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Abstract

Calcium phosphates (CaPs) are an important group of ceramic materials widely used in
dentistry and medicine as many of them are very similar to the inorganic part of teeth and bones in
humans. Among CaPs, hydroxyapatite (Cai1o(PO4)s(OH)2, HAp) is the most attractive and intensely
studied biomaterial due to exceptional biocompatibility and bioactivity. However, the main
drawback of HAp is its brittleness which makes it difficult to use it as a primary material for
implants or fillers. By using CaPs derived from HAp, it is possible to overcome this disadvantage
while retaining good properties. a-Tricalcium phosphate (a-Caz(PO4),, a-TCP) can be prepared
from calcium deficient HAp by calcination above temperatures ~ 1150 °C, and it can be used as
bone cement. The most stable CaPs — fluorapatite (Caio(PO4)sF2, FAp) can be obtained by
replacing the OH™ ions in HAp with the F~ ions. FAp can slow down demineralization by releasing
F~ ions that strengthen the enamel. These two materials, a-TCP and FAp, form a composite with
satisfactory mechanical properties that could fill the cavity after removal of damaged dental tissue
and also remineralize the surrounding tissue.

The research work presented in this dissertation focuses on synthesis and characterization of
composite cements based on a-TCP and nanostructured FAp, a-TCP/FAp, appropriate for dental
usage as root canal filling material. Synthesized a-TCP/FAp composites had improved mechanical
properties and biocompatibility in comparison to a-TCP. The a-TCP powder was prepared by
calcination of hydrothermally synthesized HAp at 1500 °C for 2 h. The processing conditions for
FAp powders synthesis were optimized and the powder with optimal properties was chosen to
obtain a-TCP/FAp composite types of cement. The influence of FAp concentration on the
composite cement properties was investigated. The FAp powder was mixed with a-TCP to obtain
composites with 0, 2.5, 5 and 10 wt% of FAp. The phosphate solution (2.5 wt% Na,HPO,) was
added to the prepared powder mixtures at a liquid to powder ratio of 0.32 ml g™ to obtain cement
paste and then make specimens in the appropriate mold for further testing. Morphology and phase
composition of powders were investigated by X-ray diffraction (XRD), Fourier transformed
infrared spectroscopy (FTIR), Field emission scanning electron microscopy (FESEM), and energy-
dispersive X-ray spectroscopy (EDS). Soaking of a-TCP/FAp specimens in simulated body fluid
(SBF) affected the successful transformation of a-TCP into HAp, while the compressive test
revealed the influence of this transformation and FAp content on the mechanical properties of the
composites. Specimen containing 5% of FAp after 10 days in simulated body fluid (SBF) solution
showed the highest compressive strength, 33.8 MPa, which is a 84-fold increase compared to a-
TCP/FAp before SBF. In vitro MTT and DET biocompatibility tests, performed using cell culture
of MRC-5 human fibroblast cells, revealed that a-TCP/FAp had no cytotoxic effect. These findings



showed that a-TCP/FAp composite cements could yield favorable mechanical properties with no
adverse effect on biocompatibility.

In the second part of the thesis, cement pastes made from different liquid compositions were
investigated and the most suitable one for obtaining rheologically optimal paste was chosen for
further analysis. The a-TCP/FAp cements with 0, 5 and 10 wit% of FAp were obtained withnew
liquid and investigated as dental root canal filling cements. Morphological changes in the cement
materials as a result of the formation of HAp after SBF immersion, an influence on the cell
viability, and the final success of the fillings were investigated by FESEM. Treatment of a-
TCP/FAp mixtures in SBF at 37 °C led to a complete transformation of a-TCP into HAp after 10
days. The exposure of MRC-5 human and L929 animal fibroblast cells to the cement showed a
complete absence of cytotoxicity. When the root canal of an extracted tooth was filled with a-
TCP/FAp cement containing 5 wt. % of FAp relatively strong adhesion between the cement and
dentin was observed after 48 h. The same cement material was immersed during 10 days in SBF
and subsequently subjected to in vitro MTT testing on human and animal fibroblast cells, during
which showed increased cell viability compared to a control sample. These findings lead to a
conclusion that a-TCP/FAp based cement with 5 wt% FAp showed the greatest potential for further

development towards dental application.

Keywords: Composites, Mechanical properties, Apatite, Biomedical applications

Scientific field: Technical engineering

Major in: Materials engineering



Caxerak

Kammujym-pocparu (K®) cy BaxkHa rpyna KepaMHUKHX Marepujaia KOjU c€ LIMPOKO
KOPUCTE y CTOMATOJIOTHjH M MEIUIIMHU jep Cy MHOTH O] FhbHX BEOMa CIMYHH HEOPTaHCKOM ey
3y0a u koctujy Jbyau. Mehy K®, xuapokcuanatut (Cao(PO4)s(OH)2, XAn) je HajaTpaKTUBHU]H U
HAjUHTEH3MBHU]j€ MpOyYaBaH Ouomarepujaj, Koju ce OJUIMKYje 3Ha4ajHOM OMOKOMIaTHOMIHOLIhY 1
O6uoaxTuBHOIIhy. MehyTuMm, rmaBHM HemocTaTak XAT-a je HBeropa KpTocT 300T 4era HHje MmorojaH
3a ynotpeOy Kao nmpuMapHU UMIUIaHTaT win nyHmwian. Kopumhewmem Kd-a uzBenennx n3 XArm-a,
Moryhe je mpeBazuhu oBaj HeOCTATaK Y3 3aJipKaBambe T0OpHUX CBOjcTaBa. a-Tpukaniujym ocdar
(a-Caz(POy4)2, a-TK®D) ce moxke mo0UTH KallMHAIIMjOM Kannujym gedumurapHor XArm-a U3HAT
~1150 °C u MoXe ce KOpPUCTUTH Kao KomTaHu nemeHT. Hajcrabumumju K® — dayopanarur
(Ca1p(PO4)6F2, ®AM) ce moduja 3ameHom OH™ jona y crpykTypu XAmn-a F~ jouunma. ®Am mMoxe
YCIIOPUTH IEMUHEpaIu3annjy 3yoa ociodahamem F~ jona koju jauajy riel). OBa nBa marepujana, o-
TK® u ®Am, Mory cTBOPUTH KOMIO3HUT 33710BOJbaBajyhUX MEXaHWYKUX CBOjCTaBa KOju OM MOrao
MOMYHUTH UIYTUBMHY HAKOH YKJIamama omTeheHor 3yOHOr TKMBa M Takole peMHHEpalu30BaTH
OKOJIHO 3yOHO TKHBO.

YV 0BOj AucepTanuju MpeACTaB/bEHA j€ CUHTE3a U KapaKTepu3aliija KOMIO3UTHUX IIeMEeHaTa
Ha 6a3u a-TK® u nHanoctpykrypHor @Amn, o-TKD/DAn, norogHux 3a CTOMATOJIOMIKY YIOTPeOy
Kao MarepHjajia 3a Mymeme KaHajaa KopeHa 3yoa. a-TKD/DPAn cy npunpemsbeHu ca moOosbIIaHuM
MEXaHWYKHM CBOjCTBMMA M OmokommnatuOmiHomhy. o-TK® mpax je mpunpemsbeH KaliuHAIdjoM
XuApoTepMaHO cuHTeTH30BaHor XArm-a Ha 1500 °C Tokom 2 cara. YcnoBu cunte3e @An npaxa cy
ONTUMH30BAaHW M Tpax ca HajOOJBLMM CBOjcTBUMa je wu3abpan 3a gobujame o-TKD/DAn
KOMIIO3UTHUX IleMeHTa. Mcnuran je yrunaj koHueHtpauuje PAm Ha CBOjCTBA KOMITO3UTHOT
nementa. @AM mpax je nmomemniad ca a-TK® y TakBom ogHOCY Aa O6u ce qoounu kommosutu ca 0;
2,5; 5 u 10 mac.% dAn-a. PactBop docdara (2,5 mac.% Na,HPO,) je momar mpumpeMibeHUM
MeIlIaBUHaMa mpaxa Mpu OJHOCY TedHocT: mpax ox 0,32 ml g™ 1a Gu ce 106WIA IEMEHTHA 11aCTa, a
3aTUM Cy HalpaBJbEHHU Y30pIM y oarosapajyheM kanymy 3a Jajba HCIUTHBama. M3rnen u ¢azHu
cacTaB TpaxoBa HCIHUTHBAaHU Cy peHATeHCKoM mudpakmujom mpaxa (PIAII), urdpanpseHOM
cnektpockonjom ca DypujeoBom Tpanchopmarmjom (ULDT), ckeHupajyhoM eneKTpoHCKOM
mukpockomjoM (CEM) u eHeprerckoM aucnep3uBHOM peHAareHckoM crekrpockomujom (EJIC).
OncrojaBame a-TKD/PAn y3zopaka y cumynupanoj tenecHoj teuHoctu (CTT) momeno je mo
ycnemHe tpancopmanuje o-TKD y XAn, nok je ucnuTuBame MPUTHCHE 4YBpCTOhe mMoOKaszaio
yTHUIa] oBe TpaHchopmaiuje u caapkaja ®An Ha MEXaHUYKE CBOJCTBA KOMIIO3UTA. Y30pak ca 5
Mmac.% DAn-a nocne 10 gana y CTT nokasao je Hajehy uBpcTohy Ha nputHcak, 33,8 MPa, mro je

noBehamwe on 84 mnyra y mnopehemy ca o-TKD/®An mpe CTT. In vitro TecroBu



omoxomnatuomwmHocth MTT um JIET, cnpoBenenu ca hemujckom kynrypom MPII-5 xymanux
¢bubpobnacta, orkpwin cy na o- TKO/DAn nema nurorokcnynu edexar. OBH Halla3u Cy MOKa3alu
na o-TKO/DAn KOMIO3UTHU MEMEHTH Mory o00e30equTH MOBOJbHA MEXaHMYKa CBOjCTBa 0e€3
MITETHOT yTHIlaja HA OMOKOMITATHOMITHOCT.

VY npyrom neny nucepTalyje UCHUTAHE Cy Pa3juduTe TEYHOCTH 3a J0OHjarke IEMEHTHE
macTe M 3a Jajby aHalIM3y n3aldpaHa je TeUHOCT HAjIOroJHMja 3a J00Ujarke PEOJIOIIKU HajOOJBUX
nactu. o-TK®/DAn nementu ca 0, 5 u 10 mac.% @PAmn-a, ymemanu ca HOBOM Te4HOIIhy
WCIIUTUBAHU Cy Kao LIEMEHTH 3a Mymemhe 3yOHHX KaHasia. Mopdosonike npoMeHe y 1eMEeHTHUM
Marepujaauma kao nocieania Gopmupama XAn-a HakoH apxkama y CTT, yrunaj Ha BujabmIHOCT
henuja u edpukacHocT nmymema ucnutuBanu cy CEM-om. Tperman kommno3utHux a-TK®O/DAn
nemenara y CTT na 37 °C pesyntupao je normyHoM Tpancopmanujom a-TK®D y XAn nocne 10
nana. Mzmarame MPIL[-5 xymanmx u JI929 xuBoTumckux ¢ubpodracTHUX henuja 1emMeHTy
MOKAa3aJIo je TIOTITYHO OJICYCTBO IIUTOTOKCHYHOCTH. KaHan KopeHa eKCTpaxoBaHOT 3y0a UCITYHEH je
a-TK®/DPAn nementom ca 5 mac.% DA u penaTuBHO jaka ajixe3uja u3Mel)y 1eMeHTa U JIeHTHHA
npumMehena je HakoH 48 caru. Mctu nemeHTHH Matepujai je ypomeH TokoMm 10 mana y CTT u
HAKOH TOora MOABPrHYT IN Vitro MTT TecToBUMa ca XyMaHMM W KHBOTHECKHM (HOPOOIACTHUM
henmjama koje cy mokasane Behy BujabmIHOCT y mopehemy ca KOHTpOJHUM y30pkoMm. OBH Hajla3zu
J0BOJIE 70 3akJbydyka jaa neMeHT Ha 0a3u o-TKD/OAm ca 5 mac.% DPAn mnokasyje Hajeehu

MOTEHIIH]jall 32 1aJb! pa3Boj y MPaBIly CTOMATOJIOIIKE TPUMEHE.

KibyuHe peun: KOMIO3UTH, MEXaHHYKA CBOjCTBA, allaTUT, IPUMEHA Y OMOMEIUITMHA

Hay4una o0siact: TexHOJIONKO HHXEHEPCTBO

V:ka nayuna o6jact: HxemepcTBO MaTepujana
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1. INTRODUCTION

Teeth have unique, mineral-rich structure that and consist of crown and root. Crowns’ outer
layer, enamel, underneath which lies dentin and pulp cavity are tissues made of organic and inor-
ganic components. The inorganic part of enamel mostly consists of biological calcium phosphate —
hydroxyapatite (about 96 wt.%) while the dentin contains a mixture of hydroxyapatite, organic sub-
stance - collagen, water, and salts [1]. Lowering of pH value in the mouth, caused by the action of
bacteria that break down food rich in carbohydrates (starches and sugars) creating an acidic envi-
ronment, induce dissolving of calcium phosphates in dentine and enamel (the process of demineral-
ization of dentine and enamel), until they reach the pulp [2]. This leads to the creation of tooth cavi-
ties and decay, known as caries. Since the tooth structure cannot be repaired spontaneously by the
body, once cavitation occurs dental treatment that includes use of various types of materials (called
biomaterials) must be applied to fill or to reconstruct the tooth.

Biomaterials are a class of materials that, according to the European Society for Biomaterials
Consensus, are defined as components anticipated to be interfacing in biological systems, in order
to augment, treat or replace any tissue, organ or the body functioning [3,4]. The biomaterials could
be natural or have artificial origin and their main roles are to replace the damaged tissue or organ
and thus improve the quality or even prolong human life. Depending on the properties and chemis-
try, biomaterials could be classified as polymers, metal alloys, ceramics, and composites.

Biocompatibility is the most important biomaterials property i.e., the absence of toxic effect
on the surrounding tissue and host body environment. Another important property of biomaterials is
their ability to be resorbed in the body — bioresorbability, crucial when body needs to heal and to
replace bioresorbable material. Also, valuable property of biomaterials is bioactivity - an ability to
interact with the host tissue, supporting its growth. Biomaterials should have appropriate mechani-
cal and chemical properties to withstand pressure and wear that body is exposed to, and to avoid
any undesirable reaction with body environment. Many applications of biomaterials include cardio-
vascular surgery (heart valves, vascular grafts), dentistry (tooth fillings, dental crowns and bridges),
dermatology (artificial skin), orthopedics, etc [5-9]. Biocompatible ceramic materials (bioceramics)
are materials that are used for reparation, reconstruction, or a replacement of damaged teeth, joints,
or bones [10]. Calcium phosphates (CaPs) represent a class of bioceramics with excellent biologi-
cal, physical and chemical properties due to their compositional similarity to teeth and bones, ensur-
ing excellent biocompatibility in a host body. Further, due to the ability to release Ca and P ions that
lead to the remineralization of tooth, CaPs represent a valuable group of materials for application in

dentistry. They could be used as cement, crowns, implants, and dental bridges material, as well as



coatings on titanium and titanium alloy implants, and in that way combining the bioactivity and
superior mechanical properties of metals [11].

