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Introduction

Nowadays the preparation and amelioration of new composites is a very popular research
area. The composite is a mixture of two or more different materials, which do not mix on micro
level only on macro level, but they enhance the matrix material's properties. Biocomposites
belong to the group of composites, which preserve the biomaterial characteristics of the basic
materials. Biocomposites are very important for the preparation of implants, which are used to
improve integration with the surrounding tissues. Accordingly, hydroxyapatite (HAP), as basic
material, is a good choice because it possesses high similarities to the mineral part of human
bone. The disadvantage in using hydroxyapatite is that it has weak mechanical properties that
can be improved with different additive materials. These materials influence the properties of the
prepared materials. In this work silica, different biopolymers and —COOH functionalized
multiwall nanotubes (fMCNT) are used as additives.

Silica was chosen because it has an essential role in the early stage of bone formation,
without it bone deformation takes places. Chitosan, polyvinilpirrolidone and gelatin were added
as biopolymers. These biopolymers are used also in tissue engineering, because of their influence
on particle size variation. This way the specific surface area can be increased and finally the
possibility of their application can be enlarged. By the addition of carbon nanotubes (CNT) the
mechanical properties of the prepared composites are improved, because CNTs have unique

mechanical properties.
The research work was elaborated to find adequate answers to the following assumptions:

1. Does the concentration of the precursors influence the reaction time and the particle size of
the resulting materials?

2. Do different biopolymer additives influence the reaction time, the morphology and the
particle size and thereby the specific surface area, which affects their sorbent properties and
consequently their application?

3. Do the concentration of the added fMCNT and the preparation method of composites
influence the properties of the prepared material?
4. Does the addition of chitosan to the fMCNT-HAP and fMCNT-HAPSi influence the

properties of the resulting composites?



To find answers to these questions during the experiments the particle size variation in
the process of synthesis and final particle size distribution, crystallite size calculations from X-
ray diffraction data, thermal stability, morphology, sorption capacity and in vitro behaviour are

studied.



I. Theoretical part

Biomaterials are nonviable materials used in medical and in other devices and they are
intended to interact with biological systems. These materials are capable of getting in contact
with the fluids and tissues of the body for a prolonged period of time, whilst eliciting little if
any adverse reactions. Some biomaterials don’t have suitable properties for application as bone
graft materials but that can be improving by mixing with other materials.

Composite materials are formed of two or more constituent materials with significantly
different physical or chemical properties, which when mixed result in a material with
characteristics different from the individual components. The composite materials are formed
by a matrix and a reinforcement. Biocomposite belong to the group of composites is a
composite material which often mimic the structure of the living materials involved in the
process keeping the strengthening properties of the matrix that is used, but always providing
biocompatibility [1, 2].

Hydroxyapatite (HAP) is the basic material because this is the main inorganic component
of bones and teeth. HAP has been extensively used as an implant material for bone substitute
owing to its excellent osteoconductive properties [3-5]. The chemical formula of HAP is:

Calo(PO4)6(OH)2 [6] (Flg 1).

Figure 1. HAP structure

The application of hydroxyapatite as a substrate to stimulate bone ingrowth remains
limited due to its extreme brittleness. Silica is known to be essential in the early stages of bone
mineralization and soft tissue development [7] so, the structural modification of hydroxyapatite
with silicon/silica is a great promise in the application of HAP as bone substituting material.
Tissue engineering requires suitable biocompatible materials that can be used as scaffolds for

the seeding with cells for the growth of a new tissue. It was found that nano structured



composites on the basis of biodegradable polymers and bioactive ceramics as HAP have the
ability of stimulating the surface or chemical properties of the bone [8].

In order to achieve the highest efficiency for a specific application, it is essential to be
taken into consideration the strong relation between synthesis parameters (precursors
concentration, silica doping, bio-polymer addition, carbon nanotube addition) and the
characteristics of the materials. Considering the above allegation, it is possible to control the
final properties of HAP based materials together with their application by carefully choosing the
synthesis parameters [9]. Hydroxyapatite applied in several fields, like in water purification [10-
12], in adsorption chromatography for many years widely applied for separating various proteins
as a column in a high performance liquid chromatograph apparatus separation [13, 14],
substrates for drugs [15], catalysis [16] and the most important of these is application as
biomaterial. In this case very important to know the response of reaction in the body. Appling
HAP as implant material the first process after implantation is albumin adsorption on its surface
[17].

