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Preface

Hydroxyapatite (HAp) has great importance in the fields of biomaterials and biomedical sci-
ence, as well as in modern-day nanoscience and bio-science and their technological applica-
tions. HAp is one of only a few resources that are categorized as bioactive, i.e., it will
support bone ingrowth and osseointegration when used in orthopedic, dental, and maxillo-
facial applications. A significant characteristic of HAp is its stability when compared with
other calcium phosphates. HAp is commonly used as a filler to replace amputated bone or
as a coating to promote bone ingrowth into prosthetic implants, thus achieving faster heal-
ing and recovery. Furthermore, HAp is used in drug delivery applications for orthopedic
and dental implants. Recently, HAp was involved in various advances in nanotechnology-
based regenerative biomedical applications for the repair or improvement of damaged tis-
sue function in various organ systems.

The development of nanotechnology has had a major impact on the science of materials. The
production of nanomaterials has gained considerable attention for adsorption, catalysis, and
optical applications, particularly when biomaterials are involved. Knowledge of Hap-based
nanomaterials provides a platform for innovation. This has the tendency to progress life re-
quirements rather than scientific pursuit. Owing to its similarity in size, crystallography,
and chemical opus with human hard tissue, the nano-HAp shows fascinating potential as a
biomaterial for use in prosthetic applications. Apatite is the mineral found in bone and teeth
in the form of enamel. HAp has exceptional properties such as bioactivity, biocompatibility,
non-toxicity, osteoconductivity, and a non-inflammatory nature. Furthermore, the nano-
HAp bioceramic has astonishing applications.

The aim of this book is to present information on nano-HAp materials. The book focuses on
synthesis, properties, future prospects, and potential biomedical applications. Established
researchers in this field have contributed different chapters, which cover advanced areas of
research and developments in the field of materials science. This bookis intended for re-
searchers and students wanting to gain a deeper understanding of the basic concepts of
HAp that are applicable to many related fields.

This book consists of nine chapters that have been categorized into two sections. Section one
consists of four chapters on HAp preparation, properties, perspectives, and process. This
section introduces the different synthesis techniques and reviews nano-HAp and other nov-
el materials-based regenerative biomedical applications, synthesis of nano-HAp, production
of HAp through the intensification process, growth of crystalline HAp nanofibers through
preferential orientation, and 153Sm-HAp for the cost-effective treatment of hemophilic ar-
thropathy in large and medium joints. Section two contains five chapters on the efficient op-
timization of HAp-based coating for biomedical implants, preparation of calcium



Xl Preface

phosphates from marine and land bio-resources for biomimetic applications, Hap-based
composite materials for bone tissue infections, and the bio-medical review of gene delivery
[in-vivo RNA (siRNA) and microRNA (miRNA)] applications.

Finally, I would like to thank all of the contributors for their great efforts in producing an
outstanding work. I would like to express my sincere gratitude to Mr. Teo Kos, publishing
process manager, for his support in the generation of this book.

Jagannathan Thirumalai
SASTRA Deemed University, India
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Hydroxyapatite: Synthesis, Properties,
Perspectives and its Prospects







Chapter 1

Introductory Chapter: The Testament of
Hydroxyapatite: New Prospects in Regenerative
Medicinal Treatments

Jagannathan Thirumalai

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72767

1. A terse testament of hydroxyapatite

The term ‘Hydroxyapatite (HAp)” is a naturally occurring mineral and chemically identical
to the mineral constituent of bones and solid tissues of mankind and mammals. As a mineral
species, apatite was first known in 1786 by “the father of German geology” Abraham Gottlob
Werner (1750-1817) and entitled by him on or after the antediluvian Greek anataw (apatao) —
“to mislead” or “to deceive” since it had earlier been does not specify one chemical opus.
Though, the word “apatite” was revealed in the 1990s and is denoted as calcium orthophos-
phate, which would be a very infrequent heterogeneity of tourmaline, beryl and other stones
[1]. The period of HAp in reformative science backdate to 1950s [2] furthermore for the filling
of the bone defects, the bioceramics might be used as an inert scaffold. The history related
to calcium orthophosphates dates back to 1770 [3] the mistaken for other minerals, such as
beryl, tourmaline, chrysolite, amethyst, fluorite, etc., [1, 4, 5]. Currently, apatite is the term for
a group of minerals with the same crystallographic structure and older history till 1950 could
be delivered somewhere else in the published literature [6, 7]. On the basis of thorough litera-
ture survey of HAp, since 1950 in connection to its properties, production, composition and
its applications were extensively studied and its usage in medicinal disciplines contributes
many breakthroughs in contemporary technological developments in consideration with the
interaction of materials on active species [8]. In the origin, HAp was used for grafting, which
might not have reaction with neighbouring living cells. Far ahead, the development would
change to the responsive nature of the material, also for the growth of bone the reactive mate-
rial pretends as a conductive scaffold [7]. In recent trend, developing fabrication technology
with the dawn of recognizing of regenerative medicinal growth in the field of nanotechnology
and have transformed the appearance of bioceramics to a dissimilar facet [9-14].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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S.No. Methods/techniques Outcome Drawback Refs.
1. Dry Well-crystallized High temperature (1050°C in air)  [15, 16]
2. Wet High-yield, cost-effective, simple ~ Non-crystalline and impure phase [17]
technique, and suitable for
various pressure conditions
3. Co-precipitation Crystalline, high-yield, cost- Requires high temperature [18-20]
effective, template-assisted & annealing to yield product
various temperatures conditions
4. Sol-gel Simple technique, low cost, Dependent on solvent, the [21,22]
crystalline nature temperature and pH
5. Emulsion More efficient, simple and Dependent on ratio of aqueous [23, 24]
particle agglomeration is less, and organic phases, pH and
Suitable for various surfactants, temperature
temperature conditions.
6. Hydrolysis Simple technique, particle Precursors depend strongly on [25]
agglomeration is little high, pH and temperature
sources are texture dependent
7. Hydrothermal Highly crystalline micro or nano- Requires constant and [26,27]
sized structures, well-controlled  uninterrupted temperature and
morphology and porosity pressure conditions
8. Alternate energy input Uniform thickness, good Requires constant, uninterrupted  [28]
(low-energy plasma spray) crystallinity, well-controlled temperature and pressure
morphology, porosity, micro conditions. High temp.
hardness, and fracture toughness ~ withstanding substrates and good
cleaning process
9. Microwave (MW)-assisted  Yield of perfectly, highly Requires constant, uninterrupted ~ [29]
crystalline, homogeneous size, temperature conditions to yield
porosity and morphology product
10. Ball-milling Simplicity, reproducibility, and ~ Requires high temperature [30]
large-scale production annealing to yield product and
little agglomeration
11. Sonochemical Nanosized products, elicits Requires constant, uninterrupted ~ [31]
perfect control of morphology, temperature and pressure
porosity and size conditions.
12. Others: Yield of perfectly homogeneous  Requires organic solvents and hot  [32, 33]

a. Solvothermal process

b. Spray pyrolysis

size crystalline morphology

zone of an electric furnace

Table 1. Shows the key methods for the synthesis of hydroxyapatite (HAp).

Hydroxyapatite, HAp is an elementary calcium phosphate, and its chemical formula is
Ca,(PO,),(OH), present as main material of teeth, bones and mineral certainly with high bi-
affinity. It is composited by below methods, and it is also applicable in various fields includ-
ing biomaterials. In the meantime, amorphous HAp is no longer stable and could dissolve
reliant on usage environment; a sintered body has been effectively used as a material in
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general. And, the sintered body could not dissolve so much owing to its high crystallinity.
Because fusion and grain growth of each particle arose on its process stage are foreseeable,
it has been hard to control configuration and grain diameter on a nanoscale impartial like
initial particles of amorphous HAp. The synthesis of HAp, with its numerous morphologies,
structures, and textures, has enthusing a prodigious deal of interest in academic and indus-
trial research for numerous heterogeneous catalysis applications. In the past three decades, a
numerous synthetic routes for producing HAp powders have been developed. Productions
of HAp powders are classified under four different methods are enumerated in Table 1 [34].

2. Topical advancements in reformative medicinal treatments in the
new prospects of application of nanotechnology

HAp is considered as bioceramics that signifies the enormous amount of regenerative scion
material persisting in the flea market. HAp is analogous to the bony-like apatite structure and
is considered to be an important inorganic constituent for bone. However, in the organic matrix
HAp is circumscribed, so that the existences of HAp in the normal bone in the form of extra inor-
ganic trace elements [3]. Ailments related to the ablative and bone surgical treatment known as
the abscission or removing a part of the bone, which ultimately needs renovation through vari-
ous available measures. Since, the HAp has found increasing demand in regenerative medicine
as a possible auxiliary material second to auto graft. HAp could also be used in occurrences,
wherever the defects or voids present in bone. This process leads to curing of blocks, or beads by
employing powders of the mineral being positioned into or on the defected parts of bone. From
the time when it is bioactive, it reassures the bone to spot on the problem for further orientation
of growth and this procedure may perhaps be an alternate to bone or dental implants, means
that it can integrate into bone or dental structures and support growth with the no breaking
down or dissolving in the human body. Though, HAp is still used for this purpose today and it
is also applicable for other purposes too. Numerous advancements in nanotechnology oriented
reformative medicine for the overhaul or improvement of dented tissues function in several
organ systems. However, most studies concern the goings-on of topical advancements in nano-
materials used in regenerative medicinal treatments [35], as summarized in Table 2, with some
more literatures in HAp, on the basis of regenerative medicine in various organ systems.

Applications of nanotechnology in regenerative medicine would require the entire prospec-
tive to reform tissue repair and regeneration [35]. Till now, to trigger the regeneration process
the growth of impeccable nanomaterials accomplished of transfer signals to the diseased or
damaged cells and tissues it remnants a dare. By employing nano-HAp based materials in
regenerative medicine is a material of significant relate to the safety in relations to human
health aspects, for the reason that this area is still in its developing platform. Erstwhile to
human health based applications, a systematic research work in relevance to the noxious
effect of these nanomaterials would be carrying through in excessive manner. In conclusion,
at the nanoscale level to make acquainted about the original mechanisms of cell-biomaterial
surface interfaces, and further implement the findings from bench to bedside, a manageable
teamwork flanked by the scientists and clinicians is of highly necessary for the societal benign.

5
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S.No. Body part Nanomaterials Outcome (type of study) Refs.
1. Bone Poly(epsilon caprolactone) Improved cell attachment, proliferation,  [36]
differentiation, and mineralization of
osteoblasts (in vitro)
Lineage restriction of progenitor cells by  [37]
topographical cues (in vitro)
Nanoscaled calcium phosphate Large-sized blood vessel infiltration [38]
leads to bone formation (in vivo; canines)
HAp-coated titanium Enhanced and accelerated osseoimplant  [39]
integration (in vivo; rats)
Hybrid biomimetic collagen- Crosslinking reactions for hard tissue [40]
hydroxyapatite composites engineering application with designed
bioactive properties
Nanostructured beta tri-calcium Enhanced osteoconductivity of scaffold ~ [41]
phosphate-coated over poly (lactic  (in vitro) and heterotrophic bone
acid) formation (in vivo; rabbits)
Carbon nanotubes Extracellular matrix calcification (in [42]
vitro); lamellar bone regeneration (in
vivo; mice)
Porous bone formation in bone defect (in  [43]
vivo; rats)
Silica nanofibers Proliferation and maturation of MG63 [44]
cells (in vitro)
2. Cartilage Pentosan poly sulfate in poly Formation of cartilage like tissues by [45]
(ethylene glycol) HA mesenchymal progenitor cells (in vitro)
PVA/PCL [poly(vinyl alcohol) Proliferation and chondrogenic [46]
poly(caprolactone)] differentiation of MSCs (in vitro);
improved healing of cartilage defects (in
vivo; rabbits)
3D porous polycaprolactone (PCL)-  Improves the biological performance of  [47]
hydroxyapatite (HAp) scaffold 3D PCL-HAp scaffold
combined with MC
POSS-PCU [polyhedral oligomeric ~ Enhanced survival, proliferation, and [48]
silsesquioxane with polycarbonate  chondrogenic differentiation of adipose
polyurethane] tissue derived stem cells (in vitro)
Enhanced growth and proliferation of [49]
nasoseptal chondrocytes (in vitro)
3. Peripheral Electrospun collagen/poly (lactic-co- Axon regeneration, myelination, and [50]
nervous system  glycolic acid) action potential propagation (in vivo;
rats)
Poly(L-lactide-co-glycolide)/ In vivo application of PLGA/chitosan/ [51]
chitosan/hydroxyapatite(PLGA/ HAp conduits for nerve regeneration
chitosan/HAp)
POSS-PCU-MWCNT Novel biomaterial capable of electronic ~ [52]

interfacing with tissue holds potential to

promote nerve regeneration
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S.No. Body part Nanomaterials Outcome (type of study) Refs.

4. Central nervous  Small interfering ribonucleic acid Increased delivery of drugs by crossing  [53]
system (Si-RNA) chitosan nanoparticles BBB (blood-brain barrier) (in vivo; rats)

Nano-HAPs on the growth of Nano-HAPs have an obvious [54]
human glioma U251 and SHG44 antineoplastic function in vitro and
cells in vitro and in vivo in vivo. It reduces the poisonous, adverse
reactions to 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU), strongly cooperate
with certain other chemotherapy drugs,
decrease the toxicity, and might become
anew clinical antineoplastic drug.

5. Myocardial Insulin-like growth factor-1 (IGF-1)  Increased protein kinase B [55]
tissue/myocardial with poly(lactic-co-glycolic acid) phosphorylation and reduced infarct size
infarction (MI) (in vivo; mice)

Electrospun (hb/gel/fb) Cardiomyogenic differentiation of [56]
[poly(hemoglobin/gelatin/ mesenchymal stem cells (MSCs) (in
fibrinogen)] vitro)
PGS [poly(glycerol sebacate)] Increased transplant cell retention and [57]
survival (in vitro)
Gold nanoparticles-loaded hybrid =~ Cardiomyogenic differentiation of [58]
nanofibers MSCs; superior biological and functional
properties (in vitro)
Calcium hydroxyapatite-based Injection of an acellular dermal filler [59]
dermal filler into the infarct into an MI immediately after coronary
occlusion reduces early infarct expansion
and limits chronic LV remodeling.
6. Skin Silver nanoparticles Reduced inflammation and promotion of [60]
wound healing (in vitro)
Plasma-treated electrospun Increased fibroblast proliferation and [61]
poly(lactic-acid) co-poly(epsilon collagen secretion (in vitro)
caprolactone), and gelatin
Titanium abutment (control) and The HAp-coated abutment can achieve  [62]
one HA-coated abutment (case) integration with the surrounding skin.
interface
Rosette nanotubes with PHeMA Increased keratinocyte and fibroblast [63]
[poly(2-hydroxyethyl methacrylate] ~proliferation (in vitro)
7. Eye Polydimethylsiloxane Topographical cue for formation of [64]
functioning corneal endothelium (in
vitro)
HAp, polytetrafluoroethylene Improving the initial cell adhesion [65]
(PTFE), polyhydroxyethyl environment in the skirt element of
methacrylate (HEMA), and glass keratoprostheses may enhance tissue
(control) integration and reduce device failure
rates.
Super paramagnetic nanoparticles  Increased gene expression and [66]

neurite growth, subcellular organelle
localization, and nano therapeutics
delivery (in vitro)
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S.No. Body part Nanomaterials Outcome (type of study) Refs.

8. Lung Deferoxamine Regeneration of microvascular [67]
anastomosis in airways (in vivo; mice)

HAPNSs in both A549 and 16HBE HAPNSs might be a promising agent or [68]
cells mitochondria-targeted delivery system
for effective lung cancer therapy.

101F6 (tumor suppressor gene) Increased tumor cell lysis (in vitro and [69]
nanoparticles in vivo; mice)

Courtesy: Reproduced from Ref. [35] with permission from Dove Medical Press, copyright 2014.

Table 2. Topical advancements in nanomaterials used in regenerative medicinal treatments [35].

3. Conclusion

In summary, hydroxyapatite is one of the well-studied biomaterials in the medical field for its
established biocompatibility and for being the main content of the mineral part of bone, teeth
and various organ systems. However the fact demonstrates that it has been more imperious
towards ground-breaking research against novel medical applications for the cause of the soci-
ety. It has all the typical topographies of biomaterials, such as, bioactive, biocompatible, non-
toxic, osteoconductive, non-immunogenic, non-inflammatory, bioceramic coatings, bone void
fillers for orthopedics, dental implant coating, HAp thin films, and resemblance to the inor-
ganic component of human beings. In the midst of the major remarkable progress are in various
fields of molecular biology, biochemistry, bioinformatics, microbiology, genetics, cytometry,
medical diagnostics, drug & gene delivery, and the addition of nanotechnology are the most
important worldwide challenges so far. The dispute of novel spectroscopic/microscopical inno-
vation contains interdisciplinary areas that might endure to be enhanced for these innovative
global developments in x-ray imaging, spectral imaging, time-correlated single-photon count-
ing, fluorescence quenching, endo- and exo-thermic reaction rates, kinetic chemical reaction
rates, In vitro and In vivo studies, visual implants, neurology and non-invasive optical biopsy.
Thus, studies towards unique nano-hydroxyapatite used in regenerative medicinal treatments
might give way to mechanisms of cell-biomaterial relations at the nanoscale level that may fea-
sibly turn out to be the upcoming forerunners to human applications in the embryonic stage.
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Abstract

Hydroxyapatite (HAP) is a worthwhile compound for its biomedical applications.
Nanoparticles (NPs) and nanostructured HAP scaffolds promote and intensify the inter-
action between artificial material and natural bone due to their high surface/volume ratio.
In this chapter, first, the technique for the production of HPA nanoparticles smaller than
100 nm is addressed. It consists of the use of a rotating disk reactor to optimize the
reaction-precipitation process. The centrifugal force dispersed into the liquid layer over
the disk surface enables the attainment of micromixing conditions between the reagents
and maximizes the reaction rate as a consequence. The reaction between calcium chloride
and ammonium phosphate in the presence of ammonium hydroxide was adopted. NPs
minimum size, equal to 78 pm, was obtained using a rotational velocity of 147 rad/s and
feeding points of reagents 3 cm from the disk center. A computational fluid dynamics
(CFD) model of the liquid layer was specifically developed for the interpretation of the
obtained experimental results on the production of pure HAP. In the second part of the
chapter, the feasibility of producing Mg®" doped hydroxyapatite (Mg-HAP) by adding
MgCl, and using the same technique is reported. Satisfactory results were obtained:
nanoparticles were between 50 and 70 pm in size and Mg?**/Ca®*" molar ratio was equal to
0.06, according to the composition target.

Keywords: hydroxyapatite, precipitation, spinning disk, micromixing, Mg-doped
hydroxyapatite

1. Introduction

In recent years, several chemistry-based processing routes have been reported for preparing
hydroxyapatite (HAP) powders. Nanoparticles with several morphologies have been synthesized
by means of solid-state reaction, emulsion techniques, sol-gel and hydrothermal method [1];

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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however, the wet chemical precipitation method was proven to be one of the easiest ways for
preparing HAP powders.

Wet chemical precipitation consists of a chemical reaction followed by the precipitation of the
reaction product, which is a very sparingly solute. The overall process can be distinguished in
several stages: the mixing among the reagents in liquid phase or gas-liquid phase, the reaction,
the nucleation of solid particles as soon as the supersaturation has overcome the metastable
limit, the growth and the aggregation of the solid particles. In order to produce solid
nanoparticles, it is necessary to maximize nucleation rate and to minimize both growth and
aggregation rate. In this respect, the key factor is the intensification of the mixing process. In
fact, if the local mixing among the reagent streams, called micromixing, is very effective, the
reagents locally attain the maximum concentration. As a consequence, the reaction rate takes
place at the maximum rate, the maximum concentration of the required product, that is, its
maximum supersaturation, is achieved and the nucleation rate is optimized.

According to the attained supersaturation, homogeneous or heterogeneous nucleation takes
place. If the micromixing conditions are intense enough, the micromixing time is smaller than
1 ms and homogeneous nucleation becomes dominant with respect to heterogeneous one. In
general, when the needed average crystal size is around one micron or smaller with tight
crystal size distribution, homogeneous nucleation is preferred to heterogeneous nucleation.
The major objective in this matter is, thus, to develop a precipitation reactor, which intensifies
the mixing between the reagents much more than in a stirred reactor, in order to produce
nanoparticles in a very narrow size range. For this purpose, microreactors, so-called T-mixer
reactor and rotating disk reactor are adopted. All these reactors may assure conditions of
micromixing, which usually induces homogeneous nucleation. More recently, the use of tubu-
lar microreactors have been proposed. Such apparatuses are characterized by very fast heat
and mass transfer and a very small residence time of reagents fed to microstructured devices
where the reactions are performed at very controlled conditions [2]. However, the application
of this technique at the industrial scale seems to be hard to be proven. The T-mixer is often
adopted as premixing device for precipitation-stirred reactors, but cannot represent a practical
solution as a reactor stands alone, in particular for its needed high-dispersed energy. The
rotating disk reactor requires lower energy amount with respect to the two above-mentioned
reactors, may work in continuous mode and is of relatively simple scale-up. The present
chapter is focused on the production process of nanoparticles of HAP, not-doped or Mg-
doped, by using a spinning disk reactor (SDR).

The first attempt to use the SDR for a precipitation process was afforded by Cafiero et al. [3] by
performing the wet precipitation of BaSO, over a disk rotating between 200 and 1000 rpm. In a
subsequent paper, the same authors [4] calculated that at the highest rotational speed a
micromixing time between the reagents smaller than 1 ms occurred and particles of barium
sulfate around 0.5 pm in size were obtained. Moreover, a comparison between the T-mixer and
the SDR performances, leading to the same micromixing, was made and it was shown that
T-mixer is much energy consuming with respect to SDR.

Some other works reported the chance to use SDR to produce nanoparticles: Trippa et al. [5]
studied the production of calcium carbonate particles from dissolved CO,; Raston et al. [6]
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showed the feasibility of producing b-carotene nanoparticles; Loh et al. [7] showed the poten-
tiality of the spinning disk technology for large manufacture of chitosan nanoparticles; and
finally Dabir et al. [8] present an experimental method for large-scale production of silver
chloride nanoparticles using SDR.

In all these works, the importance of hydrodynamics of the liquid over the disk surface was
emphasized. The prediction of the hydrodynamics over the SDR has been studied by many
authors. The hydrodynamic simulation models were often evaluated with respect to the
experimental values reported by Burns et al. [9], concerning the measurements of the liquid
film thickness over a rotating disk. In the same paper, there was a comparison between the
Pigford model and the Nusselt theory and it was shown that this latter cannot satisfactorily
predict the liquid profiles over the disk when the inertial forces are higher than the viscous
one, that is, for low values of the Ekman number. More recently, Bhatelia et al. [10] studied the
prediction of the liquid layer over the rotating disk by a CFD model and they obtained results
in good agreement with those reported by Burns. de Caprariis et al. [11] developed a CFD
simulation model to predict the hydrodynamics of the reagent solutions over an SDR used for
the production of hydroxyapatite. It was clearly shown both the patterns of the reagent streams
fed over the disk and the progressively decrease of the reagents concentrations. The first work
dealing with the production of nanoparticles in a two-phase solid liquid was that one of Plasari
et al. [12]. Nucleation and growth were considered, whereas aggregation of particles was neg-
lected. Some deviations between experimental and simulated values were obtained. More
recently, de Caprariis et al. [13] tried to predict the crystallite of HPA produced over the
spinning disk by inserting the particle balance equation in the CFD model previously devel-
oped by the same authors. Definitely, nowadays much work has to be done on the prediction of
nanoparticles produced by means of an SDR.

In this chapter, the effects of several operating parameters (reagent flow rate, rotational speed
and feed point location) on the size of pure HAP and Mg-HAP nanoparticles have been
investigated. The nanoparticles size minimization for not-doped HAP, and for Mg-doped
HAP at a fixed molar ratio Mg*'/Ca®" equal to 0.06, was pursued. The main aim has been to
show the feasibility of producing nanoscale HAP nanoparticles by wet chemical synthesis in
an SDR, by operating in continuous mode.

2. Description of the SDR system for the production of pure HAP and
mg-HAP nanoparticles

Spinning disk reactor (SDR) appears to be a versatile and efficient equipment for the produc-
tion of nanoparticles by wet chemical synthesis. As soon as chemical precipitation takes place
under intensified micromixing conditions, a two-step nucleation-aggregation process mainly
determines the size distribution of the produced nanoparticles. In these conditions, almost all
the generated supersaturation is quickly consumed by nucleation, and only a small amount of
the residual local supersaturation is available for growth and aggregation. First of all, it is
interesting to point out the effect of the mixing intensification on the two main phenomena of
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nucleation and aggregation. Hounslow and Mumtaz [14] have described the two-step process
of aggregation: a shear stress orthokinetic collision between two particles and a subsequent
cementation of these at their contact point due to internal diffusion of solute ions. In this
process, fluid shear appears on the one hand to be in favor of aggregation by increasing the
number and intensity of the particle collisions and on the other hand in disagreement, since it
reduces the effect of the collisions due to reduced time for bridge formation and its disruptive
action on the agglomerated particles. These considerations were derived from experimental
runs on the aggregation of nanoparticles of calcium oxalate in a Poiseuille flow crystallizer. In
this case, aggregation was reduced by intensified operating conditions, leading mainly to the
disruptive action of the fluid shear stress. As a consequence, it appears that the mixing process
intensification, enhancing nucleation and reducing aggregation process, leads to the produc-
tion of smaller nanoparticles in size.

Some works emphasized the great importance of hydrodynamics on the produced particles size,
taking into account the feeding points of the reagents over the disk surface. The paper of Parisi
et al. [15] on the production of HAP particles pointed out the importance of the feed stream
injection points over the disk to achieve specific particle size distributions and yields. Moreover,
Stoller et al. [16] showed that the location of the injection points is very important with respect to
the aggregation rate and the scaling formation over the reactor surface. In this chapter, the
importance of the feed flow rate on the particle agglomeration was also observed, and in fact
the density of the produced nanoparticles over the disk surface increases the aggregation rate.

Summarizing, the performances of a given SDR appear to be a function of the disk rotational
speed, feed flow rate(s) and location of the injection points. The experimental device used in
this work is schematized in Figure 1. It consists of a cylindrical case with an inner disk of
8.5 cm in diameter, made by PVC.

Rotational velocity of the disk could be increased up to 147 rad/s, corresponding to 1500 rpm.
The reagent solutions were fed over the disk at a distance of 5 mm from the disk surface
through tubes, 1 mm in diameter. The position of the reagent injection points over the disk

o3 liauiD FeED

ROTATING
DISK

PRODUCT

Figure 1. Scheme of the adopted SDR.
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surface as a function of the distance from the disk center could be chosen between 0 and 3 cm.
The constancy of the feed flow rates of each reagent solution stream was assured by the use of
peristaltic pumps.

The produced suspension left the disk in continuous mode from its periphery and then suddenly
came out of the cylindrical case. All the experiments were conducted at room temperature.

3. Experimental results

In the following two sections, the major results pertaining to the experimental tests conducted
for the synthesis of HAP and Mg-doped HAP nanoparticles are reported. The detailed descrip-
tion of the adopted experimental procedures and the extensive discussions on the obtained
results are reported in the cited papers.

3.1. Production process of HAP

In case of pure HAP production, three solutions were fed over the disk surface: the two reagent
solutions at a distance from the disk center of 2 or 3 cm and an aqueous solution of ammonium
hydroxide at the disk center. In particular, a 10% aqueous solution of NH4OH at a flow rate of
80 ml/min was fed, whereas the two reagent aqueous streams had both a flow rate of 100 ml/min
and a solute mass fraction of 5.6% of CaCl, and 3.5% of (NH4),HPO,, respectively. The
calcium/phosphate (Ca/P) ratio of 1.67, corresponding to stoichiometric HAP, was respected.
This condition is considered by many researchers very important in order to obtain nanoparticles
of hydroxyapatite with high purity [17].

The reaction takes place between calcium chloride and ammonium phosphate, in the presence
of ammonium hydroxide, according to the stoichiometry:

10CaCl, + 6(NH,),HPO, + 8NH,;OH — Cayo(POy ), (OH), + 20(NH,) Cl+ 6H,0 (1)

Ammonium hydroxide is used to attain a pH value equal to 10 and, as a consequence, high yield
of the reaction to HAP [17]. Particle size distribution was measured by a dynamic light scattering
instrument (DLS, PLUS 90 by Brookhaven) in the range 1-6000 nm. The samples were prepared
by dispersing small amounts of the HAP powder in a 25-mL NaOH solution (0.1 M, pH 10) with
0.2 g of the surfactant Twin60 and submitting this suspension to ultrasonication for 15 min.

The experiments were focused on the evaluation of the effects of the rotational speed and of the
radial distance of reagent feeding points from the disk center on the size of the HAP particles.
In fact, these two parameters strongly affect the local micromixing time and as a consequence
the achieved nucleation rate.

The majority of the experimental tests were carried out, feeding the reagents at 2 cm from the
disk center and varying the rotational speed between 58 rad/s and 147 rad/s. Furthermore, in
order to evaluate the effect of the feeding point, two runs were performed, at constancy of
rotational speed of 147 rad/s, by feeding the two reagents at opposite distance of 3 cm from
the center.
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Figure 2. Average size of the produced particles, varying the rotational speed and the injection position. Blue points and red
point refer to an injection point at 2 and 3 cm from the disk center, respectively.

The measured particle size as a function of rotational speed and feeding point distance is
reported in Figure 2. As expected, the mean size of the produced particles is inversely propor-
tional to the local energy dissipation due to the centrifugal force. In fact, this latter becomes
higher when the disk rotational velocity increases and the radial position of the feed point
approaches the disk edge. The minimum size, equal to 78 nm, was obtained using a rotational
velocity of 147 rad/s and feeding points of reagents 3 cm from the disk center.

A typical size distribution measurement of the HAP nanoparticles is reported in Figure 3.

It has to be noticed that the produced nanoparticles, even in the nanometers range, are
aggregations of single particles around 5 nm in size. This is, in fact, the dimension of a single
crystallite estimated using the Scherrer’s formula from X-ray diffractometer measurements for
particles produced at the maximum rotational speed [13, 18].

The key of a rapid mixing is to produce a region of high turbulent energy dissipation, as a
matter of fact that the increase of the rotational speed provides higher energy dissipation in the
liquid phase over the disk surface. The specific dispersed power, [W/kg], was calculated
according to the equation proposed by Moore [19]:

1
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where t, is the residence time of the liquid solution on the rotating disk between an external
radius, r., where the fluid velocity is v,., and an internal radius, r;, where the fluid velocity is v,;.
The residence time can be calculated by the following relationship:
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The values of the specific dispersion energy determined for a feeding point at 2 cm far from the
disk center as function of the adopted values of rotational speed are reported in Figure 4. In
this figure, the value of ¢ calculated for a feeding point 3 cm far from the disk center and at
147 rad/s is also reported. It is clear that increasing the disk speed and the distance of the
feeding point from the center higher energy dissipation power occurs, producing better mixing
conditions.

In conclusion, by increasing the local specific energy dispersion over the disk surface, micro-
mixing at the contact point of the two reagent solutions is enhanced and HAP nanoparticles of
smaller size are produced.

3.2. Production process of mg-doped HAP

It is well known that trace quantities of cations (i.e, Mg, Zn®*, Sr**) and/or anions (i.e.,
SiO,*, F~, CO3*") in HAP play a pivotal role in its overall biological performances. Among
substituting cations, magnesium is widely studied, being the fourth most abundant cation in
the human body (0.44-1.23 wt%). Mg substitution plays an essential role in the biologic
environment due to its strong impact on the mineralization process, influencing both HAP
crystal formation and growth [20], and increasing the HAP dissolution in human physiologic
medium. In this work, the chance to produce Mg-doped nanoparticles by precipitation using
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Figure 3. Size distribution measurement of HAP nanoparticles obtained with a rotational speed of 147 rad/s.
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Figure 4. Specific dispersed power as a function of the rotational speed and reactant injection position. Blue points and red
point refer to feed points at 2 and 3 cm from the disk center, respectively.

an SDR has been proven and the influence of the operating parameters on the nanoparticles
size was investigated.

Mg-doped hydroxyapatite powders were prepared at room temperature (25°C) and air atmo-
sphere. The precipitation reactor was performed by using the SDR 8.5 cm in diameter above
described with a rotational velocity between 840 and 1500 rpm. The reaction took place among
the following reagent aqueous solutions: ammonium phosphate dibasic (NH,),HPO, 0.264 M),
ammonium hydroxide, (NH,OH 2.853 M), calcium chloride (CaCl, 0.475 M) and magnesium
chloride (MgCl, 0.028 M). The overall reaction was as follows:

(10 — x) CaCl, + xMg Cl, 6H,0 + 6(NHy), HPO, + 8NH,OH — Cayg_, Mg, (POy),(OH),
+20 NH,Cl + 6(1 + x) H,O
4

A value of x = 0.566 was chosen to determine a Mngr/Ca2+ molar ratio equal to 0.06, that is the
value suggested by Landi et al. [21] to achieve the fastest bone growing rate. The NH,OH
solution was fed at the disk center, whereas the feed points of the two other reagent solutions
were symmetrically located at 2 or 3 cm from the center of the disk. The details of the
experimental work are reported elsewhere [22]. After each run, the obtained nanoparticles
were first separated by the mother solution, then washed several times and dried for 9%6 hin a
furnace at 80°C.

The size measurements of the produced particles were taken as above described. The X-ray
diffraction (XRD) characterization of the HAP particles was performed using an XRD diffrac-
tometer (Philips PW1830 DY3558 Cu Ka, 40 kV, 30 mA). The analysis was made over a 20
range of 2-70° at a scan rate of 0.5°C/min, with a sampling interval of 2.5 h. The crystallites
average dimension was estimated from the X-ray diffractometer using the Scherrer’s equation.

In addition, the B.E.T. surface area of the powder was measured by the Monosorb instrument
supplied by Quantachrome. The adsorbed gas was N, (30%) and He (70%) at —196°C. The
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morphology of the powder was examined by scanning electron microscopy (SEM, 10 Auriga
405 Carl Zeiss). Infrared spectra of Mg-HAP powder were obtained using an infrared Fourier-
transform spectrometer (FTIR, VERTEX 70 model by Bruker). Finally, in order to determine
both HAP stoichiometry and the Mg**/Ca*" molar ratio, chemical analysis of Mg®" and Ca**
was done by atomic absorption spectrophotometry (AAS, Agilent Technologies 200 series AA).

In the preliminary work, the effect of the rotational speed and the reagent flow rate on the
nanoparticle size was noticed; thus, accordingly, two experimental work series were carried
out to investigate the influence of these two operating variables. In Tables 1 and 2 are reported
the obtained results in terms of the nanoparticles size by changing the SD rotational speed and
the overall flow rate of the reagent solutions, respectively.

The rotational speed has a very strong effect on the nanoparticle size (Table 1), as noticed in the
experimental work on pure HAP, because of the influence of the hydrodynamics on the local
micromixing. By feeding the reagent solutions at 2 cm from the disk center, comparable results
are obtained at rotational speed equal to or higher than 1120 rpm because similar conditions of
almost complete micromixing in the liquid over the SDR surface were attained. Moreover, from
the results in Table 1, it is clear that the feed location largely affects the size of the produced
particles. For a feed location at 3 cm from the disk center, at all the rotational speed, the size of the
obtained particles was less than 100 nm and smaller than one of the particles obtained for the feed
location at 2 cm from the disk center. In order to interpret the obtained results, it is useful to take
into account that in any case the obtained particles are agglomeration of single nanoparticles,
whose size is mainly affected by the local micromixing. The larger the micromixing, due to the
increase in the rotational speed (Table 1), the smaller the single produced particles. The effect of
crystal collision on the nanoparticle size is clearly shown by the results reported in Table 2,
performed at constancy of rotational speed. By increasing the overall reagent solution flow rate,
the residence time of the particle slurry suspension decreases and the probability of collisions as
well. As a consequence, the smallest particle size is achieved at the maximum flow rate of 4 ml/s.
In particular, by increasing eight times the overall feed flow rate from 0.5 up to 4 ml/s, the
average size of the agglomerated particles decreases from 71 down to 52 nm.

The image of the nanoparticles obtained at the best operating conditions, that is, at 1400 rpm,
location point 3 cm from the center and overall reagent solution flow rate of 4 ml/s, is reported
in Figure 5.

SD rotational speed rate (rpm) SD rotational speed rate (rpm)
Feed location at 2 cm Feed location at 3 cm
840 392.8 97.0
980 305.1 71.7
1120 80.2 64.3
1260 75.2 56.9
1400 72.3 51.3

Table 1. Average particle size at different SD rotational speed (overall flow rate of the reagent solutions equal to 3 ml/s).
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The average size and the standard deviations along the two geometrical axes are, respectively,
169 and 36 nm, along the major axis and 33 and 7 nm along the minor axis, and thus, the
nanoparticles exhibit a length/width ratio around 5. The XRD pattern of the synthesized Mg-
doped powder reported in Figure 6 confirmed a nanocrystalline single-phase HAP and allowed

Overall liquid feed flow rate (ml/s) Particle size (nm)
Average size Standard deviation
0.5 70.7 5.4
1.0 58.8 74
2.0 51.9 6.8
3.0 51.3 7.8
4.0 51.3 7.8

Table 2. Nanoparticle size of mg-doped HAP at different values of the overall feed flow rates (feed location at 3 cm from
the center and rotational speed equal to 1400 rpm).