Hydroxyapatite (HAp), is the dominant dentine and bone constituent, ensuring the high bio-
compatibility of built implants. With excellent osteoconductive and bioactive properties, HAp is
favored as the biomaterial used in both dentistry and orthopedics. Another CaP that has been recog-
nized as a potential dental material is a-tricalcium phosphate (a-TCP) [12]. The possibility of a-
TCP to be transformed spontaneously into HAp in reaction with body fluids after the application in
the mouth, allows its usage as the material for the cavity filling after removal of damaged dental
tissue, and also to initiate remineralization of the surrounding tissue. Fluorine represents an essen-
tial element that contributes to teeth mineralization by substituting OH™ in HAp, making fluorapatite
(FAp), constitutive material of enamel with higher wear and acid resistance and lower solubility
compared to HAp [13-15]. FAp represents a very useful component of ceramic-based dental com-
posite materials, increasing the biocompatibility and mechanical strength of the matrix [16-18]. It
can be used for modification of calcium phosphate cements (CPCs), obtaining materials for the root
canal filling with the possibility of tailoring mechanical properties, biocompatibility and bioactivity.
These properties could be controlled for the cement pastes based on a-TCP and FAp by varying the
FAp/a-TCP ratio [19].

CPCs based on HAp are usually combined with natural (collagen, chitosan, cellulose) or syn-
thetic (polyethylene glycol, polycaprolactone) polymers, with the aim of controlling porosity, rheo-
logical and mechanical properties [20]. Although composites built with polymers offer advantages
in processing, price and chemical diversity, major drawbacks in their application lie in lower bio-
compatibility compared to HAp or a-TCP. Composites HAp/titanium dioxide obtained using the
sol-gel procedure, as well as high-temperature sintered HAp/zirconia are also attractive due to their
improved mechanical and thermal properties, as well as high biocompatibility [21].

The research efforts presented in this dissertation are focused on the synthesis, characteriza-
tion and processing of cement constituents based on a-TCP and FAp, as well as the processing of a-
TCP-FAp composites with different FAp content. Further, the influence of FAp on biocompatibil-
ity, bioactivity and mechanical properties of a-TCP-FAp composites was also investigated. Tooth
filling pastes were also prepared and optimized and tested using standards for dental materials
(standard 1SO6876 - Dental root canal sealing materials) in order to obtain the cement filling paste
with desired rheological and chemical properties (values of solubility, flow, working and setting
time). For this purpose, the influence of different liquid components on the rheology of dental root
canal filling paste was also investigated, as well as the overall success of the tooth filling (root canal

sealer). The influence of the FAp on the bioactivity of obtained a-TCP/FAp based cement after ex-



posure to the simulated body fluid (SBF) was also determined by in vitro MTT and DET tests per-
formed on MRC-5 and L929 cells [22-25].

The research goals of this thesis are:

- Investigation of the influence of hydrothermal synthesis parameters on the size and mor-
phology of FAp particles;

- Synthesis of dental materials for filling of tooth roots based on a-TCP and different propor-
tions of nanoparticle powder FAp synthesized by hydrothermal method;

- Investigation of the influence of the FAp/a-TCP ratio on the mechanical properties, bioactiv-
ity and biocompatibility of the obtained composite materials;

-Examination of the influence of additional of citric acid, polyethylene glycol, hydroxy-
propyl-methyl cellulose on the setting time, solubility, working time of dental cements based on a-
TCP and FAp and the microstructure of the root canal filling.

- Examination of biocompatibility of starting powders and dental cements with different FAp
content by performing colorimetric tests with tetrazolium salts (MTT) and color exclusion test
(DET) in vitro in contact with MRC-5 human fibroblast cells and L929 mouse fibroblast cells.



2. THE STRUCTURE, DECAY AND TREATMENT OF TOOTH

2.1 Tooth structure

Teeth represent the hardest tissue in the human body and are partly made of organic and part-
ly of inorganic material [1]. The inorganic component mainly consists of hydroxyapatite, which will
be discussed in detail (Chapter 4). Crown and root are the two main parts of the tooth, while the

main tooth constituents are: enamel, dentin, pulp and periodontium (Figure 1).
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Figure 1. Tooth structure [26].

Enamel is a material that mainly (approximately 96%) consists of long, ribbon-shaped hy-
droxyapatite crystals, forming the outer layer of the tooth through the complex process called ame-
logenesis. It is also the hardest material in the human body that is responsible for the tooth mechan-
ical performance. In a fully mature tooth, enamel crystals are stacked into irregular shapes and
grouped as rod and interrod enamel, as presented in Figure 2 [1,14].

The organic part of the enamel contains residual proteins that are secreted by ameloblasts in
order to create an appropriate environment for the deposition of minerals, and mostly removed dur-
ing the tooth maturation. Main enamel proteins are enamelin, ameloblastin and amelogenin. Low
amounts of some types of collagens can also be found in the organic part of the enamel. Beneath the
enamel, the bulk of a tooth is made of dentin, which represents a mixture of inorganic minerals,

organic compounds, water and salts. The process of dentin formation is called dentinogenesis, re-



sulting in tubular structures connected to the enamel via dentinoenamel junction [27]. Around 70%

of dentine is constituted of minerals, 20% is organic fraction, and water fills remaining 10% [2].

Figure 2. Transmission electron microscopy image of enamel structure in a mature tooth [1].

Organic part contains three different types of collagen (I, 111 and V) and phosphoprotein. Among
them, collagen I is the dominant component of the organic part that carries inorganic components in
the hollow parts of the fibriles [28]. Inorganic fraction mostly consists of biological hydroxyapatite.
The pulp represents the central soft tissue part of the tooth that contains blood vessels and nerves. It
is connected to dentin as a part of dentin-pulp complex filling the pulp chamber and root canals of
the tooth [1]. Fibroblasts are dominant cells contained in the pulp, especially in the pulp chamber of
the crown. Odontoblasts occupy the edge of the pulp, along the entire tooth surface. Both fibroblast
and odontoblast cells are responsible for the production of collagen and noncollagenuos tooth pro-
teins. Cementum, periodontal ligament and tooth sockets (alveolus) are the main parts of periodon-
tium, tissue group that gives tooth mechanical support through the connection with a jaw. Root of
each tooth is covered with cementum, connective tissue similar in composition to the bone [2]. All
listed constituents and biochemical processes associated to them are equally important for the tooth
forming, maturation and functioning, thus requiring thorough knowledge of their structure from the
cellular level, with the aim of finding the proper treatment for each problem that occurs during the

tooth lifecycle.



2.2 Tooth decay

Dental plaque is a naturally occurring microflora rich biofilm that covers the teeth surface in
the oral cavity [29]. It contains numerous strains of bacteria that are kept in homeostasis by bio-
chemical interactions. However, oral cavity can become very favorable environment for microor-
ganisms, depending on dietary habits and overall immune state of the organism. Teeth are subjected
to greater temperature variations than most of the other body parts and therefore can cope with ex-
posure to cold or hot beverages. Tooth decay (caries and mechanical damage) mostly occurs when
teeth are frequently exposed to foods containing carbohydrates (starches and sugars). Dental biofilm
contains acidogenic bacteria, mostly lactic acid bacteria, such as Lactobacillus or Streptococcus
(mutans and sobrinus) species, which metabolize sugars, producing acids [30,31]. As a consequence
of this process, pH value can be significantly decreased, causing the apatite dissolving from the
enamel (demineralization) and dentine, until they reach the pulp, forming a cavity [32]. Saliva and
biofilm fluid pH dictates migration of Ca** and PO, ions from and into the tooth. If pH value falls
below 5.5, ions will diffuse from the enamel, while dentine releases ions below 6.5 [33]. The acidic
attack from cariogenic bacteria that causes demineralization of enamel and dentine resulting in den-
tal cavity is schematically presented in Figure 3. Unlike the rest of the skeleton, body cannot spon-
taneously repair teeth, therefore, they need tending in the form of dental filling. Tooth decay is a
worldwide problem in people of all ages, which is the reason for constant research expansion in the

field of dental materials.
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2.2.1 Tooth treatment

Decay due to apatite dissolution induced by the everyday dietary habits of humans, and me-
chanical damage caused by the impact on the teeth, represent problems that have to be approached
very seriously, in regards to mechanical and aesthetic demands. Various materials for tooth remin-
eralization and cavity treatment have already been proposed and implemented in dentistry, with the
focus on their compatibility to the surrounding tissue and non-toxicity [8,34,35]. Tooth treatments
that are primarily discussed in this dissertation, are based on bioceramic materials, a class of mate-
rials that will be presented in the subsection 3.3. Among them, enamel and dentin treatment and
repair using materials based on calcium phosphates and fluorine have shown to be very promising

due to the tooth composition and structure similarity.



3. DEFINITION, TYPES AND PROPERTIES OF BIOMATERIALS

Among different definitions of biomaterials the most well-versed is the one given by the Eu-
ropean Society for Biomaterials Consensus Conference-I1: ”biomaterial as the material anticipated
interfacing in biological systems, in order to estimate the augment, treat or replace any tissue, organ
or the functioning of the body* [3,4]. The most important feature of biomaterials is their biocompat-
ibility, ability to be incorporated into a living organism without toxic effect on the host body. In
accordance to their interaction with the living tissue, biomaterials can be:

* inactive,

* biomimetic and

* bioactive.

Another property of biomaterials is their ability to be resorbed in the body — bioresorbability.
This ability is crucial since host body needs to heal and to replace bioresorbable material [36]. Bio-
materials should have good mechanical and chemical properties, to withstand pressure and wear
that they are exposed to in the body, and to avoid any undesirable reaction with the environment.
They found applications in cardio-vascular surgery (heart valves, vascular grafts), dentistry (tooth
filling, dental crowns, and bridges), dermatology (artificial skin), etc [5-10]. Considering that the
use of biomaterials improves the quality, prolongs, and saves human lives, a lot of research efforts
were made to synthesize better materials throughout the years. Based on the properties, biomaterials
belong to one of the following large groups of the materials:

* polymers,

* metals,

* ceramics and

 composites [37,38].

3.1. Polymers

Polymers are macromolecules with chain-like structure, with the backbone composed of
many repeating subunits. Small organic molecules called monomers are bonded during the polymer-
ization reaction. Linear polymers consist of a long chain and side groups while branched have mul-
tiple sidechains. Cross-linked polymers have bonds between chains, which build a 3D network.

Figure 4 shows linear, branched and cross-linked polymer structures.
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Figure 4. Schematic representation of different polymer structures [37].

Unlike metals that melt at a fixed temperature, polymers show a range of temperatures at
which phase transitions occur. There are two major classes of polymers used as biomaterials: ther-
mosetting and thermoplastic [39]. Thermosetting polymers solidify when a low-viscosity resin,
monomer, cures into cross-linked structure during processing, with the addition of a curing agent, or
application of heat or UV light that initiate the reaction. Once the material is cross-linked, it cannot
be reshaped or melted. Thermoplastic polymers are a high-viscosity resins that can be processed by
heating above its melting temperature. Low density, corrosion and chemical resistance, thermal
insulating properties along with the low-cost processing are some of the advantages that make pol-
ymer materials attractive as dental restorative materials combined with ceramics and metals. A
thermoplastic polymer, polymethyl methacrylate (PMMA) is often applied as acrylic cement for
implants [40]. Polymers that are used for filling of bone voids are degradable in biological sur-
rounding, i.e. biodegradable. In an ideal case, they should degrade as the new bone generates. Most
commonly used polymers for this purpose are poly(lactide), polyglycolide and their

copolymers [41].

3.2 Metals

Advantages of metals are superior mechanical properties (modulus of elasticity, impact and
wear resistance) [42]. Metallic materials have been studied and applied as biomaterials for a long
time, as pure metals and alloys [43,44]. One of the most frequently used metals as a biomaterial is
titanium [45]. Due to its high hardness value, titanium alloys are used for hip replacement and other
load bearing structures in human body [46]. However, titanium is inert and cannot bond to a bone;
therefore, it requires coating composed of materials similar to the bone [47]. Mixture of mercury,
silver, tin and copper, called amalgam, was used in dentistry as tooth fillings for a very long time.
Although it has many advantages, certain toxicological and environmental concerns have been
brought into the spotlight, along with the change of aesthetic requirements in society over the years.

Table 1 presents some important advantages and disadvantages of amalgam, which can explain why



it was abandoned as a biomaterial [48]. Due to their high biocompatibility and bioactivity, dentistry

has turned towards composite materials for tooth fillings.

Table 1. Advantages and disadvantages of using amalgam tooth filling [48].

Advantages Disadvantages

) _ « Silver color is no longer considered aes-
* Reasonably priced and cost effective _
i thetically acceptable
» Strong, resistant to wear and durable _
* Does not stick to the tooth
* Dependable ) _
_ _ _ . * Conducts heat too well, which results in
* Least time-consuming kind of filling for a o _
) people experiencing pain when they eat hot
dentist to perform
o o or cold foods
* Average lifetime of amalgam fillings is )
* Contains mercury (mercury compounds
about 15 years _
) are poisonous)
* Used for more than a century with good o o ) )
* Getting rid of millions of potentially envi-
results -
ronmentally hazardous old fillings

3.3 Ceramics

Ceramics represent materials of high hardness, compression strength and wear resistance, as
well as great thermal insulation capability and chemical resistance [49]. For the application in den-
tistry, the main advantages of ceramic materials are biocompatibility and bioactivity. However, they
are prone to failure due to brittleness, which limits use of ceramics without modification. Among
the most important properties that characterize ceramics is thermal shock (sudden temperature
change) resistance, a property that defines the environment in which the material could be used
[50]. Ceramic materials have high values of Young’s modulus, compared to metals and polymers.
Also, their constituent atoms are light (oxygen, carbon, calcium, phosphorus) and not packed tight-
ly, making them low density materials and causing exceptionally high specific modulus values. Due
to the resistance of the lattice to the dislocation movement, ceramics are considered extremely hard
materials. These properties make ceramic materials great candidates for reinforcement of polymers,
which will be further addressed in the subsection of composite materials. With the technological
development, quality improvement of lives increased, leading to a further search for stronger and
lighter materials that would satisfy various societal needs. Among different research directions, syn-
thesis and studying of biomaterials gained attention in the mid-20" century.
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Biocompatible ceramic materials, bioceramics, serve as repair or replacement materials for
damaged teeth, joints, or bones [51]. Over decades, bioceramics were developed in numerous forms
and compositions, and they can be classified as bioinert and bioactive ceramics.

