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SYNOPSIS 
 

 

Dental caries (cavities) is the major oral health problem affecting a vast majority of adults 

and 60–90% of schoolchildren. It is caused by the action of acids on the enamel surface 

of the tooth. The acid is produced when sugars (mainly sucrose) in foods and drinks react 

with bacteria present in the dental biofilm (plaque) on the tooth’s surface. The acid 

produced leads to loss of calcium and phosphate from the enamel, through a process 

called demineralization. The main treatment option for a tooth cavity is to drill out the 

caries and put in a filling (restoration) made from various materials (e.g., composite 

resins, amalgam and porcelain). Tooth colored dental composites are preferred over other 

dental restorative materials due to their favorable physical and mechanical properties, 

relatively low cost and simple application.  Basically, dental resin composites contain 

organic resin matrix and inorganic filler bonded with coupling agent. Dimethacrylate 

monomers like BisGMA (bisphenol A glycol dimethacrylate), UDMA (urethane 

dimethacrylate), TEGDMA (triethylene glycol dimethacrylate), and BisEMA (bisphenol 

A ethoxylated dimethacrylate) are habitually used as resin matrices for preparing dental 

composites. Quartz, bioactive glass, hydroxyapatite are among the commonly used fillers, 

while 3-trimethoxysilyl propyl methacrylate is usually used as the coupling agent.  

Unfortunately, shrinkage of these composite resins during polymerization leads to poor 

marginal sealing, recurrent caries and toxicity. Moreover, cytotoxicity was reported for 

few composites due to residual monomer content and high water sorption and solubility. 
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These shortcomings reduce the restoration’s lifetime and embody the driving force for 

improvement in dental composites. Clinical evaluations and laboratory-based studies 

focused on composite’s durability also highlight the need for the development of new 

dental composites. Thorough understanding of the mechanisms that cause shrinkage 

stress and the strategies to reduce the effect of shrinkage will help the development of 

new materials which enables the clinicians to get good quality resin composites. 

Recurrent caries is one of the leading causes of restoration replacement, so it is 

imperative that, low-shrinkage composite resins should be developed. Inorganic-organic 

hybrid resins are reported to have lower polymerization shrinkage due to their three-

dimensional network. These resin based composites contain inorganic-organic co-

polymers within the resin matrix in addition to the inorganic silanated filler particles. 

Inorganic-organic hybrid resins were invented in an endeavor to surmount the problems 

created by the polymerization shrinkage of conventional composites and to induce 

advantages such as low shrinkage, biocompatibility, and protection against caries.  

In this background, the main goal of the study is to prepare low shrinkage bioactive dental 

composites based on novel inorganic-organic hybrid resins. The study is presented in six 

chapters. Chapter1 presents the background and introduction to the work. It explains the 

anatomy of tooth in detail, the structures around the tooth, the classification and functions 

of teeth, and the need for restoration of teeth. It also briefly introduces commonly used 

dental restorations, the requirements for choosing dental restoratives, and its 

classification. The major limitations of existing dental composites such as high 

polymerization shrinkage, poor marginal seal leading to micro leakage, and wear 
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resistance are discussed. The benefits of using inorganic-organic hybrid resins as resin 

matrix in the preparation of dental composites are also been described. 

Based on current knowledge, the study put forward the following hypotheses: 

 Polymerization shrinkage and lack of bioactivity may be the major factors 

responsible for the failures of existing dental restorations.  

 Replacement of an organic resin matrix with a novel inorganic-organic hybrid 

resin may enhance the bonding between the filler and the resin matrix, which in 

turn, will reduce polymerization shrinkage.  

 Effective bonding between the organic and inorganic part within the resin may 

impart lower polymerization shrinkage. 

 Incorporation of inorganic content in resins may impart bioactivity to the 

photocured dental composites prepared from them. 

 In order to test the hypotheses, the major objectives of the current study are as follows:- 

1. To synthesize novel inorganic-organic hybrid resins containing polymerizable 

di/tetramethacrylate groups having various alkoxides/mixture of alkoxides of 

calcium, magnesium, zinc, manganese and strontium. 

2. To check  the feasibility of the incorporated inorganic contents within the 

synthesized resins using various spectroscopic techniques 

3. To prepare photocured dental composites using these synthesized resins. 

4. To optimize the formulation of inorganic content  in these resins by evaluating 

their physico-mechanical properties                                                                                                                 

5. To evaluate the in vitro cytotoxicty of the composites.  
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6. To evaluate the bioactivity and radiopacity of the composites                                                                               

7. To complete the in vivo biocompatibility evaluation as per ISO standards 

In Chapter 2, a detailed review of literature was carried out on history of dental 

restorations, classification of dental restoration, and advantages and limitations of dental 

composites. This chapter also presents a review of various strategies to improve the 

performance of the dental composites, and the effects of imparting radiopacity and 

bioactivity in dental composites.   

Chapter 3 describes the experimental design to achieve the objectives of the proposed 

study. It includes a detailed description of the materials, experimental protocols and 

instruments employed. The synthesis of inorganic-organic hybrid resin is described in 

Section 1 and the preparation of dental composites from these synthesized resins is 

detailed in Section 2. Section 3 describes the characterization of the synthesized resins 

and evaluates photocured composites. Structural characterization of synthesized resins 

using Fourier-transform infrared spectroscopy (FTIR), Proton nuclear magnetic resonance 

(
1
H-NMR), Carbon-13 nuclear magnetic resonance (

13
C-NMR) is depicted in this section. 

In addition, qualitatively and quantitatively elemental analysis [Energy Dispersive X-ray 

Fluorescence (EDXRF) and Atomic absorption spectroscopy (AAS)], molecular weight 

determination and thermal stability using Thermogravimetric analysis (TGA) are also 

discussed. This section discusses mechanical testing of dental composites such as 

diametral tensile strength (DTS), compressive strength (CS) and flexural strength (FS) 

evaluation using Universal Testing Machine (UTM). Polymerization shrinkage and 
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radiopacity  of dental composites has been monitored and analyzed by Micro-Computed 

Tomography (µ-CT). Thermal degradation using thermocycler and the procedure for 

remineralization study using Scanning Electron Microscopy (SEM) is also detailed. 

Section 4 discusses biological evaluation, including in vitro cytotoxicity of photocured 

composites using direct contact and MTT assay and in vitro cell adhesion as per 

international standards (ISO 10993-part5). Procedures for guinea pig maximization test, 

animal intracutaneous (intradermal) reactivity test in albino rabbits, acute intraperitonial 

application of cotton seed oil in albino mice, acute intravenous application of 

physiological saline extract in albino mice and short-term implantation in subcutaneous 

tissue are described.  All animals were handled humanely without causing pain or 

distressing and with due care for carrying out the in vivo toxicological evaluation.  

Institute Animal Ethics Committee’s (IAEC) approval was taken before initiating animal 

experiments. 

Chapter 4 includes the results presented in the form of figures, tables and graphs. The first 

section details the preliminary studies of synthesis and preparation of inorganic-organic 

resin based composites containing alkoxides of calcium/ magnesium/ 

zinc/strontium/manganese with polymerizable dimethacrylate groups.  The synthesized 

resins were characterized using various spectroscopic methods and elucidated the 

structure of the same.  The photocured composites prepared from the synthesized resins 

were characterized.  The composites prepared from dimethacrylate resins containing 

Calcium (CaR1Q), Magnesium (MgR1Q) and Zinc (ZnR1Q) exhibited consistency in 

properties and the corresponding resins i.e, CaR1, MgR1 and ZnR1 showed better 
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aesthetics, consistency and excellent handling properties. So we made attempts for the 

combination of inorganic contents (i.e, calcium/magnesium/zinc) within a resin matrix for 

the further studies. The second section details the investigation of effect of combination 

of inorganic contents (alkoxides of calcium/magnesium and zinc) on physico-mechanical 

properties, polymerization shrinkage and bioactivity of composites containing 

polymerizable dimethacrylate groups. The initial part of this section describes the 

optimization of pH for hydrolysis during the synthesis of the resin and it is optimized as 

pH10.  Further synthesis of the resins for this present study was carried as a function of 

this specific pH.  Various formulations of inorganic-organic hybrid resins were 

synthesized by changing the concentration of calcium/magnesium/zinc alkoxides. The 

formulation was optimized by evaluating the mechanical properties of the photocured 

composites based on these synthesized resins.  The final part of this section illustrates the 

characterization of optimized formulation CMZR using various analytical methods and, 

characterization including in vitro studies of photocured composites prepared from the 

resin (CMZRQ).  The third section discusses the effect of functionality on polymerization 

shrinkage, physico-mechanical properties and bioactivity of inorganic-organic resin with 

polymerizable tetramethacrylate groups containing mixture of alkoxides of 

calcium/magnesium and zinc. The early part of this section portrays the optimization of 

pH for hydrolysis during the synthesis of the resin and it is optimized as pH 2.    Various 

formulations of inorganic-organic hybrid resins were synthesized by changing the 

concentration of calcium/magnesium/zinc alkoxides. The formulation was optimized by 

evaluating the mechanical properties of the photocured composites based on these 
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synthesized resins.  The final part of this section illustrates the characterization of 

optimized formulation CMZR2 using various analytical methods, and characterization 

including in vitro studies   of photocured composites prepared from the resin (CMZR2Q).  

The fourth and the final section investigates the effect of filler on the physico-mechanical 

properties of composites prepared from CMZR and CMZR2.  A combination of 

quartz/radiopaque glass was used as filler to prepare the radiopaque composite 

(CMZRQG). The radiopacity of CMZRQG obtained by incorporating radiopaque glass 

filler was evaluated. The concluding part of this section details the evaluation of physico- 

mechanical properties, in vitro studies and in vivo toxicological evaluation of these 

photocured radiopaque composites with optimized formulation.   

In Chapter 5 discusses and analyses the results based on the current literature. It is shown 

that dental composites prepared from inorganic-organic hybrid resins have low 

polymerization shrinkage with good bioactivity compared to the commercially available 

control material. Inorganic-organic hybrid resins can be tailored to get dental composites 

which meet the requirements of the researcher. 

Chapter 6 summarizes the results and conclusions drawn from the present study. 

Radiopaque composite based on the optimized formulation CMZRQG, exhibits low 

polymerization shrinkage, good physico-mechanical properties, cytocompatibility, 

radiopacity, bioactivity and biocompatibility. So CMZRQG can be used as a potential 

candidate in dental restorative applications. Citations are listed in the bibliographic 

section. 
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  CHAPTER 1 

INTRODUCTION 

 The tooth is a calcified structure, which is vital for chewing. Teeth also contribute 

to the shape and appearance of the mouth and face, protect the oral cavity, and aid in 

speech. Though tooth enamel is harder than bone, consuming sugary foods and acidic 

drinks can cause it to erode. Good oral health is important for teeth to stay strong. 

Remineralisation by saliva can refurbish damaged tooth, but damage beyond a certain 

extent cannot be naturally revamped. The preservation and mending of human teeth is one 

of the key concerns of dentistry. Demineralization and remineralization have a critical 

impact on the hardness and strength of teeth. Demineralization transpires at low pH when 

the oral environment is undersaturated with mineral ions, comparative to teeth‘s mineral 

content. Remineralization replaced the ensuing loss of calcium, phosphate, and fluoride 

ions in the form of fluorapatite crystals. These crystals are more resistant to acid 

dissolution and considerably larger than the original crystals, thereby providing a more 

constructive surface to volume ratio. Once the process of tooth demineralization exceeds 

remineralisation, tooth enamel starts deteriorating. Even though tooth enamel cannot be 

restored completely, certain materials can repair small abrasions that cause it to 

deteriorate. Dentists use dental restoratives to restore the function and integrity of 

damaged teeth.  
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1.1.Anatomy of tooth 

 Anatomically, tooth consists of two parts: the crown, which is the white visible 

part of the tooth, and the root, which cannot be seen. The crown of the tooth is the part 

that appears above the gum line and has several crests on its surface, which help in 

mastication. The portion of the tooth below the gum line is called the root, which anchors 

the tooth into a bony socket known as the alveolus. The root extends beneath the gum line 

and affixes the tooth into the bone. Tooth is composed of four categories of tissue, viz., 

enamel, dentin, cementum and pulp, each with specific functions [Figure 1.1]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Anatomy of tooth 

(Reference: http://www.webmd.com/oral-health/picture-of-the-teeth#1) 

http://www.webmd.com/oral-health/picture-of-the-teeth#1
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1.1.1. Enamel 

 Tooth enamel composed of 96 wt.% inorganic material (calcium phosphate), 

which accounts its strength, and 4 wt.% organic material (collagen) and water (Maria et 

al., 2003). The inorganic material is primarily composed of calcium phosphate associated 

to hexagonal hydroxyapatite, which has the chemical formula Ca10(PO4)6(OH)2. Enamel, 

the visible substance that covers the tooth crown, is composed of mainly minerals and 

protects the tooth from decay. The usual color of enamel ranges from light yellow to 

grayish white.   

1.1.2. Dentin 

 Dentin, the tissue which lies beneath the enamel, is calcified and looks similar to 

bone. Dentin is composed of hydroxyapatite (70%), collagenous proteins (20%), and 

water (10%) and is secreted by the odontoblasts of the dental pulp. As dentin is softer 

than enamel and it will started to decay once the enamel wears away. It also perishes 

more swiftly than enamel. It was reported that enamel and dentin also contain small 

quantities of sodium, chlorine and magnesium.  

1.1.3. Cementum  

 Cementum is light yellow in color generally covered by the gums, consists of 45-

50% hydroxyapatite, 50-55% organic matter (type I collagen and protein) and water 

which wraps around the tooth root and anchors it into the bone. However, insufficient 

dental care can cause the gums to become diseased and contract, exposing the cementum 

to harmful plaque and bacteria. 
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1.1.4. Pulp 

 Dental pulp is unmineralized oral tissue composed of soft connective tissue, 

vascular, lymphatic and nervous elements that reside in the central pulp cavity of each 

tooth. It distributes nutrients and signals to the teeth. Pulp has a soft, gelatinous 

consistency and the majority of pulp is made up of water (75-80%). The pulp is generally 

called "the nerve" of the tooth. 

1.2. Structures around the tooth 

1.2.1. Periodontal ligament 

 Periodontal ligament, which is a fibrous connective tissue structure  comprises of 

neural and vascular components,  connects the cementum to the bony socket, (i.e., the 

alveolar bone) acts as a shock absorber by providing a defense mechanism against light as 

well as heavy forces. Light forces are cushioned by intravascular fluid while moderate 

forces are resisted by extravascular tissue fluid. The principal fibers counteract the 

heavier forces. The periodontal ligament also serves a major remodeling function by 

providing proficient cells to form and resorb bone and cementum.   They are splendidly 

rich in nerve endings, which aid in sensory function, so they are the primary receptors of 

pain and pressure. 

1.2.2. Oral Mucosa 

 Oral mucosa is the moist tissue lines the mouth cavity near the vermillion border 

of the lip, which serves as a protective barrier for mechanical trauma and microbiological 
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attacks. Oral mucosa helps in sensation as it contains receptors that respond to 

temperature, touch, pain, and taste and initiates reflexes like swallowing, gagging and 

salivation.  

1.2.3. Gingivae (gums) 

 The gingivae or gums are the soft tissues in the upper and lower jaws that 

immediately surround the teeth and bone. These tissues protect the bone and the roots of 

the teeth by providing a lubricated surface. They contain mucosal tissue that covers the 

maxilla and mandible area.  

1.2.4. Root 

 The tooth root dwells in the lower two-thirds of the tooth. It is usually obscured in 

bone, and serves to fix the tooth in place. The roots are placed into the sockets in the jaw 

bone. 

1.2.5. Bone 

 Alveolar bone is the thick crest of bone which bears the tooth sockets. It is built 

from the dental follicle. In humans, the maxillae and the mandible are the tooth-bearing 

bones, which hold the sockets to enclose and sustain the roots of the teeth. 

1.2.6. Nerves and blood supply       

 Blood supply is necessary to maintain the vitality of the tooth. Maxillary arteries 

supply blood to the jawbones, teeth, and underlying tissues through various branches such 

as inferior alveolar, palatine artery, and infraorbital artery. 
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1.3. Types of teeth and their functions 

 Humans have two sets of teeth, viz., primary teeth and permanent teeth, which 

build up in stages. Even though the timing is different, the development of both sets of 

teeth is similar. There are 20 primary teeth by age 3 and these remain till the age 6. The 

permanent sets of teeth start to grow between 6 and 12 years of age, when the primary 

teeth start to fall out. Nearly all adults have 32 permanent teeth [Figure 1.2]. 

 

Figure1. 2: Tooth development 

(Reference:http://www.colgate.co.in/en/in/oc/oral-

health/basics/mouth-and-teeth-anatomy/article/tooth-anatomy) 
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There are four types of teeth - incisors, canines, pre-molars and molar.  Each type of teeth 

performs slightly different functions. 

1.3.1. Incisors 

 Incisors are the thin, straight teeth in the front of the mouth– four at the top and 

four at the bottom.  They help in biting food and in pronouncing words when we speak. 

Incisors also prop up the lips. 

1.3.2. Canines 

 There are a total of four canine teeth- one on either side of the upper and lower 

incisors.    They cut or tear food and hold up the lips. Another function of the canines is to 

direct all the teeth into position while the upper and lower jaw comes together. 

1.3.3. Premolars 

 Premolars are bicuspids located behind the canines. There are eight premolars, 

four each on the top and bottom of an adult's mouth. Premolars have a flattened top and 

their function is to chew food and sustain the height of the face.  

1.3.4. Molars 

 Molars are widest, flattest of all the teeth and located next to the premolars. There 

are 12 molars in total: six in the upper jaw and six in the lower jaw. The American Dental 

Association (ADA) depicts wisdom teeth as the four molars at the back of the lower and 
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upper jaws. The function of molars is similar to that of the premolars, i.e., they help in 

chewing food and in retaining the height of the face. The lower molars have two roots, 

whereas the upper molars have three. 

1.4. Need for dental restoration 

 Dental restoration is necessary in the case of wear and tear, trauma, erosion and 

caries. Renovating the damaged tooth or teeth is indispensable for appropriate 

functioning.  There is an array of choices for dental restoration which can also restore a 

healthy and beautiful smile [Figure 1.3].  

 

Figure 1.3: Types of damaged tooth 

(Reference: http://www.thestafforddentalpractice.co.uk/services/dahl-technique/ 

 http://www.dentalexcellenceofdeephaven.com/category/prosthodontics/page/2/ 

     https://www.betterhealth.vic.gov.au/health/conditionsandtreatments/dental-erosion 

               http://www.dentalnotebook.com/caries-lesion-classification-g-v-black/) 

 

 

http://www.thestafforddentalpractice.co.uk/services/dahl-technique/
http://www.dentalexcellenceofdeephaven.com/category/prosthodontics/page/2/
https://www.betterhealth.vic.gov.au/health/conditionsandtreatments/dental-erosion
http://www.dentalnotebook.com/caries-lesion-classification-g-v-black/
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Based on the nature of problem, generally dentist will execute either of two types of 

dental restorations i.e., direct and indirect restoration. 

1.5. Direct restoration 

 Direct tooth restorations involve inserting a filling into the prepared tooth cavity 

immediately. The dentist decides on the appropriate option from an assortment of filling 

choices, based on the nature and site of the filling. Amalgam, resin-based composite, 

glass ionomer, and resin-modified glass ionomer are some examples for direct restoration.  

1.6. Indirect restoration 

  Indirect restorations are fabricated outside the mouth by taking impression of the 

tooth structure. After fabrication, the restoration is cemented and fitted into the required 

place. Indirect tooth restoration entails tailored tooth replacements in the form of crowns, 

onlays, or inlays. Dental inlays, crowns and onlays are usually made from ceramic, metal-

ceramic, cast-gold (high noble) alloys, base metal alloys (non-noble), etc. Resin-based 

composite is used for both direct and indirect restorations.  

1.7. Dental caries 

 Dental caries is an irretrievable microbial infection of the calcified tissues of the 

teeth [Figure 1.4].  It was exemplified by demineralization of the inorganic scrap and 

demolition of the organic substrate of the tooth, which ends up in cavitation. Poor dental 

hygiene is the one among the major reasons for dental caries, which are frequent in both 

children and adults. Generally, dental caries are painless at the initial stage; however, they 
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might become painful if they extend to the nerve or root of a tooth. If dental caries are left 

untreated, they can lead to tooth abscess, which is more painful and likely to become 

serious condition. This general oral health problem can be efficiently prevented through a 

combination of proficient individuals and societal efforts. Knowledge about the precise 

nature of the occurrence and incidence of dental caries in the community is necessary to 

avert and control the condition. The global distribution of dental caries has shown 

distinctive variations. The scenario in India also shows resemblance to that in other 

developing countries. Pervasiveness studies on dental caries in India had shown results 

ranging from 31.5% to 89%. This wide range may be attributed to diverse geographic, 

climate, cultural, ethnic and socioeconomic conditions in India (Grewal H, 2011). 

According to a World Health Organization (WHO) report, 60–90% of school children and 

nearly 100% of adults worldwide have dental cavities.   

 

 

 

 

 

 

 

  
 

Figure 1.4: Equation for dental caries 

(Reference:http://www.carypediatricdentistry.com) 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Grewal%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22124044
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Dental caries continues to be a chronic and major health concern for populations 

worldwide due to lack of preventive efforts and dietary changes. Marshaling resources 

and innovative rehabilitation efforts is necessary to fight against the prevalence of dental 

caries.  

1.8. Classifications of dental caries and tooth preparations 

 Carious lesions and tooth preparations are broadly classified into three based on 

different factors, i.e., by sites in permanent tooth, number of surfaces prepared, and 

location of tooth preparation surfaces. 

1.9. Classification based on sites in permanent tooth 

 In the early 1900s, GV Black, father of operative dentistry, proposed a systematic 

classification of carious cavities in exposed tooth surfaces.  According to Black‘s 

taxonomy, there are five types of caries lesions: 

(i) Class 1 – This type comprises lesions that begin in the structural defects like pits, 

fissures and flawed furrows. Other locations include occlusal, facial and lingual 

surfaces of molar and premolars; and lingual pits of anterior teeth. 

(ii) Class 2 – These are smooth surface caries on the proximal surfaces of bicuspids 

and molars. 

(iii) Class 3 – These  are smooth surface caries on the proximal surfaces of anterior 

teeth 
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(iv)  Class 4 – This class includes the lesions on the proximal plane of the frontal teeth 

that comprise the incisal angle. 

(v) Class 5 – These are lesions found on the gingival third of the crown on facial or 

lingual surfaces of both anterior and posterior teeth which involve cementum or 

dentin as well as enamel surfaces. 

In 1987, Schlutz added one more classification was added to G V Black‘s taxonomy, viz., 

Class 6 type of lesions on the cuspal tips and incisal edges.  

1.10. Classification based on number of surfaces prepared 

(i)  Simple – The caries concerning only one surface of a tooth. 

(ii) Compound-The caries involving two surfaces of a tooth. 

(iii) Complex- The caries involving more than two surfaces of a tooth. 

1.11. Classification based on surfaces to be restored 

 The classification based on the surface to be restored is shown in table 1. 

 

 

 

 

Table 1: Classification based on surfaces to be restored 

(i) O occlusal 

(ii) MO mesio-occlusal  

(iii) DO disto-occlusal 

(iv) MOD mesio-occlusodistal 

(v) F facial 

(vi) DL disto-lingual 

(vii) MID mesioincisodistal 

(viii) DF distofacial 
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1.12. Commonly used restorations for dental caries 

 The goal of modern restorative dentistry is to renovate lost tooth structure both 

functionally and cosmetically. The longevity of a dental restoration is clearly a prominent 

feature in determining its efficacy as an accepted long-term treatment for caries. Dentists 

make use of an extensive range of materials for the restoration of teeth, including metal or 

polymer-based materials, amalgam, gold and resin-based composites. According to the 

WHO, dental caries affect 5 billion people globally (Robert, 2009). This explains the 

increase in demand for dental restorative materials.  

1.13. Choosing a dental restorative – key considerations 

 The characteristics of an ideal dental restorative are (i) bioactivity, (ii) low 

polymerisation shrinkage (iii) high monomer conversion, (iv) good mechanical properties 

(v) properties similar to natural teeth and (v) antimicrobial character. 

1.14. Different types of dental restoratives 

1.14.1. Metallic filling  

1.14.1.1. Gold filling 

 The endurance of gold made it an exclusive restorative material, different from all 

other restorations.  However, though it is very resilient, gold is expensive and lack 

aesthetics.  It is not a feasible option for a primary tooth. Gold fillings are a blend of gold 

and metals like silver and copper. 
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1.14.1.2. Amalgam 

 Amalgam has been used in dentistry since 200 years ago and continues to be used 

due to its strength, durability, ease of application and low cost. When aesthetics is not the 

primary concern, it can be a viable option for individuals of all ages. Amalgam comprises 

an alloy of silver, copper, tin, and zinc combined with mercury. Though it is durable and 

the least sensitive among other restorative materials, but amalgam leads to mercury 

toxicity. Exposure to mercury mailny occurs during placement or removal of restoration 

in the tooth. A less amount of mercury will released after the completion of the reaction, 

which is far below the current health standard. However, the impending risk of dental 

amalgam is that it can discharge small amount of mercury vapor and produce delayed 

hypersensitivity reaction in some individuals.  It primarily affects the nervous and renal 

systems and can impact the immune, respiratory, cardiovascular, gastrointestinal, 

hematologic, and reproductive systems (Michael, 2006). Owing to the health problems that 

amalgam can cause, scientists looked for a substitute and this led to the discovery of 

tooth-colored restoratives. 

1.14.2. Tooth-colored dental restoratives 

1.14.2.1. Silicate cements 

  Dental silicate cement is the most regularly used material for the restoration of 

anterior teeth and is the product of reaction of powdered fluorine-containing alumino 

silicate glass with phosphoric acid solution (Wilson, 1972). The major drawback of dental 
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silicate cement is its propensity to stain or erode in oral fluids, and eventually 

disintegrate. 

1.14.2.2. Glass ionomers and compomers 

 Glass ionomers, the end product of reaction between silicate glass powder and 

polyalkenoic acid, were introduced in 1972 as a restorative material for anterior teeth 

(mainly for worn out regions, Class III and V cavities). Glass ionomers chemically bond 

to dental hard tissues and releases fluoride for a relatively long period.  So, they are 

generally regarded as good materials to employ for root caries and used as sealants, even 

though they are bit expensive compared to composites. Compomers are a hybrid of dental 

composites and glass ionomer cement and were introduced in the early 1990s.  They are 

also called polyacid-modified resin composites and are used as restorations in low stress–

bearing areas. Aesthetically, compomers are a good option but they have lower 

mechanical properties than restoratives. 