Figure 5. SEM image of the mg-doped HAP nanoparticles obtained at the best operating conditions.
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Figure 6. XRD pattern of the produced mg-HAP powder.
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Figure 7. FT-IR spectra of the produced mg-HAP sample.

to estimate crystallite dimension of 5 nm by applying the Scherrer’s formula. The estimated size
of the crystallites is consistent with the hypothesis of agglomeration for the produced particles.

The B.E.T. results gave a specific area of 132.6 m?/g, which is higher than the values reported
by Landi [21], in the range 90-125 m?/g. The FT-IR spectra reported in Figure 7 show the
typical phosphate bands of hydroxyapatite compounds located at 980-1100 cm™ (asymmetric
stretching) and at 560-600 cm™ (asymmetric bending).

Finally, from the Mg-HAP analysis by atomic adsorption spectrophotometry a molar ratio
Mg?*/Ca*" equal to 0.06 resulted, in according with the target fixed in this work.

4. CFD modeling of the SDR performance in HAP synthesis

The progressive progress in computational fluid dynamics (CFD) techniques and in the avail-
able computing power encourages the application of this modeling approach across multiple
engineering fields and, in particular, in the area of chemical reaction engineering. However, in
the case of spinning disk reactors applied to the synthesis of nanoparticles, a few of CFD
studies are present in literature, in spite of the expected benefits for the physical interpretation
of the occurring physical-chemical phenomena. In this section, a careful attempt has been made
to model the hydrodynamics of the three-phase system over the disk surface and to interpret the
obtained experimental results with reference to the HAP nanoparticles production.

SDR performances are strongly affected by the adopted operating conditions. Consequently, a
fine description of thin-film hydrodynamics appears as essential in studying and optimizing
the operating conditions of an SDR.

The use of an SDR should promote the mixing among the reagents, which leads to very low
micromixing time, less than 1 ms, to maximize the reagent concentrations and one of the
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products. In case of no adequate mixing, in fact, the two reagent solution streams may give rise
to a wide segregate area where one of the reagents predominates. Once this segregation is
established, the reaction occurs mainly outside the selected pH value, producing the formation
of larger particles which tend to agglomerate away from their feed point because of the high
residual product concentration.

To avoid this unfavorable situation, the optimal condition should be set, promoting a rapid
mixing of the reagent streams, maximizing the reaction rate between the reagents, where high
nucleation rate occurs, and minimizing the residual supersaturation available for the growth of
the formed particle.

These conditions are all favored by a high velocity field in the overall film thickness developed
on the disk. Some simplified descriptions of the film hydrodynamics were proposed in litera-
ture, starting from the simplified Nusselt model, the Pigford, Lepehin and Riabchuk models,
just to mention a few. As matter of fact, Burns et al. [9] reported that the Nusselt model returns
a rough description of the film thickness at high Ekman numbers, with an average overpredic-
tion around 10%. Based on the experimental results reported in this Burns’ work, Bhatelia et al.
[10] implemented and validated a CFD model where no specific liquid film turbulence was
addressed, producing results not enough accurate to grasp the true film hydraulics.

The approach here proposed to simulate the behavior of the reaction precipitation system over
the adopted SDR moves from a CFD hydrodynamic model developed by de Caprariis et al.
[11]. In this study, the CFD model is extended to the prediction of the average size of the
produced HAP nanoparticles. The hydroxyapatite production was studied with the aim to
predict the SDR performances at various operating conditions. A nanoparticle diameter esti-
mation to be compared with the available experimental data was derived by the implementa-
tion of a population balance equation (PBE).

As previously described, the production of nanoparticles of hydroxyapatite by chemical pre-
cipitation reaction took place in an SDR operating in continuous mode and consisting of an
inner rotating disk 8.5 cm in diameter. Three reagent solutions were injected onto the disk at
three selected feed points: the ammonium hydroxide at the distance of 1 mm from the disk and
the other two reagents at 2 cm from the disk center, in opposite positions.

The first step of the simulation procedure consisted of the generation of a stable, stationary and
continuous liquid film onto the disk surface. This initial condition was addressed by feeding
only the NaOH water solution (10%wt) at the rate of 80 ml/min. Once a stationary liquid phase
was established, the two reagents CaCl, and (NH,),HPO, were continuously fed in the form of
water solution (5.6 and 3.5%wt, respectively), both at the same flow rate of 100 ml/min, at a
position of 2 cm from the disk center. A calcium/phosphate (Ca/P) stoichiometric ratio of 1.67
was assumed. The rotational velocity was fixed at 146.5 rad/s. The reaction takes place
between calcium chloride and ammonium phosphate, in the presence of ammonium hydrox-
ide, according to the stoichiometry described by Eq. (1).

On the basis of the disk geometry, a computational grid necessary to resolve the CFD model
was built in the Gambit environment. The computational domain has considered only the zone
of the disk from a radius of 2 cm ahead, that is where the liquid height is approximately
constant and the reaction takes place. In fact, according to the liquid profiles reported in
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Figure 8, in the examined domain the film thickness is quite constant and it is the only one
where the reaction occurs, since the reagents are injected 2 cm away from center of the disk.
Therefore, the adopted grid for the simulation work consists of a cylinder 8.5 cm in diameter
and 70 pm in height, composed by 260,000 cells. The mesh is structured and made of
hexahedral cells, so that the flux is orthogonal to the faces of each cell in the radial direction,
limiting the numerical diffusion errors especially in the presence of convective fluxes.

The numerical simulations were performed in the ANSYS Fluent v.14.5 environment, a com-
mercial CFD package based on finite volume resolution method. The reaction was modeled
according to the Eulerian multiphase model. This model was chosen because the length of the
interface between the forming crystals and the liquid medium is by far shorter than the
characteristic length of the computational domain. In the framework of this model, the phys-
ical system was simulated by a continuous liquid phase containing all the reacting species and
a solid phase consisting of the nucleating hydroxyapatite nanoparticles formed by the reaction.
The Eulerian model solves a set of n continuity and momentum equations for each phase,
coupled through the interphase and pressure exchange coefficients. The turbulence was modeled
according to k-epsilon model.

The precipitation reaction was described according to the finite rate model implemented with
literature kinetic data [23]. The set of equations consists of the balances of momentum, mass,
energy and solid particle population. The population balance equation (PBE) aiming to predict
the size distribution of the particles is written in terms of density function n(V;t) as follows:

0

S (v, t)]+v[ﬂ’ n(v, t)} +G=Ag+Ap + Bg + Bp ®)

where 1y is the nucleation rate (#/m’s). The PBE can be solved once the boundary and initial
conditions are set:
e BCn(V=0,t)=np

e ICn(V,t=0)=ny

In the PBE, G is the growth term, A and Ap are the birth and death rate due to aggregation
terms, respectively, and By and Bp are the birth and death rate due to breakage terms,
respectively. In the considered process, however, all the terms, apart from the nucleation
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Figure 8. Film thickness profile [10].
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contribution, have been ignored due the particular characteristics of the reaction. In fact, when
the precipitation reaction takes place at complete micromixing conditions, it can be considered
that most of the supersaturation ratio, that is, the driving force, is consumed by the nucleation,
leaving only a reduced driving force for the remaining phenomena, that is, solid growth and
aggregation. A constant nucleation rate ny = 10 #/m3s, equal to an average value derived
from the literature data for this class of reactions, was assumed.

The PBE can be solved according to different approaches, and in this chapter, the Quadrature
Methods of Moments (QMOM) was adopted [24]. This model allows the calculations of the
moments describing the population balance through a relatively reduced set of equations,
furthermore limiting the computational errors. The main advantages of this approach are to
involve few variables (from six to eight different moments) and to allow the dynamic calcula-
tion of the size bins, obtained however at a quite high computational cost. Further details
about the model choice and its setting are reported by Dugo [25]. The main results of the CFD
simulation are briefly shown and discussed below.

The tangential velocity profiles of the liquid phase at the disk surface and at the liquid film
maximum height resulted by the CFD simulation are reported in Figure 9. The liquid velocity
continuously increases from the center to the periphery of the disk, as expected.

The contours of the concentrations of the two reagent streams computed at the middle of the
film (35 pum) are reported in Figure 10. These contours show that the maximum concentration
of each reagent at the feeding point progressively lows down along the disk, due to the
reaction occurrence. It has to be noticed that from the quantitative point of view the complete
mixing gives rise along the disk to an average stoichiometric ratio between the two reagents of
approximately 1.67.

The precipitation reaction is nearly instantaneous and starts as soon as the reagent streams get
in contact. Hence, the maximum reaction rate is located at the contact points, as clearly shown
in Figure 11.

The HAP mass fraction contour showed in left side of Figure 11 confirms that the HAP
production starting point occurs at the feed point of the two reagents, where the calculated
reaction rate shows the highest values (right side of Figure 11). From these points, ahead the

- —

Figure 9. Tangential velocity profiles of the liquid phase at the disk surface and at the maximum film height (70 pum).
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Figure 10. Reagent concentration contours at a film height of 35 um: CaCl, left, (NH4),HPOj right.
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Figure 11. Hydroxyapatite concentration contour in the liquid phase at a film height of 35 um, left. Reaction rate contour,
right.

HAP concentration increases for the advances of the reaction along the disk until a maximum
concentration at the disk edge.

On the basis of the calculated mass produced by the reaction, the HAP crystallite dimension
was predicted by means of the PBE as here after detailed.

The results of concern of the PBE solution are the moments of different orders that are directly
related to the particle diameters. In particular, the moments of order from 0 to 3 are linked to
the representative diameters, dqo and ds, by Egs. (6) and (7), respectively:

dy = o (6)
_ms
dsp = s )

Because the estimation of the d;, diameter is based on the m, and m3z moments, linked to the
surface and volume shape factors, respectively, the corresponding figure can be considered
more accurate in inferring the true particle size.

The values of the moments calculated at the disk edge are shown in Table 3, allowing the
estimation of the formed nanoparticle size in the range d;p =2.19 nm and dj; = 4.8 nm. These
results should be considered as referring to the dimension of the crystallite, that is, the crystals
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Moments

mo 412 x 107
m, 9.04 x 1072
m, 1.63 x 1071
m; 7.82 x 1072

Table 3. Values of the moments obtained from the simulations.

born due to the nucleation phenomenon, since no crystal growth and agglomeration phenom-
ena were taken into account in the simulations.

The dimension of the crystallite of hydroxyapatite was measured in previous works [13, 22]
with X-ray diffraction technique, calculating the value of the diameter by the Scherrer’s for-
mula. The images of the HPA crystals reported in Section 3 and considered as agglomerated
crystals are consistent, and the estimated crystallite diameter is about 5 nm. The dj, value
obtained from the CFD simulation proves, thus, the reliability of the developed model.

5. Conclusions

The biocompatible characteristics of hydroxyapatite are emphasized when its mass has a very
high specific surface, as in case of nanoparticles. In this chapter, it has shown that the HAP
production process can be effectively performed by chemical precipitation by using a spinning
disk reactor. By operating at a disk rotational speed of 1500 rpm, pure HAP nanoparticles
around 70 nm are obtained. When the reaction is operated in the presence of MgCl,, Mg-doped
HAP nanoparticles are obtained down to 51 nm in size. In this case, the adopted analytical
techniques ascertained both the nature of HAP and a molar ratio Mg*"/Ca*" equal to 0.06,
needed to achieve the fastest bone growing rate. The results in terms of the obtained nanopar-
ticle sizes are worthwhile because they refer to a production process which can be carried out
in continuous mode, whereas most of the results in literature concern preparation in batch
mode. In this chapter, the effects of the disk rotating speed and the feed location of the reagent
solutions on the produced particle size were clearly shown and discussed. Then, a CFD model
was developed in order to describe the hydrodynamics and the reaction-precipitation process in
the film thickness formed over the SDR surface. The interest in developing such a tool relies in
the possibility to predict the outcome of reagent mixing and chemical reaction processes into the
system domain, a prerequisite to estimate the particle size distribution of the product obtained
by chemical precipitation.

The results show that the SDR is an effective device in performing this class of reactions where
the mixing of the reagents is of fundamental importance. Hydroxyapatite, indeed, is produced
in the liquid phase instantaneously as soon as the reagents enter in contact. The population
balance equation added to the hydrodynamic model allows an estimation of the particle
diameters. Because only the nucleation was taken into account in the PBE equation, the
prediction concerned only the size of the HAP crystallite, which results of 4.3 nm. This value
is in a good agreement with literature experimental data.
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Abstract

There are several synthesis techniques to obtain hydroxyapatite (HAp). Some use surfac-
tant agents, amino acids or halogen salts to control structural nucleation and crystal
growth. In others, the use of hydrothermal process to carry out the reaction is effective for
HAp synthesis. Microwave-assisted hydrothermal method (MAHM) has been successfully
applied in the synthesis of HAp nanostructures, which present well-defined morphologies,
high crystallinity and high purity. This is important because nano-HAp is attracting interest
as a biomaterial for use in prosthetic applications due to its similarity in size, crystallinity
and chemical composition with human hard tissue. In this chapter, developments in
obtaining HAp nanofibers, with a crystal growth with preferential orientation, as well as
morphology control achieved by using the MAHM is discussed. Also, the synthesized
fibers were used to cast ceramics with controlled and interconnected porosity through the
modified gelcasting process. Then, these HAp ceramics were impregnated with a water
solution of gelatin in order to obtain an organic-inorganic composite material, similar to
natural bone tissue. The maximum compressive strengths were determined and the com-
posite materials showed mechanical properties that make them suitable to be used as bone
tissue implants.

Keywords: bottom-up synthesis, HAp nanofibers, mechanical properties,
microwave-assisted hydrothermal method, biomimetic material
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1. Introduction

Hydroxyapatite (HAp) is an inorganic compound made of calcium phosphate and hydroxyl
groups, with a stoichiometry of (Ca;o(PO4)s(OH),) and a hexagonal crystal structure. Natural
HAp is the main mineral constituent of hard human tissues such bones and teeth, and it has
the same crystal structure, but a stoichiometry slightly different from the synthetic one since
some calcium ions can be exchanged by other metallic ions, such magnesium or sodium. The
production of synthetic HAp has acquired a great significance in recent years due to its
excellent properties of biocompatibility, bioactivity, osteoconductivity and osteoinductivity.
Those properties are produced, in part, by its similarity in structure and chemical composition
to those in the natural HAp [1]. Consequently, synthetic HAp has been widely applied in
health-related fields as a replace, bone reconstructing or implant material in the restoration of
damaged bones or teeth [2].

In spite of HAp is mainly useful as a biomaterial for implants in bone tissue, other interesting
application have been developed in recent years. Some authors have explored the use of the
HAp piezoelectric properties [3-5], some HAp-collagen composite materials have been stud-
ied to be applied in bone regeneration and osteogenesis using their piezoelectric properties [6,
7] or other composite materials based on HAp use this property to be used as a immunosensor
material [8]. In addition, this HAp property was also studied to analyze its impact in the
design and development of ferroelectric memories and micro-electro-mechanical systems,
and consequently, some materials have been obtained for those applications [9]. Other inter-
esting uses of HAp have been reported as catalysts [10-12], especially for the synthesis of
organic compounds [13, 14], and some application in obtaining ecological biofuels [15, 16].
Additionally, the HAp has been used in water treatments [17-19] and for the environment
remediation [20-22] to remove heavy metals. All these diverse applications have made the
HAp a quite interesting material and the relevance of its synthesis and production methods are
still increasing.

2. Different hydroxyapatite synthesis methods

Several synthesis methods have been proposed by many scientists in order to obtain HAp. The
morphology, dimensions, crystalline quality and purity of the synthesized HAp have an
impact on its properties, and the properties determine the final application of the HAp; for
that reason, those structural characteristics often tried to control the synthesis process. Table 1
summarizes the different HAp synthesis methods, their reaction times and the corresponding
obtained morphology.

Sol-gel is one of the most used methods to obtain HAp. Here, the chemical substances, used as
precursors, are dissolved in water (wet chemistry), and then this solution are blended with some
monomer molecules to form a sol (colloid) at the beginning of the reaction, and posteriorly, the
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Type of reaction Reaction time Reaction features Reaction Obtained morphology
temperature
Sol-gel 24-120 h A little energy available inside  25-45°C Nanoparticles nanorods

the reactor

Solid-state reaction ~ Several hours Diffusion difficulties, 25-1250°C Nanoparticles
calcination process required

Conventional Several minutes ~ Inhomogeneous temperature ~ 170°C Nanoparticles, nanowires,
hydrothermal inside reactor nanofibers and nanoplates

Table 1. Different HAp synthesis methods and their corresponding outcome.

polymerization process continues until the formation of the gel. The chemical reaction takes
place at room temperature, and therefore, there is little amount of energy for the reaction and,
consequently, it takes several days [23-25], and the morphology mainly produce are particles.

An interesting example of wet chemical reaction is obtaining HAp from eggshells. The hen
eggshells are made basically of calcium carbonate. In the synthesis to obtain HAp, the egg-
shells are cleaned and milled; posteriorly, the powder undergoes an initial thermal treatment at
450°C to eliminate organic residues and after that, the calcination of the powder is made to
transform the calcium carbonate into calcium oxide. This calcium oxide could be hydrated to
form calcium hydroxide, which is put in reaction with a solution of phosphoric acid to finally
obtain the HAp [26]. In a variation of this reaction, the calcium oxide could be put in contact
with a water solution of calcium phosphate in order to obtain the HAp [27].

Other authors have used the calcium oxide to obtain HAp through a solid-state reaction. The
calcium oxide is mixed with phosphorus oxide and other additives; then, the mixture is
sintered inside an oven at 1250°C, and the HAp is finally obtained [28]. In other solid-state
method to produce HAp, diammonium phosphate, sodium bicarbonate and calcium nitrate
are used as the main precursors of the synthesis. The reactants are mixed in the proportion to
achieve the stoichiometric of HAp and milled. The mixture is aged at room temperature and
posteriorly, this blend is washed, dried and calcined to produce HAp [29]. In several cases,
where a solid-state method was used to obtain the HAp, the final product was mixed with
other by-products.

Although the aforementioned synthesis methods are important for the HAp obtention, in
most of the works where those procedures were used the authors did not report a control on
the morphology, size, crystalline quality or structural parameters of the HAp aggregates,
which made suppose that those structural features were difficult to regulate through those
methods.

In other more innovative synthesis methods, the production of HAp involves the use of
different chemical substances such surfactants, amino acids or halogen salts to control the
nucleation and crystal growth. The last one has, as a consequence, the control on the final
morphology of HAp assembly [30-33]. Additionally, some of those methods use a conventional
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hydrothermal process (CHP) to carry out the synthesis reaction. In CHP, the precursors are
dissolved in water and put inside an autoclave. The heat to perform the reaction comes from
the outer side of the reactor walls, and produces a temperature gradient in the solution.
Mechanical agitation can be suitable to help in the heat distribution, and thus, try to generate
a homogeneous temperature in the whole reactor. The steam produced by water increases the
pressure on the solution and therefore, the boiling point of water is increased and the solution
can reach a higher temperature. This higher temperature in the reactor can increase the
reaction rate. A measured supply of heat makes possible to have a control on the temperature
of the reacting solution, and thus, also a control on the pressure. These reaction conditions
make the crystallizing substances possible in a short time; additionally, the size and crystal
quality can be controlled during the crystal growth.

The CHP has demonstrated to be effective for the HAp synthesis; the use of this method has
been improved due to the relative low cost and simplicity to synthesize HAp in a large scale
and with a high purity [34-37]. The CHP experienced an important development when a
microwave oven was used for the synthesis reaction. The microwaves provide the energy
required to carry out a chemical reaction. The emission of microwaves could be focused into
the reactor to reduce the amount of energy used. Thus, the microwave-assisted hydrothermal
method (MAHM) was developed. Currently, this method is applied in the crystal growth of
multiple substances with an excellent control on their morphology, size and preferential crystal
orientation. Several works have reported the use of MAHM in the synthesis of HAp
nanostructures, which possess well-defined morphologies, high crystallinity and purity [38-
44]. According to literature, the structures more often synthesized by this synthesis method are
nanoparticles, nanorods and nanofibers.

3. The microwave-assisted hydrothermal method

In the MAHM, the electric field of microwaves interacts with the dipole moment of molecules to
produce heat. When a molecule is irradiated with a microwave, its dipole moment tries to align
with the electric field vector. In an electromagnetic wave, the electric field is oscillating, and the
dipole moment vector always attempts to be aligned with it. During the aligning process, the
molecules disperse energy in the form of heat, which is produced by intermolecular frictions,
collisions and dielectric losses. If the dipole moment of the molecules in a sample has not enough
time to align with the electric field or if their reorientation occurs in a short time, the sample is
not warming up.

In a conventional microwave oven, the magnetron produces electromagnetic wave with a
frequency of 2.45 GHz and the waves possess energy of 0.0016 eV, but the electric field spins
4.9 x 10” times in a second. The dipole moment in the molecules has enough time to align with
the electric field, but they cannot oscillate with the same frequency. Therefore, phase differ-
ences between the electric field and the dipole moments are generated, and these phase
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differences cause energy dispersion, and the lost energy has the form of heat, which is gener-
ated by the intermolecular collisions, frictions and dielectric losses. The heat produced
increases the temperature of the sample. The presence of ions could accelerate the heating
process. In that way, the reacting mixture inside the reactor could be heated quite homoge-
neously in a microwave oven. A better heat distribution produces a quite similar temperature
into the whole reactor, and this cause that the chemical reaction take place with a similar rate
everywhere into the reactor; thus, the crystal growth is rather homogeneous and, conse-
quently, the size and the crystalline quality in the obtained crystal can be controlled.

Some materials can reflect the microwaves, for example, metals, and they do not allow the
wave pass. In other materials, the microwaves produce low dielectric losses and then, those
materials such glass, Teflon and quartz are transparent and they permit the microwave to pass.
In MAHM, the vessels (reactors) are made of transparent materials. The absorbing materials
are dielectrics and they have great dielectric losses generated by the interactions of micro-
waves; therefore, they can be heated by microwaves.

In this work, a detailed description is made of how the microwave-assisted hydrothermal
method was used to prepare several types of HAp morphologies, from particles until
nanofibers with a preferential crystalline orientation in the [300]. Some of these nanostructures
had a high crystallinity and good purity, which were a consequence of the synthesis method
used. A careful control on the operation conditions in the microwave oven concerning pressure
and temperature allowed obtaining controlled heating and cooling rates to produce the HAp.
The suitable chemical composition in the reacting mixture, and posteriorly, the use of the
glutamic acid (GA) as the substance to guide and control the crystal growth of HAp
nanostructures, were the main factors to obtain the different morphologies in the HAp assem-
blies.

Posteriorly, the HAp nanofibers were selected to produce a ceramic with a controlled porosity
through the modified gelcasting process (MGCP). Porosity is rather relevant for the HAp in its
application as a bone tissue implant. Dimension of pores must be large enough to permit the
flow of nutrients, substances and cells with the purpose of carry out the regeneration process
in the damaged bone tissue.

Once the porous ceramic was made, an organic phase made of protein was added in order to
obtain an inorganic-organic composite material. The chemical interaction between both phases
produced synergic mechanical properties.

4. Synthesis of HAp with different morphologies through MAHM

The long experimental way to obtain different morphologies in the HAp began with the
formulation of the reacting mixture to perform the synthesis reactions. The chemical sub-
stances chosen for the synthesis were calcium nitrate [Ca(INO3),-4H,0] as the source of cal-
cium, monobasic potassium phosphate [KH,PO,] as the source of phosphate groups and
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potassium hydroxide [KOH] to supply the hydroxyl groups. These inorganic compounds were
dissolved separately in 100 ml of distillated water to achieve the stoichiometry of HAp. After
that, the solutions were mixed and a 400-ml new dissolution (reacting mixture) was made,
which was put inside eight Teflon tubes (50 ml each). The tubes were placed inside the
microwave oven. This reaction was numerated as “1” (Table 2), and took place within the
microwave oven at 150°C at a pressure of 690 kPa, 100 W power was used for a reaction time
of 90 min. When the reaction was over, the final product was washed with ethanol, filtered and
dried at room temperature. The HAp synthesized was analyzed by X-ray diffraction (XRD) by
powders to identify the crystalline phases present in the sample and the respective diffractogram
is shown in Figure 1(a). The phase identification was done by comparison using the powder
diffraction file (PDF) data bank provided by the International Center for Diffraction Data
(ICDD), and only one crystalline phase was found, which correspond to HAp, with PDF #86-
1199. The presence of a single crystalline phase indicates that the synthesis method is suitable to

Reaction Ca(NO;), Glutamic acid HAp crystalline features Obtained morphology

1 CNC 0.0 Good purity and satisfactory crystalline quality Nanoparticles

2 CNC 0.2 (CNC) Better crystalline quality and defined morphology Nanowires-nanofibers

3 CNC 0.9 (CNC) Excellent crystalline quality and preferential Nanofibers
crystalline orientation

4 CNC 2 (CNQ) Remarkable preferential crystalline orientation and Nanofiber closely packed
structural organization in microfibers

5 CNC 2.5 (CNC) Decrease in the preferential crystalline orientation and Nanoplates

a multilayer structure

Table 2. Different HAp morphologies obtained by MAHM.

Figure 1. X-ray diffractograms and morphology of the HAp structures synthesized by the MAHM in reactions 1 (a), 2 (b),
3 (c) and 4 (d).
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obtain HAp with a good purity. The diffractogram shows a background with a high noise level
and the Bragg reflection are well-enough defined, those are indicative of an acceptable crystalline
quality. Afterward, the HAp sample was observed by means of a scanning electron microscope,
and the morphology found correspond to particles, as can be seen in Figure 1(a). The diameter in
the particles was in the range from 90 until 160 nm. This reaction was useful to probe that HAp
can be synthesized through the MAHM.

The next step was to include the glutamic acid (GA) in the chemical formulation of the reacting
mixture and analyze the influence of this amino acid in the morphology of the HAp. The
concentration of the other components in the reacting mixture was kept constant and the
amount of GA varied. The reaction conditions in the microwave oven were the same as those
described for reaction 1.

The GA has two carboxyl groups and one amine group. The nitrogen and the oxygen in these
functional groups possess electron-pairs, which can be donated to the calcium ions in their
empty “d” orbitals in order to form coordinate covalent bonds. Thus, the GA molecules bond
the calcium ions and the acid can guide the crystal growth of HAp.

In reaction 2, the GA was added to the reacting mixture. The calcium nitrate concentration
(CNC) was the reference and the GA concentration was 0.2 CNC in this reaction. The GA was
dissolved in 200 ml of distilled water along with the calcium nitrate. At first, the solution was
cloudy due to the GA solubility and for this reason, mechanical agitation was performed for
about 2 h; posteriorly, the solution turned transparent and both chemical substances became
dissolved. It is possible that the coordinate covalent bonds between Ca ions and the oxygen or
nitrogen atoms could occur during this solution preparation, and consequently, the solubility
of both substances was facilitated by these bonds formations.

The other reacting substances, KH,PO, and KOH, were dissolved together in 200 ml of
distilled water to form an additional solution. This solution was agitated for 15 min. Posteri-
orly, both dissolutions were mixed to produce 400 ml of the final reacting mixture, which is
placed in eight Teflon vessels (50 ml each). These tubes are put inside the microwave oven, and
the synthesis reaction was carried out using the same reaction conditions as reaction 1. Finally,
the product was filtered and washed with distilled water.

X-ray diffraction analysis was performed to obtained the product, and again a single crystalline
phase was obtained, and it was identified with the ICCD PDF #86-1199 (Figure 1(b)). The crystal-
line quality was improved in comparison to that showed by the HAp in reaction 1. Observation by
SEM was also done to the sample, and an evident change in the morphology could be seen. This
time the HAp possessed the morphology of nanowires as shown in Figure 1(b).

Reaction 3 was done with a GA concentration of 0.9 CNC. The reaction conditions were the
same as those in reaction 1. The synthesized product from this reaction also showed a single
crystalline phase identified as PDF #86-1199, but this time the Bragg reflection corresponding
to the planes (300) at 32.92° in 20 showed an increased intensity according to that reported in
the mentioned PDF (as shown in Figure 1(c)). This is an evidence of a preferential crystalline
orientation. The crystalline quality was increased again. The observation done by means of
SEM revealed the morphology of well-defined fibers (Figure 1c).
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For reaction 4, once again, the GA concentration was increased to 2 CNC, and the results were
rather significant. This time, the X-ray diffraction showed a notorious increment in the inten-
sity of the Bragg reflection produced by the (300) at 32.92°. This intensity is even higher than
that for the (211), which is the most intense Bragg reflection according to the ICDD PDF #86-
1199 (Figure 1(d)).

Similarly, the Bragg reflections produced by the planes (100) and (200) also experienced an
increment in their intensities but in the diffractogram depicted in Figure 1(d), it is also possible
to see a reduction in the intensity of the signal at 26°, which is generated by the (002). These
changes in the Bragg reflection intensities are indicative of a remarkable preferential crystalline
orientation on the HAp crystal structure.

Observations made using the SEM allowed seeing the morphology in the HAp obtained in this
reaction, and the microscope revealed the morphology of microfibers as shown in Figure 1(d).
This time, the microfibers were larger and thicker than those obtained in reaction 3, and they
showed a quite smooth surface, their facets and ends looked well-defined, which is an evi-
dence of a good-quality crystal growth. Additionally, all fibers showed a hexagonal cross
section, their average diameter was 4.67 pm, and their lengths were in the range of hundreds
of micrometers.

This morphology of fiber with a hexagonal profile allowed understanding the XRD results is
depicted in Figure 1(d). During sample preparation for XRD experiments, most of the fibers
laid on the sample holder and they acquired an arrangement in such way that their hexagonal
profiles were perpendicular to the sample holder surface and their lengths were parallel to it
(see Figure 2). As a result, most of the reciprocal vectors a* of the HAp crystal structure laid
orthogonal to the surface and the possibilities to satisfy the diffraction conditions were
increased. In contrast, a large number of reciprocal vectors c* laid parallel to the sample
surface, and the probability to satisfy the Bragg conditions decreased considerably. Therefore,
this fibers distribution made possible that the Bragg reflections produced by those planes

"

orthogonal to the “a” axis in the HAp crystal structure (or “b” axis) had bigger intensity; In

Figure 2. SEM micrograph showing the hexagonal profile in the HAp microfiber (left) and the schematic representation
of the vectors “a” and “b” in the direct space, and the vectors “a*” and “b*” in the reciprocal space (right).
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contrast, the reflection generated by the planes perpendicular to the “c” axis decreased their
intensity significantly in the X-ray diffraction experiments. Consequently, in the diffractogram
shown in Figure 1(d), the contributions of the (300), (200) and (100) planes possess higher
intensities and that corresponding to the (002) plane is nearly null.

In a closer observation on the hexagonal cross section of the fiber in Figure 1(d), it was possible
to see the microfiber was formed of small fibers closely packed within its body. These small
fibers possessed pointed-end structures as can be seen in Figure 1(d) and the right micrograph
in Figure 3. Besides, some of the microfibers also had a pointed-end structure as it was
depicted in the left image in Figure 3.

In the SEM micrograph on the right side of Figure 3, it is also possible to see a hole in the center
of the microfiber profile, this empty space could be produced when some loose nanofibers slid
out of the microfiber body, and then those free nanofibers were finally situated near of the
microfiber. It is possible that the lone nanofiber indicated by the white arrow could have
undergone a slide as described before.

Observation of nanofibers using high-resolution transmission electron microscopy (HRTEM)
revealed that they had an average diameter of 97.5 nm, and a polycrystalline microstructure as
can be seen in Figure 4(b) and (c). The average crystallite size was of 9.76 nm, which was
calculated using the Digital Micrograph software.

Using that software, it was possible to obtain fast Fourier transforms (FFT) from the high-
resolution images to analyze the crystal structure of the HAp in the nanofibers. The interplanar
distances were also determined to identify the crystalline planes that contributed to form the
images. In Figure 5, a bright field image of a nanofiber is depicted. In the upper right inset of
Figure 5, a high-resolution micrograph of the nanofiber tip was showed. In this micrograph, it
was possible to observe an arrangement of lines and dots, which were produced by the HAp
crystal structure. The distances between lines were determined and the value of 0.344 nm

Figure 3. SEM micrographs of HAp microfibers showing the pointed-end (left) and how those nanofibers joint to form
the microfiber structure (right), the white arrows indicate some nanofibers.
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Figure 4. HRTEM images of nanofibers depicting their diameter size (a), and the polycrystallinity in their structure (b)
and (c).

corresponds to the interplanar distance of (002) planes, and the distances between dots were of
0.295 nm, which were related to the (211) planes. A FFT was produced from the high-
resolution micrograph and the dot pattern displayed in the bottom right inset was obtained.

The planes (002) generated the most intense dots in the pattern and this intensity is indicative
of their abundance, which was also corroborated by the high-resolution micrograph in the
upper inset of Figure 5. Other dots were produced by the planes (211). These crystalline planes
are the most abundant according to the PDF 86-1199, but they are not numerous in the HAp
obtained in this experiment. All dots in the FFT were laid on parallel lines and their arrange-
ment is indicative of a high crystallinity. All (002) planes were stacked along the length of the
nanofiber, and this stacking line was parallel to the “c” axis of the HAp crystal structure, this is
indicative that the nanostructure was grown in the [002] direction as it was indicated in the
upper right inset in Figure 5. These results were very significant because the preferred crystal-
line orientation found in the X-ray diffraction analysis, in the [300] direction, along with the
SEM and HRTEM results indicates that the HAp fibers grow in [002] direction.
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Figure 5. HRTEM image of a nanofiber showing its morphology. In the upper right inset, a high-resolution image of the
fiber tip is displayed, the interplanar distances were calculated, and in the bottom right inset, a FFT was generated form
the upper image and all dots were indexed.

These morphological and structural features of HAp fibers made them suitable to be used as
the main material to elaborate porous ceramics, which must have porosity in the macro scale to
allow the flow of nutrients and cells and consequently, a bone regeneration process could be
possible.

Finally, once again the glutamic acid concentration increased in the reaction mixture and reaction
5 was performed to obtain another HAp structure. This time the concentration of glutamic acid
was 250% related to the calcium nitrate content. The X-ray analysis of the product obtained in
this reaction showed a small decrement on the intensity of the Bragg reflection corresponding to
the (300) planes, and an increase in the intensity of the Bragg reflection at 26° related to the (002)
planes, this is observed in the diffractogram in Figure 6(a). The latest is indicative that the
preferential crystalline orientation is lesser in this product in comparison with the microfibers
described before.

The HAp obtained in this reaction was observed by means of the SEM and the morphology of
nanoplates was found. These nanoplates had different shape in the plane surface, and they had
an average thickness of 62.3 nm. This morphology can be seen in Figure 6(b).

Similar to the case of the HAp microfibers, the nanoplates were formed by several small
tickertapes or nanoribbons, which were joined to build the nanoplate surface (see Figure 6(c)).
Besides, the thickness of these nanoplates were also formed by the stacking of those small
nanoribbons in Figure 6(c) is possible to see some layers on the nanoplate surface and they were
produce by the superposition of those nanoribbons. May be the whole nanoplate volume was
formed by the union of several nanoribbons.

Possibly, during the crystal growth mechanism, the nanofibers or nanoribbons were formed,
depending on the GA concentration in the reacting mixture, and their growing continued until
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ity )

Figure 6. X-ray diffractogram of the HAp synthesized by the fifth chemical reaction and the morphology of nanoplates
observed (a). SEM micrographs of nanoplates showing different shapes and sizes on the flat surfaces (b) and (c). The white
arrows indicate the union between nanoribbons to form the flat surface, and the stacking of those nanoribbons to form the
nanoplate thickness.

these nanostructures were linked to form the microfiber or nanoplate volume, respectively. The
energy available within the reacting solution, especially in the regions close to the outer surface
of the nanostructure, could be fused with the nanostructures to form a smooth surface. When
the microfiber or nanoplate surface was degraded or corroded, it revealed that it was formed
by the union of smaller pieces, corresponding to the nanofiber or nanoribbons.

5. Elaboration of HAp ceramics with interconnected porosity

Porosity plays a decisive role in the behavior of biomaterials. It is necessary to have sufficient
pore size and interconnected porosity to promote osteoblasts to grow into a ceramic device [45,
46] and to allow cell penetration, internal tissue growth, vascular incursion and nutrient

supply.

In order to manufacture HAp objects with different (and desired) shapes and sizes, which
possess controlled and interconnected porosity, enough to permit cellular mobility and tissue
ingrowth, it has used a successful process, named as modified gelcasting process (MGCP),
previously reported by our group [47-50]. The key process is the proper use of a monomer-
polymer blend, which can function as plasticizers, binders and dispersants and holds HAp
powders or fibers together. During the polymerization, the slurry can be poured into silicone
molds and a green body is obtained. PMMA micro balls (10-40 pm in diameter) were used as
sacrificial porogens and oxalic acid was used to produce CO, bubbles during the polymeriza-
tion to form the microporosity. Once the ceramic pieces are demolded, they are subjected to a
thermal treatment in order to remove the polymers and promote a sintering of the HAp
particles or fibers to obtain a ceramic with interconnected and controlled porosity. Figure 7
shows HAp ceramic pieces with different shapes and sizes obtained through the MGCP.
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Figure 8. SEM micrographs of samples after gelcasting without PMMA micro balls (a) and with PMMA micro balls (b).
SEM micrographs of HAp scaffold after polymer removal showing interconnected micro and macro porosity (c) and (d),
and typical SEM micrographs of the HAp-based biomimetic organic-inorganic, composite material. The organic phase
wet and links the HAp inorganic structure (e) and (f).

