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Abstract 
 
Contemporary materials designed to replace lost tooth tissues due to caries include resin-

based composites. These require bonding systems to bond to tooth substrates. As their 

use involves multiple steps, is technique sensitive and prone to degradation, they need 

improvement and simplification. Recently, self-adhesive materials were developed but 

are yet to overcome difficulties related to low surface interaction and bonding to dentine. 

 

The aim of this study was to test current commercial bonding systems and self-adhesive 

restorative materials in order to understand their properties. This allows optimisation and 

development of a competitive self-adhesive material with adequate physico-chemical 

properties. 

 

Four commercial bonding systems and three commercial self-adhesive materials were 

studied. An FTIR data model was built, to identify relative component ratios in the 

materials. Polymerisation kinetics, contact angles, pH, filler/solvent analysis and bond 

strength were assessed. Self-adhesive experimental materials were made by combining 

adhesion promoters (4-META or 10-MDP), a bulk monomer (UDMA) and a diluent 

monomer (PPGDMA) with a hybrid filler phase at a powder-liquid ratio of 3:1. The filler 

phase combined antibacterial poly-l-lysine and remineralising monocalcium phosphate 

monohydrate (MCPM) particles. Interfacial chemistry, penetration depth and in situ 

conversion were assessed through micro-Raman Spectroscopy, and other techniques such 

as FE-SEM/EDX and Confocal Microscopy were used for interfacial characterization. 

The novel formulation containing 10-MDP was assessed regarding stability, 

polymerisation, bond strength, flexural strength and modulus. 

 

Bonding systems were found to be variable in what concerns component ratios, 

polymerisation kinetics and mechanisms, pH and fillers. They still outperform self-

adhesive composites in dentine interdiffusion due to their viscosity and chemical 

composition. The experimental composite is able to penetrate etched dentine and form 

long resin tags, with good conversion levels. The optimised formulation containing 10-

MDP showed comparable conversion and good mechanical properties to formulations 

containing 4-META and may be a viable alternative to enhance material properties and 

bonding.  



 

Impact Statement 
 
Dental caries is considered to be the most prevalent disease, globally, with an increasing 

prevalence in low-income and middle-income countries. Untreated caries is responsible 

for the highest burden of oral disease in permanent teeth. It is a preventable disease that 

can also be arrested at earlier stages and causes burden and high costs to public health 

systems. If not caught at early stages, cavitation develops, which then warrants an 

approach to surgically remove the infected tissue and replace it with a biomimetic 

material. Western Europe has one of the highest productivity losses and expenditure 

associated with untreated caries (Righolt et al., 2018). The burden of oral health disease 

has not improved for more than 20 years. In Europe, there are higher disability-adjusted 

life years related to oral diseases than in other continents (Kassebaum et al., 2017).  

 

Current approaches to deal with carious lesions consist of resin composite restorations 

and glass ionomer cements. The Minamata Agreement (2018) banned the use of amalgam 

restorations, ceasing the use of this material as a restorative option for children and the 

population in general in the future (Fisher et al., 2018). The need of a material that can 

replace amalgam as a user friendly, easy to place, quick and functional solution arises 

(Van Meerbeek & Frankenberger, 2019). To overcome problems heavily associated with 

dental composites, such as recurrent caries and material degradation over time, bioactivity 

properties and self-adhesiveness should be included in the development of a breakthrough 

composite. This is the aim of this doctoral thesis. Survival of composites is still 

questionable long-term, especially when combined with selective caries removal 

(Tjaderhäne and Mutluay, 2019; Liberman et al., 2020).  

 

The work here covered proposes a material that is self-adhesive and remineralising due 

to the chemistry of its components, with the purpose of being used as a smart material for 

a population that demands easy, quick and conservative treatments (i.e. children, elderly), 

or in settings where limited resources are available. The material has entered the clinical 

trial phase, in January 2019, and preliminary reports and data gathered from the patients 

showed promising results. Optimisation of the formulation is covered, with the addition 

of 10-MDP as an alternative monomer that promotes bonding and stabilizes the interface. 

Different strategies to improve bonding of the material are also included. As a result of 

these findings, improvement of the failure rate of the composite is expected.  
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1 Introduction 
 
1.1 Dental diseases and their impact 
 
1.1.1 Dental caries  
 
Dental caries is a dynamic, biofilm-induced, sugar-driven multifactorial disease, resulting 

in a phasic demineralisation of dental hard tissues (Pitts et al., 2017), due to bacterial 

fermentation acids in oral biofilms (Anderson et al., 2018). It is an easily preventable 

disease, yet it is still highly prevalent and increasing in low-income and middle-income 

countries (Peres et al., 2019). 

 
It has been estimated that untreated caries affects 2.5 billion people worldwide, and it is 

still considered one of the major global public health challenges (Kassebaum et al., 2017). 

It is reported to be the most common non-communicable disease in Europe (WHO, 2018). 

It constitutes a serious physical, social and financial problem to individuals and healthcare 

systems (Petersen et al., 2005). Primary prevention of the disease often fails due to lack 

of awareness and socioeconomical or public health factors, which means that secondary 

or tertiary measures must be undertaken to hinder the progression of the lesion 

(Longbottom, Ekstrand & Zero, 2009). This is achieved through restorative treatment.  

 
Restorative treatment involves removal of the carious tissue and replacement with a 

restorative material. This can be accomplished with different materials such as polymeric 

materials (resin composites and derivatives), ceramics or metal alloys. Depending on the 

extent of the carious lesion on the hard tissues, treatment may involve enamel, or both 

enamel and dentine. 

 

1.1.1.1 Enamel 
 
Enamel is the outer, mineral layer of the tooth and is composed of 96% by weight of 

inorganic substances, which are mainly carbonated hydroxyapatite crystals. Enamel is 

deprived of cellular content and vascularity, which makes it unable to regenerate itself, 

following matrix dissolution (Nanci, 2017, p. 21; Moradian-Oldak, 2013). In general, the 

carious lesion first takes place in enamel, through direct dissolution of the micro surface 

owing to biofilm metabolic activity. If not arrested, the lesion will progress on to the 

enamel-dentine junction, reaching dentine. 
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1.1.1.2 Dentine 
 
Dentine constitutes the bulk of the tooth, providing support and elastic properties, due to 

its complex architecture. These are required to prevent crack propagation in enamel that 

is rigid, but brittle (Kahler, Swain & Moule, 2003). Dentine is a mineralised substrate 

filled with apatite crystallites that surround an organic collagen matrix. The latter 

represents 20% of the total weight, of dentine, along with 10% water (Goldberg et al., 

2011). Dentine has tubules in its ultrastructure, that run from the pulp complex to the 

enamel. These tubules contain the odontoblastic processes, making this a reactionary 

tissue to external and internal stimuli (Kidd & Fejerskov, 2004). According to Breschi et 

al. (2018), the composition of dentine varies according to its depth (proximity to the pulp) 

and also according to the extent of demineralisation and caries-affection/infection. These 

factors influence the substrate’s mechanical properties and bonding success. Current 

management approach deems it necessary to identify and remove the infected dentine 

layer, which has high bacterial load and is completely unrestorable, while keeping the 

affected layer beneath. This affected layer is bondable and keeping it can protect the 

vitality of the pulp-dentine complex (Neves et al, 2011; Campanella et al., 2020). 

 

1.2 Dental materials 
 
1.2.1 Current direct restorative materials 
 
There are essentially three main groups of direct restorative materials: dental restorative 

cements such as glass ionomer or resin-modified glass ionomer, resin composites and 

amalgam (Anusavice, Chen & Rawls, 2013, p. 5). Amalgam, which was frequently used 

as one of the restorative options was phased out in the European Union and banned in 

children as of July 2018 (Deb & Chana, 2015). Glass ionomer cements, popular due to 

their fluoride ion release potential (Croll & Nicholson, 2002), have been deemed 

insufficiently strong for load bearing applications, severely limiting their use in most of 

the restorations (Lohbauer, 2010). This restricts current material choice to resin 

composites, mainly. Conventional composites are the gold standard choice in stress-

bearing areas (Schwendicke et al., 2016). In fact, dental composites are the most common 

restorative material, currently in practice. They are made of distinct phases: a resinous 

polymer phase, covered below, an inorganic phase of filler particles and a link between 

these two phases, generally provided by organosilanes (Aminoroaya et al., 2020). 
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1.2.2 Polymers in Restorative Dentistry 
 
Polymers, macromolecules composed of repeating monomers, were introduced in 

dentistry, with acrylate derivatives, more than 90 years ago (Pratap et al., 2019). Today 

they dominate all restorative fields, and new classes of polymers are being introduced 

every year. Polymers used in restorative dentistry are an agglomeration of monomers 

derived from methacrylic acid, which are used in composite and dental adhesive 

formulations. The chemistry and structure of the polymers determine their properties and 

application (Xu et al., 2017). 

 
1.2.3 Polymer science 
 
Monomers used in dentistry can be functionalized monomers (acidic or non-acidic), 

crosslinking monomers and diluents, depending on the action and properties that are 

desired (Xu et al., 2017).  The main monomers used in dentistry, which provided the base 

for other monomer derivatives, are dimethacrylates, bisphenol-A glycidyl dimethacrylate 

(Bis-GMA), urethane dimethacrylate (UDMA), triethylene glycol dimethacrylate 

(TEGDMA) and non-acidic functionalized 2-hydroxyethyl methacrylate (HEMA). Bis-

GMA is used as a bulk cross-linking monomer to improve mechanical properties (Anseth, 

Newman & Bowman, 1995; Moszner & Hirt, 2012). The viscosity of Bis-GMA is high 

and due to this, diluents such as TEGDMA are normally added to the formulation to 

control the viscosity of the resulting resin. HEMA is a functionalized hydrophilic 

monomer with a short chemical structure that is used as an adhesion promoter to facilitate 

good wetting of substrates and to facilitate mixing of hydrophobic/hydrophilic parts in 

the same mixture (Xu et al., 2017). 

 

Monomers convert to polymers through a polymerisation reaction that, in the case of resin 

composites and dental bonding systems, follows a radical chain-growth sequence. As 

described by Fugolin & Pfeifer (2017), this chain-growth polymerisation reaction occurs 

in three phases:  

 

1. Initiation: To initiate the reaction, most dental polymers require light activation. 

Light decomposes the initiator, which generates free radicals. These free radicals 

interact with the monomers, by attacking and breaking vinyl double-bonds, 

converting them into single-bonds, as shown in the figure below (Figure 1). 
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2. Propagation: In this phase there is successive addition of multiple monomers, which 

co-polymerise via the carbon-carbon single bonds, adding to the growing chain. 

 
3. Termination: At a certain point the polymer chain interrupts its growth, and the 

reaction terminates, with the radical centres being destroyed by a combination or a 

disproportionation reaction. 
 

