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This study focuses on synthesizing and characterizing β-Dicalcium silicate (β-C2S) 

and  Dicalcıum phosphate (DCP)-based composite cements for dental and orthopedic 

applications. The primary objective is to develop a composite material that balances 

antibacterial efficacy, cytocompatibility, and mechanical strength. β-C2S and DCP 

were synthesized using sol-gel and microwave-assisted wet precipitation methods, 

respectively. The resulting cements were characterized using X-ray Diffraction 

(XRD), Fourier-transform infrared spectroscopy (FTIR),  Scanning Electron 

Microscopy (SEM), and Thermogravimetric analysis (TGA). 

XRD analysis confirmed the successful synthesis of pure β-C2S and DCP phases with 

no detectable contaminants. SEM images revealed that pure DCP particles exhibited a 

plate-like structure, while the addition of β-C2S resulted in a more cross-
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linked and fibrous microstructure. FTIR spectra identified characteristic peaks 

corresponding to the chemical bonds in the composite cements. TGA indicated that 

the composite cements exhibited improved thermal stability compared to pure DCP. 

Mechanical testing showed that the compressive strength of the composite cements 

increased with the β-C2S content, reaching up to 8.19 MPa for the 40% β-C2S /DCP 

composite, which is comparable to human cancellous bone. Antibacterial activity tests 

against Staphylococcus aureus (S. aureus) demonstrated that pure DCP cement loaded 

with Gentamicin had the highest antibacterial efficacy, while the addition of β-C2S 

reduced bacterial growth to varying degrees. Cytocompatibility studies using Saos-2 

cell lines indicated that the 20% β-C2S /DCP composite supported the highest cell 

viability, with optimal pH levels contributing to enhanced cell growth. 

Overall, the β-C2S /DCP composite cements exhibit promising properties for potential 

use in dental applications, offering a balanced combination of mechanical strength, 

antibacterial activity, and biocompatibility. Further optimization and in vivo studies 

are recommended to fully realize the clinical potential of these composite materials. 

 

Key Words : Dicalcium phosphate cement; β-dicalcium silicate; Mechanical 

strength; Antibacterial activity; Biocompatibility. 

Science Code : 92503 
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ÖZET 

 

Yüksek Lisans Tezi 

 

DİŞÇİLİK UYGULAMALARINA YÖNELİK β-DİKALSİYUM 

SİLİKAT/DİKALSİYUM FOSFAT BAZLI ÇİMENTOLARIN 

KARAKTERİZASYONU VE BİYOLOJİK ANALİZİ 

 

Almataz Bellah MARANDI 

 

Karabük Üniversitesi 

Lisansüstü Eğitim Enstitüsü 

Biyomedikal Mühendisliği Anabilim Dalı 

 

Tez Danışmanları: 

Doç. Dr. Daver ALI 

Dr. Öğr. Üyesi Ammar ZIDANOĞLU 

Haziran 2024, 66 sayfa 

  

Bu çalışmada dikalsiyum fosfat (DCP) çimentosu ve onun β-dikalsiyum silikat (β-C2S) 

ile kompozitlerinin sentezi ve karakterizasyonu araştırılmıştır. Saf DCP çimentosu ve 

%20, %30 ve %40 β-C2S içeren kompozitler çeşitli teknikler kullanılarak hazırlanıp 

analiz edildi. X-ışını kırınımı testi sonucunda, çimentolarda bruşit ve monetit 

fazlarının oluşumu doğruladı. Termogravimetrik analizle, saf DCP, %20 β-C2S/DCP, 

%30 β-C2S/DCP ve %40 β-C2S/DCP için sırasıyla %21,205, %17,368, %11,576 ve 

%15,890 ağırlık kaybının olduğu görülmüştür. Basınç dayanımı testi %40 β-C2S/DCP 

için 8,19 MPa olarak hesaplanmıştır ki bu dayanıklık insan süngerimsi kemiğin basınç 

dayanımına yakındır. Staphylococcus aureus'a karşı antibakteriyel aktivite, 100 mg/ml 

konsantrasyonda saf DCP için en yüksek düzeydeydi ancak β-C2S ilavesiyle azaldı. 

Saos-2 hücreleriyle yapılan hücre kültürü 
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çalışmaları, 4 ve 7 gün sonra özellikle %20 ve %40 konsantrasyonlarda β-C2S 

eklenmesiyle canlılık oranın arttığını gösterdi. Kültür ortamının pH'ı β-C2S/DCP 

kompozitleri için 7-8'de sabit kalırken, saf DCP bunu 6 olarak ölçüldü. Bu sonuçlar, 

özellikle %40 β-C2S içeriğinde β-C2S/DCP kompozitlerinin gelişmiş özellikler 

sunduğunu göstermektedir. Bu çalışmada saf DCP çimentoya kıyasla %40 β-C2S 

içeriğinde β-C2S/DCP’ın  mekanik ve biyouyumluluk açısından daha iyi olup ve onları 

diş ve ortopedik uygulamalar için umut verici malzemeler olduğu görülmektedir.  

 

Anahtar Sözcükler : Dikalsiyum fosfat çimentosu; β-dikalsiyum silikat; Diş hamuru 

çimentosu; Karakterizasyonlar  

Bilim Kodu : 920503 
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CHAPTER 1 

 

INTRODUCTION  

 

1.1. TEETH STRUCTURE 

 

Tissue engineering in dentistry has been rapidly evolving due to advancements in 

biomedical technology. Regenerative medicine is critical in dentistry, particularly in 

tooth and pulp regeneration [1]. Tooth or dental tissue loss can result from a variety of 

causes, including trauma, dental caries, periodontal disease, severe injury, medical 

conditions, and inherited disorders. This widespread and chronic health issue can 

significantly impact an individual's quality of life [2]. Dentists employ a range of 

dental restorative materials in various treatments to repair teeth and alleviate pain. A 

substantial portion of dental research is dedicated to developing and improving dental 

materials, particularly bioactive restorative dental applications. These bioactive 

materials replace damaged or lost tissue and interact with the surrounding environment 

to promote healing and regeneration [3–6]. Before delving into the technical aspects 

of dental biomaterials, it is essential to understand tooth anatomy (Figure 1.1) [7]. The 

basic structure of a tooth consists of four main components: enamel, dentin, cementum, 

and pulp. The enamel is the hardest tissue in the human body and forms the outer layer 

of the tooth crown. Beneath the enamel lies dentin, which makes up the bulk of the 

tooth and extends from the crown to the root. The cementum covers the root surface, 

while the pulp in the center of the tooth contains nerves, blood vessels, and connective 

tissue. 

 

Understanding dental anatomy is crucial for developing effective bioactive materials 

that mimic natural tooth structure and function. As research in this field progresses, it 

holds great promise for improving dental treatments and outcomes for patients with 

tooth loss or damage. 
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Figure 1.1. Structure of the tooth [7]. 

 

The human dentition consists of 32 permanent teeth and 20 primary (deciduous) teeth 

that are eventually replaced [7,8]. Enamel, dentin, cementum, and dental pulp, all 

specialized mineralized tissues except for the pulp, compose each tooth [7,9–11]. The 

tooth's crown, covered by enamel, protects the internal pulp chamber and roots [7,10]. 

During tooth development, the neural crest contributes to dentin, pulp, and gingiva 

formation while the oral epithelial tissue forms the enamel [7,9]. Dentin, the primary 

component of teeth, is a mineralized tissue composed of collagen and minerals. Its 

chemical composition is similar to bone but with a higher degree of mineralization, 

making it harder. Dentin plays a crucial role in the metabolic processes of enamel and 

cementum [12,13]. It comprises approximately 70% inorganic compounds, primarily 

hydroxyapatite and calcium carbonate, amorphous phosphate, magnesium ions, and 

trace metals. The organic components are about 20% dentin, with 90% type I collagen. 

The remaining 10% is water [12,14]. Cementum, a mineralized substance surrounding 

the tooth root, has a composition similar to that of bone. It comprises 50–55% organic 

constituents (including collagen, non-collagenous proteins, proteoglycans, 

glycoproteins, and phosphoproteins) and 45–50% inorganic substances (primarily 

hydroxyapatite) and water. Cementum formation continues throughout life, beginning 

with the emergence of permanent teeth. Due to its avascular nature, it rarely undergoes 
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remodeling or resorption [12–14]. The dental pulp, a soft connective tissue rich in 

blood vessels and nerves, resides within the tooth. It comprises various cell types 

interconnected by a network of collagen fibers. The pulp's primary functions include 

dentin production, nourishment of adjacent mineralized tissue, self-protection and 

repair when injured, and contribution to tooth sensitivity. Encased within rigid dental 

tissues, the pulp is divided into several distinct zones [15]. 

 

1.2. CEMENTS AS DENTAL REPAIR MATERIALS 

 

Active biomaterials are increasingly preferred over passive and inert ones for tissue 

regeneration. These materials, often referred to as bioactive materials, have the 

capacity to interact with biological systems and promote tissue healing. They have 

various applications in dentistry, including bonding, dental cementation, pulp capping, 

and restorative materials [4,5]. Implant fixation and other dental procedures commonly 

use dental cements. Typically, a chemical reaction between powder and liquid 

components forms them, resulting in an intermediate phase of paste. Once placed in 

the body, these cements self-set and solidify [16–18]. 

Materials can be classified as polymeric, ceramic, composite, or metallic based on their 

fundamental chemistry [5,19]. This study focuses on ceramic materials, specifically 

bioceramics. A bioceramic is a nonmetallic, inorganic, and biocompatible material 

designed to replace or repair tough tissues, possessing mechanical properties similar 

to those of natural tough tissues. Bioceramics interact favourably with organic tissues, 

are non-corrosive, and are chemically stable [8]. Ceramic materials can be further 

categorized into oxide and non-oxide types. 