The material properties (morphology, specific surface area, particle size, additive
material) are of great influence on the sorption capacity. The sorption capacity and efficiency
were studied for materials like betain [18], nicotinic acid [19] doxorubicin [20] and etc. [21-23].
In order to develop biomaterials with active substances that are dissolving at a specific rate
optimal for the implant integration the sorption and desorption of inflammation reducing drugs

(e.g. ibuprofen) is essential.
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I1. Experimental part

I1.1 Preparation of materials

The experimental observations reported in several studies showed that nanocrystalline
hydroxyapatite can be successfully prepared by the co- precipitation technique [24, 25]. Because
of this the co-precipitation method is chosen for the preparation of HAP, HAPSi, CS/HAP,
GEL/HAP and PVP/HAP materials. In the literature concerning the preparation of the carbon
nanotube containing composites several different methods were presented. In this study three
different methods: mechanical stirring (in ethanol), stirring in surfactant (Triton X) and co-
precipitation method were used and the method resulting in the most homogeneous composites

would be selected.
Hydroxyapatite preparation

HAP was prepared by co-precipitation method in controlled conditions [26] described by
the following reaction:

10Ca(NO;); + 6(NH,);HPO, + SNH,OH — Ca;o(PO4)s(OH),d +20NH,NO; + 6H,0 1)

The following materials were used as initial reagent: calcium nitrate tetrahydrate,
diammonium hydrogen phosphate, 25% ammonia solution (Merck, Germany). The reaction time
was 22 hours. After filtration the resulting materials were dried for 24 hours at 105°C (ncHAP).
One part of materials was heat treated at 1000°C (cHAP). During the experiments three different
initial precursor concentrations were used, to study the effect on the formation of the

hydroxyapatite structure (7able 1).

Table 1. Initial concentration of precursors

Sample ID [Ca(NO3);]o (mol/1) [(NH4),HPOy4]p (mol/l)
HAPI 1.5 0.9
HAPII 1 0.6
HAPIII 0.5 0.3

Silica substituted hydroxyapatite

HAPSi was prepared with the co-precipitation method in a similar way as hydroxyapatite;

as SiO, source Na,Si03; was used.
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The substitution process of phosphate groups with silicate groups happened as follows:
Cajy(PO4)s(OH); + xSi04" > Caiy(PO4)sx(SiO)(OH)2x+ xPO4™ + xOH' ¢)

The reaction time was 8 hours. After filtration of the resulting materials they were dried
for 24 hours at 105°C (ncHAPSI). The heat treatment was performed at 1000°C (cHAPSi) [27].

Biopolymer-hidroxyapatite preparation

To the 0.09 or 0.45 wt.% chitosan or 0.5 and 0.1 wt.%GEL or PVP solutions were added
drops of calcium nitrate and diammonium hydrogen phosphate solutions in order to obtain
materials with different final biopolymer concentration. The synthesis time was 22 hour. After

the reaction was accomplished, the precipitate was washed with ethanol and filtered. The filtered

material was dried for 24 hours at 90°C [28§].
Carbon nanotube-hydroxyapatite based composite preparation

Composites were prepared with three diferent methods: mechanical stirring in ethyl

alcohol [29], mechanical stirring in Triton X [29] and co-percipitation method.
Co-precipation method

Beside the presented methods the composites were prepared also with chemical co-
precipitation method [30]. As Ca®" source calcium nitrate tetra hydrate and as PO, source di-
ammonium hydrogen phosphate (Merck, Germany) were used. The calcium nitrate solution and
carbon nanotube were stirred for 10 minutes for a better homogeneity. After that (NH4),HPO4
solution was added drop by drop to the reaction mixture. The reaction mixture pH was adjusted
with the ammonia solution to the value of 11. The reaction time was 22 hours at room
temperature. After filtration the precipitate was dried for 24 hours at 105 °C. The preparation of
silica (10wt.%) containing composites was made in a similar way; Na,SiO3 being used as SiO;

source [29], [31].
Preparation of CS-fMCNT-HAP and CS-fMCNT-HAPSi composites

The composites were prepared by co-precipitation method. In the first step —COOH
functionalized multiwall carbon nanotube (fMCNT) was mixed with 0.5 mol L
Ca(NOs),*4H,0 and chitosan solution (1wt.%) with 0.3 mol L' (NH,),HPO, solution were

mixed for 10 minutes at pH=11 for the sake of good homogeneity. After the combination of

12



these precursor solutions the reaction mixture was stirred for 22 hours. To prepare 10 wt.% of

Si0; containing composites Na,Si0; solution was added together with (NH4),HPOj, solution.
11.2 Characterization of materials

Different characterization methods are used to determine the relationship between the
structure of a material and its properties/applications. Depending on the characteristics of the
investigated material, a suite of techniques may be utilized to assess its structure and properties.
To investigate the new materials the following methods and apparatuses can be used. In the
following the methods and the apparatuses used in this work are presented:

e morphology - transmission electron microscopy (TEM) and scanning -electron
microscopy (SEM)

e thermal stability — thermogravimetric analysis (TGA)

e particle size distribution - Shimadzu micro and nano particle size analyser

e crystallinity and structure - X-ray diffraction (XRD) and Infrared spectroscopy (FTIR)

e specific surface area - BET method

I1.2.1 The formation of HAP structure and crystallite size of materials

The evolution of crystalline phases with reaction time was first studied from the XRD
data. Fig.2 shows the XRD patterns of hydroxyapatite synthesized at different synthesis times.
The predominant phase was confirmed to be hydroxyapatite using ICDD standard no. 01-072-
1243 [32]. The evolution of phase composition with reaction time showed that after 2 hours a
poorly crystalline calcium phosphate phase was formed, which gradually transformed into HAP.
As shown in Fig.2 HAP was formed after 22 hours at all concentrations of calcium nitrate-
tetrahydrate and diammonium hydrogen phosphate. Using different initial concentrations of

precursors, no differences were observed in the crystallinity of the three samples.
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Figure 2. XRD patterns of A. HAPI, B. HAPII, C. HAPIII time series, formation HAP crystal

structure during the synthesis

I1.2.2 The effect of additive materials on the formation of hydroxyapatite crystal structure