 
Figure 1.1. Stages of polymerisation undergone by resin-based methacrylates used in dentistry 

(Young & Lovell, 1991). 

 

An effective polymerisation reaction forms a densely cross-linked polymer network that 

is able to achieve the desired mechanical and functional properties (Fugolin & Pfeifer, 

2017). During the polymerisation reaction, a double carbon bond reaction occurs, and 

monomers bind to other monomers forming a single carbon bond first in a linear manner 

and at a later stage, by cross linking in between monomers. When the polymerisation 

process commences, the monomeric matrix is in a pre-gel stage, where monomers are not 

yet restricted in movement and can occupy new positions in the matrix. As the 

polymerisation reaction advances, the material sets and hardens as larger molecules are 

formed, reaching a point where movement is restricted – gel point (Milosevic, 2016). 

Polymerisation shrinkage occurs due to differences in spatial organization of monomers 

which condense during transition from rubber-state to glassy state, during polymer 

formation. A known amount of volume is consumed for each methacrylate group that 

reacts (Anseth, Newman & Bowman, 1995). This is dependent on a number of factors 

which include the method of curing, initiators, the monomers used and the matrix content 

(Moszner & Hirt, 2012; Soares et al., 2017). 
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1.2.4 Resin composites 
 

Resin composites consist of a monomeric phase and a filler phase bonded to the latter, as 

show in the figure below (Figure 1). The resulting paste is made by combining these light-

activated polymerisable monomers with reinforcing inorganic glass or oxide fillers 

(Miletic, 2018, p. 3; Bayne et al., 2019). These are included and dispersed in the 

monomeric phase to improve mechanical properties such as wear, resistance to fracture 

and toughness but also radiopacity and handling properties. The amount of each phase 

that makes up the composite can vary to accommodate for handling differences – 

increasing the filler amount increases viscosity, and the contrary happens when the level 

of monomers decreases.  

Figure 1.2. Components of conventional resin composites used in dentistry, as adapted from 

Moszner & Hirt (2012). 

 

Conventional resin composites are packable in consistency and can be condensed into 

cavities and proximal contacts. In contrast to these, there are flowable composites that 

can be made by adding surfactants or decreasing the filler content, from a traditional 50 

to 70% volume to less than that (Ferracane, 2011). Flowables exist for other applications, 

for instance, when enhanced adaptation is required or as fissure sealants. 

 
The polymerisation reaction in composites is usually initiated by visible light which 

interacts with visible photoinitiatiors –most used are the camphorquinone/amine systems 

(Xu et al., 2017). The setting reaction of composites is far from being ideal, and complete 

polymerisation does not occur, with final double bond conversions ranging from 50% to 



Introduction and Literature Review 

  6 

75% (Anseth, Newman & Bowman, 1995). One of the biggest shortcomings in resin-

based composites is their polymerisation shrinkage. Polymerisation shrinkage associated 

with resin composites reduces their dimensional stability and has been the subject of 

extensive research. This intrinsic property is related to the contraction that monomers 

suffer when van der Waals forces are substituted by covalent bonds during double bond 

reaction (Münchow et al., 2018). If the material is bonded to a cavity, this originates 

stresses at the interface (due to material confinement) and can result in the formation of 

gaps, fissures and ultimately failure of the restoration (Münchow et al., 2018). Curing 

depth of composites is far from ideal and the recommendation is for traditional materials 

to be placed in layers, generally of 2 mm for conventional materials and up to 4 mm for 

bulk-fill resin composites. This led to the development of novel bulk-fill materials with 

innovative initiator systems, different filler ratios and colour translucency that minimize 

curing depth limitations (Van Ende et al., 2017). 

 

Composites can be classified according to the filler-size distribution and content, since 

the size of the filler determines many properties. Most composites available today are 

hybrids, with microhybrids being the traditionally used. A microhybrid composite has 

particles ranging from 0.01 to 0.1 µm. Nanohybrid composites contain more 

nanoparticles (100 nm) than microhybrids, and microparticles (Randolph et al., 2016). 

Recent evidence highlights that current nanohybrids and nanofilled composites are 

clinically comparable to traditional microhybrids in most scenarios (Angerame & De 

Biasi, 2018). Smaller particle sizes can improve mechanical properties such as flexural 

strength, due to increased particle-surface area contributing to a higher surface energy at 

the interphase (Kundie et al., 2018). Even though a lot of advances have been made in 

composites over the years, the ones present in the market today do not yet exhibit 

desirable properties such as antibacterial action. As they are still inefficient at arresting 

carious lesions, they require improvement in the future (Xu et al., 2017; Ferracane, 2017). 

Most materials are considered inert and are not bioactive, with for instance, 

remineralisation properties, but the drive to develop such materials exists and is ongoing 

(Braga, 2019). 

 

Resin composites are bonded to the tooth via a bonding system, also referred to as a dental 

adhesive or adhesive system, and these are discussed next. 
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1.2.5 Adhesion technology: principles 
 
Adhesion is defined as an attraction between the atoms and molecules at the interface of 

different materials. This can involve chemical bonding, such as ionic or covalent bonds, 

physical forces or mechanical interlocking (Eick et al., 1997). 

 
Traditionally, preparation of tooth substrates involved the surgical removal of excess 

tissue to secure mechanical retention. Adhesion came to challenge this concept and paved 

a novel way to guarantee successful restoration placement. It began with Buonocore 

(1955), proving that acid etching enamel improved bonding. In the following years, 

research was conducted on dentine and consensus was reached when Nakabayashi and 

Fusayama et al., in parallel work, realised hybridisation was possible (Fusayama et al., 

1979; Nakabayashi, Nakamura & Yasuda, 1991). Hybridisation is defined to be the result 

of the infiltration of the primer into the spatial network in the collagen matrix. This 

collagen mesh, exposed by etching, and the polymerisation in situ of the primer, together 

with the adhesive, forms an inter-diffusion zone of both collagen and resin termed hybrid 

layer (HL) (Van Meerbeek et al., 1993). This made extensive tooth preparation inutile. 

Instead of removing excess tooth to achieve retention, chemically adhesive resin 

composites were now a possibility, maximizing longevity of teeth (Green & Banerjee, 

2011).  

 

 

1.2.5.1 Bonding systems 
 
Current resin composites bond to tooth substrates by means of a dental adhesive known 

as a bonding system, bonding agent or adhesive system (Miletic and Sauro, 2018). 

Bonding systems contain monomers, fillers, initiators and stabilizers (Xu et al., 2017). 

Contemporary bonding systems are generally classified by their interaction with the 

smear layer. In an etch-and-rinse approach the smear layer is removed, by the separate 

etching and rinsing step. Conversely, in self-etch systems it is incorporated into the 

bonding layer, since the agent applied is acidic and simultaneously etches while it 

infiltrates (Van Meerbeek et al., 2003). The bonding systems can thus be divided, based 

in their composition and number of steps involved into two traditional types, that can be 

seen in Figure 1.3. 
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Figure 1.3. Classic adhesive strategies and their subdivision - etch-and-rinse can involve 3 or 2 

steps, due to requirement of an acid etching step, whereas a self-etch strategy has 2 or 1 steps 

only, owing to the primer or primer & bond combination being acidic. 

 

In summary, bonding systems may consist of an acid, a primer, and an adhesive resin 

(Sezinando, 2014). The acid is used to remove mineral crystals, etching the tooth surface. 

It also acts to remove the smear layer, enabling subsequent micromechanical retention 

through resin penetration inside the dentinal tubules. Primers are essentially resin 

monomers dissolved in a solvent, which can be ethanol, water, acetone or a co-mixture 

between them. A primer is used when bonding to dentine is desired. The organic solvent 

will aid water displacement, keeping the exposed collagen network expanded (Pashley et 

al., 2011). This promotes infiltration of the monomers and subsequent hybridisation (Eick 

et al., 1997). Without the primer, the collagen network would collapse due to loss of 

water. When this happens, permeability is severely limited, preventing the resin 

monomers from infiltrating dentine and forming a true HL. The adhesive resin is usually 

a hydrophobic resin coating which co-polymerises with the primer in situ finalizing the 

HL (Anusavice, Chen & Rawls, 2013, p. 265). The monomers in dental adhesive 

components surround and embed the protein-rich organic substrate, replacing the mineral 

that was lost, in an exchange process (Van Meerbeek et al., 2003; Bertassoni et al., 2012). 

 

Besides from the options above, a novel class of bonding systems was recently introduced 

– the universal bonding agents (Perdigão & Loguercio, 2014; Miletic & Sauro, 2018, p. 

199). These are simplified, one-bottle adhesives which contain acidic functional 

monomers and other components (Perdigão & Loguercio, 2014), providing additional 

chemical bonding to different substrates. Universal adhesives obtain their name because 

of their versatility in bonding strategy applications such as etch-and-rinse and self-etch, 

owing to the presence of functional acidic monomers, and because there is a claimed 
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bonding potential to multiple materials such as ceramics, zirconia and metal (Siqueira et 

al., 2016; Van Meerbeek et al., 2020). Despite their widespread use there is still limited 

information regarding their long-term performance especially in dentine. Bonding 

strategies and their effect are shown below in Figure 1.4. 
 

 
Figure 1.4. Differences in self-etch and etch-and-rinse adhesives according to their interaction 

with dentine adapted from Hashimoto et al. (2011). 

 

 

1.3 The Era of Adhesive Dentistry 
 
1.3.1 Adhesion to enamel versus dentine 

 
Adhesion to enamel is predictable and classified as easy when compared to dentine. 

Enamel, highly inorganic, contains 96% minerals, in the form of apatite crystals, in total 

weight (Nanci, 2017, p. 21). This explains why enamel relies mainly on acid-etching - 

the retention achieved to the roughened mineral surface provides a strong bond which 

protects the adjacent dentine and seals the cavity (Van Meerbeek & Yoshihara, 2014). 

 
As mentioned above, dentine has an organic portion and water. This makes bonding 

procedures challenging, given that they have to rely on a sensitive interaction between 
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the resin components and the highly complex assembled structure that is dentine 

(Bertassoni et al., 2012). Type-I collagen, the most common, and also type II exist in 

dentine. The collagen structure is assembled in a triple helix motif, made up of three 

helical α-chains of (Gly-X-Y) amino acids. The tracks on the collagen molecular surface, 

along its length, provide steric, hydrogen bonding and electrostatically favourable 

interaction sites. The backbone or other side chains of the amino acids are available for 

additional hydrogen bonds, and these may facilitate interactions between the primer and 

collagen molecules. Hydrogen bonding, Van der Waals and electrostatic interactions may 

happen between the primer and collagen (Vaidyanathan & Vaidyanathan, 2009). 