 

Bioceramic materials have gained popularity over the past two decades due to their 

potential to enhance physiological function and form strong bonds with hard tissues 

[8]. However, it's important to note that no perfect cement currently exists in the 

medical field, as all ceramic biocements have certain limitations [20]. An ideal dental 

cement should possess several key characteristics, including thin coating thickness, 

minimal solubility, no micro-leakage, low viscosity, strength and hardness comparable 

to dentin, and adequate working time. Additionally, the material must be 
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biocompatible and possess antimicrobial properties to prevent potential infections or 

harm to the user [21,22]. 

 

1.2.1. Dicalcium Phosphate Cements 

 

Dicalcium Phosphate (DCP) cement possesses qualities that make it well-suited for 

various therapeutic applications, particularly in bone replacement. Its favourable 

features include osteoconductivity, bioactivity, formability, and injectability. DCP is 

particularly well-suited for a wide range of surgical procedures, including dental and 

maxillofacial applications and areas of the body affected by osteonecrosis. This 

versatility is due to its exceptional formability and low setting temperature, making it 

an ideal choice for such applications [9,23–25]. The ability of DCP to form when 

combined with various compounds is an essential attribute to consider [8,24,26]. 

 

Additionally, DCP can be an effective carrier for drugs and biomolecules [24]. 

However, it has some limitations, notably subpar mechanical characteristics and a slow 

degradation rate. To address these issues, researchers have employed various 

materials, such as chitin, cellulose, chitosan, alginate, collagen, and synthetic 

polymers, to enhance the degradation rate and mechanical properties of DCP [9].  

Recent studies have shown that combining dicalcium phosphate with calcium silicate 

can improve the properties above [27,28]. This combination has demonstrated 

potential for supporting and enhancing the desirable characteristics of DCP, making it 

an even more promising material for bone replacement and regeneration applications. 

By addressing the limitations of DCP while maintaining its beneficial properties, 

researchers aim to develop more effective and versatile bone cement formulations. 

These improvements could lead to better outcomes in various surgical procedures and 

expand the potential applications of DCP in regenerative medicine and tissue 

engineering [27,28]. 
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1.2.2. Dicalcium Silicate Cements 

 

Many calcium silicate-based cements have been reported for use in bone substitute 

applications and dental procedures, with some demonstrating remarkable performance 

in both in vitro and in vivo osteogenesis and odontogenesis [26]. Dicalcium Silicate 

(C2S), also known as larnite or belite, is an essential mineral with distinct features such 

as non-toxic bioactivity, exceptional thermal and chemical stability, high energy 

storage capacity, and flame resistance [29,30]. Recent research indicates that the beta 

polymorph of β- Dicalcium Silicate (β-C2S) has significant potential in dentistry. β-

C2S cement possesses excellent biological properties, making it suitable as both a root-

end filling material and a pulp-capping agent. Its bioactivity and biocompatibility have 

been well-documented in vitro [31–33]. 

 

Additionally, β-C2S cement has a high capacity to form apatite and demonstrates 

durability in acidic conditions, which is advantageous for root-end filling applications. 

Furthermore, β-C2S cement may serve as an effective model system for drug delivery 

[34,35]. Heating dicalcium silicate releases silicon ions, crucial for bone formation and 

repair [36]. The study results provide compelling evidence for the widespread use of 

β-C2S cement, highlighting its potential for a wide array of orthopedic and dental 

applications in the future. 

 

1.3. PROBLEM STATEMENT 

 

The development of DCP/β-C2S composite cement aims to combine the beneficial 

properties of both materials for dental and orthopedic applications. However, 

optimizing the composition and properties of these composite cements presents several 

challenges. Pure DCP cement exhibits mechanical strength and biocompatibility 

limitations, necessitating modifications to enhance its performance. The addition of β-

C2S to DCP cement alters its microstructure, setting behaviour, and biological 

properties, but the optimal ratio and its effects on cement properties are not fully 

understood. There is a need to carefully balance these composite cements' antibacterial 

activity, cytocompatibility, and mechanical strength. The slow hydration rate of β-C2S 

could affect how strong the composites become early on, limiting their ability to hold 
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weight right away. Additionally, optimizing the synthesis methods, particle size 

distribution, and setting reactions of these composite cements to achieve desired 

handling properties and biological responses remains an ongoing challenge in 

bioactive cement development for dental and orthopedic uses [10,11]. 

 

1.4. THESIS OBJECTIVES 

 

The objectives of this study can be summarised as follows: 

• To synthesize and characterize β-tricalcium phosphate (β-TCP), β- C2S, pure  

DCP cement (using β-TCP as a precursor), and DCP composite cements 

containing 20%, 30%, and 40% (β-C2S), the following procedures will be 

employed: 

✓ Synthesis of individual components (β-TCP and β-C2S). 

✓ Preparation of pure DCP cement. 

✓ Formulation of DCP composite cements with varying β-C2S content. 

✓ The obtained cements will then be characterized using the following 

analytical techniques: (XRD) for phase identification and crystallinity 

analysis and Fourier-transform infrared spectroscopy (FTIR) for chemical 

bond identification.  (SEM) for morphological examination. 

Thermogravimetric analysis (TGA) for thermal stability and composition 

assessment. 

• To evaluate the antibacterial activity of the prepared cements loaded with 

gentamicin sulphate against Staphylococcus aureus (S. aureus) at different 

concentrations.  

• To assess the cytocompatibility of the prepared cements by analyzing the 

viability and growth of osteosarcoma (Saos-2) cell lines when exposed to the 

cement samples over different periods. 

• To investigate the effect of β-C2S addition on the mechanical properties, 

particularly the compressive strength, of the DCP-based cements. 

• To determine the optimal composition of β-C2S/DCP composite cement that 

balances antibacterial efficacy, cytocompatibility, and mechanical strength for 

potential dental and orthopedic applications. 
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These objectives aim to comprehensively evaluate the properties and potential of β-

C2S/DCP composite cements for biomedical applications, focusing on their structural 

characteristics, antimicrobial activity, biocompatibility, and mechanical performance. 

 

1.5. SIGNIFICANT OF THE THESIS 

 

This thesis is significant because it has the potential to advance the field of biomedical 

engineering, particularly in developing dental and orthopedic cements. This study 

looks into how to make and characterize  DCP and β-C2S composite cements. It aims 

to find the best balance between their ability to kill bacteria and work with cells and 

their strength. The findings could create more effective and biocompatible materials 

for dental and bone regeneration applications, ultimately improving patient outcomes. 

The study's insights into composite cement's microstructural and chemical properties 

contribute to a broader understanding of material science, potentially influencing 

future innovations in bioactive and antibacterial materials. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1.  CALCIUM PHOSPHATES 

 

Calcium phosphates (CPs) are a family of minerals that closely resemble the inorganic 

components of bones and teeth. Biomedical applications widely use them, especially 

in bone grafting and dental procedures, because of their biocompatibility and 

resemblance to natural bone. People often categorize calcium phosphates based on 

their calcium-to-phosphorus (Ca/P) molar ratio. This ratio is critical because it 

influences properties like solubility, acidity, and biological behaviour. A table 

summarizes common CPs (Table 2.1) [12]. 

 

Table 2.1. Main cps types [14,37–39]. 

 

Name 
Ca/P 

ratio 
Symbol Formula Mineral 

Monocalcium phosphate 

monohydrate 
0.50 MCPM Ca(H2PO4)2·H2O - 

Monocalcium phosphate 0.50 MCP Ca(H2PO4)2 - 

Dicalcium phosphate 1.00 DCP CaHPO4 Monetite 

Dicalcium phosphate 

dihydrate 
1.00 DCPD CaHPO4·H2O Brushite 

Octocalcium phosphate 1.33 OCP Ca3H2(PO4)6·5H2O - 

Sintered hydroxyapatite 1.67 SHA Ca10(PO4)6(OH)2 
Hydroxy 

apatite 

β-Tricalcium phosphate 1.50 β-TCP β-Ca3(PO4)2 - 

α-Tricalcium phosphate 1.50 α-TCP α-Ca3(PO4)2 - 

Oxyapatite 1.67 OXA Ca10(PO4)6O - 
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2.1.1. Monocalcium Phosphate Monohydrate 

 

Monocalcium phosphate monohydrate (MCPM), with the chemical formula 

Ca(H2PO4)2·H2O, is a highly soluble compound that significantly lowers the pH of 

water when dissolved, maintaining phase stability at pH levels below 2 [40]. Due to 

its high acidity and solubility, MCPM is not involved in biological mineralization 

processes and demonstrates poor compatibility with bone tissue [41]. When MCPM is 

subjected to a drying process at 100°C, the water molecules evaporate, forming an 

anhydrous form known as monocalcium phosphate anhydrous (MCPA), which has a 

higher density.  DCP cements, widely used in dentistry, drug delivery, and various 

biological applications, are often derived from MCPM. These cements are 

biocompatible and bioactive, making them suitable for bone repair materials. While 

MCPM is unsuitable for direct biological applications due to its high acidity and 

solubility, its derivatives, particularly DCP cements, play a significant role in various 

biomedical fields. The transformation of MCPM to MCPA and its use in DCP cements 

underscore its importance in developing biocompatible materials for medical use 

[12,42,43]. 

 

2.1.2.  Tricalcium Phosphate 

 

Tricalcium phosphate (TCP), with the chemical formula Ca3(PO4)2, is a versatile 

inorganic biomaterial widely used in biomedical applications such as coatings for 

metallic implants and bone defect repair, owing to its excellent biocompatibility, 

osteoconductivity, and bioactive properties [44,45]. Three types of TCP exist, and each 

is stable at a different temperature range (Table 2.2): β-TCP is rhombohedral and stable 

up to 1120–1125°C; α-TCP is monoclinic and stable between 1120–1125°C and 1430–

1470°C; and α′-TCP is hexagonal and stable above 1430–1470°C. The phase 

transitions occur from β-TCP to α-TCP at 1120–1125 °C  and from α-TCP to α′-TCP 

at 1430–1470 °C. β-TCP is the most commonly used form in biomedical applications 

due to its lower solubility and better biological resorbability compared to 

hydroxyapatite. Calcium phosphate cements often use α-TCP, which is more soluble 

and reactive in aqueous environments. α′-TCP has limited practical applications. 