1.14.2.3. Resin-based composites 

 Resin-based composites (RBCs) have gained wide acceptance due to their good 

aesthetic properties, ability to fulfill mechanical requirements, and cause less health 

problems. They were introduced into the field of conservative dentistry in the 1940s to 

overcome the shortcomings of the acrylic resins that reinstated silicate cements. In 1962, 

Bowen developed the monomer termed Bisphenol-A-dimethacrylate (Bis GMA) in an 

endeavor to improve the physical properties of acrylic resins (Bowen, 1963). IUPAC 

name of Bis GMA is [2-hydroxy-3-[4-[2-[4-[2-hydroxy-3-(2-methylprop-2-enoyloxy) 
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propoxy]phenyl]propan-2-yl]phenoxy]propyl]2-methylprop-2-enoate]. Habitually, resin-

based composites typically comprised three major components: resin matrix (organic 

part), fillers (inorganic part) and silane coupling agent (Anas et al., 2016).  

(a) Resin 

 Bis GMA is the most frequently used monomer for developing contemporary 

composites. Usually, dimethacrylate resin is used as the resin matrix for the preparation 

of dental composites, which serve as the backbone of the composite resin system. Bis 

GMA is highly viscose to facilitate the handling of the resin; it is diluted with low 

viscosity monomers such as TEGDMA, ethylene glycol dimethacrylate (EGDMA), 

bisphenol A dimethacrylate (Bis-DMA), methyl methacrylate (MMA), UDMA, oxiranes, 

bile acid derivatives, dendrimers, isosorbides, inorganic-organic hybrid resin, etc.  

(b) Fillers  

 A literature survey advocates that the normal lifetime of posterior dental 

composites is merely six years (Downer et al., 1999). The majority of restorations are 

replacements of failed restorations (Deligeorgi et al., 2001) and the main reason for the 

replacement is secondary caries occurring at the margins (Marks et al., 1999), (Mjör IA 

1996), (Mjör & Toffenetti 2000), (Wilson et al., 1997). Quartz is widely explored filler in 

the preparation of dental composites. Some metal oxides have also been investigated as 

fillers such as aluminum oxide (Al2O3), zinc oxide (ZnO), titanium dioxide (TiO2), and 

zirconium oxide (ZrO2). Other fillers like bioactive glass, colloidal silica, silica glass 

contain barium; strontium and zirconium are also used in current composite systems. 
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Supplementary components for remineralization (e.g., through calcium and phosphate 

release) and antibacterial action are vital for preventing bacterial microleakage. An ample 

range of calcium phosphates (CaPs) like hydroxyapatite (HA), amorphous calcium 

phosphates (ACP), tetracalcium phosphate (TTCP) and mono- and dicalcium phosphates 

(MCPM and DCPA) have been studied as fillers over the past 20 years (Khvostenko et 

al., 2016).  

 Fillers enhance strength, modulus of elasticity, and reduce polymer shrinkage, 

coefficient of thermal expansion, and water absorption.  Fillers can moderate aesthetic 

translucency and fluorescence. The properties of the dental composites are also 

influenced by size of the fillers, which ranges from macrosize to nanosize. The 

commercially used monomers have remained largely unchanged. The most significant 

changes in dental RBCs is due to the type, size, and distribution of the inorganic fillers.  

(c) Coupling agents 

 The resin matrix- reinforcing filler bonding is consistently accomplished by 

employing the silane coupling agent, 3-methacryloxypropyltrimethoxysilane (MPTMS). 

This is a bifunctional molecule proficient of reacting its alkoxysilane groups with the 

filler, and its methacrylate functional group with the resin. In order to attain and preserve 

optimum properties of the composite, it is vital that the filler particles are bonded 

effectively to the resin matrix.  The efficiency of the coupling agent is determined from 

the reaction of the silane with the quartz/glass filler (siloxane formation) and with the 

resin system (by graft copolymerization). The siloxane bond (Si-O-Si) between the 
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mineral filler and the silane agent is susceptible to hydrolysis, as this covalent bond has 

considerable ionic characteristics. On the other hand, the carbon-carbon covalent bond 

between the silane and the polymer matrix is significantly more resistant to hydrolytic 

attack. The coupling agent allows transferring stresses from the more plastic polymer 

matrix to the stiffer filler particles (Philips, 1991).   

(d) Initiator system 

 Other constituents usually added to the resin matrix of dental composites include 

initiators, accelerators, and inhibitors. There are three types of dental composites 

depending on the curing process: (i) self cure (chemically activated), (ii) photcured (light 

activated), and (iiii) combination of both called as dual cured (light and chemically 

activated). The main advantages of photocuring are fast curing, it does not involve 

mixing time, the clinician has full control over the working time and tertiary amine 

accelarators are not required. Photoinitiator concentration and light intensity influence 

polymerization rate by regulating the cross-linking density, which is directly 

proportional to mechanical strength, glass transition temperature, and solvent resistance. 

Commonly used photoinitiators are: Camphor quininone (CQ), 2, 4, 6-trimethylbenzoyl 

diphenyl phosphene oxide (TPO) and 1-phenyl-1, 2-propanedione (PPD). CQ cures at a 

wavelength range at 400-500nm (usually 468nm), TPO at 380-410nm and PPD cures at 

300-480 nm.  
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(e) Bonding agents 

 Bonding agents are methacrylate resin materials with volatile carrier like acetone, 

which facilitate in adhering dental composite to dentin and enamel. During bonding of 

dental composites, dentin is treated with polyacrylic acid, and some of the collagen 

network or organic matrix of dentin is exposed. Bonding agent creates a hybrid layer, 

which acts as an interface between dentin and the dental composite. Bonding agent 

comprised of etchants, primers and adhesives.  

1.15. Rationale for choosing 2, 4, 6 trimethyl benzoyl biphenyl phosphine oxide 

(TPO)  

  The foremost setback associated with the normally used photo-initiators such as 

camphorquinone is that they impart a yellow color to the polymer system. Moreover, 

tertiary amines commonly used as co-initiators along with CQ, which facilitates the 

formation of alpha-amino alkyl radicals, are highly reactive. The photoinitiator system 

also has certain shortcomings like low compatibility with oral tissues and exhibit 

mutagenic characteristics.  In our study, we have used TPO as the photoinitiator, which 

aids free radical polymerization at 380-410 nm [Figure 1.5]. 

 

 
Figure 1.5: Photo-cleavage of TPO at 410nm 
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Advantages of TPO  

 Polymerization can be done at room temperature or physiological  temperature 

 Non-cytotoxicity 

 Does not impart any color to the system  

 Rapid rate of polymerization 

1.16. Limitations of existing dental composites 

 Though the contemporary Bis GMA based composites have proven to preserve 

teeth effectively, but they have limited life-span and ultimately require replacement. They 

are beset with many limitations like high polymerization shrinkage, poor marginal seal 

leading to micro leakage, and minimal wear resistance. Post-gel polymerization shrinkage 

causes significant stresses in the surrounding tooth structure and composite tooth 

bonding, leading to premature restoration failure.  Another problem associated with 

dental restorative material is leaching of uncured monomer that leads to cytotoxicity. It 

requires bioactivity and lacks the ability to bond to tooth structure.  Moreover, a 

significant percentage of the restored teeth ultimately undergo pulpal necrosis, requiring 

either tooth extraction or endodontic treatment and prosthetic build-up. Therefore, the 

development of novel techniques to regenerate lost tooth structure would have significant 

benefits. The current study is an attempt to develop a new visible light cure composite 

based on novel inorganic-organic hybrid resins. 
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1.17. Inorganic-organic hybrid resins 

 Inorganic-organic hybrid resins can be described as three-dimensionally cross-

linked copolymers. The polysiloxane chains within inorganic-organic hybrid resins are 

longer than Bis GMA, which could explain the material's lower volumetric shrinkage. 

Usually, the sol-gel processing method is used to fabricate silica networks by hydrolysis 

and condensation reactions (Jianing & Hans, 1990). The sol-gel method is a low 

temperature processing technique which makes use of silicate precursor, typically taken 

from a silicon alkoxide. Silicon alkoxides hydrolyse under either acidic or basic 

conditions, ensuing polycondenation or initiate to form Si-O-Si bonds, crafting a sol of 

discrete nanoparticles. The particles aggregate and form a three dimensional network in 

the acid-catalyzed system (Lin et al., 2009).  Stöber (Stober, 1968) pioneered this method, 

fabricating monodisperse silica spheres in the micron size range (from 0.05 – 2 µm). The 

abundance of polymerization sites in these materials allows them to cure without leaving 

residual monomers; hence, they have greater biocompatibility with the tissues. They are 

reported to have superior physical properties as they have the capability to double the 

conversion of monomers. They were formulated in an endeavor to overcome the 

problems created by the polymerization shrinkage of conservative composites. In 

addition, they also offer benefits like low shrinkage, high abrasion resistance, 

biocompatibility, and protection against caries. The inorganic network formed by 

polycondensation of silicon dioxide acts as the backbone of these hybrid resins. It was 

further functionalized with polymerisable organic units to produce three-dimensional 

compound polymers. They combine glass-like (inorganic) constituents with polymer 
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(organic) constituents.  We have used inorganic-organic hybrid resins in our study and 

they were synthesized through a modified sol-gel method.   

1.18. Hypothesis 

 Polymerisation shrinkage and lack of bioactivity persist in the resin matrix of 

conventional composites and limits its application and longevity. Therefore, it is 

necessary to replace the resin matrix with a new one that has low polymerization 

shrinkage. Moreover, incorporation of suitable agents during resin synthesis can impart 

bioactivity, radiopacity, and good mechanical properties to the composite.  

In order to achieve this, the following steps are conceptualized: 

 Polymerization shrinkage and lack of bioactivity may be the major factors 

responsible for the failures of existing dental restorations.  

 Replacement of an organic resin matrix with a novel inorganic-organic hybrid 

resin may enhance the bonding between the filler and the resin matrix, which in 

turn, will reduce polymerization shrinkage.  

 Effective bonding between the organic and inorganic part within the resin may 

impart lower polymerization shrinkage. 

 Incorporation of inorganic content in resins may impart bioactivity to the 

photocured dental composites prepared from them 
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1.19. Objectives of the study  

 The objectives defined for the present study to provide evidence for the 

hypothesis, are as follows: 

1. To synthesize novel inorganic-organic hybrid resins containing polymerizable 

di/tetramethacrylate groups having various alkoxides/mixture of alkoxides of 

calcium, magnesium, zinc, manganese and strontium. 

2. To optimize the synthesis conditions,  check  the feasibility of  incorporating 

inorganic contents and characterization of the synthesized resins using various 

spectroscopic techniques 

3. To prepare photocured dental composites using these synthesized resins. 

4. To optimize the formulation of inorganic content in these resins by evaluating 

their physico-mechanical properties.    

5. To investigate the effect of filler on properties of photocured composites.                                                                                                           

6. To evaluate the in vitro cytotoxicty of the composites.  

7. To evaluate the bioactivity and radiopacity of the composites.                                                                               

8. To complete the in vivo biocompatibility evaluation as per ISO standards. 
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CHAPTER 2 

LITERATURE REVIEW 

 The major objectives of the study are to develop dental composites based on novel 

inorganic-organic hybrid resins to: (1) reduce polymersiation shrinkage (2) provide 

bioactivity (3) induce radiopacity and (4) biocompatibility. To accomplish these goals, a 

comprehensive knowledge of contemporary evolution in this field is required. This 

chapter on literature survey elaborates the history of dental composites; various resin 

matrices used and varied approaches for the modification of the resin matrix. The 

significance of inducing radiopacity and bioactivity in dental composites are also 

discussed. The influence of interaction between the resin matrix and filler on mechanical 

properties and cytocompatibility are reviewed in detail. A review of published literature 

made it possible to conceptualize experimental design strategies for the present study.  

2.1 History of dental restorations 

Dental restorations have a long history commencing from 500 BC onwards. Gold 

was  the  earliest  material  used  to  restore  teeth  during the period from 500 BC to 

1700s (https://www.slideshare.net/dingichibi/dental-materials-for-first-year-bds). Man‘s 

aesthetic sense urged him to seek out materials for tooth restoration, such as bone, ivory, 

porcelain, metals, etc., in the 1700‘s. Wax and gypsum were used for making impressions 

and models. Zinc oxide-eugenol and zinc phosphate were used as fillings and cements for 

the restoration of teeth.  Amalgam and silver filling material was widely accepted and 

https://www.slideshare.net/dingichibi/dental-materials-for-first-year-bds
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frequently used in early 1800‘s.  Porcelain  was  also  used  for making inlays and crowns 

at that time (https://www.slideshare.net/DrMdArifurRahman/introduction-to-dental-

materials-lecture-12).  In the 20
th

 century, cast metals such as alloys of gold, titanium, 

chromium with cobalt and nickel were used for making crown bridges and partial 

dentures. Polymers and composites were also introduced in dentistry around 1940‘s. The 

21
st
 century saw the introduction of new adhesives, ceramic materials and technologies, 

while the basic concepts and uses of dental restoratives remain unchanged (Richard Van 

Noort, 2013). 

 Dr Pierre Fauchard (1678–1761) is regarded as the father of modern aesthetic 

restorative dentistry (Maloney et al., 2009; Spielman AI,. 2007). He published a discourse 

entitled ‗The surgeon dentist: a treatise on the teeth‘, which describes operative 

techniques, oral anatomy, oral pathology to eliminate carious decay, tooth transplantation 

and surrogating missing dentition (Philips, 1991; Wahl, 2005). In 1756, Dr. Philip Pfaff 

produced plaster of Paris models from wax impressions of the dentition (Wahl, 2005). In 

1792, Dr. Nicholas Dubois de Chemant with Alexis Duchateau obtained a patent for the 

production process of porcelain dentures. Porcelain inlay was introduced in the early 

nineteenth century. The first removable dentures were developed in 1853 by combining 

vulcanised rubber with existing porcelain teeth (Rueggeberg, 2002).  The augmentation of 

amalgam-based restorations introduced in the early and mid-nineteenth century, 

modernized the restorative dentistry (Gelbier, 2005). Dr. Greene Vardiman Black worked 

extensively nearly on all aspects of dental research, including the production of porcelain 

and gold foil restorations, and the development of silver-amalgam alloy (Black, 1896; 

https://www.slideshare.net/DrMdArifurRahman/introduction-to-dental-materials-lecture-12
https://www.slideshare.net/DrMdArifurRahman/introduction-to-dental-materials-lecture-12
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Cannon et al., 1985). Dr. Rafael Bowen invented an innovative tooth-coloured, particle 

filled methacrylate resin-matrix i.e, Bis GMA in the mid-twentieth century which was the 

keystone of modern aesthetic restorative dentistry (Bowen, 1956; 1958;1964). The 

ensuing progress and modification of RBCs during the late-twentieth and early twenty-

first centuries has led to the development of a  vast range of materials including Universal 

RBCs (Cobb et al., 2000), RBCs containing nanofillers (Mitra et al., 2003), highly 

viscous packable RBCs (Manhart et al., 2001) and flowable RBCs (Braga et al., 2005). In 

addition, recent modifications to the resin matrix that have sought to reduce 

polymerization shrinkage stresses include, spiro-orthocarbonates (Ferracane, 1995), 

siloranes (Weinmann et al., 2005), thiol-ene step-growth polymers (Carisocia et al., 

2005), and partially aromatic urethane dimethacrylate (Moszner et al., 2007), Ormocers 

(Moszner et al., 2008) etc.  

2.2 Advantages and limitations of resin based dental composites (RBC) 

 RBCs have entirely replaced mercury amalgams in many countries due to latter‘s 

potential toxicity (Julian, 2013). RBCs have numerous advantages over mercury 

amalgam. They are predominantly preferred for anterior teeth where aesthetics is more 

imperative. Composite resins promote the preservation of healthy tooth tissues because 

they are directly bonded to the tooth. The major drawback associated with composite 

resins is polymerization shrinkage, which occurs as a result of the formation of covalent 

bonds between the monomers during polymerization. This shrinkage will vary the volume 

of the material and generate stresses at the bonded restoration. The stresses transpire from 
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the composite mass to the adhesive bond (Gallo, 2010) and finally to the tooth surface. 

This will leads to cusp damage and microcracks in the enamel and dentine (Jorgensen, 

1975; Christensen, 2007) which results in postoperative sensitivity in patients (Milos, 

2016). The eventual consequence of polymerization shrinkage is the reduction in 

longevity of composite resin restorations (Ferracane, 2005). The physico-mechanical 

properties of composite resins mainly depend on functionality of resin, particle size of 

inorganic fillers and resin filler bondin.  However, further modification of the resin matrix 

is required to reduce   polymerization shrinkage, enhance monomer conversion and    

cross-linking density.  The other drawback of composite resins is the leaching of toxic 

unreacted monomers.  Moreover leaching of    decomposition products from both self 

cure and light cure resins are reported (Christine & Zhu, 2012).  In particular, BisGMA, 

which incorporates a bisphenol A group, is known to be toxic. There are also a few 

known cases of allergic reactions triggered by composite resins (Christine & Zhu, 2012).  

Overall, though the biocompatibility of composite resin available for restorative 

application is   reported to have sufficient bio- compatibility, further improvements are 

required to develop an ideal restorative material.  

2.3. Development of resin based dental restoratives 

 Anusavice defined dental composite as a combination of two or more distinctly 

dissimilar materials with properties superior or intermediary to those of its individual 

constituents (Anusavice et al., 2013). RBCs symbolize an inimitable class of biomaterials 

with severe restrictions on biocompatibility, curing behavior, esthetics, and ultimate 
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material properties (Anusavice et al., 2013). The polymerization shrinkage, shrinkage 

stress, limited toughness, the presence of unreacted monomer, and several other factors 

limit the application of dental composites.  Fortunately, these materials have been the 

focus of great deal of research in recent years with the goal of improving restoration 

performance by changing the initiation system, monomers, fillers, coupling agents, and 

novel polymerization strategies. Composite dental materials were introduced to dentistry 

more than 67 years ago. They were developed to overcome the severe shortcomings of 

silicate cements, mainly their short life span (Ferracane, 2011).   

 Acrylic resins, particularly polymethyl methacrylate (PMMA), the precursor of 

RBC was employed in dentistry for inlays, crowns and fixed partial dentures from 1936 

onwards (Rueggeberg, 2002). The major drawbacks of PMMA composites are volumetric 

shrinkage, low fatigue strength, thermal expansion coefficient, low impact strength, lack 

of colour stability and low adhesion (Reham, 2016). Due to these limitations, high 

prevalence of marginal stainining and secondary caries were identified at the tooth-

restoration interface (Paffenbarger et al., 1953; Rueggeberg, 2002).  

 The modern era in dentistry began with the invention of Bis GMA in 1950s by Dr. 

Rafael Bowen. This novel organic ingredient with inorganic filler particles reduced the 

detrimental polymerization shrinkage of the preceding PMMAs. A high molecular weight 

epoxy resin, Bis GMA is well known for its exceptional ability to form cross-links 

through polymerization reaction (Jing et al., 2014).  Due to its low contraction rate, Bis 

GMA plays the key role in the organic matrix of dental resin composites (Lovell et al., 

1999; Asmussen and Peutzfeldt, 1998). The degree of freedom in the BisGMA molecule 
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is low due to its high viscosity.  It is therefore requires dilution with low viscosity 

dimethacrylates such as TEGDMA (Amirouche-Korichi et al., 2017). The incorporation 

of TEGDMA reduces the viscosity of Bis GMA, enhances the filler‘s loading capacity 

and improves its handling characteristics. Usually a silane coupling agent, viz., 3-

trimethoxy silyl propyl methacrylate (TSPM), is used to coat the inorganic filler prior to 

its incorporation into the resin matrix for better adhesion. In the early days, RBCs were 

chemically cured via redox reaction to commence free radical polymerization. Light-

activated polymerization was established later and consequently a photoinitiator was 

added to endorse the curing reaction. The photoinitiator camphorquinine was introduced 

in 1978 and the first reported light curing material was of an ultraviolet (UV) cured 

fissure sealant.  Moreover, the addition of an inhibitor, such as hydroquinone, was also 

required to augment both the shelf-life of the material and working time available for the 

dental practitioner during placement (Ario, 2013). 

2.4. Resin matrix chemistry 

 The monomers that are extensively used in the preparation of dental resins are 

crosslinking dimethacrylates of high molecular weight BisGMA with low molecular 

weight TEGDMA. Bis GMA confines the photopolymerization stimulated volumetric 

shrinkage and augments resin reactivity in Bis GMA/TEGDMA dental resin, while 

TEGDMA endows it with increased vinyl double bond conversion (Ming et al., 2008). 

Other monomers like UDMA, and bisphenol A ethoxylated dimethacrylate (Bis-EMA)  

are also used in the development of dental resin [Figure 2.1].    Usually, mixtures of these 
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monomers are used (Irini et al., 2005). Formulation, type, amount, and ratio of the 

monomers within the resin impart specific rheological and mechanical properties (such as 

reactivity, viscosity, polymerization shrinkage, water uptake, swelling etc) to the 

composite restoration. The organic matrix allows the paste to be molded in the oral 

environment and forms a rigid crosslinked structure when it undergoes free-radical 

addition polymerization reaction (McCabe & Walls, 1990).  

 

  

 

 

 

 

 

 

 

 

 

 

 
(a) Bis GMA 

 
(b) TEGDMA 

 
(c) UDMA 

 

(d) Bis EMA 

 

Figure 2.1 : Monomers used in dentistry 
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2.5. Strategies for modifying the resin matrix to reduce polymerization 

shrinkage 

 During photo-polymerization, new bonds are formed between the monomer 

molecules. The intermolecular distance between the monomer molecules is reduced from 

3-4 Å to1.5 Å i.e., from van der Waals distance to covalent distance.  Thus, shrinkage of 

the material occurs and it typically occurs in the order of 1.5-5%.  Various researchers 

have put forward certain strategies to reduce the polymerization shrinkage by modifying 

the resin matrix. 

2.5.1. Use of ring-opening polymerization 

 The use of ring-opening polymerization (ROP) could avoid the setbacks of 

polymerization shrinkage because ROP induces bond cleavages and formation of new 

bonds. Tilbrook et al. found that mixtures of epoxy monomers and polyols can reduce 

polymerization shrinkage by undergoing ROP (Tilbrook et al., 2000).  The inclusion of 

polyols allows a quicker set rate with high conversion and crosslink density which 

enhances the mechanical properties of the composites.  However, polymers flaunt greater 

water uptake, which precincts the long-term strength of the composites. Bicycloacrylates 

are another class of materials that is used for radical ring-opening polymerization [Figure 

2.2 (a)]. The monomers are stable and exhibit good reactivity which results in the 

formation of high molecular weight polymers (Meijere et al., 2004).  They are also non-

toxic in nature (Lavigueur and Zhu, 2012). 
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 Spiro orthocarbonates are another attractive candidate to reduce shrinkage as they 

undergo double ring-opening polymerization [Figure 2.2 (b)]. However, they cannot be 

used in dentistry due to their poor curing characteristics and insufficient mechanical 

strength. Spiro orthocarbonates exhibit good mechanical properties when they are mixed 

with BisGMA or BisGMA derivatives (Yoo et al., 2011). 

 Siloranes developed by combining siloxanes (used for hydrophobicity) with 

oxiranes (cationic ring-opening polymerization) are another set of monomers displaying 

low shrinkage and good mechanical properties [Figure 2.2 (c)].  The clinical application 

of siloranes is limited to the posterior teeth, because limited numbers of low translucent 

colors are available. Moreover, the specific adhesive system can only be used for silorane 

restorations because of its hydrophobic nature (Lavigueur and Zhu, 2012).  

 Hyperbranched polymers exhibited promising properties like low viscocity, low 

shrinkage, and good mechanical strength, due to ROP. The potential risk associated with 

this material is biocompatibility, as there is a chance of free monomers leaches out with 

increasing hyperbranched contents (Dewaele et al., 2012).  
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Figure 2.2: Examples of dental resin monomers used for ring-opening polymerization: (a) 

bicycloacrylate (b) spiro orthocarbonate (c) silorane and (d) hyperbranched monomer (Lavigueur 

and Zhu, 2012). 

  

2.5.2. Organically modified ceramic resins (ORMOCERs) 

 Ormocer was introduced to overcome some of the limitations and concerns 

associated with the traditional composites (Kalra et al., 2012). There are three 

dimensionally cross-linked copolymers, synthesized via sol-gel method.    They consist of 

ceramic polysiloxane chains which has low shrinkage.  The abundance of polymerization 

sites in these materials does not leave residual monomers, which makes it biocompatible 

with the tissues. The silicon dioxide backbone of ormocers produces a three-dimensional 

compound via polycondensation.  Lizymol (Lizymol, 2010) developed novel ormocers 

containing alkoxides or mixtures of alkoxides of silicone, aluminum, calcium and 
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titanium. These developed composites exhibited low shrinkage with good mechanical 

properties and excellent surface hardness.  Moreover the biocompatibility of these newly 

synthesized monomers were evaluated and compared with the commercially available 

composite Admira (Lizymol et al., 2012). This showed that the materials had the potential 

to replace the existing Bis GMA based composite.  

2.5.3. Analogues of BisGMA 

 An assortment of strategies has been put forward to improve the properties of 

resins which mainly focus on polymerization shrinkage. Preparation of analogues of Bis 

GMA is one of the simple approaches that improved properties of the composite. Some 

researchers substituted the hydroxyl groups of Bis GMA with urethane (Khatri et al., 

2003) and a methoxy (Kim et al., 2006) substituent to reduce the viscosity of the resin. 

Kim et al. introduced methyl groups into the core of Bis GMA to increase molecular 

weight and reduce polymerization shrinkage (Kim et al., 2006). Fluorinated BisGMA 

derivatives (Stansbury and Antonucci, 1999) and fluorinated methacrylate monomers 

(Kurata and Yamazaki, 2011) have been introduced in dentistry with the goal of obtaining 

inert hydrophobic polymers.  However, their mechanical strength is slightly inferior to 

that of conventional resins. 

 Boulden et al., proposed the thiol-ene reaction as an alternative to radical 

polymerization (Boulden et al., 2011).  It proceeds through a step growth mechanism in 

which low molecular weight oligomers are produced in the initial stages of the reaction, 

which will appreciably hold up the gelation of the resin and reduces shrinkage.   



 
 
 

35 
 

2.5.4. Monomers based on natural compounds 

 The impregnation of natural compounds in the resin matrix to improve 

biocompatibility is the emerging trend in the field of dentistry. Wang et al., replaced the 

conventional amine coinitiator with sesamin in composite resins (Wang et al., 2009). Bile 

acids can be used for the preparation of composite resins (Madenci & Egelhaaf, 2010). 