Figure 5 depicts the use of bioceramic materials in the human body [52]. As presented, bioc-
eramics found wide application in tissue repair and replacement, as well as drug delivery agents,

which are not presented in the figure.

Dental implant: Alumina, Ca(OH) Cranial repair: bioactive glasscs

HA, HA coatings, bioactive glasses,
endodontic sealing

Ortolaryngolocial implant:
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Maxilofacial reconstruction:

alumina, HA, bioactive glasses Eye lens: Alumina

Periodontal pocket obliteration:
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Spinal surgery:
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Orthopedic load-bearing devices: bioactive glass-ceramic

alumina, zirconia granules
Coating on metal: HA,
bioactive glass-ceramic

Joints: HA

Figure 5. Application of ceramic biomaterials in human body [52].

3.3.1. Bioinert ceramics

Aluminum oxide (alumina, Al,O3) and zirconium oxide (zirconia, ZrO,) are widely used in
dentistry and orthopedics, replacing metal due to their chemical inertness and higher wear and cor-
rosion resistance [53,54]. Polycrystalline alumina is the most used ceramics material for the produc-

tion of hip implants. Zirconia has higher mechanical strength and toughness than alumina, as well
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as lower Young’s modulus of elasticity; therefore, it is used as a replacement of alumina in hip,
knee and teeth prostheses fabrication [55,56]. However, in order to prevent mechanical failure of
zirconia based implants, it has to be doped with yttrium or magnesium oxide. Synergistic effect of
both alumina and zirconia could yield implants with improved mechanical properties and therefore
wider their applications [54]. Major drawback for the use of alumina and zirconia lies in their inert-

ness, which causes inability to interact with the surrounding tissue.

3.3.2. Bioactive ceramics

Unlike bioinert, the main purpose of bioactive ceramics is to interact chemical-
ly/biochemically (bond and support bone growth) with the host bone, which is why these materials
need reactive surfaces [57]. Chemical and biological processes take place at the surface, once bioc-
eramic material is incorporated, which results in temporary and permanent changes at their contact
interface. Bioactive ceramics should replace damaged hard tissue and ensure structural integrity
while it recovers through various biological processes. Sometimes, an implant is placed as a perma-
nent replacement for the bone or tooth, and it should withstand harsh conditions in human or animal
biological systems over the years [58]. Furthermore, along with the successful interaction with the
host surroundings, bioactive materials should not enhance bacterial activity and multiplication that
would lead to an infection [59]. The greatest challenge for researchers designing ceramic biomateri-
als represents improving their mechanical performance and endurance. Unlike metallic materials,
ceramics are brittle, which could result in failure when load is applied [56]. There are many reports
and proposals dealing with the modification of bioactive ceramics, focusing on improved antimi-
crobial activity, biocompatibility, and mechanical properties. Bioceramics can be divided into

glasses and calcium phosphates (CaP).

3.3.2.1. Bioactive glasses

Bioactive glasses represent a group of glasses that interact with body fluids, and in physiolog-
ical reaction forming carbonated hydroxyapatite (cHAp), allowing an attachment of the implant to a
host bone [60]. Weight fraction of SiO- is crucial for bioactivity of glasses. Bioglass® (45S5) con-
tains 45% of SiO, and represents the most used bioactive glass. It is mainly composed of SiO,,
Ca0, Na,0 and P,0s, but various compounds (such as MgO, Al,03, CaF,, etc.) have been added
for modification, in order to improve 45S5 mechanical properties [61-63]. Phase diagram present-

ing composition of 45S5 is shown in Figure 6.
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Figure 6. SiO,—Ca0-Na,O phase diagram with composition of 45S5 bioactive glass [61].

In vitro tests in the simulated body fluid (SBF) showed generation of a cHAp at the interface
of bioactive glasses. Figure 7 shows scheme of glass dissolution at the interface and precipitation of
calcium phosphate that transforms into cHAp [61]. These chemical reactions enable interaction with
a surrounding host bone tissue, making bioactive glasses valuable biomaterials with high biocom-
patibility. However, their poor mechanical properties require further modifications of glasses,
through structural changes and by introducing reinforcements to build composites, which will be

further explained in the subsection 3.4.

Silica-gel
surface
Bioactive
glass
surface

Figure 7. Surface modifications of bioactive glass due to interaction with simulated body fluid [61].
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3.3.2.2. Calcium phosphates

Calcium phosphates are considered excellent biomaterials due to their compositional resem-
blance to teeth and bones, which ensures high biocompatibility, opening the route for their synthe-
sis, investigation, and modification, in order to achieve good adaptability in the host body [64-74].
Osteoconductivity is another valuable property of CaPs, making them ideal candidates for scaffolds,
discussed in detail in subsection 4.4.2.2. The first use of CaPs started in the early 20" century, with
the constant development and expanding through various applications. They are used for the repair
of alveolar bone, teeth, sinus lifts and bones caught by cancer, osteoporosis, and other illnesses.
Because of the ability to release Ca and P ions that lead to remineralization of tooth, CaPs have be-
come valuable group of materials for the application in dentistry [13, 75-79]. They are also utilized
as cements or coatings on titanium and titanium alloy implants, combining the ceramics bioactivity
and superior mechanical properties of metals [58]. Along with biocompatibility, porosity and me-
chanical properties are considered incredibly important for the application of CaPs. Higher porosity
enables vascularization and bone tissue cells migration into the structure, creating stronger bonding
to the natural bone [80]. In addition, porosity influences bioresorbability. Structures can be divided
into microporous (pore dimensions less than 5 mm) and macroporous (pore dimensions bigger than
100 mm). Pore size and volume fraction influence mechanism and efficiency of bone growth into
the ceramic structure. Table 2 presents calcium phosphates with various Ca/P ratios [11]. Phos-
phates, with the ratio higher than 1, are suitable for the production of implants. Due to their high

porosity, CaPs can also be used as drug carriers [81-84].

Table 2. Ca/P ratio for different CaPs [11].

Ca/P Name Symbol Formula pK; at 25 °C
0.5 Monocalcium phosphate monohydrate MCPM Ca(H,P0O,),H,0 1.14
0.5 Monocalcium phosphate anhydrous MCPA Ca(H,PO,), 1.14
10 Dicalc_ium phosphate dehydrate DCPD CaHPO,-2H,0 6.59

(brushite)
10 Dicalci_um phosphate anhydrous DCPA CaHPO, 6.90
(monetite)

1.33 Octacalcium phosphate OCP Cag(HPO,),(PO4)4-5H,0 96.6
15 a-Tricalcium phosphate (a-TCP) Caz(POy), 255
1.5 S-Tricalcium phosphate (B-TCP) Cas(POy), 28.9

1.2-2.2  Amorphous calcium phosphate ACP Cax(PO4)y-nH,0 -

1.67 Hydroxyapatite HAp Cayp(PO,4)6-NH,0 116.8

Crystallographic parameters of CaPs are presented in Table 3, reprinted [64]. Different lattice
parameters dictate the ion doping ability, solubility, and density.
Sadat-Shojai et al. have shown how different CaPs could be obtained from the same starting

ingredients depending on the synthesis conditions [85]. By changing reaction temperature, time, or
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pressure all the CaPs can be produced from the same batch due to induced phase transformations.
An overview of the formed phases and Ca/P ratios that they obtained is presented on Figure 8 and in
Table 4, where denotations of images are described.

Table 3. Structural parameters for various CaPs [64].

Compound  Crystal system  Space group Unit cell parameters Z®  Density (g cm™)
a=5.6261(5), b = 11.889(2),
_ c=6.4731(8) A

MCPM Triclinic P1 o= 98.633(6), = 118.262(6), 2 2.23
y=83.344 (6)°
a=7.5577 (5), b =8.2531 (6),
MCPA Triclinic P1 ¢ =5.5504 (3) A 2 258

«=109.87(1), § = 93.68 (1),
y=109.15 (1)°
a=5812(2), b = 15.180(3),
DCPD Monoclinic la c=6.239(2) A 4 2.32
£=116.42 (3)°
a=6.910(1), b = 6.627(2),

. _ c=6.998(2) A
DCPA Triclinic P1 0= 9634 (2), f=103.82 (2), 4 2.89
y=88.33 (2)°
a=19.692(4), b = 9.523(2),
ocp Triclinic P1 ¢=6835(2) A 1 261

@ =90.15 (2), f = 92.54 (2),
y = 108.65(1)°
a=12.887(2), b = 27.280(4),
a-TCP Monoclinic P2,/a c=15.219(2) A 24 2.86
B=126.20(1)°
a=b=10.4183(5),

B-TCP Rhombohedral R3cH c=37.3464(23) A 21 3.08
y=120°
a=19.84214(8), b = 2a,

Monoclinic P2./b c=6.8814(7) A 4

HAp y=120° 3.16
a=b=9.4302(5), c = 6.8911(2) A

Hexagonal P64/m )= 120° 2

FAp Hexagonal P63/m a=b= 9;)3571'2(:0: 6.384 A 2 3.20
b a=b=9.432,c=6.881 A _
OAp Hexagonal P6 0=903, #=90.0,y = 119.9° 1 3.2
a=7.023(1), b = 11.986(4),

TTCP® Monoclinic P2, c=9.473(2) A, 4 3.05

£=90.90(1)°

Number of molecules in the unit cell.
®Oxyapatite

“Tetracalcium phosphate
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Figure 8. Different CaP structures obtained with various synthesis conditions [85].

Table 4. Phase analysis, Ca/P ratio and carbonate replacement of the synthesized CaP powders [85].

Phase composition Ca/P Carbonate replacement

a DCPD 1.05 No carbonated

b DCPA 1.15 No carbonated

c HAp+DCPA+minor OCP 1.75 No carbonated

d HAp+DCPA+OCP 1.39 No carbonated

e HAp+DCPA+minor OCP 1.52 No carbonated

f HAp+OCP 1.48 No carbonated

g HAp 1.64 Carbonated (B-type)

h HAp 15 Carbonated (AB-type)

i HAp 1.71 Carbonated (B-type)

3.4 Composite materials
Composites are defined as multiphase (usually two-phase) materials that combine properties

of the constituents [37]. The reason for the composite invention was the need for low density/weight

materials that have desired mechanical, chemical, electrical or thermal properties. Namely, all the
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properties of composites can be modified by the type and ratio of components. Matrix is a continu-
ous phase in which reinforcing filler particles are dispersed as a discontinuous phase. Unlike metal
alloys, chemical and physical properties of the components in composite are not altered. During the
last century, research and development in science and industry has led to processing of various
composites comprised of metals, polymers and ceramics. Composites can be classified according to
the matrix or the shape of the reinforcement [86]. The first classification divides composites into
three groups: 1) metal, 2) polymer and 3) ceramic matrix composites. By the shape of the rein-
forcement, the following are recognized: 1) particle, 2) whisker and 3) fiber reinforced composites.
Reinforcements modify and improve mechanical, chemical, optical, thermal and electrical
properties, as well as biocompatibility of the matrix [87]. The most frequently used composites in
dentistry are polymer-based, with different kinds of ceramic reinforcements. They can be used for
various restorative purpose [33,88-91]. Matrix material is usually bisphenol A-
glycidyldimethacrylate (Bis-GMA\) [92]. The inorganic reinforcement can be silica, alumina, titania,
etc [93], as they enhance poor mechanical performance of polymeric matrix. Particle and fiber na-
nosized reinforcements can drastically improve tensile and compressive strength, while reducing
polymerization shrinkage, the biggest disadvantage of polymers used in dental application [90].
Ceramic matrix composites are the focus of this thesis and they will be thoroughly presented
through the HAp applications in the following section. As mentioned in the section 3.3, ceramics
are brittle and have exceptionally low fracture toughness that makes them risky for the use in load-
bearing applications. They are reinforced with different ceramics, similar to those for the rein-
forcement of polymer matrix. Calcium phosphates can be used both as matrix or reinforcement,

depending on the demands [16,94].
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4. HYDROXYAPATITE

Hydroxyapatite (HAp) is a dominant dentine and bone constituent. Therefore synthetic apa-
tite-based materials and implants have high biocompatibility of. With excellent osteoconductive and
bioactive properties, HAp is favored as the biomaterial of choice in both dentistry and orthopedics
[95,96].

4.1 Composition, structure, and properties of HAp

Among those listed in the Table 2, hydroxyapatite (Caio(PO4)s(OH),, HAp) is the most at-
tractive and well-studied calcium phosphate [97]. Structural formula of HAp is presented in Figure
9 [98]. It has a theoretical chemical composition of 39.6 wt% of Ca and 18.5 wt% P, with Ca/P
weight ratio of 2.151 and molar ratio of 1.667 [61]. Natural and synthetic HAp have different chem-
ical composition; the former one contains additional elements, such as Na, Mg, Zn, K, F, leading to
a formation of non-stoichiometric crystal structure where cations replace calcium, while anions re-

place hydroxyl group [99].

/H
o ca?'0
o'—u——o‘
Ca2+cl>'
VL,
] "o

Figure 9. Structural formula of HAp.

The crystal structure of HAp is usually hexagonal, with space group P63/m, which is present-
ed in Figure 10; while lattice parameters are presented in Table 3 [99,100]. Synthetic HAp with
Ca/P ratio of 1.67 has a great stability, but the HAp in the body is non-stoichiometric and shows
higher level of natural degradability due to osteoclast action/remodeling of the bone. Similarity of
HAp to bone, dentin and enamel is depicted in Table 5.
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Figure 10. Crystal structure of HAp [100].
Table 5. Chemical composition of enamel, bone, dentin and HAp [61].

Composition (wt. %) Enamel Dentin Bone HAp
Calcium 36.5 35.1 34.8 39.6
Phosphorus 17.7 16.9 15.2 185
Ca/P 1.63 161 1.71 1.67

Sodium 0.50 0.60 0.9 -

Magnesium 0.44 1.23 0.72 -

Potassium 0.08 0.05 0.03 -

Carbonate (as CO3%) 35 5.6 7.4 -

Fluoride 0.01 0.06 0.03 -

Chloride 0.30 0.01 0.13 -

Another disadvantage of HAp, as of all ceramic materials, represents their relatively poor me-
chanical performance under load [101-103]. Mechanical properties of HAp are listed in Table 6
[65,104]. The values of modulus of elasticity are comparable to those of bones and teeth, but the
overall strength of porous HAp is lower. Dense HAp has much higher values, but porosity is neces-
sary for good bioactivity, as well as cell and tissue proliferation. The challenge is to build a material

that can withstand load and retain bioactivity, to ensure healthy tissue growth.

Table 6. Mechanical properties of HAp.