Interaction with the extracellular collagen matrix of dentine involves amino (-NH), 

hydroxyl (-OH), carboxylate (-COOH) and amide (-CONH) groups (Bascones et al., 

2002). Complexation of certain monomers with collagen has been described, but the 

mechanism is not fully understood (Hiraishi et al., 2013). 

 
Besides from collagen, other non-collagenous proteins such as proteoglycans exist in the 

dentinal matrix and have been reported to be able to structurally interact, at the nano scale, 

with dental polymers. Glycosaminoglycans such as chondroitin 4-sulphate or chondroitin 

6-sulphate have negatively charged carbohydrate side chains which can also interact with 

resin components (Bertassoni et al., 2012). 

 

1.3.1.1 Pivotal factors in adhesion to dentine 
 
The development of a vast array of choices did not significantly alter the way bonding 

agents adhere. The main principles remain – resin diffusion and hybridisation are 

paramount to bond stability. Many factors play a role in guaranteeing stable and effective 

adhesion. The principal mechanism of adhesion is, still, micromechanical interlocking in 

both enamel and dentine – to either apatite crystallites or in HL formation, respectively 

(Van Meerbeek et al., 2003; Miletic & Sauro, 2018, p. 200). In dentine, the formation of 

resin tags upon in situ polymerisation inside dentinal tubules is also a contributing factor 

to retention and sealing (Carrilho cited in Miletic & Sauro, 2018, p. 200). Still, neither 

the thickness of the HL nor the tag length is decisive in bond strength (Yoshiyama et al., 

1995; Lohbauer et al., 2008). Additionally, it is important to stress that encapsulation of 

the collagen network by resin monomers is critical in achieving a HL resistant to 

enzymatic degradation (De Munck et al., 2003). A resin that is adequate in hybridising is 
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known to change the physicochemical properties of the surface of dentine and its 

subsurface also (Van Meerbeek et al., 1993). 

 
A successful exchange between the mineral phase, that was lost due to demineralisation, 

and the restorative resin has to happen if the restorative resin is to resemble the lost tissue. 

Controlling moisture in dentine is extremely difficult but pertinent if a correct bonding 

strategy is the aim. If dentine is too dry, the collagen network exposed due to acidic 

demineralisation collapses (Fawzy, 2010). If dentine is too wet, plasticization occurs and 

the monomeric mixture of adhesives will solubilize, complicating bond conversions 

during polymerisation, and strength of the HL (Figure 1.5). 

 
Figure 1.5. Changes that occur in the dentinal collagen upon substrate preparation, during the 

bonding procedure (Suh, 2013). 

 

 
Filler content is linked to bond performance since they directly improve mechanical 

properties (Faltermeier et al., 2007). Type of monomers used, their hydrophilicity, 

molecular weights and reactivity also impact on bonding (Bae et al., 2005). Increasing 

monomer content such as Bis-GMA, which is highly viscous, affects overall reactivity, 

resulting in a lower degree of conversion, affecting bond strength. Bond strength is 

directly linked to mechanical properties (Bae et al., 2005). A higher degree of conversion 

in situ translates to better adhesive performance (Navarra et al., 2012). A discrepancy 
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between the depth of dentine demineralisation and subsequent monomer infiltration is 

known to affect bond stability and degradation (Pashley et al., 2011). Factors related to 

dentine such as mineral content, permeability and wetness, logically, also play a role 

(Miyazaki et al., 2012). Wetness is controlled by the solvent, and the type of solvent used 

has an impact. Ethanol, water and acetone have different vapor pressures, dipole 

moments, hydrogen bonding capacity and dielectric constants – these factors contribute 

to their overall interaction with dentine as a substrate and its preparation for the bonding 

procedure (Van Landuyt et al., 2007). 

 
Chemical adhesion, also a possible bonding mechanism, became a reality with the 

introduction of functional monomers, such as 2-methacryloyloxyethyl phenyl phosphate 

(Phenyl-P), 4-methacryloyloxyethy trimellitate (4-META) and 10-methacryloyloxdecyl 

dihydrogen phosphate (10-MDP). By incorporating these monomers in self-etch 

adhesives, interaction with hydroxyapatite was possible by ionic bonding of carboxylic 

or phosphate groups with calcium (Yoshioka et al., 2002). In this form of bonding, 

intimate contact between atoms and molecules is achieved (Van Meerbeek et al., 2020). 

Since self-etch adhesives provide a shallower demineralisation, this strategy exposes less 

collagen, and, together with the chemical bond, provides a stable and durable interface in 

dentine (Van Meerbeek & Yoshihara, 2014). Though this chemical mechanism does not 

translate in high bond strengths by itself, it may be responsible for preventing degradation 

and reducing bond aging (Van Meerbeek et al., 2020). 

 

1.3.2 Functional monomers and 10-MDP 
 
Functional monomers developed with the purpose of improving bonding to dentine were 

first developed with the introduction of glycerol phosphate dimethacrylate (GPDM) in 

the 1950’s (Van Meerbeek et al., 2020). Kuraray followed with the introduction of 

another functional acidic monomer in 1976 – Phenyl-P (Kuraray, 2018). This led to the 

development of chemical adhesion, as a complement to mechanical interlocking (Feitosa 

et al., 2014). In the subsequent years, other functional monomers were invented, namely 

4-META and the most popular one today – 10-MDP. 4-META was developed more than 

40 years ago and has been incorporated in many commercial adhesives and produced 

consistently good results since then (Chang et al, 2002). Ever since, atomic-level 

interactions of these monomers to hydroxyapatite have been confirmed (Vaidyanathan & 

Vaidyanathan, 2009). 
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Considering 4-META, its active form is 4-MET. 4-MET forms due to a hydrolysis 

reaction of 4-META. The chemical structure of this monomer contains two carboxylic 

acid groups attached to an aromatic group able to demineralise the substrate and form an 

ionic bond with calcium present in hydroxyapatite (Giannini et al., 2015).  In terms of 

clinical longevity, bond stability and adhesive performance, however, the 10-MDP is 

considered the current gold standard (Feitosa et al., 2014; Van Meerbeek & Yoshihara, 

2014; Van Meerbeek et al., 2020). MDP has two groups – a methacrylate group, which 

copolymerises with other monomers, and a functional phosphate group, separated by a 

chain of 10 carbons (Feitosa et al., 2014; Kuraray, 2018). Due to its chemical structure 

and hydrophobicity, it forms a stable calcium salt that is more hydrolytically resistant 

compared to other alternatives (Van Meerbeek et al., 2020). 

 
According to the adhesion/decalcification mechanism (Figure 1.6), weak acids either 

adhere or decalcify apatite in mineralised tissues. This depends on the dissolution rate of 

the respective calcium salts that form (Yoshioka et al., 2002). Initially, all acids ionically 

bond to calcium of HAp, and while this happens there is release of phosphate (PO43-) and 

hydroxide (OH-) ions into the surrounding solution, and the surface remains electro-

neutral. The stability of the resulting salt will then determine if the monomers will stay 

bonded. Molecules such as 10-MDP and polycarboxylic acids, form chemically stable 

salts with a minimal surface-decalcification effect (Yoshioka et al., 2002; Yoshida, 2012). 

This explains unmatching adhesive performance for different monomers. 
  

 
 

Figure 1.6. Adhesion-decalcification 

concept according to Van Meerbeek et 

al. (2020) and Yoshida et al. (2001) – A 

functional monomer containing a 

phosphate or carboxylic acid group 

interacts with the tooth and ionically 

binds to the calcium. The stability of 

the bond determines whether it 

decalcifies or stays adhered (2). Upon 

decalcification there is release of 

calcium and phosphate. 
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Other than ionically bonding to calcium, MDP is able to demineralise dentine and the 

concentration of 10-MDP and its interaction time influences the nanolayering effect. This 

is when an intermediate layer of MDP exists – consisting of two MDP molecules with 

their functional methacrylate group directed toward each other, symmetrically, while the 

phosphate groups is in opposite directions, bonded to the calcium existent in HAp and in 

the surrounding solution (Figure 1.7) (Yoshida et al., 2012; Yoshihara et al., 2019).  

 

 
Figure 1.7. 10-MDP nanolayering as verified experimentally and described by Yoshihara et al. 

(2019).  

 

1.3.3 Self-adhesive composites 
 
Self-adhesive composites were recently introduced in restorative dentistry as a simple 

and easy approach that challenges current multi-step gold standard materials, which are 

technique sensitive and time consuming (Van Meerbeek & Frankenberger, 2019; Van 

Meerbeek et al., 2020). These materials, in opposition to self-adhesive resin cements or 

glass ionomers do not undergo acid-base reactions and they generally do not contain 

fluoride-releasing glass fillers, as pointed out by Maas et al. (2017). They rely on the 

presence of functional monomers like the ones explained above, which makes them 

theoretically able to simultaneously etch, infiltrate and bond to the substrate, like GPDM, 

4-META or 10-MDP, making them able to surpass the use of an adhesive or an acid 

etching step (Yao et al., 2020). Despite their attractiveness, most in vitro and in vivo 

reports reflect their bad performance in comparison to traditional composites and this 

limits their clinical applications (Poitevin et al., 2013; Sabbagh et al., 2017; Miletic, 2018, 
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p. 8). Manufacturers have even recommended the use of a bonding system with these 

materials, after some of the studies were published. This goes against the whole purpose 

and rationale behind these materials, which is exactly to avoid the need for these steps. 

Glass ionomers can also be classified as self-adhesive materials due to their ionic bonding 

potential to calcium given by the polyacid molecules that form their matrix (Sidhu & 

Nicholson, 2016). Self-adhesive composites are also more tolerant to moisture and 

require less technique sensitivity (Latta et al., 2020). 

 
Some of the commercial materials that claim self-adhesive properties are Vertise Flow 

(Kerr, Orange, CA, USA) which relies on functional monomer GPDM, Activa Bioactive 

(Pulpdent, Watertown, MA USA) which is a polyacrylic acid modified resin matrix also 

marketed as bioactive, Constic (DMG, Hanau, Germany) which has 10-MDP and more 

recently, Surefil One (Dentsply, York, PA, USA). If they are successful, they will be the 

biomimetic alternative of amalgam, as most of them are warranted to be placed in bulk 

(Van Meerbeek et al., 2020). Their current applications are for small cavities which do 

not require much retention and as liners to be used in conjunction with other materials. 

Research to improve these materials has to be executed given that they are still procured 

and are desirable by clinicians. 

 

1.3.4 The adhesive interface: challenges and current research 
 
1.3.4.1 Bond degradation 
 
The HL created by the diffusion of the adhesive is surrounded by the variable and 

dynamic organic phase that is dentine. This poses a problem, and can ultimately lead to 

marginal leakage, material degradation and failure (Breschi et al., 2018). During the 

bonding procedure, the exact amount of water remaining in demineralised dentine, after 

etching, should be replaced by an equal amount of resin comonomers (Pashley et al., 

2011). This would guarantee a true form of tissue engineering, as described by authors 

such as Bertassoni et al. (2012), giving way for a hybridised biocomposite of resin which 

acts to reinforce the collagen fibrils that lack protection by the lost hydroxyapatite 

(Pashley et al., 2011). The hybrid layer, its complexity and surroundings, in a water-rich 

matrix, are shown in Figure 1.8. 
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Figure 1.8. The dentine-adhesive interface and its constituents (Spencer, Misra & Ye., 2017). 
 