Figure 8(a) and (b) shows SEM micrographs of two demolded samples after the gelcasting
process, in which polymers have not been eliminated. The difference between these two
samples consists in that in the one of Figure 8(a) there is no PMMA micro balls, meanwhile in
the sample of Figure 8(b) they can be clearly observed occupying spherical spaces that will
generate the larger (or macro) porosity in the final HAp ceramic.

After the thermal treatment, polymers were removed and HAp fibers (or particles) are sintered
to form a ceramic with interconnected porosity in micro (1-5 um) and macro (20-40 pm)
scales. This is relevant for the application as bone replacement because the osteocyte cells have
a size between 100 and 500 nm [51], while osteoclast cells have a size of about 10 um [52],
which means that there is sufficient space to move through the porous structure. Figure 8(c)
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and (d) show SEM micrographs in two different magnifications in which the interconnected
micro and macro porosity is observed.

6. Obtaining the HAp-based organic-inorganic composite material

Due to the fact that the combination of polymers and hydroxyapatite to fabricate bone sub-
stitutes is a natural strategy, in order to elaborate a HAp-based organic-inorganic composite
material, a water solution of gelatin (or collagen) was used as organic phase. HAp ceramics
with interconnected and controlled porosity, obtained as described earlier, were used as inor-
ganic phase and the final composite material was obtained by following the steps described in
Figure 9.

Different water solutions of gelatin with 1.5, 2.5, 5, 6.75 and 7.5 wt%, were dripped to ceramic
scaffolds to generate an organic-inorganic composite material. SEM analyzed the incorpora-
tion of gelatin (collagen) to the matrix and a typical example is shown in Figure 8(e) and (f). It
is interesting to notice that the organic phase wet and links the HAp inorganic structure to
form the organic-inorganic composite material in a similar way as in the natural bone tissue.

Figure 9. General procedure to obtain HAp-based organic-inorganic composite material.
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It has been established that a complex between calcium ions (Ca**) in HAp and —COO—
groups in the amino acids in the organic phase is formed, which means that a chemical
interaction between the organic and inorganic phases occurs to form the composite material
[49, 50]. These interactions will play an important role in improving the mechanical properties
of the final material.

Mechanical properties were evaluated under compression. Figure 10(a) shows a typical
mechanical behavior of composite samples which corresponds to a typical non-linear elastic
behavior showed by cellular materials and which agrees completely with the observations of
SEM images as shown in Figure 8(c) and (d). The mechanical behavior shows two stages; in
each of them, a linear behavior, corresponding to an elastic deformation is observed, after
which a change in the slope of the curve is observed. At that point, the cells are deformed
plastically until they reach the maximum compressive strength and begin to collapse, dissipat-
ing energy by breaking the bonds between the Ca®* ions of the HAp and the —COO— groups
of the organic phase mentioned above. Then, a densification of the material follows until the
second stage is reached and the behavior is repeated until reaching a second maximum
compressive strength (with a lower value). The highest of these maximum is reached due to
the macroporosity while the following are reached due to the microporosity. Similar behavior
has been described in different materials and studied by Maskery et al. [53].

The maximum compressive strengths were determined as a function of the gelatin concentra-
tion, as can be observed in Figure 10(b), and it is interesting to notice that there is a dramatic
increase in the maximum compressive strength for the composite materials compared with the
sample in which no organic phase was added (marked as WOP). Moreover, the maximum
compressive strength increases as the amount of gelatin in the composite material increases,
due to a synergic behavior between the inorganic and organic phases, to reach a value of
18 MPa for the sample with 7.5 wt% of gelatin. The aforementioned Ca—O bonds can absorb
energy as sacrificial bonds, resulting in a synergic contribution to improve the mechanical
properties of this composite material as well as due to the morphology of the HAp fibers. It is
clear that for a hexagonal-shaped crystal, the direction in which it can withstand greater
mechanical stresses is precisely [001] parallel to the axis of the hexagon. Consequently, the

Marminal strain

Figure 10. Mechanical compressive behavior of HAp-based biomimetic composite material (a). Stress-strain curves
obtained in compressive tests for samples with different concentrations (wt%) of gelatin (b).
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morphology of the HAp fibers obtained by the MAHM (grown with preferential orientation in
the direction [001]), positively influences the improvement of the mechanical properties of the
final HAp-based organic-inorganic composite material.

This value of 18 MPa, is 3.2 times higher than that reported for cancellous bone, and in the
same order of magnitude for the cancellous-cortical bone tested under the same conditions
[54], which implies that this biomimetic organic-inorganic composite material could be suit-
able for bone replacement.

7. Conclusions

After all experiments to synthesize different HAp nanostructures, it is possible to assure that
the GA in the reacting mixture had a relevant impact on the final morphology of HAp clusters.
This amino acid guided the HAp crystal growth and also leads the arrangement of small
structures to form the final morphology, which was dependent on the GA concentration. In
addition, this amino acid also allowed to obtain a preferential crystalline orientation in the
[001] direction of the HAp crystal structure in most of the nanostructures obtained. The use of
the MAHM made the synthesis of HAp with a high crystalline quality and purity easier.

Nanofiber was the most relevant morphology obtained in the synthesis reactions, and the
arrangement of those to form microfibers with a hexagonal profile was unique. This morphol-
ogy was selected to be used in the production of HAp porous ceramics due to its similarity
with that of HAp morphology present in the human bone tissue.

The porous ceramic was successfully obtained through the MGP using the HAp microfibers.
The micro and macro porosity were controlled in the ceramic body by the use of different
polymers and chemical substances during the production process, and the pore size distribu-
tion was suitable to permit the flow of nutrients and cells.

The addition of protein to the porous ceramic allowed producing organic-inorganic composite
materials in a biomimetic way. The strong chemical interaction between both phases leads to
synergic mechanical properties in the composite materials.

Mechanical tests showed that the composite materials had a similar mechanical strength to
that observed in the trabecular bone. These results suggest that this composite material can be
an excellent option to be used as bone replacement or implant materials. In addition, the
characterization of those composite materials proved that they also had an interconnected
porosity in the micro and macro scales, which was proper to permit the natural regeneration
processes of the human bone tissue.
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Abstract

There are two main types of haemophilia, classified according to deficiency: type A,
caused by factor VIII deficiency; and type B, which is rarer and the result of a defi-
ciency in factor IX. Haemarthroses account for 80% of bleeding in haemophilic patients,
with half of these exhibiting deformities. Repeated joint effusion leads to a local inflam-
matory response, with the formation of hyperplasic and hypertrophic cells and sub-
sequent buildup of haemosiderin. Fibroblasts proliferate and produce collagenases
and proteinases that act on the synovium, cartilage and bone, with a decrease in the
joint space. Another mechanism involved is the damage caused by direct action of red
blood cells on the cartilaginous surface of the joint lining. 153-samarium was obtained
in research reactor by neutron irradiation of 1525m,0, (99.4%) in the nitrate form,
1525m(n,p)153Sm, for 30-36 h. The labelling process was performed with 40 mg of
hydroxyapatite, according to Barboza et al. Radiochemical purity, particle size, micro-
biological tests for sterility and pyrogen were the tests applied to obtain an useful mate-
rial. The introduction of 153Sm-HA for the treatment of haemophilic arthropathy in
large and medium joints was a safe, cost-effective, minimally invasive and effective
procedure in controlling bleeding and pain.

Keywords: haemophilic arthropathy, radiosynovectomy, 153samarium-hydroxyapatite

1. Introduction

The treatment of joints using radioactive material began in the 1950s, more specifically in
1952, with chromic phosphate P32 [10]. It was initially aimed at joint involvement caused
by rheumatoid arthritis and, to a lesser degree, pigmented villonodular synovitis, anky-
losing spondylitis, collagenosis and psoriatic arthritis in the years that followed [24].
With the advent of longer follow-up studies, it has also benefitted rheumatic diseases and
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haemophilic arthropathy, which exhibit a similar sequence of events including repetitive
intra-articular haemorrhages causing synovitis, joint pain, limited mobility and posterior
muscular atrophy. Recurrent synovitis results in cartilage destruction, progressive loss of
movement, joint deformities, bone damage and ultimately total ankylosis. The treatment
procedure was originally denominated synovectomy (from the Greek ‘ectomia’ meaning
‘to cut out’) and later synoviorthesis (from the Greek word ‘orthesis’ meaning ‘restora-
tion”) via radionuclides [8].

Different radioactive materials have been used to eradicate synovitis, some emitting only beta
radiation and others beta and gamma radiation. Synovectomy in haemophilia using radioac-
tive material began in 1971 [1]. Since then, a variety of materials have been used, including
P32, colloidal 198Au, 186Re, 90Y, 165Dy, 166Ho, and 169Er. Table 1 shows the characteristics
of the materials used [1, 12, 16-18, 21, 28].

Irradiation occurs via the intra-articular retention of the radioactive material. However, it
should be noted that the radioactive material is bound to larger particles, known as carri-
ers, which undergo phagocytosis by the macrophages in the inflammatory process, favour-
ing greater retention in the joint space. These macrophages migrate through the interstice of
synovial cell layers, resulting in more homogeneous action by the ionising radiation. This
behaviour was highlighted in autoradiographic studies [7], which more clearly indicate the
location of samarium-153 particulate at different synovial tissue depths than other materials
used, such as 186Re. This is also reported by Schneider et al. [23] (shown in Figure 1), in addi-
tion to direct irradiation by the intra-articular radionuclide. As such, average penetration is
ascertained by the range of the [ particle and maximum penetration by macrophage perme-
ation into synovial cell layers.

Radioisotopes Half-life Max. beta Gamma energy Penetration (nm)  Particle size Leakage (%)
(days) energy (MeV) (KeV) Max.  Av. (um)

Colloidal 198Au 2.7 0.96 110 3.6 1.2 0.02-0.04 20-35

P32 (chromic 14.0 1.7 - 7.9 2.6 0.05-0.1 2-4

phosphate)

186Re (sulphide 3.75 1.07 140 3.6 1.2 0.05-0.1 2

colloid)

Colloidal 90Y 2.7 22 - 10.8 3.8 1.5-3.5 3

166Ho (FHMA) 1.2 1.85 81 8.7 22 1.82-12 1

165Dy (FHMA) 0.095 13 95 5.6 14 0.8-12 1

169Er (citrate) 9.4 0.34 - 1.0 0.3 0.1-10 1

1535m (HA) 1.95 0.80 100 3.1 0.8 1-10 0.1

FHMA = ferric hydroxide macroaggregates.

Table 1. Characteristics of the radioisotopes used in synovectomy.
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Figure 1. (A) f-Emitting colloidal particles (yellow stars) phagocytised by inflamed hypertrophic synovial lining with
proliferating synoviocytes (pink). The cartilage layer remains unaffected. (B) Subsequent cell damage and sclerosis of
synovial membrane.

Another noteworthy aspect is that radionuclide leakage from the joint is inversely pro-
portional to particle size. This is clearly evident in the last two columns of Table 1. The
presence of gamma radiation allows synovectomy to be monitored over several days via
scintigraphy.

2. Haemophilic arthropathy

Haemophilia is a congenital bleeding disorder linked to the X chromosome of the human
genome, with the two most common types being haemophilia A, a lack of blood clot-
ting factor VIII, and haemophilia B, caused by missing of defective factor IX. Joint bleed-
ing associated with muscle bleeding represents 90% of bleeding episodes in haemophilia
patients, while haemarthrosis alone accounts for 70-80% of these episodes. In 80% of
cases, haemarthrosis occurs in the knees, elbows and ankles [22], producing inflammatory
changes in the synovial membrane. Recurrence of this inflammation over time triggers a
chain of events that lead to joint ankylosis, including the direct damage of blood on the
articular cartilage [15].

In cases of arthropathy mediated by reactive synovitis, synovectomy with radioactive mate-
rial is an alternative to intra-articular injection of glucocorticoids and other chemical agents
(osmic acid, collagenase, rifocin and thiotepa) or surgery. Furthermore, radiosynovectomy,
introduced by Ahlberg in the 1970s, has been proposed as a first-line treatment option for
haemophilic arthropathy [22, 23].
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3. 153Samarium-hydroxyapatite

153-samarium was obtained in an IEA-R1 research reactor (IPEN-CNEN, Sao Paulo, Brazil)
by neutron irradiation of 1525m,0, (99.4%) in the nitrate form, 1525m(n,p)153Sm, for 30-36 h.
The labelling process was performed with 40 mg of hydroxyapatite, using appropriately sized
particles (20 um), according to Barboza et al. [2]. Percentage bound activity or labelling effi-
ciency was determined by centrifugation, measuring the activity of the precipitate (153Sm-HA)
and supernatant (153Sm-free) using a dose calibrator, and was always >90%. Radiochemical
purity was higher than 98%, measured using Whatman 3MM paper chromatography (from
GE, Milwaukee, WL, USA) in 0.9% saline, remaining stable for 24 h. Particle size was deter-
mined by laser scattering and filtration in a filter system of known sizes (1-15 um), with a
mean of 10 um (range: 3-12 um). Microbiological tests for sterility and pyrogen were always
negative in all samples.

4. Patient selection

Participants were haemophilic patients with chronic synovitis, monitored at the Department
of Haematology — Hospital de Apoio in the Federal District (DF), and the Orthopaedics and
Nuclear Medicine Service of the Hospital de Base (DF), between 2002 and 2011.

Patients were assessed by clinical history and a physical examination, paying special atten-
tion to the compromised joint. Particular emphasis should be given to haematology tests in
order to characterise the type and severity of haemophilia, as well as the absence of coagula-
tion inhibition factors. Imaging (radiology) tests make it possible to determine the degree
of arthropathy, with the Pettersson score being widely used. Three-phase whole-body scans
are used to identify any other joints involved and more accurately characterise the synovial
inflammatory process. Other procedures used for this purpose include ultrasound or mag-
netic resonance imaging (particularly for the knees).

Inclusion criteria were the following: chronic synovitis when occurs repetitive effusions (min-
imum: once a month), pain on joint palpation and absence of other joint disease, like the
rheumatologic or orthopaedic nature. Exclusion criteria were ruptured Baker’s cyst, major
effusions, signs of acute synovitis or presence of an articular or periarticular infectious process.

5. Procedure

Synovectomy of the radioactive material was made by an orthopaedist with previous use of
the deficient clotting factor, applying topical anaesthesia in accordance with the asepsis and
antisepsis performances used for invasive intra-articular orthopaedic procedures. The use of
ultrasound to guide the punctures was not necessary, as these were assured by the aspiration
of synovial fluid before administration of the radionuclide (Figure 2). Fixed doses of 5 mCi
(185 MBq) or 20 mCi (740 MBq) of 1535Sm-hydroxyapatite were used, with only one injection
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Figure 2. Injection of the knee.

administered per patient. The maximum volume of radioactive material was 0.5 mL; material
adhered to the puncture site was washed away with saline, at fractions of 0.5 mL, without
exceeding the final volume of 1.5-2.0 mL.

The reflux and homogeneity (or lack thereof) of the intra-articular material and its escape
from the joint were monitored by a scintigraphic study in a gamma camera, with a wide field
of vision detector and low-energy collimator. Imaging was made using a 128-pixel matrix and
the spectrometer window was centred at 100 keV, using precocious, 1 and 2 h, and later times,
3-7 days, after 153Sm-HA injection. A summary of this protocol is shown in Table 2.

1 Use a coagulation factor before the procedure;

2 Local asepsis;

3 Use local anaesthetic;

4 Joint puncture using a 21G needle;

5  Aspirate synovial fluid;

6 Inject 5 mCi of 153Sm-HA into the intermediate joints and 20 mCi into the knees;

7 Wash the puncture site with a total of 2.0 mL of saline without using corticosteroids;
8  Compression bandaging using crepe bandage;

9  Monitor the material used in the puncture;

10  Functionally permissible joint mobility;

11 Immediate (1-2 hours after synovectomy) and later (3-7 days) scintigraphy image

Table 2. Protocol for synovectomy with 153Sm-hydroxyapatite.
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6. Side effects

Reactive synovitis may occur in the days following application of the radiopharmaceutical
agent, which was treated using conservative measure such as joint rest, local application of ice
and a non-steroid anti-inflammatory agent. The cases observed in our study were mild and
occurred in 4-8% of joints.

Radionecrosis may occur if the material leaks from the administration route. This complica-
tion did not occur in the cases we treated because the material was only administered after
correct injection and the puncture site was washed with saline to prevent leakage.

Immobilisation of the affected limb will ultimately result in thrombosis; however, this was
prevented by the protocol used.

There is no concern about possible carcinogenic effects of this procedure. Systemic irradiation
can result from fluid leakage or the gamma component of 153Sm. Studies on chromosomal
abnormalities in circulating lymphocytes related to samarium [19] have shown no definitive
changes, but rather transient and reversible ones. It is important to note that this irradiation
is smaller than in diagnosis by conventional bone scintigraphy or whole-body scanning with
67Ga. Considering the local effect at joint level, several studies with long follow-up times
have shown no occurrence of tumours [14, 26, 27], indicating that this possibility has not yet
been characterised.

7. Synovectomy

The first study was conducted to evaluate the efficiency of treatment with 153-samarium
hydroxyapatite (153-Sm-HA) in haemophilic arthropathy. Thirty-one patients (30 males)
between 8 and 34 years old (medium age = 20.6 years) were treated with a fixed intra-articular
dose of 5 mCi (185 MBq) and divided into two groups: paediatric (13 patients aged up to
18 years, with a medium age of 12.7 years and arthropathy evolution of 7.8 years); and adults
(18 patients over 18 years old, with an average age of 24 years and arthropathy evolution
of 18.7 years). Clinical assessment before and 1 year after synoviorthesis used the following
criteria: subjective (pain according to the visual analogue scale, joint inspection), objective
(joint movement through flexion level, pain to palpation and leakage through joint circumfer-
ence), reduced use of the coagulation factor, number of haemarthroses, and the occurrence
of adverse effects. The results were classified as: 1, good (symptom remission of 70-100%); 2,
moderate (symptom remission between 40 and 69%); and 3, poor (0-39% symptom remis-
sion). Seventy-eight joints were tested: 15 knees, 36 elbows, 24 ankles, 1 shoulder and 2 hips.
Early (1-2 h) and late phase scintigraphic imaging (24-72 h) was made after synovectomy. No
significant inter-group difference in synovectomy results was observed. The results obtained
were good for 75% of elbows, 87.5% of ankles and 40% of knees; reduction in effusions and
use of the coagulation factor were, respectively, 78% and 80% for elbows, 82% and 85% for
ankles, and 30% and 35% for knees. Four cases of reactive synovitis were observed in the 78
joints tested. Scintigraphy showed homogeneous distribution of the material with no leakage.
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The introduction of 1535Sm-HA in the treatment of the haemophilic arthropathy is effective for
intermediate joints (elbows and ankles), but less so for knees. Moreover, this treatment offers
excellent safety and is affordable [3].

The penetration of beta energy from ®samarium (1535m) (0.8 MeV) is not only suitable for syn-
oviorthesis of intermediate joints, but can improve the radionecrosis effect using higher radio-
activity levels. The next study assessed the efficacy of 5 mCi (185 MBq) and 20 mCi (740 MBq)
of 153-Sm hydroxyapatite (**Sm-HA) in the knees of haemophilic patients. Thirty-one patients
(36 knees, 30 males) were divided into two groups without corticosteroid co-injection: 1 — 14
patients (17 knees) treated with an intra-articular dose of 5 mCi of *Sm-HA, medium age
23 years; 2 — 17 patients (19 knees), administering 20 mCi of '*Sm-HA, medium age 21.3 years.
Evaluation before and 1 year after synoviorthesis used the following points: reduction in the
number of effusions and use of the coagulation factor, and increment in joint mobility. The
occurrence of side effects was also considered. Early and late-phase scintillations studies were
made after synovectomy and no articular immobilisation was recommended. Reduction in
effusions and use of the coagulation factor, respectively, were: group 1 —31.3% and 25%; group
2 - 81.5% and 79%, with p <0.001. No significant increment in knee mobility was observed in
either group. Four cases of mild reactive synovitis were observed in each group. Scintigraphy
showed homogenous distribution of the radioactive material with no leakage; the material was
considered safe by its retention in the joint. A significant increment was observed in the synovi-
orthesis of haemophilic knees with 20 mCi of *Sm-HA; the lower penetration of its beta radia-
tion was offset by the improved radiobiological effect when higher radioactivity is used [4].

Another study compared the use of 20 mCi (740 MBq) of *Sm and 5 mCi (185 MBq) of ™Y, both
labelling hydroxyapatite (HA), for knee synoviorthesis in haemophilic patients, 1 year after the
procedure. Thirty-three men (36 knees) were studied, divided into two groups: a — injection of
740 MBq of *Sm-HA: 20 knees of 18 patients, with an average age of 21.4 + 13.3 years (range:
7-56 years) and medium Pettersson score of 5.3; b — injection of 185 MBq of *Y-HA: 16 knees of 15
patients, with an average age of 26.3 + 10.3 (range: 7-51 years) and medium Pettersson score of 6.3.
Episodes of haemarthrosis, use of clotting factors and pain intensity were evaluated before and
after treatment, as well as improved joint mobility. The occurrence of side effects in the treatment
was also considered. The chi-squared, Wilcoxon and Mann-Whitney tests were applied, with a sig-
nificance level of p <0.05. The occurrence of effusions decreased by 65.7% with the use of *Sm-HA
and 82.6% for *Y-HA, without statistical significance between the groups (p = 0.632); pain reduc-
tion was 42.5% in group a and 30.7% in group b, again without statistical significance (p = 0.637).
Increment in joint mobility was not significative for either group. Two cases of mild reactive syno-
vitis were observed in group a and one in group b, which had resolution without medical interven-
tion. Although the beta energy from Y is the more appropriate for knee synoviorthesis, the higher
radioactivity levels of '*Sm is an alternative in locations that only produce this material [5].

8. Follow-up

This study aimed to evaluate synovectomy with '*Sm-hydroxyapatite ("**Sm-HA) in syno-
vitis of the elbows and ankles of haemophilic patients. Synovectomy was performed using
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185 MBq of »Sm-HA in 166 joints (63 ankles and 84 elbows) of 82 haemophilic patients
(average age 24.4 years) with follow-up of 12 and 42 months. Arthropathy was character-
ised by recurrent joint bleeding. Episodes of haemarthrosis, use of clotting factors and pain
intensity were evaluated before and after treatment. Scintigraphic analyses and adverse
effects were also considered. Statistics used p < 0.05. The results indicated: (a) reduction in
haemarthrosis was 78% and 68%, in elbows and 82% and 72% in ankles; (b) use of clotting
factors was 80% and 70% for elbows, and 85% and 75% for ankles; (c) pain intensity was
37% and 34% in elbows, and 61% and 57% in ankles, after 12 and 42 months, respectively.
Among the 166 joints studied, three cases of mild reactive synovitis were observed in ankles
and four in elbows, with no leakage in any of the cases. In conclusion, the use of *Sm-HA
in elbows and ankles was effective, very safe, minimally invasive and the results showed
consistency at follow-up [6].

Another interesting aspect to consider is treatment repetition. We recommend this be done
after 1 year, but a minimum interval of 6 months is permitted.

9. Final considerations

The radioactive material (1535Sm) was aggregated with hydroxyapatite particles to ensure
longer intra-articular retention without arterial-venous or peri-articular lymphatic leakage.
When the two are separated, the advantage of the compound is that the carrier (hydroxyapa-
tite) enters the body’s metabolism because it is part of the bone matrix.

No escape (lymphatic or vascular) was detected with 153-samarium because when it sepa-
rates from the carrier (hydroxyapatite), it forms insoluble compounds with the synovial fluid
that precipitate in the articulation; this permanence was confirmed by other previous studies
[20] and by our controls (see Figure 3).

Scintigraphic images obtained after early and late-phase injection showed appropriate
intra-articular distribution, as well as the absence of leakage to regional lymph nodes or
other organs, or urinary elimination. The ability to obtain good-quality scintigraphic
images is an advantage of 1535m since gamma emission occurs in the energy amplitude
of 100 keV. Another possible advantage is the mild reactive synovitis observed in all the
studies, resolved without invasive medical intervention, possibly due to low beta energy
penetration.

These studies are among the few that evaluate only the therapeutic effect of intra-articular
radioactive material, since it is often administered in conjunction with corticosteroids. This
creates bias in result analysis because corticosteroids are also used for the same purpose in
the treatment of haemophilic arthropathy [11]. This combination has been called into ques-
tion [13] and is one of the reasons why we chose not to use it when beginning treatment [3],
in addition to the lack of information in the literature characterising the nature of its effect as
competitive, additive or synergistic.
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1-2 hour after 7 days after

Figure 3. Knee scintigraphy showing good joint distribution and no leakage.

The reduction in haemarthrosis for ankles (82%), elbows (78%) and knees (65.7%) was simi-
lar to values recorded in other studies of haemophilic patients with different types of radio-
active material. A German revision pointed nine studies between 1982 and 1991 with good
and excellent results for radiosynovectomy in 60-80% of the haemophilic arthropathy [9].
The findings presented in our studies also corroborate those summarised by Siegel et al. [25]
regarding the benefits of radiosynoviorthesis, with an approximate 75% decrease in effusions,
few adverse effects and better quality of life in 75% of the cases. This can be extended to
shoulders and hips, which exhibited similar results to intermediate joints. Finally, it can be
concluded that 153samarium labelled with hydroxyapatite is a useful tool in the treatment of
chronic synovitis in haemophilic patients.
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Abstract

The use of metallic biomaterials for replacement of biomedical implants has been traced
back from the nineteenth century. These metallic biomaterials have been declared as clini-
cal success as their mechanical properties that satisfy the prerequisite of the human bone.
Nevertheless, critical issues of the materials when they are utilised as implants; including
the releasing toxic and harmful metal ions through wear and corrosion processes after
longer implantation. Besides that, the bonding strength between bone and implants itself
is considered weak due to the different components of human bone and metal implants.
Hence, developing hydroxyapatite (HAp) coating on metallic biomaterials is expected to
overcome the problems faced by biocompatible metallic biomaterials. As far as this, vari-
ous commercial techniques have been introduced to develop the HAp coating on metallic
biomaterials. The techniques are including plasma-spraying method, sol-gel dip-coating,
electrochemical deposition and high-velocity suspension plasma-spraying. The forma-
tion of HAp coating on metallic biomaterials improved the corrosion resistance together
promoting its load-bearing ability and enhanced substrate-coating adhesion.

Keywords: surface coating, biocompatible metals, coating techniques, biomedical
applications

1. Introduction

Metals or also known as metallic biomaterials that have been used for medical treatments
can be traced back around 20 years. Despite a significant number of metals that are able to be
produced in modern industries, there are only three commonly biocompatible metals that are
used as biomedical implant materials; stainless steel (316L), cobalt-based alloys, and titanium-
based alloys [1-4]. These metallic biomaterials are typically used in orthopaedic practise since
they have approval by the United States Food and Drug Administration (FDA) [4].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Since the biomaterials are employed in intimate contact with living tissues, it is important
that the materials exhibited biocompatibility characteristics. The requirement of biocompat-
ibility includes all features of bio-device functionalities during the interaction of tissues and
cells with the implanted materials [5]. However, there are limitations of metallic biomaterials
as an implant; weaknesses in bone-bonding ability and toxic ions released into the human
body fluids after longer usage [6, 7]. Different chemical composition between the actual bone
and the metal implant is one of the causes of ineffective in bone-bonding ability. Moreover,
the metallic implants are also susceptible to corrosion degradation due to the surrounding
aggressive body fluids [8].

Consequently, most of the researchers have introduced surface modification by applying
bioactive ceramics such as hydroxyapatite (Ca,(PO,),OH,) as a bioactive coating on the
metallic implants to the implant to enhance bone-bonding ability [9, 10]. The hydroxyapatite
(HAp) is the primary inorganic ingredient of natural bones and has been the most widely
used ceramic-based biomaterial for over four decades in medicine and dentistry. It has been
proven by many researchers that HAp coating allows a controlled and rapid osseointegration
between living bone and the surface of an implant [11, 12].

There are various commercial techniques to deposit the HAp coating on the metal-based
biomaterials. In this chapter, four commercially HAp surface coating techniques including
plasma spraying, sol-gel dip-coating, electrochemical deposition and high-velocity suspen-
sion plasma-spraying (HVSPS) are discussed. The discussion comprises biocompatibility,
adhesion strength and corrosion behaviour studies about three aforementioned metallic bio-
materials after the surface was coated by HAp.

2. Current issues of metallic biomaterials when applied as an implant

The selection of appropriate biomaterial to be classified as a metal implant material highly
depends on its applications. The selected biomaterial should possess several essential charac-
teristics such as excellent biocompatibility, osseointegration, high corrosion and wear resis-
tance, suitable mechanical properties, ductility and high hardness.

2.1. Biocompatibility and osseointegration

The biocompatibility properties are defined as the ability of a material to be used in inti-
mate contact physically and chemically with living tissues of a real bone without causing any
adverse effects. Intuitively, it is necessary to confirm that there are no negative issues befell
to metal implanted devices and surrounding living tissues since the materials are innately
compatible with living cells and tissues [13].

Osseointegration denotes to a direct structural and functional connection between ordered,
living bone and the surface of a load-carrying implant. It involves the process of new bone
production and bone healing. Therefore, it is essential for an implant to have an appropriate
surface to integrate well with surrounding bone. Surface chemistry, surface roughness and
surface topography are the factors that vital for good osseointegration [14, 15].
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2.2. Corrosion and metal ions release

Among critical issues and challenges of the medical implant are facing is the failure of an
implant due to the corrosion aggressiveness. Consequently, a metal that performs well out-
side the human body may suffer a severe corrosivity reaction in the body as the environment
is physically and chemically different from ambient. Due to that fact, all of the corrosion-
resistant metallic implants reacted to an acidic environment and began to corrode when diag-
nosed for a long time in the human body. Most researchers have claimed that active implants
corrosivity process rouse after 12-15 years of implantation period [6, 16].

3. Commercial techniques for hydroxyapatite-based coating onto
metallic implant

The surface coating application offers the possibility of modifying the surface properties of
implant devices to achieve improvements in biocompatibility, reliability, and performance.
Therefore, most researchers have reported excellent studies of HAp coating onto various
metallic implants specifically related to their biocompatibility and corrosion behaviour.
Nowadays, different HAp deposition techniques have been carried out to overcome the bio-
compatibility, and corrosion issues arose from the metallic biomaterials [12, 17]. These depo-
sition techniques include plasma spraying, sol-gel technique, electrochemical deposition and
High-Velocity Suspension Plasma-spraying.

3.1. Plasma-spraying technique

Plasma spray is one of the popularly used methods used to deposit biocompatible HAp coat-
ing onto metallic implants [18, 19]. In these recent years, this approach is highly utilised for
dental and orthopaedic implants. The indirect method of plasma spray applies melting and
spraying onto the surface by a method an electric arc. The process involves heating the dry
powder feedstock by thermal plasma jet. Then, the thermal plasma jet accelerates and impacts
the feedstock towards the substrate. The powder feedstock is flattened in the form of lamellae.
Plasma spraying can be carried out under vacuum, controlled atmospheres, or in an ambient
atmosphere. Air or vacuum spraying is one of the plasma-assisted depositions, which is very
popular compared to other methods. The coatings applied by plasma spray can have rela-
tively good mechanical properties. The relative temperatures in the jet are 10,000 K, 12,000 K
or as high as 30,000 K, intensely declining with the nozzle’s distance [20]. Practically all the
materials are melted and propelled towards a substrate.

Development of the coated layer on a titanium (Ti) alloy surface with hydroxyapatite pow-
der for 10 s shows better apatite adhesion, strong adhesion between implant and bone, and
enhanced osteoconductivity [21]. The properties of HAp coating are mainly determined by
the thickness of the coating layer. The thickness of HAp coating obtained on the Ti6 Al4V alloy
by the air plasma spray (APS) was about 150 pum thickness. This range of coating’s thickness
significantly diminishes the fatigue strength while the range between 25 and 100 um thick-
ness does not show such effect [22]. The reasons for the reduction in fatigue strength might
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be due to the intrinsic stresses that happened during spraying, coating cracks, and most sig-
nificantly stresses discharged during spraying. The difference in the stiffness of the metal
substrate and coating is also significant.

The coating deposition by a suspension plasma spray (SPS) obtained a relatively thin coating
layer 5-50 pm as compared to other plasma-spray techniques and only could be achieved
by dry powder processing [23]. The dry powder particles used for the SPS having diameters
ranging from a few submicrometer to a few micrometres [24]. The thicknesses of APS coatings
are in the range 200-300 pm and quite porous. The coating thickness depends on the com-
position of plasma gas used which is Ar/H,/N,/He, plasma gun input power, gas flow rate,
powder feeding rate and characteristics of feed materials, and spray stand-off distance, which
are frequently varied [25, 26].

Furthermore, the structure and bonding properties of HAp coating on metallic biomaterials
can be improved by using heat treatment process. Annealing process transformed a partial
amorphous coating into a crystalline layer [22]. The mostly higher crystallinity of the coating
layer was supposed to have excellent adhesion characteristics. Annealing at a higher tempera-
ture such as at 700°C for 1 h could enhance the coating purity, hydroxyl group and crystal-
linity degree. However, the high spraying power values can cause a lowering of the adhesion
strength between the coating and substrate due to the higher content of amorphous HAp [27].
Based on the observations of the annealing process of HAp coated at 1100°C under vacuum
condition, the secondary 3 phase formed while hydroxyl groups are diminished. The higher
the temperature of the annealing process, the greater the formation of the compound oxide of
Ti and Ca with the characteristic metallic Ti disappeared [28].

An introduction a coupling agent through chemical bonding can enhance adhesion strength
between the HAp coating and metallic implants [29]. The addition of Ti to the HAp improved
the bonding strength of the coating significantly [30]. The bonding strength was increased
from 14.5 to 17.3 MPa as the composition of the reinforced coating was between 20 and
60 wt.% Ti. The increment in the Ti content could cause better adhesion of the coating layer to
the substrate for further enhancement. According to Ref. [31] proposed HAp reinforced with
10 wt% (80ALO,-20TiO,) on the Ti6Al4V alloy. This solution enhances the adhesion strength
to above 32 MPa.

3.2. Sol-gel dip-coating method

Recently, a combination of sol-gel preparation and dip-coating method are extensively
employed for a coating on a metallic biomaterial. The method is one of the coating methods
used for enhancement of adhesion strength [32, 33]. A calcium phosphate (CaP) precursors
are the most important solutes for sol preparation. The CaP precursor is the combination
of calcium (calcium nitrate) and phosphorus (phosphorus pentoxide or triethyl phosphate).
Normally, there are two solvents will be mixed with the CaP precursors. Most often water and
ethanol are used as a solvent for the sol preparation [34, 35].

The dip-coating is a method which includes three steps: (i) dipping, (ii) withdrawing,
and (iii) drying. This technique offers various advantages such as low-cost set-up, process
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simplicity, uniformity of deposition, low processing temperature, and the ability to coat
irregular shapes and patterns [36, 37]. The substrate is dipped and withdrawn from the
solution at a fixed speed. Therefore, the coating’s thickness is in good control without
producing waste [38, 39].

Additionally, the coating amount and the layer thickness can also be controlled by altering
the frequency of suspension and the number of dippings. HAp coating via sol-gel dip-coating
technique can obtain homogenous coating and the coating thickness in the range 0.05-15 mm
[33, 40]. The coating thickness varies according to the viscosity of the sol-gel used [12]. A
lower annealing temperature used for sol-gel dip-coating process can produce adhesive thin
coating layer without severe cracking. An extremely high temperature (6000-10,000°C) is
applied in plasma-spray deposition can decompose the HAp properties into tricalcium phos-
phate, tetra-calcium phosphate, calcium oxide (CaO), and others amorphous phases [41, 42].
When increasing annealing temperature from 375 to 500°C, the adhesion strength between
HAp coating and the substrate increases [43, 44].

Latterly, several modifications of sol-gel dip-coating method are developed to enhance the
quality of coating surface. A poly e-caprolactone (PCL) was applied to HAp to promote osseo-
integration by observing the pores formation on a surface level [45]. The addition of PCL on
HAp onto Ti6Al4V substrate was reported as a good grouping owing to a large thickness of
the coating, around 184 um. There was no crack formation on the coating surfaces, and the
most significant results revealed that the adhesion between the coating and the substrate was
improved. The absence of cracks on the coating surface was reflected necessarily. This is an
effective prevention of wear and corrosion for the substrate. Hence, the amount of releasing
metal ions into surrounding (body fluid) can be minimised as the coated metal exhibit better
corrosion resistance [46—48].

Heat treatment of thin and loosely packed coated substrate is often required to densify the
coating layer and to increase the adhesion strength between the substrate and coating [47,
49, 50]. The high temperature is applied to cure the coated substrates to improve the adhe-
sion strength between coating and substrate, and to achieve apatite structures inside the
applied coating layers [51, 52]. However, the curing temperatures have been implemented
below the melting point of the materials to prevent upsetting the surface integrity of the
substrates. It has been indicating that the development of <1 pum thickness of HAp coating
on 316L stainless steel was suited as the substrate also exposed to annealed temperatures
of around 375-400°C [43]. The bonding strength of the as-produced coatings was about
44 MPa, which indicates good adhesion. For the presently investigated HAp/316L stain-
less steel system, the interlocking component of adhesion was maximised through surface
roughening.