Mostafa et al. developed microcapsules containing grape seed extract embedded in the 

adhesive dental resin for enhancing bioactivity (Mostafa et al., 2017). 

2.6. Classification of resin based dental composites 

2.6.1. Classification of resin based composites (RBCs) according to filler type 

 Fillers determines the mechanical properties of RBCs, polymerization shrinkage, 

intrinsic surface roughness, opalescence, optimizing wear,  radiopacity, translucency, and 

polishability (Ilie & Hickel, 2011). The manufacturing techniques, chemical composition, 

type, size, and distribution of the inorganic filler influence dental RBCs to a great extent 

(Eric et al., 2016).  The particle size of the filler within the resin matrix of commercial 

RBCs has been decreased continuously over the years from the traditional macro to nano-

composite materials. The classification of RBCs according to filler type has created a 

wide range of classifications and sub-classifications according to Lutz & Philips (Lutz & 

Philips, 1983). 
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2.6.1.1. Traditional or conventional RBCs 

 Conventional or traditional RBCs contained macro-sized filler particles with a 

mean size distribution of 10-100μm, for example, quartz, borosilicate, ceramic or glass.  

They were manufactured by milling; thus producing particles with a broken and irregular 

morphology. These inorganic particles were mixed with BisGMA/TEGDMA resin 

matrix, approximately 70-80 weight percent (wt%), to produce composite paste 

(McCabe, 1998). Traditional RBCs possessed low wear resistance, a high degree of 

surface roughness, and a dull appearance. 

2.6.1.2. Small particle RBCs 

  Small particle RBCs comprised of intermediate and midifill fillers whose mean 

filler size was in the range of 1-10μm (Lang et al., 1992) and a filler loading capacity of 

approximately 80wt% (Yap et al., 2005; Xu & Burgess, 2003). 

2.6.1.3. Microfilled RBCs 

 Microfilled RBCs were introduced in 1973, it contain   silicon dioxide filler 

particles less than 100 nm in diameter in combination with prepolymerized organic fillers.  

Pyrogenic silica (0.01 μm -0.1 μm) and, colloidal silica are some of the fillers coming 

under this category.  Their filler loading capacity ranges from 30 to 60 wt% . These 

systems have a consistently high degree of surface smoothness and longest clinical track 

record. Based on the type of prepolymerized resin fillers incorporated in microfills,   they 

have been subdivided into splintered, agglomerated, or spherical (Venhoven et al., 1996).  
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Microfill composites possess ideal aesthetic qualities due to their admirable polishability 

and ability to preserve surface smoothness. Due to their poor mechanical properties, they 

cannot be used in stress bearing restorations (Ilie & Hickel, 2011).  

2.6.1.4. Hybrid RBCs 

 Materials that contain two discrete filler size distributions in the same matrix are 

called hybrid RBCs.  They comprise of micro- or submicron sized colloidal silica (0.01-

0.05μm) particles and larger macro-sized (15-20μm) particles (Keith et al., 2010). 

Macrofil particles provide more strength, while microfil enhances polishability and 

aesthetics (Roeters, 2005). The filler loading capacity of hybrid RBCs is 78-85w%. 

2.6.1.5. Glass fillers 

 Glass fillers are widely used in currently existing commercial composites such as 

Tetric EvoCeram, Grandio, Esthet-X, and Herculite XRV (Eric et al., 2016). These 

materials are not only primarily composed of silicon dioxide, but also contain a small 

proportion of alkaline oxides such as barium oxide (BaO) and strontium oxide (SrO).  

The alkaline oxides were integrated into the silica network by disrupting the silica 

structure.  These glass fillers have higher refractive indices than silica, which matches the 

refractive indices of traditional resin matrix and ensure more transparent composites. 

Bioactive glass is prepared by integrating oxides of calcium, sodium, or phosphorus 

oxides within the silica network (Vidya and Lakshmi, 2013).  
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2.6.1.6. Metal Oxides as fillers 

 Metal oxides such as aluminum oxide (Al2O3) (Thorat et al., 2013),  titanium 

dioxide (TiO2) (Thorat et al., 2012), zinc oxide (ZnO), and zirconium oxide (ZrO2)  have 

been used as fillers in RBCs. Commercially available composite like 3 M ESPE are 

composed of zirconia filler and hybrid zirconia−silica fillers.  

2.6.1.7. Hydroxyapatite and other calcium phosphate fillers 

 Hydroxyapatite (HA, Ca5(PO4)3OH), the main component of enamel (96% by 

weight) and dentin (70% by weight) has also been employed as a dental filler (Palmer et 

al., 2008; Chun et al., 2014). HA showed excellent bioactivity by reducing the occurrence 

of secondary caries (Liu et al., 2014).  Usually HA nanoparticles are used as fillers in 

RBCs.  Other shapes of HA such as whiskers and nanofibers were also used in the 

development of composites. Dental polymers that contain bioactive ACP filler are 

regarded as smart composites.  They are capable of responding to environmental pH 

changes by releasing calcium, phosphate, fluoride, and hydroxyl ions. They will prevent 

demineralization and aid in remineralization of teeth (Bhatnagar et al., 2016).    

2.6.1.8. Fibre reinforced fillers 

 The nanofibers or nanotubes fillers with low contents are considered to be ideal 

candidates to improve the mechanical performances of dental composites. They exhibit a 

high degree of surface roughness and wear (Willems et al., 1992). Glass fibers are the 

most extensively used fibers in dental composites. Electrospun polymeric fibers such as  

poly(vinyl acetate) fibers (Dodiuk-Kenig et al., 2008),  polyethylene and aramid fibers     

(Bae et al., 2001) and nylon-6 fibers (Tian et al., 2007)  in the composites improve the 
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overall properties of the composites. Single-walled carbon nanotubes (Zhang et al., 2008) 

halloysite nanotubes (Chen et al., 2012), whiskers of zinc oxide (Niu et al., 2010) 

zirconia/silica (Guo et al., 2012), silicon nitride (Xu et al., 2004) and silicon carbide (Xu 

et al., 2002) have also been employed for improving the mechanical properties in RBCs.   

Figure 2.3 illustrates the classification of dental composites based on particle size and 

structure. 

 

 
 

Figure 2.3: Classification of dental composites on the basis of particle size and structure 

(Zohaib et al., 2015) 

 

2.6.2. Modified RBCs  

2.6.2.1. Universal 

  Universal RBCs are also known as all purpose RBCs and have been applied for 

both anterior as well as posterior applications.  These micro-hybrid materials possess a 
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maximum filler loading of 80% by weight. They exhibit increased resistance to wear and 

improved surface polishability (Cobb et al., 2000). Some examples of Universal RBCs 

include Herculite XR (Kerr Manufacturing Co., Bioggio, Switzerland) ,Filtek™ Z250 

(3M ESPE, St Paul, MN, US) and Tetric (Vivadent Ivoclar). 

2.6.2.2. Packable 

 Packable RBCs have a filler loading capacity of 86% by weight and an ample 

filler size distribution ranges from 0.04 μm -10 μm. The irregular filler size improves 

packing efficiency and confines the flow of smaller particles, making its viscosity higher 

than that of conventional RBCs (Nash et al., 2001). Commercial packable RBCs include, 

SureFil (Dentsply, York, PA, US), Alert (Pentron Clinical Technologies, Wallingford, 

CT, US) and Solitaire (Heraeus Kulzer Inc., Armonk, MY, US). Packable RBCs are more 

convenient for use in restoration of posterior cavities.   

2.6.2.3. Flowable 

 Flowable RBCs have filler loading capacity of 37%-53% (volume) with low 

viscosity. They were developed to meet explicit clinical necessities, for example, as pit 

and fissure sealants, for the repair of marginal defects, and as liners in deep cavities and 

stress absorbing layers (Combe et al., 2000; Kusai and Jean, 2015).  Filtek™ Flow (3M, 

ESPE, St Paul, MN, US) Grandio Flow (Voco, Cruxhaven, Germany) are some examples 

of flowable materials. 
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2.6.2.4. Nanocomposites 

 Nanocomposites are the latest category of RBCs. They occur in two subclasses, 

nanofilled and nanohybrid. Due to their good esthetics, they are extensively used in  

restoring both anterior and posterior teeth (Saijai et al., 2016). Nanofilled RBCs contain 

nanomers and nanoclusters. The particle size of nanomers is in the range of 5-75 nm 

while that of nanoclusters in the range of 0.6-1.4 μm.  Nanohybrid materials comprised of 

nanoparticles (40-50 nm) and milled glass fillers (Mitra et al., 2003).  

2.7. Coupling agents 

 The filler/matrix interface is a decisive factor in dental composites, and therefore, 

the incorporation of coupling agents is a customary procedure to establish effective 

bonding between the resin matrix and the inorganic filler (Hayakawa et al., 2002). 

Usually, silane coupling agents are used as coupling agents.  The mechanism of silanation 

is shown in Figure 2.4.  Some commonly used silane coupling agents include MPTS, 3-

acryloyloxypropyl-trimethoxysilane (ACPS), and 3-isocyanatopropyl-triethoxysilane 

(ICS). Siloxane bonds are formed when the bifunctional silane molecules react with the 

inorganic filler. Zirconates, which are found to be more reactive than silanes, are also 

used as coupling agents. Due to the lack of non-reactive hydroxyl groups, it cannot 

effectively form chemical bonds with resin (Chuang et al., 2017). Titanate coupling 

agents are another class of coupling agents; they react with the free protons at the 

inorganic interface, results in the formation of organic monomolecular layers on the 

surface of the inorganic fillers (Parisa et al., 2017). Several researchers developed  new 
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coupling agents (Matinlinna et al., 2007;  Wenjin et al., 2016; Chuang et al., 2017 ) as 

alternatives for  silane-a tribochemical coating (Smith et al., 2011; Akgungor et al.,  

2008); the role of coupling agent is shown in Figure 2.5. 

 

2.8. Photopolymerization 

 The majority of resin based composites polymerize via radical chain 

polymerization in esthetic dentistry (Watts & Silikas, 2005).  The free radical generates 

from an initiation system reacts with the -bond of other monomer molecule to form a 

new radical center, and the process is repeated so the reactive center propagates on. The 

polymer chain is terminated by the coupling of two radicals, or by disproportionation 

reaction (Kwon et al., 2012). Early chemical or auto-polymerization reaction was 

 
 

Figure 2.4: Hydrolysis and condensation in silane (Parisa et al., 2017) 

 
 

 

Figure 2.5: The role of coupling agent as a molecular bridge between two different phase (Parisa 

et al., 2017). 
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exploited for the development of RBCs.  However, it lacked color stability and showed 

reduced mechanical properties. Light cure composites were developed for controlled 

setting of restoratives. The photoinitiator in ground state interacts with appropriate 

electromagnetic radiation and accomplishes the excited state. Photoinitiators can be 

broadly classified into two types (Arsu et al., 2006). In the first type, the compound 

undergoes an α-cleavage during irradiation to form two radicals.   In the second type, an 

initiating radical is produced as a result of the interaction of the compound in excited state 

with a hydrogen donor (Vaidyanathan et al., 2017). Thus, the excited molecule 

decomposes (homolytic fragmentation type photoinitiators) or interacts with other 

molecules (hydrogen abstraction-type photoinitiatiors) to form radicals capable of causing 

rapid polymerization of monomers. In 1971, Dart and Nemcek developed a new visible 

light-curing initiation system, α-1, 2 diketone/aliphatic tertiary amine (CQ/DMAEMA) 

which are currently used (Kwon et al., 2012). Other commonly used photoinitiators used 

in dentistry are 1-phenyl-1,2-propanedione (PPD),  and Diphenyl(2,4,6-trimethylbenzoyl) 

phosphine oxide (TPO). Mechanism of homolytic fragmentation in CQ and TPO is shown 

in Figures 2.6-2.7. 
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TPO  
 

 

Figure 2.7: Mechanism of  TPO photoinitator (Vaidyanathan et al., 2017). 

 

During photopolymerization, the epoxy ring in BisGMA monomers cleaves and combines 

with existing hydrogen to produce hydroxyl radicals (Bowen, 1956). Consequently, 

 

 

Figure 2.6: Mechanism of camphorquinone (CQ)/amine (2-[N,N-dimethylamino‘ethyl 

methacrylate [DMAEMA]) photoinitiation system. (Kwon et al., 2012) 
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polymerization occurs at these growth centers, which primarily creates sporadic microgel 

regions. As the polymerization progresses, the polymers come together and congregate to 

form a highly crosslinked structure (Darvell, 2006).   

2.9. Bonding agents 

 Bonding agents are adhesives, which bonds the composite to dentine and enamel. 

Several studies were carried out to improve the properties of adhesives  used for bonding 

with enamel and dentin. Krishnan et al. reported a tetramethacrylate resin with good shear 

and tensile strength as a single solution-bonding agent (Krishnan et al., 2005). Melo et al. 

introduced antimicrobial properties in dental adhesive by incorporating antibacterial 

agents and calcium phosphate nanoparticles (Melo et al., 2013). Bonding agents with 

remineralisation ability was the recent strategy for successful sealing of the dental 

composite (Zhang et al., 2017).  The dental composite requires a bonding agent in clinical 

situation for the longevity of the restoration.  In our present study, attempts were made to 

develop a bioactive dental composite, which finds its application without using bonding 

agent. 

2.10. Development of a dental composite 

 An important consideration for the development of a successful dental composite 

is the interaction of resin matrix and filler to provide optimal physico-mechanical 

properties. Physico-mechanical properties, polymerization shrinkage, bioactivity and 

radiopacity should be properly evaluated. Since the presence of unreacted monomers in 
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the composite would appreciably affect the in vivo physiological environment.  So, 

appropriate in vitro culture strategies should be primarily considered while developing a 

dental composite.  In vivo toxicological studies for evaluating biocompatibility of the 

composite using small animals are mandatory tests to be completed prior to pulp and 

dentine usage test in large animals.. 

2.10.1. Evaluation of a dental composite 

2.10.1.1 Physico-mechanical properties 

 A dental composite should be strong enough to replace or restore existing tooth 

structure.  The main challenge in dentistry is the selection and development of good 

composite that can withstand the adverse conditions of the oral environment. FS, CS, and 

DTS of the resin composites were measured using UTM (Liu et al., 2014).  One of the 

most important properties is the composite is its hardness, which correlates with CS and 

degree of conversion.  A low surface hardness value implies inadequate wear resistance, 

inclination to scratching, and low fatigue strength, which ultimately lead to the failure of 

the restoration (Ugur et al., 2013). The stability and longevity of dental composite are 

major concerns because many factors in the oral environment influence these parameters.  

For the longevity of restoration, water sorption and solubility is an important parameter, 

which determines the success or need of replacement (Andrea et al., 2017). One of the 

problems associated with photo-polymerized dental composites is the depth of cure 

limitation and the risk of inadequate monomer conversion at depth.  Insufficient 
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polymerization will have an adverse effect on physical, mechanical and biological 

properties of resin composites (Alrahlaha et al., 2014).  

2.10.1.2. Polymerization shrinkage 

 Composite restorations are widely used worldwide, but their main disadvantage is 

polymerization shrinkage, which leads to clinical failures and adverse consequences.  

Polymerization shrinkage can be evaluated using three-dimensional µ-CT data (Sampaio 

et al., 2017; Kaisarly & Gezawi, 2016).  

2.10.1.3. Bioactivity studies 

 Bioactive composites can induce a positive response from the biological 

environment and evoke protection for the mineral-depleted dental tissues (Xanthippi et 

al., 2015) . The bioactivity of dental composites was examined by immersing the samples 

in simulated body fluid (SBF) for a certain time period. Forsback etal used SEM to assess 

the apatite layer formation on the surface of samples stored in SBF. Bioactive glasses 

have been reported to induce mineralization of dentin disc surfaces (Forsback et al., 

2004).  A recent study proved that zinc bioglasses can regulate mineralization in human 

dental pulp stem cells (Mei et al., 2017). Literatures proved that modifications of ACP, 

HAP (Anas et al., 2016), and Tricalcium Phosphate (TCP) (Jabr et al., 2013) can improve 

the bioactivity of the dental composites to a great extent. Xin et al. quantified the 

remineralization potential of hydraulic calcium-silicate cements (hCSCs) at demineralized 

dentin (Xin et al., 2017).   Xanthippi et al. developed Ag-doped bioactive glass which can 

induce bioactive and bactericidal properties. Ongoing researches involve remineralizing 
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dentin with biomimetic analogs incorporting calcium silicate cements (Xin et al., 2017). 

Dental composites have been designed by modifying the filler part, but resin matrix 

induced bioactivity has not yet been reported to the best of our knowledge. 

2.10.1.4. Radiopacity measurement 

 Radiopacity of dental composites helps in detecting voids and, overhangs, and to 

distinguish normal tooth structure from restorative material (Serkan et al., 2015). The 

radiopacity of the composites has been assessed by taking digital radiography of the 

samples and comparing the grayscale intensities using ImageJ software (Serkan et al., 

2015). Radiopacifying agents such as salts of barium, bismuth, lanthanum, strontium, and 

zirconium, were doped in the filler part with different compositions (Gurel, 2016). The 

excessive addition of radiopaque filler particles adversely affect the translucency of 

composite resin restorative materials and diminish its mechanical properties (Salzedas et 

al., 2006). Radiopaque dental glass (Schott AG, Landshut, Germany) is promising filler 

for developing radiopaque composite without decreasing the translucency of the material 

(Gurel, 2016). Jingwei et al., synthesized high radioopaque E-glass fiber-reinforced 

composite with an iodine containing methacrylate monomer inducing high mechanical 

properties and low water sorption (Jingwei et al., 2016). 

2.10.1.5. Cytocompatibility evaluation 

 As leaching of the uncured monomers or incorporated ions can evoke toxicity 

problems, cytocompatibility of dental composites should be evaluated by performing the 

direct contact assay and the MTT assay. 
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2.10.1.6. In vivo toxicological evaluation  

 Biocompatibility of dental composites is a vital concern. An ideal dental material 

must be harmless to all oral tissues, gingiva, mucosa, pulp, and bone. Moreover, it should 

not contain any toxic or leachable materials, which can be absorbed into the circulatory 

system, causing systemic responses. Therefore, tests for irritation and skin sensitization 

using the Guinea pig model, acute systemic toxicity evaluation using the mice, 

intracuataneous reactivity test using rabbit, and short-term implantation studies are 

mandatory for assessing the biocompatibility of dental composites (Sayed, 2011).    

Large animal models permit evaluation of the biocompatibility of dental composites prior 

to their use in man. Usually, pulp and dentin usage tests are performed in dog models for 

the dental composites (Browne, 1994). 

 To summarize, the introduction of novel methacrylate resin based composites 

reformed the field of dental restorative materials and provided a clinically viable 

substitute for amalgam-based restorations. However, the physico-mechanical properties 

and clinical longevity of RBCs is restricted due to polymerization shrinkage, 

biocompatibility, bioactivity, etc., further development and enhancement of RBCs can 

overcome these drawbacks. The development of a bioactive composite with low 

polymerization shrinkage and good mechanical properties remains a challenging task in 

dentistry. This study presents a custom-made resin matrix for the preparation of 

composite materials as an effort to achieve this. 
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CHAPTER 3 

MATERIALS AND METHODS 

 In the present study, attempts were made to develop bioactive, radiopaque, 

cytocompatible photocured composites for dental restorative applications. The 

development involves synthesis & characterization of resin, preparation of paste and 

characterization of photrocured composite. 

1. Synthesize and characterization includes the following novel inorganic-organic 

hybrid resins  

 Novel inorganic-organic hybrid resins containing alkoxides of 

calcium/magnesium/zinc/strontium/manganese with polymerizable dimethacrylate 

groups.   

 Novel inorganic-organic hybrid resins containing combination of alkoxides of 

calcium/magnesium/zinc with polymerisable dimethacrylate groups.  

 Novel inorganic-organic hybrid resins containing combination of alkoxides of 

calcium/magnesium/zinc with polymerisable tetramethacrylate groups. 

2. Preparation of photocured composites using synthesized novel resins. 

3. Evaluate the mechanical properties, radiopacity, polymerization shrinkage, 

bioactivity and in vitro cytotoxicity of the developed photocured composites. 
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4. Investigate the role of filler in the optimized formulation in improving physico-

mechanical properties of the composites and 

5. Carry out in vivo toxicological evaluation using the composite prepared from 

optimized formulation.                     

 The novel resins were synthesized through modified sol-gel method and all 

composites were prepared by means of photo-polymerization technique using TPO, an 

inimitable photo-initiator. All experiments related to synthesis of inorganic-organic 

hybrid resins are described in section 3.1. The preparation of photocured composites are 

detailed in section 3.2. The physico-mechanical property evaluations are described in 

section 3.3 and section 3.4 detailed the biocompatibility evaluation of the prepared 

composites. 

 3.1. Synthesis of Inorganic-organic hybrid resins (pre-polymer) 

3.1.1. Commercial reagents 

SI 

No 

Name of Chemical Grade  Source 

1 Glycerol dimethacrylate 85% Sigma Aldrich,US  

2 3-Chloropropyl trimethoxy silane 97% Merck, Germany 

3 4-methoxy phenol 99% Sigma Aldrich,US 

4 Benyl triethyl ammonium chloride 99% Sigma Aldrich,US 

5 Chloroform HPLC Merck, Germany 

6 Diethyl ether LR Sd fine, India 

7 HCl GR Merck, Germany 

8 NaOH AR Sd fine Chemicals, 

India 

9 3-trimethoxysilyl propyl methacrylate AR Sigma Aldrich,US 

10 (Triethylene 

glycol)dimethacrylate(TEGDMA) 

98% Sigma Aldrich,US 
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11 Salicylsaurephenyl ester((phenyl 

salicylate)SALOL) 

Extra pure Merck, Germany 

12 2,6-di-tert butyl-4-methyl phenol (BHT) >99% Merck, Germany 

13 4-hydroxy-4-methoxybenzophenone 

(UV9) 

98% Sigma Aldrich,US 

14 Diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO) 

97% Sigma Aldrich,US 

15 Acetone LR Merck, Germany 

16 Quartz R &D Maruti,India 

17 Fumed silica R&D Nusil 

18 Calcium hydroxide(Ca(OH)2) LR Sd fine 

Chemicals,India 

19 Magnesium chloride(MgCl2.6H2O) AR Rankem 

20 Zinc acetate(Zn(CH3COOH)2) AR Sd fine chemicals, 

India 

21 Strontium chloride (SrCl2) AR Sigma Aldrich,US 

22 Manganese Chloride (MnCl2) AR Sd fine chemicals, 

India 

23 Sodium chloride(NaCl) Extrapure Sd fine 

Chemicals,India 

24 Sodium bicarbonate(NaHCO3) LR Sd fine 

Chemicals,India 

25 Potassium chloride(KCl) AR Sd fine 

Chemicals,India 

26 Dipotassium hydrogen 

phosphate(K2HPO4) 

Assay>99%(T) Fluka  

27 Calcium chloride(CaCl2) Fused LR Sd fine 

Chemicals,India 

28 Sodium sulphate(Na2SO4) LR Sd fine 

Chemicals,India 

29 Tris buffer GR  GR Merck.Germany 

30 Bis GMA R &D Aldrich,US 

31 Radiopaque glass filler SCHOTT Anabond Stedman 

Control Materials Make 

1 Coltene Brilliant NG Coltène/Whaledent AG, Switzerland 

2 Tetric N-Ceram Ivoclar Vivadent, India 

3 Z100
TM

 3M, ESPE, United States 

Table 2: List of chemicals 
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3.1.2 Synthesis of dimethacrylate resins containing alkoxides/mixture of alkoxides of 

calcium/ magnesium/ zinc/strontium/manganese 

 Dimethacrylate resins were synthesized as per our patented procedure (Lizymol & 

Vibha, 2014) through the modified sol-gel method using 3-trimethoxy silyl propyl 

methacrylate as the presursor. Novel pre-polymer with polymerisable dimethacrylate 

groups containing alkoxides of calcium/magnesium/ zinc/ strontium/manganese were 

synthesized by reacting 1mole of 3-trimethoxy silyl propyl methacrylate with 4 moles of 

distilled water (Vibha & Lizymol, 2017). 1ml of 6N NaOH was added to the sol after half 

an hour. The inorganic salts (calcium hydroxide/magnesium chloride / zinc 

acetate/strontium chloride/manganese chloride) were dispensed into the mixture after 

adding diethyl ether and the mixture was kept under stirring for 8h. The mixture was kept 

at room temperature overnight for post condensation. It was washed with distilled water, 

and the resin containing organic layer was extracted in ether. 200 ppm 4-methoxy phenol 

was added to the resin after drying to evade self polymerisation.  For comparative study 

and to invetigate the effects of various inorganic contents, dimethacrylate resin without 

incorporating inorganic content (R1) was synthesised from 3-trimethoxy silyl propyl 

methacrylate. 

 Composition of the resin with varying concentrations of inorganic contents   

according to the weight percentage of the silane precursor during synthesis is given in 

(Table 3).  
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Table 3. Formulations of varying concentrations of inorganic contents used for the synthesis of 

pre-polymers containing dimethacrylate and the molar concentration in parathesis expressed in 

millimoles. 

 

3.1.3 Synthesis of 1, 3-bis methacryloxy 2-(trimethoxy silyl propoxy) propane as the 

precursor for tetra methacrylate resins  

 1,3-bis methacryloxy 2-(trimethoxy silyl propoxy) propane which is a 

dimethacrylate monomer was synthesized as per the reported procedure (Lizymol P.P, 

2010) by reacting 1.1mole of glycerol dimethacrylate with 1mole of chloropropyl 

trimethoxy silane. The experimental set up for the synthesis of precursor 1, 3-bis 

methacryloxy 2-(trimethoxy silyl propoxy) propane is shown in Figure 13.  200ppm of 4-

methoxyphenol was used as the inhibitor and 1/100
th

 of benzyl triethyl ammonium 

Sl.No 
Sample 

code 

Percentage  inorganic contents added 

Ca(OH)2 MgCl2 
Zn(CH3C

OOH)2 
SrCl2 MnCl2 

1 C0M0Z0 0% 0% 0% 0% 0% 

2 C0M.1Z.1 0% 0.1% (1.05) 
0.1% 
(0.54) 

0% 0% 

3 C.1M.1Z.1 0.1% (1.34) 0.1% (1.05) 0.1%(0.54) 0% 0% 

4 C.2M.1Z.1 0.2%(2.6) 0.1% (1.05) 0.1%(0.54) 0% 0% 

5 C.3M.1Z.1 0.3%(4.05) 0.1%(1.05) 0.1%(0.54) 0% 0% 

6 C.1M0Z.1 0.1%(1.34) 0% 0.1%(0.54) 0% 0% 

7 C.1M.2Z.1 0.1%(1.34) 0.2% (2.1) 0.1%(0.54) 0% 0% 

8 C.1M.3Z.1 0.1%(1.34) 0.3% (3.15) 0.1%(0.54) 0% 0% 

9 C.1M.1Z0 0.1%(1.34) 0.1%(1.05) 0% 0% 0% 

10 C.1M.1Z.2 0.1%(1.34) 0.1%(1.05) 0.2%(1.09) 0% 0% 

11 C.1M.1Z.3 0.1%(1.34) 0.1%(1.05) 0.3%(1.63) 0% 0% 

12 CaR1 0.5%(6.75) 0% 0% 0% 0% 

13 ZnR1 0% 0% 0.5%(2.72) 0% 0% 

14 MgR1 0% 0.5%(5.25) 0% 0% 0% 

15 SrR1 0% 0% 0% 
0.5% 

(3.16) 
0% 

16 MnR1 0%  0% 0% 0% 0.5%(5.00) 
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chloride as the catalyst in the solvent Chloroform. This mixture was allowed to react at 

50-55
0
C in a water bath for about 6h. The mixture washed with distilled water and dried 

after evaporating the excess solvent. The experimental set for the synthesis of precursor is 

shown in Figure 3.1.  