HAp Tensile strength, MPa  Compressive strength, MPa

Bending strength, MPa

Dense 38-300 120-900
Porous ~3 2-100
4.2 Synthesis of HAp

As registered in the Table 2, depending on the molar ratio of Ca and P, different phases could

be formed during synthesis, altering the bioactivity of the resulting material. HAp synthesis tech-
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niques can be divided into three groups [105,106]: high temperature, dry and wet synthesis. Classi-

fication of synthesis techniques is schematically presented in Figure 11.

i Solid state

mmmmmmn 4 Dry method

P Mechanochemical

Chemical

A4

Synthesis
method of ' a4 Wet method P Hydrothermal

synthetic HAp

- Hydrolysis

Combustion

e & Lemperature

4

Pyrolysis

Figure 11. Techniques for HAp synthesis.

High temperature synthesis

Combustion and pyrolysis represent high temperature synthesis techniques that include ther-
mal decomposition of reagents and the reaction in gas phase with the formation of the powder. The
difference between the two techniques is that combustion starts at lower temperatures with sudden
heating, while in pyrolysis reagents are sprayed into a heated furnace [105]. Pyrolysis is a preferred
technique because it results in HAp with high degree of crystal phase homogeneity [107-109].

Dry synthesis

As can be seen in Figure 11, dry synthesis can be performed via solid-state or mechanochemi-
cal reactions. Solid-state process is the simplest, requiring only calcium and phosphate-based pow-
ders that are calcined at high temperatures. HAp obtained using this procedure shows high degree of
cristallinity. However, formation of different phases and large grains represent drawbacks for the
application of solid-state synthesis [105]. Mechanochemical technique employs different mechani-
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cal forces to induce chemical reaction between reactants [110]. With the control of several parame-
ters, fine, regularly shaped nanocrystals of HAp could be synthesized [111,112]. Relevant reactions
that occur in dry synthesis route are as follows [106]:

6CaHPO,-2H,0 + 4Ca0 — Ca1o(PO4)s(OH), + 14H,0 (1)
10CaCO; + 6(NH4)H,PO4 — Caio(PO4)s(OH), +8H,0 + 10CO, + 6NH3 )
3Caz(PO4);-xH,0 + Ca(OH), — Caio(PO4)s(OH), + xH,0 (3)
10Ca(OH); + 3P,05 — Ca1o(PO4)s(OH), + 9H,0 (4)
9Ca0 + Ca(OH); + 3P,05 — Ca1o(PO4)s(OH); (5)
6CaHPO,-2H,0 + 3Ca0 — Cag(HPO4)(PO4)sOH + 14H,0

(6)

Wet synthesis

Synthesis in agueous medium, called wet synthesis, can be separated into chemical precipita-
tion, hydrolysis, and hydrothermal technique. They offer the ability to control size and morphology
of the synthesized powder by the addition of different amounts of reagents, as well as adjusting the
reaction temperature and time [113]. Chemical precipitation is frequently applied technique, offer-
ing the possibility of synthesizing large amounts of powder for a short time. Various chemicals con-
taining Ca** and PO4*" ions were proposed and explored as reactants [114,115]. However, although
synthesized HAp is in the form of fine nanopowder, it has low crystalinity, irregular crystal shape
and impurities. Through many research efforts, it was established that pH value, temperature and
solution maturing time play the key roles for the control of HAp powder morphology and stoichio-
metric Ca/P ratio. [104]. Very high temperatures and pH ensure obtaining pure crystalline HAp na-

nopowder. Typical chemical reactions included in wet synthesis are [106]:

10Ca(NO3), + 6(NH,);HPO, + 8NH,OH — Cao(PO4)s(OH) + 20NH4NO; + 6H,0 )
10Ca(NO3), + 6(NH4)3PO, + 2H,0 — Ca1n(PO4)s(OH), + 18NH,NO; + 2HNO; ®)
10Ca(NO3), + 6KH,PO, + 20NH;OH — Ca(PO4)s(OH); + BKOH + 20NH;NO; + 12H,0 (9)
10Ca(NO3), + 6H3PO, + 20NH4OH —> Cao(PO4)s(OH), + 20NH,NO; + 18H,0 (10)
10Ca(NO3), + 6(NH4),HPO, +20NaOH — Ca(PO4)s(OH), + 20NaNO; + 12NH; + 18H,0(11)
10Ca(NO3), + 6(NH4),HPO, + 2H,0 — Cay(PO4)s(OH); + 12NH4NO; + 8HNO; (12)
10Ca(NO3), + 6Na;HPO, + 2H,0 — Cayo(PO4)s(OH), + 12NaNO; + 8HNO;
13)
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10Ca(NOs); + 6H3PO, + 2NH,OH — Cazo(PO4)s(OH), + 2NH;NO; + 18HNO; (14)
10Ca(OH), + 6(NH4);HPO, — Cayo(PO4)s(OH), + 12NH3 + 18H,0

(15)
10Ca(OH), + 6H3PO, — Cao(PO4)s(OH), + 18H,0

(16)
10CaCl, + 6(NH,),HPO, + 8NH4OH — Cay(PO4)s(OH) + 20NH,Cl + 6H,0

A7)
10CaCl, + 6K,HPO, + 2H,0 — Cazo(PO4)s(OH), + 12KCl + 8HCI (18)
10CaCOs + 6NH4H,PO, + 2H,0 — Cay(PO4)s(OH)2 + 3(NH4),COs + 7TH,CO5 (19)
10CaS04-2H,0 + 6(NH,),HPO, — Cazo(PO4)s(OH), + 6(NH,),SO, + 4H,S0, + 18H,0  (20)
6CaS0; -H,0 + 4Ca(OH); + 6(NH4),HPO, — Cayo(PO4)(OH), + 6(NH,),SO, + 18H,0  (21)
3Ca(H,PO4),-H20 + 7Ca(OH); — Cayy(PO4)6(OH), + 15H,0

(22)
Cas(P301), +5Ca* + 6H,0 — Cao(PO4)s(OH); + 10H* (23)
%c:anc:lezz_Znoll +6(NH,),HPO, + 2H,0 — Cayo(PO4)s(OH); + 12NH; + %c:alezzoll (24)

Synthesis of HAp via hydrolysis of TCP or some other calcium phosphate is rarely used tech-
nique due to a poor control of purity and morphology, along with long reaction time [116,117]. Hy-
drothermal synthesis is performed at higher temperature and pressure, where precipitation of HAp
occurs as a result of induced chemical reaction in the solution [118]. It is often applied for the syn-
thesis of rod shaped, stoichiometric, pure crystalline HAp nanopowder [119-122]. Figure 12 depicts
synthesis of rod-shaped HAp nanoparticles via hydrothermal method [106].

Mixing of ¢
Reagents Nucleation of HAp Growth of Nuclei Ripened Rod-like HAp %
AN A J

Normal Conditions Hydrothermal Conditions

Figure 12. Hydrothermal synthesis of rod-shaped HAp nanoparticles [106].
Same as in the case of conventional chemical precipitation, hydrothermal synthesis requires

careful control of parameters. Lower pH values lead to formation of different phases and shapes
(Figure 13).
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Figure 13. Influence of hydrothermal synthesis parameters on the formation of HAp particles [85].

In order to obtain fine, controlled morphology, organic modifiers and surfactants are used
[123-125]. Surfactants can be synthetic (cetyltrimethylammonium bromide (CTAB)) or natural
(vitamin C). Ethylene diamine tetraacetic acid (EDTA) is used to trap free Ca®" ions by chelating,
resulting in smaller HAp particles. Poly(ethylene glycol) (PEG) is also used for the synthesis of
longer, fiber-like rods of HAp nanopowder. Various studies reported use of organic modifiers, with
a high success rate in achieving uniform size and shape [126-128]. Table 7 shows different proce-
dures for wet synthesis techniques.

After the synthesis, obtained HAp powder needs to be further processed, in order to adjust
morphology and handling [11]. Particle agglomerates are grinded and milled to produce fine deag-
glomerated particles. Powders can be compacted using pressure (die or isostatic) or solid-state sin-
tered, in order to reduce porosity and increase density, which greatly influences mechanical proper-
ties of synthesized ceramics. Synthesis and post-processing conditions influence porosity and con-
sequently, compressive strength [129-131]. Higher sintering temperatures (~1250 °C) result in HAp
with higher density and grain size, which leads to an increased modulus of elasticity and compres-
sive strength [132-134]. Above 1300 °C, HAp decomposes unless high pressure and water are sup-
plied, which could cause uncontrolled grain growth that decreases hardness of bioceramic material
[135-137].
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Table 7. Wet synthesis of HAp [105].

Method Ca/P source Temperature (°C) Result
Ca(OH),, H3PO, .y Olszriqe.:g(r:s\:npartlcles with the size in the range of
Ca(OH),, H3PO, (i . Rod-lil_<e particles, with about 200 nm in length and
Precipitation 50 nm dlamete_r. - —— -
Ca(NO3),-4H,0, [t » Almost spherical particles with diameter in the range
(NH,4),HPO, o of 8-20 nm
Ca(NO3),-4H,0, - » Short nano-rod particles, with diameter in the range
Na;PO, T of 1.9-14.2 nm and length in the range of 4.0-36.9 nm
CaCl,, H3PO, 100 *Rod-like particles (80 nm length and 15 nm width)
Ca(0OH),, 200 eIrregular agglomerates of cHAp (5-40 mm), Ca/P
(NH4)3PO4 ratio: 1.86-2.08
Hydrothermal * Rod-like particles at 120 °C (diameter in the range of
CaCly, K,HPO, 60-150 15-20 nm gnd length in the rar(1ge of 60-75 nm Ier?gth)
Ca(NO3),-4H,0, 25180 * HAp (pH = 10) with granule-like shape (30, 50 and
(NH,),HPO, 75 nm)

& room temperature

4.3 Chemical modifications of HAp
lon doping

HAp ion doping has drawn attention of researchers due to the possibility of including differ-
ent ions in the crystal lattice of HAp, without the disruption of its integrity. In order to increase an-
timicrobial activity and to avoid a possibility of infection upon dental implant introduction in the
bone, HAp was doped with Ag* and Cu®* [22]. Several research reports reported incorporating Sr**,
Co?*, Mg?*, Mn*" and Fe** ions to elevate similarity to the bone composition [138-143]. It was
shown that metal cations are not harmful for the organism when included in the reasonable concen-
trations. Low concentrations can influence morphological and chemical properties [144,145]. Ac-
cording to the studies, the addition of Zn** leads to the higher antibacterial activity [139]. Doping
with more than one element was also reported, reducing the particle size, while increasing crystal-
linity at the same time [138,141]. Overall, this type of HAp modification is very attractive due to
many advantages and improvements ions could bring to increase bioactive properties of HAp.

Hydroxyl group substitution with fluorine
Fluorine represents essential element that contributes to bone mineralization, which makes it

an excellent candidate for substitution of OH™ in HAp. As a result of this substitution, fluorapatite

(FAp), with chemical formula Caig(PO4)sF> is formed. Structure of FAp is presented in Figure 14,
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with lattice parameters: a = 9.368 and ¢ = 6.875 A [146]; unit cell along a-axis is smaller compared

to HAp due to the difference in size between F~ and OH™ ions.
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Figure 14. Projection of the crystal structure of FAp on the (001) crystallographic plane [147]. Ca -
purple, F - green, O - red, P - yellow.

FAp shows higher thermal stability and lower solubility compared to HAp, being more suita-
ble for processing near HAp decomposition temperatures [148]. FAp is more resistant to acidic en-
vironment and therefore used for protection from demineralization; HAp dissolves when pH drops
below 5.5, while FAp starts dissolving below 4.5. In saliva, presence of fluorine slows down de-
mineralization by substituting hydroxyl group from dissolved HAp and depositing on the enamel
(Figure 15) [6,13-15,149]. Synthetic FAp is obtained by similar techniques to those used for the
synthesis of HAp. Along with better chemical and thermal properties, compared to HAp, FAp has
more superior mechanical properties as well. Higher hardness values, modulus of elasticity and fa-
tigue resistance are some of the FAp ceramics features that gave this material advantage over other
apatites. However, fluorine is highly toxic element and thus careful studies have to be performed in
order to find the best concentration of FAp that is safe for use in the human body [147].
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Figure 15. Protection from demineralization of enamel by FAp deposition [13].

4.4 Application of HAp and its composites

HAp powder found applications as a biomaterial in various parts of the human body. Some of
them are bones and teeth fillings, toothpastes, titanium implant coatings and reinforcements in pol-
ymer-based materials [150-157]. Applications of HAp can be divided into commercial products,

tissue engineering and drug delivery systems.

4.4.1. HAp based commercial products

Toothpastes and mouth washing products containing HAp have become very attractive over
the past few years [158]. Demineralization of teeth is a common phenomenon, caused by the enam-
el exposure to wear, pressure and pH changes in saliva. Although fluorine is a common ingredient
in oral care products due to the ability to slow down demineralization, its toxicity and the need for
treating dental hypersensitivity on a daily basis with enamel remineralization, brought attention to
incorporation of HAp in toothpastes [159-161]. Efforts were made to use biomimetic approach for
dentin tubules sealing and protection by depositing synthetic HAp nanoparticles [162]. They are
small enough to penetrate open tubules and create protection from oral environment. In this manner,
pain caused by dental hypersensitivity could be reduced, as well as expanding the tooth lifecycle
[158,163-165].
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4.4.2. HAp applications for bone and tooth replacement and reconstruction

4.4.2.1. HAp coatings

The replacement of a lost tooth can be performed using dental implant, usually metallic, tita-
nium-based alloys, as mentioned in section 3.2. [45,46]. Although they offer excellent mechanical
properties, much higher wear and fracture resistance compared to ceramics, their inability to bond
to a host surrounding tissue requires coating with bioactive and biocompatible material, such as
HAp [166]. Beside structure similarity to teeth, low solubility of HAp gives it advantage over other
CaPs [167-169]. Coating performance depends on the layer thickness, porosity/density, phase crys-
tallinity and purity. For avoiding mechanical damage during implementation, adhesion between
HAp coating and metallic implant must be strong. Coating with HAp increases osteointegration and
osteoconductivity [170]. Furthermore, research has shown that coated implants last longer com-
pared to the uncoated [64,171,172]. The most frequently employed method for metallic implant
coating is plasma spraying (Figure 16) [6,173,174]. Melted or softened HAp particles are sprayed
on a metallic implant in the presence of plasma (He, Ar, N, and H; or the mixture are used for
plasma gas; Ar is used as a base gas). Radio frequency and direct current are the most used plasmas
for the coating with HAp, where a gas temperature can reach over 9000 °C. The main disadvantage
of this procedure is in thick, non-uniform layer deposited on the metal surface, making the implant
prone to mechanical damage during handling and in the host body. Nonetheless, this method is
overall better compared to the rest that include pulsed laser deposition, ion beam-assisted deposi-
tion, hot isostatic pressing, dip coating and biomimetic process [167].