The effect of polyvinylpyrrolidone (PVP) concentration variation

The XRD patterns of four PVP/HAP samples with various amounts of PVP are presented
in Fig. 3. A single-phase apatite was observed in all four samples, and no secondary phase was
detected by the XRD analysis. No major differences between the spectra were observed and the
phase evolution in time was similar to HAP (Fig. 2). In all cases the PVP/HAP structure of

hydroxyapatite was formed after 22 hours.
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Figure 3. XRD patterns of 3.3%PVP/HAP and 4.5%PVP/HAP at different synthesis time

The effect of chitosan (CS) concentration variation

Fig. 4 shows the evolution of phases in time for CS/HAP samples with different
concentration of chitosan. In case of 0.6%CS/HAP the evolution of phases showed a trend
similar to that of HAP. However, by increasing the initial chitosan concentration in CS/HAP

composites, an interesting phenomenon occurs. In alkaline conditions (pH=11-12), the formation
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of unstable calcium phosphate (CaP) or amorphous calcium phosphate (ACP) phases occurred

parallel with the appearance of crystalline HAP phase, which manifested as a fluctuation in time

of the amorphous and crystalline phases during synthesis.
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Figure 4. XRD patterns of CS/HAP composites at different synthesis time

At the beginning of the reaction a poorly crystalline phase [33] of calcium phosphate
appeared and disappeared after 2 hours, and re-appeared at a different synthesis time. The
transformation of these phases was completed in approximately 22 hours. It was during this
period, most probably, that the HAP crystallites were formed from other CaPs phases. This
indicates that CS had a chemical action, and not only a physical one. The poorly crystalline
phase formation in the early stage of reaction could be explained by changes in the reactants’
solubility due to the presence of chitosan. That interesting phenomenon was observed only after
a certain CS concentration (< 1.6%) and could be explained by the complex phenomena that
occur simultaneously in the reaction as precipitation and adsorption. Elucidation of the CS

intercalation mechanism in this synthesis required further experiments.

Effect of carbon nanotube, silica and chitosan addition on the crystallinity of the composites

*-HAP
o- fMCNT ~HaAP

.
* fMCNT-HAPSI o-fMCNT P *
* * ww e
1 x 15%CS- 15%CS-fMCNT-HAPSi
H . + +fMCNT-HAP MCNT-HAP
10%CS-fMCNT-HAP 10%CS-fMCNT-HAPSi

(002)
(211)

«(211)
(210)

*HAP
20%CS- o-fMCNT
fMCNT-HAP

(002)
(210)

o =
S S 20%CS-fMCNT-
¥ S HAPSI

(310)
»(203)
b d213)
+004)
(310)
4203)

*
3 ¥ 3 3
& = ¥  HAPSI s s y -
2 . ¥ = 5%CS-fMCNT-HAP > MNT HAPSi
‘D = =
2 Y « r + HAP g Pt e
N - HAPSI
HAP “‘M
| fMCNT A\ fMCNT
fMCNT - - ~ 3
20 30 40 50 60 20 30 40 50 60 20 30 40 50 60
2 Theta (degree) 2 Theta (dearee) 2 Theta (degree)

Figure 5. XRD patterns of fMCNT-HAP composites
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The results are presented in Fig. 5: the XRD pattern of the fMCNT-HAP and fMCNT-
HAPSi composites, with the inset of the pure fMCNT on the XRD diffractogram. No new peaks
were observed for the fMCNT/hydroxyapatite composites and the 20 values were in agreement
with those of pure HAP (ICDD standard no. 01-072-1243) [34, 35]. The peak of fMCNT was
overlapping with the peak at 20 = 26 of the HAP. The substitution with silicon also did not
appear to affect the diffraction pattern of the composites [36, 37]. The XRD pattern of the CS-
fMCNT-HAP and CS-fMCNT-HAPSi composites are presented with the inset of the pure
fMCNT on the XRD diffractogram. No new peaks were observed for the composites and the 20
values were in agreement with those of pure HAP [34, 38]. By adding fMCNT and chitosan to
HAP the peak intensity decreased, which suggests a poorer crystallinity state [39, 40].