 

 

 

 

 

 

 

 

3.1.4. Synthesis of tetramethacylate resins containing combination of alkoxides of 

calcium /magnesium / zinc  

 Tetramethacrylate resin containing combination of alkoxides of calcium 

/magnesium/zinc were synthesized by reacting 1 mole 3-bis methacryloxy 2-

(trimethoxysilyl propoxy) propane with 3 moles of distilled water. After half an hour, 1ml 

of 6N HCl was added followed by inorganic contents (calcium hydroxide/zinc 

acetate/magnesium chloride) and the whole mixture was kept under stirring for 6hrs 

 

Figure 3.1: Experimental set up of synthesis of precursor 
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(Vibha & Lizymol, 2016). The hydrolyzed silane was kept at room temperature overnight 

for post condensation. The mixture was then extracted with ether and washed with 

distilled H2O, till it became acid free and dried after evaporating ether.  200 ppm 4-

methoxy phenol was added to the resin after drying to evade self polymerisation.In order 

to compare the effects of various inorganic materials, dimetrhacrylate resin without the 

incorporation of inorganic material was synthesised from 3-bis methacryloxy 2-

(trimethoxysilyl propoxy) propane.  The experimental set up for the synthesis of 

precursor is shown in Figure 3.2. 

 

Figure 3.2: Synthesis of pre-polymers 

Various concentrations of inorganic contents were integrated into the resin according to 

the weight percentage of the silane precursor (0-0.3%) in presence of diethyl ether. 

Various formulations with varying inorganic contents were synthesized for optimizing the 

formulation of the resin (Table 4).   

 

Modified sol-

gel method 

 

 

NaOH/Diethyl  

ether/ alkoxides of 

Ca/Mg/Zn 

 

Separation and 

washing 

 



 
 
 

57 
 

Sl.No Sample 

code 

Percentage  inorganic contents added 

Ca(OH)2 MgCl2 Zn(CH3COOH)2 

1 C0M0Z0 0% 0% 0% 

2 C0M.1Z.1 0% 0.1%(1.05) 0.1%(0.54) 

3 C.1M.1Z.1 0.1%(1.34 ) 0.1%(1.05) 0.1%(0.54) 

4 C.2M.1Z.1 
0.2%(2.6) 

0.1%(1.05) 0.1%(0.54) 

5 C.3M.1Z.1 0.3%(4.5) 0.1%(1.05) 0.1%(0.54) 

6 C.1M0Z.1 0.1%(1.34 ) 0% 0.1%(0.54) 

7 C.1M.2Z.1 0.1%(1.34 ) 0.2%(2.1) 0.1%(0.54) 

8 C.1M.3Z.1 0.1%(1.34 ) 0.3%(3.15) 0.1%(0.54) 

9 C.1M.1Z0 0.1%(1.34 ) 0.1%(1.05) 0% 

10 C.1M.1Z.2 0.1%(1.34 ) 0.1%(1.05) 0.2%(1.09) 

11 C.1M.1Z.3 0.1%(1.34 ) 0.1%(1.05) 0.3%(1.63) 

Table 4. Formulations of varying concentrations of inorganic contents used for the synthesis of 

pre-polymers containing tetramethacrylate groups and the molar concentration in parathesis 

expressed in millimoles. 

3.2. Preparation of composites using synthesized resins 

3.2.1. Purification of quartz 

 Commercially available quartz powder with particle size <20 microns was used as 

the filler material. Impurities like filth and water soluble salts were removed by rinsing 

with distilled water followed by the addition of conc. HCl to remove metallic impurities. 

The powder was again cleansed with distilled water to eliminate remaining acid content. 

Followed by drying in an air oven and later calcined in a muffle furnace to remove 

volatile impurities. 

3.2.2. Silanation of quartz 

 Silanation of purified quartz was carried by a previously reported method. 1% 

solution of 3-trimethoxy silyl propyl methacrylate (silane) in acetone with respect to filler 
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was prepared and added to the filler. The mixture was stirred at 40ºC in a water bath till 

the solvent evaporated completely. The filler was then heated at 120ºC for 1h in an air 

oven, cooled, and used for preparing dental composite paste. 

3.2.3. Preparation of resin mixture 

 The resin mixture was prepared as per the patented procedure (Lizymol & Vibha, 

2014). For the preparation of resin mixture, 50 to 60 parts of the new resin (50 parts for 

dimethacrylate resin or 60 parts for tetramethacrylate resin) was mixed with 50 to 40 parts 

TEGDMA, which acts as a dilueent and crosslinking agent (50 parts for dimethacrylate 

resin and  40 for tetramethacrylate resin). Followed by adding the other additives, 0.09% 

SALOL, 0.09% BHT, 0.04% uv-9 and 0.5%TPO to the total weight of resin mixture and 

TEGDMA, mixed uniformly and kept it overnight at cold condition. 

3.2.4. Preparation of composite paste 

 To prepare the composite paste, the resin mixture was mixed with 275-320 phr of 

silanated quartz /radiopaque glass and 12 phr fumed silica in a wear resistant agate mortar 

until it formed a uniform paste (Lizymol & Vibha, 2014; Lizymol et al., 2017). Prepartion 

photocured composite is demonstrated in Figure 3.3. 
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(a)                                               (b) 

Figure 3.3: Preparation of photocured composite (a) preparation of paste 

(b) curing of paste 

3.3. Characterization of inorganic-organic hybrid resins  

3.3.1 Structural characterization 

 Structural analysis of synthesized resins was carried out using a FTIR 

spectrophotometer (Jasco FT-IR 6300, Japan) by applying a thin layer on NaCl cell. The 

spectral range was measured from 4000-400 cm
-1

 at a resolution of 4cm
-1

.  

3.3.2 Refractive index (RI) 

  Refractive indices of the synthesized resins were measured using an Abbey 

refractometer (ATAGO, India).  

3.3.3 Molecular weight determination 

 The molecular weight determination of the synthesized resins was determined 

using GPC (Shimadzu, Japan). 20μL of sample solution in THF was used as the mobile 

phase at a flow rate of 1ml/ minute using refractive index detector.  
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3.3.4 Qualitative elemental analysis 

 EDXRF was employed for the determination of the qualitative appraisal of 

inorganic contents incorporated in the synthesized resins. Skyray Redlands EDX3600 

Spectrometer was used for the analysis. 

3.3.5. Quantitative elemental analysis 

 The integrated inorganic contents in the resin were quantitatively estimated using 

PinAAcle 900F AAS, PerkinElmer. Resin dissolved in DMSO was used for the study. 

3.3.6. Structural determination 

 The structure of the resin was elucidated using 
1
H NMR and 

13
C.NMR  500 MHz 

Bruker Avance DPX spectrometer was employed for the study using TMS as internal 

standard. Chemical shifts are expressed in parts per million (ppm). 

3.3.7. Thermal analysis 

 The thermal stability of the resin was evaluated using thermogravimetric analysis 

(TGA). Weight changes as a function of time and temperature were evaluated with a 

thermal program by heating from 30 to 700 °C (Model: differential thermal analysis 

(SDT-Q600, TA instruments) as per ASTM 1131-08 at a heating rate of 10
º
C for TGA 

experiment.  
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3.4. Evaluation of photocured composites 

 Photocured composites were prepared from all 27 set of synthesized resins and the 

properties were evaluated in terms of hardness, DTS, FS, CS and polymerization 

shrinkage.  The resin composite with good mechanical properties and low polymerization 

shrinkage was selected as optimum formulations for further studies. Bioactivity, water 

solubility, sorption and cytocompatibility of the optimised formulations, CMZRQ, 

CMZR2Q and CMRQG were evaluated. Radiopacity of CMRQG, which contains 

radiopaque glass along with quartz filler, was determined.   

3.4.1. Diametral tensile strength (DTS) 

 Samples of specification 6-mm diameter and 3-mm thickness were prepared as per 

ADA no. 27 for the determination of diametral tensile strength. The paste was packed into 

the mold and a transparent sheet was kept on the top. The paste was exposed to visible 

light for 60 s on both sides. The cured samples were removed from the mold and kept at 

37±1ºC for 23±1 h and 22±2ºC for 1 h before testing. Images of DTS mould and sample 

is shown in Figure 16.  The diametral tensile strength was determined using UTM 

(Instron, Model 3365, USA) with a crosshead speed of 10 mm/min. The load at which 

break occurs was noted and DTS was calculated using the following equation: 

               .................................................(1)
 

where P is the load in Newtons, D is the diameter, and L is the thickness of the specimen 

in mm. Mean and standard deviation of six values were calculated. Figure 3.4 shows the 
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images of DTS mold and samples while Figure 3.5 depicts the schematic illustration of 

DTS. 

 
 

(a)    (b) 

 

Figure 3.4: Images of (a) DTS mold (b) DTS samples 

 

 

Figure 3.5: Schematic illustration of  DTS. 

 

3.4.2. Flexural strength (FS) 

 FS test specimens were prepared as per ISO specification No. 4049-2009(E) (25-

mm length, 2-mm depth, and 2-mm width). The paste was packed into the mold and 

exposed to visible light for 4 min on both sides. Mould and sample for making FS is 
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shown in Figure 3.6.  The flexural strength was determined using the UTM with a 

crosshead speed of 1 mm/min. Load was exerted at the midpoint of the specimen and load 

at break was noted as the flexural strength which was determined by using the formula: 

………………………….……….(2)
 

where F is load at break in Newtons, L is length of the specimen between two metal rods 

at the base plate in mm, b is width of the specimen in mm, d is depth of the specimen in 

mm.  Figure 3.7 shows the schematic illustration of testing of FS sample. 

 
 

(a)                       (b) 

Figure 3.6: Images of (a) FS mold  and (b) FS samples 

 

 
Figure 3.7: Schematic illustration of FS 
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3.4.3. Vickers hardness number (VHN) 

 Samples of 6-mm diameter x 3-mm thickness were used for determining Vickers 

hardness number (VHN) using a Vickers microhardness tester (Model HMV2, Shimadzu, 

Japan). The specimen was placed flat on the microscope stage. Schematic illustration of 

VHN is shown in Figure 3.8.  Vickers hardness was calculated using the following 

equation. The mean value of six measurements was taken as the VHN. 

    ………………………………(3) 

Where Hv is the hardness number, F is Test load (N), d is mean length of the indentation 

diagonal length (mm). 

 

Figure 3.8: Schematic illustration of VHN 

 

3.4.4. Depth of cure 

 Samples of specifications 3 mm diameter and 6 mm depth were used for the 

evaluation of depth of cure. The test was done as per ISO specification No. 4049-

2009(E). The paste was packed into the mold and photocured using light source with each 
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side of the sample exposed for 60 minute. The mold was unscrewed and uncured paste 

was scapped out from it. The length of cured composite was measured using Vernier 

Calipers. Half of the length of the cured sample gave the depth of cure.  Figure 

3.9illustrate the image of mould for evaluating depth of cure. 

 

Figure 3.9: Image of mold used for evaluating depth of cure 

 

3. 4.5. Linear shrinkage of the composites 

 Samples of 6-mm diameter and 3-mm thickness were used for evaluating linear 

shrinkage. The paste was packed into the mold and exposed to visible light for 60s from 

both sides. The cured samples were removed from the mold. And measured the exact 

diameter of the sample and mold with a Vernier Calipers. Then percentage shrinkage was 

calculated using the following equation. 

... (4) 

3.4.6. Volumetric shrinkage of the composites 

 Volumetric shrinkage of the composite was assessed using µ-CT (Scanco 40 

Medical, Switzerland) of energy 70 KVp and 113 µA. The paste was packed in a teflon 
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mold of dimension 6-mm diameter and 3-mm thickness and scanning was done before 

curing. Scout image, 2D slices, porosity distribution, and thickness of the sample were 

evaluated. The same procedure was repeated after curing the sample within the 

instrument chamber. Total volume and bone volume obtained for both sets of samples 

were compared and the volumetric shrinkage was evaluated using the formula, 

Volumetric shrinkage = Volume of sample before curing-Volume of sample after curing X 100  

                           Volume of sample before curing 

 

 

 ………………………… (5) 

3.4.7. Radiopacity 

 For the radiopacity studies, specimen with dimensions 10mm diameter x 1mm 

thickness were prepared. The composite paste was filled into the mold and the cured 

samples were removed from it. The samples were irradiated with X-ray. Aluminum 

wedge of thickness ranging from 0.5 to 5mm were used as control material. The obtained 

X-ray radiograph was then evaluated using Image J software.  

3.4.8. Thermal degradation 

 Effect of thermal cycling on properties of the photocured composites was 

evaluated using thermocycler (WILLEYTECH, Germany). Thermocycling was carried 

out under hot (55
0
C) and cold (5

0
C) conditions. Samples of dimension 25-mm length, 2-

mm depth, and 2-mm thickness were used for the study.  The composite were kept in hot 

and cold region for 10 s with a drain time of 5 s. Thermocycling was carried out for 500 

and 1000 cycles. Mechanical properties mainly FS were evaluated before and after 

thermocycling.  
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3.4.9. Water soprtion and solubility 

 Specimens of internal diameter 15±1mm and thickness of 1±0.1mm in accordance 

with ISO 4049  were used for water solubility and water sorption studies.  The water 

sorption and solubility were calculated using the following equation:  

Water sorption = M2 -M3 / V. ……………….(6) 

Water solubility = M1 -M3 / V. ……………….(7) 

where M1 = the mass of the specimen in µg before immersion in distilled water.   

M2 = the mass of the specimen in µg after immersion in distilled water, M3 = the 

reconditioned mass of the specimen in µg after being introduced into  the silica gel 

desiccator and V = the specimen volume in mm
3
 

3.4.10. Bioactivity study 

 The bioactivity study of the photocured composites were evaluated  as per ISO 

23317:2012.  Photocured composites of 6-mm diameter and 3-mm thickness were stored 

in SBF solution for 0, 1, 7 and 14 days, which was followed by analysing the apatite 

formation using Scanning Electron Miroscope (Model 2400, Hitachi, Japan).  The 

samples were mounted on an SEM stub coated with gold using an ion sputtering unit (E-

101, Hitachi ion sputter) for 3 min under vacuum, and scanned. Magnification of 2000 – 

10,000 was used for the study. Bioactivity of the material was compared with Bis GMA 

based composite.  The medium (SBF solution) changed in every alternate days. The 

supernatent solution of SBF was subjected to inductively coupled plasma optical emission 



 
 
 

68 
 

spectroscopy (ICP/OES, Perkin Elmer, 5300DV,USA) to confirm remineralisation ability 

of the photocured composites.  

3.4.11. Wear study 

 Photocured composites of 25-mm diameter and 1-mm thickness were used for the 

study. Wear Testing was done by using Ducom Tribology Tester (Pin on disc type) TR-

20-M56, India. A load cell is used to measure the tangential force acting on the Haynes 

pin. The samples were held stationary against the rotating disc, the normal force of 10N is 

applied. The rotational speed was set as 27rpm. Each sample was tested using pin with a 

diameter of 3mm. The wear track was 50mm in diameter and the sliding distance was 1 

km. Wear resistance of the photocured composite was evaluated and compared with 

commercially available restorative material (Coltene Brilliant NG, Coltène/Whaledent 

AG, Switzerld) and using the following formula. 

………………..(8) 

3.5. Biocompatibility evaluation 

 In vitro and in vivo toxicological evaluations of the photocured composites 

prepared from the novel synthesized resins were done as per ISO 10993-5, ISO 10993-

10:2010 (E), ISO 10993-11:2006 (E) and ISO 10993-6:2007(E). The cytotoxic behavior 

of CaR1Q, MgR1Q, ZR1Q, SrR1Q, MnR1Q, CMZRQ, CMZR2Q and CMRQG were 
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estimated in terms of in vitro cytotoxicity, cell proliferation and in vitro cell adhesion.  In 

vivo toxicological evaluation was performed using CMRQG alone.  

3.5.1 In vitro cytocompatibility studies 

3.5.1.1. In vitro cytotoxicity test 

 In vitro cytotoxicity test was performed using the direct contact method as per 

ISO 10993-5.  The cell culture medium for the L-929 monolayer was replaced with fresh 

medium.  Ultra High Molecular weight Poly Ethylene was used as negative control and 

Stabilised PVC Disc was used as the positive control.  The test samples were sterilized by 

steaming at 121°C for 20min. Test samples, negative controls, and positive controls in 

triplicate were placed on the cells.  After incubation at 37±1°C for 24 to 26h, cell 

monolayer was examined microscopically for the response around the test samples.   

3.5.1.2. In vitro MTT assay 

 An in vitro cytotoxicity test using direct contact method was performed on two 

sets, each having six samples of the test material as per ISO 10993-5. The cell culture 

medium for the L-929 monolayer was replaced with fresh medium. Ultra-High Molecular 

weight Poly Ethylene was used as negative control and stabilised PVC disc was used as 

the positive control. The test samples were sterilized by steaming at 121°C for 20min. 

Test samples, negative controls and positive controls in six replicate were placed on the 

cells. MTT assay was performed at the end of the test procedure to measure the metabolic 

activity of cells to reduce yellow colored tetrazolium salt 3-(4, 5-Dimethyl thiazol-2-yl)-
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2, 5- diphenyltetrazolium bromide to purple colored formation. At the end of 24h direct 

contact test, the test samples and controls were removed and the culture medium was 

replace with 400μl MTT solution (1mg/ml in medium without supplements, wrapped with 

aluminium foil) and incubated at 37±1°C for 2h. After discarding the MTT solution 800μl 

of Isopropanol was added to all wells and swayed the plates. The color developed was 

quantified by measuring absorbance at 570nm using a spectrophotometer. The data 

obtained from the test samples were compared with the negative control. 

3.5.1.3. In vitro Cell adhesion study 

 In vitro cell adhesion study was done using L929 mouse fibro blast cells in 

Minimal Essential supplemented with 10% Foetal bovine serum. L929 cells were sub 

cultured and seeded on test materials and control glass cover slip at density of 1x10
4
 

cells/cm
2
 and incubated for 48 h at 37±1°C in a humidified atmosphere containing 5% 

CO2. After 48h cell seeded test material and glass cover slops were fixed in 4% 

paraformaldehyde for 48h. The samples were rinsed thrice with 0.1M phosphate buffered 

saline followed by permeabilisation with 0.1% Triton X-100 in PBS for 1min. The 

samples were rinsed with PBS (3 times) and treated with Rhodamine Phallodin (1:100) 

for 15min. The samples and controls were observed under the flouresence microscope 

Leica N2.1 filter cube DMI6000, (ExBp515-560) EmiLP590.  For SEM analysis cell 

seeded test materials and glass cover slips were fixed in 2.5% gluteraldehyde and 

processed by dehydration using graded alcohol. The samples were then subjected to 

critical point drying followed by gold coating. The samples and control cover slip were 

examined under SEM. 
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3.5.2. In vivo biocompatibility studies 

All the animal experiments were carried out as per the international standard (ISO 10993) 

with the approval of Institutional Animal Ethics Committee (IAEC). The specific 

standard followed and the IAEC approval order number for each test is given in Table 5. 

Name of the test IAEC approval order number International 

Standard followed 

Guinea pig 

Maximization test 

SCT/IAEC-180/JANUARY/2016/89 ISO 10993-10:2010 (E), 

Biological evaluation of 

medical devices-Part 

10: Test of irritation and 

skin sensitization , 

Clause 7.5 

Animal Intracutaneous 

(Intradermal) reactivity 

test in albino rabbits 

SCT/IAEC-181/JANUARY/2016/89 ISO 10993-10:2010 (E), 

Biological evaluation of 

medical devices-Part 

10: Test of irritation and 

skin sensitization, 

Clause 6.4 

Acute intraperitonial 

application of Cotton 

Seed Oil in albino mice 

SCT/IAEC-176/JANUARY/2016/89 ISO 10993-11:2006 (E), 

Annex A.7. 

Acute intravenous 

application of 

Physiological saline 

extract in albino mice 

SCT/IAEC-176/JANUARY/2016/89 ISO 10993-11:2006 (E), 

Annex A.8. 

Short-term implantation 

in subcutaneous tissue 

SCT/IAEC-171/JANUARY/2016/89 ISO 10993-6:2007(E): 

Part 6:Annex B. 

 

Table 5: Biocompatibility tests with IAEC approval order and specific ISO standard followed. 
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3.5.2.1. Guinea pig Maximization test  

 In this study, 15 Guinea pigs (Hartley-Albino; male/female) were used (10 for test 

and 5 for control).  The body weight of animals ranges from 300-500g. The physiological 

saline (PS) extract of test material and control (PS alone) was intradermally injected and 

after seven days it was topically applied. Intra-dermal injection was induced at three sites 

per animal. Seven days(± 1 day) after the intradermal injection, the test and control 

extracts were topically applied to intrascapular region of each guinea pig by saturating a 

patch of absorbent gauze (8cm
2
) with the test/control extract.  48h later, the dressings and 

patches were removed.  24h prior to topical application, the sites were treated with 10% 

sodium lauryl sulfate. A challenge test was carried out after fourteen days on all the 

animals.   Fourteen days after topical application, the test and control animals were 

challenged with test material extract.  The patches and dressing were removed after 24h. 

The appearance of the challenge skin sites of test and control were observed at 24h, 48h 

and 72h after removal of dressings and patches.  The skin reactions for erythema and 

oedema were scored and the numerical grading was recorded as per ISO standard. 

3.5.2.2. Animal Intracutaneous (Intradermal) reactivity test in albino rabbits 

 Three Healthy adult rabbits (Albino, female) of body weight 3000-3600 g were 

used for the test.  PS and Cotton seed oil (CSO) extracts of the test material was 

aseptically injected into 5 sites on the upper left hand side and right hand side of 3 rabbits.  

PS alone (control) and CSO (alone) was injected into 5 sites on the lower left hand side 

and right hand side of the same 3 rabbits. The grading of erythrema and oedema of test 
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and control sites of all animals at 24h, 24h, 48h, and 72h were recorded as per ISO 

standard. 

3.5.2.3. Acute intraperitonial application of cotton ceed oil in albino mice 

 In this study, 10 mice (albino, male/female) - 5 for test and 5 for control - of body 

weight ranging from 17-23 g were used. CSO extract of the test material and control 

(CSO alone) were injected intraperitonealy to the mice and the animals were observed 

immediately after injection and at 4h, 24h, 48h, and 72h for evidence of abnormalities 

like any clinical signs, loss in body weight or death. 

3.5.2.4. Acute intravenous application of physiological saline extract in albino mice 

 10 albino mice of body weight range from 17-23 g (male/female), 5 for test and 5 

for control were used for the acute- intravenous application of Physiological saline 

extract. PS extract of the test material and control (PS alone) was injected intravenously 

to the mice and the animals were observed immediately after injection and at 4h, 24h, 48h 

and 72h for the evidence of abnormalities like any clinical signs, loss in body weight or 

death. 

3.5.2.5. Short-term implantation in subcutaneous tissue 

 The implantation study was conducted in 6 Rabbits- 3 animals each for 1 and 4 

weeks having the body weight not less than 2000g. Rabbits were anaesthetized using 

Ketamine (80mg/kg body weight) + Xylazine (5mg/kg body weight). Implantation was 

done by making a subcutaneous tunnel pocket on the dorsal surface, in one side of the 
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spinal column by blunt dissection, such that the base of the pocket is 10mm away from 

the line of incision. The test or control sample is then pushed into the tunnel. Five test 

samples (CMZRQG) were implanted subcutaneously on right side of the animal.  

Similarly, five control materials (Z-100) were implanted on the left side of the animal. 

3.5.2.6. Gross and Histopathological Evaluation 

 The skin pieces with implant materials in the subcutaneous region were processed 

for histopatological evaluation.  The implants in both control and test groups were white 

in colour, opaque and smooth surfaced polymer discs (10mm diameter and 1mm 

thickness).  Thin fibrous connective tissue covering the implant was noted in all cases.  

The implant was removed with a gentle pull after slit opening the fibrous capsule.  

Sections were cut perpendicular to skin suface at the middle of the implant site.  Central 

section was processed for histopatological evaluation. 

 3.5.2.7. In vitro thermal expansion of the material in extracted human tooth  

 Extracted human premolar tooth received from Government Dental College, 

Thiruvanathapuram, Kerala, as per Institutional Ethics Committee‘s (IEC) approval order 

IEC/C/02/GDC7 21-03-2015, was used for the in vitro evaluation of the effect of thermal 

cycling on thermal expansion of the material. The experiment was performed with by 

filling the cavity with the material (CMZRQG) in a tooth sample using µ-CT. The scout 

images of tooth cavity, tooth cavity filled with CMZRQG and tooth cavity filled with 

CMZRQG after thermocycling (1h) were taken for the study. The thermal expansion was 

calculated by using the equation: 
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Thermal Expansion = Volume before thermocycling -volume after thermocycling X 100 

      Volume before thermocycling 

 ………………(9) 

3.6. Statistical analysis 

 Statistical evaluation was performed by means of one-way analysis of variance 

(ANOVA). P < 0.05 was considered as significant.             