Lately, a modification of the sol-gel dip-coating has been proposed. TiO, /HAp bi-layer coating
and TiO,/HAp composite coating were introduced into 316L stainless steel (316L SS) [53]. The
two types of the coating were compared, and TiO,/HAp exhibited better structural features
and biocompatible properties due to the proper attachments of stem cells onto the surface,
proliferated, and presented a polygonal morphology different from the fibroblastic-like mor-
phology found on 316L SS.
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The combination of sol-gel and dip-coating method have been classified as uncomplicated,
inexpensive, and sustainable coating technique for coating the metal-based substrate that to be
used as implants. In comparison to the natural precipitation approaches, this method can coats
the complex shapes or design efficiently. Also, shortened the processing times and relatively
low temperatures is applied by this method to cover with the HAp layers on metallic substrates.

3.3. Electrochemical deposition

Electrochemical deposition is one of the commercial coating methods for biomedical implants
[54]. Anodic or cathodic systems frequently conducted by the electrodeposition process. In
this process, anodic deposition alone is inadequate to produce small feature size materials
on the substrates. Regarding this, cathodic deposition has unique advantages for modern
and medical applications [55-57]. Through this method, two regular procedures are applied
for the coating preparation: (1) the electrophoretic process (EPD) and (2) the electrolytic
procedure (ELD). EPD is the process that provides the utilisation of suspensions of ceramic
particles while the ELD is the process of formation of metal salts from solutions. The electro-
chemical deposition is extensively employed for coating on a titanium substrate. The subse-
quent filtrate is used as the electrolyte once the CaP proportion dissolved in distilled water
[58, 59]. The procedure is performed from watery arrangements like those appropriated as
a part of the wet substance deposition. Interestingly, graphite and also platinum has been
engaged as the standard reference electrode for anodic material.

One of a kind favourable circumstances in HAp coating deposition process conducted
through the electrochemical technique is the ability to form a uniform coating and the coat-
ing process quick [60]. The procedure can be performed at moderately low temperature
[61]. Electrophoresis process can produce impregnated ceramic particle towards a porous
substrate and composite consolidation. Besides, a significant aspect of sintering behaviour
greatly depends on the state of agglomeration of ceramic powders. The lower the sintering
temperature, the more densify the close-packed of the fine particle and further leads to the
formation of agglomerate-free structures [62]. The pre-sedimentation process can separate the
aggregates [63]. Besides, defect areas could drive a higher rate of deposition, bringing about
the uniformity of the deposit materials and better packing assembly of materials. The higher
rate and better deposition layer are due to the insulating behaviour of the deposition.

The electrochemical deposition process can form a homogeneous coating layer which
enhances the adhesion strength between the coating layer and implant surface [64]. The HAp
coating on CoCrMo metal implant with the thickness of 200 nm can hold the coating quality of
around 17.5 MPa which has been considered as the base prerequisite for the minimum adhe-
sion quality of HAp deposition on metallic biomaterials [65, 66]. However, the HAp coated
substrate was deposited at 10 mA/cm? and annealed for 1 h at 500°C showed the thickness of
the coating is approximately 18.6 um revealed stronger adhesion strength (106.3 MPa) of HAp
coating [67]. The electrochemical deposition of HAp on metal substrates used common strate-
gies to diminish their debasement; unfortunately, it contains abandon of it onto the coating
surface [68]. Hydroxide (OH-) particles are created at the substrate (cathode) surface with the
electric current crossed the electrodes as they immersed in an electrolyte during electrochemi-
cal deposition process [69]. The condition occurs due to the electrochemical response effect
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that is typically significant as the system insignificantly response towards the water, in which
leads to important in the arrangement of a lot of hydrogen gas [27, 70]. Development of the
hydrogen gas air pockets on the surface of the substrate may rapidly occur and thus results
in the decreasing of the nucleation and presence of calcium phosphate. In this manner, it may
prompt the arrangement of non-uniform coating [71, 72]. To conquer the defects, the execu-
tion of HAp coating ought to tackled and enhanced higher current thickness.

A few modifications are recommended to adjust the direct current electrochemical deposi-
tion technique that should be more reasonable in the accompanying approach. H,O, was
added to replace the H,O during the deposition process, thus brings down the current depo-
sition method. Replacement of H,O, will able to modify the entire part of the system of elec-
trochemical response [73]. The impacts of H, development might be evacuated due to the
expansion of peroxide. Therefore, the thick and uniform coating might be shaped [61]. The
increased adhesion and crystallinity of the HAp coating were achieved by pulsed current
electrodeposition method at lower current density with longer pulse off time. The results
of pulsed electrodeposition show that the relaxation time of the pulse is beneficial for the
growth of HAP because it allows the diffusion of ions from bulk solution to the surface of the
electrode and thus lowers the concentration polarisation in the next pulse on time. Besides,
by applying galvanostatic pulse electrodeposition to HAp coating on metal implants showed
improvement in adhesion strength of HAp coating and metal implant due to pulsed current
densities [74].

The previous research has confirmed that by deposition of HAp coating onto metallic bioma-
terial showed the improvement of corrosion performance [75]. Moreover, the coatings have
significantly changed by forming new apatite crystal after 7 days immersion in SBF solution
[76]. These indicate that HAp has bioactivity and biocompatibility properties which can pro-
vide improvement between tissues and metal implants.

An anodization process has been introduced as pre-treatment for electrochemical deposition
[77]. The purpose of anodization is to support developing mechanical interlocks flanked by
the metal substrate and HAp coating [78, 79]. Without post-treatment, homogenous and pure
HAp coating can be accomplished through the anodising process. It was stated by He et al.
[80] that the Al coating on Ti substrate with anodization and hydrothermal treatment. The
results from the holes of anodised aluminium oxide (ALQO,) within the coating deposition,
there is a growth of CaP. Besides, Yang et al. [81] have conducted anodic oxidation treat-
ment for bioactive Ti metal. Even though the electrochemical and pre-treatment process has
become vital, the studies on HAp coating deposited by an electrochemical method on the
porous anodised Ti substrate still in progress stage [82].

Nowadays, a few methods have been presented to enhance mechanical properties of the
implants. One of those methods is through reinforcing materials such as zirconia oxide (ZrO,),
carbon nanotubes (CNTs), and titanium oxide (TiO,) [11, 83-87]. On the other hand, several
reported regarding the HAp-based coating showed the enhancement in adhesion strength
approaching 70% greater compared to pure HAp coating [88]. HAp coating with the addi-
tion of single-walled nanotubes (SWNT) managed to get homogenous, high crystallinity and
crack-free coatings formation. Additionally, the adhesion strength of the coating and sub-
strate after introducing SWNT is approaching from 15.3 to 25.7 MPa [88].
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In correlation to a single layer coating of HAp, the result of a double layer of HAp coat-
ing showed uniformity with good adhesion strength [89]. Furthermore, the formation of the
oxide layer as an intermediate layer between the substrate and coating helps to maintain
the diffusion of harmful impurities from the substrate towards the coating surface to avoid
decomposition of HAp [90]. By applying high-temperature annealing or sintering in the for-
mation of a uniform and denser CaP coating post-electrodeposition [91], a superior adhe-
sion behaviour of coated layer can be formed. Albayrak et al. [92] have reported the same
technique used by Yuan and Golden [89]. Titanium oxide (TiO,) was introduced as an oxide
layer on the Ti6Al4V substrate prior HAp coating. The coated substrates with the presence of
TiO, had the thickness about 30 um and were soaked for 1 min with different voltages as 10,
20, and 50 V. With decreasing the voltage value, the result showed an increment of adhesion
strength. Comparison of the adhesion strength between electrodeposition methods was listed
in Table 1.

In conclusion, HAp coatings conducted via electrochemical deposition technique are formed
progressively by nucleation and growth processes and lead to form a uniform structure.
The electrochemical deposition technique can form a broad range of coating thickness. Also,
the electrochemical deposition process decreases the corrosion behaviour of the substrate
through the coating. Consistently, sintering procedure enhances densification, bonding and
adhesion behaviours of the coating. An interlayer between the substrate and the coating has
been introduced to overwhelm the issue of HAp decomposition. Therefore, the electrochem-
ical deposition technique can be one of great guarantee of the future edition for metallic

biomaterials.

Composition Thickness (um) Adhesion strength (MPa) Reference
CoCrMo + HAp 0.2 17.5 [66]
1. Ti6Al4V + HAp (flake-shaped) 10 6.8 [83]
2. Ti6Al4V + HAp (spherical) 10 10.7

3. Ti6Al4V + sHAp/CNT-Ti 10 10.6

4. Ti6Al4V + HAp (needle-shaped) 10 8.5

1. Ti + HAp (without oxidation) 3 5.0 [82]
2. Ti + HAp (with oxidation) 3 7.3

1. Ti+ HAp 10 153 [88]
2. Ti + SWNTs/HAp 10 25.7

1. Ti6Al4V + HAp 30 13.8 [92]
2. TibA14V + TiO, (10 V)/HAp 30 21.0

3. Ti6Al4V + TiO, (20 V)/HAp 30 13.1

4. Ti6Al4V + TiO, (50 V)/HAp 30 119

Table 1. Values of adhesion strength of HAp coatings deposited by electrodeposition process [33].
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3.4. High-velocity suspension plasma-spraying

Currently, High-Velocity Oxygen-Fuel (HVOF) flame spraying method has been advanced.
The method gives promising results regarding allowing the formation of suspension spraying
layer [93-95]. By introducing the axial powder injection, the new high-velocity suspension
flame spraying (HVSES) process typically would be able to resolve the injection complications
[96-98]. Regarding this, the highest velocity of the particle would be able to produce better
coating protection with low porosity. This innovative suspension thermal spray technique
is ideally becoming the most in-demand technique in depositing a thin layer of coating on
the substrate [99, 100]. In comparison to the other method such as electrophoretic coating
for pure HAp, the coating does not require any heat treatment or post-deposition for con-
solidation. Furthermore, the method features relatively lower processing cost with high and
efficient productivity [101, 102]. As compared to conventional dry powders, the suspension
based feedstock could ignite more flexibility in creating new composite materials by altering
the material compositions in which controlling the primary particle morphology [103, 104].
Furthermore, a fine powder particle either in micro- or nano-sized particles could be fabri-
cated by thermal spray community. The method enables direct delivery of the particles into
the gas or plasma jet. Direct processing of fine particles dispersed in liquid solvent signifi-
cantly yield smaller lamella size of the coating layer that depends on the standard parameters
of spray powder processing [105].

HVSFS technique could produce high-quality and low-thickness coatings especially when
the layer thickness is below 50 pm [96, 106]. The development of the system does indeed fill
in the gap between conventional thermal spraying and thin-film technologies (PVD, CVD).
The thinner coatings produced from this technique usually contain less residual stress with
minimising risks of delamination [107, 108]. The coated properties especially the one involves
bonding strength between the substrate and coated layer produced from HVSES techniques
tends to be affected severely due to the effect of processing parameters such as gas flow,
air-fuel ratio spray distance, and electric arc current. As reported by Gadow et al., [106], bioc-
eramic coatings could be based on dry spray HAp powder used for HVOF and APS nanoscale
and HAp suspension (water-based) for HVSFS.

By introducing different suspension solution medium such as diethylene glycol (DEG) as
a substitute of water suspension, the result of the adhesion strength of the HAp coatings is
enhanced and supposed to be superior [106]. The DEG-based solution increases the adhe-
sion strength compared to the water-based suspension. In fact, DEG-based suspension offers
many advances properties such as low interlayer porosity with denser coatings. The result-
ing condition is due to the higher adhesion strength. The maximum adhesion strength is
around 25 N/mm? as reported for HVSFS-HAp coating [106]. Additional of TiO, layer acts as
a thermal insulating layer onto commercially pure Ti slows down heat extraction from the
deposited material to the substrate [109, 110]. The HVSFS deposited HAp coatings are typi-
cally dense with 27-37 um in thickness and some transverse micro-cracks. Even the crystallin-
ity characteristic is of between 10 and 70%, depending on the deposition parameters and the
amount of a TiO, concentration. The adhesion strength between the metal substrate and HAp
coating enhanced due to the presence of TiO, layer as shown in Figure 1.

77



78 Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

8 Without Ti0O2 bond

o 35 coul
2 » With TiO2 bond
=30 coat
B
e
E
= 20
§ is
S
=
i
= 0

#1 W2 #3 H4 5

Sample #

Figure 1. Adhesion strength of the HVSFS-deposited HAp coatings [110].

The APS, HVOF and HVSFS methods are extensively practised for HAp coating processes
especially the one involves Ti metal as substrates [111, 112]. The processing parameters
such as gas flow, air-fuel ratio, electric arc current and spray distance are the primary fac-
tor in determining the coating properties performance concerning the adhesion strength
between substrate and coating of these thermal spraying techniques [113, 114]. The incre-
ment of the flow rate of oxygen enhances the behaviour of the coating composite. Besides
that, fuel flow rate also plays a significant role in influencing the coating performance.
Increasing oxygen flow rate along with fuel flow rate leads to higher adhesion strength.
Other than that, reducing the spray distance also brings to stronger adhesion strength
[98, 104, 115].

4. Summary

The choice of metallic biomaterials such as 316L stainless steel, cobalt-based alloy, titanium
and its alloys will continue to be used extensively in the medical field as medical implants
due to their excellent mechanical properties and adaptability within the physiological envi-
ronment. Currently, a major issue of metallic implants is the failure to perfect pair to the local
tissue environment in the human body. This inharmonious is due to the different chemi-
cal compositions between metallic implants and human bone. The surface modification of
the metal-based materials via four common coating techniques namely plasma-spray, sol-
gel, dip-coating, electrochemical deposition and high-velocity suspension plasma-spraying
(HVSPS) was introduced to enhance bioactivity, to prevent wear and corrosion and to control
harmful metal ions released into the body. It is proven that the surface modification via coat-
ing can succeed the limitation of the metallic biomaterials.
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Abstract

This chapter aims to establish the key factors for technological optimization of biogenic
calcium phosphate synthesis from marine and land resources. Three natural calcium
sources—marble, seashell and bovine bone—were considered as raw materials. The pro-
posed materials are suitable candidates for the synthesis of bone substitutes similar to the
inorganic bone component. The synthesis processes were developed based on the investi-
gations of thermal phenomena (TGA-DSC analysis) that can occur during thermal treat-
ments. By this method, we were able to determine the optimum routes and temperatures
for the complete dissociation of calcium carbonate as well as risk-free deproteinization
of bovine bone. An exhaustive characterization, performed with modern and comple-
mentary techniques such as morphology (SEM), composition (EDS, XRF) and structure
(FT-IR, XRD), is presented for each precursor. The final chemical composition of ceramic
products can be modulated through a careful control of the key parameters involved in
the conversion, in order to create long-term performant biphasic apatite biomaterials,
with broad medical applicability. Identifying the suitable strategies for this modulation
contributes to an appreciable advance in orthopedic tissue engineering.

Keywords: phosphate biomaterial synthesis and processing, marine and land
bioresources, biomimetic calcium phosphates, modulated calcium carbonate-derived
HA proportion, bovine bone-derived HA

1. Introduction

The fifth of twelve principles of Green Chemistry states that: “The use of auxiliary substances (e.g., sol-
vents, separation agents, etc.) should be made unnecessary whenever possible and innocuous when used” [1].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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During the last years, the increased awareness of the scientific community regarding clean prepara-
tion and processing of bulk and powder biomaterials resulted in intense use of alternative precursors
for preparing adequate materials for orthopedic medical applications. However, the development of
a bone reconstruction material, completely biologically and mechanically compatible with the dif-
ferent types of bone tissue, is still an ongoing challenge.

Human bone anatomy has the architecture of a nanocomposite material, made of 60-70%
mineral component, up to 30% organic components (mostly type I collagen) and approxi-
mately 10% water. The mineral component, usually defined as biological apatite and some-
times misrepresented as natural hydroxyapatite, incorporates multiple substitutions [2, 3]:

* Calcium (Ca*) can be substituted by Sr*, Ba**, Mg*, Na* or K*;
* Phosphorus (P) can be substituted by C, As, V or S; and

* Hydroxyl groups (OH") can be substituted by carbonate groups (CO,)*, fluorine (F-), chlo-
rine (CI") or their place can remain vacant.

The need for restoring damaged bone tissues leads to the development of various bone recon-
struction and tissue engineering solutions. Currently, the most popular are various types of
bone grafts but every type is confronted to disadvantages such as the risk of biological con-
tamination, infection and fast absorption (for xenografts); difficult harvesting and storage,
high risk of tumoral cells and pathogens transfer (for allografts); low availability, additional
surgical procedures, scars and prolonged healing of harvested area (for autografts) [4, 5].

Alloplastic materials are intensively developed as alternatives for bone grafts. The cur-
rent market offers a wide range of calcium phosphate-based biomaterials as substitutes for
bone tissue. Most representative materials are hydroxyapatite (HA), beta-tricalcium phos-
phate (3-TCP) and different combinations of these, generally named biphasic calcium phos-
phates (BCP) [2, 3, 6-8]. The main reason for using calcium phosphate-based biomaterials
is their resemblance with the bone tissue, so research and development of this area tends
to reproduce more accurately the damaged tissue, with more efficient results. This scope
involves firstly the preparation of a calcium phosphate with potential use in orthopedic bone
reconstruction.

Currently, this trend is expressed by improving a relatively new concept, which combines
advanced fabrication of bioceramics with the sustainable use of natural resources, namely
functionalization of marine and land resources for preparing biogenic calcium phosphates
[2, 9, 10]. Dedicated studies offer extensive information regarding [1] marine resources such
as vertebrates bones—fish bones [5, 6, 11, 12] and calcified structures of invertebrates—coral,
snail, seashell, cuttlefish, sea urchin, etc. [12-17], and [2] land resources such as animal bone tis-
sue—preponderantly bovine bone [2, 4, 18, 19] or other calcified structures such as eggshells
[9, 20], which could be used as cost-effective raw materials. Most of these resources are natu-
rally available as various polymorphs of calcium carbonate (CaCQO,); by exception, vertebrate
bones contain calcium phosphate closely related to the mineral component of human bones.
Another CaCQO, resource available on land is marble. This is, to our knowledge, an innovative
precursor for preparing biocompatible calcium phosphates.

All these natural resources bring, besides the calcium resources required for calcium phosphate
synthesis, many beneficial chemical elements such as Mg, Na, K, Cl, F, Si, Sr, which are found
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in human bones in various amounts [2]. This provides a unique advantage to naturally derived
biomaterials against conventional calcium phosphates because the synthesis and preparation
methods do not need additional procedures for doping the stoichiometric compounds.

Various synthesis methods were developed so far for using CaCO, as a precursor for obtain-
ing calcium phosphates, among which, two research directions being currently considered:

* Direct synthesis, which implies precursor treatment with phosphorus-based reagents.
Although intensively studied [6, 14, 15, 21-24], the process parameters are incompatible
with reproducible manufacturing, while the final products are susceptible to impurifica-
tion with trapped intermediate products.

* Indirect synthesis, which requires thermal dissociation of CaCQO, in calcium oxide (CaO)
prior to phosphate-based reagent treatment. Initially proposed by Rathje in 1939 [25], the
method was studied for different types of precursors in an attempt to obtain reproducible
results [5, 6, 11, 13, 16-18, 26]. To date, the correlation between the synthesis parameters
and the material characteristics is poorly understood, so further research is needed for
adapting the method for advanced manufacturing.

For animal bones, isolation and processing of the existent calcium phosphate resource begins
with chemical or thermal deproteinization; then, the resulted material is thermally treated
in a controlled manner: thermal treatment could be performed by combining different tem-
peratures (700-1400°C), heating environments (air, argon, nitrogen, carbon dioxide) and cool-
ing conditions (air or water with ice) [27, 28]. Although methods for manufacturing bovine
bone-derived medical devices are standardized [29] and their use is regulated [5], the current
research strategies aim to align bovine bone processing to the fifth principle of Green Chemistry
and to improve the existent methods by eliminating all reagents which could induce a risk,
thus upgrading the quality management approaches related to bovine bone-derived prod-
ucts, their manufacturing and large-scale utilization.

This study aims to identify the key parameters for optimization of biogenic calcium phos-
phate synthesis and processing. The marine and land resources included in this study are
marble, seashells and bovine bone. The proposed natural resources are convenient candidates
for preparing bone substitutes, which resemble the inorganic (mineral) component of natural
bone tissue. Moreover, by careful control of key parameters involved in CaCO, conversion
and biological apatite isolation, the composition of final ceramic products could be modu-
lated in order to create long-term performant biphasic calcium phosphates with larger bio-
medical applicability. Identifying the optimal routes for achieving this aims contributed to a
substantial advancement of bone reconstruction materials.

2. Marine and land bioresources

The worldwide scientific community is aware of the negative environmental effects of human
consumption. A continuous effort aims to reduce the impact of unsustainable use of limited
resources by developing environment-friendly processing methods and applications [9]. The
use of marine and land materials resulted after industrial processing of different animal species
for producing performant biomaterials is a sustainable solution for reducing waste generation.
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2.1. Marine resources

Different invertebrate organisms from marine environment contain considerable resources
of CaCO, in different calcified structures such as thorns, shells, exoskeletons or bones. Some
of the most popular marine precursors used for the preparation of hydroxyapatite and other
calcium phosphates were corals, due to a well-established conversion procedure for coralline
hydroxyapatite which was developed by Roy and Linnehan in 1974 [22]. However, current
threats such as climate change, destructive fishing practices, overfishing, careless tourism,
pollution or coral mining (for use as bricks, road-fill, cement or souvenirs) drastically limited
the possibility of using these resources for producing hydroxyapatite. In this respect, different
available alternatives can be used:

¢ Bone-like structures in cuttlefish (e.g., Sepia officinalis), generally known as cuttlebones, are orga-
nized in CaCQO, (aragonite) pillars and organic membranes (3-4.5% organic matter) [30]. Synthe-
sis of hydroxyapatite is usually achieved by direct synthesis with phosphorus-based reagents.

* Gastropods (snails) and bivalves (clams, mussels, oysters) shells are primarily composed
of CaCO,. Many types of shells (e.g., Strombus gigas, Tridacna gigas, Mytilus edulis) are con-
sidered lamellar microcomposites. The inner layers of these shells consist of 95-99% of
CaCQO, as aragonite and different organic macromolecules [13]. Based on their environ-
ment, the different species of shells may contain variable amounts of oxides such as SiO,,
MgO, ALQ,, 5rO, P,0,, Na,0O or SO, [14-16].

2% 275

* Echinoderm skeletons (e.g., Heterocentrotus mamillatus, Heterocentrotus trigonarius) are com-
posed of CaCQO, plates and spines, each skeletal element being a single crystal of CaCO, in
form of calcite, very finely branched and structured, for which conversion in hydroxyapa-
tite was reported [14].

* Crustacean wastes (crabs or lobsters such as Portunus pelagicus, Nephrops norvegicus, etc.)
contain three types of valuable compounds—20-40% protein, 20-50% CaCO, and 15-40%
protein. Current waste processing is destructive, wasteful and expensive, as the method-
ology required to separate these three types of compounds uses corrosive or hazardous
reagents. Creative chemistry is summoned in order to fully benefit from this type of waste,
which is largely available [31].

Besides CaCO,, calcium phosphate sources are available in fish bones:

¢ Fish bones (e.g., Thunnus obesus, Pseudoplatystoma corruscans, Pseudoplatystoma fasciatum, Oreo-
chromis mossambicus, Paulicea lutkeni, etc.) represent a significant part of the fish—10-15% of
total fish biomass being bones from the head to vertebrae. Although interspecies variation of
composition of fish bones is significant in the level of proteins and lipids, the mineral bone ma-
trix contains similar amounts of Ca and P, giving a similar Ca/P ratio regardless of the species.

2.2. Land bioresources

Similar to marine bioresources, terrestrial or land raw materials can be divided into CaCO,
and calcium phosphate resources:
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* Land gastropod shells (snails such as Helix pomatia or Helix aspersa) contain mainly CaCO,
and minor amounts of MgCO, and organic compounds, which were reported as raw mate-
rials for producing natural bioceramics [32, 33].

* Land crustaceans (e.g., Orchestia cavimana) contain amorphous CaCO, and minor amounts
of amorphous calcium phosphate within their structures.

* Bird eggshells (Gallus gallus domesticus, Struthio camelus) contain up to 97% CaCQO, as calcite
and 3-4% organic components. Conversion of CaCO, in biocompatible calcium phosphates
can be achieved by direct synthesis with phosphate-based reagents [9, 20].

* Large vertebrate bones are primarily composed of calcium phosphate (biological apatite) and
are largely available worldwide. Procedures for isolating the mineral component of several bone
species (Cervidae, Ovis aries, Equus caballus, Crocodylinae, Struthio camelus, Anatidae) were already
reported. Use of bovine bones is considered a more practical approach in terms of size, availability
and similarity with human bones [2, 4, 5]. The biological apatite of bovine bones also includes
Mg2" ions and CO,* groups which further influence the characteristics of processed materials [2].

3. Synthesis and preparation

3.1. Precursor’s preparation: impurities and organic components removal

Independent of the resource used for calcium phosphate preparation, the raw material shall
be subjected to preliminary preparation procedures in order to ensure the quality of the final
products. Generally, these procedures refer to the macroscopical impurities removal and
organic components separation from the natural material’s structure.

For invertebrates, cleaning of the precursors can be accomplished by brushing under water
pressure and distilled water ultrasonication [15, 17]. The residual organic matter can be
removed by immersion in hydrogen peroxide solution (50%), through boiling or in autoclave
[13]. After drying, materials can be crushed and grounded in a ball mill or agate mortar and
optionally sieved [15, 17].

Fish bones can be first mechanically cleaned to remove impurities/particles from the natural
environment and then sectioned into small pieces [4, 12]. Further, the bone can be repeat-
edly boiled in distilled water to separate the organic tissue and bone marrow [4, 6, 11].
Degreasing and elimination of external hyaluronic acid and proteins can be achieved by
bones immersion either in alcohol baths (ethanol 70%, v/v), followed by distilled water
washing and hydrogen peroxide preservation (30%, v/v) or in alkaline sodium hydroxide
(NaOH) solution (1 N) [4, 12]. After drying at 50°C in hot air oven, the bone pieces can be
stored in formaldehyde solution (4%, v/v) if it is not immediately processed [4].

Bird or tetrapod bone preparation starts by freezing at -20°C for facile segmentation; other-
wise, mechanical removal of macroscopical impurities may lead to local heating of the bone and
therefore to inadequate separation of bone marrow and other potential antigenic substances [2].
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Further deproteinization can be carried out in an autoclave at 100°C by boiling [2, 19]. Prolonged
exposure to autoclaves or vapors reduces collagen in the form of gelatin and thus lowers the risk
of coal black matter appearance at the end of processing [2]. This step can also be achieved with
organic solvents such as methyl acetate or hydrogen peroxide [2].

For eggshells, cleaning with sodium hypochlorite (NaClO) solution (5%) was reported, fol-
lowed by ball mill or agate mortar grounding for 2 hours and sieving. Further, the obtained
powder was repeatedly washed with the same solution and then dried in conventional oven
at 100°C for 24 hours [9, 20].

3.2. Synthesis by chemical precipitation
3.2.1. Direct method

Direct synthesis (Figure 1) is performed on CaCO, powder with phosphorus-based reagents.
One commonly studied reagent is ammonium phosphate monohydrate (NH,),HPO,), which

o —
- “'h.

ey o | -
c.ms . .‘ IT,PRt I_-'. : & I..'-.__. L —_—
- 0; = g O Y
\.u‘h‘f{b —-imoimw.i >

( P - based resgent ® | Autoclavel Parr 24-T2h
Preparation of precursor —_ ’ reactor 200-260°C
powder: oysier shells, ostrich Mixing of Ca® and PO, generators Aging
eggshells, coral skeletal Washing
carbonate, mussel shells NOT compatible for industrial fabrication Filtration
Ca0 P = based reagent ﬂ
N~
: o @ - P—
x Ambieand | ¥
x /. o Magnetic stiing 25.100°1
a conditions L] fan M0°C r—
= = A \ '
' Distilled water — m '.
Calcination 800-1200°C | / Drying
Precursors: oyster shells, hen Mixing of Ca* and PO,* Lo
eggshells, mussel and clam generators
shells, sea urchin, marble Phase composition modulation through | HYDROXYAPATITE
controlled addition of reagents POWDER
e Fish/Bovine
bone rawibulk
a=z
3 E —»
g3
F *% Calcination W,
Boiling 2-4h 550-T00°C Heat Treatment 800-1200°C Qe
Deproteinization m“':“"“, E"“mlhm";'ﬁmmp Planetary ball milling

Figure 1. Schematic representation of the main routes for converting natural precursors such as marble, seashell, and
bovine bone in biocompatible calcium phosphates.
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can be mixed with CaCO, powder in Parr reactors at approximately 250°C [22] or in an auto-
clave. CaCO, powder can also be mixed with distilled water and then treated by controlled
addition with phosphoric acid (H,PO,) in equivalent proportions for desired Ca/P molar ratio
[20]. Another possible method concerns the direct treatment with calcium pyrophosphate
(Ca,0O,P)) by wet grounding in a planetary ball mill [15]. In all cases, the synthesis is followed
by distilled water washing and drying at temperatures between 70 and 150°C [15, 20, 22-24].

3.2.2. Indirect method
3.2.2.1. Thermal dissociation of calcium carbonate

Regardless of the CaCO, polymorphic form (aragonite, calcite or dolomite), thermal dis-
sociation takes place through calcination at temperature of 800-1200°C, for at least 2 hours
[5, 6, 16, 17, 34]. Calcination leads to carbon dioxide (CO,) release, associated with a mass
loss of ~45%. The obtained product is calcium oxide powder (CaO), which can be involved
in the chemical synthesis as prepared or sieved in advance [16, 34].

3.2.2.2. Chemical precipitation

Post calcination, CaO powder is usually mixed with distilled water and transformed into cal-
cium hydroxide (Ca(OH),); during hydration, an exothermic reaction occurs and its volume
doubles [34]. After hydration, the Ca(OH), aqueous solution can be further treated with phos-
phor-based reagents such as diammonium phosphate ((NH,),HPO,) [5, 13] or H,PO,. CaO
powder can also be dissolved in nitric acid (HNO,), to obtain calcium nitrate (Ca(NO,),) which
would then react with (NH,),HPO, [17] or EDTA solution, to convert CaO into Ca-EDTA com-
plex, which reacts with disodium phosphate (Na,HPO,) [16].

Reactions take place for several hours by using magnetic stirring at temperature of 25-100°C
[5, 16, 26] or several days, in autoclave, at maximum 240°C [13]. The reaction ends with forma-
tion of a white precipitate which can be further dried in a vacuum oven at 80°C for 6 hours
[16] or in an electric one for 3 hours [5, 17, 35] to obtain the final calcium phosphate powder.
Following this procedure, after sintering at 900°C, the obtained HA was reported to be pure
and thermally stable.

Depending on the medical applicability, the product’s final composition can be tuned during
synthesis and through the final thermal treatment. This is the main reason why elevated syn-
thesis conditions (direct method) are not necessarily adequate for synthesizing large amounts
of powdery samples. Therefore, in case of calcium carbonate-based precursors, synthesis
techniques were adapted to normal (room) conditions such as temperature, pressure and time
(indirect method). On the other hand, for bone-like precursors, the synthesis route is com-
pletely different, given their compositional similarity to the human bone. The HA extraction
and final composition adaptation is carried out only by thermal treatment.

3.3. Thermal treatment

The thermal treatment of marine resources can be performed at 160-1200°C for 2-8 hours
[6, 12, 21]. A soaking time of 2 hours proved insufficient for complete transformation of
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CaCO,, and small quantities of residual aragonite could be identified in the material struc-
ture. Extension of thermal treatment to 8 hours was reported to ensure the complete con-
version of calcium carbonate into HA [14]. Even though it was reported that at 1000°C
synthesized HA is stable and similar to the pure one with Ca/P molar ratio of 1.67 [21], HA
preparation from marine resources and exclusively thermal methods is not reproducible.

On the other hand, thermal treatment of bone tissue aims for producing biphasic calcium
phosphates with modulated content of HA and (-TCP, since B-TCP transformation into
o-TCP was not identified in bovine bone-derived materials at temperatures lower than 1200°C
[27, 36]. Adaptation of HA (bioactive)/B-TCP (resorbable) ratio relies upon the precursor fea-
tures such as substitutions in the crystalline structure of biological apatite, the elemental spe-
cies embedded in the structure and the interactions between them during thermal processing.
Apart from the biological apatite characteristics, an important role for processing is addressed
to the thermal treatment parameters:

3.3.1. Heating rate and heating duration

Temperature and heating duration are dependent on the bone pieces’ dimensions, the amount
of oxygen present in the heating environment and precursor preparation methods [37]. At
600-1000°C, at least 2 hours is necessary for the removal of all organic component from 1 cm?
of bone tissue. Optimum reported heating rate was 10°C/min; thermal treatments conducted
below this rate (5°C/min) could lead to the partial fixation of carbon and delayed decomposi-
tion reactions [28].

3.3.2. Treatment temperature

Thermal degradation of bovine bone begins with the evaporation of surface water. Collagen
denaturation is carried out in parallel with the water loss and continues up to 500-600°C,
with mass losses and carbon dioxide emissions [28]. Until complete degradation, the organic
component acts as a protective shield for calcium phosphate found in the bone mineral com-
ponent. For this reason, the mineral matter does not undergo thermal transformations up
to 500-600°C. Above this temperature, the biological apatite is subjected to a recrystalliza-
tion process, made in three stages: lattice diffusion (500-750°C), surface diffusion (750-900°C)
and grain boundary diffusion (900-1000°C) [38]. Recrystallization is usually correlated with
removal of carbonate groups from the crystalline structure. Thermal degradation of bone-
derived HA is possible above 1000°C but the event is strongly influenced by the precursor’s
chemical composition (with compositional variations of bone tissue from different animals)
and the thermal treatment environment. The main products obtained after HA decomposi-
tion include different forms of oxyapatites, which can subsequently decompose into 3-TCP,
CaO [36] or tetracalcium phosphate (TTCP).

3.3.3. Thermal treatment environment

Thermal treatment environment is responsible for the heat transfer and assuring/disposing of
gaseous products and reactants. Thermal analyses performed in nitrogen atmosphere proved
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that bovine bone-derived HA decomposition begins at approximately 1000°C and lead to the
B-TCP and CaO traces formation. Other result obtained in air atmosphere and from different
species of vertebrates pointed the beginning of HA transformation at around 800°C [39]. In
argon atmosphere, bovine bone-derived HA decomposed into B-TCP (without any detectable
CaO traces) at temperature of ~1200°C [36]. Heating in carbon dioxide atmosphere does not
induce significant modifications of HA up to 1200°C.

3.3.4. Cooling conditions

The control of cooling conditions contributes to the modification/preservation of the bone-
derived calcium phosphates’ phase composition because the conversion 3-TCP — a-TCP is
reversible through slow cooling. a-TCP (resorbable) conservation within the thermally pro-
cessed calcium phosphates’ structure was achieved by quenching.

4. Results and discussion

The investigations described in this section were made on samples prepared from natural pre-
cursors—marble, marine seashells and bovine bone —and from bioceramic materials derived
from those precursors. For marble and seashells, an indirect Rathje-based method was opti-
mized by means of magnetic stirring, reagent treatment and thermal treatment [40, 41]. In this
study, the materials were evaluated in three stages: [1] raw marble and seashell precursors
(after cleaning), [2] thermally treated marble and seashells (intermediate products), and [3]
marble and seashell-derived bioceramics (named Marble-TT and Seashell-TT, respectively)
resulted after treatment with H,PO, and drying at 120°C.

Bovine bone samples were investigated in three stages: [1] raw bovine bone precursor; [2] inter-
mediate product obtained after deproteinization at 500°C; and [3] final ceramic product obtained
after thermal treatment at 1000°C in air atmosphere. Following this route, contamination risks
were reduced by eliminating all reagents involved in processing and by performing thermal
treatment at temperatures above 850°C, which are considered microbiologically safe [27, 28].
The preparation procedures for all precursor types are described in detail in Refs. [36, 40].

4.1. TGA/DSC analysis: thermal behavior of natural resources

Temperature-induced thermal transformations were evaluated by TGA-DSC analysis (SDT
Q600 equipment) between 25 and 1200°C, with 10°C/min, in argon atmosphere. The results
are presented in Figure 2.

Thermal degradation of calcium carbonates (marble and seashells) began with a thermal event
associated with evaporation of surface water, at approximately 75°C, without significant mass
loss (Figure 2). CaCO, thermal degradation included the decomposition of dolomite from
marble and aragonite from seashells into calcite, a thermally stable phase. Decompositions
occurred at approximately 300°C (endothermic peaks in Figure 2) and were accompanied by
a mass loss of approximately 2%. Thermal dissociation of CaCO, continued until 850-900°C
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temperature was achieved. This dissociation temperature is inferior to the one corresponding
to pure CaCQO, (963°C). Degradation was associated with mass losses of approximately 40%,
corresponding to CO, emissions. The CaO resulted after carbonate degradation was stable
until 1200°C was achieved, in agreement with previous studies [42].