I1.2.2. Determination of agglomeration tendency
Average particle size distribution and its variation during synthesis

The average particle size distribution and agglomeration tendency was determined with a
Shimadzu SALD-7101 micro- and nano particle analyzer and a transmission electron microscope
(TEM). The average particle size variation during synthesis of hydroxyapatite for three different
initial precursor concentrations is represented in Fig.6.4. In the first six hours the average
particle size gradually increased reaching the micrometer domain and after that it decreased. This
phenomenon can be explained by the agglomeration and segregation of HAP particles while
being prepared [28]. The lowest final particle size was in case of HAPII supposedly because the
crystallite particle growth was suppressed in the favour of nucleation process (Fig.6.4). As
additive materials polyvinylpyrrolidone (PVP) (Fig. 6.C), chitosan (CS) (Fig. 6.B), gelatin
(GEL) and silica (SiO;) were used. Macromolecules as additive materials act as a soft temporary
template or nucleation centres to modulate the morphology of HAP [41, 42]. That is why the
surface-regulating PVP was used as a capping agent to regulate the nucleation and crystal growth
of HAP crystals. The change of size and shape of HAP nanocrystals, which were precipitated in
an aqueous solution of PVP, related inversely to the polymer amount (i.e. the smallest particle
size was observed with the highest PVP amount) [43]. In the PVP structure [44, 45] the O—H
groups were located in abundance on the surface of HAP crystals, this was why hydrogen bonds
could be formed between PVP and HAP, which prevented nanoparticle aggregation. So, the

particle size in case of low polymer concentration was higher than in the case of pure HAP,
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because the polymer promotes particle growth. At higher PVP concentration a larger number of
reaction sites assured a higher number of HAP nuclei, and therefore a smaller particle size [43] -
a growth-blocking action occurred. In the case of HAPSi and GEL/HAP the particle
agglomeration process did not occur, the average particle size was constantly situated at the
value of 16 nm. From the 10 wt.% SiO, added to the HAP just 6.03% of that could be
incorporated [27] and the remaining quantity of SiO; at alkali medium was polymerized [46] and
formed a thin layer on the surface of the nuclei’s and thereby inhibited their agglomeration. So
silica inhibited crystal growth, and also reduced the agglomeration tendency [9]. For gelatin
effect one explanation would be, the one published by Shu et al.[47] that its addition inhibits the
nucleation, but also retarded the growth of the HAP crystals.
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Figure 6. Particle size variation during HAP synthesis

By the addition of carbon nanotubes the particle size was decreased. The TEM images of
HAP and CS/HAP nanoparticles indicate the formation of rod-like morphologies in all reaction
conditions, whereas the PVP/HAP and the GEL/HAP presented a web-like structure. On the
TEM images a homogeneous distribution of the fMCNT could be observed in powder phase. The
highest homogeneity is found for materials with 10% CS and 10% fMCNT both for HAP and

silica containing composites (Fig.7).
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Figure 7. TEM images from A-HAP, B-1.1%PVP/HAP, C- fMCNT-HAP, D- 10%CS-fMCNT-
HAP
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I1.2.3 Specific surface area measurements

Specific surface area and pore volume distribution were determined from the data of the
N, adsorption-desorption isotherm conducted at 77 K. The specific surface area of HAP based
materials with different fMCNT or/and polymer content were calculated with BET method and
the pore volume distribution, as a function of pore diameter, with BJH method. The
determination of the specific surface area is important for the evaluation of the chemical activity
and sorption capacity of materials [48].

A good correlation could be noticed between pore volume and the specific surface area
obtained for the materials with different additive content. The specific surface area was increased
by the addition of SiO, (Fig.8) to hydroxyapatite and this effect can be re-found for polymer
composites too. The highest specific surface area was determined in case of 2%GEL/HAP
because here the average particle size distribution was the smallest.

A good correlation can be noticed between pore volume and the specific surface area
obtained for the materials with different fMCNT content. The specific surface area was increased
by adding SiO; to hydroxyapatite. Also a specific surface area increase could be observed by
carbon nanotube addition. The highest pore volume was measured for samples with 10% fMCNT
(Fig.9.B). The relationship between specific surface area and pore volume was the following: the

higher the specific surface area of the composites the more increased the pore volume is.
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Figure 8. Specific surface area (A) and pore volume (B) of HAP, HAPSi and polymer/HAP

materials

Fig. 94 and B evidences this relation, and highlights that composites with 10 wt.% fMCNT
had the highest pore volume. Taking into account the data obtained for the specific surface area

in function of fMCNT amount and its homogenous distribution in the HAP, we concluded that
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further studies would be focused on composites prepared with co-precipitation method

containing 10 wt.% fMCNT and the results presented in the following sections are for these

composites.
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Figure 9. A. -Specific surface area, and B. -Porosity of HAP/HAPSi composites containing
different amount of fMCNT, C.- Specific surface area in case of CS-fMCNT-HAP and HAPSi

composites

In pure form, HAPSi had a higher specific surface (106 m?/g) area than hydroxyapatite
(81,9 mz/g). The specific surface area of HAPSi composites was hardly influenced by the
quantity of the added CS. In case of HAP composites the addition of polymer to the structure had
a stronger influence to the specific surface area. The 10%CS-fMCNT-HAP composite had the

highest specific surface area.
11.2.4 Thermal stability of the materials

The thermal stability of the materials was determined by thermal gravimetric analysis
(TGA). In addition, the differential thermogravimetric analysis (dTG) provides information
about the way the organic part is eliminated, which depends on the degree of interaction between
the hydroxyapatite and the additive materials [49].