 

 

 

 

 

 

 

 

 

 



 
 
 

76 
 

CHAPTER 4 

RESULTS 

 Chapter 4 includes the results presented in the form of figures, tables and graphs 

in four sections. The first section details the preliminary studies on the effect of inorganic 

contents on properties and polymerization shrinkage of the composites prepared from the 

pre-polymer containing alkoxides of calcium/magnesium/zinc/strontium/manganese with 

polymerizable dimethacrylate groups.  Effect of inorganic content on physic-mechanical 

properties, handling, cytocompatibility and aesthetics were evaluated. The various 

properties of the photocured composites prepared from the novel dimethacrylate resin 

synthesized using a modified sol gel process were significantly low compared to control 

material (a conventionally available composite). Owing to the consistency in physico-

mechanical properties, handling and aesthetics, the composites prepared from 0.5% 

calcium (CaR1Q), 0.5% magnesium (MgR1Q) and 0.5% zinc (ZnR1Q) containing 

dimethacrylate resins were selected for further studies, to develop hybrid resin with 

combination of inorganic contents calcium/magnesium/zinc.  

In the second section we investigated the effect of combination of inorganic 

contents (calcium/magnesium/zinc) on bioactivity, polymerization shrinkage and physico-

mechanical properties of the composites prepared from dimethacrylate resins. The initial 

part of this section describes the optimization of pH for hydrolysis during the synthesis of 

the dimethacrylate resin and it was optimized as pH10.  The further synthesis of the resins 

for the present study was carried out in this specific pH.  Various formulations of 
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dimethacrylate pre-polymers were synthesized by changing the concentration of 

alkoxides of calcium/magnesium/zinc. The optimized formulation Ca0.1Mg0.1Zn0.1 

[CMZR], i.e, combination of 0.1% calcium, 0.1% magnesium, and 0.1% zinc, was 

determined by evaluating the mechanical properties of the photocured composites based 

on these synthesized resins. The final part of this section illustrates the characterization of 

CMZR using various analytical methods, characterization of photocured composites 

prepared from CMZR and its in vitro cytotoxic evaluation.   

 The third section discusses the studies on the effect of functionality on properties 

and polymerization shrinkage of the composites prepared from tetramethacrylate groups. 

Multifunctional monomers can reduce polymerisation shrinkage of the composites to a 

great extent.  So in order to investigate it on our system, we implemented the optimized 

formulation [C0.1M0.1Z0.1] into the pre-polymer containing tetramethacrylate groups 

and following the same experimental procedures. The early part of this section portrays 

the optimization of pH for hydrolysis during the synthesis of the resin and it is optimized 

as pH 2. Different formulations of tetramethacrylate pre-polymers were synthesized by 

changing the concentration of alkoxides of calcium/magnesium/zinc. The optimized 

formulation [CMZR2] was determined by evaluating the mechanical properties of the 

photocured composites based on these synthesized resins. The final part of this section 

illustrates the characterization of the resin [CMZR2] using various analytical methods, 

characterization of photocured composites [CMZR2Q] prepared from CMZR2 and in 

vitro evaluation using the same.   



 
 
 

78 
 

 In the final section we investigated the effect of filler on bioactivity, 

polymerization shrinkage and physico-mechanical properties of the composites prepared 

from dimethacrylate and tetramethacrylate resins containing combination of alkoxides of 

calcium/magnesium/zinc (CMZR and CMZR2 respectively). A combination of 

quartz/radiopaque glass was used as filler to prepare the radiopaque composites. Better 

mechanical properties and bioactivity were exhibited by CMZR based radiopaque 

composites [CMZRQG]. The concluding part of this section details the evaluation of 

physico- mechanical properties, in vitro studies and biocompatibility evaluation of 

CMZRQG.  

4.1. Studies on the effect of inorganic contents on properties and 

polymerization shrinkage of the composites prepared from 

dimethacrylate resins   

 The prime objective of this section is to investigate the effect of inorganic 

contents on physico-mechanical properties and polymerization shrinkage of the                       

composites prepared from dimethacrylate resin containing alkoxides of calcium/ 

magnesium/zinc/strontium/manganese. 

4.1.1. Synthesis of dimethacrylate resins 

 The dimethacrylate resins containing alkoxides of calcium/magnesium/zinc/ 

strontium/manganese were synthesized as per the patented procedure described above via 

modified sol-gel method. 
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4.1.2. Preparation and characterization of composites from all synthesized 

dimethacrylate resins 

 The photocured composites of all synthesized dimethacrylate resins were prepared 

by masticating the new resins with using quartz or quartz/glass filler. The photocured 

composites were characterized in terms of DTS, FS and polymerization shrinkage. The 

cytotoxic behaviors of the prepared composites were also evaluated. 

4.1.2.1. Determination of DTS and FS of the composites 

 Figure 4.1, demonstrates the effect of inorganic content on DTS and FS of the 

photocured composites prepared from dimethacrylate resins containing alkoxides of 

calcium/magnesium/zinc/strontium/manganese.  The composite R1Q was prepared from 

the pre-polymer without inorganic content; R1Q was used as one of the control materials. 

ZnR1Q exhibited significantly high FS value (p value = 0.042) and MgR1Q displayed 

better DTS value (p value = 0.035) compared to other five composites.   

 

Figure 4.1: Effect of various inorganic content on DTS and FS of photocured composites. Data 

from six experiments are given as mean ± SD and * indicates increase in DTS value and ** indicates 

increase in FS value and are statistically significant. 

** 

* 
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4.1.2.2. Determination of polymerization shrinkage of the composites 

 The effect of inorganic contents on polymerization shrinkage was depicted in 

Figure 4.2. MgR1Q exhibited significantly low polymerization shrinkage value among 

the six composites (p value = 0.015).  0 

 

Figure 4.2: Effect of various inorganic content on polymerization shrinkage of photocured 

composites,the results are expressed as mean ± SD values; * indicates that reduction in 

polymerisation shrinkage is statistically significant 

 

4.1.2.3. Determination of water sorption and water solubility of the composites 

 Figure 4.3 potrays the effect of inorganic contents on water sorption and solubility 

of the photocured composites. SrR1Q exhibited significantly low water sorption value 

while MnR1Q displayed significatly low (p>0.05) water solubility value among the six 

composites.  

 

 

 

* 

* 

* 

* 

* 

* 
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4.1.2.4. In vitro cytotoxicity and cell viability of the composites 

 In vitro cytotoxicity of the composites was performed by using L929 mouse 

fibroblast cell lines through direct contact test [Figure 4.4]. Even after 24h contact with 

the composites, the spindle-shaped morphology was retained for the fibroblasts. 

 

Figure 4.4: In vitro cytotoxicity of photocured composites. 

 

Figure 4.3: Effect of various inorganic content on water sorption and water solubility of 

photocured composites. Five sets of composites were evaluated for both tests, * indicates decrease 

in water sorption and ** indicates decrease in water solubility and are statistically significant p < 

0.05. 

CaR1Q ZnR1Q MgR1Q 

MnR1Q SrR1Q 

* 
** 

** 
** 

** 

** 

* 

* 
* 

* 
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 Figure 4.5 represents the in vitro cell viability via MTT assay using L929 mouse 

fibroblasts incubated with CaR1Q, MgR1Q, ZnR1Q, MnR1Q, SrR1Q, UHMWPE 

(Negative control) and stabilized PVC (Positive control) for 24h. The cell viability was 

least for MnR1Q with 75% while the cells on other composites exhibited metabolic 

activity greater than 88%. 

 

 

Figure 4.5:  In vitro cell viability of photocured composites using MTT assay 

 

4.1.2.5. In vitro cell adhesion of the composites 

 Figure 4.6 flaunts the in vitro cell adhesion study of the photocured composites.  

Microscopic images of cell adhesion study showed that cells were adhered well on all 

composites surfaces except MnR1Q [Figure 4.6]. Cell growth was less confluent over 

MnR1Q.  
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Figure 4.6: In vitro cell adhesion of photocured composites  

 

4.1.2.6. Comparison of mechanical properties of photocured composites with control 

materials 

 The mechanical properties of the photocured composites was compared with two 

control materials i.e, one commercially available composite (Tetrin N-Ceram) and other 

Bis GMA composite (which is prepared in the same procedure as the test photocued 

composites using TPO photoinitiator, usually commercially available Bis GMA 

composite contain CQ as photoinitiator).  The mechanical properties of all prepared 

photocured composites were significantly lower (p<0.05) compared to the control 

materials (Figure 4.7).  CaR1Q, MgR1Q and ZnR1Q exhibited consistency in properties 

among the six composites.  So we preferred CaR1Q, MgR1Q and ZnR1Q for our further 

studies and characterized the corresponding resins CaR1, MgR1 and ZnR1 to confirm the 

existence of inorganic contents within the resin matrix.  

MgR1Q ZnR1Q 

MnR1Q SrR1Q 

CaR1Q 
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Figure 4.7: Comparison of mechanical properties of photocured composites with control 

materials. Data from six experiments are given as mean ± SD and * indicates increase in DTS and 

FS of Tetric N-Ceram composites and ** indicates increase in DTS and FS of Bis GMA 

composites, are statistically significant.  

 

4.1.3. Characterization of CaR1, MgR1 and ZnR1  

4.1.3.1. Structural characterization using FT-IR spectroscopy 

 FT-IR spectrum of precursor (TSPM) was compared with CaR1, MgR1, ZnR1 

and R1 (Figure 4.8).  All the four spectra demonstrated the characteristic silane peaks at 

2927 cm
-1

, 1716 cm
-1

, 1640 cm
-1

 and 1013 cm
-1

.  An intense peak was observed around 

3550 cm
-1

 in CaR1, MgR1, ZnR1 and R1 while it is absent in TSPM. 

 

 

* 

* 
* * * * * 

** 

** 
** ** ** ** ** 

* 
* * * * * * 
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Figure 4.8: Overlay of FTIR spectra of synthesized resins CaR1, MgR1 and ZnR1 with 

the precursor TSPM 

 
 

4.1.3.2. Elemental analysis using EDXRF 

 In Figure 4.9, peaks assigned to CaR1, MgR1 and ZnR1 clearly suggested the 

existence of calcium, magnesium and zinc in the respective synthesized resins.  
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Figure 4.9: EDXRF spectra of CaR1, MgR1 and ZnR1  

 

4.1.3.3. Thermal stability of CaR1, MgR1 and ZnR1 

 Thermal stability of CaR1, MgR1 and ZnR1 using TGA analysis was exemplified 

in Figure 4.10.  CaR1 exhibited initial thermal decomposition at 368.99 
º
C; 50% mass 

loss at 989.44 
°
C and leaving behind a residue of 48.64% at 1000 

°
C. The initial 

decomposition temperature of MgR1 was observed at 326.48
°
C and a residue of 50.51% 

of the component was left behind at 1000 
°
C.  The initial decomposition temperature of 

ZnR1 was observed at 349.99
 º
C; 50% mass loss at 589.99 

°
C and 47.83% residue of the 

material was left behind at 1000 
°
C.   

 

 

 

CaR1 MgR1 

ZnR1 



 
 
 

87 
 

  

  

  
(a) (b) 

Figure 4.10: TGA thermograms of CaR1 MgR1 and ZnR1 (a) drawn in origin 

(b) original data 

4.1.3.4. Structural determination of CaR1, MgR1 and ZnR1 using 
1
H NMR 

 Figure 4.11 depicts the 
1
H NMR spectra of CaR1, MgR1 and ZnR1.

1
 H NMR 

(500 MHz, DMSO ): δ (ppm) = 0.665-0.672 (1s, 2H, CH2), 1.633- 1.885 (1 m, 2H, CH2), 

1.926-1.964 (1s, 3H, CH3), 3.52 (1s, 3H, CH3), 4.097 (1 m, 2H, CH2), 5.515 (1 s, 2H, 

CH2), 6.035-6.097 (1 s, 2H, CH2).  Wth aid of 
1
 H NMR spectra, the structure of the 

sytnhesized resins were elucidated [Figure 4.12]. 

CaR1 CaR1 

ZnR1 ZnR1 

MgR1 MgR1 
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Figure 4.11: 
1
H NMR spectra of CaR1, MgR1 and ZnR1  

 

 

Figure 4.12: Schematic representation of the synthesis of CaR1, MgR1 and ZnR1 

 

 

CaR1 MgR1 

ZnR1 
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4.1.3.5. Determination of molecular weight of CaR1, MgR1 and ZnR1 using GPC 

  Table 6 shows the refractive indices, number average molecular mass, weight 

average molecular mass and poly dispersity index of CaR1, ZnR1 and MgR1.  PDI value 

is lower for MgR1. 

 

        

 

Table 6: Molecular weight and refractive indices of CaR1, MgR1 and ZnR1 

 

4.2. Studies on the effect of combination of inorganic contents on 

bioactivity, polymerization shrinkage and physico-mechanical 

properties of the composites prepared from dimethacrylate groups. 

  From the previous section, it was manifest that the composites prepared from 

dimethacrylate resins containing alkoxides of inorganic contents can influence the 

properties of the composites to a great extent. But the mechanical properties exhibited by 

the prepared composites were unable to surpass the mechanical properties of the control 

materials.  So, we combined the inorganic contents (calcium/magnesium/zinc) within one 

resin matrix i.e., a three in one system has been employed.  We probed the effect of 

combination of inorganic contents on bioactivity, polymerization shrinkage and physico-

Sample code Refractive index Mn Mw 
Poly dispersity 

index (PDI) 

CaR1 1.48 9758 50352 5.16 

ZnR1 1.4774 3894 8499 2. 18 

MgR1 1.479 3040 5277 1. 74 
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mechanical properties of the new dimethacrylate resin based composites in the present 

section. 

4.2.1. Synthesis of pre-polymer 

 We had synthesized thirteen pre-polymers by altering the formulations of 

inorganic-contents within the resin. The processing parameters like pH of the medium 

and concentration of inorganic contents were optimized by evaluating polymerisation 

shrinkage and mechanical properties of the photocured composites out of these 

synthesized resins. The optimized formulation i.e, CMZR was characterized using various 

spectroscopic methods and the photocured composites were evaluated in terms of 

physico-mechanical properties, polymerisation shrinkage, bioactivity and in vitro studies.  

4.2.2. Preparation and characterization of composites for optimizing processing 

parameter 

4.2.2. 1.  Determination of polymerization shrinkage and depth of cure 

 The effect of pH on polymerisation shrinkage and depth of cure of the synthesized 

resins were evaluated by preparing photocured composites from dimethacrylate pre-

polymer containing combination of alkoxides of calcium/magnesium/zinc [Figure 4.13].  

The composites prepared from pre-polymer hyrdolysed at pH 10 showed significantly 

lower polymerization shrinkage (p value = 0.004) with good depth of cure (p value = 

0.009). 
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Figure 4.13: Effect of pH on polymerisation shrinkage and depth of cure of photocured 

composites prepared from dimethacrylate resins without inorganic contents, the results are 

expressed as mean ± SD values; * indicates that increase in properties is statistically significant. 

 

4.2.2.2. Mechanical properties evaluation 

 Figure 4.14 established the effect of pH on DTS and FS of the synthesized resins.  

The mechanical properties of photocured composites prepared from dimethacrylate resin 

containing alkoxides of calcium/magnesium/zinc at pH 2 and pH 10  were evaluated and 

compared.  The composites prepared from resin hyrdolysed at pH 10 exhibited 

significantly high DTS (p value = 0.04) and FS values (p value = 0.0125) compared to 

other set of composites. 

 

 

* 

* 
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4.2.2.3. Optimizing pH of the medium 

 For optimizing pH of the medium, we synthesized the pre-polymers hydrolysed at 

different pHs from 8-11 and evaluated the physic-mechanical properties of the 

photocured composites prepared from them.  The details of the study had been attached in 

the Apendix (Page 196).  In the present study, the photocured composites prepared from 

the pre-polymer hydrolysed at pH 10 exhibited good mechanical properties. Therefore, 

pH 10 was optimized for the synthesis of dimethacrylate pre-polymers.  

4.2.3. Evaluation of photocured composites prepared from pre-polymer with 

different formulations for optimizing the concentration of inorganic contents 

4.2.3.1. Mechanical properties evaluation 

  For investigating the effect of inorganic content of novel dimethacrylate pre-

polymers, photocured composites were prepared using these resins and the mechanical 

properties were evaluated in terms of DTS and FS [Figure 4.15-4.17].   

  

Figure 4.14: Effect of pH on DTS and FS of photocured composites 

prepared from dimethacrylate resins without inorganic contents, the 

results are expressed as mean ± SD values; * indicates that increase in 

properties is statistically significant. 

* 

* 

** 

** 
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 The effect of calcium ion concentration on mechanical properties of photocured 

composites were studied by changing the concentration of calcium content from 0 to 

0.3% in the synthesized resins. A significant improvement in FS and DTS values were 

observed from C0M.1Z.1 to C.1M.1Z.1 (p < 0.05) and after that it decreases with 

C.2M.1Z.1 and C.3M.1Z.1.  Thus C.1M.1Z.1 exhibited good mechanical properties out of 

other three formulations [Figure 4.15].  

 
 

 

Figure 4.15: DTS and FSof photocured composites prepared from dimethacrylate 

resins containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation 

of calcium content from 0 to 0.3%. The results are expressed as mean ± SD values; * 

and ** indicates that increase in DTS and FS are statistically significant. 
 

 

 The effect of magnesium ion concentration on mechanical properties of 

photocured composites were studied by changing the concentration of magnesium content 

from 0 to 0.3 % in the synthesized resins.  FS and DTS values of photocured composites  

 

** 

** 
** 

* * 
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were found to increase substantially from C0 M0Z0 to C.1M.1Z.1 (p< 0.05) followed by 

slight decrease with increase in magnesium content.  [Figure 4.16].  

 The effect of zinc ion concentration on mechanical properties of photocured 

composites were studied by changing the concentration of zinc content from 0 to 0.3 % in 

the synthesized resins. Significantly high FS and DTS values (p < 0.05) were obtained for 

C.1M.1Z.1 composites compared to other formulations.  [Figure 4.17].   

 

 

 

 

 
 

 

Figure 4.16: DTS and FS of photocured composites  prepared from dimethacrylate resins 

containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation of magnesium 

content from 0 to 0.3%.  The results are expressed as mean ± SD values; * and ** indicates that 

increase in DTS and FS are statistically significant. 
 

** 

** ** 

* * 
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Figure 4.17: DTS and FS of photocured composites prepared from dimethacrylate resins 

containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation of zinc content 

from 0 to 0.3%. The results are expressed as mean ± SD values; * and ** indicates that increase in 

DTS and FS are statistically significant. 
 

4.2.3.2. Determination of polymerization shrinkage  

 To investigate the effect of inorganic contents (combination of inorganic contents 

varying from 0 to 0.3%) of newly synthesized resins on polymerisation shrinkage, 

photocured composites based on these resins were evaluated and shown in Figure 4.18.  

The polymerisation shrinkage of C.1M.1Z.1 was comparitively low among the thirteen 

formulations.   

 

** ** 

* * 
* ** 
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(a) Change in concentration of calcium content 

 

 

(b) Change in concentration of magnesium content 

 

 

(c) Change in concentration of calcium content 

Figure 4.18: Effect of inorganic contents on polymerisation shrinkage of composites prepared 

from pre-polymers containing mixture of alkoxides of calcium/magnesium/zinc. 
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4.2.3.3. Optimizing inorganic contents within the pre-polymer 

 In the present study, photocured composites prepared from dimethacrylate resin 

containing mixture of alkoxides of calcium/magnesium/zinc [CMZR]  having the concentration 

0.1%  showed  better  DTS, FS, and polymesiation shrinkage compared to other 

formulations. Therefore, the composition of the pre-polymer [CMZR], optimized based 

on the evaluation of physico-mechanical properties was characterized using different 

spectroscopic methods and evaluated the concentration of inorganic contents within the 

resin.  This optimized resin CMZR was used for further studies in the preparation of 

photocured composites and evaluated the composites in terms of polymerization 

shrinkage, bioactivity, mechanical properties, and cytocompatibility. 

4.2.4. Characterisation of CMZR 

4.2.4.1. Structural analysis using FT-IR spectroscopy 

 Comparison of the FT-IR spectrum of precursor (TSPM)   with CMZR and R1 

[Figure 4.19]   displayed the characteristic silane peaks at 2927 cm
-1

, 1716 cm
-1

,                     

1640 cm
-1

, 983 cm
-1 

and 1013 cm
-1

. An intense peak was observed around 3550 cm
-1

 in 

R1 as well as in CMZR but it is absent in the precursor.  
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Figure 4.19: Comparison of overlay of FTIR spectra of synthesized resins with the precursor 

TSPM and CMZR   

 

4.2.4. 2. Determination of refractive index of the resin 

 The refractive index of CMZR was observed at 1.474. 

4.2.4.3.Structural determination of CMZR using 
1
H NMR  

 1
H NMR spectrum of CMZR was shown in Figure 4.20.

1
 H NMR (500 MHz, 

DMSO ): δ (ppm) = 0.673-0.679 (1s, 2H, CH2), 1.622- 1.634 (1 m, 2H, CH2), 1.903-

1.930(1s, 3H, CH3), 3.52-3.586 (1s, 3H, CH3), 4.076-4.111(1 m, 2H, CH2), 5.540-5.46 (1 

s, 2H, CH2), 6.060-6.097 (1 s, 2H, CH2) . 
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Figure 4.20: 
1
H NMR spectrum of CMZR 

4.2.4.4. Structural determination of CMZR using 
13

C NMR  

 Figure 4.21 depicts 
13

C NMR spectrum of CMZR. 
13

 C NMR (DMSO): δ (ppm) = 

125.3 (CH2), 136.2 (CH2), 18.23 (CH3), 167-167.3 (C=O), 66.22-66.32 (CH2), 22.16-

22.32 (CH2).  

 

Figure 4.21: 
13

C NMR spectrum of CMZR 
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4.2.4.5. Qualitative and quantitative elemental analysis 

 EDXRF spectrum of CMZR is shown in Figure 4.22. The peaks assigned to CMZR     

(around 150, 550 and 600 keV) clearly suggested the existence of calcium, magnesium 

and zinc. Thus, elemental information from EDXRF was quantified using AAS analysis 

and tabulated in Table 7.  

 
 

Figure 4.22: EDXRF spectrum of CMZR 

 

Element  Ca  Mg  Zn  

Composition  42 µg  45 µg 51µg 

 

Table 7: Elemental composition of CMZR using AAS analysis 

4. 2.4.6. Thermal Analysis                                                                                                 

 Thermal stability of CMZR using TGA analysis [Figure 4.23] exhibited initial 

thermal decomposition at 150.73 
º
C and 50% mass loss at 395.43 

°
C. Final decomposition 

of the polymer was achieved at 930.55 
°
C leaving behind a residue of 27.42%.  
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Figure 4.23: TGA thermogram of CMZR 

 

4.2.5. Preparation of CMZR based photocured composites (CMZRQ) 

 Photocured composites using CMZR was successfully developed via photo-

polymerization technique using TPO photoinitiator. 

4.2.5.1. Evaluation of physico-mechanical properties of CMZRQ 

 Figure 4.24 demonstrated the mechanical properties of CMZRQ in terms of DTS, 

CS, and FS. The values of the mechanical properties were in par with ISO 4049. The 

other physical properties like hardness, polymerisaiton shrinkage and depth of cure is 

tabulated in Table 8. The results showed that the polymerization shrinkage of CMZRQ 

was significantly lower than the commercially available Bis GMA based composites, 

which were found to be 2.5±0.19%. 
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Figure 4.24: DTS, CS and FS of CMZRQ 

 

 

 

 

 

 

Table 8: VHN, depth of cure and polymerisation shirnkage of CMZRQ 

4.2.5.2. Water sorption and solubility of CMZRQ 

 Water sorption and water solubility of CMZRQ was illustrated in Figure 4.25.  

Water sorption of CMZRQ was found to be around 22 g/mm
3
 while water solubility at 

4.9 g/mm
3
.  It implies the composite satisfies the value recommended by ISO 4049 

(water sorption ≤40 g/mm
3
; water solubility ≤7 g/mm

3
).   

Sl No.  Properties  Values  

1  Vickers Hardness Number  146±4.37 kg/mm
2
  

2  Depth of cure  1.5889± 0.09 mm  

3 Polymerization shrinkage  1.3559 ± 0.19 %  
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Figure 4.25: Water sorption and solubility of CMZRQ 

 

4.2.5.3. Bioactivity analysis 

 Figure 4.26 demonstrated the SEM images showing comparison of apatite 

formation ability of Bis GMA based composites with CMZRQ from 0 to 14 days after 

storage in SBF. No indication of apatite formation was shown by photocured composites 

based on Bis GMA even after 14 days [Figure 4.26 (a)]. Gradual apatite formation was 

observed on surface of CMZRQ from 0 to 14 days.  Small agglomerates were observed 

on the surface of CMZRQ after 1 day and larger agglomerates after 7 days [Figure 

4.26(b)]. The sample had a dense layer of apatite formation after 14days. Apatite 

formation on CMZRQ involves the formation and aggregation of prenucleation clusters.   

 

 

 

 
 

 

(a) SEM images of Bis GMA composites stored in SBF at 37°C for 0, 1, 7 and 14 days 
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(b) SEM images of CMZRQ stored in SBF at 37°C for 0, 1, 7 and 14 days 

Figure 4.26: SEM images of bioactivity studies of (a) Bis GMA based composites and (b) 

CMZRQ  after storing in SBF for 0, 1, 7 and 14 days 

  

Duration  Concentration of Calcium 

Ca317.937 (mg/L) 

Concentration of Phosphorous 

P317213.617 (mg/L) 

0 day 23.72 9.62 

1 day 23.71 9.62 

7 days 23.49 9.5 

14 days 22.58 9.32 

 

Table 9: Quantitative analysis of bioactivity using ICP- OES 
 

The concentration of calcium and phosphate ions in the supernatant solution of 

CMZRQ stored SBF was determined using inductively coupled plasma optical emission 

spectroscopy (ICP- OES) technique. The reduction in calcium and phosphate ions in SBF 

suggested that CMZRQ is bioactive in nature (Table 9). 

4.2.5.4. Evaluation of volumetric shrinkage of CMZRQ   

 The three dimensional volumetric shrinkage of CMZRQ was evaluated by using 

-CT analysis [Figure 4.27].  The volumetric shrinkage of CMZRQ was 3.2% where as 

the volumetric shrinkage of Bis GMA based composite was found to be 7.59% [Figure 

4.28]. 
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(i)                                  (ii)                                                (iii) 

(a) CMZRQ before curing 

   

                       (i)                                  (ii)                                                (iii) 

(b) CMZRQ after curing 

 
 

Figure 4.28: Comparison of volumetric shrinkage of CMZRQ with Bis GMA 

composite   

 
Figure 4.27:  (i) Segmented 3D image of CMZRQ (ii) 3D color-coded visualisation of pore size 

distribution within CMZRQ (iii) Thickness-coded 3D image exhibiting the thickness distribution 

within CMZRQ (a) before curing and (b) after curing. 
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4.2.6. In vitro cytocompatibility evaluation of CMZRQ 

4.2.6.1. Cytotoxic behavior of CMZRQ  

Figure 4.29 shows the evaluation of cytoxic behavior of CMZRQ using L929 

mouse fibroblast cells. CMZRQ showed non-cytotoxic behavior and retained the spindle-

shaped morphology after 24h contact with the cells [Figure 4.29]. 