Recent research has focused on improving TCP properties through ion substitutions 
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and developing composite materials to enhance biological performance and 

mechanical properties for bone regeneration applications. The synthesis and 

processing methods of TCP materials significantly influence their properties and 

performance, allowing for tailored particle size, specific surface area, and crystallinity 

to optimize their efficacy in various clinical settings [46–48]. 

 

Table 2.2. Structural information on the polymorphs of TCP [48,49]. 
 

Property TCP Polymorphs 

β-TCP α-TCP α′-TCP 

Symmetry Rhombohedral Monoclinic Hexagonal 

Space group R3C P21/a P63/mmc 

a (nm) 1.04352 1.2859 0.53507 

b (nm) 1.04352 2.7354 0.53507 

c (nm) 3.74029 1.5222 0.7684 

α (°) 90 90 90 

β (°) 90 126.35 90 

γ (°) 120 90 120 

Z 21 24 1 

V (nm3) 3.5272 4.31 0.19052 

V0 (nm3) 0.1680 0.180 0.19052 

Dth (g cm−3) 3.066 2.866 2.702 

 

2.1.2.1. β - Tricalcium Phosphate 

 

β-Tricalcium phosphate (β-TCP), chemically represented as β-Ca3(PO4)2, is a highly 

sought-after biomaterial for bone regeneration applications due to its excellent 

biocompatibility and osteoconductive properties [49,50]. Its rhombohedral crystal 

structure, belonging to the R3c space group [49,51], is characterized by unit cell 

parameters of a = b = 10.4352 Å and c = 37.4029 Å, with angles α = β = 90° and γ = 

120°, and a density of approximately 3.07 g/cm³. The structure consists of complex 

formations of tetrahedral phosphate centers interconnected with calcium ions via 

oxygen atoms. β-TCP's popularity in biomedical applications stems from its ability to 
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form microporous scaffolds that demonstrate impressive mechanical strength and 

promote cell proliferation. Biphasic calcium phosphates widely utilize TCP as a 

standalone material or component, offering it in various forms, such as solid or porous 

granules and scaffolds. The material's biodegradability and osteoconductivity make it 

particularly valuable in bone tissue engineering [48,49].  

 

Recent research shows that β-TCP can influence blood clot structure by modulating 

fibrin polymerization, which may affect bone healing in experimental models. 

Additionally, releasing Ca²⁺ ions from β-TCP plays a crucial role in its biological 

activity, potentially influencing cellular responses and bone formation processes. The 

versatility of β-TCP allows for its use in various therapeutic applications, including 

dental and orthopedic procedures, where it can effectively support bone regeneration 

and integration with surrounding tissues. 

 

 

 

Figure 2.1. The unit cell structure of β-TCP. 
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Techniques for Producing β-TCP Particles 

 

β-TCP is a crucial biomaterial in bone tissue engineering and regenerative medicine. 

Various techniques have been developed to synthesize β-TCP particles, each imparting 

distinct characteristics to the final product. The most common methods include wet 

chemical synthesis, the sol-gel approach, the hydrothermal method, microwave-

assisted synthesis, and the solid-state reaction method [51–55]. 

 

I. Wet precipitation method 

 

The wet precipitation method is widely used for synthesizing β-TCP due to its ability 

to control the composition and physical properties of the resulting powders. This 

process involves combining calcium (Ca2+) and phosphate (PO4
3-) precursors in a 

neutral or basic solution to produce low-crystallinity β-TCP [56]. The method offers 

several advantages: process simplicity, low-temperature synthesis, cost-effective raw 

materials, particle size and shape control, high purity, scalability, reproducibility, and 

flexibility in adjusting synthesis conditions. However, it faces challenges such as time-

consuming production processes and potential phase purity issues due to the formation 

of calcium pyrophosphate (Ca2P2O7) [57]. Recent developments have addressed these 

limitations through modifications like microwave-assisted synthesis, precise pH 

control, careful precursor selection, and post-synthesis treatments. Adding calcium 

pyrophosphate to porous β-TCP scaffolds can make them more brittle, which could be 

a good thing in some situations because it might break down more easily than β-TCP. 

Despite its challenges, the wet precipitation method remains a valuable tool in the 

development of advanced calcium phosphate-based biomaterials for bone tissue 

engineering and regenerative medicine applications, with ongoing research focusing 

on optimizing the process for specific uses and enhancing the properties of the 

resulting β-TCP materials [57,58]. 
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II. Sol-gel method 

 

The sol-gel method has garnered significant interest in synthesizing β-TCP due to its 

inherent advantages, such as uniform molecular blending, low-temperature operation, 

and the ability to produce nanocrystalline powders, bulk amorphous monolithic solids, 

and thin films [59]This process forms colloidal suspensions (sols) into gels, creating 

inorganic structures. When dried, the substance becomes a xerogel. The sol-gel 

method's simplicity, cost-effectiveness, and ability to control particle size and shape 

make it particularly attractive [60]. There are some problems with this method, though. 

For example, it needs expensive alkoxide-derived precursors and a lot of steps to fully 

dissolve the precursors and get phase-pure β-TCP after heat treatment. Therefore, there 

is a need to develop methodologies that are straightforward and can be easily executed 

without strict safeguards and meticulous manipulations [55,59,61]. There are several 

important steps in the sol-gel process. These are choosing the precursors, making sols 

through hydrolysis and polycondensation, gelation, aging, drying, and calcination at 

high temperatures. Recent advancements have focused on optimizing synthesis 

parameters, using alternative precursors, and incorporating additives to enhance the 

properties of the resulting β-TCP. For instance, researchers have explored microwave-

assisted sol-gel synthesis to minimize processing times and energy consumption. 

Despite its challenges, the sol-gel method remains valuablen developing advanced 

calcium phosphate-based biomaterials for various biomedical applications, including 

bone tissue engineering and regenerative medicine [62]. 

 

III. Hydrothermal method 

 

The hydrothermal method is a reliable and straightforward technique for synthesizing 

β-TCP, offering significant advantages such as reduced energy consumption and 

shorter reaction durations. This method allows for the precise control of nanostructure 

size and morphology by adjusting reaction conditions like pH, temperature, and 

pressure, distinguishing it from other synthesis approaches. Hydrothermal synthesis 

can produce large, high-quality crystals with excellent chemical uniformity, making it 

a preferred method for creating advanced materials [63]. Hydrothermal synthesis 

involves converting solutions or sols into crystalline phases under high-temperature 



  

14 

and high-pressure conditions, typically below 350 °C and 150 atm. This process 

enables the regulation of nucleation, growth, and maturation stages, allowing for the 

manipulation of particle size and shape [64–66]. By adjusting the pressure settings, 

which can be either high or low depending on the vapor pressure of the primary 

reactants, the morphology of the materials can be finely tuned [65,66]. This method is 

increasingly recognized as crucial for processing advanced materials, particularly 

nanostructural materials, in various technological applications. For instance, the 

hydrothermal method has successfully synthesized-TCP with high purity and 

controlled crystallinity, essential for biomedical applications such as bone grafts and 

tissue engineering scaffolds [67]. 

 

Recent advancements in hydrothermal synthesis have focused on optimizing 

experimental parameters to enhance the quality and properties of β-TCP. For example, 

studies have shown that increasing the reaction temperature and time can improve the 

crystallinity and phase purity of the resulting β-TCP. Researchers have also explored 

the integration of microwave energy in hydrothermal synthesis to reduce processing 

times further and enhance energy efficiency. The hydrothermal method's eco-friendly 

nature and ability to produce monodispersed nanoparticles with high dispersibility 

have made it popular in nanotechnology. Researchers have used it to synthesize a 

variety of advanced nanomaterials, such as metal oxides, semiconductors, and 

carbonaceous materials derived from biomass. In the context of TCP, hydrothermal 

synthesis produces materials with excellent osteoconductivity and biocompatibility, 

making them suitable for bone regeneration and repair. 

 

The hydrothermal method is a flexible and effective way to make β-TCP. It has many 

benefits, such as using less energy, letting you control particle size and shape, and 

making high-quality materials that are chemically uniform. Ongoing research 

continues to refine this method, exploring new approaches and modifications to 

enhance the properties and performance of β-TCP for various biomedical and 

technological applications. 

 

 

IV. Microwave-assisted wet precipitation method 
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The microwave-assisted wet precipitation method for synthesizing β-TCP offers a 

unique and efficient approach compared to conventional heating procedures. This 

technique utilizes electromagnetic waves, typically at a frequency of 2.45 GHz, to 

rapidly transmit energy directly to the reaction mixture, resulting in internal heating 

and a more uniform temperature distribution. The method's key principles include 

direct energy transfer to water molecules in the hydration sphere, uniform heating as 

the sample acts as its heat source, and rapid crystallization due to efficient energy 

transfer. These characteristics lead to several advantages, such as reduced reaction 

time, enhanced product purity, improved control over reaction conditions, and 

increased energy efficiency [17,68,69]. Recent advancements have demonstrated the 

versatility of this method, including green synthesis using waste materials, the 

production of high-purity β-TCP nanoparticles with controlled size and morphology, 

and the development of microwave-assisted solution combustion synthesis [68–70]. 

However, the technique also faces some limitations, including challenges in scalability, 

material-specific effectiveness, and safety concerns associated with microwave use. 

Despite these challenges, the microwave-assisted wet precipitation method continues 

to be a promising approach for β-TCP synthesis, offering significant benefits regarding 

reaction speed, product quality, and energy efficiency. Ongoing research aims to 

address its limitations and expand its applications in biomaterials production, making 

it an increasingly valuable tool in advanced materials synthesis [69]. 

