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Abstract

Hydroxyapatite stands out between biomaterials due to its properties of osteoconduc-
tion and osteoinduction, being adequate to be used in bone grafts. The high stability
and flexibility of the structure allows for several biomedical applications, for example,
the use as polysaccharide based on the scaffold formulations and the cationic substitu-
tions occurring through the doping of the material using metals, which may enhance
biological characteristics, such as improving the action of combating bacterial infec-
tions in situ. This study was a research of articles and patents, without and with time
restriction (2007-2017), which contain information about hydroxyapatite in the tissue
engineering, biomedical, doped with cerium and its properties of antibacterial activity.
There were also searches of products and companies that commercialize these types of
materials aimed at tissue engineering area. Scopus was used for searched of articles and
were EPO, USPTO, and INPI used for patents, and to search for products and compa-
nies were used search engines. Few papers were found to associate all the keywords,
but the ones found are recent works, thus showing a new area with potential to be
investigated.
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1. Introduction

Tissue bioengineering is the science that involves the applications of engineering and health sci-
ences to assist and accelerate the regeneration of defective and damaged tissues in the human
body. It aims to create and improve new therapies and to develop new biomaterials that can
be used to restore, improve, or prevent worsening of compromised tissue function such as in
situations with the loss of tissue integrity resulting from trauma, developmental deformities
and diseases [1, 2].

In the case of loss or compromise of the bone tissue, several natural or synthetic biomaterials
such as polymers, ceramics, and metals or their composites have been investigated and used
as a substitution alternative in different ways. The main alternative for damaged or lost bone
tissue replacement is the autogenous bone graft. This is the first alternative to be used for the
regeneration of the bone tissue due to its osteogenic properties [3].

However, grafts have limited the availability due to the need for surgical procedures with
possible local infections, rejection by the transplanted organism, and progressive reabsorp-
tions of the material. As a result, scientific research is developing new biomaterials for its
replacement. Synthetic grafts can be an interesting alternative, due to intrinsic characteristics
such as biocompatibility and chemical similarity with the bone tissues of living beings, allied
with their properties of osteoconduction and osteoinduction [4-8].

Bioceramics is the class of ceramics used for repair and replacement of diseased and dam-
aged parts of musculoskeletal systems. They are the most widely used materials in the class
of traumas such as calcium phosphates, hydroxyapatite (HAp) (Ca, (PO,),(OH),), octacalci-
umphosphate (Ca,H,(PO,)..5H,0), calcium pyrophosphate dihydrate (Ca,P,0,.2H,O), and
B-tricalcium phosphate (Ca,(PO,),) [9]. Calcium phosphates are classified according to a
molar ratio of calcium and phosphorus Ca/P ranging from 0.5 to 2.0. HAp is the most widely
used component in biomedical applications for phosphates and is the main component of
the bone and is known for its excellent cellular and tissue affinity. HAp is widely used in
tissue regeneration and biomedical applications in the form of coatings on metal implants,
bone and nerve tissue graft production, drug release agents, wound protection, cell culture
substrates, enzymatic immobilization, bone prosthesis or graft coatings, due to their excellent
biocompatibility, osteoconduction property, and similarity with the inorganic component of
the natural bone [10-12].

This biomaterial has the ability to establish chemical bonds with the living tissue of the bone
due to its structure and chemical composition that are similar to apatite, which is found in
the human skeleton. In addition, the biocompatibility and bioactivity of HAp can promote
the proliferation of osteoblasts that are new bone-forming tissue. Other studies with these
materials also cover the areas of biology, chemistry, materials engineering, and so on [13-15].

Porous three-dimensional scaffolds based on HAp are the ideal materials mostly used in
modeling, reconstructing, and forming new bone tissues. Scaffolds adapt indirectly to the
tissue and favor tissue differentiation, migration, and proliferation or osteoblastic formation
[16]. However, it is not possible to use the HAp alone as scaffolds due to mechanical defects.
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The combination of biodegradable polymers and bioactive inorganic materials ultimately
improves the mechanical properties, biocompatibility, and cellular affinities of individual
components [17].