HAp is known for the ability to create bonds with proteins due to the highly reactive interface
[100]. Having nanoscale diameters, HAp particles can cross cell barrier and deliver the drug to the
low accessible sites. Composites and implant coatings containing nano-HAp were used for different
drug release [21,175].
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Figure 16. Dental implants coated with CaP by a plasma-spray process at magnification of 10x
(bar =1 mm) (a) and 1kx (bar = 1 um) (b) [6].

4.4.2.2. HAp scaffolds and drug delivery

As mentioned before, HAp is not suitable for load-bearing applications due to the poor me-
chanical properties. However, it is appropriate for the production of scaffolds, to enhance cell pro-
liferation and integration in the structure [176]. X-ray microtomography 3D image of porous HAp
based scaffold is presented in Figure 17 [11]. HAp scaffolds with pores up to 300 um were pro-
duced using replication technique for the application in bone tissue regeneration [177]. Saso-2 cells
were able to proliferate and migrate through scaffolds that achieved similar compressive strength as
a bone.
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Figure 17. 3D image of HAp scaffold [11].

3D printing technique proved to be a valuable tool for the preparation of HAp based scaffolds
with interconnected channels that showed high capacity for MC3T3-E1 cells proliferation, which
makes these materials potential candidates for bone tissue engineering [178]. Composite scaffolds
containing HAp and natural or synthetic polymers have also been the subject of extensive research.
Scaffolds based on nano-HAp and collagen were successfully applied for stem cells delivery, help-
ing effective bone regeneration treatment [179,180]. Nano HAp was also combined with gelatin and
chitosan to build composite porous scaffolds with high MC3T3-E1 cell proliferation and growth,
suitable for tissue engineering application [181]. HAp obtained from biological sources was used
for the preparation of gelatine/chitosan/fibrin/bone ash/HAp composite scaffold that showed high
biocompatibility on MG-63 cells and can be safely used as a bone replacement [182]. Electrospun
nanofiber composite scaffolds of insulin-modified HAp/PLGA (poly (lactic acid-co-glycolic acid)
showed high osteogenesis potential, making it a promising material for artificial bone production
[82]. Scaffold based on HAp doped with Ag* ions, modified with sodium alginate and chitosan, was
reported as an efficient local drug delivery system for the release of lidocaine [183]. Chitosan/HAp
scaffold was proven effective for the loading of gentamicin sulfate, to treat and prevent infections
during regeneration [184]. Recently, nano-HAp/graphene oxide nanocomposite was reported as a

promising material for the delivery of anticancer therapy doxorubicin [185].
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5. a- AND g- TRICALCIUM PHOSPHATES

Tricalcium phosphates (Ca3(PO4)2, TCP) represent biodegradable ceramic material that oc-
curs as four allotropes, among which a- and S-TCP are the most common ones. Since TCP is solu-
ble in aqueous environment, there is a great potential for its use in bone tissue regeneration. How-
ever, depending on the numerous factors, such as Ca/P ratio, porosity and purity, resorption rate of
TCP could vary significantly [9,52,186,187]. If a rate is too high, tissue will not be able to regener-
ate, thus making this material unsuitable as a scaffold. Compared to HAp, TCP with molar ratio
Ca/P of 1.5 resorbs faster, making it more challenging to control, but still a good candidate for mix-
ing with HAp [188]. In this manner, by adjusting the amounts of the two compounds, desired bioac-
tivity could be achieved.

Allotrope S-TCP has been thoroughly studied and incorporated as a replacement for bones
[16,24,189-191]. Similar to HAp, B-TCP does not occur in the nature, but it can be successfully
synthesized using high-temperature techniques [192]. It shows higher thermal stability than HAp
and faster resorption rate due to its solubility. However, bioresorbability of the p-TCP is strongly
influenced by porosity and surface roughness; therefore, there are different reports about its low
bioactivity due to the high density [152]. With a proper morphology control, bioactivity can be sig-
nificantly increased, resulting in a material well-suited for bone replacement [193-195]. In addition,
S-TCP can be used in commercial toothpastes for better teeth polishing [64].

The other important calcium phosphate polymorph, a-TCP, was also recognized as a material
for bone cement and bioceramics [12,186]. Allotrope a-TCP has the same chemical formula as /-
TCP, but their crystal structures are different, as presented in Table 3 and in Figure 18a; -TCP has
more ordered structure (Figure 18b), which causes lower solubility compared to a-TCP.
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Figure 18. Projection of a-TCP unit cell on the ab- (left) and bc-plane (middle). Tetrahedra repre-

sent PO, groups, and light balls denote Ca atoms; Projection of f-TCP unit cell on the ac—plane
(right). Tetrahedra represent PO, groups, small balls designate Ca atoms, and big balls are for the
Ca atoms with half occupancy [196].

Being thermally stable, a-TCP is also obtained by high-temperature synthesis, higher than
1200 °C, and cannot be found in biological systems. Porous morphology could be obtained by sin-
tering process; microstructure of porous a-TCP found in literature is presented in Figure 19. As
discussed, a-TCP is more soluble than -TCP, which makes it more suitable candidate for scaffolds
[197-200]. Possibility of a-TCP to transform spontaneously into HAp after the application in the
mouth placed it in the spotlight for research as the material that would fill the cavity after removal
of damaged dental tissue and also remineralize the surrounding tissue. Major drawback in TCPs use
lies in their brittleness, which could be overcome by combination with more ductile materials [24].

Figure 19. Microstructure of porous a-TCP [152].
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6. CALCIUM PHOSPHATE CEMENTS

Calcium phosphate cements (CPCs) consist of solid and liquid components. The solid part
contains calcium compounds, such as DCPD, TTCP, TCP, calcium carbonate, calcium silicate, cal-
cium sulfate, etc. The liquid part can be inorganic or organic solution in water or other appropriate
solvent. CaP dissolves in liquid, HAp precipitates, which crystals entanglements cause stiffening of
the paste [201]. CPCs biodegradability, nontoxicity and injectability make them attractive bio-

materials for bone grafts and substitutes [52,202—-204].

Based on the end product, CPCs are divided into apatite and brushite (DCPD) cements. For
the first group, the end product is HAp, while brushite is for the latter [205]. Figure 20 presents ex-

amples of CPCs constituents, setting reaction and structure of formed HAp and brushite.
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Figure 20. CPCs common constituents, setting reaction and structure of formed apatite and

brushite [268].
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Cements are characterized for their:

* physical properties, such as solubility, flow, setting, working time, mechanical properties,
* biocompabitility and
* bioactivity.

Desired paste properties could be achieved by controlling the powder and liquid content and
liquid-to-powder ratio (LPR).

HAp has been known to have higher biocompatibility and osteoconductivity compared to oth-
er CaPs [206]. Allotrope a-TCP has high solubility and in saliva transforms into HAp, making it a
good material for root canal filling cements, which are the focus of this thesis. HAp based cements
are already used for post-surgery facial bone regeneration [207-209]. In addition, various composite
cements including glass ionomers or polymer resins have been reinforced with HAp for the applica-
tion in dental surgery [210-212]. The focus of this thesis is on root canal filling CPCs-based com-
posites and the most commonly used formulations for solid and liquid phase.

Liquid phase is usually comprised of water and phosphates, especially sodium dihydrogen
phosphate (NaH,PO,) [213,214]. Cements used in dental applications must require suitable setting
time, to ensure that dentist/surgeon has enough time to finish the procedure [215]. Citric acid is of-
ten added to the solution because it was reported as setting accelerator and calcium ion chelating
agent that improves mechanical properties [66,216,217]. Polysaccharides are added to increase vis-
cosity and affect setting time as well [67,218,219]. For cohesion and flow control, polymer agents
are mixed with the ingredients of the liquid phase [220,221]. Another ingredient added to the solu-
tion for rheology modification is hydroxypropyl methylcellulose (HPMC) [214,222-224]. In addi-
tion, HPMC reduces washability, which prolongs the lifetime of cements. Polyethylene glycol
(PEG) is often used for phase stability i.e., to prevent segregation [221,225]. All the ingredients
added to the starting solution should ensure better cement paste handling and mechanical properties.
Biocompatibility and bioactivity can also be controlled by the HAp and «-TCP fraction in the ce-
ment pastes [19]. Biocompatibility is evaluated using different tests of cement influence on cell
cultures, with the aim of determining cell viability after the exposure to the cement (cytotoxicity)
[22,226]. Bioactivity is investigated by following the formation of apatite after in vitro cement im-
mersion in a simulated body fluid [19,227-229].

CPCs are promising materials for root canal fillings due to the possibility of tailoring mechan-
ical properties without decreasing biocompatibility, which is their major advantage over polymer-

based cements that are not similar to tooth structure.
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7. CURRENT TRENDS IN DENTAL MATERIALS DEVELOPMENT

Over the last two decades, great efforts were employed to produce more efficient, aesthetical-
ly acceptable and durable dental materials, some of which will be presented in this chapter. In order
to produce bone-like materials for orthopedic use, HAp was successfully modified with fluorine and
chlorine [34].

Borkowski et al. [230] used sol-gel method and calcination for the synthesis of FAp with the
goal of achieving higher bioactivity compared to HAp. They varied calcination temperature in order
to find FAp sample with optimal porosity and highest F~ ions release ability. In vitro tests proved
the absence of toxic effect on the cells, while the best FAp sample showed high cell-proliferation
potential, which makes this material safe for the use in orthopedic applications.

For the increase of corrosion resistance, Mansoorianfar et al. introduced fluorine into the HAp
[231]. Along with the corrosion protective coating, obtained fluorhydroxyapatite showed good bio-
compatibility when tested on MG-63 osteoblast cells.

Khan et al. [8] synthesized FAp nanoparticles, using them as fillers for polyurethane (PU) ma-
trix, in order to build nanocomposite for root canal filling. Investigations showed efficient F ion
release from the composite, as well as homogenous structure and good adhesion to the surrounding
tissue. In some research reports, FAp and HAp nanoparticles were investigated as scaffolds for or-
thopedic and dental application [6,232,233].

Altaie et al. prepared an acrylate-based composite scaffold containing silanised barium alu-
minium silicate glass particles and FAp as reinforcement [15]. The results showed that the addition
of FAp increased fracture toughness and enabled F~ ion release in the acid environment, suggesting
that this composite could find application as a smart dental material.

Montazeri et al. used sol-gel method to synthesize nano-FAp with the aim of investigating bi-
ocompatibility [35]. In vitro tests on animal fibroblast cells showed the absence of cytotoxicity,
making this material suitable for the potential application as a bone scaffold. As a mechanical rein-
forcement to the restorative material, FAp and HAp nanoparticles were embedded in a glass-
ionomer cement [146,234].

Barandehfard et al. synthesized nano-FAp and HAp using wet-chemical preticipation method,
with the aim of reinforcing glass-ionomer cement [17]. Performed compressive, tensile and micro-
hardness tests on the obtained composites showed an improvement of all the investigated mechani-
cal properties before and after the immersion in distilled water.

Elghazel and asscociates presented a study of FAp addition to S-TCP on the mechanical per-
formace of the obtained composite [16]. The results showed that FAp concentration increases wear
resistance, which is important for the use in dental applications.
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Wei et al. prepared FAp-based cement for the restoration of enamel [235]. The cement
showed good mechanical and adhesive properties, as well as high biocompatibility when tested on
L 929 fibroblast cells, which opened a pathway for the investigations of this FAp-based material as a
direct enamel repair.

Azami et al. investigated composite containing calcium fluoride and co-substituted HAp with
FAp for the treatment of osteoporosis [236]. The composite showed high bioactivity, which was
tested in simulated body fluid (SBF).

In the recent research published by Anastasiou et al., doping of FAp with Sr* and Ce®*" ions
was reported, with the aim of modifying chitosan-based scaffolds efficient against bacteria appear-
ing at the implantation site [237]. The results suggested that Ce** doped FAp could be applied in
reconstructive surgery, due to a high osteoconductivity and antimicrobial activity. With the emerg-
ing development of nanotechnology, biocompatibility and bioactivity of calcium phosphate based
dental materials could be enhanced and controlled using various synthesis routes [24,33].

Stojanovic¢ et al. presented synthesis of a-TCP implants to evaluate biocompatibility and po-
tential for the use in dentistry [238]. The histological analysis of the animal tissue after different
number of days with the implanted a-TCP, revealed high biocompatibility similar to commonly
used ceramics. Along with being non-toxic, this material provided efficient production of collagen
fibers.

Nanoparticles of HAp were used in toothpastes and oral rinses, to slow demineralization and
induce remineralization of teeth [160,163,239-242]. Taha et al. prepared fluorhydroxyapatite-
containing toothpaste with high efficiency in the treatment of dentin hypersensitivity [243].

Tredwin et al. compared HAp, FAp and F~ substituted HAp with different substitution levels,
as materials for implant coatings, concluding that the increase in F ion presence in HAp leads to
lower solubility and higher biocompatibility [244].

Radovanovi¢ et al. doped HAp/a-TCP composite with Ag" and Cu®* ions, in order to increase
antibacterial activity against various types of bacteria that commonly occur during and after bone
surgery [22]. Along with antimicrobial activity, the results showed high biocompatibility, using
MTT and DET in vitro tests on fibroblast cells. The same team successfully doped HAp and
HAp/a-TCP composite with Zn?* ions, showing high antibacterial activity and biocompatibility
when evaluated on MRC-5 fibroblast cells [245].

Cements are a subject of different literature reports, with the aim of improving setting time,
flow, mechanical properties, along with biocompatibility and bioactivity [246-248]. Modification of
magnesium CPC based on calcium dihydrogen phosphate (Ca(H,PO4,),) with citric acid resulted in

higher mechanical strength and biocompatibility [216].
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Recent study by Toledano et al. presented sealing potential of several cements, among which
zinc oxide-modified HAp cement showed the best mechanical properties for root canal sealing ap-
plication [249].

Researchers investigated the influence of addition of PEG to the paste, proving that it can in-
crease stability of injectable CPC [221]. Cellulose ethers were added to control paste flow with the
change of ether molecular weight [215]. Novel cements based on tricalcium silicate have proved to
be efficient for bone healing, as well as cements based on HAp nanoparticles and bioactive glass
[250-252].

In order to improve bioactivity of CPC, Davaie et al. successfully used bioactive glass for
modification [253]. Samples were soaked in SBF for a different number of days, after which visual
and structural characterization revealed more efficient HAp formation compared to the control sam-
ple.

Ebrahimi et al. added bioactive glass to HAp cement, in order to increase setting time with the
concentration of bioactive glass [254]. Compressive strength and bioactivity investigated after the
soaking of cements in SBF showed a significant increase, making this composite suitable for scaf-
fold application.