 

Figure 4.29: Microscopic images of L929 mouse fibroblast in contact with CMZRQ 

 

 Figure 4.30 depicts the in vitro cell viability via MTT assay using L929 mouse 

fibroblasts incubated with CMZRQ, UHMWPE and stabilized PVC for 24h. The 

percentage metabolic activity of cells in CMZRQ was observed as 96.5%.  

 
 

Figures 4.30: In vitro cell viability of CMZRQ 
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4.2.6.2. In vitro cell adhesion study of CMZRQ 

  

 Figures 4.31 & 4.32 displayed the in vitro cell adhesion study of CMZRQ.  

Microscopic images of cell adhesion study showed that cells adhered well on CMZRQ 

surface and the cell adhesion was comparable with the control coverslip [Figure 4.31]. 

ESEM images also proved that cell morphology as well as cell spreading on CMZRQ 

[Figure 4.32 (b)] and the control coverslip was comparable [Figure 4.32 (a)]. 

  

                                           (a)                                                         (b) 

Figure 4.31: Microscopic images of cell adhesion of (a) control cover slip and (b) CMZRQ 

 

 

  

(a)                                                                 (b) 

Figure 4.32: ESEM images of cell adhesion of (a) control cover slip and (b) CMZRQ 
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4.3. Studies on the effect of functionality on properties and 

polymerization shrinkage of the composites prepared from 

tetramethacrylate groups. 

 

 Studies proved that multifunctional monomers can reduce the polymerization 

shrinkage of the composites to great extent.  Inorder to investigate the effect of 

functionality, we implemented the optimized formulation of inorganic contents that 

obtained in the previous section into a new environment. We replaced the dimethacrylate 

resin with tetramethacrylate resin and investigated the effect of functionality on properties 

and polymerization shrinkage of the composites prepared from pre-polymer containing 

tetramethacrylate groups. 

4.3.1. Synthesis of pre-polymer 

 We had synthesized thirteen tetramethacrylate pre-polymers by varying the 

formulations of inorganic-contents within the resin. The processing parameters like pH of 

the medium and concentration of inorganic contents were optimized by evaluating 

polymerisation shrinkage and mechanical properties of the photocured composites from 

these synthesized resins. The optimized formulation i.e, CMZR2 was characterized using 

various spectroscopic methods and the photocured composites were evaluated in terms of 

physico-mechanical properties, polymerisation shrinkage, bioactivity and in vitro studies.  
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4.3.2. Preparation and characterization of composites for optimizing processing 

parameter 

4.3.2. 1.  Determination of polymerization shrinkage and depth of cure 

 The effect of pH on polymerization shrinkage and depth of cure of the photocured 

composites prepared from tetramethacrylate resin containing alkoxides of 

calcium/magnesium/zinc [Figure 4.33] were studied.  The photocured composites 

prepared from the pre-polymer hyrdolysed at pH 2 exhibited significantly lower 

polymerization shrinkage with good depth of cure (p<0.05). 

 

Figure 4.33: Effect of pH on polymerisation shrinkage of photocured composites from 

tetramethacrylate resin containing alkoxides of calcium/magnesium/zinc. The results are 

expressed as mean ± SD values; * indicates that decrease in polymerisation shrinkage is 

statistically significant. 

4.3.2.2. Mechanical properties evaluation 

 The effect of pH on DTS and FS of the photocured composites prepared from 

from tetramethacrylate resin containing alkoxides of calcium/magnesium/zinc was 

depicted in Figure 4.34. The mechanical properties of photocured composites prepared 

from tetramethacrylate resin containing alkoxides of calcium/magnesium/zinc at pH 2 and 

* 

* 
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pH 10 were evaluated.  The photocured composites prepared from pre-polymer 

hyrdolysed at pH 2 exhibited significantly high DTS (p value = 0.009) compared to the 

composites prepared from pre-polymer hyrdolysed at pH 2.  

 

Figure 4.34. Effect of pH on DTS and FS of photocured composites from tetramethacrylate 

resin containing alkoxides of calcium/magnesium/zinc. The results are expressed as mean ± 

SD values; * and ** indicates that increase in DTS and FS are statistically significant. 

 

4.3.2.3. Optimizing pH of the medium 

 pH is an essential parameter in sol-gel method as it is a pre-requisite for the 

successful hydrolysis. For optimizing pH of the medium, we synthesized the pre-

polymers hydrolysed at different pHs from 1-4 and evaluated the physico-mechanical 

properties of the photocured composites prepared from them.  The details of the study had 

been attached in the Apendix (Page 196).  In the present study, the photocured composites 

prepared from the pre-polymer hydrolysed at pH 2 exhibited good mechanical properties. 

Therefore, pH 2 was optimized as the pH of the medium for further studies in this section.  

 

* 

* 

** 
** 
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4.3.3. Evaluation of photocured composites prepared from tetramethacrylate pre-

polymer with varying formulation for optimizing the concentration of inorganic 

contents 

4.3.3.1 Mechanical properties evaluation 

 For investigating the effect of inorganic content of newly synthesized 

tetramethacrylate pre-polymer, the mechanical properties in terms of DTS and FS of 

photocured composites based on these resins were measured and the results are shown in 

Figure 4.35-4.37.  The effect of calcium ion concentration on mechanical properties of 

photocured composites were studied by changing the concentration of calcium content 

from 0 to 0.3 % in the synthesized resins.  Out of the five formulations C.1M.1Z.1 

exhibited comparitively higher FS and DTS values [Figure 4.35].   

 

Figure 4.35: DTS and FS of photocured composites prepared from tetramethacrylate resins 

containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation of calcium 

content from 0 to 0.3%.  
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 The effect of magnesium ion concentration on mechanical properties of 

photocured composites were studied by changing the concentration of magnesium content 

from 0 to 0.3 % in the synthesized resins. FS and DTS values of prepared composites 

significantly increased from C.1M0Z.1 to C.1M.1Z.1 (p>0.05) followed by slight 

decrease with increase in magnesium content [Figure 4.36].   

 
 

Figure 4.36: DTS and FS of photocured composites prepared from tetramethacrylate resins 

containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation of magnesium 

content from 0 to 0.3%. The results are expressed as mean ± SD values; * and ** indicates that 

increase in DTS and FS are statistically significant. 

 

 The effect of zinc ion concentration on mechanical properties of photocured 

composites were studied by changing the concentration of zinc content from 0 to 0.3 % in 

the synthesized resins. Better FS and DTS values were observed for C.1M.1Z.1 compared 

to other formulations [Figure 4.37].   

** 
** 

** 

* * * 
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Figure 4.37: DTS and FS of photocured composites  prepared from tetramethacrylate resins 

containing mixture of alkoxides of calcium/magnesium/zinc: effect of variation of zinc content 

from 0 to 0.3%. 

 

4.3.3.2 Determination of polymerization shrinkage  

 For investigating the effect of combination of inorganic contents (concentration of 

inorganic contents varying formulations from 0 to 0.3%) in newly synthesized 

tetramethacrylate pre-polymer on polymerisation shrinkage, photocured composites based 

on these resins were measured and the results are shown in Figure 4.38.  The 

polymerisation shrinkage of C.1M.1Z.1 is significantly lower compared to other formulations (p 

value ranges from 0.008-0.01).  
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(a)Change in concentration of calcium content 

 
(b)Change in concentration of magnesium content 

 
(c)Change in concentration of zinc content 

Figure 4.38: Effect of inorganic contents on polymerisation shrinkage of composites prepared 

from  pre-polymers containing mixture of alkoxides of calcium/magnesium/zinc. The results are 

expressed as mean ± SD values; * indicates decrease in polymerisation shrinkage is statistically 

significant. 

 

 

* 

* * * * 

* 

* * 
* 

* 

* 

* 
* * 

* 
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4.3.3.3. Optimizing inorganic contents within tetramethacrylate resin 

 In the present study, photocured composites prepared from pre-polymer containing 

mixture of alkoxides of calcium/magnesium/zinc having the concentration 0.1% exhibit 

excellent DTS, FS, and polymerisation shrinkage. The composition of tetramethacrylate 

resin [CMZR2] was optimized based on the evaluation of physico-mechanical properties.  

The resin CMZR2 was characterized using different spectroscopic methods and evaluated 

the concentration of inorganic contents within the resin. This CMZR2 was used for the 

preparation of photocured composites [CMZR2Q]. 

4.3.4. Characterisation of CMZR2 

4.3.4.1. Structural analysis using FT-IR spectroscopy 

 FT-IR spectrum of precursor (1, 3-bis methacryloxy 2-(trimethoxy silyl propoxy) 

propane) was compared with CMZR2 and resin without inorganic contents [Figure 4.39].  

All the three spectra displayed characteristic peaks around 1000–1200 cm
-1

,  700–800 cm
-

1
, 1298 cm

-1
, 1716 cm

-1
, 942 cm

-1
, 1639 cm

-1
,  2800–3000 cm

-1
 and  3494 cm

-1
.  
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Figure 4.39: Overlay of FTIR spectra of CMZR2 and precursor 

  

4.3.4.2. Determination of refractive index of the resin 

 The refractive index of CMZR22 was observed at 1.473.  

4.3.4.3. Structural determination of CMZR2 using 
1
H NMR 

 1
 H NMR spectrum of CMZR2 was shown in Figure 4.40.

1
 H NMR (500 MHz, 

DMSO ): δ (ppm) = 0.665 (1s, 2H, CH2), 1.612- 1.738 (1 m, 2H, CH2), 1.901-1.929 (1s, 

3H, CH3), 3.534 (1s, 3H, CH3), 4.076-4.099 (1 m, 2H, CH2), 5.542 (1 s, 2H, CH2), 6.060-

6.097 (1 s, 2H, CH2).  
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4.3.4.4. Structural determination of CMZR2 using 
13

C NMR 

 Figure 4.41 illustrates 
13

C NMR spectrum of CMZR2. 
13

 C NMR (DMSO): δ 

(ppm) = 125.33-125.5 (CH2), 136.26 (CH2), 18.25 (CH3), 167.33 (C=O), 64.36-66.33 

(CH2), 22.33-26.23 (CH2).  

 

 

 

 

 

 

 

 The elucidated structure of CMZR2 by using 
1
H NMR and 

13
C NMR spectra was 

demonstrated in Figure 4.42. 

 

Figure 4.40:
 1
 H NMR spectrum of CMZR2 

 

 

Figure 4.41: 
13

C NMR spectrum of CMZR2 
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Figure 4.42: Schematic representation of the synthesis of CMZR2 

4.3.4.5. Qualitative and quantitative elemental analysis 

 In Figure 4.43, peaks (around 600, 550 and 150 keV) assigned to CMZR2 clearly 

suggested the existence of calcium, magnesium and zinc within the resin. The elemental 

information from EDXRF was quantified using AAS analysis and tabulated in Table 10.  

 

Figure 4.43: EDXRF spectrum of CMZR2 
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Table 10: Elemental composition of CMZR2 using AAS analysis 

4.3.4.6. Thermal Analysis 

 Thermal stability of CMZR2 using TGA analysis was shown in Figure 4.44. The 

onset decomposition of CMZR2 was occurred at about 348.99 
o
C. 50% mass loss 

occurred at 750 
o
C.  

 

4.3.5. Preparation of CMZR based photocured composites (CMZR2Q) 

 Photocured composites were successfully developed via photo-polymerization 

technique using TPO photoinitiator. 

4.3.5.1. Evaluation of physico-mechanical properties of CMZR2Q 

 Figure 4.45 established the mechanical properties of CMZRQ in terms of DTS, 

CS, and FS. The values of the mechanical properties were on par with ISO 4049. The 

Element  Ca  Mg  Zn  

Composition  54.1 µg  26 µg 36 µg 

 

Figure4.44: TGA thermogram of CMZR2 
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other physical properties like hardness, polymerisation shrinkage and depth of cure is 

tabulated in Table 11. The results showed that the polymerization shrinkage of CMZRQ 

was significantly lower than the commercially available Bis GMA based composites, 

which was found to be 2.5% (p value = 0.047). 

 

 

Figure 4.45: DTS, CS and FS of CMZR2Q 

 

 

 

 

 

 

 

Table 11: VHN, depth of cure and polymerisation shirnkage of CMZR2Q 

 

 

Sl No.  Properties  Values  

1  Vickers Hardness Number  85±3.23 kg/mm
2
  

2  Depth of cure  1.456± 0.07 mm  

3 Polymerization shrinkage  1.19 ± 0.02 %  
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4.3.5.2. Water sorption and solubility of CMZR2Q 

 Water sorption and water solubility of CMZR2Q was illustrated in Figure 4.46. 

Water sorption of CMZR2Q was found to be around 27 g/mm
3
 while water solubility at 

5.2 g/mm
3
.  It implies that CMZR2Q satisfies the value recommended by ISO 4049 

(water sorption ≤40 g/mm
3
; water solubility ≤7 g/mm

3
).   

 

Figure 4.46: Water sorption and solubility of CMZR2Q 

 

4.3.5.3. Bioactivity analysis 

 Figure 4.47 demonstrated the SEM images showing comparison of apatite 

formation ability of Bis GMA based composites with CMZR2Q from 0 to 14 days after 

storage in SBF. No indication of apatite formation was observed on photocured 

composites based on Bis GMA after 14 days [Figure 4.47(a)]. While on the surface of 

CMZR2Q, small agglomerates were observed after 1 day and larger agglomerates after 7 

days [Figure 4.47(b)]. The sample had a surface layer of apatite after 14days. Apatite 

formation on CMZ2 based photocured composites involves the formation and aggregation 

of prenucleation clusters.     
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(a) SEM images of Bis GMA composites stored in SBF at 37°C for 0, 1, 7 and 14 days 

 

 

 

 

 

 (b) SEM images of CMZR2Q stored in SBF at 37°C for 0, 1, 7 and 14 days 

Figure 4.47: SEM images of bioactivity studies of (a) Control Bis GMA based composites and 

(b) Sample CMZR2Q  after storing in SBF for 0, 1, 7 and 14 days 
 

Duration  Concentration of Calcium 

Ca317.937 (mg/L) 

Concentration of Phosphorous 

P317213.617 (mg/L) 

0 day 23.72 9.62 

1 day 23.72 9.62 

7 days 23.64 9.58 

14 days 23 9.5 

 

Table 12: Quantitative analysis of bioactivity using ICP- OES 

 

The concentration of calcium and phosphate ions in the supernatant solution of CMZR2Q 

stored SBF was determined using ICP- OES technique. The reduction in calcium and 

phosphate ions in SBF suggested that CMZR2Q is bioactive in nature (Table 12). 

4.3.5.4. Evaluation of volumetric shrinkage of CMZR2Q   

 The three dimensional volumetric shrinkage of CMZRQ was evaluated by using 

-CT analysis [Figure 4.48].  The volumetric shrinkage of CMZR2Q was found to be 
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1.52%.  While the volumetric shrinkage of Bis GMA based composite was 7.59% [Figure 

4.49]. 

 

 

 

 
              

(i)                                            (ii)                                                 (iii) 

(a) CMZR2Q before curing 

 
 

(i)                                                    (ii)                                                 (iii) 

(b) CMZR2Q after curing 

Figure 4.48:  (i) Segmented 3D image of CMZR2Q (ii) 3D color-coded visualisation of pore 

size distribution within CMZR2Q (iii) Thickness-coded 3D image exhibiting the thickness 

distribution within CMZR2Q (a) before curing and (b) after curing 
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4.3.6. In vitro cytocompatiblity evaluation of CMZR2Q 

4.3.6.1. Cytotoxic behavior of CMZR2Q 

 After 24 h contact with CMZR2Q, L929 mouse fibroblast cells retained the 

spindle-shaped morphology which indicated the non-cytotoxic nature of CMZR2Q 

[Figure 4.50]. 

 

Figure 4.50: Microscopic images of L929 mouse fibroblast in contact with CMZR2Q 

 

 

 

Figure 4.49: Comparison of volumetric shrinkage of  

CMZR2Q with Bis GMA composite 
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Figure 4.51 depicts the in vitro cell viability via MTT assay using L929 mouse fibroblasts 

incubated with CMZR2Q, UHMWPE and stabilized PVC for 24h. Cells exposed to 

CMZR2Q showed 96.4± 3.49 % metabolic activity. 

 

Figures 4.51: In vitro cell viability of CMZR2Q 

 

4.3.6.2. In vitro cell adhesion study of CMZR2Q 

  

 Figures 4.52 & 4.53 displayed the in vitro cell adhesion study of CMZR2Q.  

Microscopic images of cell adhesion study showed that cells were adhered well on 

CMZR2Q surface and comparable with the control coverslip [Figure 4.52]. SEM images 

also proved that cell morphology as well as cell spreading on CMZR2Q [Figure 4.53(a)] 

was comparable with control [Figure 4.53(b)]. 
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(a)                                                         (b) 

Figure 4.52: Microscopic images of cell adhesion of (a) control cover slip and (b) 

CMZR2Q 

 

 
(a)                                                         (b) 

         Figure 4.53: ESEM images of cell adhesion of (a) control cover slip and (b) CMZR2Q 

 

 

4.3.7. Comparison of dimethacrylate resin based composite [CMZRQ] and 

tetramethacrylate resin based composite [CMZR2Q] with commercially available 

composites 

Table 13 showed the comparison of CMZRQ and CMZR2Q with bioactive 

control (ACTIVA BioACTIVE) and two non-bioactive control materials (Bis GMA 

composite and Tetric-N-Ceram). CMZRQ and CMZR2Q exhibited lower polymeriation 

shrinkage with excellent bioactivity compared to control materials.  But the newly 
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developed materials cannot surpass the control materials in terms of mechanical 

properties.  Therefore, the new composites require some modifications to improve the 

mechanical properties to compete with the control materials.  Fillers can improve the 

mechanical properties of the composite. Therefore, the effect of filler in the development 

of composites was investigated in the next section. 

  

Table 13: Comparison of properties of CMZRQ and CMZR2Q with control materials 

 

 

Properties  CMZRQ  CMZR2Q  Bis GMA 

composite 

Tetric-N- 

Ceram 

ACTIVA 

BioACTIVE  

DTS (MPa)  40.99 ± 

1.28  

38.9 ± 1.02  46.4± 2.35  59.45± 5.6  42  

FS (MPa)  76.66±5.2

3  

49.16±6.5  116.2± 15.6  160.19± 28.58  102  

Water sorption 

(µg/mm
3

)  

23.59±  

1.23  

23.5±1.2
 

 27.3± 2.5  14.463± 0.48  ----- 

Water solubility 

(µg/mm
3

)  

1.9 ±0.09  5.2 ±1.02  4.7± 0.9  2.6552± 0.74  ------ 

 

Bioactivity  After 24 

hours  

After 7 

days  

Not 

bioactive  

Not bioactive Bioactivity 

after 21 days 

Linear shrinkage 

(%)  

1.355 ± 

0.08  

1.19±0.09  2.5±0.12  1.029± 0.227  1.7251±0.16  

Volumetric 

shrinkage (%)  

2.66  1.52  7.5 2.0310 ±0.13 ------- 



 
 
 

128 
 

4.4. Studies on the effect of filler on bioactivity, polymerization 

shrinkage and physico-mechanical properties of the composites. 

 CMZRQ and CMZR2Q exhibited low polymerization shrinkage and enhanced 

bioactivity compared to control materials. However, the mechanical properties of 

CMZRQ and CMZR2Q were significantly low (p<0.05) while comparing with control 

materials. Generally, filler can enhance mechanical properties, impart radiopacity, and 

diminish polymerization shrinkage of the composite. Therefore, we introduced a 

combination of quartz/radiopaque glass filler in the present section to improve the 

properties of CMZRQ and CMZR2Q. We investigated the effect of filler on bioactivity, 

polymerization shrinkage and physico-mechanical properties of the composites 

4.4.1. Preparation of bioactive radiopaque composites [CMZQRG and CMZR2QG] 

from CMZR and CMZR2 

 Radiopacity was imparted into the composites by incorporating radiopaque glass 

filler along with quartz. Successful incorporation of radiopaque glass filler into the matrix 

was evidenced by enhancing the properties of the composites. 

4.4.2. Characterization of CMZRQG and CMZR2QG 

4.4.2.1. Comparision of mechanical properties of CMZRQG and CMZR2QG quartz 

alone composites  

 Figure 4.54 summarizes the comparision of DTS and FS values of CMZRQG and 

CMZR2QG with quartz alone composites CMZRQ and CMZR2Q. DTS of all the four 

composites were above 35 MPa as recommended by ADA specification. But radiopaque 

glass incorporated composites (CMZRQG and CMZR2QG) exhibited improved 
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properties compared to quartz alone composites. CMZRQG exhibits a significantly high 

FS value (p value = 0.0009). 

 

Figure 4.54: Comparison of mechanical properties of CMZRQG and CMZR2QG with CMZRQ 

and CMZR2Q. The results are expressed as mean ± SD values; * and ** indicates that increase in 

DTS and FS are statistically significant p<0.05. 

 

4.4.2.2. Comparison of DTS and FS of CMZRQG with control materials  

 The DTS and FS values of CMZRQG were compared with two commercially 

available composites and in house made Bis GMA composite [Figure 4.55].  FS value 

observed for CMZRQG was comparitively high among other composites.  DTS value of 

CMZRQG satisfies the value recommended by ADA specification. 

  

** 

* * * 

** 

** 
** 
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Figure 4.55: Comparison of mechanical properties of CMZRQG 

with three control materials.  The results are expressed as mean ± 

SD values 

 

4.4.2.3. Comparison of hardness of CMZRQG with control materials  

 The hardness value of CMZRQG was significantly high compared to three control 

materials [Figure 4.56].  p-values ranges from 0.006-0.06. 

 

 

Figure 4.56:  Comparison of hardness of CMZRQG with three control 

materials The results are expressed as mean ± SD values; * indicates that 

increase in hardness is statistically significant. 

* * * 

* 
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4.4.2.4. Comparison of polymerization shrinkage of CMZRQG with control materials 

 A comparative study of linear polymerization shrinkage of CMZRQG with three 

control materials was depicted in Figure 4.57. The linear polymerization shrinkage of 

CMZRQG was significantly low (p value = 0.03) compared to Bis GMA composite.   

 
 

Figure 4.57: Comparison of polymerization shrinkage of CMZRQG with three control materials 

The results are expressed as mean ± SD values; * indicates that decrease in polymerisation 

shrinkage is statistically significant. 

 

4.4.2.5. Comparison of water sorption and solubility of CMZRQG with control 

materials 

 Water sorption and solubility of CMZRQG were compared with three control 

materials, and exemplified in Figure 4.58. The values of water sorption and solubility of 

CMZRQG was as par with the values recommended by ISO 4049.   

* 

* 

* * 
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Figure 4.58: Comparison of water sorption and solubility of CMZRQG with three control 

materials 

 

4.4.2.6. Volumetric shrinkage of CMZRQG 

 The three dimensional volumetric shrinkage of CMZRQG was evaluated by using 

-CT analysis [Figure 4.59].  The volumetric shrinkage of CMZRQG was found to be 

1.17% which is lower compared to Bis GMA based composite [Figure 4.60]. The 

volumetric shrinkage of Bis GMA based composite was 6.4 times greater than that of 

CMZRQG. 

 

 

            (i)                                           (ii)                                                 (iii) 

(a) CMZRQG before curing 
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(i)                                           (ii)                                                 (iii) 

(b) CMZRQG before curing 

Figure 4.59:  (i) Segmented 3D image of CMZRQG (ii) 3D color-coded visualisation of pore 

size distribution within CMZRQG (iii) Thickness-coded 3D image exhibiting the thickness 

distribution within CMZRQG (a) before curing and (b) after curing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2.7. Wear study of CMZRQG 

 

 The wear rate of CMZRQG was compared with commercially available Brilliant 

NG.  The wear rate of CMZRQG was found to be 3.03 which was significantly (p vlaue = 

0.006) low compared to Brilliant NG [Figure 4.61]. 

 

Figure 4.60: Comparison of volumetric shrinkage of 

CMZRQG with BisGMA. 
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Figure 4.61: Comparison of wear rate of CMZRQG with 

commercially available material. The results are expressed as 

mean ± SD values; * indicates that decrease in wear rate is 

statistically significant. 
 

 

4.4.2.8. Radiopacity evaluation of CMZRQG 

 

 

 Figure 4.62 illustrates the comparison of radiopacity of CMZRQG with Bis GMA 

composite using digital radiograph.  The test was conducted as per ISO 4049.  CMZRQG 

exhibits significantly high radiopacity compared to Bis GMA composite.   

 

 

Figure 4.62: Radiograph comparing the radiopacity of 

CMZRQG with Bis GMA composite 

 

 

 The grayscale intensities of the digital radiograph were evluated using Image J 

soft ware and plotted a graph against thickness of the aluminium wedge [Figure 4.63].  

* 
* 
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CMZRQG exhibited radiopacity greater than 1 mm thick aluminium wedge value. 

Control material (Bis GMA composite) possesses radiopacity comparable with 0.5 mm 

value of aluminium.   

 

 

 

Figure 4.63:  Comparison of grayscale intensities of CMZRQG with Bis GMA composite. 

 

 

4.4.2.9. Bioactivity studies of CMZRQG 
 

 Figure 4.64 illustrates the comparison of surface morphologies of CMZRQG with 

Bis GMA composite, after storage in SBF solution for 14 days. No evident change was 

detected on the surfaces of Bis GMA composite until 14
th

 day [Figure 4.64 (a)]. 

CMZRQG exhibited apatite formation on the surface from after 24 hours onwards. 

 

  

 

 

 

 

 



 
 
 

136 
 

 

Duration  Concentration of Calcium 

Ca317.937 (mg/L) 

Concentration of Phosphorous 

P317213.617 (mg/L) 

0 day 23.72 9.62 

1 day 23.7 9.61 

7 days 23.45 9.49 

14 days 22.48 9.29 

 

Table 14: Quantitative analysis of bioactivity using ICP- OES 
 

Quantitative estimation of remineralisation in CMZRQG was found out using 

ICP-OES. The reduction in calcium and phosphate ions supernatant solution of 

CMZRQG stored in SBF suggested that CMZRQG is bioactive in nature (Table 14). 

