives were
removed from the surface during the washing procedure or the amount of residual organic
species is negligible and cannot be detected by FTIR spectroscopy. The only exceptions
are the products synthesized with DDDA (Figure S5). The absorption band of DDDA at
1690 cm ! is visible in the spectra of samples synthesized with concentrations of 0.05 mol/L
and higher.

The particle size and morphology of HAp are important characteristics of this material
due to several reasons [23]. For instance, Dey et al. [24] studied the influence of HAp particle
size, morphology, and crystallinity on proliferation of HCT116 colon cancer cells. It was
demonstrated that decreasing the HAp powder crystallite size significantly increases the
cell inhibition. Another study investigated the effect of nano-HAp particles of different sizes
on the proliferation of odontoblast-like MDPC-23 cells comparing them with conventional
HAp [25]. The results revealed that nano-HAp expressed an obvious growth-promoting
effect. Wen et al. [26] showed that the larger specific surface area associated with the smaller
particle size was beneficial for the drug-loading properties of HAp.

The morphology of the samples was found to be dependent both on the nature and
concentration of the organic additive. When a small amount of SLS (0.005 mol/L) was used
in the hydrothermal reaction, the plate-like crystals dominated in the sample; however, a
small number of rods were also seen (Figure 6a). After increasing the amount of organic
compound (0.05-0.1 mol/L), the morphology of the CDHA powders changed considerably
and rod-shaped assemblies started to form (Figure 6e,i). The huge plate seen in Figure 6i
corresponds to CaSOy. The use of low concentration of DL-aspartic acid resulted in the
formation of micrometric plate-like particles (Figure 6b), while increasing the amount of
acid first led to the reduction of particle size (Figure 6f) and further formation of some rods
(Figure 6j). The effect of DDDA was similar to that of aspartic acid and the morphology
evolution from plate-like particles to the mixture of plates and rods was observed with
an increase in additive concentration. The influence of suberic acid on the morphology of
CDHA samples was found to be minor, and plate-like particles were obtained regardless
of the concentration of acid. We assume that the effect on the sample morphology might
become prominent if the concentrations of suberic acid were further increased.

The SEM images of the samples synthesized in a mixture of water and ethylene glycol
in the presence of DL-aspartic and suberic acids are given in Figure 7. In the case of aspartic
acid, the presence of the lowest concentration of additive resulted in the formation of a
mixture of relatively long rods and short rods (Figure 7a). Using a higher concentration of
aspartic acid obtained powders which consisted of micrometric agglomerates, which, in
turn, were composed of smaller plate- and rod-like particles (Figure 7b—e). The size of the
particles was significantly smaller compared to those synthesized in the aqueous medium
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(Figure 6). In the case of suberic acid, relatively large plate-like particles were obtained
regardless of the concentration of additive (Figure 7fj). The morphology was comparable
with that of powders obtained by the hydrothermal synthesis with no additives.

Figure 6. SEM micrographs of the samples after hydrothermal treatment SLS:005 (a), SLS:05 (e), and
SLS:1 (i); Asp:005 (b), Asp:05 (f), and Asp:1 (j); DDDA:005 (c), DDDA:05 (g), and DDDA:1 (k); and
Sa:005 (d), Sa:05 (h), and Sa:1 (1).

Figure 7. SEM micrographs of the samples after solvothermal treatment under ratio 40:60 of water
to ethylene glycol Asp:005:EG (a), Asp:025:EG (b), Asp:05:EG (c), Asp:075:EG (d), and Asp:1:EG (e);
and Sa:005:EG (f), Sa:025:EG (g), Sa:05:EG (h), Sa:075:EG (i), and Sa:1:EG (j).

To summarize, different impact of additives on the morphology of HAp is probably re-
lated to different structures and chemical compositions of organic additives, which leads to
a different interaction with HAp particles during the nucleation and crystal growth process.

4. Conclusions

A comprehensive experimental study was carried out to compare the effects of sodium
lauryl sulfate and three amino acids (DL-aspartic acid, dodecanedioic acid, and suberic
acid) on the formation of calcium-deficient hydroxyapatite via a hydrolysis of o-tricalcium
phosphate. It was demonstrated that the phase purity and morphology of the final product
strongly depends on the nature and the concentration of organic additives. In aqueous
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medium at particular concentrations of sodium lauryl sulfate and dodecanedioic acid,
the formation of impurities in addition to hydroxyapatite was observed. On the other
hand, the use of aspartic and suberic acids did not affect the phase purity. The different
impacts of additives on the morphology of hydroxyapatite are probably related to the
different structures and chemical compositions of the organic additives, which lea to
different interactions with hydroxyapatite particles during the nucleation and crystal
growth process. The morphology of the samples prepared in the aqueous medium varied
from plate- to rod-like depending on the concentrations of the specific organic additive.
The use of a mixture of water and ethylene glycol led to the formation of significantly
smaller particles having a shape of rods and narrow plates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020265/s1, Figure S1: XRD pattern of «-TCP used for the
synthesis of CDHA; Figure S2: FTIR spectrum of o-TCP used for the synthesis of CDHA; and
Figures S3-S8: FTIR spectra of the samples prepared using various concentrations of SLS, DL-aspartic
acid, dodecanedioic acid, and suberic acid in the range from 4000 to 400 em~ L
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