 

V. Solid-state reaction method 

 

The solid-state reaction method is a common way to make β-tricalcium phosphate (β-

TCP) particles. It involves heating mixtures of calcium and phosphate precursors until 

they are physically uniform. This method is known for its simplicity, scalability, and 

ability to produce a diverse range of β-TCP particles with varying properties[46,71]. 

Common starting materials like calcium carbonate (CaCO3) and DCP, mixed and 

ground to ensure uniform distribution, typically initiate the process. The mixture is 

then calcinated at around 1000 °C for several hours, initiating the chemical reaction 

and promoting the formation of β-TCP. Post-calcination, the material is ground into a 

fine powder and sieved to achieve the desired particle size distribution, with an 
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optional sintering step to increase density and particle size [60,71]. While the method 

offers simplicity, cost-effectiveness, and suitability for large-scale production, it also 

presents challenges such as high energy consumption, difficulty in achieving single-

phase β-TCP, and irregular particle morphology. Recent developments have focused 

on multi-stage synthesis to produce high-purity β-TCP, thermodynamic modelling to 

optimize synthesis conditions, and pressure application to improve the quality of the 

end product. Even with these problems, the solid-state reaction method is still a good 

way to make β-TCP, especially when purity is not very important or when treatments 

after synthesis can improve the material's properties. 

 

2.1.3. Dicalcium Phosphate 

 

DCP cements are a class of calcium phosphate materials with a calcium-to-phosphorus 

(Ca/P) ratio of 1.0 [11,72,73], primarily existing as monetite (DCPA, CaHPO4) and 

brushite (DCPD, CaHPO4·2H2O). These biocompatible and osteoconductive materials 

have gained significant attention in biomedical applications, particularly in dentistry 

and orthopedics [14,23,74,75]. A notable property of DCP cements is that DCPD 

transforms into DCPA when exposed to temperatures above approximately 80°C, 

influencing both material processing and in vivo behaviour. DCP cements find diverse 

applications in bone tissue engineering, dentistry, orthopedics, drug delivery, implant 

coatings, cancer therapy, and biosensors. Their advantages include excellent 

biocompatibility, osteoconductivity, bioresorbability, and injectability. However, they 

face limitations such as extended setting times and poor compressive strength 

compared to other bone cement types. Recent developments focus on addressing these 

challenges through composite formulations, ion substitution, and exploration of 3D 

printing techniques. Despite their limitations, DCP cements' versatility and 

biocompatibility make them promising materials for various biomedical applications, 

with ongoing research aimed at expanding their potential uses in tissue engineering 

and regenerative medicine [23,74,76]. 

 

2.1.3.1. Dicalcium Phosphate Dihydrate (Brushite) 

 



  

17 

DCPD (brushite), commonly known as brushite, is a calcium phosphate biomaterial 

extensively used in various biomedical applications due to its favourable properties 

[77]. Brushite can be synthesized into hydraulic cements and is employed in the 

management of dental and periodontal ailments, augmentation of maxillofacial bones, 

drug delivery systems, bone reconstruction surgeries, and the treatment of cranial 

deformities [23,43,78–81]. Brushite crystallizes in the monoclinic crystal system with 

a space group of Ia, characterized by unit cell parameters: a = 5.8119 Å, b = 15.1867 

Å, c = 6.2416 Å, β = 116.405°, and a density of 2.33 g/cm³. One of the notable 

transformations of brushite is its conversion to monetite (DCPA, CaHPO4) when 

heated above 80°C, a process that involves the release of water molecules [82–84]. 

Despite its widespread use, brushite's in vivo performance presents challenges. 

Brushite can be reabsorbed initially, but it interacts with the body's environment, 

creating insoluble hydroxyapatite. This makes the resorption rate much slower. This 

limitation restricts its long-term clinical applications [23,77,81]. Extensive research 

has been conducted to understand the thermal degradation of DCPD, revealing 

complex intermediary phases during dehydration that can lead to the formation of 

crystalline calcium pyrophosphate (Ca2P2O7, CPP) [23,73,85]. However, the exact 

dehydration mechanism remains unclear [73]. Brushite's high solubility under 

physiological conditions makes it a suitable candidate for rapid resorption and bone 

regeneration. Formulations often utilize brushite for its quick degradation, particularly 

in drug delivery systems where it serves as a carrier for therapeutic agents. 

Additionally, brushite-based materials exhibit excellent bioactivity and 

biocompatibility, promoting new bone formation without significant inflammatory 

responses. Recent advancements have focused on enhancing brushite's properties 

through ionic substitutions, which can modify its structural and morphological features 

and optimize synthesis conditions to control crystal growth and improve mechanical 

properties. While brushite has significant advantages in terms of bioactivity and 

resorption, its tendency to convert to hydroxyapatite in vivo and relatively low 

mechanical strength pose challenges for long-term applications. Ongoing research 

aims to address these issues by exploring new synthesis methods, material 

modifications, and composite formulations to enhance brushite's performance in 

clinical settings [23,77,81]. 
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Figure 2.2. Structure of DCPD. 

 

2.1.3.2. Dicalcium Phosphate Anhydrous (Monetite) 

 

Monetite, the common name for DCPA with the chemical formula CaHPO4, is a crucial 

calcium phosphate compound extensively used in biomedical fields due to its 

biocompatibility and osteoconductivity [23] It exhibits excellent stability under 

slightly acidic conditions but dissolves readily in alkaline aqueous solutions [86,87],  

making it suitable for drug delivery systems, dental procedures, orthopedic treatments, 

and cranial bone augmentation [43,88–90]. Monetite shares similar chemical 

composition and solubility characteristics with brushite [23,91] its anhydrous nature 

provides distinct advantages, such as resistance to reprecipitation into apatite in vivo, 

allowing for enhanced degradation potential in bone regeneration applications 

[25,92,93]. Crystallizing in the triclinic crystal system with a P1 space group, monetite 

has unit cell parameters of a=6.910 Å, b=6.627 Å, c=6.998 Å, α=96.34º, β=103.82º, 

and γ=88.33º, and a density of 2.93 g/cm³ [83,84,87]. Its solubility decreases with 

increasing temperature, and its slower crystal growth rate compared to brushite can be 

advantageous in controlling the setting time and properties of calcium phosphate 

cements [84]. Monetite has demonstrated significant efficacy in promoting new bone 

formation, making it a valuable material for bone regeneration [92]. Additionally, its 

controlled solubility makes it an excellent carrier for therapeutic agents in drug 
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delivery systems. In dental applications, monetite is used in cements and toothpaste 

formulations, and in orthopedics, it serves as a coating material for metallic implants 

to enhance osseointegration. Recent research has focused on enhancing monetite's 

properties through composite materials, 3D printing for custom bone scaffolds, and 

ion substitution to improve its osteogenic potential. Overall, monetite offers unique 

advantages in biomedical applications, with ongoing research to optimize its properties 

and expand its use in regenerative medicine and tissue engineering. 

 

 

 

Figure 2.3. Structure of DCPA. 

 

 

2.2. DICALCIUM SILICATE  

 

C2S is an important Portland cement component and significantly functions in the 

calcium-silicate system. Moreover, it demonstrates encouraging prospects in bone 
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defect regeneration [94]. This is a unique bioactive inorganic compound composed of 

silicon, calcium, and oxygen, with the addition of CaO-SiO2 components. The 

liberation of silicon ions from the C2S layer plays a crucial role in the mechanism of 

skeletal growth and regeneration [95]. C2S is present in five different polymorphic 

forms, specifically α, α′H, α′L, β, and γ. Out of these several forms, the γ phase is the 

most stable at ambient temperature, according to thermodynamics. 

On the other hand, the β phase is the most reactive among the other forms [96]. 

Multiple investigations have demonstrated that using Ca2SiO4 particle ceramics and 

coatings has bioactive properties. This leads to the quick production of a bone-like 

apatite layer on their surface when immersed in simulated bodily fluid (SBF) [97]. The 

chemical compound C2S has hydraulic properties and can react with water or an 

aqueous solution to make calcium silicate hydrate (C-S-H). This process plays a role 

in the innate ability of a material to establish itself and then naturally improve its 

strength. The C2S paste can potentially be administered directly at the location of the 

defect by injection, eliminating the requirement for massive surgical incisions [98]. 

Moreover, a prior investigation has shown that Ca2SiO4 ceramics possess 

biocompatibility and can promote the attachment and dissemination of mesenchymal 

stem cells [99]. Despite the favourable characteristics of C2S-based biocements, they 

are unsuitable for clinical applications due to their excessively prolonged self-setting 

time and poor compressive strength in the early stages [100]. To enhance performance, 

the setting time of C2S was reduced by incorporating calcium sulphate hemihydrate, a 

substance known for rapidly solidifying upon contact with water [101]. 
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Figure 2.4. The unit cell structure of Ca2SiO4.
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CHAPTER 3 

 

MATERIALS AND METHODOLOGIES 

 

3.1. MATERIALS AND CHEMICALS 

 

Calcium nitrate tetrahydrate (Ca(NO₃)₂·4H₂O), diammonium hydrogen phosphate 

((NH₄)₂HPO₄), and tetraethyl orthosilicate (TEOS, Si(OC₂H₅)₄) were used as sources 

of Ca²⁺, PO₄³⁻, and SiO₂, respectively, to prepare β-TCP/β-C₂S composite materials. 

Monocalcium phosphate monohydrate (MCPM, Ca(H₂PO₄)₂·H₂O) was used as a 

precursor to prepare dicalcium phosphate (DCP) cements. Ammonium hydroxide 

(NH₄OH) was used in this study to adjust the pH value. All materials were purchased 

from Merck, Germany.  