4.4.2.10. In vitro thermal expansion of CMZRQG in tooth sample using µ-CT 

 

 

 The effect of thermocycling in vitro of CMZRQG was studied with a tooth sample 

using µ-CT. The scout images of tooth cavity, tooth cavity filled with CMZRQG and 

 

        (a) SEM images of  Bis GMA composites stored in SBF at 37°C for 0, 1, 7 and 14 days 

 (b) SEM images of  CMZRQG stored in SBF at 37°C for 0, 1, 7 and 14 days  

  

Figure 4.64: Comparison of bioactivity studies of (a) Bis GMA composite with (b) CMZRQG 
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tooth cavity filled with CMZRQG after thermocycling (1 hour) were taken for the study 

[Figure 4.65]. From the scout images, it can be seen that CMZRQG covered the tooth 

cavity compactly and was radiopaque in nature.   

 

 

Figure  4.65:  Scout images of (a) tooth cavity, (b) tooth cavity filled with 

CMZRQG and (b) tooth cavity filled with CMZRQG after thermocycling 

 

 The thermal expansion of CMZRQG in the tooth cavity after thermocycling was 

negligibly small as it was around 0.001%.  

4.4.3. Biocompatibility Evaluation of CMZRQG 

 

4.4.3.1. Cytotoxic behaviour of CMZRQG 

 Direct contact test demonstrated that CMZRQG did not induce toxic effects and 

found to be cytocompatible [Figures 4.66]. The normal spindle-shaped morphology of 

L929 fibroblast cells was retained throughout the study. MTT assay showed that the cell 

viability of CMZRQG was comparable with UHMWPE [Figure 4.67]. 
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Figure 4.66: In vitro ctyotoxicity of CMZRQG 

 

 

Figure 4.67:  MTT assay of CMZRQG 

 

 

4.4.3.2. Cell adhesion study of CMZRQG 

 

 L929 mouse fibroblast cells spreaded well and confluent over the CMZRQG 

composite [Figures 4.68] which was comparable with control coverslip. ESEM images 

also showed confluent growth of L929 cells on CMZRQG [Figure 4.69].  
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(a)                                                           (b) 

Figure 4.68: Microscopic images of cell adhesion of (a) control cover slip and (b) 

CMZRQG 

 

 
(a)                                                           (b) 

Figure 4.69: ESEM images of cell adhesion of (a) control cover slip and (b) 

CMZRQG 

 

 

4.4.4. In vivo toxicological evaluation using small animals 

 

 

4.4.4.1 Guinea pig Maximization test 

 

 The result of Guinea pig Maximization test was evaluated on the basis of the skin 

sensitization potential induced by the test material. The numeric grading was shown in the 

Table 15.  The physiological saline extract of CMZRQG and control did not elicit any 

skin sensitization in Guinea pigs. 
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Table 15: Numerical grading of Erythema and oedema for control and CMZRQG extract 

4.4.4.2 Animal intracutaneous (intradermal) reactivity test in albino rabbits 

 The total mean score of CMZRQG in intracutaneous reactivity test was ‗0‘ in 

physiological saline extract and ‗0.3‘ in cotton seed oil extract, which indicates no 

erythema/ oedema  as per ISO 10993-10: 2010(E).  

 

4.4.4.3 Acute intraperitonial application of cotton seed oil in albino mice                       

 The animals injected with cotton seed oil extract of CMZRQG and control did not 

show any abnormalities or loss in body weight during the observation period.  

4.4.4.4 Acute intravenous application of physiological saline extract in albino mice 

 The animals injected with physiological saline extract of CMZRQG and control 

did not show any abnormalities or loss in body weight during the observation period. 

4.4.4.5 Short term implantation in subcutaneous tissue 

From table 16, it can be seen that for both test and control materials, granuloma, and 

material debris were absent in both the periods of implantation. 

 

 

Samples Erythema Oedema 

Control (physiological saline)     0 0 

CMZRQG extract 0 0 
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Table 16: Statistical evaluation of histological studies of CMZRQG and Z-100 

Necrosis was absent around the implanted materials. Occurrence of polymorphonuclear 

cells, lymphocytes, plasma cells, and macrophages were observed in the implant region 

for both test [Figures 4.70 (a, b)] and control materials at 1 week post implantation. 

Neovascularization and fatty infiltration were discerned at the implant site [Figures 4.70 

(b) and 4.71(b)].  

 1 week 4 weeks 

    

Granuloma CMZRQG (test 

material) 

Z-100 (control) 

Absent 

Absent 

CMZRQG 

Z-100 

Absent 

Absent 

Material debris CMZRQG 

Z-100 

Absent 

Absent 

CMZRQG 

Z-100 

Absent 

Absent 

Tissue in-growth CMZRQG 

Z-100 

Not 

applicable 

Not 

applicable 

CMZRQG 

Z-100 

Not 

applicable 

Not 

applicable 

Polymorphonuclear 

cells 

CMZRQG 

Z-100 

1.88±0.66 

1.65±0.191 

CMZRQG 

Z-100 

0.1±0.2 

2.25±3.84 

Lymphocytes CMZRQG 

Z-100 

1.08±0.18 

1±0 

CMZRQG 

Z-100 

0.8±0.16 

1±0.16 

Plasma cells CMZRQG 

Z-100 

0.72±.26 

0.9±0.12 

CMZRQG 

Z-100 

0.75±.1 

0.6±0.23 

Macrophages CMZRQG 

Z-100 

1.4±0.28 

1.4±0.16 

CMZRQG 

Z-100 

0.95±0.19 

1±0 

Giant cells CMZRQG 

Z-100 

0 

0 

CMZRQG 

Z-100 

0 

0 

Necrosis CMZRQG 

Z-100 

0 

0 

CMZRQG 

Z-100 

0 

0 

Neovascularization CMZRQG 

Z-100 

1±0 

1±0 

CMZRQG 

Z-100 

1±0 

1±0 

Fibrous capsule CMZRQG 

Z-100 

2.8±0.44 

3±0 

CMZRQG 

Z-100 

4±0 

4±0 

Fatty infiltrate CMZRQG 

Z-100 

0 

0 

CMZRQG 

Z-100 

0 

0 
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(a)               (b) 

Figure 4.70: Light microscopic images of CMZRQG at 1 week postimplantation: (a) Fibrous 

capsule around implant site 500 µm and (b) inflammetry cells and  polymorphonuclear cells at the 

implant site 50 µm. 

 

(a)               (b) 

Figure 4.71: Light microscopic images of Z-100 at 1 week postimplantation: (a) Fibrous capsule 

around implant site 500 µm and (b) mild mononuclear cell infiltration at the implant site 50 µm. 

 

 

(a)               (b) 

Figure 4.72: Light microscopic images of CMZRQG at 4 weeks postimplantation (a) Fibrous 

capsule around implant site 500 µm and (b) absence of inflammatery cells at the implant site 50 

µm. 
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 Presence of polymorphonuclear cells and plasma cells were subsided, 

lymphocytes and macrophages were observed around the implant site of both test [Figure 

4.72 (a,b)] and control group [Fig. 4.73 (a)] at 4 weeks post implantation. Necrosis was 

absent while fibrosis, neovascularization, and fatty infiltration were present at the implant 

site [Figures  4.72 (b) and 4.73 (b)].   

 

  

 

 

 

 

 

 

 

(a)               (b) 

Figure 4.73: Light microscopic images of Z-100 at 4 week postimplantation: (a) Fibrous capsule 

around implant site 500 µm and (b) mild mononuclear cell infiltration infiltration at the implant 

site 50 µm. 
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CHAPTER 5 

DISCUSSION 

Chapter 5 comprises the discussion and interpretation of the results detailed in 

Chapter 4. The major findings of this study are correlated with published literature in the 

appropriate field. The limitations of the study have been identified and future prospects 

are outlined. 

5.1. Synthesis of pre-polymer and optimization of processing parameters 

All pre-polymers were synthesized in the present study via modified sol-gel 

method.   In the preliminary studies, pre-polymers containing alkoxides of calcium/ 

magnesium/zinc/strontium/manganese were synthesized.  Based on the performance of 

the photocured composites prepared from these synthesized resins, combination of 

alkoxides of calcium/magnesium/zinc within a resin matrix was streamlined which was 

selected for further studies. 

5.1.1. Effect of pH 

pH is an essential parameter in sol-gel method, because the size and  the 

entanglement of particles are strongly dependent on the pH of the system (Jaramillo et al., 

2016). van der Waals interaction cannot be negligible in sol-gel method and it will 

increases exponentially as the particle size decreases, which favors the growth of clusters. 

At low pH, a positively charged transition state is generated and alkoxide groups (–OR) 

stabilize the gel better than –OH groups. Low branched chains with big size particles 

were formed when the material hydrolyzed at low pH. At high pH, the transition state 
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charge is negative, the –OH group stabilizes the solution and favors the formation of 

highly branched chains with small sized particles (Jianing & Hans, 1990). In the present 

study, all the synthesized resins are transparent and their handling characteristics were 

better compared to control Bis- GMA resin.   

The pH of the medium of pre-polymers containing combination of alkoxides of 

calcium/magnesium and zinc with polymerizable dimethacrylate groups were optimized 

by synthesizing the resins at pH 2 and pH 10.   The hydrolysis of the dimethacrylate resin 

at higher pH was done in a controlled manner where the –OH group stabilized the 

solution, resulting in the formation of highly branched chains compared to the resin 

hydrolyzed at lower pH. The effect of pH on polymerization shrinkage and physico-

mechanical properties was studied by preparing photocured composites from these 

synthesized resins. Figures 4.13 & 4.14 illustrate that the photocured composites prepared 

from resin hydrolyzed at pH 10 exhibited good mechanical properties and lower 

polymerization shrinkage with good depth of cure compared to the photocured 

composites prepared from the pre-polymer hydrolyzed at pH 2 (Vibha and Lizymol, 

2016; Gareth et al., 2016). 

The pH of the medium for the synthesis of mixture of alkoxides of 

calcium/magnesium and zinc with polymerizable tetramethacrylate groups were 

optimized in the same manner as described above. The effects of pH on polymerization 

shrinkage and physico-mechanical properties were studied by preparing photocured 

composites from the newly synthesized resins. Figures 4.33 & 4.34 demonstrated that the 

photocured composites prepared from resin hydrolyzed at lower pH exhibited good 
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mechanical properties and lower polymerization shrinkage with good depth of cure 

compared to the composites prepared from the pre-polymer hydrolyzed at higher pH. This 

indicates that –OR groups stabilize the solution during the hydrolysis of the 

tetramethacrylate resin at pH 2 (Vibha and Lizymol, 2016).  The better properties of the 

CMZR2 based photocured composites are due to the availability of multifunctional 

groups (Gareth et al., 2016; Vibha and Lizymol, 2016).  

5.1.2. Optimizing the formulation of inorganic contents within pre-polymers 

For optimizing the concentration of inorganic contents of newly synthesized resins 

containing combination of alkoxides of calcium/magnesium and zinc with polymerizable 

dimethacrylate groups, different concentrations of inorganic contents (calcium hydroxide 

/magnesium chloride and zinc acetate) were incorporated into the resin according to the 

weight percentage of the silane precursor (0-0.3%). Photocured composites based on 

these resins were prepared and their mechanical properties were evaluated in terms of 

polymerization shrinkage, DTS and FS [Figure 4.15-4.17]. C.1M.1Z.1 based composites 

exhibit better mechanical properties with low polymerization shrinkage compared to other 

twelve formulations.  In inorganic-organic hybrid resins, the covalent bond connects the 

inorganic and organic components and they interact at the nanoscale during the sol-gel 

process. Pre-polymers containing combination of alkoxides of calcium/magnesium and 

zinc with polymerizable dimethacrylate groups were synthesized at pH 10.  At higher pH, 

metal atoms can easily dissociate into strongly electropositive metal ions. As the bond 

formed by the metal ions is purely electrostatic it can excellently crosslink with the 

system and the co-ordination number decreases with increasing concentration of 
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inorganic contents (Hevish et al., 1982; Owczarek et al., 2007). Thus, after the optimum 

concentration of C.1M.1Z.1, the co-ordination number may decreases, which results in 

the reduction of stability of the system leading to the deterioration in its properties (Vibha 

and Lizymol, 2017) of photocured composites prepared from pre-polymers containing 

higher concentrations of calcium/magnesium and zinc ions. 

Pre-polymers containing combination of alkoxides of calcium/magnesium and 

zinc with polymerizable tetramethacrylate groups were hydrolyzed at pH 2. The 

concentration of the inorganic contents of newly synthesized resins was optimized as per 

the above described procedure. Various concentrations of inorganic contents 

(calcium/magnesium and zinc) were integrated into the resin according to the weight 

percentage of the silane precursor (0-0.3%). Photocured composites based on these resins 

were prepared and the mechanical properties were evaluated in terms of polymerization 

shrinkage, DTS and FS [Figures 4.35-4.37]. C.1M.1Z.1 based composites exhibited better 

mechanical properties with low polymerization shrinkage compared to the other twelve 

formulations. The better properties of the C.1M.1Z.1 based photocured composites may 

be due to the availability of multifunctional groups (Gareth et al., 2016; Vibha and 

Lizymol, 2016). The synergetic effect of the inorganic content within the resin of this 

particular composition (0.1% calcium chloride, 0.1% magnesium, 0.1% zinc acetate) 

leads to the generation of better properties for the composites. The absence of reaction 

site and lack of synergism between the alkoxides incorporated within the resin hinder the 

performance of the other formulations. The addition of inorganic content after 0.1% 

(C.1M.1Z.1) may disrupt the synergistic effect within the resin and the addendum can act 
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as an impurity, which will deteriorate the properties of the photocured composites 

prepared from pre-polymers containing higher concentrations of calcium/magnesium and 

zinc ions. 

5.2. Studies on the effect of inorganic contents on properties and 

polymerization shrinkage of the composites prepared from 

dimethacrylate resins 

 In the preliminary study, we synthesized inorganic-organic hybrid dimethacrylate 

resins containing alkoxides of calcium/magnesium/zinc/strontium/manganese and 

prepared photocured composites from these synthesized resins. Based on the 

performance, handling and consistency in properties we sorted out the inorganic contents 

and concentrated on pre-polymers containing alkoxides of calcium/magnesium/zinc in the 

final part of this section. 

5.2.1. Preparation and characterization of CaR1Q, MgR1Q, ZnR1Q, SrR1Q and 

MnR1Q 

 Photocured composites using CaR1, MgR1, ZnR1, SrR1 and MnR1 were 

successfully prepared through photopolymerization technique using TPO photoinitiator 

as per our patented procedure. 

  The physico-mechanical properties of CaR1Q, MgR1Q, ZnR1Q, SrR1Q and 

MnR1Q were evaluated in terms of DTS, FS and linear polymerization shrinkage (Vibha 

& Lizymol, 2017). The physico-mechanical properties were compared with in house 
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made Bis GMA composite and a commercially available composite. The mechanical 

properties of the resin composite should be strong enough for its enduring clinical dental 

restorations. FS of the composite designates the quantity of flaws within the material, 

which are prospective to cause catastrophic failure when subjected to loading (Marchan et 

al., 2009). DTS is a material property for characterizing dental composites, because low 

tensile strength leads to early let-down the performance of the material (Mozner et al., 

2008). The linear polymerization shrinkage of CaR1Q, MgR1Q, ZnR1Q, SrR1Q and 

MnR1Q was significantly lower compared to two control materials which inferred better 

bonding between the inorganic filler and the resin matrices [Figure 4.2]. In the newly 

synthesized pre-polymers, alkoxysilyl undergo hydrolysis and polycondensation reaction 

to form Si-O-Si network followed by organic polymerization. These reactions can reduce 

polymerization stress in CaR1Q, MgR1Q, ZnR1Q, SrR1Q and MnR1Q compared to 

conventional composites (Fleming et al., 2005; Hahne et al., 2012). 

 Water absorbed into the dental composite endorses accelerated degradation and 

results in the deterioration of polymer resin. Moreover, this mechanism will soften the 

dental resin through plasticization, filler debonding, and residual monomer release of 

resin matrix that finally ends up with weight loss and portrays the solubility behavior. 

Besides, water sorption and solubility affect other properties of the dental resin, including 

flexural, compressive strength and roughness. They have a significant role in the 

longevity of dental composites (Lívia et al., 2013). Water sorption and solubility values 

of CaR1Q, MgR1Q, ZnR1Q, SrR1Q and MnR1Q (22 µg/mm
3
 and 4.9 µg/mm

3
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respectively) are on par with the stipulated values recommended by ISO 4049 [Figure 

4.3]. 

5.2.2. In vitro cytocompatibility of CaR1Q, MgR1Q, ZnR1Q, SrR1Q, and MnR1Q 

The cellular response to dental composites has been firmly attributed to the release 

of unpolymerized residual monomers (Schweikla et al., 2005). Many studies reported that 

Bis GMA based composites were cytotoxic in nature (Gupta et al., 2012; Changa et al., 

2012). Changa et al. proved that Bis GMA has the capability to induce cytotoxicity and 

pulpal inflammation. L929 mouse fibroblasts maintained their spindle-shaped 

morphology and cell viability after incubation with CaR1Q, MgR1Q, ZnR1Q, SrR1Q, 

and MnR1Q for 24h [Figures 4.4-4.5]. This proved that no toxic monomers were leached 

from CaR1Q, MgR1Q, ZnR1Q, SrR1Q and MnR1Q and no uncured monomers were 

within these composites to evoke cytotoxicity. 

Microscopic images of cell adhesion study showed that cells were adhered well on 

all composites (CaR1Q, MgR1Q, ZnR1Q and SrR1Q) surfaces except for MnR1Q 

[Figure 4.6]. This evidenced good monomer conversion and effective bonding between 

the resin matrix and the inorganic filler, without leaching any uncured monomers. 

 CaR1Q, MgR1Q and ZnR1Q exhibited consistency in properties and the 

corresponding resins CaR1, MgR1 and ZnR1 had good handling properties with excellent 

aesthetics.  So we selected these three formulations for further characterizations. 

 5.2.3. Characterization of CaR1, MgR1, and ZnR1 

Figure 4.8 showed the overlay of FT-IR spectra of CaR1, MgR1, ZnR1, R1 and 

precursor (TSPM) for comparing the characteristic functional groups. The five spectra 
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displayed the characteristic peaks for –CH3 stretching, C=O stretching, C=C stretching 

and Si-O stretching at 2927 cm
-1

, 1716 cm
-1

, 1640 cm
-1

 and 1013 cm
-1

 respectively. The 

peak detected at 983 cm
-1

 is attributable to Si-O symmetric stretching (Williams and 

Fleming, 1995). An intense peak for –OH around 3550 cm
-1

 in CaR1, MgR1, ZnR1 and 

R1 confirmed that the precursor (3-trimethoxy silyl propyl methacrylate) endured 

hydrolysis. The free Si-OH groups are expected to enhance bioactivity of the resin, which 

has been further confirmed by bioactivity studies (Qi-Zhi et al., 2008).  

The EDXRF spectra [Figure 4.9] of CaR1, MgR1, and ZnR1 qualitatively depict 

calcium, magnesium and zinc has been successfully incorporated in the synthesized 

resins.      

TGA of CaR1, MgR1, and ZnR1 is shown in Figure 4.10. T0 of CaR1, MgR1, and 

ZnR1 was exhibited at 368.99 
º
C, 326.48

°
C and 349.99

 º
C respectively. The residue 

remained as a carbonaceous char for CaR1, MgR1 and ZnR1 were 48.64%, 50.51% and 

47.83% correspondingly. T50 of Bis GMA was observed around 422
°
C leaving a residue 

of about 12% at the onset decomposition temperature of 600
°
C (Lizymol, 2004). 

Comparing TGA thermogram of CaR1, MgR1, and ZnR1 with control Bis GMA, it can 

be evidently stated that CaR1, MgR1, and ZnR1 had better thermal stability than Bis 

GMA resin. 

The structure of CaR1, MgR1 and ZnR1 was elucidated with the help of the 
1
H-

NMR [Figures 4.11-4.12]. The characteristic silane peaks were retained in the 
1
H-NMR 

spectra of CaR1, MgR1, and ZnR1even after the hydrolysis.   



 
 
 

152 
 

5.3. Studies on the effect of combination of inorganic contents on 

bioactivity, polymerization shrinkage and physico-mechanical 

properties of the composites prepared from dimethacrylate groups 

Calcium containing pre-polymer exhibited consistency in properties, magnesium 

containing pre-polymer demonstrated low polymerisation shrinkage and zinc containing 

pre-polymer displayed good mechanical properties: in the previous section. So we 

synthesized combination of these three inorganic contents i.e, inorganic-organic hybrid 

dimethacrylate resin containing mixture of alkoxides of calcium/ magnesium/ zinc 

[CMZR] and prepared photocured composites [CMZRQ] using this synthesized resin. We 

investigated the effect of combination of inorganic contents on bioactivity, 

polymerization shrinkage and physico-mechanical properties of the composites prepared 

from dimethacrylate groups 

5.3.1. Characterization of CMZR 

 FT-IR spectrum of precursor (TSPM) was compared with the synthesized resins 

(R1 and CMZR) (Figure 4.19). The three spectra displayed the characteristic peaks for –

CH3 stretching, C=O stretching, C=C stretching and Si-O stretching at 2927 cm
-1

, 1716 

cm
-1

, 1640 cm
-1

 and 1013 cm
-1

 respectively. The peak detected at 983 cm
-1

 is attributable 

to Si-O symmetric stretching (Williams and Fleming, 1995). The intense peak observed at 

3550 cm
-1

 for –OH group in R1 as well as in CMZR confirmed that the precursor (3-

trimethoxy silyl propyl methacrylate) endured hydrolysis. The free Si-OH groups are 
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expected to enhance bioactivity of the resin, which has been further confirmed by 

bioactivity studies (Qi-Zhi et al., 2008).  

The refractive index of CMZR was observed at 1.474. The refractive index of 

quartz is reported to be 1.458 (Fujita et al., 2005). The transmitted amount of visible light 

is strongly dependent on the magnitude of refractive index difference that existed between 

the resin and the filler. The transmitted amount of visible light exhibited a good 

correlation with the curing depth and hardness of the resin composite. To improve the 

monomer conversion, it is important to reduce the refractive index difference that exists 

between the base resin and filler. The reported refractive index of Bis GMA is 1.540 

(Shortall et al., 2008). The refractive index difference between CMZR and quartz filler is 

0.016, which is lower compared to the difference between Bis GMA and quartz filler 

(0.082). This shows that CMZRQ is expected to have good monomer conversion and 

physico-mechanical properties. 

The structure of CMZR was elucidated with the help of the 
1
H-NMR and 

13
C-

NMR spectra [Figures 4.20-4.21]. The characteristic silane peaks were retained in the 

NMR spectrum of CMZR. Absence of O-CH3 groups in the 
13

C-NMR spectrum of 

CMZR indicated that O-CH3 endured hydrolysis and substituted with the addendum 

(inorganic contents).  

The EDXRF spectrum [Figure 4.22] of CMZR qualitatively depicts the existence 

of calcium, magnesium, and zinc in the synthesized resin. The methodology only allows 

the analysis of inorganic elements ranging from sodium (Na) to uranium (U). Other 
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chemical elements were likely to be present below detectable limits. The elemental 

information provided by EDXRF was quantified using AAS [Table 6].   

TGA of CMZR is shown in Figure 4.23. The initial thermal decomposition of 

CMZR occurred at 150.73 
º
C. Residue (27.42%) remained as a carbonaceous char at 

930.55
°
C due to the presence of inorganic component. T50 of CMZR was observed at  

500
°
C while T50 of Bis GMA was at 422

°
C leaving a residue of about 12% at the onset 

decomposition temperature of 600
°
C (Lizymol, 2004). On comparison, it can be clearly 

stated that CMZR has better thermal stability than Bis GMA resin. 

5.3.2. Preparation and characterization of CMZRQ 

 Photocured composites using CMZR was successfully developed through 

photopolymerization technique using TPO photoinitiator as per our patented procedure. 

  The physico-mechanical properties of CMZRQ were evaluated in terms of DTS, 

CS, FS, VHN, linear polymerization shrinkage and depth of cure, which was compared 

with in house made Bis GMA composite [Figure 4.24]. Tagtekin et al., reported that 

ormocer matrix formulation (inorganic-organic hybrid matrix) have improved 

microhardness compared to other methacrylate photocured composites (Tagtekin et al., 

2004).  A composite‘s hardness is the outcome of the relationship between its strength, 

ductility, malleability, etc. The decrease in the microhardness value indicates the 

superficial degradation.  The value of hardness can be used as an indirect measure of 

degree of conversion (Bouschlicher et al., 2004; Lizymol, 2010).  The hardness value of 

CMZRQ was significantly high compared to control Bis GMA indicating good monomer 

conversion in CMZRQ. The linear polymerization shrinkage of CMZRQ was 
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significantly lower compared to Bis GMA composite, which inferred better bonding 

between the inorganic filler and CMZR.   

 Water sorption and solubility value of CMZRQ (22 µg/mm
3
 and 4.9 µg/mm

3
 

respectively) is on par with the stipulated values recommended by ISO 4049 [Figure 

4.25]. 

Dental materials developed for restorative purposes should be able to seal restored 

interfaces preventing bacterial colonies, exhibit good mechanical properties and 

bioactivity for its longevity. Possible approaches to increasing the longevity of 

restorations are to reduce polymerization shrinkage and to promote remineralization of 

tooth structure (Sauro et al., 2013). Bioactivity of CMZRQ was compared with Bis GMA 

by taking the SEM images of the samples stored in SBF for 0, 1, 7 and 14 days [Figure 

4.26]. There was no evidence of apatite formation on the surface of Bis GMA even after 

14 days, which indicated the absence of bioactive groups in the control material [Figure 

4.26(a)]. While apatite formation initiated in CMZRQ even after 24 hours. Si-OH groups 

in the resin matrix of CMZR provide bioactivity to CMZRQ.  Thin sheath of apatite layer 

were observed on the surface of CMZRQ in the preliminary stage. Further, it had 

agglomerated into a dune-like apatite layer with smooth hillocks, in a similar pattern 

which has been earlier reported as the typical image of the apatite layer (Marianthi et al., 

2012).  

Volumetric shrinkage of CMZRQ was evaluated using µ-CT and compared with 

Control Bis GMA [Figures 4.27-4.28]. It has been reported that μ-CT can evaluate 

shrinkage of dental composites quantitatively, compared to the conventional methods 
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(Zeiger et al., 2009).  Volumetric shrinkage of CMZRQ was half compared to Control Bis 

GMA, which indicates effective bonding between CMZR and quartz compared to Bis 

GMA and quartz [Figure 4.28].  

5.3.3. In vitro cytocompatibility of CMZRQ 

 L929 mouse fibroblasts were found to maintain their spindle-shaped morphology 

and cell viability after incubation with CMZRQ for 24h [Figures 4.29-4.30].  This proved 

that no toxic monomers were leached from CMZRQ and lack of uncured monomers 

within CMZRQ to evoke cytotoxicity. 