Thermal degradation of bovine bone began with surface water removal, which occurred until
approximately 300°C and was accompanied by a mass loss of approximately 10% (Figure 2).
Combustion of the organic bone component began concomitantly with water loss. This phe-
nomenon was accompanied by a significant mass loss of 20-30%, until 500°C was reached.
The temperatures between 500 and 800°C usually induce the removal of carbonate groups
within materials’ structure; in the current study, this event was associated with a mass loss
of approximately 5%. First major thermal event was identified in DSC results at approxi-
mately 800°C and corresponds to the partial transformation of HA in 3-TCP, between 850 and
1200°C, with an exothermic peak at approximately 1000°C. The beginning of a new thermal
event was observed at approximately 1200°C, which suggests that B-TCP was partially trans-
formed into a-TCP. This result is in agreement with the previously reported results, which
pinpoint the beginning of a-TCP at 1125°C [27, 28].

4.2. SEM-EDS analysis: morphocompositional characteristics

The morphocompositional characteristics of marble, seashell and bovine bone precursors
and bioceramic products derived from those precursors were highlighted by SEM analysis
(Philips X1 30 ESEM TMP equipment) coupled with EDS (EDAX Sapphire equipment). The
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Figure 2. TGA-DSC analysis results for marble, seashell, and bovine bone precursors used for biocompatible calcium
phosphate preparation.
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results for precursors, intermediate synthesis products and final bioceramics derived from
each type of natural resources are presented comparatively in Figure 3.

The raw marble (Figure 3A) exhibited a compact microstructure, with a separated phase
arrangement. Considering the EDS results (in which magnesium presence was confirmed,
shown in Figure 3), as well as the previously reported results, the fine white lines in the mar-
ble microstructure represent calcite microregions. This alternates with the broader regions of
dolomite (magnesium and calcium carbonate), highlighted by darker gray shades. Isolated

Marble Seashell Bovine bone
Ca 1 N R N N B, . S N [ [ -1 T [

CalP atomic ratio of final ceramic products

1.69
1.60 162
Marble-derived ceramic Seashell-derved caramic Bone-derived caramic

Figure 3. SEM-EDS results for marble, seashell, and bovine bone precursors and bioceramic products prepared from
those precursors: EDS spectra of natural precursors; (A-C) SEM results for initial (raw) precursors; (D-F) SEM results
for intermediate products: marble and seashell thermally treated at 1300°C and bovine bone thermally treated at 500°C.
(G-I) SEM results for final bioceramic products (obtained after chemical treatment and drying of marble and seashell,
and thermal treatment of bovine bone, respectively). Variation of Ca/P atomic ratio of final ceramic products.
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calcite grains, with poliedric shape and sharp edges were also observed. After the thermal
treatment performed at 1200°C (Figure 3D), the material exhibits an acute cracking of the
initial compacted microstructure. The final bioceramic product (Figure 3G), obtained after
chemical treatment with H,PO, and drying at 120°C exhibits a dense and uniform microstruc-
ture with no pores or defects.

The seashell precursor (Figure 3B) had a typical lamello-fibrillar microstructure, in which cal-
cite layers alternated with perpendicular aragonite layers. After thermal treatment (Figure 3E),
shells morphology was constituted from connected particles and many pores resulted after
cracking and aeration of calcite layers. After synthesis and final thermal treatment (Figure 3H),
the resulted bioceramic had a compact, uniform and defect-free microstructure.

The raw bovine bone microstructure (Figure 3C) is typical for cortical bone tissue, that is, an
association of osteons with concentric lamellae arranged around haversian canals. The organic
component of bone tissue (highlighted by darker gray shades in Figure 3C) was mostly present
in the haversian canals and in the lacunae disposed along bone lamellae. In thermal treated bone
(at 500°C—Figure 3F and at 1000°C —Figure 3I), both haversian canals and lacunae were trans-
formed into different sized pores due to complete combustion of the bone organic component.

The composition of carbonate precursors includes Ca, C and O as major elements (EDS spectra
in Figure 3). Traces of Mg were identified in the EDS spectra of the marble precursor. Based
on their origin, these precursors may contain variable quantities of Na and/or Si, but were
not identified in the current study. The EDS spectra of the bovine bone precursor includes,
besides Ca, P, C and O (characteristic major elements), peaks of Na and Mg.

The compositional key performance indicator for the naturally derived bioceramic was atomic
Ca/P ratio (graph in Figure 3), calculated based on EDS results. Ca/P ratio varied between 1.60
for marble-derived materials and 1.69 for bovine bone-derived ones.

4.3. XRD: structure and phase composition

The structure and phase composition of natural precursors and final ceramic products were
evaluated by XRD (Bruker D8 Advance diffractometer equipped with a LynxEye detector), in
Bragg-Brentano geometry, with CuK (A =1.5418 A). Analyses were performed for 20 =10-50°,
with 0.04°/1 s step. The results are presented in Figures 4 and 5.

The XRD patterns for marble and seashell precursors (Figure 4) indicated the presence of
CaCO, by its characteristic peaks at ~29.5°, 47-48° (marble— calcite, ICDD: 01-086-2339) and
~27°, 32.5°, 43° (seashells—aragonite, ICDD: 00-005-0453), respectively. In agreement with
EDS results (Figure 3), XRD pattern for marble (Figure 4) signaled the presence of magnesium
carbonate CaMg(CO,), (ICDD: 00-036-0426) in the material, by characteristic peaks located at
37° and 42.5°. XRD results for the bovine bone precursor indicate a low crystallinity due to the
presence of the organic components within the bone tissue.

The peaks identified in the XRD pattern of the bioceramic obtained after bone thermal treat-
ment (bovine bone-derived ceramic in Figure 5) confirm that the materials contain HA as
single phase. The sharpness of the peaks suggests a high crystallinity. In comparison, the
bioceramics derived from marble and seashells (marble-derived ceramic and seashell-derived
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ceramic in Figure 5) included low-intensity peaks suggesting a lower crystallinity. The indi-
rect synthesis of both precursor types led to the obtaining of a biphasic material consisting of
different proportions of HA and 3-TCP.

4.4. FT-IR analysis: functional groups architecture

Functional groups architecture was evaluated by FT-IR analysis (Perkin Elmer Spectrum BX II
equipment) in attenuated total reflectance (ATR) mode (PikeMiracle head). IR spectra were recorded
between 800 and 3600 cm™ for the raw precursors (Figure 6) and between 500 and 1200 cm™
(Figure 7) for the final bioceramic products, with 4 cm™ resolution and 32 scans per experiment.

IR spectra of the marble and shell precursors (Figure 6) included the characteristic vibration
bands of CO,? groups in CaCO,, namely v, asymmetric bending (870 cm™), v, asymmetric
bending (~1400 cm™) and v, symmetric stretching (2312 cm™, 2968 cm™), as well as the peaks’
characteristic for the vibrational mode of water molecules (3640 cm™) [43]. The IR spectra of
the bovine bone precursor included a high-intensity peak at 1008 cm™, corresponding to v,
symmetric stretching of (PO,)*" groups along with peaks of lower intensity, corresponding to
CO,? groups. The bone organic component is represented by peaks corresponding to amide
in collagen at: 1645 cm™ (amide I vibrations), ~1550 cm™ (amide II vibrations) and ~1200 cm™
(amide I vibrations).

After synthesis and thermal treatment, the IR spectra of all three precursors included similar
peaks (Figure 7). The first peaks, corresponding to v, symmetric bending of (PO,)* (563 cm™,
600 cm™) are more well defined for the bovine bone-derived material (bovine bone-derived
ceramic) in comparison with marble and seashell-derived ones (marble-derived ceramic and
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Figure 6.IR spectra of marble, seashell, and bovine bone precursors used for biocompatible calcium phosphate
preparation.
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Figure 7.IR spectra of final bioceramic products obtained after indirect chemical synthesis and thermal treatment
of marble and seashell precursors (marble-derived ceramic and seashell-derived ceramic, respectively) and thermal
treatment at 1000°C of cortical bovine bone (bovine bone-derived ceramic).

seashell-derived ceramic, respectively). Bovine bone-derived ceramic samples also exhibit a
peak corresponding to vibration of structural (OH)™ groups (630 cm™), suggesting a higher
water content in this samples. Peaks’ characteristic to phosphate groups were identified
in the 900-1150 cm™ region for all the three types of bioceramics. The IR spectra of bovine
bone-derived ceramic includes a well-defined peak at 1020 cm™ with two shoulders at 960
and 1088 cm™, which resembles well to the characteristic spectra of HA [44]. These peaks
are assigned to v, symmetric stretching of (PO,)* (960 cm™) and v, asymmetric stretching
of (PO,)* (1020, 1088 cm™ ). In good agreement with the XRD results (Figure 5), the marble-
derived bioceramic spectra includes two additional peaks at 945 and 1112 cm™ correspond-
ing to B-TCP [45], while the seashell-derived bioceramic (seashell-derived ceramic) exhibits
a single peak of lower intensity at 1020cm™, suggesting a lower crystallinity degree of the
material with no significant differentiation between the HA and (3-TCP peaks.

5. Conclusions and future perspectives

This study proved once more that in the quest of finding an excellent bone substituent, cal-
cium phosphates raised a new level of knowledge due to the generous marine and land
bioresources that can be converted. In this context, several drawbacks of current alloplastic
methods can be forecasted and minimally invasive surgery shall be needed.

An insightful investigation was carried out in terms of three possible natural precursors—
marble, seashell and bovine bone—for biogenic HA synthesis. For the first two, an improved
and fully parameterized chemical method was proposed; marble itself serving as an innova-
tive alternative. This led to significant morphological, compositional and structural variations
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between final stage products. The precursors’ structural examination revealed, as it was
expected, three polymorphic calcium carbonate forms (calcite, dolomite and aragonite) and a
typical bone-like phase composition. Thus, the intermediary thermal treatment affects the ini-
tial compact microstructure either by cracking and aeration (marble and seashell) or by trans-
forming the haversian canals and lacunae into size distinctive pores (bovine bone). Further,
post-synthesis heat treatment processing constituted a key objective for marble- and seashell-
derived powders, which allowed for biphasic powdery calcium phosphates development.
Contrary, in case of bone-derived products, there were no structural or compositional events,
the final product consisting of pure crystalline HA.

In terms of naturally derived calcium phosphates, future perspectives are mainly correlated
to [1] product manufacturing through both the conventional and additive (SFF) methods,
[2] controlled porosity for an optimal vascularization and osseointegration and [3] com-
plete standardization for industrial fabrication. In this respect, further thorough research is
required.
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Abstract

Hydroxyapatite materials, due to their high biocompatibility, play a crucial role in ortho-
paedics and bone surgery as alternatives to autologous bone grafts. It was also found
that coatings of metallic implants with hydroxyapatite layer improve significantly their
osseointegration. Due to its bioactivity, osteoconductivity and non-toxicity, hydroxy-
apatite is also widely used as a component of hybrid biomaterials. The implantation
of “foreign” materials brings one major concern that is the risk of potential bone tissue
infections or chronic osteomyelitis. In turn, the main problem concerning bacterial infec-
tion treatment is to obtain an adequate, bactericidal drug concentration maintained for a
sufficient period of time in the bone tissue. Therefore, recent developments of materials
engineering are focused on delivery antibiotics directly into the affected bone. To achieve
this goal, hydroxyapatite-based materials are frequently studied as carriers for antibacte-
rial drugs. For effective support of antibiotic therapy, the antibacterial activity of certain
ions (including silver, zinc or copper) may be applied. In our work, we present recent
developments on ceramic materials for bacterial bone infections: hydroxyapatite-based
carriers for antibiotics and modifications of hydroxyapatite with antibacterial ions. In
this review, state-of-the-art and current applications of such materials are presented and
discussed. We want to also present our recent results.

Keywords: hydroxyapatite, drug delivery, antibiotics, ionic substitution, antibacterial
properties

1. Introduction

Hydroxyapatite (HA) is a material widely used in regenerative medicine, bone and dental
surgery, conservative dentistry as well as implantology [1, 2]. HA resembles the main
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inorganic component of mineralized tissues (biological apatite), which in combination
with its non-toxic and, most importantly, osseoconductive properties makes it an asset
for biomaterial engineering [3]. HA is considered to be the gold standard in bone tissue
regeneration. In clinical practice, it is used in the form of powders or granules as filler for
bone replacement or for repair of post-resection defects [4, 5]. HA is also successfully used
as a coating material for metallic implants due to its bioactivity and favourable effects on
the osseointegration process [6]. Porous structures may be used as temporary scaffolds for
newly formed osseous tissue. In dentistry, HA is a component of dental materials such
as dental cements and toothpastes [7]. Moreover, it has further uses in polymer/ceramic
bone composite materials, not only as a bioactive material but also as a provider of desir-
able mechanical properties [8, 9]. Current research on HA bioceramics is conducted with
a view to achieve two main goals: (1) to improve the biocompatibility of synthetic HA
and (2) to provide synthetic HA with additional biological properties. The first goal can
be achieved using partial ionic modification of synthetic HA. It should be stressed at this
point that biological apatite is not pure hydroxyapatite, it is carbonated hydroxyapatite
with a considerably reduced content of calcium and structural hydroxyl groups [10]. It
also contains a number of various ions, primarily magnesium (Mg?*), but also sodium
(Na*), potassium (K*), zinc (Zn*), manganese (Mn?), silicate (SiO,*) and hydrogen phos-
phate (HPO,*). The “foreign ions” incorporated into the structure of HA contribute sig-
nificantly to its properties such as the size of single crystals, agglomeration tendency and
solubility.

New biological properties of HA may also lead to its enrichment with additional ions. For
example, the introduction of strontium ions (Sr**) provides HA with antiresorptive proper-
ties, as the strontium ions have an inhibiting effect on the activity of osteoclasts, while also
stimulating osteoblasts [11]. HA material containing selenites (SeO,*) may be used in turn in
bone tumour therapy [12]. Commercially available apatite material enriched with silicon ions
(Actifuse®) contributes positively to osteogenesis by promoting the formation of bone and its
natural remodelling [13].

Upgrading HA materials may be achieved using physical or chemical binding of drugs.
Therefore, recent research on HA bioceramics focused on producing multifunctional materi-
als, which, in addition to being used as scaffolds for growing tissue, could also release drugs
directly into the bone in the affected area [14]. The literature describes research on HA as a
delivery system for antiresorptive (e.g., bisphosphonates) and anticancer drugs (e.g., doxo-
rubicin and cisplatin), as well as antibiotics mainly against perioperative and intraoperative
infections [15-17].

This chapter presents so far achievements in the field of HA materials for bone tissue infec-
tions (see Figure 1). In addition to antibiotic delivery systems, herein the focus will be put on
HA modified by ions with proved antibacterial activity. Further on, opportunities for devel-
oping multifunctional HA-based materials for applications related to prevention and treat-
ment of bone infections will be discussed.
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Figure 1. Scheme illustrating the main applications of HA and the ways to obtain antibacterial properties.

2. Hydroxyapatite-based antibiotic delivery systems

Bone tissue infections are one of the most frequently occurring side effects of bone surger-
ies. Such a complication may lead to severe bone loss, implant failure or even amputation
[14]. Osteomyelitis, periodontitis and spondylodiscitis are important bone tissue infec-
tions [18, 19]. They are most commonly caused by infectious isolates of G-positive bacteria,
such as Staphylococcus aureus and Streptococcus spp.; G-negative bacteria: Salmonella spp.,
Mycobacterium tuberculosis, Pseudomonas aeruginosa; and fungi: Candida spp. The treatment of
bone infections meets several serious clinical problems. Usually, antibiotic therapy involves
3 weeks of oral treatment followed by 3 weeks of intravenous therapy [19]. Bone tissue is
poorly vascularized; thus, the antibiotic doses must be high enough to reach prolonged anti-
bacterial concentration at the infected site. This high dosage of antibiotics may cause systemic
toxic effects like nephrotoxicity, ototoxicity, hepatotoxicity, allergy or gastrointestinal syn-
dromes [14].

Despite long, high-dose therapies, standard treatments of bone infections are still not effective
enough. Due to the problems mentioned above, drug delivery systems targeting bones have
been developed. The material frequently chosen as the system matrix is hydroxyapatite (HA).

Due to its porosity, HA may provide proper loading and long-term release of antibacterial
agents, which is crucial for the antibacterial effectiveness of such a system. However, its poor
mechanical properties (brittleness) have led scientists to combine pure HA with natural or
synthetic polymers. Gelatine [20, 21], alginates [22-25], chitosan [25-27], collagen [28-30],
polyvinyl alcohol (PVA) [31-33], polyacids [34-40] and cyclodextrins [41-43] are frequently
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used to improve not only the properties mentioned above but also the stickiness of fabri-
cated composite scaffolds, microspheres, etc. Thus, investigations into drug delivery systems
loaded with antibiotics include the use of HA alone [44-63] and HA accompanied by other
substances [20-40, 42, 43, 64-66].

The most frequently used antibiotics in local drug delivery systems are vancomycin (VAN)
[18, 20, 21, 27, 33, 42, 48, 53, 60-63, 65] and gentamicin (GT) [18, 23, 25, 27, 35, 46, 57-59, 65].
These are also the most ubiquitously applied antibacterial agents in systemic therapy of bone
tissue infections. Herein, the examples of antibiotic delivery systems based on HA and loaded
with VAN or GT will be presented.

2.1. Vancomycin

Vancomycin (VAN) is used to treat methicillin-resistant Staphylococcus aureus (MRSA) infec-
tions in bone. The drug is administered parenterally; however, poor vascularization of bone
tissues may cause insufficient local concentration of the antibiotic. Furthermore, severe side
effects, such as ototoxicity and nephrotoxicity, are driving investigations into local delivery
systems for VAN.

In one study [62], different materials characterized by various pHs were used to incorporate
VAN. Namely, the investigations were focused on brushite cement (pH = 2.4), HA cement
(pH =9.4) and apatite xerogel (pH = 7.4). The influence of pH on the antibiotic release mode
was analysed. The outcomes of the experiment revealed that pH affected the release kinet-
ics. Despite the fact that the eluent from apatite cement exceeded the minimum inhibitory
concentration (MIC), the system based on this material was ineffective against S. aureus. Yang
et al. [27] covered metallic implants of bone with a chitosan/vancomycin composite. The
composite’s components were interconnected with hydrogen bonding. The electrochemical
deposition technique was employed to cover the implant with a layer of composite. Next,
the additional, external HA layer was placed on the implant. The kinetics of the antibiotic
release from both type coatings were then compared. The kinetics showed that chitosan coat-
ing resulted in an impressive initial burst of a drug compared with the chitosan/HA compos-
ite. It may be concluded that the addition of HA has a significant impact on the prolonged
release of the antibiotic.

The antibacterial activity of HA-based VAN-loaded delivery systems is usually examined in
vitro. However, some studies involve in vivo tests to investigate the antibacterial effectiveness
of fabricated systems. Joosten et al. [61] tested the antibacterial activity of VAN-loaded HA
cement in S. aureus-induced chronic osteomyelitis. The infection was induced in the tibia of
New Zealand white rabbits. The HA cement was an effective VAN carrier even for the treat-
ment of MRSA.

Lian et al. [31] tested HA/collagen/calcium sulphate composites loaded with VAN also in rab-
bits. Bone infection was induced in the condyle lateralis femoris. After 12 weeks of implanta-
tion, micro-CT graphs have shown an excellent bone reconstruction with implants containing
VAN (see Figure 2).
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Figure 2. Micro-CT graphs taken 12 weeks after focal debridement. (a) Cross-section position (red line), (b) normal bone,
(c) nHAC/CSH group, and (d) VCM/nHAC/CSH group. Abbreviations: nHAC/CSH - nanohydroxyapatite/collagen/
calcium sulphate composite VCM/nHAC/CSH - nanohydroxyapatite/collagen/calcium sulphate composite loaded with
vancomycin. Reprinted from Ref. [31], the open access article distributed under the Creative Commons Attribution
License.

Some commercial materials were also tested for their effectiveness as the matrices of antibiotic
drug delivery systems [18, 53, 65]. Interesting outcomes were found by Rauschmann et al. [65]
who compared PerOssal® and calcium sulphate (CS) as drug loading matrices. PerOssal® is a
biodegradable composite consisting of nano-sized HA and CS. The pellets synthesized from
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both materials were soaked in two antibiotics: VAN and gentamicin. The release of the drugs
from the materials was studied. Surprisingly, PerOssal® demonstrated a higher initial release
and a lower release of VAN after approximately 5 days, while in the case of gentamicin, the
release mode from the materials exhibited no significant difference.

2.2. Gentamicin

Gentamicin (GT) is a broad-spectrum antibiotic from the group of aminoglycosides. It is
mainly used in infections involving Gram-negative bacteria (i.e. Pseudomonas and Enterobacter
spp.)- Due to poor oral absorption, GT is commonly administered by injection. GT is fre-
quently used as a model, antibacterial agent in HA-based drug delivery systems. Guo et al.
[57] examined the influence of the HA’s porosity on GT’s loading. Mesoporous, carbonated
HA microspheres exhibited a higher drug loading efficiency of 70-75% more than the conven-
tional HA particles. It is important to note that the hierarchical nanostructure with developed
meso- and microporosity allowed for an efficient loading of drug and, at the same time, a slow
and sustained release of GT.

The association between porosity and drug loading was also studied by other researchers.
To synthesize porous HA microspheres, the ice-template spray drying (ITSD) technique was
applied by Yu et al. [34]. Drug loading efficacy increased with the increase of the porosity
of the HA microspheres. Additionally, the transformation of the structure of the pores from
cellular and independent ones to three-dimensional interconnected pore networks had a sig-
nificant impact on the initial burst of the drug.

A hybrid material containing HA and covalently coated, hardly degradable keratin was
described in Ref. [66] as an innovative system for GT delivery. The presence of keratin
resulted in a greater immobilization of the antibiotic compared with HA/gelatine material.
Moreover, the hybrid was non-toxic and stimulated osteoblast proliferation. It is important
to note that the sustainable, prolonged GT release provided efficient antibacterial activity for
at least 120 days.

2.3. Other antibiotics used in HA-based delivery systems

Among the other antibiotics applied as the model drugs in the systems targeting bones, peni-
cillins, mainly amoxicillin [22, 37, 38, 44-46], cephalosporins [44, 46, 47], fluoroquinolones
[33, 42, 43, 48, 49], including ciprofloxacin [33, 42, 43, 48, 49] and tetracyclines [28, 36, 51, 52],
should be mentioned. In some studies, aminoglycosides (tobramycin and amikacin) [44, 46,
54], erythromycin (macrolides) [22, 32], tigecycline (glycylcyclines) [55, 56], linezolid (oxa-
zolidinones) [64], rifapentine (ansamycin-like antibiotic) [41], clindamycin (lincosamides) [39,
40, 50], chloramphenicol [45] or chlorhexidine [67] (a bactericidal and bacteriostatic agent,
not classified as an antibiotic) were used. The most interesting investigations concern loading
more than one antibiotic into the same material [22, 42, 44-46, 48, 49].

Stigter et al. [44] compared the efficacy of the incorporation of different antibiotics into car-
bonated HA coatings on titanium implants. The outcomes showed that the incorporation rate
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depends on the chemical structure of the drug. Antibiotics that contained a carboxylic group,
such as cefalotin, carbenicillin or cefamandole, were better incorporated than the others. In
addition, these drugs exhibited a slower release from HA coatings.

In turn, Ferraz et al. [22] loaded nanohydroxyapatite microspheres with amoxicillin, amoxi-
cillin + clavulanic acid and erythromycin. Two types of microspheres, with varied porosity,
were tested. The release profile from both types of microspheres consisted of a fast initial
release followed by long-term sustained release. The microspheres with higher porosity and
a greater surface area released more antibiotic during the first days. The antibacterial activ-
ity was tested against S. aureus and Escherichia coli. The obtained results have shown that the
materials exhibited good, long-term antimicrobial activity.

Detailed study focused on HAs with controlled porosity and loaded with three antimicro-
bial agents (vancomycin, ciprofloxacin and gentamicin) were described in Ref. [48]. It was
concluded that the adsorption of antibiotics was significantly higher in microporous HA
than in crude dense discs. Moreover, the amount of adsorbed VAN was significantly higher
than ciprofloxacin and gentamicin. Exposure to different bacteria species such as S. aureus,
Staphylococcus epidermidis and E. coli demonstrated efficient antibacterial activity for all the
materials. However, the microporosity of HA disc significantly prolonged the release of anti-
bacterial agents.

A very interesting research was presented by Ghosh et al. [49]. HA cements were prepared
with two types of nanohydroxyapatites and loaded with ciprofloxacin or VAN. Self-setting
time reactions were controlled using the different weight ratios of the nanohydroxyapa-
tites and had an impact on the release rate of antibiotics. The results have shown that, with
modification of cement components, tuneable antibiotic release rates may be obtained. The
biological tests presented good biocompatibility and non-toxicity to osteoblastic and osteo-
clastic cells.

The possibility of efficient fast loading of antibiotics in HA was studied by Brohede et al. [46].
The HA coatings on titanium implants were loaded with tobramycin, gentamicin, amoxicillin
or cefalotin via soaking for varying periods of time (15 mins to 24 h). The results of antibacte-
rial tests have shown that even the shortest loading time was sulfficient to release enough drug
for the next 24 h and inhibit bacterial growth.

3. Hydroxyapatite materials doped with antibacterial ions

The antibiotic resistance demonstrated by many bacterial species has stimulated attempts
to produce new materials with efficient antibacterial properties. It is also important to note
that implant-related/bone infections are caused by bacterial adhesion and biofilm formation.
Biofilms are difficult to treat with standard antibiotic therapy. Thus, searching for new anti-
bacterial strategies seems to be justifiable. As was mentioned above, HA doped with func-
tional ions (i.e. Ag*, Zn*, Cu*, SeO,”) may be applied for perioperative and intraoperative
prevention and treatment of bone infections.
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3.1. Silver-substituted hydroxyapatite

Silver exhibits a wide spectrum of actions against bacteria, viruses and fungi with a relatively
low risk of resistance developing [68]. Silver compounds are effective against some common
pathogens such as E. coli, S. aureus and S. epidermidis and, more importantly, methicillin- and
vancomycin-resistant S. aureus (MRSA and VRSA) [69-72]. Other susceptible microorgan-
isms include Klebsiella pneumoniae, Providencia stuartii, Citrobacter freundii, Micrococcus luteus,
P. aeruginosa, Pneumococcus spp., Streptococcus mutans, Aggregatibacter actinomycetemcomitans,
Porphyromonas gingivalis as well as yeasts Issatchenkia orientalis and C. albicans [73-76].

The main mechanism of action consists of the inactivation of microbial proteins through
interactions with thiol groups (-SH) and the formation of inactive S-Ag bonding. Silver also
affects bacterial DNA, precluding its replication. Another mechanism includes increased
reactive oxygen species (ROS) production, leading to abnormally high permeability of
microbial cells [68].

Silver-substituted HA (Ag-HA) can be obtained using several main synthesis methods, such
as wet precipitation (using salts [74] or the neutralization reaction [77]), sol-gel technique [71,
78], hydrothermal method [79], electrochemical deposition [80] and magnetron sputtering
[73]. Additional treatment includes sintering [81] or microwave assistance [72]. A wide range
of silver substitutions have been investigated-from ultra-trace amounts such as 0.04 ppm [79]
or 0.002 mole Ag per 1 mole HA [77] up to 10 wt.% [82, 83]. To better evaluate the relationship
between silver concentration and physicochemical properties and the biological activity of
Ag-HA samples, studies usually include a series of samples with various Ag contents.

The antibacterial activity of silver is dose-dependent and increases with higher silver concen-
trations. However, higher doses of silver increase the risk of severe cytotoxic effects to mam-
malian cells. HA with 10 wt% of silver was synthesized by Nath et al. [82] via the sintering of
mechanically mixed powders at 1200°C. Biocompatibility was confirmed on mouse fibroblast
(L929) and human osteosarcoma (MG-63) cells. Rajendran et al. [83] also confirmed >80%
viability of NIH3T3 cells cultured on HA with 10 wt% Ag, but even 3 wt% Ag was sulfficiently
effective against S. aureus. However, Ag-HA nanocomposite coatings on Ti implants with
5 wt% content of metallic Ag exhibited cytotoxic effect on mice osteoblasts, while 2 wt% of Ag
was both cytocompatible and inhibited growth of S. aureus [84]. These results are consistent
with research by Yan et al. [80], where Ag*-substituted HA coatings with 2.03 wt% of silver
exhibited optimal osteogenic and antimicrobial properties. According to Shi et al. [79], the
optimal doping concentration of Ag ranges from 0.27 to 2.2 ppm. Lu et al. [85] also empha-
sized the importance of incorporating an adequate amount of the element to balance antibac-
terial activity and biocompatibility. Interestingly, heat treatment enhanced biocompatibility
without decreasing antimicrobial properties. Another study indicated improved antibacterial
activity against S. aureus, K. pneumoniae and C. albicans after thermal treatment at 600 and
1000°C [81].

Lee et al. [86] prepared nanocomposite fibres composed of Ag-doped HA and polyamide 6.
Ag* ions were loaded through the ion-exchange mechanism. HA was synthesized in agarose
and ethanol medium to obtain the desired properties. Such composites exhibited excellent
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antimicrobial activity against K. pneumoniae and E. coli while being slightly less effective
against S. aureus. Further modification of the antibacterial fibre could extend the application
field of Ag-HA, so far predominantly used in hard tissue injuries, to the treatment of skin
diseases.

In Ref. [75], HA powders enriched in silver ions were used as coatings on a silicon previ-
ously covered with an elastomer, polydimethylsiloxane (PDMS). The antimicrobial activity
was measured against E. coli, S. aureus and C. albicans strains. The obtained layers success-
fully inhibited microbial growth after 24 h of test (see Figure 3). Other polymer-based com-
posites with polyvinyl alcohol [71], polyethylene glycol [78] and chitosan [87] were also
examined.

Novel nanoscaffold biomaterials, based on porous HA, polyamide 66, titanium dioxide (TiO,)
and various concentrations of Ag* ions, were developed and thoroughly examined by Lu et al.
[88]. Therapeutic effects of the biomaterial were tested in vivo on a large cohort of rabbits with
osteomyelitis for 12 weeks. The treatment was successful, scaffolds exhibited both antimicro-
bial and anti-inflammatory effects and, in addition, stimulation of osteogenesis was observed.
In vivo silver concentrations following implantation were under toxic levels and no failure of
liver or kidney functions occurred.

Titanium discs coated with thermal sprayed Ag-HA (0.5-3.0 wt%) were tested in vitro, reveal-
ing a reduced ability of biofilm formation by a methicillin-resistant S. aureus strain. The effect
was confirmed in vivo on rats with an MRSA-inoculated 3% Ag-HA disc implanted hypo-
dermic for 7 days. No skin disorder (such as argyria) or wound healing complications were
observed [89]. The reduction of viable MRSA by Ag-based coating on tibia implants was also

1.6 .
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PDMS
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B E. coli ATCC 25922
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Figure 3. The graphic representation of the microbial activity of S. aureus 0364, E. coli ATCC 25922 and C. albicans
10,231 on Ag:HAp-PDMS layers on Si substrate, PDMS layers on Si substrate (Si-PDMS), and Si substrate (Si) at 48 h.
*silicon substrate, **silicon substrate previously coated with PDMS, and ***Ag:HAp nanoparticles on a silicon substrate
previously coated with a PDMS layer. Reprinted from Ref. [75], the open access article distributed under the Creative
Commons Attribution License.
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indicated in vivo on rat models [70]. An interesting study by Xie et al. [87] concerned the suc-
cessful doping of bone morphogenetic protein 2 (BMP-2) into a nanosilver/hydroxyapatite/
chitosan composite, which was then implanted into the femurs of rabbits. Favourable bone
formation and antibacterial properties were demonstrated in vivo.

In 2016, the first clinical study was conducted on 20 human patients with total hip arthroplasty,
in which a silver oxide (Ag,0)-HA implant coating was used. The highest reported silver blood
level following the surgery was far below the toxic level. For 1 year after surgery, no significant
adverse reactions were observed and the coating prevented postoperative infection [90].

A popular strategy to further improve the properties of Ag-HA is to co-substitute additional
ions. The most frequently studied combinations concern the addition of silicate SiO,* ions (to
improve osteogenic properties) [91] and strontium (Sr**) ions (to reduce silver cytotoxicity and
boost antibacterial properties) [92]. Recently, Aksakal et al. [93] examined multiple HA substi-
tutions with silver, zirconia and yttria, while Kolmas et al. [94] indicated that co-substitution
of Ag-HA with carbonate (CO,*) ions increased the solubility of samples, thus exhibiting
greater antibacterial effect.

3.2. Zinc-substituted hydroxyapatite

Zinc (Zn?*) ion substitution in biomaterials has been thoroughly investigated, for both its
osteogenic [95] and antibacterial activities [96-104]. The mechanism of inhibition of micro-
bial growth by zinc ions includes several aspects. Zn*" ions cause damage to cell membranes
by bonding with functional groups and increasing the permeability of cells. Moreover, zinc
interacts with bacterial enzymes (such as ATPase, glycolytic enzymes or pyruvate kinase),
disturbing their correct functionality [98, 103].

Recently, researchers have conducted in-depth investigations into the antibacterial action
of zinc-substituted hydroxyapatites (Zn-HA). Samples with various levels of Zn* substitu-
tion were synthesized via the most common methods, namely co-precipitation [100, 102], ion
exchange [99], sol-gel [104] and hydrothermal synthesis [101]. Anwar et al. [98] proposed a
novel technique: continuous plastic flow synthesis (CPFS), which enables rapid production of
HA nanocrystals with a high surface area. Electrospinning of fibres [96] and synthesis medi-
ated by surfactant addition TritonX-100 [103] were also examined.

Common human pathogens used for testing antimicrobial activity were S. aureus, E. coli and
P. aeruginosa [98, 100-102]. Individual works concerned the impact of Zn-HA on the growth
of Bacillus subtilis, Enterobacter aerogenes, Aggregatibacter actinomycetemcomitans, Fusobacterium
nucleatum, S. mutans, Shigella flexneri, M. luteus, Bacillus cereus, Porphyromonas gingivalis and
yeast C. albicans [97-99, 101-104]. Biocompatibility of Zn-HA biomaterials was demonstrated in
vitro on human osteoblast-like cells MG-63 [104], human adipose-derived mesenchymal stem
cells (MSCs) [102], rat primary osteoprogenitor cells and fibroblast cells MRC-5 [101]. In some
studies, the viability rate was better for Zn-containing samples than for pure HA [101, 102].

Thian et al. [102] proved that the addition of Zn* ions stimulated the bioactivity of HA, since the
increased growth of MSC cells, as well as elevated expression of collagen type I and osteocalcin,
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was observed in case of Zn-HA (1.6 wt% of Zn). Moreover, Tank et al. [103] indicated no signifi-
cant haemolytic activity of Zn-HA on human blood. Bioactivity in vitro was proved by the abil-
ity of Zn-HA to form apatite crystals on samples soaked in simulated body fluid (SBF), which
increased as the concentration of Zn raised.

Some research provides a comparison of antimicrobial activity against several pathogens.
Radovanovi¢ et al. [101] investigated the inhibition of growth of E. coli, S. aureus, P. aeru-
ginosa and C. albicans caused by Zn-HA samples (0.2 and 0.4 mol%) and undoped HA. It
was found that sintering the apatites at 1200°C, which led to partial decomposition to more
soluble a-TCP, improved antibacterial activity of samples. All tested microorganisms were
susceptible to Zn-HA and the degree of reduction increased with higher content of zinc ions.

Slightly different results were reported by Tank et al. [103] who focused on P. aeruginosa, S. flex-
neri, M. luteus, S. aureus and B. cereus. Zn substitution ranged from 1.3 wt% to 4.8 wt%. S. aureus
was the most sensitive strain, even to undoped HA. M. luteus was also highly susceptible to
Zn-HA samples, while both B. cereus and S. flexneri exhibited a moderate reduction in the num-
ber of colonies. In contrast, Zn-HA samples were ineffective against P. aeruginosa.

Several studies indicated that Zn-HA-based materials could also be suitable for the treat-
ment of oral cavity bacterial infections. Zn-HA was effective in inhibiting the growth of com-
mon oral pathogenic strains, namely Aggregatibacter actinomycetemcomitans, Fusobacterium
nucleatum and S. mutans [99]. Zn-HA coating on titanium implants demonstrated antibacterial
properties against Porphyromonas gingivalis, a major cause of chronic periodontitis [104]. An
additional advantage of Zn-HA used as an additive to toothpaste is protection against acid
enamel erosion [105].

It should be noted that zinc is a popular dopant in multiple substituted HAs. Commonly
examined combinations include Zn-HA with Ag* [106] or Cu* [107] ions used to boost antibac-
terial activity, and Mg* [108], SiO,* [109], Sr** [108] or F~ ions [110] for additional stimulation
of the mineralization process.

3.3. Copper-substituted hydroxyapatite

The antimicrobial activity of copper is linked to its interaction with bacterial proteins, mem-
branes and nucleic acids. An extensive review of antimicrobial applications of copper in the
environment was provided by Vincent et al. [111].

Li et al. [112] synthesized copper-substituted HA (molar rate of Cu*/Ca* up to 0.15) via ion
exchange wet chemical reaction. Obtained materials exhibited a high antibacterial effect
against E. coli, which increased with the concentration of Cu?* ions. Unfortunately, all Cu-HA
samples were cytotoxic to human foetal osteoblast (hFOB) cell lines.