 

3.2. SAMPLES PREPARATION 

 

3.2.1.  Synthesis of β-tricalcium Phosphate Powder 

 

The β-TCP material was produced by microwave-assisted wet precipitation [95]. To 

prepare Solution (A), For Solution (A), 42.51 grams of Ca(NO₃)₂·4H₂O were dissolved 

in 200 mL of distilled H₂O. Solution (B) was prepared by dissolving 15.85 g 

(NH₄)₂HPO₄ in 200 mL of distilled H₂O. Solution (B) was progressively added to 

Solution (A) while stirring. NH₄OH was added to adjust the solution's pH to 7. After 

30 minutes of stirring at room temperature, the mixture was microwaved for 5 minutes 

at 800 watts in a SAMSUNG MS23F301EAW microwave oven. The product was then 

filtered and rinsed with distilled H₂O. The sample was dried overnight at 80°C in an 

oven. Finally, the resulting white powder was heat-treated at 1000°C for 2 hrs.  
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3.2.2. Synthesis of β-Dicalcium Silicate Powder 

 

β-C2S was synthesized using the sol-gel technique. A calcium-to-silicon (Ca/Si) molar 

ratio of 1.4:1 was employed. The synthesis began by dissolving TEOS in a mixture of 

ethanol and distilled water (1:2:4 volumetric ratio of TEOS:water: ethanol). After 30 

minutes of agitation, 0.5 mL of acetic acid solution was added as a catalyst to initiate 

TEOS hydrolysis. The solution was stirred at ambient temperature to ensure complete 

hydrolysis, adding 0.5 moles of Ca(NO₃)₂·4H₂O. This mixture was stirred at 60°C for 

6 hours, then left at room temperature for 24 hours to allow gelation. The resulting 

hydrogel was dehydrated at 80°C for 48 hours, followed by calcination at 800°C 

(10°C/min heating rate) for 3 hours [102]. 

 

3.2.3. Synthesis of β-Dicalcium Silicate / Dicalcium Phosphate Cement 

Composites 

 

The pure phase of DCP cement was prepared by mixing 1.0 g of β-TCP and 0.5 g of 

MCPM powders in a mortar. Precisely 0.8 mL of distilled H2O was added to the 

powder mixture and vigorously mixed until a homogenous paste was achieved, which 

subsequently self-hardened at room temperature. The β-C₂S/DCP cement composites 

were prepared using a similar protocol. Various amounts of β-C₂S powder were 

combined with β-TCP and MCPM powders. The mixture was thoroughly blended, and 

a suitable amount of water was added at a ratio of 0.8 mL per 1.5 gram of powder. 

Different β-C₂S/DCP cement composites were prepared, as summarized in Table 3.1. 

 

Table 3.1. Various compositions of pure DCP and β-C2S/DCP cement composites 

 

Sample ID Solid Phase Liquid Phase 

β-TCP (g) MCPM 

(g) 

β-C2S 

(g) 

H2O (ml) 

Pure phase 

(DCP) 

1.00 0.50 0.00 0.80 

20 % β-

C2S/DCP 

1.00 0.50 0.30 0.95 
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30 % β-

C2S/DCP 

1.00 0.50 0.45 1.025 

40 % β-

C2S/DCP 

1.00 0.50 0.60 1.10 

 

3.3. MICROSTRUCTURAL CHARACTERIZATIONS 

 

The researchers utilized several approaches to analyze the properties of the 

manufactured cements. XRD was employed to determine the cements' phases and 

measure their lattice characteristics. Additionally, the  SEM method was utilized to 

examine the morphology and dimensions of the particles. The existence of functional 

groups was confirmed using the technique of  FTIR. At the same time, the thermal 

stability of the materials was studied using TGA done under a nitrogen atmosphere, 

with temperatures ranging from ambient to 950°C. 

 

3.3.1. X-Ray Diffraction: 

 

XRD (Figure 3.1) analysis was conducted to characterize the crystalline phases, 

determine lattice parameters, and assess the purity of the prepared cement materials. 

The experiments were performed using a Rigaku Ultima IV multipurpose X-ray 

diffractometer, representing the state-of-the-art XRD systems. The XRD 

measurements were conducted at room temperature, scanning over a 2θ range from 

10° to 90°. A step size of 0.02° was employed, within the recommended range of 

≤0.05° for high-quality diffraction data. The scanning speed was set to approximately 

one minute per step to ensure sufficient intensity and resolution of the diffraction 

peaks. This relatively slow scanning speed allows for better peak shape definition and 

improved signal-to-noise ratio, crucial for accurate phase identification and 

quantification. 

 

The diffractometer was operated using CuKα radiation, with the X-ray tube typically 

set at a voltage of 40 kV and a current of 40 mA, as these are common settings for 

cement analysis. 

 



     

25 

 

 

Figure 3.1. XRD device. 

 

3.3.2. Fourier-Transform Infrared Spectroscopy 

 

The functional groups in the cement samples were characterized using FTIR (Figure 

3.2), employing a Bruker VERTEX 70v  spectrometer. This advanced analytical 

technique provides valuable insights into cementitious materials' molecular structure 

and composition. The FTIR analysis was conducted in transmission mode, particularly 

suitable for studying powdered samples like cement. 

The spectra were acquired over a comprehensive wavenumber range from 4000 to 400 

cm⁻¹, encompassing the mid-infrared region. This range is crucial for identifying key 

functional groups and molecular bonds of cement compounds.  
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Figure 3.2. FTIR device. 

 

3.3.3. Scanning Electron Microscopy 

 

A Carl Zeiss Ultra Plus Gemini SEM (Figure 3. 3) analyzed particle size and 

morphology. This high-resolution field emission SEM (FE-SEM) is equipped with 

advanced detectors, including the In-lens and SE-Detector for high-resolution 

imaging. To minimize charging effects, which can distort the images of non-

conductive samples, the cement particles were pre-coated with a thin film of gold using 

a sputter coater. This process involves depositing a nanometer-thick layer of gold onto 

the sample surface under vacuum conditions, which improves electrical conductivity 

and image quality. The SEM analysis provided detailed images of the particle 

morphology and size distribution.  
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Figure 3.3. SEM device. 

 

3.3.4. Thermogravimetric Analysis 

 

TGA ( Figure 3. 4) was performed using a PerkinElmer STA 6000 simultaneous 

thermal analyzer to evaluate the thermal stability and composition of the prepared 

cement materials. The STA 6000 combines the capabilities of TGA with differential 

thermal analysis (DTA) or differential scanning calorimetry (DSC), allowing for 

simultaneous measurement of weight changes and heat flow. 

 

The analysis was conducted under a controlled nitrogen atmosphere to prevent 

unwanted oxidation reactions. Samples weighing approximately 10-20 mg were 

heated over a temperature range of 30°C to 950°C, with a heating rate of 10°C per 

minute. This temperature range is suitable for observing various decomposition 

reactions in cement materials, including the dehydration of calcium silicate hydrates.  
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Figure 3.4. Thermogravimetric analyzer. 

 

3.4. COMPRESSIVE STRENGTH TEST 

 

Adding all admixtures to dental cement may result in a deterioration of its mechanical 

qualities. The formation of pores can lead to this adverse impact. The comprehensive 

blending of particles in the base material significantly impacts the uniform dispersion, 

hence influencing the physical characteristics of cement. Porosity can occur due to the 

introduction of significant quantities of air during the mixing process. These holes, 

together with the pores, result from the evaporation of specific quantities of the 

monomer inside the larger mass [103,104]. 

The cement samples were cast in cylindrical scaffold shapes (6 mm in diameter and 

12 mm in height). Compressive properties were analyzed at room temperature using a 

Universal Testing System (Instron 5565 A, USA) according to the standard test method 
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ASTM F451-16. The experiments were conducted in triplicate at a compression 

velocity of 4 mm/min. 

 

3.5. IN VITRO ANTIBACTERIAL ACTIVITY  

 

The Gentamicin sulphate (Merck-Germany) compound was dissolved in distilled 

water at a concentration of 2 mg/mL. Subsequently, the resulting aqueous solution was 

combined with the powder to formulate the cement. The broth microdilution method 

was used to determine the antimicrobial activity of the samples [105].  Sample extracts 

were prepared by following ISO 10993 standards for biomaterial testing with a 

recommended concentration of 0.2 g/mL in sterilized LB broth media. The extracts 

were incubated for 24 h, at 37°C then sterilized by a 0.22 μm pore-sized filter. The 

serial dilutions (0.2 g/mL, 0.1 g/mL, 0.05 g/mL, 0.025 g/mL, 0.0125 g/mL, 0.00625 

g/mL) were prepared from the extract with an initial 0.2 g/ml concentration in 96 well 

plates. Staphylococcus aureus (S. aureus, gram-positive, ATCC 6538) was cultured 

overnight at 37°C following the aseptic technique requirements. For the optical density 

(OD) control, the overnight culture of S. aureus was sub-cultured, and the OD600 

values were measured hourly. 10 µl of S. aureus samples (OD600=0.4) were inoculated 

in 96 well plates with the extracts. The OD600 measurements were repeated in 0 h and 

24 h with the microplate reader. 

 

3.6. IN VITRO CELL CULTURE STUDIES 

 

3.6.1. Cell Culture Preparation 

 

The Gentamicin antibiotic was solubilized in distilled water at a concentration of 2 

mg/ml. Subsequently, the resulting aqueous solution was combined with the powder 

to formulate the cement groups. The Osteosarcoma (Saos-2) cell line was cultured in 

Dulbecco’s MEM (DMEM; Merk Germany) containing 10% heat-inactivated fetal 

bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, USA) at 37 °C  in a 

5% CO2-containing environment. 
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3.6.2. Cell viability assay 

 

The effect of target samples on the viability of Saos-2 cells was determined using the 

Deep Blue assay. The compressed and disc-formed versions of the samples were UV 

sterilized, and discs were placed in a 24 well plate containing DMEM and incubated 

for 24 h. After the incubation, the media was discarded, and 1×104 Saos-2 cells were 

seeded in a 20 µL drop-on  disc sample. After 2 h for the cells to attach to the discs, 

the medium was completed to 100 µL, and the plate was incubated at 37 °C. For the 

Deep Blue assay, Deep Blue reagent was added to each well to obtain a 10% final 

concentration, and the plate was incubated for 4h. After incubation, the Deep Blue 

reagent containing media was transferred into the new 24-well plate for fluorescence 

measurement. Since the deep blue reagent does not harm the cells, after removing the 

deep blue reagent-containing media, Saos-2 cells continued to grow with adding the 

fresh medium. A microplate reader (Varioskan Flash Spectral Scanning Multimode 

Reader, Thermo Scientific) was used for the 530–590 nm fluorescence measurement. 