Fathi et al. mixed a-TCP, HAp and DCPD powders with varying LPR for the preparation of
pastes, in order to achieve the optimal setting time. The cement showed high bioactivity and great
potential for the use in tooth filling application [255].

The research published by Imataki et al. presented glass-ionomer cement modified with HAp,
which improved mechanical and F" ion releasing properties [256]. Calcium-aluminate cements were
successfully modified with chitosan, reducing porosity, and increasing the bond strength [257].

Sharma et al. introduced a novel tooth filling material, composed of nano-HAp, gelatin and
acrylic acid [258]. Prepared dental material proved to be non-toxic and durable during pH and tem-
perature changes, which indicates that it could be applied in restorative dentistry.

Fillers based on a-TCP obtained by solid-state technique and afterwards modified with tria-
zole were presented by Moraveji et al. for the possible application as bone substitutes [259]. After 7
days in SBF, triazole-modified o-TCP transformed into plate-like HAp, structure more similar to
the bone compared to morphology of HAp obtained from pure a-TCP, showing the potential of this
novel material for orthopedic and dental applications.
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8. EXPERIMENTAL PART

8.1. Materials and methods

The following reactants of p.a. grade were used for the HAp and FAp synthesis:
* Calcium nitrate tetrahydrate, Ca(NO3),-4H,0, > 98 % (Carl Roth, Germany),
* Disodium ethylenediaminetetraacete dihydrate, Na,H,EDTA-2H,0 (CIII) (Sigma-Aldrich, USA),
* Sodium dihydrogen phosphate dihydrate, NaH,PO4-2H,0, 99.8 % (VWR, USA),
* Ammonium hydroxide, NH,OH, p.a. (Zorka Pharma, Serbia),
* Sodium fluoride, NaF, 99 % (Riedel-de Haén, Seelze-Hannover, Germany) and
* Urea, CH4N,O (Zorka Pharma, Serbia).

The following ingredients were used for the preparation of tooth filling paste:
» Citric acid (CA), HOC(CH,CO3H)., p.a. (Zorka Pharma, Serbia),
* Polyethyleneglycole (PEG), C2nHan+20n41, (Sigma-Aldrich, USA),
* Disodium hydrogen phosphate , Na;HPO,, p.a. (Merck, Germany) and
 Hydroxypropylmethycellulose (HPMC), CssH10s030 (Sigma-Aldrich, USA).

For the preparation of SBF the following reagents were used:
* Sodium chloride, NaCl, (NRK inZenjering, Serbia),
* Sodium bicarbonate, NaHCO3, (Centrohem, Serbia),
* Potassium chloride, KCI, (Lach:ner, Czech Republic),
* di-Potassium phosphate trihydrate, K,HPQOy4, (Fisher chemical, USA),
» Magnesium chloride hexahydrate, MgCl,-6H,0, (Lach:ner, Czech Republic),
» Calcium chloride, CaCl,, (Lach:ner, Czech Republic),
* Sodium sulfate, Na,SO4, (Centrohem, Serbia) and
* Tris(hydroxymethyl)aminomethan, (CH,OH)3CNH>, (Centrohem, Serbia).
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8.2. Sample preparation

8.2.1. Synthesis of FAp and HAp powders

The HAp powder was synthesized according to the already published method, where
hydrothermal technique was used [238]. The following masses of ingredients were used for the
HAp synthesis:

* m(Ca(NO3),-4H,0) =27.40 g
*m(CIll)=14.80¢g
* m(NaH,P0O,4-2H,0) =12.00 ¢
*m(Urea) =12.00 g

The ingredients were dissolved in 2 L of distilled water and the solution was heated for 2 h at
160 °C in the sealed tube. The obtained particles were washed with distilled water and dried for 2 h
at 105°C. Molar ratio Ca/P was 1.50.

In order to find the best candidate for the preparation of dental composite material, three
series of fluorapatite (FAp) samples were prepared. Samples of FAp are denoted as FAp-1, FAp-2
and FAp-3.

The synthesis of FAp-1 was similar to the synthesis of HAp, but NaF was used to obtain FAp
and Ca/P ratio and the amount of CIII was different as presented in Table 8. Further, FAp-2 and
FAp-3 powders were synthesized by changing pH values of the reaction solutions in comparison to
FAp-1. Ca(NO3),-4H,0, ClIl, NaH,PO,4-2H,0, and urea, whose masses are presented in Table 8,
were dissolved in 2 L of distilled water. The values of pH for FAp-2 and FAp-3 (Table 8) were
controlled by the addition of NH3. The final pH values for the syntheses are presented in the last
column of Table 8. Compounds were mixed until the solution was homogenized and placed in the

autoclave for 3 h at 160 °C. After slow cooling during 20 h, the mixture was filtered out and dried.

Table 8. Mass (g) and volume (mL) of reaction ingredients and pH value in the synthesis of FAp

powders.

Reaction ingredients

Sample —=NOG.),4H,0,9 Clil.g NaH,PO,2H,0.g _ NaF.g Urea,g  NH,OH. mL P/

FAp-1 35 17.12 13.85 1.26 12.00 - 9.21
FAp-2 35 17.12 13.85 1.26 - 80 9.75
FAp-3 35 0 13.85 1.26 _ 50 10.10
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The simplified synthesis pathway method is presented in Scheme 1.

Compound | Autoclave | Slow cooling | Filtration &
mixture (160 °C, 3h) ~0h drying

Scheme 1. Synthesis of FAp powders.

Sample with the most suitable morphology and the highest content of F~ ions was chosen for

further investigations.

8.2.2. Synthesis of a-TCP

For the synthesis of a-TCP, hydroxyapatite was calcined at 1500 °C for 2 h [238]. Figure 21
presents powder of a-TCP obtained after the calcination of pure HAp.

Figure 21. Furnace for thermal treatment (calcination) of HAp and the obtained a-TCP powder.

8.2.3. Preparation of a-TCP/FAp composites

In order to obtain ceramic composites, synthesized FAp-3 powder was added in different

amounts (0, 2.5, 5 and 10 wt.%) to the a-TCP powder. To prepared powder mixtures, phosphate
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solution (2.5 wt.% Na,HPO,) was added at a liquid to powder ratio of 0.32 mL g™ and the tablets
were formed. The formulation of solutions for composites was:

* 0 wt.% FAp 6 g a-TCP + 2 mL phosphate solution

*25Wt.% FAp 69 a-TCP +0.15 g FAp + 2 mL phosphate solution

*5wt.% FAp 6 g a-TCP + 0.32 g FAp + 2 mL phosphate solution

*10wt% FAp 69 a-TCP +0.64 g FAp + 2.3 mL phosphate solution

Composite tablets were made in accordance with ISO 6876 standard for root canal sealing
materials [260].

8.2.4. Tooth filling cement preparation

Composite cement pastes were made using a-TCP/FAp composite powder with the addition
of different liquids and 5 wt.% of FAp in order to obtain pastes with the best rheological properties.

CA, Nay;HPO,, PEG and HPMC were selected for the preparation of the water-based liquid
phase based on the literature data [215,216,221,224,261] but they were mixed with water in
different wt.% in order to optimize the composition of liquid for the powder mixture. Also, varying
the liquid-to-powder ratio (LPR) was varied from 0.3 to 0.5 mL/g, with the step of 0.01, the best
LPR ratio was determined. Five series of samples, F1-F5, with different liquid/powder ratio (LPR)

and the composition of the water-based liquid phase, were made as presented in Table 9.

Table 9. The composition of different water-based liquids for cement pastes and best LPR values.

Samples series Composition of the liquid, wt. % LPR, mL/g
F1 20% CA, 10% PEG 0.32
F2 2.5% Na,HPO, 0.32
F3 10% PEG 0.34
F4 10% CA 0.39
F5 0.5% HPMC, 15% CA, 10% PEG 0.45

8.2.5. Preparation of simulated body fluid (SBF)

In order to investigate in vitro behavior of composite dental materials, solution that simulates
body fluid was prepared according to Kokubo et al [262]. The formulation for SBF was as follows:
* m(NaCl) =15.992 g
*m(NaHCO3)=0.7 g
*m(KCI) =0.448 g
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* m(K,HPO,) =0.348 ¢
» m(MgCl,-6H,0) =0.945 g
* m(CaCl,) =0.556 ¢
*m(Na,;S0O,4) =0.142 g
« m((CH,OH)3CNH,) = 12.114 g
Each chemical was previously dried in the oven, then dissolved in 2 L of distilled water and
left at 4 °C in the refrigerator. All the measurements in SBF were performed at 37 °C.

8.3. The tooth filling procedure
Two teeth were used, first molar and premolar, for filling with the paste. After the filling, the

teeth were placed in a flask filled with SBF solution, and placed in the water bath at 37 °C for 24 h.
Figures 22 and 23 show teeth before and after the filling.

Figure 22. Teeth prepared for filling.

Figure 23. Teeth after filling.



The two teeth were fixed in gypsum and prepared for cutting, in order to study the extent of
mixture adhesion to the roots of the teeth by using FESEM analysis. Fixed tooth is presented in
Figure 24.

AR e S
Figure 24. Fixed tooth in gypsum (left) and a slice of cut tooth for XRPD (right).

Precision cutter (Buehler isoMet-4000) used for cutting the teeth at the Faculty of Dental
Medicine is presented in Figure 25.

Figure 25. Precision cutter with the fixed tooth.
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8.4. Characterization of starting constituents, composites and pastes
8.4.1. Field emission scanning electron microscopy (FESEM)

Morphological changes and bioactivity evaluation of the powders were observed by Tescan
Mira 3 XMU field emission scanning electron microscopy (FESEM). Before the analysis, the

powders were coated with gold using a Polaron SC502 sputter coater.

8.4.2. Energy dispersive X-ray spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) of the compacted powders was performed on a
Jeol JSM 5800 SEM with a SiLi X-Ray detector (Oxford Link Isis series 300, UK). Measurements

for each specimen were performed at five different spots (N = 5 group ?).

8.4.3. Fourier transformed infrared spectroscopy (FTIR)

Determination of characteristic chemical groups in synthesized and calcined powders were
performed by Fourier transform infrared spectroscopy (FTIR) using a Thermo Scientific Nicolet

iS10 spectrometer in the wavenumber range from 4000 to 400 cm™.

8.4.4. X-ray powder diffraction analysis (XRPD)

X-ray powder diffraction patterns of powders were recorded on ITAL Structures APD 2000
instrument using a copper cathode as the X-ray source (4= 0.15406 nm), in the 26 angle range from
20 to 60 ° with a step size of 0.05 ° s*. The unit cell parameters and the average crystallite size
<D> were determined using JADE software. XRPD measurements for Rietveld refinement were
performed on a Rigaku SmartLab diffractometer using CuKa radiation, at 40 KV and 30 MA, in
Bragg-Brentano geometry. Diffraction data were collected in the range 5 ° < 26 < 120 ° (scan

speed: 1 °min™, step width: 0.01 © 26) at room temperature.
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8.4.5. lon release test

For F~ ion release test, a-TCP, FAp and composite pills were placed in glasses that were filled
with standard fluoride solution with added Fluoride lonic Strength Adjustor (ISA). Measurements
were done using lon Selective Electrode (ISE) (Figure 26) in predetermined time intervals 5 min, 1
h, 1, 3 and 7 days, in order to measure the release of F~ ions from pills with 0, 2.5, 5 and 10 % of
FAp in a-TCP.

I.f

Figure 26. lon Selective Electrode (ISE).

8.4.6. Compressive test

Mechanical tests of composite tablets were performed on Shimadzu universal testing machine
presented in Figure 27. Each tablet was tested after immersing in SBF for 0, 3, 10 and 30 days.
Compressive test was performed using steel plate with mass of 0.1535 kg (applied force was 1.51
N), with the speed of 5 mm min™’. Surface of the specimens was 2.5-10° m% Measurements of

compressive strength and stroke strain for each composite were performed on five samples.
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Figure 27. Shimadzu universal testing machine [263].

8.4.7. In vitro biocompatibility tests

Trypan Blue dye exclusion test (DET) and reduction of the tetrazolium salt 3-(4,5-
dimethylthazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) test were performed after 48 h from
seeding of diluted cell cultures in 96-well plates.

8.4.7.1. Cell lines

Tests were performed on the cell line human fibroblasts of lung (MRC-5) and animal L929
that were grown attached to the surface of the flasks (Costar, 25 cm®) in Eagle’s medium modified
by Dulbecco (DMEM, Gibco BRL, England) with 4.5 g L™ glucose and 10 % fetal calf serum -
FCS (Sigma, USA). The medium contained the antibiotics: penicillin 100 IU mL™ and
streptomycin 100 ug ml. The cell line were maintained under standard conditions at 37 °C in an
atmosphere of saturated humidity with 5% CO, (Heraeus, Germany). They were transplanted twice
weekly, whereas in the experiments the logarithmic phase of growth was used between the third and
tenth transplantation. Only viable cells were used in the experiments. The number of cells and their
viability were determined by the color test rejection with 0.1 % Trypan Blue. The viability of cells
used in the experiment was greater than 90 %.
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8.4.7.2. Colorimetric assays with tetrazolium salts (MTT test)

The cells were collected during the logarithmic phase of growth, trypsinized, resuspended and
counted in 0.1 % Trypan Blue [264]. Viable cells were sown at the concentration of 2-10° cells mL"
Lin Petri dishes (50 mm, Center well, Falcon) in which the powders for the analysis were located.
Control samples did not contain the investigated powders. Petri dishes with sown cells were
thermostated at 37 °C with 5 % CO, for 48 h. At the end of the incubation, the cells were re-sown
to fresh medium. Viable cells were sown (5-10% cells 100 uL™) in microtiter 96-well plates. The
plates with sown cells were thermostated at 37 °C with 5 % CO, for 48 h. The MTT solution,
prepared just before addition, was added to all the wells of the plate, in a volume of 10 pL per well
and incubation was continued for the next 3 h (in the incubator at 37 °C with 5 % CO;). Upon
expiration of 3 h, 100 pL of HCI in 2-propanol (0.04 mol L™) was added to each well. The
absorbance readings was performed immediately after incubation on a microtiter plate reader
(Multiscan, MCC/340) at a wavelength of 540 nm with reference to 690 nm. Wells on a plate that
contained only medium and MTT but no cells were used as a blank.

The fraction of surviving cells (% K) was expressed as a percentage of the control values

according to the equation (25):

% K = 100Ng/Ny (25),

where N is the number of cells in the control sample and Ns is the number of cells with the tested

substance.