Sahithi et al. [113] combined copper-soaked HA with polyethylene glycol 400 (PEG 400) to fur-
ther extend its antimicrobial activity. Cu-HA exhibited antibacterial activity against E. coli and
S. aureus, the effect of which increased against S. aureus after combination with PEG 400. MTT
assay carried out on rat primary osteoprogenitor cells indicated cytocompatibility of the samples.
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Antimicrobial activity of Cu-HA as well as Cu-FA (copper-substituted fluorapatite) was tested
against E. coli, S. aureus and C. albicans [114]. The increase of copper substitution in hydroxy-
apatite enhanced activity against S. aureus and C. albicans, but Cu-HAs were not active enough
against E. coli. Cu-FA was effective against all tested microorganisms with increasing activity
in the following order: C. albicans < S. aureus < E. coli. Cu-FA may be more effective due to the
release of fluoride ions. The same pathogen strains were used in Ref. [115], where the antibac-
terial activity of Cu-HA was compared with results for Zn-HA.

Radovanovic¢ et al. [116] compared Ag'™- and Cu*-substituted biphasic materials, based on
ion-doped HA and a-TCP, obtained after annealing monophasic-substituted HA samples at
1200°C. For antimicrobial tests in vitro, S. aureus, E. coli, P. aeruginosa and C. albicans were
used. Antimicrobial activity increased with the increase of ionic concentration. The activities
of biphasic materials were very high and comparable in the case of Ag" and Cu* substitution.
The only difference was observed in monophasic Cu-HA against C. albicans, which was much
less effective, especially with the smaller concentration of Cu? ions. In vitro biocompatibility
was demonstrated on MRC-5 human fibroblast cells, but it should be noted that the addition
of Cu* ions slightly reduced the viability of cells.

3.4. Selenium-substituted hydroxyapatite

Tran et al. [117] confirmed antibacterial properties of cellulose discs coated with organose-
lenium-methacrylate polymer against P. aeruginosa and S. aureus. 0.2 wt% of selenium com-
pletely inhibited bacterial attachment, growth and formation of a biofilm. Strong activity of
selenium nanoparticles against S. aureus was confirmed by Tran and Webster [118]. These
studies led to more research concerning the antimicrobial activity of selenium-based hydroxy-
apatite (Se-HA) [119-121]. Rodriguez-Valencia et al. [119] fabricated selenium-substituted car-
bonated HA coatings by the pulsed laser deposition method. Samples contained selenium in
the form of selenite ion SeO,*. Coatings prevented the formation of biofilms by P. aeruginosa
and S. aureus strains and reduced the number of colony-forming units (CFUs). Uskokovi¢
et al. [120] compared Se-HA obtained by co-precipitation and ion-exchange sorption meth-
ods. Selenite contents ranged from 0.3 to 3 wt% and the precipitation synthesis was about 10
times more effective in introducing selenium. Se-HA samples were strongly effective against
E. coli and S. aureus, while being less effective against Salmonella enteritidis and ineffective
against P. aeruginosa. Similar results were obtained by Kolmas et al. [121]. Figure 4 illustrates
significant bacterial growth inhibition caused by selenite anions. Moreover, selenium content
was in correlation with the reduction of the viability of mouse osteosarcoma cells, and the
induction of apoptosis was selective, without reducing the viability of fibroblast cells. Se-HA
also exhibited osteoinductive effect by increasing the gene expression of pre-osteoblastic
MC3T3-E1 cells. These promising results mean that selenium substitution in hydroxyapatite
will probably get more popular in upcoming years.

In addition to the well-known elements with well-established antibacterial activity, some less
popular elements for such a combination, like cerium, gallium, cobalt and strontium, should
be mentioned [122].
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Figure 4. Antibacterials activity of the materials on S. aureus. Reprinted from Ref. [121], the open access article distributed
under the Creative Commons Attribution License.

4. Hydroxyapatite with antibacterial ions and loaded antibiotics

Some hydroxyapatites enriched with antibacterial ions have been used to create systems con-
taining antibiotics. Most of these systems have been developed using silver ions because of
their strong antibacterial properties.

Ivashenko et al. [123] investigated the effect of silver ions in HA structure on the adsorp-
tion rates of ciprofloxacin. The research was carried out using commercially available materi-
als such as Biomin G® (HA) and Biomin GIS® (HA enriched in an Ag* amount of <0.1 wt%).
Interestingly, the presence of silver ions in HA led to lowered specific surface area and signifi-
cantly decreased adsorption rates of ciprofloxacin when compared with undoped material.
Unfortunately, no research was done to test the antibacterial activity or release of silver ions
or ciprofloxacin.

Another work [124] proposes long HA nanowires enriched with Ag*ions and ciprofloxacin.
The material performed high and long-termed effectiveness against E. coli and S. aureus.

Ciprofloxacin and tetracycline were also adsorbed on a thin film made of Ag-HA [125]. In vitro
microbiological tests have shown that thin films containing Ag-HA and selected antibiotics may
become an effective solution in the prevention and treatment of bone infections (see Figure 5).
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Figure 5. Antibacterial activity against S. aureus 0364 and E. coli ATCC 25922 cultures of (A) HAp, T-HAp and C-HAp,
ciprofloxacin, tetracycline thin films and (B) Ag:HAp, T-Ag:HAp, C-Ag:HAp thin films. Reprinted from Ref. [125], the
open access article distributed under the Creative Commons Attribution License.

Hydroxyapatite with an additional phase of sphere-shaped silver phosphate molecules and
enriched with vancomycin or gentamicin has been developed by Suvannapruk et al. [126].
The authors have proved that such a combination of silver phosphate nanoparticles and anti-
biotic prolongs the antibacterial activity and increases the efficiency of the material.

An interesting experiment was proposed by Sampath Kumar [127], resulting in the creation of
HA enriched with Ag?, Sr** or Zn* ions. These materials were used as doxycycline-releasing
media. Of all the materials under investigation, Ag-HA had the lowest doxycycline loading.
The most optimal system was the Zn-HA, because it produced a sufficiently effective level of
antibacterial activity and, at the same time, contained an adequate quantity of loaded antibiotic.

Recently, Yu et al. [128] synthesized Cu-HA microspheres using a microwave-hydrothermal
method. Interestingly, the phosphorous source for the synthesis was creatine phosphate — a
substrate for ATP production. Chitosan-based scaffolds were created by freeze drying and
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loaded with doxorubicin to examine drug loading and release. Osteogenic and angiogenic
properties were evaluated both in vitro and in vivo. Samples were bioactive and non-toxic. The
authors claim that the release of Cu* ions, by stabilizing HIF-1a, induced hypoxia in the bone
tissue, which significantly stimulated neovascularization and improved bone regeneration.

5. Conclusions

Sophisticated porous hydroxyapatite structures and hydroxyapatite/polymer structures seem
to offer potential as systems for the delivery of antibacterial agents directly into the bone.
Thus, rather than delivering a single medicine, it would be possible to conduct combined
therapy with various antibacterial agents with different dissolution profiles. The simulta-
neous application of antibiotics and HA modified by ions with antibacterial activity may
contribute to development of the effective prevention and treatment methodology for post-
surgical osseous inflammations. A therapy designed to directly target the affected area may
significantly reduce general side effects of using antibiotics, improving therapeutic efficiency,
while also allowing a reduction in dosage, which seems to be beneficial in both medical and
economic terms.

Acknowledgements

This work was supported by the National Science Center (Poland) within project “Synthesis
and physicochemical and biological analysis of crystalline calcium phosphates substi-
tuted with various ions”; UMO-2016/22/E/ST5/00564 and by Medical University of Warsaw
(FW23/N/17).

Author details

Katarzyna Szurkowska, Aleksandra Laskus and Joanna Kolmas*
*Address all correspondence to: joanna.kolmas@wum.edu.pl

Faculty of Pharmacy with Laboratory Medicine Division, Department of Inorganic and
Analytical Chemistry, Medical University of Warsaw, Warsaw, Poland

References

[1] Haider A, Haider S, Han SS, Kang I-K. Recent advances in the synthesis, functional-
ization and biomedical applications of hydroxyapatite: A review. RSC Advances.
2017;7:7442-7458. DOI: 10.1039/c6ra26124h

123



124 Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

[7]

9]

(10]

(11]

[12]

MucaloM, editor. Hydroxyapatite (Hap) for Biomedical Applications. 1sted. Amsterdam:
Elsevier; 2015. 404 p

Markovi¢ S, Vaselinovi¢ L, Luki¢ MJ, Karanovi¢ L, Bracko I, Ignjatovi¢ N, Uskokovi¢ D.
Synthetical bone-like and biological hydroxyapatites: A comparative study of crystal
structure and morphology. Biomedical Materials. 2011;6:045005. DOI: org/10.1088/1748-
6041/6/4/045005

Dalmonico GML, Franczak PF, Levandowski N, Camargo NHA, Dallabrida AL, da
Costa BD, Garcia Gil O, Cambra-Moo O, Rodriguez MA, Canillas M. An in vivo study
on bone formation behaviour of microporous granular calcium phosphate. Biomaterials
Science 2017;5:1315-1325. DOI: 10.1039/C7BM00162B

Kasir R, Vernekar VN, Laurencin CT. Inductive biomaterials for bone regeneration.
Materials Research. 2017;32:1047-1060. DOI: https://doi.org/10.1557/jmr.2017.39

Koju N, Sikder P, Ren Y, Zhou H, Bhaduri SB. Biomimetic coating technology for ortho-
pedic implants. Current Opinion in Chemical Engineering. 2017;15:49-55. DOI: https://
doi.org/10.1016/j.coche.2016.11.005

Elkassas D, Arafa A. The innovative applications of therapeutic nanostructures in den-
tistry. Nanomedicine: Nanotechnology, Biology and Medicine. 2017;13:1543-1562. DOI:
https://doi.org/10.1016/j.nano.2017.01.018

Ridi F, Meazzini I, Catroflorio B, Bonini M, Berti D, Baglioni P. Functional calcium
phosphate composites in nanomedicine. Advance in Colloid and Interface Science.
2017;244:281-295. DOIL: https://doi.org/10.1016/j.cis.2016.03.006

Wang C, Wang Y, Meng H, Wang X, Zhu Y, YuK, Yuan X, Wang A, Guo Q, Peng J. Research
progress regarding nanohydroxyapatite and its composite biomaterials in bone defect
repair. International Journal of Polymeric Materials and Polymeric Biomaterials. 2016;
65:601-610

Liu Q, Pan H, Chen Z, Matinlinna JP. Insight into bone-derived biological apa-
tite: Ultrastructure and effect on thermal treatment. Biomed Research International.
2015;2015. Article ID: 601025. DOI: 10.1155/2015/601025

Kolmas J, Velard F, Jaguszewska A, Lemaire F, Kerdjoudj H, Gangloff SC, Kaflak A.
Substitution of strontium and boron into hydroxyapatite crystals: Effect on physi-
cochemical properties and biocompatibility with human Wharton-Jelly stem cells.
Materials Science and Engineering C. 2017;79:638-646. DOI: https://doi.org/10.1016/j.
msec.2017.05.066

Kolmas J, Pajor K, Pajchel L, Przekora A, Ginalska G, Oledzka E, Sobczak M. Fabrication
and physicochemical characterization of porous composite microgranules with sele-
nium oxyanions and risedronate sodium for potential applications in bone tumors.
International Journal of Nanomedicine. 2017;12:1-10



[13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

[21]

[22]

[23]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Lerner T, Liljenqvist U. Silicate-substituted calcium phosphate as a bone graft substi-
tute in surgery for adolescent idiopathic scoliosis. European Spine Journal. 2013;22(52):
185-194. DOI: https://doi.org/10.1007/s00586-012-2485-7

Kolmas J, Krukowski S, Laskus A, Jurkitewicz M. Synthetic hydroxyapatite in phar-
maceutical applications. Ceramics International. 2016;42:2472-2487. DOIL: https://doi.
org/10.1016/j.ceramint.2015.10.048

Oledzka E, Sobczak M, Kolmas ], Nalecz-Jawecki G. Selenium-substituted hydroxy-
apatite/biodegradable polimer/pamidronate combined scaffold for the therapy of bone
tumor. International Journal of Molecular Sciences. 2015;16:22205-22222. DOI: 10.3390/
ijms160922205

De Miguel L, Popa L, Noiray M, Caudron E, Arpinati L, Desmaele D, Cebrian-Torrejon G,
Domenech-Carbo A, Ponchel G. Osteotropic polypeptide nanoparticles with dual
hydroxyapatite binding properties and controlled cisplatin delivery. Pharmaceutical
Research. 2015;32:1794-1803. DOI: https://doi.org/10.1007/s11095-014-1576-z

Uskokovi¢ V, Desai TA. Simultanous bactericidal and osteogenic effect of nanopar-
ticulate calcium phosphate powders loaded with clindamycin on osteoblasts infected
with Staphylococcus aureus. Materials Science and Engineering C. 2014;37:210-222. DOI:
https://doi.org/10.1016/j.msec.2014.01.008

von Stechov D, Rauschmann MA. Effectiveness of combination use of antibiotic-loaded
PerOssal® with spinal surgery in patients with spondylodiscitis. European Surgical
Research 2009;43:298-305. DOI: 10.1159/000233525

Nandi SK, Mukherjee P, Roy S, Kundu B, Kumar De D, Basu D. Local antibiotic delivery
systems for the treatment of osteomyelitis — A review. Materials Science and Engineering
C. 2009;29:2478-2485. DOI: https://doi.org/10.1016/j.msec.2009.07.014

Martinez-Vasquez F, Cabafios MV, Paris JL, Lozano D, Vallet-Regi M. Fabrication of novel
Si-doped hydroxyapatite/gelatin scaffolds by rapid prototyping for drug delivery and
bone regeneration. Acta Biomaterialia. 2015;15:200-209. DOI: 10.1016/j.actbio.2014.12.021

Hasegawa M, Sudo A, Komlev VS, Barinov ML, Uchida A. High release of antibiotic
from a novel hydroxyapatite with bimodal pore size distribution. Journal of Biomedical
Materials Research B: Applied Biomaterials. 2004;70(2):332-339. DOI: 10.1002/jbm.b.30047

Ferraz MP, Mateus AY, Sousa JC, Monteiro FJ. Nanohydroxyapatite microspheres as
delivery system for antibiotics: Release kinetics, antimicrobial activity, and interaction
with osteoblasts. Journal of Biomedical Materials Research A. 2007;81(4):994-1004. DOL:
10.1002/jbm.a.31151

Sivakumar M, Rao KP. Preparation, characterization and in vitro release of gentamicin
from coralline hydroxyapatite — alginate composite microspheres. Journal of Biomedical
Materials Research A. 2003;65(2):222-228. DOI: 10.1002/jbm.a.10495

125



126  Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

Hess U, Mikolajczyk G, Treccani L, Streckbein P, Heiss C, Odenbach S, Rezwan K. Multi-
loaded ceramic beads/matrix scaffolds obtained by combining ionotropic and freeze gela-
tion for sustained and tuneable vancomycin release. Materials Science and Engineering
C. 2016;67:542-553. DOI: 10.1016/j.msec.2016.05.042

Yu]J, ChuX, CaiY, Ton P, Yao J. Preparation and characterization of antimicrobial nano-
hydroxyapatite composites. Materials Science and Engineering C. 2014;37:54-59. DOI:
10.1016/j.msec.2013.12.038

Thomas MB, Metoki N, Mandler D, Eliaz N. In situ, potentiostatic deposition of calcium
phosphate with gentamicin-loaded chitosan nanoparticles on titanium alloy surfaces.
Electrochimica Acta.2016;222:355-360. DOLI: https://doi.org/10.1016/j.electacta.2016.10.186

Yang C-C, Lin C-C, Liao J-W, Yen S-K. Vancomycin-chitosan composite deposited
on post porous hydroxyapatite coated Ti6Al4V implant for drug controlled release.
Materials Science and Engineering C. 2013;33:2203-2212. DOL: https://doi.org/10.1016/j.
msec.2013.01.038

Teng SH, Lee EJ, Wang P, Yun SH, Han CM, Kim HE. Functionally gradient chitosan/
hydroxyapatite composite scaffolds for controlled drug release. Journal of Biomedical
Materials Research B. 2009;90(1):275-282. DOI: 10.1002/jbm.b.31283

Ionita D, Bajenaru-Georgescu D, Totea G, Mazare A, Schmuki P, Demetrescu I. Activity
of vancomycin release from bioinspired coatings of hydroxyapatite or TiO, nanotubes.
International Journal of Pharmaceutics. 2017;517:296-302. DOI: 10.1016/j.ijpharm.2016.
11.062

Lian X, Liu H, Wang X, Xu S, Cui F, Bai X. Antibacterial and biocompatible properties
of vancomycin-loaded nanohydroxyapatite/collagen/poly(lactic-acid) bone substitute.
Progress in Natural Sciences: Materials International. 2013;23(6):549-556. DOI: https://
doi.org/10.1016/j.pnsc.2013.11.003

Lian X, Mao K, Liu X, Vang X, Cui F. In vivo osteogenesis of vancomycin loaded nano-
hydroxyapatite/collagen/calcium sulphate composite for treating infectious bone defect
induced by chronic osteomyelitis. Journal of Nanomaterials. 2015 Article ID: 261492.
http://dx.doi.org/10.1155/2015/261492

Song W, Ren W, Wan C, Esquivel AO, Shi T, Blasier R, Marker DC. A novel strontium-
doped calcium polyphosphate/erythromycin/poly(vinyl alcohol) composite for bone tis-
sue engineering. Journal of Biomedical Materials Research A. 2011;98(3):359-371. DOL:
10.1002/jbm.a.33127

Sasikumar S. Effect of particle size of calcium phosphate based bioceramic drug delivery
carrier on the release kinetics of ciprofloxacin hydrochloride: An in vitro study. Frontiers
in Materials Science. 2013;7(3):261-268. DOI: 10.1007/511706-013-0216-6

Yu M, Zhou K, Li Z. Preparation, characterization and in vitro gentamicin release of
porous HA microspheres. Materials Science and Engineering C. 2014;45:306-312. DOI:
10.1016/j.msec.2014.08.075



[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Schnieders J, Gbureck U, Thull R, Kissel T. Controlled release of gentamicin from cal-
cium phosphate-poly(lactic acid-co-glycolic acid) composite bone cement. Biomaterials.
2006;7:4239-4249. DOL: 10.1016/j.biomaterials.2006.03.032

Wang X, Xu H, Zhao Y. Poly(lactide-co-glycolide) encapsulated hydroxyapatite micro-
spheres for sustained release of doxycycline. Materials Science and Engineering B.
2012;177:367-372. DOI: https://doi.org/10.1016/j.mseb.2011.12.030

Tang Y, Chen L, Zhao K, Wu Z, Wang Y, Tan Q. Fabrication of PLGA/HA (core)-collagen/
amoxicillin (shell) nanofiber membranes through coaxial electrospinning for guided tis-
sue regeneration. Composites Science and Technology. 2016;125:100-107

Zheng F, Wang S, Wen S, Shen M, Zhu M, Shi X. Characterization and antibacterial activity
of amoxicillin-loaded electrospunnano-hydroxyapatite/poly(lactic-co-glycolic acid) com-
posite nanofibers. Biomaterials. 2013;34:1402-1412. DOI: 10.1016/j.biomaterials.2012.10.071

Vukomanovic M, Skapin SD, Poljansec I, Zagar E, Kralj B, Ignjatovic N, Uskokovi¢ D.
Poly(D,L-lactide-co-glycolide)/hydroxyapatite core-shell nanosphere. Part 2: Simul-
taneous release of a drug and a prodrug (clindamycin and clindamycin phosphate).
Colloids and Surface B: Biointerfaces. 2011;82(2):414-421. DOI: https://doi.org/10.1016/j.
colsurfb.2010.09.012

Uskokovic V, Hoover C, Vukomanovic M, Uskokovi¢ DP, Desai TA. Osteogenic and
antimicrobial nanoparticulate calcium phosphate and poly-(D,L-lactide-co-glycolide)
powders for the treatment of osteomyelitis. Materials Science and Engineering C.
2013;33:3362-3373. DOI: 10.1016/j.msec.2013.04.023

Yan L, Jiang DM, Cao Z-D, Wu J, Wang X, Wang ZL, Li Y], Yi YF. Treatment of
Staphylococcus aureus-induced chronic osteomyelitis with bone-like hydroxyapatite/

poly amino acid loaded with rifapentine microspheres. Drug Design, Development and
Therapy. 2015;9:3665-3676. DOL: https://doi.org/10.2147/DDDT.S84486

Leprétre S, Chai F, Hornez J-C, Vermet G, Neut C, Descamps M, Hildebrand HF, Martel
B. Prolonged local antibiotics delivery from hydroxyapatite functionalized with cyclodex-
trin polymers. Biomaterials. 2009;30:6086-6093. DOI: 10.1016/j.biomaterials.2009.07.045

Selvakumar M, Kumar PS, Das B, Dhara S, Chattopadhyay S. Structurally tuned anti-
microbial mesoporous hydroxyapatite nanorods by cyclic oligosaccharides regulation
to release a drug for osteomyelitis. Crystal Growth and Design. 2017;17:433-445. DOI:
10.1021/acs.cgd.6b01190

Stigter M, Bezemer ], de Groot K, Layrolle P. Incorporation of different antibiotics into
carbonated hydroxyapatite coatings on titanium implants, release and antibiotic effi-
cacy. Journal of Controlled Release. 2004;99(1):127-137

Mir M, Siddiqi SA, Hussain T, et al. Synthesis and characterization of calcium defi-
cient apatite granules for drug eluting bone graft applications. Ceramics International.
2014;40:10719-10725. DOI: https://doi.org/10.1016/j.ceramint.2014.03.059

127



128 Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Brohede U, Forsgren J, Roos S, Mihranyan A, Engqvist H, Stromme M. Multifunctional
implant coatings providing possibilities for fast antibiotics loading with subsequent
slow release. Journal of Materials Science: Materials in Medicine. 2009;20:1859-1867.
DOI: 10.1007/s10856-009-3749-6

Bhattacharya R, Kundu B, Nandi SK, Basu D. Systematic approach to treat chronic osteo-
myelitis through localized drug delivery system: Bench to bed side. Materials Science
and Engineering C. 2013;33:3986-3993. DOI: 10.1016/j.msec.2013.05.036

Chai F, Hornez J-C, Blanchemain N, Neut C, Descamps M, Hildebrandt HF. Antibacterial
activation of hydroxyapatite (HA) with controlled porosity by different antibiotics.
Biomolecular Engineering. 2007;24(5):510-514. DOI: 10.1016/j.bioeng.2007.08.001

Ghosh S, Wu V, Pernal S, Uskokovi¢ V. Self-setting calcium phosphate cements with
tunable antibiotic release rates for advanced antimicrobial applications. ACS Applied
Materials Interfaces. 2016;8:7691-7708. DOI: 10.1021/acsami.6b01160

Uskokovic V, Desai TA. Simultaneous bactericidal and osteogenic effect of nanopar-
ticulate calcium phosphate powders loaded with clindamycin on osteoblasts infected
with Staphylococcus aureus. Materials Science and Engineering C. 2014;37:210-222. DOI:
10.1016/j.msec.2014.01.008

Victor SP, Sharma CP, Sreenivasan K. Use of quartz crystal nanobalance to study the
binding and stabilization of albumin and doxycycline on a thin layer of hydroxy-
apatite. Applied Surface Science. 2011;258:1666-1669. DOI: https://doi.org/10.1016/j.
apsusc.2011.09.119

Canal C, Pastorino D, Mestres G, Schuler P, Ginebra MP. Relevance of microstructure
for the early antibiotic release of fresh and pre-set calcium phosphate cements. Acta
Biomaterialia. 2013;9:8403-8412

Gomes PS, Santos JD, Fernandes MH. Cell-induced response by tetracyclines on human
bonemarrow colonized hydroxyapatite and Bonelike®. Acta Biomaterialia. 2008;4:630-637

Lilja M, Sérensen JH, Brohede U, Astrand M, Procter P, Arnoldi J, Steckel H, Stromme M.
Drug loading and release of tobramycin from hydroxyapatite coated fixation pins.
Journal of Materials Science: Materials in Medicine. 2013;24:2265-2274. DOI: 10.1007/
$10856-013-4979-1

Kaya M, Simsek-Kaya G. Giirsan N, Girecci E, Dayi E, Gundogdu B. Local treatment of
chronic osteomyelitis with surgical debridement and tigecycline-impregnated calcium
hydroxyapatite: An experimental study Oral Surgery Oral Medicine Oral Pathology
Oral Radiology. 2012;113(3):340-347. DOI:10.1016/j.tripleo.2011.03.032

Colovic A, Pasalic S, Jokanovic V. Influence of hydroxyapatite pore geometry on tige-
cycline release kinetics. Ceramics International. 2012;38:6181-6189. DOI: https://doi.
org/10.1016/j.ceramint.2012.04.069



[57]

58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Guo Y-, Long T, Chen W, Ning C-Q, Zhu Z-A, Guo Y-P. Bactericidal property and
biocompatibility of gentamicin-loaded mesoporous carbonated hydroxyapatite micro-
spheres. Materials Science and Engineering C. 2013;33:3583-3591. DOI: https://doi.
org/10.1016/j.msec.2013.04.021

Joosten U, Joist A, Frebel T, Brandt B, Diederichs S, von Eiff C. Evaluation of an in situ
setting injectable calcium phosphate as a new carrier material for gentamicin in the treat-
ment of chronic osteomyelitis: Studies in vitro and in vivo. Biomaterials 2004;25:4287-4295.
https://doi.org/10.1016/j.biomaterials.2003.10.083

Alt 'V, Bitschnau A, Osterling J, Sewing A, Meyer C, Kraus R, Meissner SA, Wenisch S,
Domann E, Schnettler R. The effects of combined gentamicin-hydroxyapatite coating for
cementless joint prostheses on the reduction of infection rates in a rabbit infection pro-
phylaxis model. Biomaterials. 2006;27:4627-4634. DOI: 10.1016/j.biomaterials.2006.04.035

Thanyaphoo S, Kaewsrichan J. Potential of bone scaffolds containing vancomycin and
bone morphogenetic protein-2 in a rat model of osteomyelitis. Asian Biomedicine.
2014;8(5):651-657

Joosten U, Joist A, Gosheder G, Liljenqvist U, Brandt B, von Eiff C. Effectiveness of
hydroxyapatite-vancomycin bone cement in the treatment of Staphylococcus aureus
induced chronic osteomyelitis. Biomaterials 2005;26:5251-5258. https://doi.org/10.1016/j.
biomaterials.2005.01.001

Jiang P-J, Patel S, Gbureck U, et al. Comparing the efficacy of three bioceramic matrices
for the release of vancomycin hydrochloride. Journal of Biomedical Materials Research
B Applied Biomaterials. 2010;93(1):58-61

Guo Y-P, Yao Y-B, Guo Y-J, Ning C-Q. Hydrothermal fabrication of mesoporous car-
bonated hydroxyapatite microspheres for a drug delivery system. Microporous and
Mesoporous Materials. 2012;155:245-251. DOL https://doi.org/10.1016/j.micromeso0.2012.
01.037

Perez LM, Lalueza P, Monzon M, Puertolas JA, Arruebo M, Santamaria ]. Hollow porous
implants filled with mesoporous silica particles as a two-stage antibiotic-eluting device.
International Journal of Pharmaceutics. 2011;409:1-8. DOI: 10.1016/j.ijpharm.2011.02.015

Rauschmann MA, Wichelhaus TA, Stirnal V, Dingeldein E, Zichner L, Schnettler R,
Alt V. Nanocrystalline hydroxyapatite and calcium sulphate as biodegradable com-
posite carrier material for local delivery of antibiotics in bone infections. Biomaterials.
2005;26:2677-2684. DOI: 10.1016/j.biomaterials.2004.06.045

Belcarz A, Ginalska G, Zalewska J, Rzeski W, Slésarczyk A, Kowalczuk D, Godlewski P,
Niedzwiadek J. Covalent coating of hydroxyapatite by keratin stabilizes gentamicin
release. Journal of Biomedical Materials Research B Applied Biomaterials. 2009;89(1):
102-113. DOI: 10.1002/jbm.b.31192

129



130 Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Garner S, Barbour ME. Nanoparticles for controlled delivery and sustained release of
chlorhexidine in the oral environment. Oral Diseases. 2015;21(5):641-644. DOI: 10.1111/
0di.12328

Lara HH, Garza-Trevino EN, Ixtepan-Turrent L, Singh DK. Silver nanoparticles are
broad-spectrum bactericidal and virucidal compounds. Journal of Nanobiotechnology.
2011;9:30. DOI: 10.1186/1477-3155-9-30

Rai MK, Deshmukh SD, Ingle AP, Gade AK. Silver nanoparticles: The powerful
nanoweapon against multidrug-resistant bacteria. Journal of Applied Microbiology.
2012;112:841-852. DOI: 10.1111/j.1365-2672.2012.05253.x

Akiyama T, Miyamoto H, Yonekura Y, Tsukamoto M, Ando Y, Noda I, Sonohata M,
Mawatari M. silver oxide-containing hydroxyapatite coatings has in vivo antibacte-
rial activity in the rat tibia. Journal of Orthopaedic Research. 2013;31:1195-1200. DOI:
10.1002/jor.22357

Anjaneyulu U, Priyadarshini B, Nirmala Grace A, Vijayalakshmi U. Fabrication and
characterization of Ag doped hydroxyapatite-polyvinyl alcohol composite nanofibers
and its in vitro biological evaluations for bone tissue engineering applications. Journal of
Sol-Gel Science and Technology. 2017;81:750-761. DOI: 10.1007/s10971-016-4243-5

Ipekoglu M, Altintas S. Silver substituted nanosized calcium deficient hydroxyapatite.
Materials Technology. 2010;25:295-301. DOI: 10.1179/175355510X12692596613648

Ciuca S, Badea M, Pozna E, Pana [, Kiss A, Floroian L, Semenescu A, Cotrut CM, Moga M,
Vladescu A. Evaluation of Ag containing hydroxyapatite coatings to the Candida albi-
cansinfection. Journal of Microbiological Methods. 2016;125:12-18. DOI: 10.1016/j.
mimet.2016.03.016

Ciobanu CS, Iconaru SL, Coustumer PL, Constantin LV, Predoi D. Antibacterial activity
of silver-doped hydroxyapatite nanoparticles against gram-positive and gram-negative
bacteria. Nanoscale Research Letters. 2012;7:324

Iconaru SL, Chifiriuc MC, Groza A. Structural and antimicrobial evaluation of silver
doped hydroxyapatite-polydimethylsiloxane thin layers. Journal of Nanomaterials.
2017;2017:7492515. DOI: 10.1155/2017/7492515

Miranda M, Fernandez A, Diaz M, Esteban-Tejeda L, Lépez-Esteban S, Malpartida F,
Torrecillas R, Moya JS. Silver-hydroxyapatite nanocomposites as bactericidal and fun-
gicidal materials. International Journal of Materials Research. 2010;101:122-127. DOI:
10.3139/146.110256

Stani¢ V, Janackovi¢ D, Dimitrijevi¢ S, Tanaskovi¢ SB, Mitri¢ M, Pavlovi¢ MS, Krsti¢ A,
Jovanovié D, Raicevi¢ S. Synthesis of antimicrobial monophase silver-doped hydroxyap-
atite nanopowders for bone tissue engineering. Applied Surface Science. 2011;257:4510-
4518. DOI: 10.1016/j.apsusc.2010.12.113



(78]

[79]

(80]

(81]

(82]

[83]

(84]

[85]

(86]

(87]

(88]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Jegatheeswaran S, Sundrarajan M. PEGylation of novel hydroxyapatite/PEG/Ag nano-
composite particles to improve its antibacterial efficacy. Material Science and Engineering
C. 2015;51:174-181. DOI: 10.1016/j.msec.2015.02.012

Shi C, Gao J, Wang M, Fu ], Wang D, Zhu Y. Ultra-trace silver-doped hydroxyapatite with
non-cytotoxicity and effective antibacterial activity. Materials Science and Engineering
C. 2015;55:497-505. DOI: 10.1016/j.msec.2015.05.078

Yan Y, Zhang X, Huang Y, Ding Q, Pang X. Antibacterial and bioactivity of silver substi-
tuted hydroxyapatite/TiO, nanotube composite coatings on titanium. Applied Surface
Science. 2014;314:348-357. DOI: 10.1016/j.apsusc.2014.07.027

Popa CL, Ciobanu CS, Voicu G, Vasile E, Chifiriuc MC, Iconaru SL, Predoi D. Influence
of thermal treatment on the antimicrobial activity of silver-doped biological apatite.
Nanoscale Research Letters. 2015;10:502. DOI: 10.1186/s11671-015-1211-x

Nath S, Kalmodia S, Basu B. Densification, phase stability and in vitro biocompatibil-
ity property of hydroxyapatite-10 wt% silver composites. Journal of Materials Science:
Materials in Medicine. 2010;21:1273-1287. DOI: 10.1007/s10856-009-3939-2

Rajendran A, Barik RC, Natarajan D, Kiran MS, Pattanayak DK. Synthesis, phase sta-
bility of hydroxyapatite-silver composite with antimicrobial activity and cytocompat-
ability. Ceramics International. 2014;40:10831-10838. DOI: 10.1016/j.ceramint.2014.03.075

Liu H, Man HC. Laser fabrication of Ag-HA nanocomposites on Ti6Al4V implant for
enhancing bioactivity and antibacterial capability. Materials Science and Engineering C.
2017;70:1-8. DOI: 10.1016/j.msec.2016.08.059

Lu X, Zhang B, Wang Y, Zhou X, Weng ], Qu S, Feng B, Watari F, Ding Y, Leng Y. Nano-
Ag-loaded hydroxyapatite coatings on titanium surfaces by electrochemical deposition.
Journal of Royal Society Interface. 2011;8:529-539. DOI: 10.1098/rsif.2010.0366

Lee DH, Min BG. Preparation and antibacterial properties of nanocomposite fibers
made of polyamide 6 and silver-doped hydroxyapatite. Fibers and Polymers. 2014;15:
1921-1926. DOL: 10.1007/s12221-014-1921-1

Xie CM, Lu X, Wang KF, Meng FZ, Jiang O, Zhang HP, Zhi W, Fang LM. Silver nanopar-
ticles and growth factors incorporated hydroxyapatite coatings on metallic implant sur-
faces for enhancement of osteoinductivity and antibacterial properties. ACS Applied
Materials Interfaces. 2014;6:8580-8589. DOI: 10.1021/am501428e

Lu M, Liao ], Dong J, Wu ], Qiu H, Zhou X, Li ], Jiang D, He TC, Quan Z. An effective
treatment of experimental osteomyelitis using the antimicrobial titanium/silver-contain-
ing nHP66 (nano-hydroxyapatite/polyamide-66) nanoscaffold biomaterials. Scientific
Reports. 2016;6:39174. DOI: 10.1038/srep39174

131



132

Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

(89]

[91]

[92]

[93]

[94]

[96]

[97]

[98]

[100]

Ueno M, Miyamoto H, Tsukamoto M, Eto S, Noda I, Shobuike T, Kobatake T, Sonohata M,
Mawatari M. Silver-containing hydroxyapatite coating reduces biofilm formation
by methicillin-resistant Staphylococcus aureus in vitro and in vivo. BioMed Research
International. 2016;2016:8070597. DOI: 10.1155/2016/8070597

Eto S, Kawano S, Someya S, Miyamoto H, Sonohata M, Mawatari M. First clinical expe-
rience with thermal-sprayed silver oxide-containing hydroxyapatite coating implant.
The Journal of Arthroplasty. 2016;31:1498-1503. DOI: 10.1016/j.arth.2015.12.034

Lim PN, Shi Z, Neoh KG, Ho B, Tay BY, Thian ES. The effects of silver, silicon-contain-
ing apatite towards bacteria and cell responses. Biomedical Materials. 2014;9:015010.
DOI: 10.1088/1748-6041/9/1/015010

XuZ, Lei Y, Yin W, Chen Y, Ke Q, Guo Y, Zhang C. Enhanced antibacterial activity
and osteoinductivity of Ag-loaded strontium hydroxyapatite/chitosan porous scaffold
for bone tissue engineering. Journal of Materials Chemistry B. 2016;4:7919-7928. DOI:
10.1039/C6TB01282E

Aksakal B, Demirel M. The effect of Zirconia/Yttria/Silver substitutions on mecha-
nostructure and cell viability of the synthesized bioceramic bone grafts. Ceramics
International. 2017;43:7482-7487. DOI: 10.1016/j.ceramint.2017.03.026

Kolmas J, Piotrowska U, Kuras M, Kurek E. Effect of carbonate substitution on physi-
cochemical and biological properties of silver containing hydroxyapatites. Materials
Science and Engineering C. 2017;74:124-130. DOI: 10.1016/j.msec.2017.01.003

Huo K, Zhang X, Wang H, Zhao L, Liu X, Chu PK. Osteogenic activity and antibac-
terial effects on titanium surfaces modified with Zn-incorporated nanotube arrays.
Biomaterials. 2013;34:3467-3478. DOI: 10.1016/j.biomaterials.2013.01.071

Cai R, Wang H, Cao M, Hao L, Zhai L, Jiang S, Li X. Synthesis and antimicrobial
activity of mesoporous hydroxylapatite/zinc oxide nanofibers. Materials and Design.
2015;87:17-24. DOL: 10.1016/j.matdes.2015.08.004

Fang], Zhao], Sun Y, Ma H, Yu X, Ma Y, Ni Y, Zheng L, Zhou Y. Biocompatibility and
antibacterial properties of zinc-ion implantation on titanium. Journal of Hard Tissue
Biology. 2014;23:35-44