The measurements were repeated on day 1, day 4, and day 7. 

 

 

 

 

Figure 3.5. Experiment flow chart. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

4.1. STRUCTURAL CHARACTERIZATION OF β-TCP 

 

Figure 4.1. illustrates the diffraction pattern seen in β-TCP powder. The diffraction 

peaks seen in the man-made β-TCP were very similar to those seen in the standard β-

TCP phase (whitlockite phase, JCPDS 09–0169). The analysis detected no additional 

calcium phosphate (CP) phases. In particular, the analysis showed no clear peak at 

32.196°. This meant that the powder that was made was uniform and did not contain 

the hydroxyapatite phase (JCPDS 09–432). The consistency of these findings with 

those of other studies provides further evidence for the reliability and repeatability of 

the synthesis methods used to produce β-TCP. 
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Figure 4.1. XRD pattern of β-TCP calcined at 1000 ºC for 2 h. 
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Figure 4.2. displays SEM images of β-TCP powder. The β-TCP particles had a 

spherical morphology with smooth contours, and they fused because they were 

subjected to high-temperature heat treatment. Nevertheless, prior research has also 

revealed comparable findings [106–108]. Grigoraviciute-Puroniene et al. The 

researchers produced TCP particles using the microwave-assisted approach and 

calcined them at 1000 °C for 2 hours. The researchers noted that the average size of 

the particles obtained in their study was approximately 150 nm [106]. Previous 

research reported a size smaller than this one. This difference can be attributed to the 

rapid growth of particles during the heat treatment process. The Ca/P ratio was also 

determined to be 1.39, slightly lower than the desired value of 1.5. 

 

 

 

Figure 4.2 SEM image of β-TCP sample calcined at 1000 ºC for 2 h. Scale bar is 2µm. 

 

Figure 4.3 presents the FTIR spectra of the -TCP powders. Table 4.1 details the 

characteristic peaks of β-TCP observed in the FTIR spectrum. The band observed at 

551.07 cm⁻¹ is attributed to the vibrational mode of PO₄³⁻ (ʋ4) [20,109]. The positions 

and forms of the peaks closely corresponded to the FTIR results of the prior research. 

The peak at 724 cm⁻¹ indicated the presence of P₂O₇⁴⁻ ions, which are part of the β-

TCP precursor β-calcium pyrophosphate. This peak's increased sharpness confirms the 
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transformation of HPO₄²⁻ into β-TCP through calcination at 1000°C. The bands within 

the range of 937.97 cm⁻¹ to 1214.32 cm⁻¹ were identified as the ν₁ (symmetric 

stretching) and ʋ3 (asymmetric stretching) modes of the PO₄³⁻ group. These peak 

positions and forms closely matched the FTIR data from prior research [20,110]. The 

bands at 1022.72 and 1066.93 cm⁻¹ are attributed to the stretching vibration 

characteristic of ʋ3 [111]. The peak at 1144.31 cm⁻¹ is likely attributed to the triply 

degenerate ʋ3 antisymmetric P–O stretching modes  [112]. The signal at 1365.4 cm⁻¹ 

is ascribed to residual nitrate groups from synthesized precursors [113]. The absorption 

band at 1733 cm⁻¹ is associated with the characteristic peak of the C=O bond [114]. 

The absence of stretching and bending bands at 3001 cm⁻¹ confirms the successful 

synthesis of single-phase β-TCP, as these bands correspond to the hydroxyl (-OH) 

group [20]. 

 

Table 4.1. Characteristic peaks of β-TCP in the FTIR spectrum. 

 
Peak number Wavelength (cm-1) Band assignment 

1 551.07   PO4-3 vibrational mode of (ʋ4) 

2 724 P2O7
-4

 ions 

3 937.97 
  PO4

-3 
symmetric stretching mode of (ʋ1) 

4 1022.72 
PO4

-3
 asymmetric stretching mode of (ʋ3) 

5 1066.93 
PO4

-3
 asymmetric stretching mode of (ʋ3) 

6 1144.31  
PO4

-3
 asymmetric stretching mode of (ʋ3) 

7 1214.32 
PO4

-3
 asymmetric stretching mode of (ʋ3) 

8 1365.4 the nitrate ion (NO-3) 

9 1733 the C=O bond 

10 3001 the stretching of the O-H bonds 
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Figure 4.3. FTIR spectrum of β-TCP powder that underwent calcination at a 

temperature of 1000 °C for 2 hours. 

 

4.2. CHARACTERIZATION OF β-DICALCIUM SILICATE 

 

The XRD patterns of β-Ca2SiO4 (β-C2S) powder that was made using the sol-gel 

method can be seen in Figure 4.4. The observed patterns correspond to the confirmed 

diffraction data for β-C2S (PDF-2 33-0302) [115]. Contaminants like calcium oxide 

(CaO) and silicon dioxide (SiO2) were absent from the powders generated [116]. The 

synthesized C2S exhibited significant crystallinity, as shown by the sharp and narrow 

diffraction peaks. The crystallization rate was 82.6%. 
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Figure 4.4. XRD patterns of pure β-C2S powder calcined at 800◦C for 3h. 

 

Figure 4.5 displays the FTIR spectra of β-C2S powder, while Table 4.1 shows the 

specific peaks associated with β-C2S. The silicate clusters have discernible absorption 

bands. It is important to notice that there are significant peaks at 484 cm-1, which 

correspond to the asymmetric bending mode Si-O ν4 (SiO4
-4). Furthermore, the signal 

detected at 947 cm-1 is linked to the asymmetric bending mode Si-O ν3 (SiO4
-4) [117]. 

Additionally, bands falling within the spectral range of 1216 – 1441 cm-1 have been 

seen, indicating a little presence of carbon dioxide [118]. In addition, a peak at the 

wavelength of 1740 cm-1 indicates that the absorption band is mostly associated with 

the nitrate ion (NO3
-1) [119]. The band detected at a wavenumber of 3004 cm-1 

corresponds to the vibrational mode linked to the elongation of the O-H bonds. 



     

36 

4000 3500 3000 2500 2000 1500 1000 500

0.10

0.08

0.06

0.04

0.02

0.00

T
ra

n
s
m

it
ta

n
c
e
 (

a
.u

)

Wavenumber (cm-1)

SiO4
-4(v4)

CO3
-2

NO3
-

H2O

β-C2S SiO4
-4(v3)

 
Figure 4.5. FTIR pattern of β-C2S powder calcined at 800◦C for 3h. 

 

Table 4.2. Characteristic peaks of β-C2S in the FTIR spectrum. 

 
Peak number Wavelength (cm-1) Band assignment 

1 484 the asymmetric bending mode Si-O ν4 (SiO4
-4) 

2 947 the asymmetric bending mode Si-O ν3 (SiO4
-4) 

3 1216 stretching C-O 

4 1441 stretching C-O 

5 1740 the nitrate ion (NO3
-1) 

6 3004 the stretching of the O-H bonds 

 

Figure 4.6 shows an SEM picture of β-C2S powder. It shows a smooth, sticky surface 

with tiny holes and particles that are connected to each other. 
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Figure 4.6. SEM image of β-C2S powder calcined at 800◦C for 3h. Scale bar is 2 µm. 

 

4.3. MICROSTRUCTURE AND BIOLOGICAL PROPERTIES of PURE DCP 

AND β-C2S/DCP CEMENT COMPOSITES 

 

Figure 4.7 presents the XRD patterns of pure DCP and DCP/β-C2S cements set at room 

temperature. XRD peaks revealed the highest levels of intensity at two values: 20.95°, 

29.2°, 30.6°, 34.1°, and 34.3°. The samples mostly consisted of the brushite phase 

(JCDPS 72–1240) and the monetite phase (JCPDS 71–1760). According to the JCDPS 

reference patterns, this cement is closer to the brushite phase[20,104,120].   If a peak 

is not observed at 20.95°, it suggests that the prepared DCP exists in the form of 

monetite (JCPDS 71-1760) and that the brushite phase (JCPDS 72-1240) is not present 

[20]. Upon the addition of β-C2S to DCP cement, alterations in the intensity and 

morphology of the peaks were apparent. After adding β-C2S to the cement mixture, a 

significant decrease in the highest level of intensity was detected at an angle of 2θ = 
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29.2°. The XRD pattern shows an increase and decrease in the degree of crystallinity 

inside the particles due to adding different concentrations of β-C2S. This observation 

is consistent with previously reported results in the literature [121,122]. Moreover, the 

study found that β-TCP led to an elevation in retinal parameters (a,c), as shown in 

Table 4.3. The typical lattice parameters for DCP are "a" with an approximate value of 

6.9160, and "c" with an approximate value of 6.9460. However, a slight decrease in 

the "a" axis suggests a more compact crystal structure, whereas a slight increase in the 

"c" dimension may be attributed to variations in the probability of replacement 

between different samples and due to lattice strain. Reduced crystal size may be very 

advantageous for biological applications; increased crystal size is advantageous for 

improving mechanical characteristics and frequently leads to a larger surface area. 

This, in turn, promotes cell adhesion and proliferation, which is crucial in dental 

implant applications, where integrating the material with the biological tissue is 

essential for success. The increased interaction between smaller β-C2S molecules led 

to an increase in unit cell size. We believe this to be the cause of the observed shift of 

the diffraction peak towards the lower corners [104,121,122]. 