 

Complete hybridisation, as ideal as it may sound, has to date been impossible to achieve. 

Factors such as the presence of solvent, dentinal tubule fluid, hypertonic comonomer 

mixture, phase separation and hydrophilicity of monomers all influence water 

replacement (Cadenaro et al., 2009; Pashley et al., 2011; Spencer et al., 2010). Such 

events promote hydrolysis of resin matrices, considered the primary reason for resin 

degradation within the HL. If the resin is solubilized, it exposes collagen fibrils, 

disintegrating the HL (Cadenaro et al., 2005; Frassetto et al., 2016). Resin encapsulation 

of acid etched dentine is more effective in the top half of the HL, rather than in the bottom 

half (Breschi et al., 2018). Dentine bond strengths weaken over time, and this may be due 

either to the deterioration of collagen, affecting the structural integrity of the HL, or the 

hydrolysis of the resin from the interfibrillar spaces (Hashimoto et al., 2003; Tay & 

Pashley, 2003; Hebling et al., 2005). Enzymatic degradation of collagen also occurs by 

host-derived matrix metalloproteinases (MMPs). These enzymes are calcium-dependent 

endopeptidases which participate in the breakdown of the collagen network (Pashley et 

al., 2004). Cysteine-cathepsins present in dental tissues also participate in the degradation 

of the extracellular matrix (Obermajer et al., 2008). Enzymatic activity and consequent 

collagen degradation are linked to activation by the low pH of acid-etchants and ionic 

demineralisation and many surface pre-treatments are being questioned in terms of bond 

longevity outcomes (Papadogiannis et al., 2019). 

 
It can be concluded that the two main bond-degradation pathways established in the 

literature are 1) hydrolytic bond-degradation mechanisms and 2) enzymatic 

biodegradation, catalysed by 1) (Van Meerbeek et al., 2020). 
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1.3.4.2 Bonding to caries-affected dentine 
 
In order to comply with contemporary minimally invasive philosophy and preserve the 

maximum amount of restorable tissue, it is often necessary to bond to caries-affected 

dentine. It has been proven that lower bond strengths and differences in the HL are 

associated with bonding to this substrate. This is due to morphological and chemical 

changes in caries-affected dentine, including a decrease in the mineral content and 

crystallinity, alteration of the collagen structure, a higher amount of water content and 

lower mechanical properties (Nakajima et al., 2011; Isolan et al., 2018). Although many 

studies have been done regarding adhesion of current systems to caries-affected dentine, 

and strategies have improved over the years, a reduced performance in this substrate is 

still evident (Isolan et al., 2018; Hass et al., 2019). Caries-affected dentine seems to 

benefit from etch-and-rinse strategies with a separate acid-etching step, as 

micromorphological evaluation indicates the presence of partially occluded or fully 

occluded tubules and upon bonding, resin tags that are less distinctive than in sound 

dentine (Isolan et al., 2018; Campanella et al., 2020). In universal systems, Hass et al. 

(2019) showed that a self-etch strategy yielded better results. 

 
Bonding strategies to caries-affected dentine are to be optimised if the strategy in aim is 

to prevent the compromise of the adhesive interface and its longevity when cavities with 

residual caries are restored and exposed to the oral environment (Nakajima et al., 2011). 

Novel materials that seek a biomimetic approach should effectively penetrate, seal and 

induce remineralisation within this layer. 

 

1.3.4.3 Novel strategies to stabilize the dentine-material interface 
 
The restorative goal is to develop a material which is able to remineralise the partially 

demineralised carious dentine that remains after selective carious removal. The goal 

would be to restore the physical properties of the original sound dentine (Tjäderhane & 

Tezvergil-Mutluay, 2019), but also to overcome flaws in material durability that would 

otherwise prevent the material from mimicking enamel and dentine properties. The 

bonding system, ideally, should be able to entrap the demineralised collagen with the 

objective of protecting it from enzymatic action, acidic challenges and bacterial 

colonization. However, this would not be enough if we aim to achieve a biomimetic 

replacement, and that is why remineralisation should be considered together with the 
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prevention of bond degradation. The stability of resin-dentin bonds is complex (Figure 

1.9), and that is why, according to Zhou et al. (2019a), adhesives with one particular 

improved property are not sufficient to solve the issue effectively.   

Figure 1.9. Mechanisms of resin-dentin bond degradation adapted from Zhou et al. (2019a). 
 
 

With the aim of optimising the longevity of composite restorations, by achieving a 

reliable bonding performance, a lot of research has been devoted to coming up with 

strategies that can extend the lifetime of the HL. Most studies focus on developing 

adhesives with new characteristics since these are in direct contact with dentine and are 

capable of forming a HL that, in this case, should be smart and biomimetic. Due to this, 

new adhesives are being developed containing alterations that may aid bond longevity.  

 
Modification of the adhesive can be achieved by adding certain agents that promote, for 

instance, enzyme inhibition, collagen cross-linking and strengthening or antibacterial 

activity, and recent studies have evaluated these possibilities (Cheng et al., 2012; Zhang 

et al., 2012; Li et al., 2019; Stewart & Finer, 2019). The inclusion of bioactive particles 

in new adhesive formulations has two main purposes, as described by Braga (2019): it is 

a way to remineralise the unprotected collagen fibrils, but also to protect them from 

degradation by host-derived proteins. As a general rule they may have bioactive glasses, 

calcium silicates or calcium orthophosphates (CaP) (Braga, 2019). CaP are usually 

included as fillers in resin composites for many different purposes. Combining different 

agents with different purposes in dental adhesives is a promising way to battle HL 

degradation, ensuring longevity of composite restorations (Zhou et al., 2019a). All of the 

laboratory studies accomplished, up until now, provide data that strengthens the belief 

that stable bonds may be achieved in the near future.  
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1.3.4.3.1 Remineralising fillers 
 
Composites containing CaP fillers are being introduced as smart materials that can release 

calcium/phosphate to heal cracks or gaps in tooth lesions that benefit from 

remineralisation (Langhorst, O’Donnel & Skrtic, 2009). This approach would be ideal to 

seal the interface. They would also provide caries inhibiting effect if they are released 

due to acidic challenge of the carious process (Xu et al., 2011; Alkhouri, 2019). The end 

goal of remineralising polymers is to facilitate the precipitation of hydroxyapatite, the 

final stable product of CaPs. Conversion of CaP forms into hydroxyapatite occurs through 

a series of reactions that can be catalsed by ionic release in aqueous/acidic environments 

(Skrtic & Antonucci, 2016). The concept of demineralisation and remineralisation is 

dynamic and change depends upon many different factors (Neel et al., 2016). 

 
Composites with remineralising fillers, such as CaP particles, include hydroxyapatite 

(HAp) amorphous calcium phosphate (ACP), tetracalcium phosphate (TTCP), tricalcium 

phosphate (TCP), dicalcium phosphate (DCP) or monocalcium phosphate (MCP), as 

(shown in Figure 1.10) (Neel et al., 2016). The differences in these CaPs lie in their 

hydrophilicity, mineral structure, crystallization and biodegradable capacity. It is 

important to acknowledge their effect on mechanical properties, which is detrimental if 

high amounts in wt% of CaP fillers are added. This has been proven with ACP, TTCP 

and MCPM (Neel et al., 2016; Bienek, Giuseppetti & Skrtic, 2020) Since the ionic release 

is bound to end with time, generally after 2 to 3 months, they are recommended for 

specific applications such as critical resin-dentine interface zones and caries-affected 

dentine (Braga, 2019).     

 
 

 

 

Figure 1.10. MCPM particles 

added as fillers to resin composites, 

retrieved from Kangwankai et al. 

(2017), reuse permitted under CC 

BY 4.0 license. 
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Other than CaP particles, bioactive glasses (BAGs) can also be used as remineralising 

fillers in composites. These, upon reaction, do not leave voids or pores with detrimental 

effect on the mechanical properties, in contrast to CaP. They also provide an easier 

alternative in the control of the refractive indices of the resulting material, when compared 

to adding CaP as fillers for composites (Tiskaya et al., 2021). 
 

1.3.4.3.2 Antibacterial mechanisms 
 
Composite materials tend to accumulate more biofilm than other direct restorative 

materials making them susceptible to secondary caries and failure (Zhang et al., 2016a). 

Facing the impossibility of completely eliminating dental plaque and its pathogenicity, 

research is trying to develop ways to mitigate its action by developing materials with 

antibacterial properties or bioengineering cariogenic resistant interfaces (Spencer, Ye, 

Misra, Goncalves & Laurence, 2014). Quaternary ammonium compounds like monomer 

12-methacryloyloxydecylpyridiniumbromide (12-MDPB) are an example which has 

been added to a commercial adhesive – Clearfil SE Protect, due to its documented 

antibacterial effect, which still has to be proven in vivo (Ozel et al., 2016; Van Meerbeek 

et al., 2020). It is the only currently available antibacterial monomer in the dental market. 

Introduction of nanoparticles in adhesives and composites has been proven to be a 

successful antibacterial strategy when compared to normal materials. Most inventions 

have used silver nanoparticles, but also zinc oxide particles and titanium dioxide. 

Titanium dioxide offers great antibacterial activity especially in adhesives (Ferrando-

Magraner et al., 2020). Cetylpyridinium chloride (CCP) is also an antibacterial additive 

that has been researched for use in adhesives, as a broad-spectrum antibacterial that is 

able to disrupt the electric balance of the cell membrane in microorganisms. It is 

associated with higher water sorption and short-term release but incorporation into fillers 

permitting slower releases is being undertaken (Matsuo et al., 2019; Van Meerbeek et al., 

2020). Additionally, methods such as functionalizing chlorhexidine (CHX) into the filler 

phase of composites, with a controlled and tailored release, has been researched and may 

also be a possibility (Luo et al., 2018). Other functional mechanisms, such as monomers, 

with chemical structures that resist hydrolysis and contain other functional groups that 

provide antibacterial efficacy or enzymatic resistance, are currently being synthesized and 

proposed (Decha et al., 2019). 
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1.3.5 Minimally Invasive Dentistry (MID) 
 
As in other medical disciplines, in recent years, dentistry has been moving towards more 

conservative treatment (White & Eakle, 2000; Jingarwar, Bajwa & Pathak, 2014). The 

current trend of minimally invasive dentistry (MID) requires maximum conservation of 

sound tooth structure to preserve function, limiting surgical intervention to a minimum 

(Wolff, Allen and Kaim, 2007). Based on this concept, and as explained above, restorative 

treatments shifted from materials that relied on mechanical retention to an adhesive 

restorative technique, which depends on chemical pre-treatments and bonding (De 

Munck, 2004). Even though MID has been around for a few years, this treatment 

philosophy is still being implemented, and change is slowly taking place. There is still a 

tendency to operate at early-stage caries and more effort should be put into the minimally 

invasive concept (Laske et al., 2019). 