Anwar A, Akbar S, Sadiqa A, Kazmi M. Novel continuous flow synthesis, characteriza-
tion and antibacterial studies of nanoscale zinc substituted hydroxyapatite bioceramics.
Inorganica Chimica Acta. 2016;453:16-22. DOI: 10.1016/j.ica.2016.07.041

Chen X, Tang QL, Zhu Y], Zhu CL, Feng XP. Synthesis and antibacterial property of zinc
loaded hydroxyapatite nanorods. Materials Letters. 2012;89:233-235. DOI: 10.1016/;.
matlet.2012.08.115

Predoi D, Iconaru SL, Deniaud A, Chevallet M, Michaud-Soret I, Buton N, Prodan AM.
Textural, structural and biological evaluation of hydroxyapatite doped with zinc at low
concentrations. Materials. 2017;10:229. DOI: 10.3390/ma10030229



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Radovanovié Z, Veljovi¢ D, Joki¢ B, Dimitrijevi¢ S, Bogdanovi¢ G, Koji¢ V, Petrovi¢ R,
Janac¢kovi¢ D. Biocompatibility and antimicrobial activity of zinc(Il)-doped hydroxy-
apatite, synthesized by a hydrothermal method. Journal of Serbian Chemical Society.
2012;77:1787-1798. DOLI: 10.2298/]SC121019131R

Thian ES, Konishi T, Kawanobe Y, Lim PN, Choong C, Aizawa M. Zinc-substituted
hydroxyapatite: A biomaterial with enhanced bioactivity and antimicrobial proper-
ties. Journal of Materials Science: Materials in Medicine. 2013;24:437-445. DOI: 10.1007/
s10856-012-4817-x

Tank KP, Chudasama KS, Thaker VS, Joshi MJ. Pure and zinc doped nano-hydroxyapa-
tite: Synthesis, characterization, antimicrobial and hemolytic studies. Journal of Crystal
Growth. 2014;401:474-479. DOI: 10.1016/j.jcrysgro.2014.01.062

Zhang J. Biocompeatibility and anti-bacterial activity of Zn-containing HA/TiO, hybrid
coatings on Ti substrate. Journal of Hard Tissue Biology. 2013;22:311-318

Colombo M, Beltrami R, Rattalino D, Mirando M, Chiesa M, Poggio C. Protective
effects of a zinc-hydroxyapatite toothpaste on enamel erosion. SEM study. Annali di
Stomatologia (Roma). 2017;10:38-45. DOI: 10.11138/ads/2016.7.3.038

Samani S, Hossainalipour SM, Tamizifar M, Rezaie HR. In vitro antibacterial evalua-
tion of sol-gel-derived Zn-, Ag-, and (Zn + Ag)-doped hydroxyapatite coatings against
methicillin-resistant Staphylococcus aureus. Journal of Biomedical Materials Research
Part A. 2013;101A:222-230. DOL: 10.1002/jbm.a.34322

Livitska O, Strutynska N, Zatovsky I, Nikolenko I, Slobodyanik N, Prytutskyy Y, Epple M,
Prymak O, Byeda A. Copper (II), zinc (II) and copper (II)/zinc (II)-containing carbon-
ate-substituted hydroxyapatite: synthesis, characterization and thermal behavior.
Materialwissenschaft und Werkstofftechnik. 2016;47:85-91. DOI: 10.1002/mawe.2016
00460

Kaygili O, Keser S. Sol-gel synthesis and characterization of Sr/Mg, Mg/Zn and Sr/Zn
co-doped hydroxyapatites. Materials Letters. 2015;141:161-164. DOI: 10.1016/j.matlet.
2014.11.078

Friederichs R], Chappell HF, Shepherd DV, Best SM. Synthesis, characterization and
modelling of zinc and silicate co-substituted hydroxyapatite. Journal of Royal Society
Interface. 2015;12:20150190. DOI: 10.1098/rsif.2015.0190

Uysal I, Severcan F, Evis Z. Characterization by Fourier transform infrared spectros-
copy of hydroxyapatite co-doped with zinc and fluoride. Ceramics International.
2013;39:7727-7733. DOI: 10.1016/j.ceramint.2013.03.029

Vincent M, Hartemann P, Engels-Deutsch M. Antimicrobial applications of copper.
International Journal of Hygiene and Environmental Health. 2016,219:585-591. DOLI:
10.1016/j.ijheh.2016.06.003

133



134  Hydroxyapatite - Advances in Composite Nanomaterials, Biomedical Applications and Its Technological Facets

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

LiY, Ho ], Ooi CP. Antibacterial efficacy and cytotoxicity studies of copper (II) and tita-
nium (IV) substituted hydroxyapatite nanoparticles. Materials Science and Engineering
C. 2010;30:1137-1144. DOI: 10.1016/j.msec.2010.06.011

Sahithi K, Swetha M, Prabaharan M, Moorthi A, Saranya N, Ramasamy K, Srinivasan N,
Partridge NC, Selvamurugan N. Synthesis and characterization of nanoscale-hydroxy-
apatite-copper for antimicrobial activity towards bone tissue engineering applications.
Journal of Biomedical Nanotechnology. 2010;6:333-339. DOI: 10.1166/jbn.2010.1138

Shanmugam S, Gopal B. Copper substituted hydroxyapatite and fluorapatite: Synthesis,
characterization and antimicrobial properties. Ceramics International. 2014;40:15655-
15662. DOI: 10.1016/j.ceramint.2014.07.086

Stani¢ V, Dimitrijevi¢ S, Anti¢-Stankovi¢ ], Mitri¢ M, Joki¢ B, Plecas IB, Raicevi¢ S.
Synthesis, characterization and antimicrobial activity of copper and zinc-doped
hydroxyapatite nanopowders. Applied Surface Science. 2010;256:6083-6089. DOL: 10.10
16/j.apsusc.2010.03.124

Radovanovié Z, Joki¢ B, Veljovi¢ D, Dimitrijevi¢ S, Koji¢ V, Petrovi¢ R, Janackovi¢ D.
Antimicrobial activity and biocompatibility of Ag'- and Cu*-doped biphasic hydroxy-
apatite/a-tricalcium phosphate obtained from hydrothermally synthesized Ag*- and
Cu*-doped hydroxyapatite. Applied Surface Science. 2014;307:513-519. DOI: 10.1016/j.
apsusc.2014.04.066

Tran PL, Hammond AA, Mosley T, Cortez ], Gray T, Colmer-Hamood JA, Shashtri M,
Spallholz JE, Hamood AN, Reid TW. Organoselenium coating on cellulose inhibits the
formation of biofilms by Pseudomonas aeruginosa and Staphylococcus aureus. Applied
Environmental Microbiology. 2009;75:3586-3592. DOI: 10.1128/AEM.02683-08

Tran PA, Webster TJ. Selenium nanoparticles inhibit Staphylococcus aureus growth.
International Journal of Nanomedicine. 2011;6:1553-1558. DOI: 10.2147/IJN.S21729

Rodriguez-Valencia C, L(’)peZ—Alvarez M, Cochon-Cores B, Pereiro I, Serra J, Gonzalez P.
Novel selenium-doped hydroxyapatite coatings for biomedical applications. Journal
of Biomedical Materials Research Part A. 2013;101:853-861. DOI: 10.1002/jbm.a.34387

Uskokovi¢ V, Iyer MA, Wu VM. One ion to rule them all: the combined antibacterial,
osteoinductive and anticancer properties of selenite-incorporated hydroxyapatite.
Journal of Materials Chemistry B. 2017;5:1430-1445. DOI: 10.1039/C6TB03387C

Kolmas ], Groszyk E, Piotrowska U. Nanocrystalline hydroxyapatite enriched in sel-
enite and manganese ions: Physicochemical and antibacterial properties. Nanoscale
Research Letters. 2015;10:278. DOI: 10.1186/s11671-015-0989-x

Kolmas J, Groszyk E, Kwiatkowska-Rozycka D. Substituted hydroxyapatites with anti-
bacterial properties. BioMed Research International. 2014;2014:178123. DOI: 10.1155/
2014/178123



[123]

[124]

[125]

[126]

[127]

[128]

Hydroxyapatite-Based Materials for Potential Use in Bone Tissue Infections
http://dx.doi.org/10.5772/intechopen.71604

Ivashenko OA, Perekos AO, Ulianchych NV, Uvarova IV, Protsenko LS, Budylina
OM, Holovkova MY, Yarmola TM. Interaction of Ag-free and Ag-doped hydroxyapa-
tite with ciprofloxacin solutions. Materialwissenschaft und Werkstofftechnik. 2011;42:
98-108. DOI: 10.1002/mawe.201100739

Xiong Z-C, Yang Z-Y, Zhu Y-], Chen F-F, Zhang Y-G, Yang R-L. Ultralong hydroxy-
apatite nanowires-based paper co-loaded with silver nanoparticles and antibiotic for
long-term antibacterial benefit. ACS Applied Materials and Interfaces. 2017;9(27):22212-
22222. DOI: 10.1021/acsami.7b05208

Predoi D, Popa CL, Chapon P, Groza A, Iconaru SL. Evaluation of the antimicrobial
activity of different antibiotics enhanced with silver-doped hydroxyapatite thin-films.
Materials. 2016,9(9),778:1-18. DOI: 10.3390/ma9090778

Suvannapruk W, Thammarakcharoen F, Phanpiriya P, Suwanprateeb J. Development
of antibiotic impregnated nanosized silver phosphate-doped hydroxyapatite bone-
graft. Journal of Nanomaterials. 2013, Article ID:542584:1-9. http://dx.doi.org/10.1155/
2013/542584

Sampath Kumar TS, Madhumathi K, Rubalya Y, Doble M. Dual mode antibacterial
activity of ion substituted calcium phosphate nanocarriers for bone infections. Frontiers
in Bioengineering and Biotechnology. 2015;3(59):1-10. DOI: 10.3389/fbioe.2015.00059

YuW, Sun T, Ding Z, Qi C, Zhao H, Chen F, Shi Z, Zhu Y, Chen D, He ]. Copper-doped
mesoporous hydroxyapatite microspheres synthesized by a microwave-hydrother-
mal method using creatine phosphate as an organic phosphorus source: application
in drug delivery and enhanced bone regeneration. Journal of Materials Chemistry B.
2017;5:1039-1052. DOI: 10.1039/C6TB02747D

135






Chapter 8

316L Stainless Steel/Hydroxyapatite Composite
Materials for Biomedical Applications

Aurora Anca Poinescu and Rodica-Mariana lon

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71490

Abstract

Hydroxyapatite (HAp) is known as one of the most important biomaterials used for ortho-
pedic and dental applications due to chemical composition similar to that of bone and
bioactive properties. However, due to its reduced resistance, HAp should be mixed with
different components in order to create composite materials. A good example is austenitic
stainless steel (AA 316L), as a class of metallic materials used for biomedical applications.
The aim of this chapter is to show a series of our group studies for obtaining a hybrid metal-
ceramic composite by powder metallurgy, the physicochemical, mechanical, and biological
properties of these hybrid composites and the investigation of possible functional coating
layers and adherent bioactive hydroxyapatite Ca, (PO,),(OH), on the metal of 316L stainless
steel, correlating our data with literature data. Hardness properties of the obtained compos-
ites are close to those of human bones. In biological systems, could be observed that after 6
months, the relevant metals (Fe, Mn, Cr, and Ni) concentration (ppb), that may be released
from composite materials in simulated physiological fluids (SBF), is practically zero.

Keywords: hydroxyapatite (HAp), nanotechnology, 316L, HAp thin films

1. Introduction

A definition of “biomaterial,” approved by a consensus of experts, is a nonviable material
used in a device, which could interact with biological systems [1]. Except biological area, this
definition covers a wide range of applications. Biocompatibility is a complex concept that con-
siders all processes that occur in the interaction between biomaterial and a living organism.
The human body is highly aggressive in terms of corrosion for proper metallic biomaterials
used in the manufacture of implants. This is the reason of intensive selection of new and
proper biomaterials [2].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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In recent decades, several strategies have been developed to obtain biomaterials used
for medical implants. The development of this field is necessary for obtaining materials
with improved characteristics. Hydroxyapatite is one of the most important biomateri-
als used for orthopedic and dental applications due to its chemical composition like that
of bone and bioactive properties [3, 4]. Austenitic stainless steels are a class of metallic
materials used for biomedical applications, too. Also, 316L stainless steel has a high cor-
rosion resistance, good mechanical properties, and relatively low cost of obtaining and
processing [5].

Experimental researches in this chapter will include the following groups of materials and
methods:

¢ Ceramics: hydroxyapatite.

* Metallic materials: 316L stainless steel.

¢ Composite materials HAp/316L obtained by powder metallurgy.
¢ Composite materials HAp/316L thin films obtained by sol-gel.

* Functional coating layers and adherent bioactive hydroxyapatite Ca, (PO,),(OH), on the
metal of 316L stainless steel.

In this chapter the following aspects will be discussed: (i) synthesis of HAp by wet pre-
cipitation; (ii) synthesis of hydroxyapatite by sol-gel method; (iii) chemical, mechanical,
and microstructural characterization of 316L stainless steel and HAp (X-ray diffraction
(XRD), dynamic light scattering (DLS), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), atomic force microscopy (AFM), mechanical (the
tensile behavior, Vickers hardness, surface roughness)); (iv) synthesis and characteriza-
tion of 316L steel and hydroxyapatite composites by powder metallurgy, sol-gel, and
functional coating layers between both components; and (v) study of the new bioma-
terials behavior in simulated physiological fluids, considering that the deposition of
hydroxyapatite will prevent the release of metal ions in solutions of artificial plasma and
saline.

2. State of research in biomaterials

2.1. Preparation of hydroxyapatite by wet chemical precipitation method

This method is easy to achieve, at low temperature, with relatively high percentage of pure
product and with not very expensive equipments [6, 7].

Hydroxyapatite could be obtained by chemical precipitation method modified by Sung [8].
Commercial chemical reagents used are calcium nitrate tetrahydrate Ca(NO,),.4H,0 and
ammonium dihydrogen phosphate (NH,), HPO,, separately dissolved in distilled water with
stirring. After addition of Ca(NO,), in aqueous solution over the (NH,),HPO,, and shaken at
room temperature for about 1 h, a milky precipitate, somewhat gelatinous, has been obtained
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which in turn was stirred for 1 h for a perfect mixing [9, 10]. The mixture thus obtained was
sintered at 100°C for 24 h. After that the precipitate was washed and filtered on a glass filter.
After filtration, sticky compacted product was dried in an oven at 80°C. Then, dry powder
was crushed in a mortar and pestle and then calcinated in a crucible of alumina at three dif-
ferent temperatures: 800, 1000, and 1200°C for 1 h.

The best results have been obtained at a temperature of 1000°C, at the same molar concentra-
tions and the same method of refluxing.

The samples calcinated at different temperatures (850, 1000, and 1200°C) were analyzed by
spectral techniques: X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, dynamic light scattering (DLS), scanning electron microscopy with
energy-dispersive spectroscopy (SEM-EDS), and atomic force microscopy (AFM).

The powder synthesized chemically is consistent with diffraction reference ASTM pure HAp
[11, 12]. Identification of phases identified in the synthesized hydroxyapatite allow the net-
work parameters calculation by setting 20. For this purpose, it has been taken into account
the width of diffraction peaks at half height of them, the lines having hkl indices (200), (002),
(102), (210),(310), and (004), in accordance with literature data [13, 14].

The most intense peaks appear in 20 between 20° and 60°. X-ray diffraction data by peak
characteristic (002), (211), (112), and (300) showed a high degree of purity of hydroxyapatite
(Figure 1). This is confirmed by X-ray diffraction that shows the results are obtained in good
agreement with literature data [11, 15],

These data are completed with the FTIR data, the best results being obtained for powder
calcined at 1000°C [16]. The ion stretching vibration around 3568 cm™ confirms the pres-
ence of a hydroxyl group. It should be noted that the hydroxyapatite sample (HAp1)
calcinated at 800°C contains water of crystallization and hydration, the HAp2 sample
subjected to calcination at 1000°C has a decreased water content, and the HAp3 sample
calcinated at 1200°C contained a higher water content than HAp1 due to high reactivity
of the powder [17].

g

.f\_u_g

Figure 1. X-ray diffraction peaks for HAp powder 2, calcined at 1000°C, 1 h.
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Likewise, the other stretching vibrations for carbonyl and phosphate groups were also
observed as reported earlier [18, 19]. The broad absorption band from 1050 cm™ is an evi-
dence for tricalcium phosphate as reaction product. Literature studies indicate that trical-
cium phosphate is present over 850°C. Figure 2 showed the three FTIR curves performed
on three types of hydroxyapatite, calcined at temperatures of 800, 1000, and1200°C, respec-
tively. FTIR tests revealed the role of hydrogen and -OH group in the hydroxyapatite sam-
ples, and the only band that differentiate these three samples is the intense band from
1624.7 cm™.

Dynamic light scattering is a well-established, versatile, and noninvasive technique which
can provide information about the size distribution of the particle populations in real
time. DLS data provide information about the size distribution of the HAp crystals and
their concentrations in aqueous solutions that is not available from other techniques [20].
It has also been extensively used to examine the sample homogeneity. The dynamic light
scattering experiment shows that the particle size distribution is in the range of 50-70 nm,
which is well supported by other techniques. Dynamic light scattering is used to monitor
the size of the precipitating particles and to provide information about their concentra-
tion, including different associations in different orders, which generates large aggregates
(Figure 3).

Structural characterization of hydroxyapatite powders calcinated at 1000°C was performed
by scanning electron microscopy (SEM) and atomic force microscopy (AFM), too, for ana-
lyzing the morphology and particle size. In the SEM images some small crystallites of
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Figure 2. FTIR curves performed of hydroxyapatite, calcined at temperatures of 800, 1000, and 1200°C.
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hydroxyapatite (<100 nm) and agglomerated particles are distinguished. Crystallites have
uniform sizes with narrow particle size distribution.

The hydroxyapatite powder obtained by wet precipitation calcinated at 1000°C has been char-
acterized by scanning electron microscopy. Figure 4 presents scanning electron microscopy
of hydroxyapatite sample calcined at 1000°C with a magnification of 2000%, and in Figure 5,
it presents the same sample but at a magnification of 1000x. We can distinguish microporos-
ity (<10 pm), allowing diffusion of ions and fluid from macroporosity (100-600um) and can
promote cell colonization.

To investigate with the atomic force microscope, hydroxyapatite solutions were freshly
prepared before each experiment, by suspending an appropriate amount of each sample
in ethanol. Compared with existing literature data [20], hydroxyapatite has a y-plane ori-
entation. In our experiments, it can be observed that the grain is oriented occurring after
z-plane.

By atomic force microscopy investigations, it was found that hydroxyapatite from bulk phase,
at higher calcination temperatures, is agglomerated in nanoparticle phase and then in nano-
crystalline spherule forms. Crystal size distribution depends on the critical size of nuclei in
saturation conditions rather than the crystal growth if clusters of small particles are observed
in AFM images.

In conclusion, hydrothermal synthesis method applied to HAp leads to the hydroxyapatite
powders with a nanocrystalline of high and good stoichiometry, with a relatively narrow
distribution of crystal size. Also, at high calcination temperature and long-term (4 h) of treat-
ment, well-crystallized products were obtained, with desired parameters [21].

AFM technique has been used for evaluation the distribution of high spherules, visible in
HAp powder [21]. The AFM method revealed a rugged HAp surface with crystallites ranging
from 70 to 100 nm in accordance with other spectral methods. It has been found that at higher
calcinations of temperatures HAp is deagglomerated from the bulk phase and agglomerates

qor
£ 30|
=
a | HA2
= .t
3 20
ol
0.1 1 10 100

size (nm)

Figure 3. Particle size distribution of the three records by number.
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Figure 5. 3D representation of the grains of calcined hydroxyapatite at 1000°C.

in the nanoparticle phase that results in the formation of nanocrystalline and then spherules.
The AFM 3D topography of hydroxyapaptite powder was recorded on an area of 5 x 5 pm?,

Figure 5 (a,b).

The crystal size distribution depends on the critical dimensions of the nuclei under over-
saturation conditions rather than on the crystal growth if particle agglomerations are

observed.
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2.2. Sol-gel method

The precursors used to prepare hydroxyapatite were calcium nitrate tetrahydrate
Ca(NO,), 4H,0 and phosphorus pentoxide (P,0,) (Chimreactiv, Romania). To a solution
of 0.5 mol/l, phosphorus pentoxide (P,O,) was dissolved in ethanol. Ca(NO,), 4H,O was
also dissolved in absolute ethanol to form a solution of 1.67 mol/l mixing both solutions
were constantly stirred with a magnetic stirrer, after which the mixture was placed in an
oven at an 80°C temperature for 24 h to complete the reaction [22, 23]. Dried gel was per-
formed in an oven. The resulting product was a transparent gel. The samples were heat
treated to transform the acid gel into a solid product with properties of biocompatibility
and osteoconductivity

Before depositing onto 316L stainless steel, the hydroxyapatite film has been characterized
by X-ray diffraction, and the results were relevant in terms of purity and presence of this
compound. After analyzing, the diffraction phases identified in hydroxyapatite obtained
by sol-gel were hydroxyapatite (Ca), (PO,),(OH), and tricalcium phosphate Ca,(PO,),.
X-ray diffraction analysis reveals a high degree of crystallinity for HAp obtained by
sol-gel. A broad reflection peak appears in the range of 31.8-32.51 20, which represents
the characteristic peak of apatitic phase (according to JCPDS card #9-432). Some char-
acteristic peaks at, for instance, (211), (300), and (212) planes were shown for coatings
annealed at higher temperatures 400-500°C. This suggests that the apatite coatings with
structural evolution from amorphous to crystalline are able to produce depending on the
temperatures.

3. HAp:316L composite materials

3.1. Composite HAp:316L obtained by cold pressing

Three technological versions of biocomposites obtained by powder metallurgy have been
prepared by cold pressing, by varying the bulk concentrations [17, 18]. There have been five
series of powder mixtures:

* Hydroxyapatite:316L stainless steel = 80%:20%.
¢ Hydroxyapatite:316L stainless steel = 50%:50%.
¢ Hydroxyapatite:316L stainless steel = 30%:70%.
* Hydroxyapatite:316L stainless steel = 20%:20%.

Quantitative measurement of the diameters of 316L powder particles was performed from
SEM images. Figure 6 shows SEM micrography of 316L stainless steel powder, and the size of
powder varies between 142 and 195 pm. Powders are spherical slightly dendritic. There is a
considerable disparity in both powder sizes which could lead to segregation during compac-
tion, thus providing a compact product heterogeneity. One of the most important problems in
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Figure 6. Scanning electron microscopy (500x).

the compaction process and its efficiency is given by applied powder shape. Hydroxyapatite
powder is spherical, while the steel powder is dendritic in good agreement with literature’s
report [24, 25].

3.1.1. HAp:316L composite (80% HAp:20% 316L)

80% hydroxyapatite powder and 20% 316L stainless steel powder were mixed, were homog-
enized, and after which they were cold uniaxially pressed. The samples were sintered at 850
and 1000°C, held for 60 and 120 min. Sintering process took place in a protective atmosphere
of H, with a cooling and heating at rate of 10°C/min (Figure 7).

Figure 7. Visual aspect of sample 2, 850°C, 120 min.
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Macroscopic characterization of all four samples indicates a high porosity, exfoliation, and
friability. Without lubricant for pressing, to avoid contamination with toxic material, a poor
compaction of materials and a high porosity of the tablet are observed.

3.1.2. HAp:316L composite (50% HAp:50% 316L)

The material obtained by mixing powder of 50% 316L and 50% HAp was cut along the atomic
planes. Material destruction was caused by different granulations of the two sorts of particles
(too small for hydroxyapatite fraction <45 pum), the manual mixing and different densities
(04 Ap 1.5 g/em?; g, =3.0 g/cm’), of the two materials.

3.1.3. HAp:316L composite (70% 316L:30%HAp)

The preparation procedure of these composites was similar to the previous work on the same
parameters. Fractions chosen for powder mixtures 70:30 were >160 pum for stainless steel 316L
and >45 pm for hydroxyapatite. Three composite samples with cylinder shape have been
obtained.

The SEM image of the obtained composite HAp:316L composite (70% 316L:30%HAp), Figure 8.
A relatively uniform distribution of stainless steel powder can be explained by mixing two
types of powders performed manually. The metal particles looks as white formations, round,
slightly dendritic, meanwhile the hydroxyapatite particles become dark coloured.

EDAX analysis of the composite with 70% 316L and 30% HAp is shown in Figure 9; the pres-
ence of phosphorus and calcium from hydroxyapatite and the presence of elements such as
Ni, Cu, Cr, and Fe as specific metal elements of 316 stainless steel could be observed.

Figure 8. Composite image 70% 316L and 30% HAp.
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Figure 9. EDAX analysis for 70% 316L and 30% HAp composite.

3.1.4. HAp:316L composite (80%316L:20% HAp)

By a similar procedure, 80% 316L stainless steel powder and 20% of hydroxyapatite have been
mixed. Two cylindrical composite with the dimensions, ¢ =10 mm and h =13 mm, have been
obtained. Composites obtained by mixing proportions of 80% 316L and 20% HAp powder are
shown in Figure 10.

Figure 10 presents SEM microstructure of the 80% 316L and 20% HAp composite (images
taken at 200x magnification). From microscopic analysis of the composite can be seen that the
steel powder is the party round, slightly dendritic, white color. For these powder mixtures
80/20 were chosen fractions larger than 160 um for 316L stainless steel powder and more than
45 pum for hydroxyapatite.

Figure 10. Composite image with 80% 316L and 20% HAp.
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EDAX analysis of 80% 316 and 20% HAp composite shown in Figure 11 gives us the qualita-
tive analysis of diffusion elements present in the composite. The diagram reveals the presence
of phosphorus and calcium from hydroxyapatite and the presence of specific metal elements
such as Ni, Cu, Cr, Fe, and Mo elements present in stainless steel 316L.

From all elements present in the chemical composition of 316L stainless steel, there is a mod-
erate but uniform distribution of Fe and a reduced distribution of Ni. Distribution of Cu
atoms is relatively uniform but stronger in specific areas of steel metal pellets.

3.1.5. Shore hardness determination

Shore D hardness (HSD) is a dynamic feature and represents an amount proportional to the
ratio of the height at which jumps back and the height from which the material was dropped
through a vertical guide. To determine hardness, composites are made by powder mixtures
of 70% 316L:30%HAp and 80% 316L:20% HAp.

With the help of conversion tables, the Shore hardness values measured for both types of
composites have been converted to HRC and HV values, as can be seen in Table 1.
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Figure 11. EDAX analysis for 80% 316L and 20% HAp composite.
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No. Composite HSD HRC HV
1 70% 316L:30% HAp 71 53 560
2 80% 316L:20% HAp 77 57 643

Table 1. Composite hardness ratios with 30 and 20% HAp.

3.2. Hydroxyapatite coating of 316L stainless steel

A synthetic hydroxyapatite film obtained by sol-gel has been deposited on 316L stainless
steel metal substrate, and the samples were subjected to X-ray diffraction analysis and
structurally characterized by scanning electron microscopy. With this analysis the phases
present in hydroxyapatite layer, morphology, and structure of hydroxyapatite were identi-
fied [24-27].

Structural quality of layers deposited by sol-gel was investigated by X-ray diffraction (XRD)
analysis and scanning electron microscope (SEM) to highlight the crystallinity of deposited
layers and the phases present in the hydroxyapatite film [4, 28, 29].

Figures 12 and 13(a, b) show SEM images of hydroxyapatite layer deposited on 316L stainless
steel. SEM photographies reveal the existence of a layer with a thickness about 350-500 nm
and with an aspect of continuous film crack with a roughness of approximately zero [30, 31].

Figure 12. Film thickness of HAp deposited on 316L stainless (400,000x).
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(a) (b)

Figure 13. SEM film of HAp (500x) (a) and SEM film of HAp (500%) (b).

Appearance of the two images reveals the presence of cracks due to burning contraction
between steel and hydroxyapatite layer. SEM image of the first layer of HAp is shown in
Figure 14(a) with 2500x magnification.

Appearance of the second layer of hydroxyapatite on 316L stainless steel support is shown in
Figure 14(b) at 50,000 magnification. Phase analysis was performed on hydroxyapatite layer
deposited on the metal by using X-ray diffraction (XRD) (Figure 15).

(b)

Figure 14. SEM film of HAp on oxidized steel (2500%) (left) and SEM image of the second film (50,000%) (right).
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Figure 15. XRD diagram for hydroxyapatite layer deposited on the metal.

The only phase identified in the film deposited on 316L stainless steel substrate was hydroxy-
apatite. This method allows a good control of composition and crystallization of hydroxyapa-
tite films at low temperatures [32, 33].

4. Behavior of the biomaterials in simulated physiological liquids

4.1. Determination of Fe, Mn, Ni, and Cr in saline and plasma by atomic absorption
spectrometry

Stainless steel in medical applications is type 316 (AISI). In the 1950s, the amount of carbon
in the type 316 was reduced from 0.08 to 0.03% by weight for a higher corrosion resistance in
chlorides. This new alloy was known as the 316L. Even so, the use of austenitic stainless steels
is limited due to the release of corrosion products in the form of Ni*, Cr*, and Cr®, which
produce local effects in the body and destroy the implant [34].

For hydroxyapatite coating achieved by sol-gel method, two samples of 316L stainless steel
sheet metal with 0.35 mm thickness with 15x15x0.35 mm dimensions were chosen. These sam-
ples were polished with metallographic papers 400 or electrochemically attacked with 5% per-
chloric acid in ethanol and then were washed and dried.

The relevant metal concentration that may be released from composite materials in plasma/
serum, under controlled conditions in the ppbs, has not been reported too much in the litera-
ture; for the systems created and investigated in this chapter, the metal levels in plasma/serum
have been analyzed by atomic absorption spectrometry and graphite furnace technique [35, 36].
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Figure 16. Changes in concentrations of Fe, Ni, Cr, and Mn in different samples.

Changes in concentrations of heavy metals like Fe, Ni, Cr, and Mn for the representative
samples are plotted in Figure 16 for two representative samples. These samples were chosen
due to their higher surface exposure. Could be observed that after 6 months, the concentra-
tion of the metals (Fe, Mn, Cr, and Ni) (ppb) that may be released in simulated physiological
fluids (SBF) from the used composite materials is practically zero.

The obtained results indicated that deposition of hydroxyapatite film on 316L metal plate was
designed to prevent the release of metal ions in artificial plasma and in saline solution [37, 38].
Figure 16a presents changes in concentrations of Fe, Ni, Cr, and Mn in artificial plasma solu-
tion and in Figure 16b changes in concentrations of metals in saline solution.

5. Conclusions

In this chapter, the size and microscopic characterization was performed both for stainless
steel powders and for hydroxyapatite and their composite. As compactness, the best composi-
tions have been observed for 80% HAp: 20% 316L and 70% HAp: 30% 316L. The macroscopic
analysis on composites with 80% HAp and 20% 316L obtained by cold pressing reveals friable
samples with high porosity. It was found that:

¢ By increasing the amount of HAp in the composite, a lower hardness and a lower relative den-
sity for 316L/HAp composite, but with a significant increase in porosity, could be obtained.

* By increasing the proportion of HAp, the hardness or densification of the sintered compos-
ite is strongly affected.

The best mechanical results were obtained for composites of 70% 316L/30% HAp and 80%
316L/HAp 20%. Mechanical behavior studies of composites obtained were performed by
analysis of Shore hardness, values of 71 HSD for composite with 70% 316L/30% HAp and
77HSD for composite with 80% 316/20% HAp. According to literature, for hydroxyapatite
shore, the hardness values are between 81 and 88 HSD, and for human bones from 85 to 95
HSD. The results presented suggest that the composites obtained can be varied by choosing
an appropriate chemical composition powder mixture.
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The influence of grain size on the microstructure of the composite is very important because
large granulations of powder will create large intergranular pores, which are affecting the
density and mechanical properties of composites. HAp powder density proportional affects
the product density (HAp/316L), so that a high density of particles will lead to a better pack-
ing density of compacted product.

In this chapter, compositional and structural investigations for composites have been estab-
lished, and some correlations between the parameters of the process of preparation, chemical
composition, structure, and properties of composites have been obtained, too. A comparison
between composites and sol-gel coating is discussed, too.
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Abstract

Gene therapy is a targeted therapy which can be used in the treatment of various acquired
and inherited diseases. Inhabitation of a gene function, restoring or improving a gene, or
gaining a new function can be achieved by gene therapy strategies. The most crucial step
in this therapy is delivering the therapeutic material to the target. Nanosized calcium
phosphates (CaPs) have been considered as promising carriers due to their excellent bio-
compatibility. In this chapter, the delivery of DNA, siRNA, and miRNA by using CaP
nanocarriers were compiled in detail and the main parameters which can affect the car-
rier properties and thus the gene transfer efficiency were also discussed.

Keywords: calcium phosphate nanoparticles, non-viral vector, hydroxyapatite, gene
therapy, gene silencing

1. Introduction

Recently, targeted therapies are becoming more attractive since they do not harm healthy cells
and have high selectivity. Gene therapy is the modification of patients’ cells genetically for cur-
ing or making the health state better. With gene therapy strategies, one gene function can be
inhibited, restored or improved or a new function can be gained. For an improvement in func-
tional disorders induced by the mutation or to inhibit the expression of an inadequate gene, a
therapeutic gene material, and its related regulatory components are delivered to the nucleus
to treat the diseases. In most cases, owing to their negative charge, naked oligonucleotides can-
not penetrate the cell; therefore, an appropriate carrying agent is needed. The most crucial issue
in gene therapy is delivering the therapeutic gene, which first must overcome the extracellular
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barriers and, subsequently, the cellular barriers. The carrier used for loading them is called
“a vector,” while the vectors recently been used for gene therapy are roughly sorted as viral
vectors and non-viral vectors. However, viral vectors’ side effects, potential cytotoxicity of the
carriers, and poor transfection efficiency of non-viral vectors have currently limited the accom-
plishment of gene therapy. As the use of nanoparticles has been a remarkable methodology
in the solution of a variety of problems, they can be employed as non-viral delivery vehicles
for oligonucleotides in molecular biology and medicine [1]. With having excellent biocompat-
ibility and high chemical affinity toward DNA and RNA, calcium phosphate nanoparticles
can participate in the delivery systems which can limit most of the problems in delivering the
therapeutic molecules to the nucleus of target cells. Further, calcium phosphates can overcome
the extracellular barriers and then dissolve in the acidic pH within endosomes and lysosomes
which lead the release of nucleic acids in the targeted region of the cell [2].

This review focuses on the potential employment of hydroxyapatite and other calcium phos-
phate nanoparticles as non-viral vectors in gene therapy and gene silencing as well as empha-
sizing the recent studies to expose the benefits for using such vectors.

2. What is gene therapy?

The genes on the chromosomes are the smallest genetic units that are effective in producing
vital proteins for the cells. Any mutation that occurs in the genome can cause the disease
because it changes the protein functions. Gene therapy is basically described as the transfer of
genetic material with therapeutic effect to specific targeted cells or tissues with minimal toxic-
ity to provide clinical benefits in the treatment of genetic and infectious diseases. Inhabitation
of a gene function, restoring or improving a gene, or gaining a new function can be achieved
by gene transfer strategies.

Gene therapy has been quite important in treating the various acquired and inherited diseases
(e.g., AIDS, cancer, and other genetic disorders). As a theory, if the sequence of a mutant gene
which is defined as an oncogene is recognized, gene therapy can be used in the treatment of
any cancer disease. Moreover, its execution in the cure of genetic disorders such as muscu-
lar dystrophy, cystic fibrosis and severe combined immunodeficiency (SCID) has attracted
attention due to three main reasons: (a) being well-characterized, (b) knowing the mutations
responsible for the disease, and (c) existing no other satisfactorily efficient treatment [3].

Independent of the type of applied gene therapy method, the therapy first identifies the
mutant gene that causes the disease. Following that, the identical healthy gene (e.g., therapeu-
tic gene or transgene) is cloned. The therapeutic gene is designed according to the augment-
ing or suppressing or repairing needs. Since the penetration of “naked” oligonucleotides into
cells is not probable, an appropriate carrier must be used in loading the produced therapeutic
gene [4, 5]. This carrier is called vector and it is responsible for transporting the therapeutic
gene to the patient’s target cell successfully. In this sense, a vector needs to come through
the extracellular barriers and, then, the cellular barriers [6, 7]. Consecutive stages in gene
therapy are given in Figure 1. The biggest challenge in a successful gene therapy is the issue of
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is identifiad gene is cloned the therapeutic gene the target cell

Figure 1. Schematic illustration of consecutive stages in gene therapy.

delivery. The optimal vector and the delivery system depend on the target cells and its char-
acteristics, duration of expression, and the size of the genetic material to be incorporated in
the vector [8]. Therefore, an optimal delivery vector needs to be safe, particular, and efficient.