Biocomposites based on natural biopolymers are being studied and associated with HAp due
to the biocompatible and biodegradable behavior of some of these natural polymers. This
new generation of biomaterials combines with bioactive properties that resemble the natural
function of bone, triggering tissue regeneration mechanisms in vivo [18, 19]. Biocomposites
HAp-biopolymers that often closely resemble the position and structure of mineralized tis-
sues provide excellent mechanical properties and favorable biological properties, proving to
be an ideal candidate for tissue engineering as well as orthopedic and dental applications [20].

Anionic polysaccharides, such as alginate, hyaluronic acid, silk fibroin, cellulose and natural
gums, and others, such as chitosan, are excellent alternatives for improving the biocompat-
ibility of HAp when it is in association. These biocomposites are potential models for the
mineralization of HAp because its anionic surface can bind the Ca* ions, besides controlling
the nucleation and the growth of the crystal reduce the interfacial energy between the crystal
and the surface. Several materials composed of HAp can be prepared using polysaccharides
in the form of scaffolds for biomedical applications and bone tissue engineering [20, 21].

Many surgical procedures involve the formation of a chemical interface of the biomaterial/
bone type and, consequently, the biological fixation, which the living bone structure pen-
etrates the free space of the biomaterial, causing the permanent fixation of the bone. However,
these procedures may lead to problems of bacterial infections that are difficult to control dur-
ing the postoperative period, and consequently, the excessive use of antibiotics may not pro-
vide sufficient protection, causing the loss of bone material and generating resistant strains of
bacteria, which are difficult to treat [22-24]. The defense mechanisms activated by the immune
system can be reinforced through the introduction of antibacterial agents that have biological
interaction with the biomaterial. One of the alternatives is the substitution capacity of HAp
ions by doping, and these ions have antibacterial properties: silver (Ag*), cupper (Cu*), zinc
(Zn*), selenium (SeO,*), strontium (Sr**), lanthanides (Ce**, Ga*, Sm*"), and so on [25-28].

The sites that have the ions that compose Hap (Ca*, PO,*, OH") can be occupied by ions
of similar size and charge. This ability to incorporate ions through the doping is an alter-
native that is based on the fact that the introduction of small amounts of some ions can
cause changes that improve the biological, physical-chemical, mechanical, and antimicrobial
properties of the material [26, 29-33]. Thus, this study aims to present a search for articles
and patent of technological inventions, which include information about hydroxyapatite in
relation to its applications in the field of tissue engineering and doping with cerium ion for
biomedical applications.

This work was conducted with the help of scientific articles and technological innovation pat-
ents and products present in the market. The articles in the SCOPUS database were used, and
the keywords used were as follows: hydroxyapatite, scaffold, polysaccharide, doped, cerium, and
antimicrobial activity. These keywords were combined with each other, and quotation marks
were used for searching compound words.
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Keyword research related to study topics was based on the information contained in the
abstract, keywords, and titles. For the search of patents for technological innovation, the
research was conducted in patent database: European Patent Office (EPO), United States Patent
and Trademark Office (USPTO), and Brazil’s National Institute of Industrial Property (INPI).

Searches for products and companies were done by using search engines (Google, Bing, Yahoo,
Bing, and Ask), and the keywords were as follows: hydroxyapatite, polysaccharides, biopoly-
mers, scaffold, tissue engineering, odontology, osteoporosis, tooth, bone, cell growth, bone graft,
and implants.

Access of both articles and patents was realized in May 2017, using the same fields of research
and the same keywords for the search of articles. In the case of INPI, we used the words
also in Portuguese. The researches of articles and patents were conducted in two ways: with
and without time restriction from 2007 to 2017, and the search for products marketed was in
September 2017 using the information provided in the catalogs and websites of the companies
found in the database.

2. Results and discussion

2.1. Search for articles in the SCOPUS database

The investigation of the number of articles published revealed that the words are being com-
bined, there is a decrease in the number of publications found, and, in some cases, there is
no publication related to these words. The results were obtained using the separate and com-
bined keywords such as hydroxyapatite, scaffolds, polysaccharide, doped, cerium, and antibacterial
activity are shown in Table 1.