8.4.7.3. Trypan Blue dye exclusion test (DET test)

The cells were collected during the logarithmic phase of growth, trypsinized, resuspended and
counted in 0.1 % Trypan Blue [265]. Viable cells were sown at a concentration of 2-10° cells mL™
in Petri dishes (50 mm, Center well, Falcon) in which the powders for the analysis were located.
Control samples did not contain the investigated powders. The Petri dishes with sown cells were
thermostated at 37 °C with 5 % CO, for the next 48 h. At the end of incubation, the cells were
counted in the counting chambers after 48 h using an inverted microscope. A Neubauer chamber
was used for counting the cells in four squares. Each square was divided into 16 smaller squares so
the total was 64. 100 pL of cells was taken and added to 100 uL of 0.1 % Trypan Blue. After
intensive shaking, a few drops were placed on both counting fields of the chambers. Trypan Blue
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stained dead cells while living cells remain unstained. The number of cells in 1 mL of suspension

(X) was calculated using formula (26):
X =x-10-2-1000 (26),

where x is the number of cells in 16 squares (the average number of cells in 4-16 squares); 10 is the
depth of the chamber; 2 is the dilution factor and 1000 is the volumetric coefficient.

8.4.7.4. Cells preparation for staining

All substances were placed in a serum-free medium (DMEM) so that the concentration was
200 mg mL™. After 72 h, the medium was filtered (for sterility), 10 % serum was added, so that the
medium would be used in all the investigated samples except for the control. The cells were
collected during the logarithmic phase of growth, trypsinized, resuspended and counted in 0.1 %
Trypan Blue. Viable cells were sown in a Petri dish (50 mm, Center well, Falcon) with a medium
that has been tested 72 h with powder at a concentration 2-10° cells mL™. The control samples
contained no test substance. Petri dishes with sown cells were thermostated at 37 °C with 5 % CO;
for 48 h. Staining was performed at the end of the incubation. Composite pills were denoted with
the concentration of FAp in the a-TCP/FAp composite and the number of days pills were exposed
to SBF (Table 10).

Table 10. Labels for a-TCP/FAp composite samples.

Concentration of FAp, %

Series 0 day in SBF 0 2.5 5 10
Series 3 day in SBF 0-3 2.5-3 5-3 10-3
Series 10 day in SBF 0-10 2.5-10 5-10 10-10
Series 30 day in SBF 0-30 2.5-30 5-30 10-30

8.4.8. Physical properties of tooth filling pastes

Determination of solubility, flow, working and setting time were performed in accordance
with standard 1SO6876- Dental root canal sealing materials. In all the tests, F5 liquid components
were used. All of the physical properties were determined for the samples of pure a-TCP, a-
TCP/FAp with 5 and 10 wt% of FAp in F5, that were labeled as a-TCP/FAp(0), a-TCP/FAp(5) and
a-TCP/FAp(10), respectively.
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8.4.8.1. Solubility test

Pastes a-TCP/FAp(0), a-TCP/FAp(5) and a-TCP/FAp(10) were placed in a metal ring on a
glass slide with another glass and metal ballast on the top for 7 min. After that, the metal ring with
the paste was placed in SBF and kept in water bath on 37 °C for 24 h. The water uptake was
determined by the change in the weight of the samples before and after the immersion in distilled

water for 24 h.

8.4.8.2. Flow test

Pastes a-TCP/FAp(0), a-TCP/FAp(5) and a-TCP/FAp(10) were placed at the center of the
glass plate (40 mm x 40 mm), mixed for 180 s, then pressed by the identical glass plate and the
additional metal ballast for 7 min and placed in SBF for 24 h [260]. The minimum and maximum

diameters of the produced discs were measured.

8.4.8.3. Working time

The same steps were followed as in flow test, but with longer mixing times before the
addition of the load [260]:
* a-TCP/FAp(0): 180s+30s=210s
* a-TCP/FAp(5): 180s+90s=270s
* a-TCP/FAp(10):180 s + 180 s =360 s

8.4.8.4. Setting time

Pastes a-TCP/FAp(0), a-TCP/FAp(5) and a-TCP/FAp(10) were poured into the stainless steel
ring mold (10mm diameter and 2mm height) placed on the glass plate and kept in SBF for 24 h.
After that, they were placed on glass plates and let for 15-30 min to set, then tested by the Gilmore-
type indenter until the indentation stopped being visible, and measuring the time since the end of
the mixing [260].
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9. RESULTS AND DISCUSSION
9.1. Characterization of HAp and FAp powders

9.1.1. XRPD analysis

Diffraction patterns for FAp and HAp powders are presented in Figure 28. XRPD patterns
verified the formation of pure FAp and HAp powders, which crystallize in the hexagonal space
group P63/c. The unit cell parameters and the values of the average crystallite size (<D>) are
presented in Table 11. Compared to the HAp pattern, a slight shift towards higher values of 26
angles has been observed for FAp powders. This is the consequence of the smaller unit cell of FAp
powders, due to the presence of F~ ions, instead of OH™ ions. Besides, the crystallites of FAp-1 are

slightly elongated along the c axis with the highest value of <D> (Table 11).
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Figure 28. XRPD patterns of FAp and HAp powders [19].
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Table 11. The unit cell parameters and <D> of FAp and HAp powders (JADE Software).

a(A) c(A) VvV (A% <D> (nm)
FAp-1 9.37251(3) 6.88511(6) 523.7(9) 40.7(8)
FAp-2 9.36961(9) 6.87045(9) 522.3(5) 31.3(4)
FAp-3 9.37434(7) 6.88147(4) 523.7(1) 31.4(3)
HAp 9.44074(5) 6.87913(6) 530.9(8) 31.9(4)

9.1.2. FTIR analysis

For the identification of crucial bonds within synthesized FAp and HAp powders, FTIR
analysis was used and resulted spectra are presented in Figure 29. In all spectra, the sharp bands
around 1093 and 1019 cm™ were found and ascribed to asymmetric stretching of the P—O bond
[266]. Symmetric stretching of P—O was observed at around 965 cm™, while bending of O—P-O
appeared at 600 and 560 cm™ [267]. Low intensity peak appeared at 875 cm™, indicating the
presence of HPO4%". The main difference between the spectra of FAp powders and HAp was in the
appearance of the band at 632 cm™, and at 3570 cm™, originating from —OH bending and stretching
vibration in HAp, which did not occur in FAp [266]. The FTIR spectra of all FAp powders are very

similar.
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Figure 29. FTIR spectra of FAp and HAp powders [19].
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9.1.3. FESEM and EDS analysis

9.1.3.1. FESEM

The results of the FESEM analysis of FAp and HAp powders at different magnification are
presented in Figure 30. The rod-like particles with hexagonal cross-section were observed for FAp-
1, which further formed aggregates of spherical shape, with an average size of about 5 um. Due to
agglomeration, it was not possible to measure the length of the particles. The morphology of HAp
powder was similar but with much smaller particles that agglomerated into spheres with an average
diameter of about 1-2 um. The size difference of the rod-like particles, as well as the agglomerates
in FAp-1 and HAp powders occurred most likely due to different concentrations of CIII in their
respective syntheses.

The particles of FAp-2 can be described as vascular and rod-like with a wide particle size
distribution ranging from about 70 nm to about 10 um. The most consistent filler morphology was
observed in the case of FAp-3, which consisted of uniform rod-like nanoparticles with an average
size of about 90 nm. These nanoparticles also formed agglomerates, but unlike FAp-2 powder, these
agglomerates are of irregular shape and soft. The difference in particle size and agglomeration of
FAp-2 and FAp-3 powders appeared probably due to the change in synthesis conditions.
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9.1.3.2. EDS

EDS analysis revealed the atomic % of Ca, P, F, and O (Table 12). This analysis showed the
presence of non-stoichiometric HAp and FAp powders with molar ratio Ca/P < 1.67, which means
that in all cases Ca-deficient apatite was synthesized. The content of F~ ions in all FAp powders was
close to the theoretical content, indicating the successful synthesis of pure FAp in all cases, which

was in agreement with the obtained XRD and FTIR results.

Table 12. EDS results of FAp and HAp powders (at. %).

FAp-1 FAp-2 FAp-3 HAp
o 66.13 + 0.38 66.90 + 0.40 66.16 + 1.06 72.71%0.23
F 4.78 +0.52 4.59 +0.62 5.00 + 0.58 -
P 11.38 +0.24 11.70 £0.13 11.58 +0.27 11.53+0.05
Ca 17.71+0.27 16.82+0.28 17.26 + 0.69 15.75+ 0.20
CalP 1.56 1.44 1.49 1.37

Based on the characterization results of prepared FAp powders, FAp-3 was chosen for the
processing of a-TCP/FAp dental composite cements and will be referred to hereinafter only as FAp.

The FAp sample was analyzed in more detail with XRDP and Rietveld refinement was
performed to determine all structural parameters of the sample. For comparison with FAp, nano
HAp (nHAp) obtained by the same synthesis as FAp was used.

XRPD patterns of FAp and nHAp (Figures 31 and 32, respectively) are very similar, but the
positions of the peaks in the XRPD pattern of FAp are mildly shifted towards higher values of 20
angles indicating that unit cell of FAp is smaller.

The structures of FAp and nHAp are presented in Figures 31 and 32, respectively. Both
powders crystallize in the hexagonal space group P63/c, with two formula units Cas(PO4)sF per
unit cell, for FAp and with two formula units Cas(PO4)3OH for nHAp. The crystallographic and
Rietveld refinement parameters for both structures are presented in Table 13, from which it can be
seen that unit cell of FAp is slightly smaller because of the substitution of OH™ group with F atom.
Also, the crystallites of FAp and nHAp are more elongated along the ¢ axis (Table 13) which is in

accordance with rod-like morphology of particles observed by FESEM (Figure 30).
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Figure 31. Rietveld refinement (up) and crystal packing diagram in ab plane (down) of FAp.
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Figure 32. Rietveld refinement (up) and crystal packing diagram in ab plane (down) of nHAp.

Table 13. Crystallographic and Rietveld refinement parameters of nHAp and FAp.

Phase nHAp FAp
Crystal system hexagonal hexagonal
Space group P6s/c P6s/c

a(A) 9.4205(1) 9.3760(1)
c(A) 6.88151(9) 6.88276(9)

V (A% 528.9(1) 524.0(1)
Crystallite size (A) 346(1) [-0.356, 0.935, 0] 330(1) [0.356, —0.935, 0]
Crystallite size (A) 346(1) [0.935, 0.356, 0] 330(1) [0.935, -0.356, 0]
Crystallite size (A) 886(9) [0, 0, 1] 983(1) [0, 0, 1]

Strain (%) 0.096(2) 0.105(1)
Rup (%0) 4.87 4,92
R, (%) 3.76 3.82
Re (%) 3.92 3.92
1.5414 1.5744
S 1.2451 1.2548
Maximum shift/e.s.d. 0.081 0.022
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Rietveld refinement showed that there is no deficiency of Ca atoms in the structures of nHAp
and FAp, so the ratio Ca/P < 1.67 obtained by EDS analysis can be attributed to the errors of this
method.

The selected bond lengths for nHAp and FAp are listed in Table 14. The length of Ca2-F1
bond in FAp is shorter than length of Ca2-04 bond in nHAp (O4 is from the OH™ group), which
can possibly be the reason for smaller unit cell of FAp.

Table 14. Selected bond lengths (A) for nHAp and FAp.

nHAp FAp
Bond Bond length, A Bond Bond length, A
Cal-0O1 2.401 Cal-01 2.392
Cal-02 2.452 Cal-02 2.449
Cal-03 2.836 Cal-03 2.820
Ca2-01 2.703 Ca2-01 2.689
Ca2-02 2.365 Ca2-02 2.367
Ca2-03 2.329 Ca2-03 2.338
Ca2-04 2.396 Ca2-F1 2.312
P1-02 1.536 P1-0O1 1.537
P1-01 1.535 P1-02 1.542
P1-03 1.537 P1-03 1.542

9.1.4. Bioactivity of composite cement specimens

Representative FESEM images presented in Figure 33 show the gradual formation of a new
HAp layer on the surface of composite material with 5% of FAp during the exposure to SBF [228].
At day 10, the specimen surface was covered with the newly formed HAp layer to a greater extent
compared to day 3, while the surface was nearly completely covered at day 30 in SBF. The similar
formation was observed on fractured surfaces of specimens 5-3, 5-10, and 5-30 (Figures 34 and 35).
Also, from the images of 0-30 and 10-30 specimens, the newly formed HAp crystallites could be
observed, both on the sample surface and in the interior (Figures 36 and 37).
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Figure 33. FESEM images of specimen surface: 5-3 (a), 5-10 (b), and 5-30 (c).

These images revealed a high ability of apatite formation in SBF, proving bioactivity of the
processed a-TCP/FAp composite cements.

Figure 35. FESEM images of surfaces at magnification of 10kx: 5-3 (a), 5-10 (b), and 5-30 (c).

56



9.1.5. Mechanical properties of composite cements

Compressive test for composite cements immersed in SBF was performed to establish which
composition enables the highest mechanical performance during the transformation of a-TCP to
HAp, as well as the influence of the FAp amount on the mechanical strength. The largest increase in
strength occurred in the first 10 days (Table 15), indicating that the highest transformation into HAp
happened during this time period.

Table 15. Compressive test results for composite cements after immersing in SBF.

Series
0 2.5 5 10

0-0 2.5-0 5-0 10-0
0.3+0.2 0.2+0.2 0.4+0.1 0.3+0.1

Sample 0-3 2.5-3 5-3 10-3
Compressive 4.3+0.9 2.4+0.1 4.4+0.5 4,9+3.5

strength (MPa) 0-10 2.5-10 5-10 10-10
30.245.0 21.3+2.8 33.8+3.2 28.2+6.3

0-30 2.5-30 5-30 10-30
38.345.3 26.1+5.0 29.8+8.1 25.6+8.3
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Thereafter, up to day 30, strength partially increased for specimens with more a-TCP or
remained at approximately the same level (series 5 and 10). This indicates that specimens 0 and 2.5
have greater potential for remineralization.

The transformation of a-TCP and the formation of a new layer gave, as a result, reduced
porosity of the specimens (Figure 33), which further led to increase in compressive strength, which
is in good agreement with the literature data [268]. Furthermore, for specimens with 2.5, 5, and 10
% of FAp, compressive strength after 10 days increased over 106, 84, and 94 times, respectively.
This indicates that compressive strength was changing with the exposure to SBF from the values
corresponding to a-TCP to the literature values measured for HAp [269-272]. The influence of F~
ions on mechanical properties has already been reported, indicating that high concentrations of F~
ions could lead to deterioration of composite mechanical properties [273]. The incorporation of FAp
in a-TCP could be used to modify the mechanical characteristics of the composite using the proper
control of the composition and porosity. In this study, the highest values of compressive strength
were observed in composite cements containing 5% of FAp, indicating that this was the optimal
composite concentration that offered high compressive strength value, probably due to low porosity.