The total weight loss in case of HAP and HAPSi could be divided in two-stages: between
30 —110 °C and between 200 — 500 °C. First the adsorbed water was eliminated from the surface
and from the pores (~100 °C) [50], then at ~280 °C the decomposition of residual NH4NO; and
H,O was performed, which were the by-products resulting from the synthesis reaction [51, 52].
By increasing the temperature a peak at 468 °C had been observed (Fig. /0. 4, B), and the weight
loss of 1.9% in case of HAP and 4.3% for HAPSi took place. These were the results of gradual
dehydroxylation of HAP powder. This can be explained by the following reaction [53]:
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Ca;o(PO4)s(OH), — Cayg(PO4)6(OH),2xO0x0x +XH,0 3)

In case of HAP at 468 °C the x is /.12 and 56.103% of —OH group was eliminated. This was

calculated from the weight loss results accompanied with OH group elimination ratio.
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Figure 10. Thermal gravimetric analysis of HAP, HAPSi and polymer/HAP

In the case of gelatin containing composite at 320°C the thermal degradation and the pyrolysis of
GEL molecules was taking place, and the peak about 430°C was associated with the final
thermal degradation of the residual organics [54]. TGA studies of the composites containing
chitosan showed three steps in weight loss. In the first step was eliberated the adsorbed water, in
the second step at 280—-300°C begins the degradation of the chitosan and in the third step at 500—
610°C the whole quantity of CS was eliminated from the composites [55-57]. Before the
thermogravimetric measurements the bio-polymer-HAP composites were ultrasonicated with
ethanol and water for 6 hours for three times in order to eliminate the NH4NOs5. This was the
reason why the elimination of NH4sNO; was more reduced compared to the other materials (Fig
10.C).

For fMCNT the initial weight loss was 3.65% at 108°C due to the loss of adsorbed water
[58]. Between 400°C and 600°C the elimination of fMCNT took place [59]. The highest weight
loss was observed in the case of SiO, containing composites because the SiO, has a hydro
binding effect. The TGA measurements show that the fMCNT-HAP composite had better
thermal stability than fMCNT-HAPSi composites, because the elimination of fMCNT took place
at higher temperatures (510-609°C), while in case of fIMCNT-HAPSI this happened at 476°C.
The silica group enhanced the interactions between -COOH groups of MCNT and OH groups of
HAP, weakening the Van der Waals interaction in carbon nanotubes, resulting in decreased

thermal stability [60]. The thermal stability of the composites was reduced by CS addition.
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Decomposition of CS and elimination of fMCNT took place parallelly at the same temperature

range.
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Figure 11. Thermal gravimetric analysis in case of fIMCNT-HAP and CS- fMCNT-HAP

composites
I1.2.5 In vitro characterization of the hydroxyapatite based materials

Pure and silica doped hydroxyapatite and their gelatin, chitosan and carbon nanotube
composites’ biological activity were tested in vitro by studying their behaviour in simulated body
fluid. The influence of heat treatment on pure hydroxyapatite, the effect of silica doping and bio-
polymers addition, the immersion time and the form of the material (powder and compacted) was
monitored and discussed. The materials were characterized pre-, during and post-SBF soaking by
different methods. The results show that after 28 days of SBF soaking:

The materials had a better crystallized hydroxyapatite structure confirmed by XRD results, and
in the case of gelatin, chitosan composites and silica doped hydroxyapatite a new phase

appeared: K and Na" substituted HAP and respectively cristobalite for cHAPSi (Fig.12).
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Figure 12. XRD spectrums of HAP and HAP based materials after (blue line) and before soaking
in SBF solution (black line)
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A new apatite bio-layer formation could be observed on SEM images which also was supported
by FTIR spectra and TEM micrographs showed that hydroxyapatite and their composites were

nano sized.

L 100KV 11,8 18,0k SE(U) 3.00um 10.0KV 12 3mim 18.0)

Figure 13. TEM imagines of cHAPSI before (A) and after (B) the SBF immersion and SEM
imagines of f/MCNT-HAPSI (C) and after (D) the SBF immersion

When the materials were incubated in SBF solution, the formation of apatite layer on the
surface of pellet/powder went through a sequence of chemical reactions like spontaneous
precipitation, nucleation and growth of calcium phosphate. It had been suggested that surface
chemistry plays an important role in this process and even the functional groups of materials had
a large effect on the bone-bonding property [61]. In order to demonstrate the formation of a new
apatite layer the weight variation of the materials both in powder and pellet form was monitored.
For all the materials, both in powder and pellet form, in the first 3-5 days a mass decrease (2-3
mass%) could be observed with further increase/decrease in the soaking time, suggesting a
continuous precipitation of the bone-like apatite. The weight loss was more reduced for the
chitosan and gelatin-hydroxyapatite composites, so the introduction of chitosan and gelatin
increased the in vitro stability of the hydroxyapatite composites. Experimental results showed
that after a 4 day immersion the weight of the pellets started to increase and continued to
increase until day 28 (Fig. 14). This phenomenon was similar to the case of hydroxyapatite and
hydroxyapatite with different additive materials. By adding carbon nanotubes both for HAP and
HAPSi composites a decrease in hydroxyapatite layer formation during SBF soaking occurred.