In Table 1, comparing the publication time of articles and analyzing the data, with and with-
out time restriction between 2007 and 2017, it was observed that most of the publications are
concentrated in this period. This shows that studies on the material have been increasing over
the last decade. When using the combination of words such as hydroxyapatite and scaffold and
polysaccharide and doped and cerium and antibacterial activity, which are the main keywords for
this work, it is noted that no related article was found in the databases researched. The results
show the specificity because there are no articles dealing with related words or the themes
proposed by this manuscript.

The expression of words such as hydroxyapatite and scaffold and polysaccharide (Table 1) was
found in 74 works between 1960 and 2017 and was found in 66 works between 2007 and 2017.
However, only 46 articles are relatively of experimental scientific research. Thus, only the
number of articles related to the abovementioned keywords (about 85.71%) was published in
the last decade. In other words, this topic has been receiving more attention in the last decade
from the global scientific community.

When combining the keywords such as hydroxyapatite and scaffold and polysaccharide and
doped, two articles were found but only one of these is effectively experimental scientific
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Keywords Publications (1960-2017)  Publications (2007-2017)
Hydroxyapatite 49.983 26.970
Scaffold 98.299 81.265
Polysaccharide 136.782 60.187
Doped 333.539 187.096
Cerium 73.813 47.834
Antibacterial activity 79.671 48.238
Hydroxyapatite and scaffold 5.191 4.463
Hydroxyapatite and scaffold and polysaccharide 74 66
Hydroxyapatite and doped 1.219 1.089
Hydroxyapatite and doped and cerium 24 20
Hydroxyapatite and doped and antibacterial activity 71 70
Hydroxyapatite and scaffold and polysaccharide and 2 2
doped

Hydroxyapatite and scaffold and polysaccharide and 0 0

doped and cerium

Source: Authorship (2017).

Table 1. Number of publications found in the SCOPUS database.

research; the other is a review. The article entitled “Bioactivation of knitted cellulose scaffolds
bystrontium” was published in the year 2008 by Brandt, Muller and Greil, researchers from
the Materials Science Department of the University of Erlangen-Nuremberg, Germany. The
article discusses the use of the properties of strontium (Sr*) in the treatment against osteo-
porosis, its anabolic and nonresorptive activity. The material used was in the scaffold form,
which was prepared using a HAp doped with Sr** plus doped cellulose composition. The
study evaluated the kinetics of Sr** release during static exposure to simulated body fluid to
evaluate the precipitation of carbonated hydroxyapatite under conditions that simulate the
inorganic part of human blood plasma.

The keywords hydroxyapatite and doped and cerium, which form the starting material for the
scaffolds composition, according to the study of the articles found for the combinations
(Tables 1 and 2) important information could be verified as method of synthesis, microor-
ganisms used in antibacterial tests. In most of the articles, the goal is to develop a material
with antibacterial activity and stimulate the formation of new bone tissues from the synthesis
of hydroxyapatite doped with cerium. One of the articles exposes the association of cerium
with strontium-doped hydroxyapatite in order to improve biological properties and antibac-
terial activity. Table 2 shows some of these articles and describes a relationship between the
use of the synthesized materials and their applications, and Table 3 shows their respective
objectives.



92

Biomaterials - Physics and Chemistry - New Edition

Material Method of synthesis Application Author, year of
publication
Compound of HAp hydrogel based on  Soaking process Bone tissue engineering Izawa et al., 2014

xanthan gum

Scaffold based on HAp and gum Coprecipitation and Bone tissue engineering Hadavi et al.,
Arabic dissolution 2017
Scaffold nanofibrous cotton based on Electrospinning Bone tissue engineering Ao etal., 2017

cellulose and nano-HAp

Hydroxyapatite co-substituted with Microwave irradiation  Inhibition of Staphylococcus Gopi et al., 2014

strontium and cerium aureus, Escherichia coli
Reinforced hydroxyapatite composite ~ Coprecipitation Inhibition of Staphylococcus Morais et al., 2015
with cerium doped glass aureus, Staphylococcus

epidermidis, Pseudomonas

aeruginosa
Hydroxyapatite doped with cerium Coprecipitation Inhibition of Staphylococcus Ciobanu et al.,
v aureus, Escherichia coli 2016
Hydroxyapatite and Sol-gel Inhibition of Staphylococcus Sanyal et al., 2016
fluorohydroxyapatite co-substituted aureus, Escherichia coli

with zirconia and cerium

Source: Authorship (2017).