 

⊙

⊙⊙
⊙

⊙

⊙

⊙

⊙

⊙

⊙ ⊙
⊙⊙ ⊙⊙

⊙ ⊙
⊙

∇

∇

∇ ∇
∇

⊙

⊙⊙
⊙

⊙

⊙

⊙

⊙

⊙

⊙ ⊙
⊙⊙ ⊙⊙

⊙ ⊙
⊙

⊙
⊙

⊙ ⊙⊙

⊙

⊙⊙ ⊙⊙⊙
⊙

⊙

⊙⊙ ⊙⊙∇

⊙

∇

∇

∇ ∇
∇

⊙

⊙
⊙

⊙ ⊙⊙

⊙

⊙⊙ ⊙⊙⊙
⊙

⊙

⊙⊙ ⊙⊙∇

∇

∇

∇ ∇∇

⊙
⊙

⊙ ⊙⊙

⊙

⊙⊙ ⊙⊙⊙
⊙

⊙

⊙⊙ ⊙⊙∇

∇
∇

∇ ∇
∇

⊙⊙
⊙ ⊙⊙

⊙

⊙⊙ ⊙⊙⊙
⊙

⊙

⊙⊙ ⊙⊙∇

⊙ : DCP

∇ : β-C2S 

Pure phase (DCP)

20 % β-C2S /DCP 

30 % β-C2S /DCP 

40 % β-C2S /DCP 

In
te

n
si

ty
 (

a
.u

)

2Theta[deg]

20 30 40 50 60 70 80

b

 

 

Figure 4.7. XRD patterns of pure DCP and β-C2S / DCP cement composite. 
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Table 4.3. Lattice parameters of pure DCP and β-C2S/DCP cement composites. 

 

Sample ID Å (A) C(Å) CV(Å)3 Crystallinity 

(⁒) 

Crystallite 

size (nm) 

β-TCP 10.4290 37.3800 3520.91 99.390 % 35.07594  

DCP 6.9160 6.9460 306.97 93.415 % 36.72502  

20 % β-C2S/DCP 6.9000 7.0000 309.87 98.763 % 23.10064  

30 % β-C2S/DCP 6.9000 7.0000 309.87 95.710 % 26.03445  

40 % β-C2S/DCP 6.9100 6.9980 309.28 99.008 % 29.99831  

 

The FTIR spectrum was employed to analyze the functional groups present in the 

produced cements. Figure 4.8 presents the results, while Table 4.4 summarizes the 

characteristic peaks. The peaks exhibited a more confined shape, indicating structural 

modifications likely induced by the excess presence of β-C2S. Specifically, the peak 

observed at 495 cm⁻¹ corresponds to the bending vibrations of Si-O-Si chemical bonds 

[123,124]. This peak shows how silicon and oxygen atoms interact within the structure 

of the cement. It shows how β-C2S is added and how it changes the structural properties 

of the cement, as determined by FTIR analysis. Furthermore, two peaks detected at 

522 cm⁻¹ and 578 cm⁻¹ indicate the stretching mode of the P–O–H bond in HPO4
-2, 

attributing these vibrations to specific chemical bonds within the cement matrix. 

Another prominent peak at 871 cm⁻¹ is attributed to the bending motion of P–O bonds 

[125]. The signal at 937 cm⁻¹ corresponds to the asymmetric bending mode of Si-O ʋ3 

(SiO4
-4), further characterizing the presence of silicon-oxygen bonds in the cement 

structure  [126]. Between 984 cm⁻¹ and 1133 cm⁻¹, a broad band is observed, which is 

assigned to the stretching vibrations of the P–O bonds  [20]. Additionally, the peak at 

1058 cm⁻¹ is assigned to the stretching mode of P=O, indicating the presence of 

phosphate groups  [74].  The spectral peak around 1211 cm⁻¹ suggests a minor presence 

of carbon dioxide [127]. While the peak at 1367 cm⁻¹ corresponds to the bending 

motion of P–O–H bonds [20]. Moreover, the band at 1647 cm⁻¹ is attributed to the 

bending and stretching vibrations of unbound water molecules (H–O–H bonds), 

highlighting the presence of hydration within the cement matrix [20,125]. Finally, the 

peak at 1737 cm⁻¹ signifies the absorption band primarily associated with NO-3 groups 

[119].   



     

40 

 

Table 4.4. Characteristic peaks of cements in the FTIR spectrum. 

 
Peak number Wavelength (cm-1) Band assignment 

1 495 Si-O-Si chemical bonds 

2 522 P–O–H stretching mode of the HPO4
-2 

3 578 P–O–H stretching mode of the HPO4
-2 

4 871 P–O bending mode of the HPO4
-2 

5 937 Si-O the asymmetric bending mode of v3 

(SiO4
-4) 

6 984 P–O the stretching mode of the HPO4
-2 

7 1058 P=O the stretching mode of of the HPO4
-2 

8 1133 P–O the stretching mode of the HPO4
-2 

9 1211 the C=O bond 

10 1367 P–O–H in-plane bending mode of the HPO4
-2 

11 1647 H–O–H bending mode 

12 1737 the nitrate ion (NO-3) 
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Figure 4.8. FTIR patterns of pure DCP and β-C2S / DCP cement composites. 
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Figure 4.9 depicts the microstructure of both pure DCP cement and β-C2S/DCP 

composite cement. The SEM analysis revealed distinct characteristics of the particles 

in each material. Pure DCP particles exhibited a significant, non-symmetrical plate-

like structure, with average widths ranging from micro to nanometer dimensions. 

Variations in plate diameters were attributed to differing agglomeration levels, a 

phenomenon noted in previous studies [128,129]. In contrast, adding 20% β-C2S 

resulted in a highly cross-linked structure. This modification was characterized by the 

development of a fibrous surface on the cement particles and the presence of minor 

pore formations. As the proportion of β-C2S increased to 40%, the microstructure 

showed a notable shift. Plate-like particles became more prominent and exhibited a 

slightly spherical shape, indicative of a more homogeneous distribution within the 

cement matrix [130,131]. These findings show that β-C2S changes the microstructural 

properties of the cement and emphasizes its role in changing the shape and distribution 

of the particles. The SEM analysis provides visual evidence of how varying 

compositions affect the cement composites' physical properties and structural integrity. 
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Figure 4.9. SEM images of (a) pure DCP cement (b) 20% β-C2S/ DCP, (c) 30% β-C2S/ 

DCP and (d) 40% β-C2S/ DCP cement. Scale bar is 2µm. 

 

Figure 4.10 illustrates the thermal analysis results, specifically the TGA/DTA data for 

the cement samples formulated according to the specifications in Table 3.1. The 

analysis reveals three distinct stages of weight loss in pure DCP cement occurring 

within temperature ranges of 50–190 °C, 190–480 °C, and 480–700 °C. The initial 

stage, occurring from 50 to 190 °C, primarily involves the removal of residual moisture 

and chemically bound water [20,132]. In the subsequent stage, between 190 and 480 

°C, the decomposition of nitrate compounds used in the formulation results in a 

chemical reaction where two molecules of CaHPO4 break down, eliminating water 
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molecules and forming calcium pyrophosphate (Ca2P2O7), as described by the 

equation [20,133,134].: 

   

2CaHPO4           Ca2P2O7 + H2O      Eq. 1 

 

The third stage, occurring between 480 and 700°C, involves the decomposition of 

organic substances and the degradation of Ca(OH)2. Above 700°C, there is negligible 

further weight reduction, a finding consistent with observations at 800°C, indicating 

that the samples stabilize after calcination beyond this temperature threshold, in line 

with prior research  [20,135]. Incorporating β-C2S into the cement mixture resulted in 

a lower rate of weight loss. Additionally, all samples exhibited thermal stability at 

temperatures of 700°C and higher. Notably, the TGA curve for the 20% β-C2S/DCP 

sample displayed elevated humidity levels. The respective weight loss percentages for 

pure DCP, 20% β-C2S/DCP, 30% β-C2S/DCP, and 40% β-C2S/DCP were 21.205%, 

17.368%, 11.576%, and 15.890%. 
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Figure 4.10. Thermograms of pure DCP cement and β-C2S/ DCP composite cement: 

(a) TGA, (b) DTA. 

 

Figure 4.11 displays the compressive strength of the prepared cement samples. The 

pure DCP bone cement exhibited a compressive strength of approximately 0.786 MPa, 

which aligns with the values reported by Al-Tamimi et al. [74,76]. Incorporating 20% 

β-C2S into the cement increased the compressive strength to around 0.925 MPa. This 

increase is likely due to the transformation of the brushite phase into monetite, which 

has a lower compressive strength than brushite, as indicated by the measurements. 

Increasing the proportion of β-C2S to 30% further elevated the compressive strength 

to approximately 4.25 MPa. The consolidation of the cement matrix, which 

significantly influences the microstructural system of the cement, is responsible for 

this improvement in mechanical properties. The study found that the inclusion of β-

C2S enhanced both the microhardness and compressive strength of DCP cement. Using 

40% β-C2S cement, we achieved a compressive strength of 8.19 MPa. The addition of 

β-C2S to DCP cement resulted in a substantial increase in compressive strength, nearly 

tenfold higher than that of pure DCP cement. According to mechanical investigations, 

the compressive strength of the β-C2S/DCP cement combination is comparable to that 

of human cancellous bone, which ranges between 5 and 10 Mpa [74]. 

100 200 300 400 500 600 700 800 900

−4.0

−3.5

−3.0

−2.5

−2.0

−1.5

−1.0

−0.5

0.0

0.5

D
e
ri
v
a
ti
v
e

 W
e

ig
h
t 
(%

/°
C

)

Temperature (°C)

 DCP

 20 % β-C2S/DCP

 30 % β-C2S/DCP

 40 % β-C2S/DCP

(b)



     

45 

 

 

 

Figure 4.11. Compressive strengths of pure DCP and β-C2S / DCP scaffolds. The error 

bars show ± standard deviation. 