 
MID is extremely useful in paediatric dentistry and is mainly adopted in any clinical 

setting where time and restorative materials are limited. In a paediatric setting, less chair 

time is required, to maximize children’s compliance, and MID may limit the use of tooth 

drilling. Both of these factors make it a favourable treatment option for children. MID 

permits a biologically oriented treatment by preserving tissue, giving it the possibility to 

arrest the lesion and remineralise (Banerjee, 2017). There are three main factors linked to 

MID implementation: knowledge of the tissue histology, dental biomaterials science and 

proper clinical handling of patients and materials (Green, Mackenzie & Banarjee, 2015; 

Banerjee, 2017). MID philosophy is in line with biomimetism, where clinicians seek to 

restore aesthetics and function using materials that are as similar as possible to the original 

properties of the lost dental hard tissues - enamel and dentine. 

 

1.4 Statement of problem 
 
Caries recurrence is the leading cited reason for the replacement of restorations. 

Maintaining a chemical and biological seal at the adhesive interface is critical to minimize 

failure (Ferracane, 2017). The ideal HL would be a “3-dimensional polymer/collagen 

network that provides both a continuous and stable link between the bulk adhesive and 

the dentine substrate” (Spencer et al., 2010). For it to be ideal, it should be impermeable 

(Hashimoto et al., 2011), or even insoluble, which should be added to the definition 
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above. Unfortunately, the interface is still considered the weakest link in the composite 

restoration (Spencer et al., 2010). 

 
Since gold standard bonding systems are technique sensitive and require a number of 

clinical steps, current trend is to simplify. In the past, flowable resin composites used 

without the application of a separate dentine bonding agent failed to hybridise etched 

dentine, rendering the restoration prone to degradation (Frankenberger et al., 2002). The 

development of self-adhesive resin cements led to research of their diffusion and 

integration in the dentine substrate, and Monticelli et al. (2008) demonstrated that they 

were still unable to infiltrate dentine effectively. Researchers have often pointed out the 

need to develop self-adhesive material formulations that work (Van Meerbeek & 

Frankenberger, 2019). 

 

More recently, composites and resin modified glass ionomers (RMGICs) with self-

adhesive properties, such as Vertise Flow (Kerr, Orange, CA, USA) or Activa Bioactive 

Restorative (Pulpdent, Watertown, MA, USA), respectively, comprise issues such as the 

presence of voids, bubbles and interfacial gaps (Fu et al., 2013), which, over time, can 

ultimately lead to a degradation of the bonding interface. They do not have bioactive 

properties confirmed in vivo and their bond strength is generally weak leading to clinical 

failure over time (Van Dijken, Pallensen & Bennetti, 2019). Composites being developed 

with known bioactivity have limits on properties such as strength, conversion and 

biocompatibility. Bioactivity is difficult to be defined and achieved (Vallittu et al., 2018). 

Combining both bioactive and self-adhesive properties has not yet been achieved. For the 

interaction between the monomers used in different formulations and dentine to be 

understood and thereby improved, the reactions of the monomer with the tooth have to 

be studied at the molecular/atomic level (Yoshida & Inoue, 2012; Hiraishi et al., 2013). 

Chemical insight has to be gained in order to come up with solutions in novel 

formulations that can improve these desired properties. 

 

1.5 Solution 
 
This project aims to optimise the self-adhesive properties of novel experimental resin 

composites. Initially, it is important to study the chemistry and properties of successful 

bonding systems and existing commercial self-adhesive restorative materials. In materials 
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research such evaluation is crucial and allows the development of newer materials which 

are better alternatives to conventional, existing strategies (Karana et al., 2015). 

 

The proposed formulation has the addition of mono-calcium phosphate monohydrate 

(MCPM), poly-l-lysine (PLS) and an acidic functionalized monomer – 4-META or, as 

proposed in the last research chapter, 10-MDP. Poly-L-lysine (PLS) is a homopolypeptide 

with antibacterial properties that can theoretically form a complex with collagen by 

binding its NH2 group to the negatively charged collagen carboxylic groups (Sabatini and 

Pashley, 2014). PLS is hydrophilic, and this may facilitate wettability of the resin with 

dentine’s organic substrate. Authors have also previously suggested PLS may favour the 

growth of apatite crystals and may also play a role in remineralisation (Stupp and Braun, 

1997; Panpisut et al., 2016). This additive has been recently introduced in dental adhesive 

formulations and its efficacy against Streptococcus mutans was confirmed in vitro (Xie 

et al., 2019). Pilot studies have also been favourable in regard to potential anti-enzymatic 

activity and resin-dentin interfacial protection against biodegradation (Alkhouri, 2019). 

It appears to be non-toxic and safe, with no known side effects in contrast to other agents 

such as CHX. MCPM is one of the calcium phosphates which can be included as a filler 

in resin composites (Braga, 2019).  

 
The goal of adding MCPM is to promote hydroxyapatite precipitation at the critical 

adhesive interface, sealing gaps and preventing bacterial infiltration and caries recurrence 

(Panpisut et al., 2016). Both of these additions, due to their hydrophilicity, are known to 

promote an increase in water sorption, solubility, mass volume change and proton release. 

These are necessary if the material is to be expanded to fill in gaps, but also for chemical 

reactions to occur for the material to be bioactive and participate in remineralisation 

dynamics. It is important to research high versus low levels of the additives, as 

antibacterial action and apatite precipitation are dependent upon the levels of each 

(Kangwankai et al., 2017; Yaghmoor et al., 2020). Interestingly, the formulations of this 

experimental material have been already been found to promote mineral precipitation and 

antibacterial activity in vitro (Alkhouri, 2019; Yaghmoor et al., 2020), showing promising 

results as a surface that can come in direct contact with dental substrates. Regarding 

collagenolytic activity inhibition, CaP particles included in bonding systems have 

revealed advantages, with reduced enzyme action at the critical interface (Chiari et al., 
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2021). Yet finding optimal levels of each component in the formulation still warrants 

further research. 

 
Regarding the functional monomers to be included in the experimental formulation, 10-

MDP has the best adhesive performance, with remarkable bond strengths when compared 

to other alternative functional monomers. The chemical bond to calcium in 

hydroxyapatite is stable and less soluble in water compared to competitors. Nanolayering 

of 10-MDP has been reported to occur in vivo even after 9 years of restoration placement 

(Yoshihara, Nagaoka & Yoshida, 2015; Yoshihara et al., 2019).  This provides additional 

stabilization of the interface. These factors contribute to 10-MDP’s remarkable 

performance in clinical results (Yoshida & Inoue, 2012; Peumans et al., 2015; Yaguchi, 

2017) and makes it a suitable and attractive functional monomer to be included in the 

novel self-adhesive restorative material. 

 
These additions should overcome shortcomings current self-adhesive materials exhibit. 

The outcome of this project is to comprehensively study physico-chemical properties of 

current bonding systems/self-adhesive composites, with a particular emphasis on their 

chemistry, and the resulting resin-dentine interface, to then develop and propose a 

competitor which has strong adhesion mechanisms and is resistant to bond degradation.  

 
The development of a material with such characteristics will meet the needs and demands 

of populations that are challenging to treat in dentistry, such as pediatric patients, geriatric 

or patients with disabilities and special needs. These require quick, simple and long-

lasting solutions which are able to overcome the current shortcomings of technique 

sensitivity, secondary caries development and material failure (Ettinger, 2015; Delgado 

et al., 2021).
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1.6 Aims and Content 
 

 
The general aim of this doctoral thesis is to study and comprehend the chemistry and 

overall properties of bonding systems and self-adhesive composites, in order to develop 

a competitive self-adhesive resin composite which overcomes current material flaws. 

These include limited interaction with dentine, poor polymerisation, bond strength and 

bond stability, due to the chemistry of its components. 

 

- Chapter 2 concerns the general materials and methods, to explain the techniques 

employed in this doctoral thesis for all the different tests and experiments that 

were conducted 

 
- Initial research Chapters 3 and 4 cover the study of commercial adhesives and 

commercial self-adhesive composites, their chemistry and component ratios, 

polymerisation properties, type of fillers and distribution, their morphology and 

interfacial pH. This shines light on how these materials work, why they eventually 

fail and may predict their interaction with dental substrates, in order to understand 

what can be improved in future novel adhesives and composites. 

 

- In Chapter 5 the chemistry, bonding, polymerisation at the adhesive interface in 

dentine is explored, with the developed experimental composites, by varying 

levels of the two different additives, and also comparing it to commercial self-

adhesive competitors and to a gold standard bonding system. Surface treatments 

such as etching in dentine are also studied. 

 

- Chapter 6 introduces a new adhesive monomer, 10-MDP, characterizes this 

monomer chemically and researches the possibility of its incorporation into a 

new experimental formulation by testing its stability, polymerisation kinetics 

mechanical properties and bond strength. A commercial primer containing 10-

MDP is also studied in regard to its self-etching efficacy and wettability. 
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1.7 General null hypotheses 
 
1. An ATR-FTIR data model does not show reproducibility to assess chemical 

composition and component ratios of different resin mixtures; 

 

2. The different techniques used are not able to differentiate polymerisation properties, 

drying kinetics, pH and filler types of different contemporary commercial dental 

bonding systems containing different compositions; 

 

3. Polymerisation properties, contact angle measurements, filler type and distribution, 

elemental composition and interfacial pH do not show differences when experimental 

and commercial self-adhesive composites are compared; 

 
4. Varying the type of composite used (commercial versus experimental) has no 

significant effect on the HL formation, material penetration depth, degree of 

conversion in situ and mineral/collagen ratio when bonding to dentine; 

 
5. Varying the level of MCPM and PLS has no significant effect on the monomer 

penetration depth, degree of conversion in situ and HL formation when bonding to 

dentine; 

 
6. The 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) monomer does not 

show chemical stability upon short and long-term storage; 

 

7. Systematically varying concentrations of 10-methacryloxyloydecyldihydrogen 

phosphate (10-MDP) to the experimental composites has no significant effect on the 

polymerisation kinetics, biaxial flexural strength, elastic modulus or push-out bond 

strength; 

 
8. Commercial primers containing 10-MDP do not show self-etching efficacy and 

wettability capacity of dentine. 