Table 2. Materials synthesized in the articles and their applications.

It is possible to note that some of these works shown in Table 3 employ studies of the cerium-
doped hydroxyapatite as well as the combination thereof with other metals such as strontium
and zirconia and assess their ability to inhibit bacterial. This doping is possible due to the
chemical structure of HAp that can accommodate a variety of cationic and anionic substitu-
ents. Figure 1 shows the projection of the unit cell (hexagonal) of the hydroxyapatite when
projected down the c-axis and shows an OH group in the center of the structure and the posi-
tion of the two types of calcium cations: calcium 1 (Ca(1)) and calcium 2 (Ca(2)) for a better
understanding of how substitution of HAp ions occurs. Ca(1) atoms are located at the ends of
a hexagonal unit cell, while Ca(2) atoms are in a more internal position around the OH group.
The phosphate group (P) is the largest ion that constructs the unit cells [15].

The research in the article databases revealed that most of them develop materials for future
applications of these in the field of tissue engineering, but there is still a lack of applications
of these materials aimed at the field of tissue and biomedical engineering. In other words,
the studied materials have the characteristics of inhibition of bacterial growth, but the search
showed the nonuse of these biomaterials organized in the form of scaffolds and associated
with some polysaccharides.

The four reported articles (Table 3) showed the main objective of doping of HAp and the
improvement of its bacteriological growth inhibition properties. Majority of these articles,
which aim for this purpose, present the methodologies used for the synthesis and charac-
terization of the materials, and the biological assays are used to investigate the antibacterial
properties of these materials. However, they do not elucidate how the mechanism of action of
these materials with bacteria works.
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Title Author

Objectives

Mineralization of hydroxyapatite upon a Izawa et al., 2014
unique xanthan gum hydrogel by an
alternate soaking process

Novel calcified gum Arabic porous Hadavi et al., 2017
nanocomposite scaffold for bone tissue

regeneration

Fabrication and characterization of Ao etal., 2017

electrospun cellulose/nanohydroxyapatite
nanofibers for bone tissue engineering

Strontium, cerium co-substituted Gopi et al., 2014.
hydroxyapatite nanoparticles: synthesis,

characterization, antibacterial activity

toward prokaryotic strains and in vitro

studies

Novel cerium-doped glass-reinforced Morais et al., 2015.
hydroxyapatite with antibacterial and

osteoconductive properties for bone

tissue regeneration

New cerium(IV)-substituted hydroxyapatite Ciobanu et al., 2016.

nanoparticles: preparation and characterization

Structural and antibacterial activity of Sanyal et al., 2016.
hydroxyapatite and fluorohydroxyapatite
co-substituted with zirconium-cerium ions

Production of a hydrogel that will
serve as an organic template for
biomimetic calcium mineralization in
bone tissue.

Study of the proportionate effects of
polysaccharide/n-HAp scaffold on the
mechanism of in vitro ossification

Development of an efficient
process for the manufacture of a
nanocomposite based on cellulose/
nano-HAp/cotton through the
electrospinning process.

Synthesis of hydroxyapatite doped
with strontium and cerium to
improve biomedical applications and
study the antibacterial activity against
Escherichia coli, Staphylococcus aureus,
showing the influence of Sr*" and Ce**
concentration on size, morphology,
purity, crystallinity, antibacterial
activity and bone bonding ability.

Development of a composite of
hydroxyapatite reinforced with
cerium-doped glass, and to study
its physicochemical, biological, and
biomechanical properties.

Preparation of cerio (IV)-doped
hydroxyapatite powders nano by a
coprecipitation method. Influence of
the effects of calcium replacement
by cerium on morphology, purity,
crystallinity, crystallite size, and
antibacterial capacity.

The effects of co-substitution

of calcium by zirconium (Zr)

and cerium (Ce) ions on the
structure of hydroxyapatite and
fluorohydroxyapatite on crystal size,
morphology, crystallinity, thermal
studies, and antibacterial activity
against S. aureus and E. coli.

Source: Authorship (2017).