 

Figure 4.12 illustrates the effect of pure DCP cement and β-C2S/DCP composite 

cement loaded with gentamicin antibiotics on S. aureus growth.  For the DCP pure 

sample, the bacterial growth is relatively low across all concentrations. The highest 

growth is observed with the 0.2 g/mL concentration, reaching approximately 0.1, while 

other concentrations show negligible growth. In contrast, the 20% β-C2S/DCP sample 

exhibits the highest bacterial growth among all tested samples, with the 0.2 g/mL 

concentration peaking at approximately 0.45. Other concentrations in this sample also 

show significant bacterial growth, around 0.4. The 30% β-C2S/DCP sample shows 

lower bacterial growth than the 20% β-C2S/DCP sample. The highest growth is 

observed in the 0.2 g/mL concentration, slightly above 0.3, while other concentrations 

show growth around 0.25 to 0.3. The 40% β-C2S/DCP sample displays intermediate 

bacterial growth. The 0.2 G concentration shows the highest growth, around 0.35, 

while the 0.1 G concentration shows a significant drop in growth compared to the 0.2 

G concentration. Other concentrations in this sample show growth around 0.25. The 
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controls, PC (Positive Control) and NC (Negative Control), show the expected results. 

The PC shows a high level of bacterial growth, indicating the expected growth without 

any inhibitory effect from the cement. In contrast, the NC shows negligible bacterial 

growth, indicating the absence of contamination or external factors promoting 

bacterial growth.  

 

At the lowest concentrations (0.00625 g/mL, 0.0125 g/mL, 0.025 g/mL), bacterial 

growth for pure DCP is minimal, with values close to zero, indicating that even small 

amounts of DCP are effective in inhibiting bacterial growth. In the 20% β-C2S/DCP 

sample, there is still significant bacterial growth at low concentrations, though slightly 

reduced compared to higher concentrations. For instance, at 0.00625 g/mL, bacterial 

growth is around 0.3, and at 0.0125 g/mL, it is slightly above 0.3. These values are 

higher than those observed for pure DCP, suggesting that adding 20% C2S reduces the 

antibacterial efficacy of the cement. For the 30% β-C2S/DCP sample, bacterial growth 

at the lowest concentrations is also significant but slightly lower than the 20% β-

C2S/DCP  sample. For example, at 0.00625 g/mL, growth is around 0.25. At 0.0125 

g/mL, it is slightly above 0.25, indicating some improvement in antibacterial properties 

compared to the 20% β-C2S/DCP sample but still less effective than pure DCP. At low 

concentrations, the 40% β-C2S/DCP sample shows lower bacterial growth compared 

to the 20% and 30% β-C2S/DCP samples. For instance, at 0.00625 g/mL, growth is 

around 0.2. At 0.0125 g/mL, it is slightly above 0.2, suggesting that increasing the β-

C2S content to 40% enhances the antibacterial properties of the composite cement. 

However, it still does not match the efficacy of pure DCP. 

 

The figure demonstrates that pure DCP cement has the least impact on bacterial 

growth, while the 20% β-C2S/DCP composite cement shows the highest bacterial 

growth. Increasing the percentage of C2S in the composite cement tends to reduce 

bacterial growth, with the 40% β-C2S/DCP composite showing intermediate growth 

levels. The error bars indicate measurement variability, but the trends are clear across 

different concentrations and compositions. Based on the results, the leaching amount 

of gentamicin from DCP was higher than other materials, while it was lower for the 

20% β-C2S/DCP composite. This behavior could be attributed to the microstructural 

properties of the materials. Specifically, DCP cements exhibit a lower degree of 
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crystallinity, resulting in a higher degradation rate and a higher leaching profile for 

gentamicin (Table 4.3) [104,121,122,136].  Furthermore, DCP has a unique particle 

shape, such as a nano-flake-like or layered structure (Figure 4.9), which facilitates the 

release of the antibiotic [128,129] 

 

 

Figure 4.12. Effect of pure DCP cement and β-C2S / DCP composite cement on S. 

aureus. The error bars show ± standard deviation. PC: Positive Control, 

and NC: Negative Control 

 

Figure 4.13 illustrates the fluorescence intensity (measured at 530/590 nm) over time 

(1, 4, and 7 days) for different cement compositions. The compositions tested include 

pure DCP cement and β-C2S/DCP composite cements with varying percentages (20%, 

30%, and 40%) of β-C2S, all loaded with gentamicin. On Day 1, pure DCP cement 

shows the lowest fluorescence intensity, while the 30% β-C2S/DCP composite exhibits 

slightly higher fluorescence than pure DCP. The 20% and 40% β-C2S/DCP composites 

display similar fluorescence intensities, both higher than the control group. By Day 4, 

all samples show an increase in fluorescence intensity compared to Day 1, with the 
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30% β-C2S/DCP composite demonstrating the highest fluorescence intensity. The 20% 

and 40% composites have similar intensities, both surpassing the control group. On 

Day 7, fluorescence intensity was significantly increased for all samples compared to 

Day 4. The 20% β-C2S/DCP composite shows the highest fluorescence intensity, while 

the 30% and 40% composites have similar intensities, both higher than pure DCP. The 

error bars, representing the standard deviation, indicate relatively small measurement 

variability, suggesting consistent results across replicates. Overall, the figure 

demonstrates that β-C2S/DCP composite cements support better growth of Saos-2 cells 

compared to pure DCP cement, with the 20% β-C2S/DCP composition being the most 

effective in promoting cell viability. 

 

 

 

Figure 4.13 Effect of pure DCP cement and β-C2S/DCP composite cement loaded with 

gentamicin antibiotic on the growth of Saos-2 cells. The error bars show 

± standard deviation 
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The data suggest that pH levels significantly impact cell viability (Table 4.5). The pure 

DCP cement, with a pH of 6, supports the least cell growth. The 20% and 40% β-

C2S/DCP composites, both with a pH of 8, support better cell viability than pure DCP 

but are not as effective as the 30% β-C2S/DCP composite, which maintains a pH of 7. 

This indicates that a slightly alkaline environment (pH 7) is more conducive to Saos-

2 cell growth compared to a more neutral or highly alkaline environment. Therefore, 

the pH level plays a crucial role in cell viability, with a pH of 7 being optimal for 

promoting cell proliferation in these cement compositions. 
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Table 4.5. The pH changes during the incubation period. 

 
 DAY1 DAY4 DAY7 

pure DCP 6 6 6 

20% β-C2S/DCP 8 8 8 

30% β-C2S/DCP 7 7 7 

40% β-C2S/DCP 8 8 8 

Positive Control 8 8 8 

Negative Control 8 8 8 
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CHAPTER 5 

 

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORKS 

 

5.1. CONCLUSION 

 

The study focused on synthesizing and characterizing β-Dicalcium silicate (β-C2S) and  

Dicalcıum phosphate (DCP)-based composite cements for dental and orthopedic 

applications. Β- Tricalcium phosphate (β-TCP) and β-C2S were successfully 

synthesized using microwave-assisted wet precipitation and sol-gel methods. XRD 

analysis confirmed the formation of pure β-TCP and β-C2S phases, while SEM images 

revealed spherical β-TCP particles and interconnected β-C2S particles. FTIR spectra 

identified characteristic peaks for both materials. The composite cements were 

prepared by combining DCP with varying amounts of β-C2S (20%, 30%, and 40%). 

XRD patterns showed the presence of brushite and monetite phases in the composites, 

with changes in peak intensity and morphology upon β-C2S addition. SEM analysis 

revealed that pure DCP particles had a plate-like structure, while β-C2S addition 

resulted in a more cross-linked and fibrous microstructure. FTIR spectra confirmed the 

presence of various functional groups in the composites. TGA analysis demonstrated 

improved thermal stability of the composites compared to pure DCP. Compressive 

strength tests showed that the addition of β-C2S significantly enhanced the mechanical 

properties of the cements, with the 40% β-C2S/DCP composite reaching 8.19 MPa, 

comparable to human cancellous bone. Antibacterial activity tests against S. aureus 

revealed that pure DCP cement loaded with gentamicin had the highest antibacterial 

efficacy, while the 20% β-C2S/DCP composite showed the least inhibition of bacterial 

growth. Cytocompatibility studies using Saos-2 cells indicated that the 20% β-

C2S/DCP composite supported the highest cell viability, attributed to its optimal pH 

level of 7. These results suggest that β-C2S/DCP composite cements offer a promising 

balance of mechanical strength, antibacterial activity, and biocompatibility for 

potential dental applications.
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5.2. FUTURE STUDIES 

 

Based on the findings and limitations of this study, the following areas are 

recommended for future research: 

 

• Investigate the in vitro and in vivo degradation behavior of the β-C2S/DCP 

composites over extended periods to understand their long-term stability and 

resorption characteristics better. 

• Conduct a more detailed analysis of β-C2S concentrations between 30-50% to 

fine-tune the optimal composition for balancing mechanical properties, 

antibacterial activity, and biocompatibility. 

• Perform animal studies to evaluate the biocompatibility, osseointegration, and 

bone regeneration capacity of the optimized β-C2S/DCP composites in real 

physiological environments. 

• Explore the potential of these composites as drug delivery systems by 

incorporating various therapeutic agents and studying their release profiles. 

• Investigate the incorporation of additional reinforcing materials or surface 

treatments to further improve the mechanical properties of the composites, 

particularly for load-bearing applications. 

• Conduct more in-depth research on the antibacterial mechanisms of the 

composites and explore ways to maintain strong antibacterial activity while 

increasing β-C2S content. 

• Evaluate the potential of using these composite materials in 3D printing 

technologies for creating custom-designed scaffolds or implants. 

• Perform head-to-head comparisons with commercially available bone 

cements to benchmark the performance of these novel β-C2S/DCP 

composites. 

These future studies will help address current limitations and further develop the 

potential of β-C2S/DCP composites for clinical applications in dentistry and orthopedic
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