 

 

The next page has an explanatory diagram of the entire structure of this thesis, outlining 

what will be covered in each chapter and the sequence to the story behind it. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Commercial materials 
 
The commercial restorative materials used in this project are outlined in the table 

underneath (Table 2.1). Four commercial direct restorative materials and four dental 

bonding systems were used throughout this study. 
 

Table 2.1. Composition of commercial materials used throughout this study. Percentages were 

given by safety datasheets and information supplied by the manufacturer. 

*indicates low amounts; Legend: 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; Bis-EMA: Bisphenol-A 
dimethacrylate ethoxylated; Bis-GMA- Bisphenol-A glycidyl dimethacrylate; Bis-MEPP: Bisphenol-A bis(2-
hydroxyethil ether) dimethacrylate; CQ: camphorquinone; HEMA: 2-hydroxyethyl methacrylate; GPDM: glycidyl 
phosphate dimethacrylate; MMEP; TEGDMA: tritheylene glycol dimethacrylate; UDMA: urethane dimethacrylate 

MATERIAL TYPE COMPOSITION 

G-aenial 
(GC, JPN) 

Flowable resin 
composite 

5-10% Bis-EMA, 10-20% UDMA, 5-
10% TEGDMA 

Strontium glass and 
fumed silica (69 wt%) 

Vertise™ Flow 
(Kerr, USA) 

Flowable resin 
composite 

5-10% HEMA, N/A% Bis-GMA, 5-10% 
UDMA and 1-5% GPDM 

Ytterbium fluoride and  
barium aluminosilicate 
(70 wt%) 

Constic 
(DMG, GER) 

Flowable resin 
composite 

15-35% Bis-GMA, <45% TEGDMA and 
N/A% 10-MDP 

Barium aluminosilicate 
(66 wt%) 

Activa™ 
Restorative 
Bioactive Kids 
(Pulpdent, USA) 

Resin modified 
glass ionomer 

44.6% blend of UDMA and other 
methacrylates with modified polyacrylic 
acid 

Sodium fluoride and silica 
(56 wt%) 

Optibond™ FL 
(Kerr, USA) Bonding system 

Primer: 10-30% HEMA, 5-10% GPDM, 
10-30% MMEP, Ethanol, Water 
 
Adhesive: 10-30% HEMA, N/A% Bis-
GMA, *GDMA 

Barium aluminosilicate, 
sodium hexafluorosilicate 
and fumed silica 

Clearfil SE 2 
(Kuraray, JPN) Bonding system 

Primer: 20-40% HEMA, 10-MDP*, 
*Hydrophilic aliphatic dimethacrylate, 
Water 
 
Adhesive: 25-45% Bis-GMA, 20-40% 
HEMA, *10-MDP, *hydrophobic 
aliphatic dimethacrylate 

Silanated colloidal silica 

Clearfil Universal 
Quick 
(Kuraray, JPN) 

Bonding system 

10-25% Bis-GMA, 2.5-10% HEMA,10-
MDP*, Hydrophilic amide monomer*, 
silane* 
 
Solvent: Water*, 10-25% Ethanol 

Colloidal silica and 
sodium fluoride particles 

Scotchbond 
Universal   
(3M ESPE, USA) 

Bonding system 

15-25% Bis-GMA, 15-25% HEMA, 
10-20% 10-MDP, 1-5% Polyalkenoic 
acid copolymer, 7-13% silane, <2% CQ 
 
Solvent: 10-15% Water/ 10-15% Ethanol 

Silica fillers 

Gel Etchant 37.5% 
(Kerr, USA) 
 

Etchant Phosphoric acid (37.5%) 
cobalt alumina, siloxane Unfilled 
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Figure 2.1. Commercial bonding systems and restorative materials used throughout the thesis. 
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2.1.2 Reagents used for the experimental composites 
 
The table underneath shows monomers, initiators and fillers, investigated, or used, to 

make experimental composites throughout this study (Table 2.2). 

 
 Table 2.2. Materials used to make experimental formulations – monomers and fillers. 

 

 
 
 
 
 

MATERIAL PHASE COMPANY PRODUCT CODE 

Bis-GMA Monomer Polysciences  
(Warrington, PA, USA) 03344 

HEMA Monomer DMG  
(Hamburg, GER) 11220 

UDMA Monomer DMG  
(Hamburg, GER) 100112/97406 

PPGDMA Monomer Polysciences  
(Warrington, PA, USA) 626208 

TEGDMA Monomer DMG  
(Hamburg, GER) 100102 

4-META Monomer 
Polysciences  
(Warrington, PA, USA) 697058 

10-MDP Monomer DM Healthcare  
(San Diego, CA, USA) P01030  

BaG glass (7 µm) 
Glass particle 
(filler) 

DMG  
(Hamburg, GER) 020684/680326 

BaG glass (0.7 µm) 
Glass particle  
(filler) 

DMG  
(Hamburg, GER) 02110/688344 

Fumed silica (nanoparticles) 
Glass particle  
(filler) 

Aerosil OX50 
Evonik Industries 
(Essen, GER) 

153022145 

Camphorquinone (CQ) Initiator 
Polysciences  
(Warrington, PA, USA) 

 
100134/90339 
 

E-Poly-L-lysine 
>95% (wt/wt) 

Powder  
(antibacterial agent) 

Handary  
(Brussels, BEL) 020120160203 

Monocalcium Phosphate 
Monohydrate (MCPM) 
99% purity 
(30 µm) 

Powder  
(remineralising agent) 

Himed  
(NYC, NY, USA) MCP-369925 
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2.2 Preparation of the experimental composites 

Composite pastes were prepared in bulk by Dr. Wendy Xia, with support from Synergy 

in April 2017. These were fabricated by combining a liquid and a powder phase. The 

liquid phase was mixed by combining 3 wt% 4-META (adhesion promoter), 

camphorquinone 1 wt% and poly (propylene glycol) dimethacrylate (PPGDMA) 24 wt% 

and stirring for 2 h at room temperature on a multichannel stirrer (Jeio Tech MS-52M, 

Korea), until a clear liquid was achieved. UDMA 72 wt% was then added as a base 

monomer and stirred for 24 h until the liquid was clear. The high percentage of 

camphorquinone avoids the use of amines, which have cytotoxic concerns, allowing rapid 

photopolymerization of UDMA/PPGDMA systems. 

The powder phase was made up of MCPM (16 or 8 wt%), PLS (8 or 4 wt%) and glass 

fillers with different sizes (7 µm, 0.7 µm and nano fumed silica at a 6:3:1 ratio). The 

powder (225 g) was mixed without vacuum at 1000 rpm for 30 s using a Speedmixer 

(DAC600.2 CM51, Synergy Devices Ltd). The liquid phase (75 g) was added to the 

powder in plastic pots, at a 3:1 powder to liquid ratio, and mixed without vacuum at 2300 

rpm for 15 s. After this they were placed under vacuum for 3 minutes until the pressure 

was around 20 mbar. The formulations were mixed at 1800 rpm for 30 s with a pressure 

of 17 mbar. Resulting pastes had 75 wt%/40 vol% of filler phase. A summary of 

components is shown in Table 2.3. The pastes were stored in labeled opaque containers 

at 4ºC until required. 

 

Table 2.3. Material composition of the experimental materials (S0, S1 and S2) used throughout 

this study. All materials have the same liquid (monomer) phase. Differences are only seen in the 

inclusion of different levels of reactive fillers PLS/MCPM seen below. 

 
 

FILLER PHASE (POWDER) 

FORMULATION MCPM PLS FILLER 

S0 0% 0% 
0.7 and 7 µm BaG 

glass and fumed 

silica nanoparticles 

 

S1 8% 4% 

S2 16% 8% 
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2.3 General Methods 
 
2.3.1 Light 
 
Light, according to theory concepts in quantum mechanics, can be described as a particle 

or a wave, giving origin to the concept of wave-particle duality. Electromagnetic radiation 

can thus be described as having an oscillating electric and magnetic field (Figure 2.2) 

 

 
Figure 2.2. Images shows electric field in orange and magnetic field in blue. The amplitude is 

the height of the wave, from the bottom position to the top of the crest. The wavelength 

represents the distance between the maximum amplitude of successive waves. 

 

Light waves can be characterized by their frequency, which represents the number of 

oscillations in a given time interval, then divided by the duration of such interval. By 

increasing the frequency, the wavelength is decreased. Wavenumber is described as the 

number of wavelengths in a given distance. In spectroscopy analysis, wavenumber is 

commonly reported in units of reciprocal centimeters (cm-1). For instance, the typical 

infra-red (IR) absorption range is between 700 - 4000 cm-1 (Atkins & De Paula, 2017). 

 

When light interacts with matter, there is absorption of the incident radiation energy. The 

transmitted radiation is then different, because of this energy absorbance. The amount of 

light absorbed by a sample is then expressed as the absorbance. This absorbance is 

directly proportional to the sample concentration. The relationship between absorbance 

and concentration is best described by the Beer-Lambert Law (Mayerhöfer, Pahlow & 

Jürgen Popp, 2020). This law, fundamental in optical spectroscopy, explains how light 

absorption and the material sample properties are correlated (Equation 2.1). 
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𝐴𝐴 =  𝜀𝜀 𝑐𝑐 𝑙𝑙                                         Equation 2.1 
 

Equation 2.1. Beer-Lambert law, where A is the absorbance, 𝜀𝜀 represents the molar absorption 

coefficient in L mol-1 cm-1 (how strong a chemical species will absorb light at a particular 

wavelength), c represents molar concentration, in mol L-1, and l represents the optical path 

length in cm. 

 
 
2.3.2 Vibrational Spectroscopy 
 
Spectroscopy is defined as the study of the interaction between electromagnetic radiation 

and matter. Typically, vibrational transitions occur around 400-4000 cm-1 wavenumber, 

which means spectroscopy techniques for vibrational transitions include IR Spectroscopy 

and Raman (Atkins & De Paula, 2017). Vibrational spectroscopy methods for chemical 

analysis such as FTIR and Raman allow the determination of the molecular makeup of 

materials and have been used extensively in dentistry (Pianelli et al. 1999; Khan et al., 

2017). Both are complementary techniques that give particular chemical information such 

as bonds in the material that is being studied. IR absorption detects anti-symmetric 

vibrations due to alteration of the dipole moment, especially useful in identification of 

functional groups in organic compounds, whereas Raman absorption relates to the 

symmetric vibrations that happen due to changes in polarizability (Hashimoto et al., 

2019), as can be seen in Figure 2.3. Combining both techniques enables thorough 

information on the vibrational state of molecules providing that there are differences in 

vibrations that may be active in one but not on the other (Grabow & Bentrup, 2014; 

Hashimoto et al., 2019). These techniques are widely used in the study of polymer 

characterization and properties such as polymerisation kinetics and reactivity (Moldovan 

et al., 2019). Quantitative analysis is possible with these techniques since the intensity of 

the bands is a measurement related to the concentration of the compound which is then 

used to deduce composition rate of a material (Wulfman, Sadoun & Chapelle, 2010). 