Table 3. Titles and objectives of the articles cited in Table 2.

One of the causes that leads to failure of conventional implants is the infection caused by
bacteria; therefore, the articles aim to improve the biological properties of hydroxyapatite
through doping with cerium. Due to this factor, ion has properties that stimulate the for-
mation of new bone tissue and acts as an antibacterial agent. Bacteria, the main cause of
infections, are classified as Gram-positive or Gram-negative depending on the difference in
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Figure 1. Projection of the unit cell of hydroxyapatite. Source: Authorship (2017).

cell wall architecture. The Gram-positive cell wall consists of a thick layer of peptidoglycan,
while the Gram-negative cell wall shows more complex membrane structure and composi-
tion. Gram-negative has the finest peptidoglycan layer and the outer surface of the cell has a
membrane composed of proteins, lipopolysaccharides, and phospholipids called the outer
membrane. The space between the peptidoglycan and the outer membrane is known as the
periplasmic space; this space presents in some points enzymes and proteins and performs
several physiological functions. Figure 2 shows the comparison between the compositions
of the cell walls of Gram-positive and Gram-negative [34].

Figure 2 shows that the surface of Gram-positive bacteria is mainly covered by neutral and
acidic polysaccharides, a large number of different proteins, theichoic acids, whereas the
outer membrane of Gram-negative has an irregular distribution of lipids on the external and
internal surface, which the outer face contains all lipopolysaccharides, while the inside face
contains most of the phospholipids [35]. Gram-positive bacteria are mostly studied bacte-
ria in the articles, especially Staphylococcus aureus. S. aureus is an exceptionally well-adapted
pathogen that can survive under different conditions, without particular nutritional or envi-
ronmental requirements.

Over the years, infections caused by S. aureus have increased as one of the leading causes of
bacterial infections in humans worldwide. In the last few decades, treatment of these infec-
tions has become more difficult, mainly because S. aureus develops mechanisms of resistance
to the antibiotics used in the treatments [36, 37]. While for the Gram-negative, the most tested
was E. coli, which, despite the reduced number in the cause of this type of infection, is a rel-
evant group in clinical practice, presenting a difficulty in its treatment [38].

Gopi et al. [39] produced nanoparticles of pure hydroxyapatite (n-HAp), hydroxyapatite
doped with strontium (Ca/Sr.-HA), hydroxyapatite co-substituted with strontium and cerium
(Ca/Sr./Ce-HA) in different concentrations of cerium (0.05, 0.075, and 0.1 mol/L) by using the
microwave irradiation method. All the synthesized materials were investigated by Fourier
Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), field emission scanning
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Figure 2. Comparison of cell wall of Gram-positive and Gram-negative bacteria. Source: Authorship (2017).

electron microscopy (SEM-FEG), energy X-ray dispersive analysis (EDX), high resolution
transmission electron microscopy (HRTEM), and thermogravimetric analysis (TGA). The anti-
bacterial activity of the nanoparticles was evaluated against two prokaryotic strains, E. coli
and S. aureus, by using the disc diffusion method. The results showed that the Ca/Sr./Ce-HAp
sample with the 0.1 mol/L concentration of cerium presented higher antibacterial activity in
relation to the two strains tested when compared to HA and Ca/Sr./HAp results. According to
Gopi et al. [39], Ce’* was important in increasing the antibacterial activity of the synthesized
nanoparticle. In order to evaluate the bioactivity of the samples, they tested using simulated
body fluid (SBF) for several days and observed that Sr** and Ce’** ions contributed to the for-
mation of apatite. It can be inferred that the synthesized Ca/Sr./Ce-HA nanoparticle can be a
promising biomaterial for biomedical applications. In the work of Morais et al. [40], a com-
posite of hydroxyapatite reinforced with cerium-doped glass (GR-HAp-Ce) was developed.
The phases formed in the synthesized material were identified using SEM techniques coupled
with energy dispersed secondary (SEM-EDS) and X-ray diffraction (XRD). In addition to the
hydroxyapatite phase, the material presented the 3-TCP phases, and the authors concluded
that the presence of cerium in the GR-HAp-Ce composite provided an effective antibacterial
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effect against bacteria S. aureus and S. epidermidis, but this effect was not observed for the
bacterium P. aeruginosa. In addition to investigating the antibacterial activity, the osteocon-
ductive properties of the material were also evaluated, which was performed using human
osteoblastic cells and showed that the addition of cerium did not affect the cellular viability of
the material and that it showed good osteoconductive capacity.