The highest mass variation was recorded for cHAPSi, which showed a high mass loss in
the first 3 days, but the final weight variation was above 4%. The chitosan and gelatin-
hydroxyapatite composites were more stable, the weight loss was more reduced and the final
mass variation was above 3.5%. This phenomenon supports that the introduction of chitosan and
gelatin increased the in vitro stability of the hydroxyapatite composites. The average mass

increase after 28 days was situated at for all materials between 3-4.5%.
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Figure 14. Weight variation of powder (A) and pellets (B, C) of HAP based materials in function
of time during SBF soaking

Fig. 15 summarizes both for powder and compacted materials the final amount of calcium
and phosphorus ions precipitated from the SBF. In the case of hydroxyapatite composite
materials a much higher P ion consumption could be observed, compared to cHAPSi, non-
calcined and cHAP. This can be explained by the formation of a larger quantity of Na" and K"
ion substituted hydroxyapatite, which was supported by the XRD results. This suggested that
gelatin and chitosan addition increased the ion exchange properties of the hydroxyapatite. P ion
consumption was higher for the chitosan composites in the case of the pellets, and for the gelatin
ones in the case of powder materials.For the heat treated hydroxyapatite also the P ion
consumption was higher, and the amount of Ca®" introduction in the newly formed bone-like
apatite was small, which suggested a Ca-poor ACP formation tendency. On the contrary, for
ncHAP and cHAPSi the Ca®" consumption was high and the P ion was low, suggesting the
precipitation of Ca-rich ACP in the first stage. Post-28 days of SBF immersion for all the
materials a well crystallized bone-like apatite structure formation can be seen, as supported by

the XRD results.
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Figure 15. Calcium and phosphorous final ion concentration consumption in the case of powder

and compacted HAP, HAPSi and biopolymer-HAP materials after 28 days SBF soaking

In case of fIMCNT-HAP and fMCNT-HAPSI pellets Fig. 16C shows the changes in Ca*"
and phosphorous ion concentration variation in time during SBF soaking. The concentration of
the ions oscillated in time. The Ca®" and phosphorus ions were consumed from the initial SBF
solution, which meant that the nucleation and growth of apatite outclasses the dissolution process
[27, 46]. Until the 15™ day the concentrations decreased, which is attributable to the formation of
HAP, and then an increase was observed. These results were supported by the weight variation

and by SEM measurements.
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Figure 16. Calcium and phosphorous ion concentration variation of powder and pellet CS/HAP

(A, B) and fIMCNT-HAPS:I pellet (C) in function of time during SBF soaking

Finally, comparing the powder materials to the compacted ones, it can be said that the
powder materials were more soluble; in the first stage the dissolution of the materials was the

predominant controlling step, which can be due to the higher specific surface area that increased
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the chemical activity of the materials. All the materials promoted the formation of bone-like
apatite on their surface; however the mechanism differed in function of the material phase

composition and their form: powder or green compacts.
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I11. The application of hydroxyapatite based composites as substrates in

different sorption processes

II1.1 Albumin sorption

It is important to study the albumin sorption because after implantation proteins make the

connection between organic and inorganic phases [62].
Bovine serum albumin (BSA) in our study was used as a model protein to determine the sorption
efficiency and capacity CS-fMCNT-HAP and CS-fMCNT-HAPSi composites with different
chitosan content. Hydroxyapatite had a multiple site binding character for proteins, a Ca*" and a
P site, that was why HAP gains a good protein bonding ability [63]. The bonding ability became
better if the number of bonding sites were increased, the addition of -COOH functionalized
carbon nanotubes and chitosan. Hydrophobicity of individual BSA and of the composite
molecules enhanced their mutual interaction and sorption behavior. The foremost role for surface
sorption was governed by the electrostatic force of attraction between BSA and HAP, in the case
of pure hydroxyapatite. The sorption phenomenon of BSA on HAP nanoparticles was attributed
to electrostatic interaction between Ca®’ cation and PO437 anion of HAP nanoparticles with
COO  anion and NH," cation of BSA protein [17, 64]. BSA was sorbed mainly through
electrostatic attraction between the COOH group of BSA and the calcium ion exposed to an ion
exchange on the surface of HAP [65]. The amount of protein sorption depended on the specific
surface area, surface charge density, and pore size distribution [66].