The cell adhesion study of CMZRQ showed good cell spreading as evidenced 

from microscopic and ESEM images [Figures 4.31-4.32]. The comparable cell growth 

over CMZRQ   with control cells on glass cover slip   is an indication of good monomer 

conversion and effective bonding between the resin matrix and the inorganic filler 

without leaching of uncured monomers. 

5.4. Studies on the effect of functionality on properties and 

polymerization shrinkage of the composites prepared from 

tetramethacrylate groups 

 Previous reported studies (Krishnan et al., 1999; Lizymol et al., 2012; Yamasaki 

et al., 2013) showed that multifunctional monomers can enhanced properties like low 

polymerisation shrinkage, water sorption and solubility etc. Inorder to compare the effect 

of functionality on properties, we have developed composites using tetramethacrylate 
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resin synthesized from a multifunctional precursor 1, 3-bis methacryloxy 2-(trimethoxy 

silyl propoxy) propane.  

5.4.1. Characterization of CMZR2 

 FT-IR spectrum of precursor (1, 3-bis methacryloxy 2-(trimethoxy silyl propoxy) 

propane) was compared with the synthesized resins (R2 and CMZR2) [Figure 4.39]. The 

sharp peaks of the strong O-Si-O asymmetric stretch at 1000–1200 cm
-1

, symmetric Si-O-

Si stretch at 700–800 cm
-1

 and Si-O-Si asymmetric stretch at 1298 cm
-1

, indicated 

characteristic silane peaks in R1 and CMZR2. The other peaks obtained are 1716 cm
-1

 

(C=O group), bending vibrations of the -C=CH2 at 942 cm
-1

, stretching vibrations of the -

C=CH2 at 1639 cm
-1

 and –C-H stretching at 2800–3000 cm
-1

. The broad band at 3494 

cm
-1

 is associated with Si-OH stretching vibrations and hydrogen bonded water. The free 

Si-OH groups are expected to enhance bioactivity of the resin which has been further 

confirmed by bioactivity studies (Qi-Zhi et al., 2008).  

The refractive index of CMZR2 was observed at 1.473. The refractive index 

difference between CMZR and quartz filler is 0.015, which is also lower compared to the 

difference between Bis GMA and quartz filler (0.082). Thus, CMZR2 is expected to have 

good monomer conversion and physico-mechanical properties similar to that of CMZR. 

The structure of CMZR2 was elucidated with the help of the 
1
H-NMR and 

13
C-

NMR spectrum [Figures 4.40-4.41]. The characteristic silane peaks were retained in the 

NMR spectrum of CMZR2.  Absence of O-CH3 groups in the 
13

C-NMR spectrum of 

CMZR2 indicated that O-CH3 endured hydrolysis.  
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The EDXRF spectrum [Figure 4.43] of CMZR2 qualitatively depicts the existence 

of calcium, magnesium, and zinc in the synthesized resin. The elemental information 

provided by EDXRF was quantified using AAS [Table 9]. The result implies that 

calcium, magnesium, and zinc were successfully incorporated within CMZR2. 

TGA of CMZR2 is shown in Figure 4.44. The initial thermal decomposition of 

CMZR2 occurred at 348.99
º
C. Residue (47.83%) remained as a carbonaceous char at             

900
°
C due to the presence of the inorganic component. T50 of CMZR2 was observed at 

589.9
°
C. On comparison with Bis GMA resin, it is evident that CMZR2 exhibits better 

thermal stability. 

5.4.2. Preparation and characterization of CMZR2Q 

 Photocured composites using CMZR2 wer successfully developed through the 

photopolymerization technique using TPO photoinitiator as per our patented procedure. 

  The physico-mechanical properties of CMZR2Q [Figure 4.45] were evaluated in 

terms of DTS, CS, FS, VHN, linear polymerization shrinkage and depth of cure, which 

was compared with in house made Bis GMA composite. The hardness value of CMZR2Q 

was significantly high compared to control Bis GMA, which portrays good monomer 

conversion in CMZR2Q. Linear polymerization shrinkage of CMZR2Q was significantly 

low compared to CMZRQ and control Bis GMA due to the presence of tetramethacrylate 

groups in CMZR2. Multifunctional monoers have effective bonding with the filler, which 

reduces polymerization shrinkage during photopolymerization. It may be the reason for 

low polymerization shrinkage of the new photocured composite  
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Water sorption and solubility values [Figure 4.46] of CMZR2Q (27 µg/mm
3
 and 

5.2 µg/mm
3
 respectively) is on par with the stipulated values recommended by ISO 4049. 

Bioactivity of CMZR2Q was compared with Bis GMA by taking the SEM images 

of the samples stored in SBF for 0, 1, 7 and 14 days [Figure 4.47]. Lack of evidence of 

apatite formation on the surface of Bis GMA even after 14 days showed the absence of 

bioactive groups in the control material [Figure 4.47 (a)], while apatite formation initiated 

in CMZR2Q after 7 days. At the end of 14
th

 day, the apatite formation was uniformly 

distributed over CMZR2Q. Si-OH groups in CMZR2 impart bioactivity to CMZR2Q.   

 The volumetric shrinkage of CMZR2Q was half the volumetric shrinkage of 

control Bis GMA [Figures 4.48-4.49], which firmly confirmed the effective bonding 

between CMZR2 and quartz compared to Bis GMA and quartz.  

5.4.3. In vitro cytocompatibility of CMZR2Q 

 The spindle-shaped morphology of cells was retained and 96.4± 3.49 % metabolic 

activity were obtained for L929 mouse fibroblast after incubation with CMZR2Q for 24h 

[Figures 4.50-4.51].  It proved that no toxic uncured monomers were leached from 

CMZR2Q to evoke cytotoxicity. 

The cell adhesion study of CMZR2Q exhibited excellent cell spreading as 

indicated from microscopic and ESEM images [Figures 4.52-4.53]. The cell growth over 

CMZR2Q was comparable with the control cells on the glass cover slip. It strongly 

evidenced lack of leaching of uncured monomers; indicating good monomer conversion 

and effective bonding between the resin matrix and inorganic filler.  
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5.5. Studies on the effect of filler on bioactivity, polymerization 

shrinkage and physico-mechanical properties of the composites 

 CMZRQ and CMZR2Q exhibited low polymerisation shrinkage with good 

bioactivity while compared with conrol commercially availabe composites, but it cannot 

supass the control materials in mechanical properties. Therefore, we investigated the 

effect of filler in this section, by incorporating a combination of radiopaque glass/quartz 

as filler in preparing photocured composites using CMZR and CMZR2. The mechanical 

properties and bioactivity of photocured composites prepared from CMZR [CMZRQG] 

and CMZR2 [CMZR2QG] having radiopaque glass/quartz filler were compared. 

CMZRQG exhibited significantly high mechanical properties compared to CMZR2QG 

[Figure 4.54]. However, with the incorporation of radiopaque glass the mechanical 

properties of both composites [CMZRQG and CMZR2QG] have improved its properties 

compared to quartz filler containing composites, CMZRQ and CMZR2Q.  

5.5.1. Preparation and characterization of CMZRQG 

 The physico-mechanical properties of CMZRQG were evaluated in terms of DTS, 

FS, VHN, and linear polymerization shrinkage. The values so obtained were compared 

with three control materials [Figures 4.55-4.57]. The FS and VHN values of CMZRQG 

were significantly higher compared to control Bis GMA, indicating good monomer 

conversion in CMZRQG. Previous reports proved that glass filler could improve the 

properties of dental composites. Moreover, a synergism exists between quartz and 

radiopaque glass for enhancing these properties. The linear polymerization shrinkage of 
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CMZRQ was significantly low compared to the control materials, which indicated better 

bonding between the glass/quartz filler with CMZR (Lizymol et al., 2017). 

 Water sorption and solubility [Figure 4.58] of CMZRQG was significantly low 

compared to control Bis GMA composite. Soderholm et al., investigated the leaching of 

glass filler from dental composites when stored in distilled water (Soderholm et al., 

1996). Water sorption and solubility of CMZRQG was comparatively lower than 

CMZRQ. This indicates effective bonding of CMZRQG with quartz/ radiopaque glass 

filler.  

 Comparison of volumetric shrinkage of CMZRQG with control Bis GMA 

[Figures 4.59-4.60] using µ-CT showed that volumetric shrinkage of control Bis GMA is 

approximately twice that of both CMZRQ and CMZRQ, which confirms that the resin 

matrix attributed the property of polymerisation shrinkage. 

Wear results from mechanical interaction between two contacting surfaces 

especially occlusal interation. The reduced wear resistance of dental composites mainly in 

the posterior occlusal area is the major clinical problem (Hu et al., 2017). Condon and 

Ferracane reported that antagonistic enamel wear was highest for composites having 

largest filler particle size (Condon and Ferracane, 1996).  Fillers in the composites have a 

major role in improving wear resistance and enhanced research were ongoing to reduce 

wear of the composites by introducing different sizes (medium to micro/nano) of filler 

particles (Arsecularatne et al., 2016). Composites with diminished filler size showed 

substantially reduced wear rate. Majority of the in vitro wear studies provide comparative 

rankings of the dental materials, while using simple pin-on-disk tribometers studied the 
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fundamental relationships between the microstructure and the wear mechanisms of 

composites (Nagarajan et al., 2004).The wear rate of CMZRQG compared with Brilliant 

NG [Figures 4.61] using pin on disc method showed significantly low wear rate    for 

CMZRQG. This indicates that the hybrid filler combination (quartz/ radiopaque glass 

filler) used for the preparation of the new composite is ideal with effective bonding to the 

resin matrix (CMZRQG/TEGDMA mixture).   

In addition to the biological, physical, and mechanical properties, the radiopacity 

of dental composites should be taken into account while selecting appropriate material for 

specific clinical situations (Oztas et al., 2012). A dental composite with radiopacity 

similar or slightly greater than that of enamel is employed for the radiographic detection 

of caries. Radiopacity is generally articulated in terms of aluminum thickness (Oztas et 

al., 2012).  For comparing the radiopacity of CMZRQG with Bis GMA, digital 

radiographs were taken [Figure 4.62]. The pixel grayscale intensity of CMZRQG 

exhibited radiopacity value greater than 1 mm thick aluminium wedge value [Figure 

4.63]. The control material possesses radiopacity comparable with 0.5 mm value of 

aluminium. As per ISO 4049, a material, which showed radiopacity value greater than an 

aluminium wedge equivalent to 1 mm, can be used for posterior tooth application. The 

radiopacity of CMZRQG is found tound to be equivalent to natural tooth dentin (1.5mm 

aluminum thickness).   

 Bioactivity of CMZRQ was compared with Bis GMA by taking the SEM images 

of the samples stored in SBF for 0, 1, 7 and 14 days [Figure 4.64]. There was no apatite 

formation on the surface of Bis GMA even after 14 days, which indicated the absence of 
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bioactive groups in the control material [Figure 4.64(a)]. The apatite formation on 

CMZRQG was found to have a similar pattern to that exhibited by CMZRQ [Figure 

4.64(b)].  

In vitro thermal expansion of CMZRQG in a tooth evaluated using µ-CT [Figure 

4.65] does not showed any significant dimensional changes after thermocycling.  Dental 

composites are subjected to both thermal and mechanical stress in the oral cavity, which 

increases marginal microleakage. The thermocycling procedure may reproduce the 

clinical situation for dental composite (Pazinatto et al., 2003; Morresi, et al., 2014; 

Moosavi, et al., 2015). Large temperature variations may take place in the oral 

environment due to the consumption of hot or cold food and fluids, which leads to 

thermal expansion or contraction (Irie et al., 2008). This may cause stresses at the 

interface of restoration and the tooth structure. The thermal expansion is normally used to 

portray the fractional dimensional changes of a substance in response to thermal stimuli 

(Murilo et al., 2012). The thermal expansion of CMZRQG in the tooth cavity after 

thermocycling was negligibly small as it was around 0.001%.     

5.5.2. Biocompatibility Evaluation of CMZRQG 

 L929 mouse fibroblasts were found to maintain their spindle-shaped morphology 

and cell viability of 99.48% after incubation with CMZRQG for 24h [Figures 4.66-4.67].  

This proved that no toxic monomers or fillers were leached from CMZRQG to evoke 

cytotoxicity. 

The cell adhesion study of CMZRQG demontrated good cell spreading as 

evidenced from microscopic and ESEM images [Figures 4.68-4.69]. The cell growth over 
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CMZRQG was comparable with control cells on the glass cover slip. It confirmed good 

monomer conversion and effective bonding between the resin matrix and inorganic filler 

without leaching out of uncured monomers and the glass filler. These results validate the 

earlier non-cytotoxic property of the CMZRQG. 

 In vivo toxicological evaluation of CMZRQG was done using small animals. No 

abnormalities such as skin irritation, erythema and oedema and abnormal loss in body 

weight were observed in animals in the course of the in vivo study. The irritation index 

score was evaluated as per ISO 10993-6,  null score were obtained on rabbit subcutaneous 

implantation of modified composite specimen to assess the local effect subsequent to 

implantation after 1 week and 4 weeks, revealed that the  material was nonirritant. The 

results of subcutaneous studies did not show any gross signs of abnormal tissue reactions 

[Figures 4.70-4.73]. CMZRQG induced a fibrous capsule around implant with moderate 

cellular response consisting predominantly of fibrocytes, macrophages, lymphocytes, and 

occasional giant cells, resulting in healing response. This proved that CMZRQG is 

biocompatible in nature. 

5.6. Limitations of Study 

 In the present study, we have used the most relevant and mandatory test 

procedures to evaluate the new material (CMZRQG). In addition to physico-chemical 

properties, in vitro and in vivo toxicological evalution were completed as per international 

standards.  However, as per ISO 7405:2008 (E) standards, pulp and dentin usage test is 

also recommended before pre clinical evaluation. Therefore, both the pulp and dentin 
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usage test and   pre-clinical evaluation of the composites with optimum properties 

(CMZRQG) have to be completed prior to clinical trials.  

5.7. Future perspectives  

 Pulp and dentin usage test will be the final criteria in deciding the potential 

application of the new composite CMZRQG as dental restoratives in clinical practice.The 

work can be extended to commence the pulp and dentin usage test. 
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CHAPTER 6 

SUMMARY AND CONCLUSION 

6.1 Summary 

Dental caries is a very common disease across the globe and is the primary reason for oral 

pain and tooth loss. Treatment of dental caries comprises of restoration using materials 

such as amalgam, resin based composite, porcelain and gold, endodontic therapy, removal 

of decayed dental tissues, etc. Resin based dental composite has received considerable 

attention in the restoration of caries due to its aesthetics, good mechanical properties, and 

wear resistance.  Polymerization shrinkage, secondary caries, lack of cytocompatiblity, 

leaching of uncured monomers, and short life time limit the application of resin based 

composites. The growth and improved performance of composite dental restorative 

materials depend on developing a comprehensive perception of each component of the 

composite and methodology for altering each component. Contemporary dental research 

continues to focus on the development of an ideal dental composite, but the challenge 

remains unresolved to a large extent. 

The primary goal of the present study was to tackle the above problem by 

designing a bioactive, biocompatible, low shrinkage inorganic-organic resin based 

composite. Photopolymerization is usually preferred for the controlled polymerization of 

restorative materials. Novel inorganic-organic hybrid resin enclosing alkoxides of 

calcium/magnesium/zinc/strontium/manganese with polymerizable dimethacrylate groups 
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was fruitfully synthesized via modified sol-gel method.  The dental composite was 

fruitfully developed by mixing the resin mixture with inorganic filler quartz using 2, 4, 6 

trimethyl benzoyl biphenyl phosphine oxide (TPO) photoinitiator.   Chemical characterization 

of the resin was carried out using FT-IR, which confirmed the hydrolysis of the precursor 

and proved that the characteristic silane peaks were retained in the newly synthesized 

resin. 
1
H NMR spectrum of the resin interpreted the detailed structure of the synthesized 

pre-polymer. The qualitative elemental analysis using EDXRF confirmed the successful 

incorporation of the inorganic contents in the resin. T0 and T50 values obtained from the 

thermal analysis indicated that the resins were thermally stable. Evaluation of the 

prepared composites revealed that, CaR1, MgR1 and ZnR1 are having better aesthetics, 

consistency and excellent handling properties. All the composites displayed the advantage 

of lower polymerisation shrinkage compared to conventional composites. CaR1Q 

exhibited consistency in properties, ZnR1 displayed better FS value and MgR1 showed 

better DTS value. However all the dimethacrylate composites have comparatively low 

mechanical properties than conventional composites. Therefore, further studies were 

desinged to improve the mechanical properties with novel multifunctional resin cotaining 

mixture of alkoxides of calcium, magnesium and zinc. 

The next approach of the study is to check the feasibility of synthesizing novel 

inorganic-organic hybrid resin containing mixture of alkoxides of calcium/magnesium/ 

zinc with polymerizable dimethacrylate groups. The formulations of inorganic contents 

within the inorganic-organic hybrid resins were optimized by altering the concentration of 

alkoxides of calcium/magnesium/zinc. The optimized formulation of inorganic contents 
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with better properties was observed for C.1M.1Z.1 resin [CMZR]. The structural 

determination of the resin was carried out using FT-IR, which confirmed the hydrolysis of 

the precursor and proved that the characteristic silane peaks were retained in the newly 

synthesized resin. With the aid of 
1
H NMR and 

13
C-NMR spectra of the synthesized resin 

structure of the pre-polymer was elucidated. The qualitative and quantitative elemental 

composition analysis using EDXRF and AAS respectively, verified the successful 

incorporation of the inorganic contents within the resin. T0 and T50 values obtained from 

the thermal analysis indicated that the resin was thermally stable. Evaluation of the 

prepared composites revealed that, CMZRQ had the good physico-mechanical properties 

required for a dental composite and was a potential candidate for further biological and 

bioactivity study. CMZR exhibited low linear and volumetric shrinkages compared to Bis 

GMA composites. It exhibited excellent bioactivity, and had a non-cytotoxic nature; good 

cell viability and cell adhesion properties which are expected to support the prospective 

application of this dental composite in restorative applications. 

Another strategy that we adopted in the present study is by implementing the 

optimized formulation, (calcium/magnesium/zinc) that we obtained in the previous 

section, in a tetramethacrylate resin [CMZR2] for investigating the effect of functionality 

in physico-mechanical properties and polymerization shrinkage.  Inorganic-organic 

hybrid resins based composites are reported to possess low polymerization shrinkage, and 

good mechanical properties with good biocompatibility. The polymerizable 

tetramethacrylate groups within the resin will improve the properties of the dental 

composite to a great extent. An inorganic-organic hybrid resin containing mixture of 
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alkoxides of calcium/magnesium and zinc with polymerisable tetramethacrylate groups 

was successfully synthesized via modified sol-gel method in this study.  CMZR2Q was 

developed through the photopolymerization technique using the synthesized pre-polymer. 

The chemical characterization of the resin was carried out using FT-IR and
 1

H NMR 

which aided in elucidating the structure of the synthesized pre-polymer.  EDXRF and 

AAS analyses of the pre-polymer demonstrated the successful incorporation of the 

inorganic contents in the resin. CMZR2Q does not elicit any cytotoxic response on the 

fibroblast cells during in vitro studies. It displayed outstanding bioactivity, and excellent 

cell viability and cell adhesion favoring its use as a potential candidate in restorative 

applications.  

CMZRQ and CMZR2Q lag behind the conventional composites in terms of 

mechanical properties, even though they exhibited low polymerization shrinkage and 

bioactivity. In the present study, radiopaque glass filler was introduced to prepare 

composites along with quartz filler, with the intention to improve the properties of the 

composites. Generally, filler can enhance mechanical properties, diminish polymerization 

shrinkage and can provide radiopacity.The radiopacity of restorative materials has been 

established as an essential requisite in order to regulate the degree of reflection of the 

material and to differentiate dental restorative materials from other tooth and surrounding 

structures. Ample radiopacity allows the detection of marginal overhangs, open gingival 

margins, interproximal contour as well as recurrent caries in the gingival areas. Thus, the 

Council on Dental Materials, Instruments, and Equipments revised the requirements for 

resin-based restorative materials by adding radiopacity to the biological, physical and 
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mechanical requirements. Photocured composites [CMZRQG and CMZR2Q] were 

prepared out of the two synthesized resins CMZR and CMZR2 using the combination of 

radiopaque glass/quartz filler. Based on the performance of the composites in terms of 

mechanical properties and bioactivity, CMZRQG has been selected for further studies.    

The radiographic images of the novel composites exhibited good radiopacity compared to 

the control Bis GMA based composites, which confirmed the successful integration of 

radiopaque glass filler in the composite. Good mechanical properties, radiopacity, and 

low linear and volumetric shrinkage made the composite an ideal candidate in the field of 

dental restoratives. Leaching of the uncured monomers or glass was not observed during 

in vitro studies, which meant that the composite was non-cytotoxic in nature with good 

cell viability and cell adhesion. No abnormalities were observed during the in vivo 

toxicological evaluation using CMZRQG. 

Overall, the present study covered dental composite restoration based on three 

different aspects: 

1) Feasibility of incorporating alkoxides/combination of alkoxides of inorganic contents 

within inorganic-organic hybrid resin and investigating its effect on physico-mechanical 

properties including polymerization shrinkage 

2) Possibility of introducing functionality in the reduction of polymerization shrinkage 

and improvement of physico-mechanical properties. 

3) Feasiblity of incorporating radiopaque glass filler within the composite to provide 

radiopacity and thereby preparing the composites with superior properties. 
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6.2. CONCLUSIONS 

The methodology used and conclusions derived from the present study can be 

summarized as follows 

1. All the inorganic-organic hybrid resins were synthesized via modified sol-gel 

method.  

2. Synthesized inorganic-organic hybrid resins containing alkoxides of 

Ca/Mg/Zn/Sr/Mn with polymerisable dimethacrylate groups. 

3. Optimised the formulation of inorganic contents within the resin by changing the 

concentration from 0 to 0.5%. 

4. Composites based on inorganic-organic hybrid resins were developed as per the 

patent procedure.  

5. The composites prepared from all the synthesized resins exhibited low 

polymerisation shrinkage compared to control Bis GMA based composite and 

commericially available Tetric N-Ceram. 

6. CaR1, MgR1 and ZnR1 are having better aesthetics, consistency and excellent 

handling properties.   

7. Synthesized inorganic-organic hybrid resin containing the combination of 

alkoxides of Ca/Mg/Zn with polymerisable dimethacrylate groups. 

8. The optimized formulation of inorganic contents with better properties was  

observed for C.1M.1Z.1 resin 
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9. CMZRQ exhibited low linear and volumetric polymerisation shrinkage compared 

to controls Bis GMA composite. 

10. CMZRQ was bioactive and non-cytotoxic in nature with good cell viability and 

cell adhesion.  

11. Synthesized inorganic-organic hybrid resin containing the combination of 

alkoxides of Ca/Mg/Zn with polymerisable tetramethacrylate groups (CMZR2Q). 

12. The optimized formulation of inorganic contents with better properties was 

observed for C.1M.1Z.1 resin. 

13. CMZR2Q exhibited low linear and volumetric polymerisation shrinkage 

compared to control Bis GMA composite. 

14. Apatite formation was observed on the surface of CMZR2Q after 7 days 

indicating CMZRQ exhibits bioactivity. 

15.  CMZR2Q was non-cytotoxic in nature with good cell viability and cell adhesion. 

16. CMZR and CMZR2 exhibited physico-mechanical properties on par with the 

stipulated values recommended by ISO 4049.  

17. CMZR and CMZR2 demonstrated excellent bioactivity as well as, low liner and 

volumetric shrinkages with good depth of cure, but mechanical properties of both 

the composites were low compared to the conventional compoistes.  

18. Prepared radiopaque bioactive photocured composite (CMZRQG) using CMZR as 

resin matrix and combination of radiopaque glass/ quartz as fillers 

19. Good physico-mechanical properties indicate effective bonding between the 

inorganic filler and the resin matrix. 
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20. Low polymerisation shrinkage of CMZRQG evidenced the  availability of 

multifunctional monomers.  

21. Apatite formation on CMZRQG after 24 hours confirms that CMZRQG is 

bioactive. 

22. Good cell adhesion, non cytoxic nature and good cell viability for CMZRQG 

proved that no toxic monomers is leaching out from the sample and is 

cytocompatible. 

23. No skin irritation and no abnormalities were observed during in vivo studies. 

24. CMZRQG exhibited radiopacity value greater than an aluminium equivalent of    

1 mm can be used for posterior tooth application (it is nearly same as the natural 

tooth dentin). 

25. Exceptional bioactivity with good cytocompatibility, radiopacity, low 

shrinkage and good mechanical properties makes CMZRQG an ideal 

candidate in the field of conservative dentistry for high quality permanent 

treatment option for the masticatory load bearing posterior regions.  
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APPENDIX 

Preparation of Simulated Body Fluid (SBF) 

Sodium chloride (NaCl)-7.99g 

Sodium bicarbonate (NaHCO3)-0.350g 

Potassium chloride (KCl)-0.224g 

Dipotassiumbiphosphate (K2HPO4.3H2O)-0.228g 

Magnesium chloride (MgCl2.6H2O)-0.305g 

1M hydrochloric acid (1M HCl)-40ml 

Calcium chloride (CaCl2)-0.278g 

Sodium sulphate (Na2SO4)-0.071g 

 Tris buffer (CH2OH)2CNH2-6.057g 

500ml deionised water was taken in a polythene beaker and kept on a water bath at 36
º
C 

with magnetic stirring. Reagents were added in the order given above, after each 

component was dissolved completely. Reagent 9 was added in small amounts to avoid 

local rise in pH. The pH was adjusted to 7.4 using 1M HCl. Transfered the solution into a 

1000ml standard flask. Checked the stability of SBF by placing 25ml of SBF in incubator 

at 37°C and checked for any precipitation.  
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Optimizing pH for the synthesis of dimethacrylate pre-polymer by evaluating the 

physico-mechanical properties of photocured composites   

 

 

 

 

 

 

 

 

Optimizing pH for the synthesis of tetramethacrylate pre-polymer by evaluating the 

physico-mechanical properties of photocured composites   

  

pH DTS FS Polymerization shrinkage 

8 31.22±2.04 38±6.7 2.256±0.08 

9 34.67±4.97 54.28±12.09 1.746±0.09 

10 40.9±1.02 76.66±3.54 1.3559±0.01 

11 The resin precipitated out and became hard gel 

pH DTS FS Polymerization shrinkage 

4 The resin precipitated out and became hard gel 

3 34.6±1.43 44.53±4.23 1.32±0.09 

2 38.9±0.98 49.16±5.67 1.19±0.06 

1 16.92±9.62 42.6±4.56 1.5±0.07 