Ciobanu et al. [41] synthesized nanoparticles of pure hydroxyapatite and cerium-doped
hydroxyapatite (HAp-Ce) in different concentrations in the range of 1-25% (with a 5% varia-
tion) using the coprecipitation method and studied their antibacterial property. The effects of
the replacement of cerium to calcium on the morphology, purity, crystallinity, crystallite size,
and antibacterial capacity of cerium HA-substituted powders were investigated using scanning
electron microscopy (SEM) coupled with X-ray analysis (XRD), X-ray excited photoelectron
spectroscopy (XPS), infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) surface
area analysis confirming the formation of hydroxyapatite and the presence of Ce* and Ce** ions
in its crystal lattice. The doped materials obtained better results of bacterial inhibition indicating
that the presence of the ion contributed to the inhibition of bacteria; however, the nanopowders
of HAp-Ce were more effective against the E. coli bacterium than against S. aureus.

Sanyal and Raja [42] studied the effect of the co-substitution of zirconium (Zr) and cerium (Ce)
on the structure of hydroxyapatite (HAp) and fluorohydroxyapatite (FHA) gel. The samples
were confirmed by the FTIR and XRD spectra; in addition, it was observed that with the increase
of the concentration of the Zr* and Ce* ions, the formation of the HA phase was maintained.
Co-substituted materials showed better results of antibacterial activity than pure hydroxyapatite.
Materials with higher cerium concentration showed better bacterial inhibition against E. coli and
S. aureus bacteria. All the articles studied describe that the presence of cerium ion in the structure
of hydroxyapatite improved the antibacterial activity and also gave the material an improvement
in bioactivity and may contribute to the formation of new bone tissues.

2.2. Search in the main patents databases

The results of the researches at European Patent Office (EPO), USPTO, and National Institute
of Industrial Property (INPI) patents using the separate and combined keywords: hydroxyapa-
tite, scaffolds, polysaccharide, doped, cerium and antibacterial activity are shown in Table 4.

Using the search keywords in English and Portuguese, it was possible to find patent deposits
in the main patent databases. According to the data shown in Table 5, INPI found 74 patents
deposited with the word hydroxyapatite and 10 patents when the word scaffold was used.
For the combination of hydroxyapatite and scaffold, the result of a patent filed with the INPI
under number 0905514-2 has been reported. The patent PI 0905514-2 provides a process for
the scaffolding of a composite hydrogel biomaterial (CNHAP) based on chitosan (CN) and
hydroxyapatite (HA), with potential for application in the medical-dental area, demonstrating
the biocompatibility characteristics evidenced by classical in vitro assays. These characteristics
are associated to the combination of physical-chemical and biological properties of the mate-
rials that compose it. CNHAP was obtained in the form of hydrogel with good mechanical
characteristics, easy handling and modeling, high porosity, leading as promising as a bone
filling material. The production of the CNHAP composite hydrogel scaffold was performed
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Keywords EPO USPTO INPI
Hydroxyapatite 6.616 579 74
Scaffold >10.000 1870 10
Polysaccharide >10.000 3311 5
Doped >10.000 24,312 22
Cerium >10.000 2800 60
Antibacterial activity >10.000 1071 55
Hydroxyapatite and scaffold 192 10 1
Hydroxyapatite and scaffold and polysaccharide 2 0 0
Hydroxyapatite and doped 101 4 0
Hydroxyapatite and doped and cerium 1 0 0
Hydroxyapatite and doped and antibacterial activity 2 0 0
Hydroxyapatite and scaffold and polysaccharide and doped 0 0 0

Source: Authorship (2017).

Table 4. Number of patents found in EPO, USPTO, and INPI databases.

Title Classification Country Abstract

Polyether ether ketone/nanohydroxyapatite A61L27/42; China Preparation of a biomaterial

dental implant and manufacturing method A61L27/12; for dental implant applications

thereof A61L27/18; based on polyether ether
A611.27/54 ketone/nano-HAp doped

with Ag" and Zn* presenting
antibacterial properties.