In Fig. 18 the sorption efficiency and in Fig. /9 the sorption capacity were showed for 1
and 0.5 g/l initial BSA concentration in 7,5 and 8 pH TRIS based buffer. The reason to study for
two different pH was motivated by the statement, that the lateral repulsion between the protein
molecules was more significant at higher solution pH, which also played a role in lower sorption
[67]. Our findings support the literature data, the sorption efficiency at pH=7.5 was more
efficient than at pH=8, so by increasing the pH value the sorption efficiency decreased.
Comparing hydroxyapatite with silica substituted hydroxyapatite the former had a higher
sorption capacity and efficiency, this result being in accordance with specific surface area

measurements.
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Figure 18. BSA sorption efficiency of CS-fMCNT-HAP/HAPSi composites in two different pH
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Figure 19. The BSA sorption capacity of CS-fMCNT-HAP/HAPSi composites

In Fig.20 was shown the sorption capacity variation of 5%CS-fMCNT-HAP and 5%CS-
fMCNT-HAPSI at pH=7.5 and 0.5g/l BSA concentration during the sorption process. During the
measurements the sorption capacity showed a fluctuation caused by the “competition” between
sorption and desorption till the equilibrium was reached; this is a characteristic property of

nanomaterials [68].
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Figure 20. BSA sorption in time, [BSA]o=0.5 g/l, pH=7.5 in case of 5%CS-fMCNT-HAP/HAPSi

In Fig. 19 was clearly showed that 10%CS—MCNT-HAP had the highest sorption
capacity at pH=7.5. Thus on this composite was determined the maximum sorption capacity in
the range of 0,2 — 2,5 g/l initial BSA concentration at 7.5 pH. The maximum sorption capacity
was at 2 g/l initial BSA concentration; in case of higher initial concentrations the sorption

capacity was not increasing, so the maximum sorption capacity remaines ~ 1,6 g/g.
I11.2 Ibuprofen sorption

Ibuprofen (IBU) was used as the model drug for studying the sorption and desorption
capacity of composites and hexane was used as a solvent for ibuprofen [69]. UV spectroscopy
indicated that the optimal wavelength for determining the loading and released of ibuprofen in
hexane and in SBF, which was about 272 nm. A series of calibration solutions were prepared,
containing 0.811 to 0.18 g/L of ibuprofen in hexane and their UV absorbance was measured,
giving a linear plot of absorbance against ibuprofen concentration with an R? factor of 0.977.

The sorption capacity increased up to 17 g/l initial IBU concentration, after that the
capacity did not increase. The composite sorption capacity reached its maximum and could not

sorbed more. Thus for further measurements the 17g/1 as initial IBU concentration was used.
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Figure 21. IBU sorption capacity and efficiency of composite

The literature presents two hypotheses for IBU sorption: (i) pores could be progressively
filled up to a threshold for which the whole porous volume would be completely saturated, and
the additional ibuprofen could only be deposited onto granules; (ii) the granule surface could first
be coated with the drug substance, and pores would be progressively filled by the increase of the
deposited quantity [70]. The sorption capacity and efficiency in case of composite with silica
was higher (with more than 100 mg/g) than for the composite without silica (Fig. 27). This could

be induced by the higher specific surface area of the composite with silica.
I11.3. Ibuprofen desorption

Ibuprofen release was carried out by immersing the samples into simulated body fluid in
pelleted form. The desorption of IBU from the composites was a good possibility for revealing
its retard effect. Comparing the two composites, the one containing silica had a longer ibuprofen
dissolution time. E. Chevalier et al. states that the intrusion of ibuprofen into the pores is
correlated to the higher porosity of composites [70], which leads to a lower surface content. In
our case this could cause a longer ibuprofen release time for the fMCNT-HAPSi1 composite (Fig.
22.B). For fMCNT-HAP the whole quantity of sorbed IBU was desorbed after 57h, and the half
of this quantity was desorbed during the first day (Fig.22). In case of fMCNT-HAPSI in the first
24 hours just a small percent (11%) of IBU desorbed, than after 48 hours the desorption
accelerated. After 57 hours 50% of the sorbed quantity of IBU was desorbed, compered to the
fMCNT-HAP composite, where for this interval the desorption was completed. As the sorption
also the release of IBU was expected to be governed by two different way, one of these was the

diffusion process [71]. In this case the solvent enters the composite pores, IBU was then slowly
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dissolved into SBF from the surface and diffuses from the system along the solvent-filled pores.
The other way was controlled by forming hydrogen bonds with the carboxyl group of IBU when
IBU was sorbed on the surface [72]. The desorption from the silica containing composite was
slower than in case of composites without silica, because the number of hydrogen bonds were
higher. Silanol groups from the surface and in the pores were thought to have an impact on the
ibuprofen drug loading, because of the pharmaceutical interaction via hydrogen bonds with

surface silanol groups [73].
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Figure 22. IBU desorption efficiency in time

IV. General conclusions

The thesis presents the preparation, characterization and possible applications of
hydroxyapatite based biocomposites. The selected basic material was hydroxyapatite, which is
the main inorganic component of bones, thereby it has a very good biocompatibity and
bioactivity, but has weak mechanical properties that can be improved by additives.
Hydroxyapatite based materials have a variety of applications, therefore it was important to study
their preparation conditions and their properties, because these and the application fields are

strongly related.