9.1.6. lon release

Composite cement a-TCP/FAP, as a dental material, could serve as a source of F~ ions that
have an antimicrobial role as well as the role of reinforcement surrounding natural tooth material.
Therefore, we examined the release of F~ ions from the composite. These specimens exhibited a
similar F ions release pattern (Table 16). F~ ion release reached its maximum after 3 days, then
started to decrease or remained constant. Significantly smaller release of F~ ions in composite
specimens compared to FAp could be explained by notably lower concentration and suppressed

diffusion of F~ ions through the cement.

Table 16. F ion release (in ppm) for control (FAp) and composite specimens.

Time FAp 2.5 5 10

5 min 9.80+0.2 0.07+0.08 0.04+0.02 0.04+0.02
1lh 10.80+0.1 0.04+0.03 0.03+001 0.04+0.02
3h 11.50+0.2 0.05+0.01 0.03+0.01 0.04+0.03

1 day 14.80+0.5 0.07+0.01 0.07+0.05 0.07+0.05

3 days 13.30+0.4 0.12+0.02 0.08+0.02 0.09+0.02

7 days 12.00+0.2 0.10+0.01 0.07+0.02 0.09+0.04
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9.1.7. MTT and DET assay for composites a-TCP/FAp

MTT and DET tests were performed for the starting powders and composite cements from
series 5, as well as for specimens 0-0, 0-30, 10-0 and 10-30, which have been chosen according to
the compressive test. The cell viability chart for the MTT test obtained after 48 h is presented in
Figure 38. Comparing powders, it could also be observed the influence of the SBF exposure time on
the biocompatibility of composites. While there was no difference in viability between composite
cements and powders, specimens of series 5 showed an increase in cell viability when samples
immersed in SBF for 10 and 30 days were tested. According to some authors, a-TCP powder was
expected to have the lowest biocompatibility [226]. However, the cell viability for composite
cements compared to the cell viability of powders was higher or at the same level, which indicated
that these specimens were not cytotoxic [22,274]. In addition, FAp showed viability close to 100%.
The increased biocompatibility of composites exposed to SBF for prolonged time could also be
ascribed to the transformation of «-TCP to HAp. A recent study on FAp/bioactive glass and
HAp/bioactive glass revealed some contribution of FAp to cytotoxicity but within acceptable limits
[25]. However, the influence of HAp and FAp nanoparticles on fibroblast cells published in earlier

research is in accordance with our results, showing no cytotoxicity [35].
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Figure 38. MTT assay of cytotoxic effects of a-TCP/FAp composites on MRC-5 cells.

DET results are presented in Figure 39 and they were in accordance with the MTT assay. All
composites induced an insignificant decrease in cell viability. Both MTT and DET tests showed that
all of the composite specimens enabled higher cell viability (compared to a-TCP, FAp, and HAp),
as well as no cytotoxicity. In addition, these results were better than the MTT and DET results of
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samples HAp/a-TCP doped with Zn**, Ag*, and Cu®* ions after 48 h [22,245]. Based on aforesaid,

these composite cements are safe for future dental applications.
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Figure 39. DET assay of cytotoxic effects of a-TCP/FAp composites on MRC-5 cells.

9.2. Characterization of cement pastes

9.2.1. Physical properties of cement samples: setting and working time, flow and solubility

Table 9 presents liquids used for cement pastes preparation and the best values of LPR. CA is
often added to the liquids for pastes because it has been reported as a setting accelerator and a
calcium ion chelating agent that improves mechanical properties [66,216]. PEG is used for phase
stability, i.e. to prevent segregation [221]. Another ingredient added to the solution for rheology
modification is HPMC, because it reduces washability, which prolongs the lifetime of cements
[214,224]. All of the ingredients added to the starting solution should ensure better cement paste
handling and good mechanical properties. Also, desired paste properties could be achieved by
controlling the LPR value. Due to the high concentration of CA, the setting of the F1 series was too
fast and was disregarded for further study. F2 series, containing Na,HPO, that increases the setting
rate, was also deemed unsuitable for dental cement, as well as the F3 series, in which PEG was used
for the enhanced phase stability. The viscosity of the F4 series was too low for further use. F5 series
that contained HPMC, CA and PEG, and with LPR of 0.45 ml/g exhibited the best setting time and

was chosen for further analysis with a-TCP/FAp mixed powders.
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Table 17 presents flow, solubility, working and setting time for samples of F5 series: pure a-
TCP and o-TCP/FAp with 5 and 10 wt. % of FAp that were labeled as a-TCP/FAp(0), a-
TCP/FAp(5) and a-TCP/FAp(10), respectively [275]. The flow of all samples was slightly short of
the minimum of 17 mm, required by ISO 6876, probably due to a strong cohesion induced by the
addition of PEG [246,247]. Solubility was in agreement with the requirements of 1SO 6876 (< 3 %
mass fraction) and similar to other tooth filling materials found in the literature [248,276]. Working
time is below the upper limit determined by ISO 6876 (30 min). Setting time is lower compared to
pastes with HPMC and the LPR value of 0.45 mL/g is comparable, presumably as a result of a high
concentration of CA [216,222]. Both a-TCP/FAp based pastes have potential as new filling
materials, but a-TCP/FAp(5) could be more appropriate due to the shorter setting time

Table 17. Physical properties of a-TCP and a-TCP/FAp composite cement [275].

Samples Flow, mm Solubility, %  Working time,s  Final setting time, min
a-TCP/FAp(0) 16.3 1.9 270 24
a-TCP/FAp(5) 15.6 1.8 270 22
a-TCP/FAp(10) 16.0 2.2 270 27

9.2.2. FESEM analysis of composite cements bioactivity

The most commonly used in vitro method for the evaluation of bioactivity of obtained
materials is the FESEM observation of the formation of a new HAp layer onto the surface of the
tested material in SBF solution. HAp is a dominant dentine and bone constituent, and its formation
on the surface of the material that was laid in SBF solution indicates high biocompatibility of the
material [228]. Also, the formation of HAp by the transformation of a-TCP on the surface of a-
TCP/FAp composite cements in SBF ensures interaction between the host hard tissue and ceramic
biomaterial. Therefore, soaking of the samples in SBF and the monitoring of crystal formation gives
valuable information about dental material's behavior in the human body. FESEM images (Figure
40, a—c) present morphological changes of the sample surfaces after 10 days in SBF in comparison
with the surface of the sample that did not reside in the SBF (Figure 40d). HAp layer formation was
observed in all samples (a—c) and the new phase becomes dominant over the entire surface [19,228]
that could confirm the expected bioactivity of composite cement [85].
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Figure 40. FESEM images of the surface of samples after 10 days in SBF: a-TCP/FAp(0) (a),
a-TCP/FAp(5) (b), and a-TCP/FAp(10) (c) and a-TCP/FAp(0) without staying in SBF (d).

9.2.3. XRPD analysis of composite cements bioactivity

The XRPD analyses confirm observation by FESEM and further show that in all samples a-
TCP was completely transformed to HAp during soaking in SBF (Figure 41, 1-3). Also, the
positions of 26 angles in the pattern of the samples a-TCP/FAp(5) (labeled as 2) and a-
TCP/FAp(10) (labeled as 3) are slightly shifted to the higher values in comparison to pure a-TCP
indicating the presence of FAp with a smaller unit cell. In addition, XRPD patterns of the cement
samples that have not been immersed in SBF (a—c) show the partial transformation of a-TCP into
HAp after 2 days.
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Figure 41. XRPD patterns of samples: a-TCP/FAp(0) (a), a-TCP/FAp(5) (b) and a-TCP/FAp(10)
(c), and the same samples (1, 2 and 3, respectively) after 10 days in SBF. * HAp-PDF#74-0556, **
a-TCP-PDF#29-0359 and *** FAp-PDF#83-0556.

9.2.4. FESEM analysis of composite cements biocompatibility

Visual investigation of biocompatibility and cytotoxicity of the samples a-TCP/FAp(0), a-
TCP/FAp(5), and a-TCP/FAp(10), after 10 days in SBF, and their influence on L929 and MRC-5
fibroblast cells are presented in Figures 40 and 41. The cell growth on each sample was prominent,
indicating no cytotoxicity of a-TCP/FAp cement samples on L929 fibroblast cell culture (Figure 42)

[23].
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Figure 42. FESEM images of L929 (a) on: a-TCP/FAp(0) (b), a-TCP/FAp(5) (c), and

a-TCP/FAp(10) (d).
MRC-5 retained the shape on a-TCP/FAp(0), but it can be also observed on each composite

(Figure 43). In all samples, cytoplasmic extensions were observed, indicating that composite

cements are not toxic for fibroblast MRC-5 cells [22].
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Figure 43. FESEM images of MRC-5 (a) on: a-TCP/FAp(0) (b), a-TCP/FAp(5) (c), and
a-TCP/FAp(10) (d).

9.2.5. Invitro MTT and DET assay of composite cements biocompatibility

Along with FESEM, in vitro MTT and DET methods were employed for the investigation of
the influence of FAp on the biocompatibility of samples. Human fibroblast MRC-5 cells and animal
fibroblast L929 cells were used as test cultures for viability measurement in the presence of samples
a-TCP/FApP(0), a-TCP/FAp(5), and a-TCP/FAp(10), after 10 days in SBF. What the cells looked
like after 48 h in the medium and before MTT and DET counting, could be seen in Figures 44 and
45.
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Figure 44. Appearance of MRC-5 cells before MTT and DET tests.
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Figure 45. Appearance of L929 cells before MTT and DET tests.

Cell viability obtained with MTT after 48 h is presented in Figure 46. Compared with control
samples (100 %K), a-TCP/FAp(5) and a-TCP/FAp(10) showed an increase in cell viability on
MRC-5 and an insignificant drop of cell viability on L929, proving non-cytotoxicity of the prepared
composites with FAp. Synthetic HAp was already confirmed as non-cytotoxic [25,277,278],
although L929 cell viability in the presence of our composites a-TCP/FAp(5) is higher. Sample a-
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TCP/FApP(0) induced lower viability of MRC-5 compared to composites a-TCP/FAp(5) and a-
TCP/FAp(10), which was in accordance with the literature data [35]. As it can be seen from Figure

46, the cell viability is higher for sample a-TCP/FAp(5) that has been chosen for the dental root
canal filling.
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Figure 46. The results of in vitro MTT assay on samples: a-TCP/FAp(0) (a),
o-TCP/FAp(5) (b), and a-TCP/FApP(10) (c).

The in vitro DET results presented in Figure 47 are in agreement with the MTT assay — both
composites cause a negligible decrease in cell viability of MRC-5 in comparison to a-TCP/FAp(0).
The same trend was observed in the case of L929 cells, for which sample a-TCP/FAp(10) showed

the lowest biocompatibility, probably due to a formation of segregates.
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Figure 47. The results of in vitro DET assay on samples: a-TCP/FAp(0) (a),
a-TCP/FAp(5) (b), and a-TCP/FApP(10) (c).

9.2.6. Analysis of dental cement adhesion to the tooth

Based on investigated biocompatibility, bioactivity and mechanical properties of two o-
TCP/FAp composites in [275] study and our previous research [19], sample a-TCP/FAp(5) was
chosen as the most appropriate of the tested formulations for the tooth canal filling. Figure 48
presents representative cross-sections of teeth whose canals were filled with either a-TCP/FAp(5)
cement (a-c) or with a combination of a-TCP/FAp(5) cement and gutta-percha (d-f). FESEM
analysis showed that after 48 h in SBF, areas of microgap formation appear in both cases between
o-TCP/FAp(5) and dentin, as similarly shown in previous work [279]. However, the formation of
the HAp layer can be observed at the interface, indicating the potential for improved material-dentin
adhesion over time. It is still very early to draw a conclusion on the bonding potential of the tested
experimental cement. Further bond strength studies are required over short- and long-term periods
on a larger sample size. Yet, the viscosity, working and setting time tested in this study appear
suitable for the application of this experimental formulation as a root canal sealer. Potential for a-
TCP/FAp cement remains to be experimentally confirmed, but strong bioactive behavior seen in the

presented study points in this direction.
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Figure 48. FESEM images of tooth canal filling with a-TCP/FAp(5) without (a—c) and with gutta-
percha (d—f).
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10. CONCLUSION

With the aim of investigating the influence of different concentrations of fluorapatite (FAp)
on compressive strength and biocompatibility of a-TCP/FAp composite cement before and after the
soaking of composite cement specimens in the simulated body fluid (SBF), new nanosized FAp, as
well as HAp powders were prepared by the hydrothermal method. Calcination of the obtained HAp
with the Ca/P molar ratio 1.50 was used for the synthesis of a-TCP. Composite cements were
investigated as a potential material for tooth filling and the following conclusions were reached:

e Different reaction mixtures and conditions resulted in the hydrothermal synthesis of nano-
particle FAp powder that consisted of uniform rod-like nanoparticles with an average size of about
90 nm, which was used for the processing of the composites.

e Bioactivity of a-TCP/FAp composite cement was proved by the formation of HAp layer af-
ter the soaking of composites in SBF for 3, 5, 10 and 30 days.

e Mechanical testing of a-TCP/FAp showed an increase in compressive strength more than
100 times after 10 days in SBF, due to the transformation of a-TCP into HAp. The highest com-
pressive strength value was observed for the sample with 5% of FAp.

e Composite cement a-TCP/FAp, as a dental material, could serve as a source of F ions that
have an antimicrobial role as well as the role of reinforcement surrounding natural tooth material.
The release of F ions from the composite was found to be satisfactory after 3 days.

e In vitro a-TCP/FAp powder MTT and DET biocompatibility tests with MRC-5 human fi-
broblast cells in liquid medium showed that these powders are not cytotoxic. After 96 h, cell viabil-
ity in contact with composite powders was higher than cell viability in contact with reference sam-
ples.

¢ Novel liquid part of the cement paste was made with 0.5 % hydroxypropyl methylcellulose,

15 % citric acid, 10 % polyethylene glycol and the optimal LPR of 0.45 mL g™

e The best paste with appropriate physical properties (setting and working time, flow, solubili-
ty) and LPR was made with a-TCP/FAp(5) that contained 5 wt.% of FAp.

e Cement sample surfaces after 10 days in SBF compared to the surface of the sample that did
not reside in the SBF showed bioactivity through the formation of HAp layer.

e Visual investigation of composite cements after 10 days in SBF, and their influence on L929
and MRC-5 fibroblast cells showed cell growth on each sample and cytoplasmic extensions, indi-
cating that composite cements are not toxic for fibroblast L929 and MRC-5 cells.

e Cell viability obtained with MTT and DET tests on composite cements after 48 h showed
approximately the same or increased cell viability in MRC-5 and L929 fibroblast cells, compared to

the control sample.
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e It was shown that a-TCP/FAp(5) cement is simple for manipulation and suitable for the fill-
ing of the root canals of teeth, which makes this material a promising candidate for further devel-

opment towards dental application.
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