Method for preparing antibacterial diamond- ~ A61L27/30; China Method for the preparation of
like carbon/hydroxyapatite gradient A611.27/32; a carbon/HAp base composite
multielement nanocoating A61L27/54; having antibacterial properties
C23C14/06; to be used as coating materials
C23C14/35 in the biomedical areas.
Porous polysaccharide scaffold comprising A611.27/12; France Method for the preparation
nanohydroxyapatite and use for bone A611.27/20; of a scaffold composed
formation A611.27/56 of polysaccharide and

hydroxyapatite used as support
for tissue mineralization.

Continuous gradient composite scaffold and A61L.27/26; China Scaffold composed of

preparation method thereof A61L27/46 magnetic nanoparticles of
hydroxyapatite/iron with high
cellular biocompatibility and
high mechanical resistance
after the addition of the natural
polysaccharide.

Source: Authorship (2017).

Table 5. Characteristics of patents found in the EPO.
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by an in situ mineralization procedure of the polymeric hydrogel of CN, by HA. This in situ
mineralization method promoted mechanical and bioactivity characteristics to the CNHAP,
which is suitable for the medical-dental application.

In addition to biocompatibility, tissue fillers should be able to promote cell adhesion, pro-
liferation, and differentiation, essential requirements for tissue bioengineering, which have
been increasingly explored within clinical practice. For the keywords such as hydroxyapatite
and scaffolds and polysaccharide and doped and cerium and antibacterial activity, no deposited
patents were found. Evaluating the results found, it can be understood that the results show
the lack of patent filing implying that this area of research is promising.

In patent searches in the EPO database (Table 5), two patent records were found using the
expression: hydroxyapatite and doped and antibacterial activity. Using the expression hydroxy-
apatite and scaffold and polysaccharide, also in the EPO, two patent records were found. Table 6
shows the information about these patents found.

It is important to note that the polysaccharides cited in the patents (Table 6) were defined as a
molecule composed of two or more molecules of monosaccharide units. Patents report the use of
chitosan, hyaluronic acid, chondroitin sulfate, alginate, chitin, dextran, and other natural poly-
saccharides, which are the ideal extracellular matrix materials for the composition of scaffolds
applied in the areas of tissue and biomedical engineering.

Company Trademarks Characteristics Applicability Country
JHS Biomateriais HAP-91 Powder Bone graft Brazil
JHS Biomateriais COL.HAP-91 Scaffold Bone graft Brazil
Bionnovation® HAP -Bionnovation®  Powder Bone graft Brazil
Baumer GenPhos HA TCP Powder Bone graft Brazil
Oral science Remix® Toothpaste Dental Products France
Clarion Pharmaceutical MCHC Tablets or Osteoporosis treatment India
Co. capsules
SofSera SHAp Powder Enxerto dsseo Japan
SANGI CO. LTD. Medical Toothpaste Dental Products Japan
nano-hydroxyapatite
Sewon Cellontech Co., OssFill Gel Bone graft Korea
Ltd.
GranuLab GranuMas® Granules Bone graft Malaysia
Fluidinova nanoMIX® Powder Biomedical/Cosmetic Portugal
Berkeley Advanced BABI-HAP-G2 Granules Bone graft/Orthopedic USA
Biomaterials Inc. Surgery
Berkeley Advanced BABI-HAP-N100 Powder Composites, for DNA and  USA
Biomaterials Inc. protein purification, or as a

reference material.

Source: Authorship (2017).

Table 6. Hydroxyapatite-based biomaterials available on the market.
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The data showed that there is a small amount of number of patents related to tissue engineering;
in other words, inventions associated with HAp with polysaccharides for the composition of
scaffolds, which is the main theme of this work. In particular, there is a deficiency of biomateri-
als with antibacterial activity properties associated with HAp, polysaccharides, and scaffolds
composition for bone tissue regeneration applications. Some of problems of implant may cause
to the recipient organism have been addressed throughout this work, for instance, infectious
problems originating from bacteria.