During the experiments the effect of these additives was studied with several material
characterization methods. The thesis has two important parts, the division was made according to
the type of the used additives: A- silica and bio-polymers: chitosan (CS), polyvinilpirrolidone
(PVP), gelatin (GEL); B- COOH functionalized multiwall carbon nanotube (fMCNT) and

chitosan; their effect on the properties of the prepared material was discussed. During the
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experiments the following were studied: reaction time variation in function of precursor

concentration, average particle size distribution; crystallite size, crystallinity, thermal stability,

morphology, sorption capacity, in vitro behaviour.

A. The effect of the added SiO; and biopolymers on the prepared materials properties are

the following:

1.

The co-precipitation method was chosen for the preparation of materials. The reaction
time was reduced by increasing the concentration of the precursors (22h—6h) or by the
addition of more than 1.6 wt.% chitosan.

The crystallite size of polymer/HAP powders were smaller than pure HAP ones. The
effects of CS and PVP were different, the formal reduced (43—46 nm) and the latter
increased (62—90 nm) the size of the crystallites.

The results of particle size distribution and specific surface area measurements were
correlated with each other, the materials with small particle size had high specific
surface area; the GEL/HAP had the smallest particle size and the highest specific
surface area.

The thermogravimetric measurement (TGA) and XRD measurement both suggested
that during the heat treatment the HAP structure did not decompose below 1000°C. On
the TGA curves 3 different phases could be distinguished: in the first step the adsorbed
water, in the second step the by-product (NH4NO3) and in the third step the water was
eliminated from the HAP structure.

For the in vitro testing the materials were immersed in simulated body fluid, during the
soaking a new apatite layer was formed on the surface and the material crystallinity was
increased. In case of additives-hydroxyapatite materials a new Na'/K'-HAP phase
formed. During the immersion all material weight increased, but in case of GEL/HAP
and CS/HAP the rate of weight increase was the highest (<4.5%, while HAP had
>4.5%).

Based on these results the nano-form application of these materials is recommended, for

example, in applications such as drug carriers or as sorbent materials in water purification.

B. The effect of added SiO;, chitosan and multiwall carbon nanotube on the prepared

composites:
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The main role of the carbon nanotube addition is to enhance the mechanical properties of

the composites.

1.

The optimal fMCNT content was [0wt.%, and the optimal method was the co-
precipitation method because in these cases the composites had the highest
homogeneity and the highest specific surface area.

Crystallinity was reduced by the addition of fMCNT and CS to the HAP, but the
characteristic peaks were still to be observed.

It was found that combining —-COOH functionalized multiwall carbon nanotubes with
hydroxyapatite, containing different concentration of chitosan, and/or 10 wt.% silica,
materials with 70 wt.% CS had the highest homogeneity and the highest specific surface
area.

When both chitosan and silica were present in the structure of HAP, the specific surface
area did not change significantly with the increase of chitosan content. But in the
absence of silica in the composites, the specific surface area also increased with the
increase of the initial concentration of the CS.

The combustion of carbon nanotubes took place at a lower temperature in case of
fMCNT-HAP and fMCNT-HAPSi composites compared to the decomposition
temperature of the pure fMCNT. The fMCNT-HAPSIi had a lower thermal stability than
fMCNT-HAP. The thermal stability of the composites was reduced by CS addition.
Decomposition of CS and fMCNT took place parallel.

Addition of fMCNT to HAP influenced the properties of the materials. In vitro
bioactivity tests suggested that, fMCNT reduced the amount of new HAP layer
formation during SBF immersion.

In revealing their applicability as drug support materials the sorption capacity and
efficiency was determined by studying the sorption of albumin and ibuprofen.
Comparing the sorption capacity of HAP, fMCNT and CS/fMCNT-HAP/HAPSi
materials it was found that the BSA4 sorption efficiency at 7.5 pH was more efficient
than at pH=8. Composites without silica have a higher sorption capacity and efficiency
than those with silica and this was correlated with the specific surface area

measurements.
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8. In the case of ibuprofen sorption, the composite with silica had the highest sorption
capacity and efficiency, and the desorption of IBU had a retard effect, after 57 hours
just 55% of IBU was desorbed, while in case of materials without silica the whole IBU

quantity was desorbed.

The added carbon nanotubes, in base of literature, enhance the mechanical properties of the
resulted composites, but measurements of mechanical properties of these composites containing
fMCNT is a future plan.

This thesis presented and supported the fact that material properties are influenced by the
preparation conditions and their applications implicitly. The prepared hydroxyapatite based
materials are suitable to use them as drug carriers. The aim of drug carriers is to achieve a
controlled and slow release rate of the drug in order to insure a constant in vivo drug
concentration for a longer period of time and to prevent harmful side-effects [74-76]. The

specific application of these materials as drug carriers requires additional studies.
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