They simultaneously present powerful tools to assess compositional changes in polymer 

chemistry, facilitating the understanding of the nature of materials and how they may 

react when in contact with dental substrates. 

 

IR and Raman spectroscopy are widely used to assess setting characteristics in dentistry 

and for studies evaluating bonding characteristics (Papadogiannis et al., 2019). 
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Figure 2.3. When light interacts with matter, a vibrational energy transition can occur. This 

leads to vibration of functional groups within molecules (stretching, bending, rotation, rocking, 

scissoring, wagging or twisting). This fluctuation can lead to changes in the dipole moment, 

which cause light to be absorbed in the IR region (IR active bonds or functional groups); or 

light to be scattered due to a change in polarizability. The Raman effect describes inelastic 

scattering occurring in vibrational groups (Raman active bonds or functional groups). 
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2.3.2.1 Polymerisation Kinetics and Monomer Composition 
 
2.3.2.1.1 FTIR 

Fourier Transform IR Spectroscopy (FTIR) was used as an analytical chemical technique 

to assess monomer composition and study polymerisation kinetics. As explained, atoms 

in molecules are not static and display vibrations in well-defined patterns, called 

vibrational modes. FTIR uses IR light, able to interact with matter, causing a net change 

in dipole moment during the vibration of the molecule or the functional group under 

study. Functional groups absorb light at characteristic wavenumbers, or frequencies, in 

the IR region of the light spectrum. These wavenumbers depend on the physicochemical 

properties of the corresponding molecule (Chand & Kazarian, 2016). Absorbance level 

can be used to quantify different components. Different chemical structures produce 

different spectra, making them identifiable.  

In order to acquire IR spectra, an attenuated-total reflectance (ATR) technique can be 

used. In ATR, a sample is placed in contact with a diamond (used due to its high refractive 

index). A light beam (IR) is directed towards the crystal, and an internal reflectance 

occurs, where the wave extends beyond the crystal, into the sample. If absorbance of 

energy happens in the IR region, the beam will be attenuated. The beam is again directed 

to the crystal and is picked up by a detector inside the equipment. This technique is non-

invasive and sensitive. 

FTIR permits the study of polymerisation kinetics since changes in the functional groups 

and bonds can be monitored during the setting reaction of polymerisable materials. 

Monomer conversion is required to achieve a set, functional polymer with desirable 

physical properties and clinical longevity. The degree of monomer conversion DC (%) 

was calculated using the following equation: 

                                                       DC =  100(ℎ0−ℎ𝑡𝑡)
ℎ0

                                               Equation 2.2. 

Equation 2.2. Equation used to calculate the degree of conversion DC (%).  (h0) and (ht) 

represent the height of the C-O stretching peak of methacrylates at 1319 cm-1 above 

background at 1335 cm-1, initially and at time, t, after start of polymerisation respectively 

(Aljabo, 2015). 
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Final peak height and DC (%) were calculated by applying linear extrapolation of the data 

versus inverse time to zero (Panpisut et al., 2016). 

To collect the spectra, software that permits the collection of continuous spectra during 

polymerisation was used (Spectrum TimeBase v.3.1.4, Perkin-Elmer, MA, USA).                                              

To measure the DC (%), the height of two different methacrylate peaks was calculated. 

The 1320 cm-1 [v(C-O)] is a valid peak for calculation and generally reflects only 

methacrylate bond conversion (Young, 2002; Young, Rafeeka & Howlett, 2004). This 

method is preferred over choosing the [v(C=C)] 1635-1640 cm-1 peak, commonly used 

in dental literature, because water present in the formulations and atmospheric vapours 

absorbs at this wavenumber, making it impossible to determine peak base. This corrupts 

the results and incorporates systematic errors. Changes in the peak absorbance reflect 

conversion of monomer to polymer bonds in methacrylates, as seen in Figure 2.4. 

Figure 2.4. Peak differences in methacrylate bonds, after light curing, which allow the 

calculation of the degree of conversion (TimeBase v.3.1.4 software, Perkin-Elmer, USA).  

Polymerisation kinetics parameters, determined in this thesis, include degree of 

conversion DC (%), delay time, reaction rate (Rp,max) and time required to reach 50% 

monomer-polymer conversion (t0.5). They are calculated by analysing spectra that are 

obtained continuously, as conversion changes over time. The delay time is the time 

counted between the start of the light-curing and observation of any polymerisation 

reaction (conversion of monomer to polymer). It was calculated from the DC (%) slope 

intercept with the time axis, following the subtraction of the time, in seconds (s), before 
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the start of the light curing reaction (slope intercept – X amount in s). The reaction rate 

indicates how quickly the polymer is formed and is calculated from the slope of 

conversion versus time (%/s). The maximum rate is generally immediately following the 

delay (Rp,max). The time of light exposure needed to achieve 50% conversion (t0.5) is 

calculated based on the following equation: 

𝑡𝑡0.5 =  𝐷𝐷𝐶𝐶50  ×  1
𝑅𝑅𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑡𝑡𝑖𝑖                               Equation 2.3 

Equation 2.3. Equation used to calculate the time of light exposure required to achieve 50% 

conversion (t0.5), where DC50 represents half of the final degree of conversion achieved; Rp,max 

represents the maximum polymerisation rate, and ti represents the delay time. 

 

The volumetric shrinkage-strain is mainly caused by the conversion of C=C monomers 

during polymerisation. In methacrylates, the intermolecular spacing caused by Van der 

Waals forces is substituted by smaller intramolecular covalent bonds, causing monomeric 

contraction. One mole of polymerising C=C bonds gives 23 cm3 of volumetric change 

(Loshaek & Fox, 1953). Due to this, a semi empirical relationship can be derived, and the 

following equations can be used to calculate volumetric polymerisation shrinkage (Ps): 

  
𝑁𝑁𝑟𝑟 = 𝑚𝑚𝑓𝑓 ×  𝐷𝐷𝑐𝑐  × 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∑ �𝑛𝑛𝑖𝑖 × 𝑥𝑥𝑖𝑖

𝑊𝑊𝑖𝑖
�𝑖𝑖                       Equation 2.4 

 
Equation 2.4. N represents the number of moles reacting per unit volume (mole/cc); mf is the 

total monomer mass fraction, DC is the final monomer conversion of the material, ρcomp is the 

density of the material (g/cc) and Σ is the sum of all the monomers in the liquid phase – ni is the 

number of C=C bonds per molecule, xi is the monomer mass fraction in the liquid phase and Wi 

is the molecular weight of the monomer (g/mol). 

 
 

 𝑃𝑃𝑠𝑠 = 𝑘𝑘𝑣𝑣 ×  𝑁𝑁𝑟𝑟  ×  100                                   Equation 2.5 

 

Equation 2.5. Ps – Polymerisation volumetric shrinkage (vol%), can be estimated by multiplying 

the volumetric shrinkage that a C=C bond gives (𝑘𝑘𝑣𝑣), which is a constant =23 cc/mol, by the 

number of moles of reacted C=C bonds in a unit of volume (N), using the equation above. 

 

Phases and parameters of polymerisation kinetics studied throughout the research 

chapters are illustrated in Figure 2.5. 



General Materials and Methods 
 

  38 

 
Figure 2.5. Polymerisation kinetics parameters and phases schematically represented. 

Equations used to calculate time required to reach 50% conversion and final conversion results 

are given in 2.2 and 2.3. 

 

The picture below shows sample placement on the ATR-FTIR (Figure 2.6). Hardware 

used in this study was an FTIR Spectrum One (Perkin-Elmer, Beaconsfield, UK) and two 

ATR accessories, a Golden Gate ATR (Figure. 2.5), and a temperature-controlled red 

ATR (Specac Ltd., Orpington, UK). 

Figure 2.6. Resin composite sample placed on the ATR diamond, using metal circlips and 

acetate sheet on top. 
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2.3.2.1.2 Raman Spectroscopy 
 

The Raman effect is a change in wavelength that occurs when light transverses a molecule 

and interacts with it, causing a vibrational excitation – electrons that rise to a virtual 

energy state, taking up energy from the photon or giving up energy. This causes a change 

in frequency resulting in inelastic scattering (scattering that is different in frequency than 

the original incident beam). This is a weak effect as typically, electrons rise from the 

ground state to a virtual state but fall back down to the ground state, scattering the photon 

back with no change in frequency. However, in Raman active molecules, a change in 

polarizability happens, resulting in the frequency change (Figure 2.3). Molecular bonds 

have specific energy transitions in which polarizability changes take place. This gives 

Raman active spectral bands (Tsuda & Arends, 1997). With the Raman spectrum it is 

then possible to identify each molecule, using in particular the “fingerprint” region of the 

spectrum. 

The micro-Raman spectrometer LabRam300 (HORIBA UK Ltd., Northampton, UK) was 

calibrated using a silicon sample (Si) due to its strong 520.8 cm-1 peak. The parameters 

used in all experiments were as follows: 633 nm excitation wavelength, spectral 

resolution of 2.5 cm-1 and 50 x magnification. The area to be analysed was chosen 

according to the sample. Spectra collection included random point spectra, straight line 

spectra or mapping, dependent upon the research question. The acquisition time and 

accumulation number were also carefully chosen to ensure sufficient peak intensity above 

noise levels. This is sample dependent, as some samples such as mineralised tooth tissues 

require longer acquisition times to reduce noise. This is mentioned in each chapter. 

The software used for spectra data analysis was Labspec Spectroscopy Suite 6.0 

(HORIBA Jobin-Yvon, France). Post-processing tools used in the software included 

baseline fitting and subtraction, normalization of spectra by normal variate (treats 

spectrum as a collection of n values – normalizes so that the standard deviation over n 

values is 1) and noise reduction. Specific parameters and methods are given in each 

chapter. 

The FTIR and the Raman spectrometers used in this study are shown in Figure 2.8 and 

2.8, respectively.   
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Figure 2.7. Photo of the Spectrum One FTIR used in this study, provided by Perkin-Elmer with 

copyright permission (Perkin-Elmer, Beaconsfield, UK). 

 

 

 
Figure 2.8. Photo of the LabRam 300 Raman spectrometer used in this study, provided with by 

Dr. Simon Fitzgerald with copyright permission (HORIBA UK Ltd., Northampton, UK). 
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2.3.3 SEM and EDX 

Scanning Electron Microscopy (SEM) is a technique commonly used to study the surface 

microstructure and chemistry of materials and samples. An electron beam scans the 

surface of a sample and the response is picked up by a detector; the image generated 

depends upon the energy of the beam and the nature of the sample. 