There are two main sorts of vectors used in the gene therapy: viral vectors and non-viral (or
synthetic) vectors. Viral vectors are viruses that have been genetically mutated for transporting
normal human DNA. Viruses have developed a way of encapsulating and transferring their
genes to human cells in a pathogenic manner. This capability can be used in the manipulation
of the viral genome to replace disease-causing genes with the therapeutic ones [9]. Among all
vectors, viral vectors exhibit higher efficiencies for transfecting host cells. However, the immu-
nogenicity and the cytotoxicity are the two major drawbacks of using these carriers [10]. The
first failure in the clinical trial of the related gene therapy was identified with the inflammatory
response to the viral vector (Adenovirus). An additional and very important reason for the
concerns over the employment of the viral vectors is the formation of insertional mutagenesis
in which an exogenous DNA sequence integrates into the genome of a host organism. This can
trigger the proliferation of oncogenes which leads to the malignant transformation of cells [8].
Therefore, non-viral vectors have the safety advantage over the viral vectors due to the demon-
strated reduced pathogenicity. However, due to low delivery efficiency, thus, poor expression
of their transgenes, the applications of non-viral gene transfer were previously disregarded
[8]. Since non-viral vectors have less immunotoxicity, they have been applied in clinical tri-
als from 2004 to 2013, whereas the use of viral vectors in the same treatments decreased sig-
nificantly, then. Applications of a variety of non-viral vectors entering clinical trials, increased
because of the advances in their performance, selectivity, gene expression period, and safety
characteristics [8]. For therapeutic purposes; DNA, mRNA and short double-stranded RNA,
including small interfering RNA (siRNA) and microRNA (miRNA) mimics, can be delivered
by using various non-viral vectors; however, there might be some drawbacks in the use of
non-viral vectors in clinical trials. Figure 2 presents the barriers to achieve a successful in vivo
delivery of nucleic acids using non-viral vectors [11]. The degradation caused by serum endo-
nucleases, the immune detection, the renal clearance from the blood, and the emerging non-
specific interactions are some of these handicaps and they need to be considered and avoided
for a successful delivery. Furthermore, the carrier needs to extravasate from the bloodstream
in order to reach the tissue targeted. Within the target tissue, it should mediate the cell entry
and endosomal escape, as siRNA and miRNA mimics must be loaded into the RNA-induced
silencing complex (RISC), whereas mRNA must bind to the translational machinery. DNA
should be further transported to the nucleus to implement its activity [11].

Owing to their easy preparation and surface-functionalization, inorganic nanoparticles are
promising non-viral vectors for gene therapy applications. If the nanoparticles are small
enough (<100 nm), different nanoparticle materials such as calcium phosphates, polymers,
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Figure 2. The barriers to success in vivo delivery of nucleic acids using non-viral vectors. Reprinted by permission from
Macmillan Publishers Ltd.: [Nature Reviews Genetics] (13), copyright (2014).
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liposomes, silica, magnetite, carbon, clay, and gold can be employed as non-viral vectors [8].
Compared torest of all nanoparticles, calcium phosphate (CaP) has several advantages because
of its easy preparation [12], high chemical affinity toward DNA and RNA [13, 14], high bio-
compatibility, and good biodegradability properties in biological systems [12]. Further, CaP
particles have the ability to enter the cell and breakdown in the cell, also addressing them as
an appealing candidate among all other gene delivery vectors [1, 2].

3. Calcium phosphates

CaP is one of the major mineral constituents of all mammalian calcified tissues and it is bio-
compatible, biodegradable, non-toxic, and non-immunogenic [14], therefore, CaP has wide-
spread use in nanomedicine, including tissue engineering, imaging, and drug/gene delivery
[14]. Furthermore, it can degrade into ions inside the early lysosomes of the cells, which
makes it a convenient and safe intracellular delivery agent for the therapeutic small mol-
ecules and genes [14, 15]. Therefore, CaP nanoparticles have been widely used as non-viral
vectors since the 1970s [16]. Negatively charged nucleic acids can bind to CaP nanoparticles
with high affinity via calcium ion chelation and are consequently protected from degradation
by endonucleases [14].

Hydroxyapatite (HA), with the formula Ca, (PO,),(OH),, has a Ca/P molar ratio of 1.67 and it is
the most stable and least soluble phase of all calcium orthophosphates. Pure HA never forms in
biological systems. Nevertheless, because of its excellent biocompatible, bioactive, and osteo-
conductive properties, HA is widely used in medical and dental applications, such as hard
tissue repair, bone defect filling, bone regeneration, coatings of metal prostheses, and tumor
surgery applications, etc. [17]. HA nanoparticles have recently been used in medical applica-
tions as carriers for growth factors, antibiotics, cancer drugs, antigens, and nucleic acids [18].
Moreover, HA columns are used for protein chromatography [19]. Several techniques, such
as solid state, precipitation, sol-gel, hydrothermal, multiple emulsion, and biomimetic deposi-
tion have been used in the synthesis of HA nanoparticles [20]. However, some variability in
the structure and morphology may occur depending on the synthesis method [21].

The non-stoichiometric apatites are of biological importance because they resemble mineral com-
ponent of bone, enamel, dentin, and cementum. Bone mineral is essentially calcium-deficient
hydroxyapatite (CDHA, Ca,, (HPO,) (PO,), (OH), ) with a Ca/P ratio of approximately 1.5.
While CDHA is chemically and compositionally similar to beta-tricalcium phosphate (3-TCP), it
exhibits structural similarity to stoichiometric HA [14]. CDHA exhibits high solubility in water
or body fluids while high crystalline stoichiometric HA has poor solubility. Over a broad range
of concentration, pH, and temperature, non-stoichiometric apatites can be synthesized by vari-

ous precipitation techniques [21].

3.1. The use of calcium phosphate nanoparticles for gene therapy

Although several studies have focused on the direct injection of naked DNA into various tis-
sues such as skeletal muscle, liver, thyroid, heart muscle, brain, and urological organs, sig-
nificantly (respectively) low transfection efficiencies were gained [22]. The literature indicates
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that there are three general levels that non-viral CaP-DNA delivery systems operate: (a) DNA
condensation and complexation, (b) endocytosis, and (c) nuclear targeting or entry [23]. Before
introducing into the cell, negatively charged DNA is complexed with CaP nanoparticles.
Because of its positive charge, CaP-DNA complex gets bound to the negatively charged cell
membrane and is consequently received by the cells. For the uptake of macromolecules or
nanoparticles, endocytosis as a frequent methodology can internalize non-viral gene delivery
vectors [24]. Endocytosis can be defined as the penetration of the cell membrane which is
followed by the incorporation into an intracellular vesicle [25]. After endocytosis, the vector-
DNA complex is mostly kept in perinuclear endosome/lysosomes. In case, DNA does not
escape from the endosome, endosomal degradation of DNA might happen during endocyto-
sis. The acidic pH (5-5.5) of endosomes and lysosomes usually causes the decomposition of
DNA captured inside the vectors [23]. For this reason, DNA transfection requires endosomal
escape. The degradation of DNA by particular enzymes (nucleases) depends on an efficient
release of DNA into the cytoplasm. There are some barriers needed to overcome for having a
successful entry of DNA into the nucleus; hence, protection from the nucleases is required. In
the next step, the DNA is introduced into the nucleus. Nuclear pore complexes (NPCs) make
the transfer of molecules into the nucleus [10]. Even though NPCs are very permeable to small
molecules, they restrict the movement of larger molecules across the nuclear envelope. For
the purpose of eliminating this obstacle; first, macromolecules carrying a nuclear localization
sequence (NLS) are recognized by importins, and next they are actively transported through
the pore into the nucleus [10]. Furthermore, Ca* regulated transport involves intermediate-
sized molecules (10-70 kDa) and it does not entail an NLS [23]. Under conditions in which Ca
is present in the cytosol (such as from CaP), the central plug is located well below the cytoplas-
mic ring of the NPC, and the pore can allow the diffusion of even medium-sized molecules.
Under such circumstances, DNA-Ca complexes can easily enter the nucleus through the NPC.

The biochemistry field has been using the standard calcium phosphate transfection method,
since it was first introduced by Graham and van der Eb in 1973 [26]. In many studies, cal-
cium and phosphate solutions are mixed in the presence of DNA and coprecipitated with
DNA to form the transfection complex [27]. However, this technique allows for the formation
of a heterogeneous size distribution of CaP-DNA complexes and induces a large deviation
in the transfection efficiency. The control of the growth and thus the size of the CaP-DNA
complex are the two important factors for developing DNA delivery systems [28]. The size
of the complex can be regulated by adding organic or inorganic modifiers during the precipi-
tation process. Kakizava et al. [28] developed monodisperse CaP nanoparticles surrounded
by hydrophilic polymer layer through complexation with poly(ethylene glycol)-block-
poly(aspartic acid) (PEG-PAA) via basic mixing of calcium/DNA and phosphate/PEG-PAA
solutions. It was shown that the use of PEG and PAA is beneficial to obtain a narrow size
distribution. The efficiency of the complex was determined by measuring the amount of DNA
incorporated into the particles by using gel permeation chromatography and fluorescence
measurements. Similarly, HA nanorods with a length of 100 nm and a diameter of 25 nm were
synthesized by using a stabilizing block copolymer (PLGA-mPEG) and the DNA loading
capacity was investigated [29]. In this study, first, HA nanorods were synthesized and then,
the HA-DNA complex was obtained by quick mixing them together in the presence of CaCl,.
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Plasmid DNA and salmon sperm DNA were used to test the DNA loading capacity and a
huge enhancement of DNA binding capacity was observed. The strategy of using block copo-
lymer and post-binding of HA nanorods with DNA make them remarkably efficient and safe
gene vector [29]. Zhu et al. [30] synthesized short HA nanorods with a length of 40-60 nm and
then mixed them with EGFP-N1 pDNA to form the nanoparticle-DNA complex. The agarose
gel electrophoresis showed that the HA nanorods potentially adsorb EGFP-N1 pDNA under
acidic (pH =2) and neutral (pH =7) conditions. HA-EGFP-N1 pDNA complex was transfected
to the SGC-7901 cells in vitro with the efficiency about 80%. Two weeks after tail vein injec-
tion into mice, no acute toxicity was revealed. The liver, the kidney, and the brain organ tissue
specimen of the sacrificed mice were investigated via TEM after receiving the injection of
PDNA complex. EGFP green fluorescence expression was observed, which suggested that the
EGFP-N1-pDNA did effectively transport on the HA nanoparticles into these organ tissues
and the pDNA did integrate into the cell genome and ultimately successfully expressed there.

In another study, CaP nanoparticles with varying calcium (Ca) to phosphate ion (P) ratios
were synthesized and the effect of the Ca/P stoichiometry on controlling the particle size
and the plasmid DNA binding efficiency was investigated [31]. The results indicated that the
determination of the Ca/P ratio which optimizes both DNA binding and condensation can
overcome many barriers associated with transporting the DNA into the nucleus and thus
improve transfection efficiencies. The reported optimal size of the complex is about 25-50 nm
which performed efficiently at both binding and condensing the plasmid DNA.

To obtain a better capturing of the DNA, substitute ions, such as Mg*, CO_% K*, and AI**, can
be added in CaP crystal lattice [32]. The studies concerning the effect of the substitute ions on
the precipitation and the crystallization of HA and other CaPs are present in literature. It was
reported that the integration of Mg?* into the CaP lattice limits the particle growth and this
leads to the formation of smaller sizes of CaP/DNA or CaP/siRNA precipitates, which resulted
in remarkably enhanced cellular uptake. Chawdory et al. [33] reported that an increase in
the dose of Mg? dramatically reduced the particle diameters and remarkably higher cellular
uptake of DNA and its subsequent expression (N10-fold) was obtained compared with classi-
cal calcium phosphate coprecipitation [33].

Another strategy for improving the transfection efficiency is producing a multi-shell CaP-DNA
complex, in which calcium phosphate core was coated with DNA, followed by calcium phos-
phate coating, and finally a second DNA coating [5, 34]. In this way, DNA can be better protected
from enzymatic degradation and intracellular attack and therefore, a considerable increase in
transfection efficiency can be obtained compared to single-shell CaP-DNA complex. It should be
considered that the reaction temperature, the way of mixing, reagent concentration, pH, precipi-
tation time, and the time between precipitation and transfection are important for the efficiency
of cell transfection [1, 5, 34].

To protect the therapeutic agent from the biological environment, CaP-DNA can be encapsu-
lated within a synthetic polymer such as polyethylene glycol, poly(methacrylic acid) or poly-
ethyleneimine. However, synthetic polymers such as polyethyleneimine (PEI) are cytotoxic
and not suitable for the in vivo delivery of nucleic acids. The toxicity of PEI partly comes from
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its limited biodegradability [35]. Klesing et al. [36] functionalized commercial hydroxyapatite
nanorods with polyethyleneimine (PEI) and an average particle size of 190 nm without any
agglomerates was obtained. In order to track the adsorption capacity of the HA-PEI nanorods,
varying amounts of DNA was added to the dispersion and the dispersion stability was moni-
tored by dynamic light scattering. Varying amounts of EGFP encoding DNA were added to
the HA-PEI nanorods for the transfection of HeLa and MG-63 cells. As the addition of DNA
reduces the surface zeta potential of the cationic HA-PEI delivery system, the nanorods which
have small amounts of DNA exhibit higher positive zeta potential and thus better cellular
uptake by the negatively charged cell membrane.

Since the cell membrane is negatively charged, positively charged nanoparticles lead to the
higher degree of internalization due to the ionic interactions occurring between positively
charged particles and cell membranes [37, 38]. Furthermore, it was reported that the posi-
tively charged nanoparticles might escape from lysosomes if they are internalized and show
perinuclear localization, while the negatively and neutrally charged nanoparticles colocal-
ized with lysosomes [39, 40]. The surface modification can strongly alter some characteristics
of nanoparticles (e.g., hydrophilicity, hydrophobicity, and surface charge). Therefore, conju-
gating the nanoparticles with special functional groups can enhance the cellular uptake and
thus the transfection efficiency of the delivery system. Recent research has revealed that argi-
nine with guanidyl group can facilitate the cellular uptake of covalently conjugated particles,
although the uptake mechanism is still controversial [37]. Wang et al. [37] synthesized rod-like
arginine functionalized HA (HA/Arg) nanoparticles with an average length of 50-90 nm and
the DNA complex was prepared by mixing the HAp/Arg with plasmid DNA (pEGFP-N1).
Transfection efficiency was tested on the HeLa cells which were treated with pEGFP-N1-HA/
Arg complex and the transfection efficiency increased after arginine modification.

In another study, it was reported that if two-dimensional layered materials are used as gene
delivery materials, they exhibit desired functionalities [41]. Zuo et al. [41] prepared lamellar
HA (L-HA) nanoplates with varying size and shape by changing the amount of the templat-
ing agent and precursor solutions. pPDNA was added dropwise into L-HA suspensions with
varying concentrations for the complex formation. It was suggested that pDNA loading is
not only limited by the adsorption of the HA surface but also intercalation of pDNA into HA
layers. Thus, a mouse fibroblast L929 cell line was used to investigate the gene transfection of
pDNA/L-HA complexes. As the L-HA showed much better DNA loading capacity and trans-
fection yield, the great potential of the nanoplates with good lamellar structure was reported.

In summary, different strategies were developed for improving the gene transfection effi-
ciency by using CaP nanoparticles as non-viral vectors and some of the reported models are
illustrated in Figure 3. Most of the approaches were focused on controlling the size and the
shape by utilizing special agents during CaP synthesis or encapsulating the particle-DNA
complex mostly in a proper layer of polymer to obtain positive surface charges.

3.2. The use of calcium phosphate nanoparticles for gene silencing

Small interfering RNA (siRNA) is a class of short, double-stranded RNA molecules of about
21-25 nucleotides, which can mobilize the RNA interference (RNAi) pathway [14, 42]. RNA
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Figure 3. Some of the CaP-DNA complex strategies reported in the literature.

interference (RNAI) effect is a sequence-specific gene-silencing process which is effectively
applied for functional genomics, in vivo target validation, and gene-specific medicines.
Similar to the antisense and ribozyme strategies, RNAi depends on complementarity between
the RNA and its target mRNA for the destruction of the target gene [42].

When compared to conventional drugs or small molecules with a limited range of protein
targets, siRNA may perhaps be used to interfere with the expression of nearly any gene tran-
script in a specific manner. Although siRNA-based RNAi technology has been launched as an
effective methodology in treating several genetic diseases, this technology is limited owing
to the degradation of siRNA in the nucleases [14]. Thus, a biocompatible carrier approach
is necessary to overcome the barriers for the delivery of siRNAs for successful therapeutic
applications [14].

Although both plasmid DNA and siRNA are similar double-stranded nucleic acids having
anionic phosphodiester backbones and the same negative charge to nucleotide ratio, the use
of DNA requires some different major aspects regarding its complex formation and its intra-
cellular delivery [39]. For being transcribed, plasmid DNA needs to cross the cytosol and
reach the nucleus. Therefore, the delivery of plasmid DNA by using chemical delivery vec-
tors is sometimes ineffective on non-dividing quiescent cells due to the cell nucleus envelope
barrier [42]. Further, the siRNA only requires to be delivered to the cytosol for initiating the
silencing activity and the therapeutic potential of siRNAs has prompted a revival and strong
research and development effort in this field.

In some studies, CaP is precipitated with siRNA to form the gene silencing complex. Sokolova
etal. [5] investigated the efficiency of single-shell (the core of CaP, the shell of siRNA) and multi-
shell (the core of CaP, a first shell of siRNA, the second shell of CaP, the third and outermost
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shell of siRNA) nanoparticles to inhibit the expression of intercellular enhanced green fluores-
cent protein (EGFP) in HeL a cells. Both single-shell and multi-shell nanoparticles have a spheri-
cal shape with a diameter of about 100-200 nm. The gene silencing efficiency is proportional
to the extent of EGFP inhibition in the cells (cells which show no green fluorescence anymore)
and determined by transmission light microscopy and fluorescence microscopy. Not only the
concentration of oligonucleotides but also the nature of oligonucleotides (single- or double-
stranded) can affect the stability of the colloidal delivery system. Monodisperse colloids can be
prepared with siRNA at a concentration of 45 mM. The relative gene silencing efficiencies of
different delivery systems were investigated and high gene silencing efficiency was obtained
for multi-shell nanoparticles in which siRNA is protected from intracellular degradation.

Although the use of CaP for siRNA delivery has performed a lot of promising progresses, the
application of CaP-siRNA in clinical therapy is still far from satisfaction [31]. To improve the
physical stability and the transfection efficiency of CaP nanoparticles, different strategies have
been evaluated for the modification of CaP carriers. One of the most crucial factors of a suc-
cessful siRNA therapy is to control the size and the surface charge of the siRNA complex for
ensuring the delivery and release of the therapeutic material into the target gene [31]. For this
aim, some surface modifications including encapsulating the CaP-siRNA complex with dif-
ferent polymers or adding a stable polymer outer layer were reported [43]. In order to obtain
better colloidal stability and to reduce protein adsorption, Polyethylene glycol (PEG), a neu-
tral and hydrophilic polymer, could be used [44]. It was reported that, compared with some
commercially available transfection reagents, CaP-PEG nanoparticles reveals better serum
tolerability. Owing to the decomposition of CaP nanoparticles under a cytosolic environment,
calcium ion concentration increases. However, by using PEG as a shell on the CaP core, much
lower calcium ion concentrations can be maintained and thus significant biological effects
can be reached in cultured cell lines. Giger et al. [44] modified CaP nanoparticles with PEG-
alendronate (alendronate is a bisphosphonate used to treat osteoporosis) for siRNA delivery
and it was reported that PEG-ALE could stabilize the nanoparticles better. The transfection
efficiency of the nanoparticles was assessed with a model siRNA targeting the Bcl-2 protein
which inhibits apoptosis and is overexpressed in several cancers. PEG-ALE-CaP-siRNA
exhibited a strong silencing effect in vitro at both the mRNA and protein levels. The cellular
trafficking study showed that PEG-ALE-CaP-siRNA internalized into cells relied largely on
the clathrin-dependent endocytosis. They further used PEG-functionalized bisphosphonate
(PEG-bp) to prepare bp-stabilized CaP nanoparticles with the size of 200 nm for gene delivery
[45]. PEG-bp-CaP showed effectively and sustained transfection ability to cells in vitro with
low toxicity. Zhang et al. [18] developed CaP nanomicellar carriers which can efficiently keep
siRNA in their CaP inner core by using PEG for regulating the size of the nanoparticles, which
facilitated the internalization of siRNA by cells. The nanoparticles exhibited a well-defined
spherical shape with a diameter of 100 nm and the thickness of PEG shell is about 10 nm. To
evaluate the gene-silencing efficiency, dual luciferase assay was applied to the nanoparticles
having different PEG shell thicknesses. Compared to 15 kDa PEG, the samples prepared with
12-kDa PEG showed better gene silencing efficiency. So, the difference in gene knockdown
may stem from the difference in cellular uptake of the nanoparticles with different PEG shell
thicknesses. Further, compared to the samples prepared at pH 8.0, the samples prepared at
pH 7.5 showed higher gene knockdown levels under the same conditions.
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Polyethyleneimine (PEI), another hydrophilic polymer, can also be used as an outer layer of
the CaP-siRNA complex. However, it should be noted the potential cytotoxicity may limit its
gene or drug delivery-based clinical applications [35]. Although PEI is an efficient transfec-
tion agent for DNA due to its great endosomal escaping capability, PEI/siRNA complexes
are highly unstable [46]. Nevertheless, some successfully in vitro siRNA delivery applica-
tions were reported by using PEI as a surface modifier. Klesing et al. [36] developed a cat-
ionic nucleic acid delivery system based on hydroxyapatite nanorods functionalized with a
layer of PEL For gene silencing, HeLa-EGFP cell line (a genetically modified transformed
cervix epithelial cell line expressing the enhanced green fluorescent protein, EGFP) was used.
Commercial carriers, Lipofectamine™ and PolyFect®, were also used for comparing the
transfection efficiency of the CaP-PEI system. Gene silencing efficiency of hydroxyapatite—
PEI-siRNA nanoparticles on HeLa-EGFP cells was determined approximately 48-72 h after
transfection by transmission light microscopy and fluorescence microscopy. The gene silenc-
ing efficiency of HeLa-EGFP cells was systematically determined for increasing amounts of
added siRNA, up to a charge reversal by the anionic siRNA. The efficiency of gene silenc-
ing increased with higher amounts of siRNA, however, minimized at the point where par-
ticles agglomerated. By adding a PEI layer around the hydroxyapatite/PEI/siRNA, the charge
reversed back to positive, resulting in even higher silencing rates.

To enhance the silencing efficiency, Neuhaus et al. [47] generated triple-shell CaP
nanoparticles (CaP-siRNA-CaP-PEI) with an outer shell of PEL. PEI was used for the
colloidal stabilization and to give the particles a positive charge. Tumor necrosis factor a
(TNF-a), which is a pro-inflammatory cytokine, was silenced by treating LPS-stimulated
MODE-K cells with triple-shell CaP nanoparticles. MODE-K cells are a murine epithelial
cell line from the intestine and serve as a model for intestinal epithelial cell function. In
this study, the gene silencing efficiency was first demonstrated with HeLa-EGFP cells by
three different methods: cell counting by using fluorescence microscopy, fluorescence-
activated cell sorting (FACS) analysis, and quantitative real-time PCR (qPCR). The silenc-
ing efficiency by fluorescence microscopy was difficult to interpret. More accurate results
were obtained by FACS analysis and qPCR. qPCR results show enhanced silencing effects
with the increasing amount of siRNA. By introducing triple-shell CaP nanoparticles into
MODE-K cells, the expression of TNF-a was strongly downregulated. Gene silencing effi-
ciencies close to results with the commercial agent Lipofectamine were achieved. Thus,
CaP nanoparticles are well suited to reduce inflammatory reactions by silencing the cor-
responding cytokines, e.g., TNF-a.

In most of the studies, siRNA was precipitated together with calcium and phosphor precur-
sor solutions for obtaining core-shell delivery complexes. Therefore, the particles were only
characterized in terms of particle size and surface charges, while it was not determined if the
particles were hydroxyapatite or other CaP phases. However, according to the current state of
knowledge; particle size, particle shape, surface charge, and crystallinity may have an effect on
the siRNA binding capacity and thus the efficiency of cellular uptake. For this reason, Bakan
et al. [14] synthesized spherical-like hydroxyapatite (HA-s), needle-like hydroxyapatite (HA-
n), and calcium deficient hydroxyapatite (CDHA), and the particle characteristics were inves-
tigated in detail. The effects of particle size, particle shape, crystallinity, and surface charge
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on the binding capacity of two different siRNAs were investigated. Arginine functionalized
needle-like HA nanoparticles with a diameter of 15 nm and a length of 100-150 nm provided
the best binding behavior for siRNA among the others, due to the high positive zeta potential
and the geometry factor of the particles. Needle-like HA nanoparticles have also a much larger
surface to volume ratio, hence, the surface area of the Ca* rich plane, which is considered to
be positively charged, is higher than the others. Therefore, the binding efficiency of HA-n
is higher than HA-s. Although CDHA has similar geometry to HA-n with almost the same
dimensions, the binding potential of CDHA is lower than HA-n due to the deficiency of posi-
tive charged Ca*. Additionally, the nanoparticles without any functionalization also exhibited
considerable affinity to the siRNAs.

3.3. The use of calcium phosphate nanoparticles for in vivo gene silencing

The success of in vitro siRNA therapy has been demonstrated by inhibiting the expression
of many different genes and in many different cell types [48]. However, siRNA delivery to
animal tissues requires considering some physical, chemical, and biological complicated
processes [48]. There are some important weaknesses that limit the extensive application
of several delivery systems such as the mutagenesis or oncogenesis potential, host immune
responses, and high cost. As the immune response toward the non-viral siRNA delivery sys-
tems is very few, this yields an advantage in drug target validation and permits the therapeu-
tic applications of siRNA [49].

CaCl -modified HA nanoparticles were used as a non-viral vector in the in vivo delivery of
si-Stat3 plasmid-based siRNA for suppressing the mouse prostate tumor growth and pro-
moting apoptosis of cancer cells [49]. Stat3 is a transcription factor and has been found in an
activated state in numerous primary tumors and the Stat3 signaling pathway can be used as a
potential target for antitumor therapy. The levels of Stat3 mRNA and protein were downreg-
ulated in cancer tissues after si-Stat3 treatment, indicating that HA can deliver Stat3-specific
siRNA into cancer cells, resulting in the inhibition of Stat3 expression.

The effect of HA-siRNA complex on chronic inflammatory pain was investigated in vivo in
mice [50]. HA nanorods with a length of 40-50 nm were synthesized by a chemical precipi-
tation-hydrothermal technique for the delivery of siRNA. NR2B, the target gene, isa NMDA
receptor subunit which plays an important role in the adjustment of chronic pain. To obtain
HA-NR2B-siRNA complex, HA nanoparticle suspension was mixed with siRNA under dif-
ferent pH conditions. The results show that HA nanoparticles can bind to siRNA effectively
in the acidic or neutral condition at an HA: siRNA mass ratio of 35:1 or higher. In addition,
HA-NR2B-siRNA complex remains stable in the physiological condition. HA-siRNA com-
plex was injected into subarachnoid space of each mice. On the seventh day after injection,
1% formalin solution was injected into the plantar surface of the right hind paw for the forma-
lin test. The contralateral paw served as control. Pain scores were given and the Time-Score
Curves were plotted. Via intrathecal injection, HA-siRNA complex can significantly reduce
formalin-induced nociception in the tonic phase in mice. Therefore, HA may have a potential
as an effective siRNA carrier even in in vivo.
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In another study, multi-shell CaP nanoparticles (CaP-siRNA) encapsulated into poly(D,L-
lactide-co-glycolide) (PLGA) and a final layer of polyethyleneimine (PEI) for the local thera-
peutic treatment of colonic inflammation [51]. The synthesis of nanoparticles was performed
via rapid mixing of equal amounts of calcium-L-lactate and diammonium hydrogen phos-
phate aqueous solutions. Right after mixing, the CaP dispersion was mixed with siRNA and
then encapsulated into PLGA. The freeze-dried nanoparticles were afterward resuspended
in an aqueous solution of PEL. PLGA allows for a controllable releasing behavior which can
be affected by the geometry and the molecular weight of the nanoparticles [51]. PEI was
employed as a shell layer to provide a positive surface charge to the encapsulated nanopar-
ticles. siRNA-loaded nanoparticles could be effectively delivered into the cytoplasm of epi-
thelial cells and immune cells of mice in vivo and thus induce active gene silencing. Such
a treatment induced a significant reduction of the target genes (TNF-a, IP-10, and KC) in
colonic biopsies and mesenteric lymph nodes when they were accompanied with a distinct
amelioration of intestinal inflammation. Thus, this study provides a promising approach for
the treatment of intestinal inflammation via CaP/PLGA-siRNA nanoparticles.

3.4. Calcium phosphate nanoparticles for miRNA delivery

MicroRNAs (miRNAs; miRs) are single-stranded, non-coding RNA molecules which are bio-
chemically and functionally indistinguishable from siRNAs [52]. It is known that miRNA can
bind to the target mRNA and inhibits its expression [52]. Although the functions of miRNAs
have not quite known yet, the role of miRNA in the regulation of gene expression by con-
trolling the various cellular and metabolic pathways was revealed. When a single miRNA is
able to regulate several mRNA targets, multiple miRNAs are cooperatively able to regulate a
single mRNA target [53].

As similar to siRNA applications, the major challenge of miRNA therapy is delivering the
miRNA to the target tissue efficiently [54]. The nucleases (e.g., serum RNase A-type nucleases
in the blood) can degrade naked miRNAs within seconds, therefore, employing a sophisti-
cated carrier is crucial to enhance the intracellular delivery and provide an endosomal escape
[54]. Current non-viral technologies used Lipofectamine®2000, PEG or PEI as a carrier for
the protecting of miRNAs [55]. However, CaPs are a promising alternative to polymers or
synthetic lipids with having better biocompatibility and the ease of use [55]. Manipulation of
gene expression by using microRNAs (miRNAs) offers remarkable and promising potential
for the field of tissue engineering [55]. Nevertheless, the deficiency of adequate site-specific
and bioactive carriers has limited the clinical translation of miRNA-based therapies. For this
purpose, Castano et al. [55] developed a novel non-viral delivery complex by combining HA
nanoparticles with reporter miRNAs (nanomiRs). To investigate the transfection efficiency of
this complex, human mesenchymal stem cells (hMSCs) which are defined as a particularly
hard cell type to efficient transfection was used. The results demonstrate that HA nanopar-
ticles combined with miR-mimics and antagomiRs resulted in high cellular internalization in
monolayer hMSCs with limited cytotoxicity and both nanomiR-mimics and nanoantagomiRs
provided continuous interference of greater than 90% in monolayer over 7 days. Although
the efficient intracellular internalization generally requires positively charged particles of less
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than 200 nm, negatively charged HA-miRNA complexes with approximately 300 nm size
provided high cellular internalization in accordance with the related literature [55].

Mauro et al. [56] investigated the potential of negatively charged CaP nanoparticles as a thera-
peutic system for the intracellular delivery of miRNAs to the cardiac tissue. In this study,
CaP nanoparticles were synthesized using citrate as a stabilizing agent and crystal growth
regulator. During the CaP synthesis, different amounts of synthetic unmodified and unpro-
tected miRNA duplexes (ranging from 1 to 10 pg ml™) were added to the reaction medium.
Although the size of CaP-miRNAs increased with the increasing amount of miRNA, the PDI
values and surface charges stayed close to those of miRNA-free nanoparticles. To evaluate
the efficiency of miRNA delivery, HL-1 cells were exposed to CaP-miRNAs both in vivo
and in vitro and the intracellular levels of miRNAs were measured at different times after
the transaction. The results show that CaP nanoparticles can be successfully penetrated into
cardiomyocytes without increasing toxicity or mediating with any functional properties and
synthetic microRNAs can be successfully encapsulated within CaP nanoparticles.

In summary, it was revealed that both positively and negatively charged HA nanoparticles
have the potential to complex with both miR-mimics and antagomiRs for forming nanomiRs,
and they have a tremendous capability to maintain a successful internalization. Therefore,
HA nanoparticles can be employed as a delivery system for the clinical translation of miRNA-
based therapies.

4. Conclusion

The yield of gene therapy generally relies on the performance of the carrier vector. Because of
the high efficiency of viral vectors in gene therapy, their use has been prevailing so far in the
clinical trials. However, their potential immunogenicity, cytotoxicity, and mutagenesis risks are
the major drawbacks of using them. Therefore, the use of a variety of non-viral vectors entering
clinical trials is because of the advances in their efficiency, specificity, gene expression duration,
and safety characteristics. In order to design bio-adaptable non-viral vectors, mechanisms of
transfection, from complex formation to intracellular delivery, have to be well-understood. In
the gene delivery process through of non-viral vectors, there have been potential rate-limiting
stages such as, cell membrane interaction efficiency, internalization, endosomal escape, gene
release from intracellular compartments and the transcription into the nucleus. Each of the
aforementioned stages has to be determined by examining the characteristics at the molecular
level for coming through the sorted limitations. Clinical achievement is still beyond the ideal
conditions despite the fact that non-viral vectors can be applied efficiently for in vitro trials.
Promisingly, advances in novel technologies for the development of these carriers allow many
research groups for studying in vitro and in vivo behaviors of non-viral vectors for gene therapy.

Calcium phosphates (CaPs) are the main mineral constituents of biological hard tissues.
Except for enamel, they are always found as nanoparticles. Due to their excellent features,
they have widespread use as a bionanomaterial in the fields of nanomedicine, including
tissue engineering, imaging, and drug/gene delivery. They are biocompatible, biodegradable,
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non-toxic, and non-immunogenic. Moreover, its characteristic degradation into ions is pres-
ent in all cells and extracellular fluids make it a safe and suitable intracellular delivery sys-
tem for therapeutic small molecules and genes. CaP nanoparticles have been widely used in
non-viral gene delivery systems since the 1970s. Negatively charged nucleic acids can bind to
CaP nanoparticles with high affinity by calcium ion chelation and are consequently protected
from degradation by endonucleases. During internalization, continuous acidification in the
lysosomes causes degradation of CaP particles and the therapeutic molecules can be released.
Nevertheless, the cytotoxicity may slightly increase owing to the rise in the level of intracel-
lular calcium which is caused by this degradation. In the literature, it has been reported that
a large spectrum of CaP nanoparticles has been synthesized and employed as a carrier for
DNA, siRNA, and miRNA. In most of the studies, CaP-nucleic acid complex was obtained
by quick mixing of calcium precursor solution with DNA/siRNA which is followed by add-
ing the phosphate solution. Since the nucleation and crystal growth can be influenced by the
precipitation parameters such as pH, concentrations of each solution and temperature and
also, cell transfection efficiency may be drastically affected by similar conditions. The time slot
between precipitation and transfection also influences the transfection efficiency in terms of
colloidal stability of the complex. The efficiency of transfection has been found to be cell-type
dependent and intercellular trafficking pathways. If DNA/siRNA is surrounded by an addi-
tional shell of calcium phosphate, it can be better protected from enzymatic degradation and
intracellular attack by nucleases. Core-shell structure leads to a significant enhancement in
the transfection or silencing efficiencies compared to single-shell calcium phosphate nanopar-
ticles. It should also be noted that the surface charge of the complex has a significant effect on
the penetration through the cell membrane. Due to the surface-exposed phospholipids, the cell
membrane is negatively charged and positively charged particles are taken up by the mem-
brane at a higher rate compared to negatively charged ones. For having positively charged
CaPs, surface modification strategies including amino acid functionalization, surface coating
with cationic or neutral polymers were carried out. Recent research has indicated that the
modification of CaP nanoparticles by mostly coating a suitable polymer, provides a better
colloidal stability and thus improves not only in vitro but also in vivo gene transfection or
silencing efficacy compared to using bare CaP nanoparticles. The amount of the therapeutic
materials largely depends on the carrier adsorption potential and this drastically affects the
surface charge of the complex; therefore, the higher the amount of DNA or siRNA does not
bring about the higher transfection or silencing efficiency. To have a better understanding of
the effect of carrier shape on cellular uptake and cytotoxicity, various studies have been carried
out and reported in the literature. It was found that the cytotoxicity of the particles not only
depends on the particle shape but also it can be cell-type dependent and the mechanisms that
induce cytotoxicity through particle-cell association, whether arising from ROS generation,
cytokine production or cellular uptake, are still not clear.

The effects of chemical, physical, and/or biological aspects generally make in vivo DNA or
siRNA delivery complicated for animal tissues. The limitations in the use of most delivery
systems in vivo can be summarized as responses of host immune, the risk of mutagenesis
or oncogenesis and high costs. Considering CaP nanoparticles as non-viral vectors are still
to be questioned for clinical trials. The increase in the level of the solution’s ion strength, for
instance, might cause a decrease in the electrostatic repulsion between nanoparticles and this
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might result in agglomeration. In the presence of proteins, hydrophilicity, surface chemistry,
and the charge of the nanoparticles can be altered due to adsorption of proteins on their sur-
face. Accordingly, the behavior of a functionalized nanoparticle will be different in the tissue
or the bloodstream compared to aqueous medium or physiologic solutions. This case leads
to complications which are difficult to handle in the clinical trials. Nanoparticles have com-
pletely different biological properties when compared to their bulk properties and therefore
all aspects are to be considered carefully for maintaining appropriate colloid stability and cel-
lular interaction behavior. In the modified nanoparticles, the physicochemical state becomes
more complex and this leads to less predictable biological responses and the cytotoxicity of
the modified systems are also to be considered.

Bringing together all outcomes of the recent research, it can be concluded that the use of
CaPs as non-viral vectors prevails among other non-viral vectors owing to their low-cost and
safety behavior, as well as they exhibit better performance in overcoming the limitations that
have been observed in other vectors. Providing that the size of the delivery complex is small
enough, the surface charge of the complex permits maximum cellular internalization and the
therapeutic molecules are protected through the cellular uptake; a successful transfection can
be achieved and CaP nanoparticles can be defined as “second generation non-viral vectors”
as Maitra [23] denoted.
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