For better consistency to the results obtained, the product present in the market based on
tuned hydroxyapatite and polysaccharide was examined. The research by companies special-
ized in the development and commercialization of hydroxyapatite-based biomaterials with
applications in tissue engineering was conducted through search engines.

The searched keywords showed information about companies, products, and formulations.
For example, the Brazilian company JHS Biomateriais develops a composite named HAP-
91 constituted of porous hydroxyapatite, crystalline, biocompatible, pure, and widely tested
as bone graft material and with excellent biocompatibility in living organisms. Besides, it is
hydrophilic, and the powder can be used directly as a bone graft or it can be added to the
patient’s own blood drops.

Another biomaterial developed by JHS Biomateriais is COL.HAP-91. The COL.HAP-91 is a
collagen-hydroxyapatite composite spongy (25% collagen and 75% HAP-91), with the hemo-
static properties of natural collagen fiber network purified, biocompatible, easy to handle,
absorbable, and osteoinductive. Both products are registered with the Ministry of Health
from Brazil and have a protected trademark at INPI. Its average market price for these materi-
als ranges from € 22.04 to 23.60 per 1000 g.

The Brazilian company Bionnovation®, in its product catalog, sells hydroxyapatite bone graft
for applications in orthopedic, maxillofacial, and dental surgeries. The hydroxyapatite is
synthesized from calcium hydroxide and phosphoric acid, and the product has radiopaque
particles of varied sizes that support in the development of bone cells and assists the osteo-
conduction of bone-forming cells.

The US Company Berkeley Advanced Biomaterials Inc. develops hydroxyapatite, tricalcium
phosphate, and other calcium-based products. The company’s business focuses on applications
in orthopedic surgeries and bone graft. The European company Fluidinova synthesizes nanohy-
droxyapatite and markets through the nanoMIX® product. The biomaterial company supplies
companies that manufacture medical devices, cosmetics, toothpastes, and other applications.

No material was found available for commercialization when the research was carried out
with the words hydroxyapatite, tissue engineering, polysaccharides, and scaffold, even with
the two patents deposited in the EPO (Table 4). However, when it uses the keywords such as
scaffold and tissue engineering, companies and products from several countries were found,
for example, Atex Technologies Inc. (China), Electrospinning Company (England), Bio-Scaffold
International Pte Ltd. (Singapore), GeSiM (Germany), Matricel (Germany), Silkbiomaterial
(Italy), ExCel Matrix Biological Devices (P) Ltd. (USA), and Nanofiber solutions (USA).
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Table 6 shows some materials available on the market, that is, hydroxyapatite-based materials,
used in the field of tissue engineering. Also present in the table are the data referring to compa-
nies, headquarters, characteristics, application and trademarks of some products on the market.

3. Conclusion

Analyzing the results, it can verify the use of hydroxyapatite in the areas of tissue engineer-
ing and bone regeneration. Many papers and technological innovation patents were found by
searching only the keywords such as hydroxyapatite and scaffold. However, the combinations
of the keywords mentioned in the experimental session showed that the number of articles and
technology innovation patents was reduced. Synthesis of scaffolds is associated with natural
polysaccharides or biopolymers due to their high biocompatibility, but the number of articles
and patents decreases when it uses the hydroxyapatite and polysaccharides in the scaffold com-
position. Cerium-doped hydroxyapatite and its association with polysaccharides and biopoly-
mers is an area that is still poorly studied and quite promising. This conclusion is supported by
the small number of publications and patents. Therefore, the data presented for patent depos-
its and published articles show that there are no papers that contain the chosen and all com-
bined keywords. For the use of these types of biomaterials with antibacterial properties, the
research studies showed that the bacteria Escherichia coli and Staphylococcus aureus were the most
investigated. This is explained considering that the bacteria are more accessible for research; in
addition, Staphylococcus aureus is one of the most common agents present in bone infections.
In the search for products, corporate brands, and companies in the areas of tissue engineering
and bone regeneration, biomaterials that were found in the market used a hydroxyapatite in
biomedical applications, bone graft, and composition of cosmetics. As for the association of
hydroxyapatite and polysaccharides, no materials were found on the market when using the
keywords such as hydroxyapatite, tissue engineering, polysaccharides, and scaffold.
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