In this study, a Field-Emission Scanning Electron Microscope (FE-SEM) was used 

(Philips/FEI XL-30, Eindhoven, The Netherlands) to characterize the microstructure of 

adhesives (i.e., filler particles), composites and their interaction with dentine. The beam 

energy was set at 5 kV and a current of approximately 200 pA. All of the samples were 

sputter-coated with gold/palladium for 90 seconds using a Polaron E5000 (Quourum, 

UK). Micrographs were treated with a GNU image manipulation software GIMP 2.10 

(The GIMP Development Team, USA). 

Energy Dispersive X-ray Spectroscopy (EDX) was employed to identify and quantify 

chemical elements in samples. EDX works through atom excitation by an electron beam, 

coupled with the SEM, which emit specific wave-length X-rays that are characteristic of 

the atomic structure of each element. The EDX detector is able to analyze the X-ray 

emissions and assign the elements. EDX was carried out with a beam energy of 20 kV. 

 

2.3.4 Contact angle measurement  

Contact angle (θ) is defined to be the angle between a solid surface and a tangent line 

relative to the curvature of a liquid at a vapor-liquid interface (e.g., air-water). This can 

be measured by an optical tensiometer. Low values indicate that the liquid is able to 

spread well on the surface, while higher values confirm poor spreading of the liquid. 

The contact angle was measured using a drop of water on the surface of the solid, in this 

case, resin composite discs, by the sessile drop technique. A drop is allowed to rest on the 

solid surface and images are recorded. This is the static contact angle method and was 

was conducted using an optical tensiometer (KSV CAM 200, KSV Instruments, Finland). 

The software Attension Theta (Biolin Scientific, Finland) calculated left and right contact 

angles for each frame, through drop profile fitting (Figure 2.9), which gives an average 

contact angle measurement for each specimen. A minimum of 3 specimens were used. 
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The equilibrium contact angle of wetting, referred to as Young’s contact angle (θy) is 

formed by three interfacial tensions, as seen in the equation below.  

 

γsv = γsl + γlv cosθy                                                  Equation 2.6 

Equation 2.6. Young’s equation describing the balance at the three-phase contact, where γsv is 

the surface free energy, γlv is the surface tension of a liquid; γsl is the interfacial tension 

between the solid and liquid and θy is the contact angle on a surface. 

 

 
 
Figure 2.9. Contact angle measurement of a water drop on top of the resin composite disc (KSV 

CAM 200, KSV Instruments, Finland). 

 

2.3.5 Adhesion 
 
2.3.5.1 Interfacial Chemistry – Raman Spectroscopy 
 
Micro-Raman spectroscopy is a useful analytical tool to study the chemical composition 

of interfaces between two materials, namely the adhesive interface (resin-dentine). The 

laser can be focused to a small spot size and the area desired to be analysed can be 

carefully chosen based on the image given by an optical microscope. This visual 

identification is helpful to determine the position relative to the interface. In this study, 

micro-Raman Spectroscopy was employed to investigate the molecules present and their 

relative quantities in the HL.  
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Spectra are collected at each position, every 1 µm, according to the image below (Figure 

2.10), in a straight line that starts in dentine and ends at the material side, using a computer 

controlled XYZ stage. Spectra were obtained in the region of 800 – 1750 cm-1 using a 50x 

objective, with a spatial resolution of approximately 5 µm. 

 
Figure 2.10. Raman microscope optical image showing the pinpoint of the adhesive interface 

and the straight-line scan for the collection of spectra. 

 
 
2.3.5.2 Bond strength 
 
To test the adhesion of resin materials to tooth substrates, a push-out bond strength test 

setup was used. ISO 11405:2015 regulates substrate preparation and testing of adhesion 

to tooth structure, although the push-out method is not contemplated. For the bond 

strength tests, a Shimadzu Autograph universal testing machine was used (Shimadzu 

AGS-X, Kyoto, Japan). 

 

2.3.5.2.1 Ivory as a substrate for push-out bond strength 
 
Elephant ivory acquired from the UK Border Agency (CITES Reference: 08/2012) was 

used as a dentine model substitute to carry out push-out bond strength as was done in 

previous investigations (Aljabo, 2015; Liaqat et al., 2015). Elephant tusks were cut 

parallel to the direction of the dentinal tubules, originating blocks of approximately 40 

mm in length, 35 mm in width and 5 mm in height. Multiple holes were drilled in each 
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block with 3 x 5 mm dimensions (Figure 2.11). Because the push-out setup in human 

dentine involves preparation of multiple teeth with great inter-variability, this technique 

allows reproducibility, eliminating variability within the specimen, with multiple holes 

being drilled in the same block. Ivory is chemically comparable to dentine that has been 

acid etched with phosphoric acid for 20 s and has lower hydroxyapatite content and less 

tubule density (Liaqat et al., 2015). 

 

Figure 2.11. Ivory block cut from an elephant tusk with cavities for push-out bond strength test, 

and to the right, simulation of a filled ivory block with respective dimensions. 

 

Regarding the storage of the ivory, a moist technique was used, as described by Liaqat 

(2017): cut ivory sections were placed in distilled water inside an incubator at 37ºC for 

24 h, then they were removed from the water and left to dry at the same temperature for 

another 24 h.  

 
Each hole was used as a cavity for material filling of resin composite or the combination 

of an adhesive and a resin composite, according to the methods explained in each chapter. 

After which the blocks were stored in an incubator at 37ºC for 24 h before the push-out 

test. The details of the methodology are explained in 5.5.6 and 6.5.5. 

 
 
2.3.5.2.2 Push-out bond strength 
 
The push-out test originated from modification of the shear-punch bond strength test and 

is widely used to measure the bond strength of materials in radicular dentine. Up until the 

present date, there is no guidance or regulation specificities for this setup. In this study, 

the push-out setup was used as a screening test for varying formulations, by using ivory 

as a reproducible substrate. 
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A crosshead speed of 0.5 mm/min was used, and a compressive force was applied (1 kN 

load cell) until the specimen de-bonded and was pushed out of the cavity, according to 

Figure 2.12. The maximum force required for the material to de-bond was registered for 

bond strength calculation, and bond surface area was measured using a digital caliper 

(Moore and Wright, West Yorkshire, UK). 

 

The calculation of the final bond strength (MPa), was based on the following equation: 

 

                                                        𝐵𝐵𝑆𝑆 (MPa) =   𝐹𝐹 
 2𝜋𝜋𝑟𝑟 × ℎ                                     Equation 2.7 

 

Equation 2.7. Equation used to calculate bond strength (F = force in newtons, r = radius; h = height). 

 

 

 

 

 

 
 

 
 

Figure 2.12. (A) Shimadzu AGS-X (Kyoto, Japan) universal testing machine used to test push-

out bond strength and mechanical properties. (B) Push-out bond strength measurement 

illustration, using an ivory model. 

A 

B 
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2.3.6 Mechanical properties 
 
2.3.6.1 Biaxial flexural strength and elastic modulus 
 
The biaxial flexural strength test (Figure 2.13) was carried out using a ball-on-ring jig 

setup, validated by the Academy of Dental Materials (2017) on a universal testing 

machine (Shimadzu AGS-X, Japan). The sample shape were discs of 10 mm diameter, 

placed on top of an 8 mm diameter knife-edge support ring, under a 2 kN load cell with 

a 4 mm spherical ball, as an indenter (Figure 2.13 and 2.14). The tests were carried out at 

a crosshead speed of 1 mm/min. The following equation was used to calculate the biaxial 

flexural strength (Higgs et al., 2001; Aljabo et al., 2015): 
 

 

𝑆𝑆 =  𝐹𝐹
ℎ2
�(1 + 𝑣𝑣) �0.485 ln � 𝑎𝑎

ℎ
 � + 0.52� + 0.42�                     Equation 2.8 

 
Equation 2.8. S is the biaxial flexural strength, where: F = force in newtons, a = radius of the 

support ring; h = sample thickness in mm; v = Poisson’s ratio (0.3). 

 

 

 
 

Figure 2.13. Schematic of the ball-on-ring setup for biaxial flexural strength. 
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The biaxial elastic modulus was calculated using the force-displacement graph and the 

equation shown (Higgs et al., 2001; Aljabo et al., 2015) below: 

 
𝐸𝐸 = � Δ𝐻𝐻

Δ𝑊𝑊𝑐𝑐
� ×  �𝛽𝛽𝑐𝑐ℎ

2

𝑞𝑞3
�                                          Equation 2.9 

Equation 2.9. E represents the elastic modulus, where 𝛥𝛥𝐻𝐻
𝛥𝛥𝑊𝑊𝑐𝑐

 is the slope gradient of the load 

versus center of deflection, 𝛽𝛽𝑐𝑐= center of the deflection function, h = sample thickness; q = 

ratio of the radius of the support ring to the radius of the sample). 

 

Figure 2.14. Ball-on-ring jig used to test biaxial flexural strength (original 2D/3D drawing 

made using AutoDesk AutoCAD 2018). 

 
 

2.4 Statistical analysis 

Descriptive statistics such as mean and standard deviations were calculated for each 

studied variable using Microsoft Excel tools (Microsoft Office 365, USA) and these data 

are presented in tables and figures throughout the following chapters. Descriptive 

statistics and graphs were also made using Origin(Pro) Version 2021 (OriginLab 

Corporation, Northampton, MA, USA). The data were exported into the software 

Statistical Package for the Social Sciences (SPSS 25.0 for Mac, IBM, USA) and 

inferential statistics was calculated for hypothesis testing. This included normality tests 

to assess data distribution such as Shapiro-Wilk and Kolmogorov-Smirnov.  

For the comparison of means, parametric one-way ANOVA was utilized, when 

assumptions were met – and for this Levene’s Test of Homogeneity of Variance or 

Bartlett’s was also employed. Welch’s ANOVA was used when data were 



General Materials and Methods 
 

  48 

heteroscedastic. Non-parametric alternative Kruskal-Wallis H Test (distribution free) was 

used if a normal distribution assumption was violated. Post-hoc tests included Tukey’s 

HSD for ANOVA, and Games-Howell when equal variances were violated. Dunn’s Test 

was used when non-parametric Kruskal-Wallis H Test was employed. A Boltzmann fit 

model was applied to peak intensities for Raman Spectroscopy (details in Chapter 5). 

All inferential statistics was computed at a significance level of 5%. 

Sample size calculations were performed to find out the minimum sample number 

required to detect differences in the following studies/variables: (1) FTIR – DC (%) and 

Rp,max; (2) Raman – Differences in Boltzmann fit using peak intensities; (3) Push-out bond 

strength – using ivory as a model; (4) Biaxial flexural strength – differences between 

formulations. An a priori power analysis, of two independent means, was conducted with 

statistical software G*Power v.3.1.9.6 for Mac (HHU Düsseldorf, Germany), using an 

alpha of 0.05 and power of 0.80. The effect size was calculated based on mean differences 

from preliminary pilot studies undertaken for two different groups for each variable (see 

figures below). 

 

(1) Considering the pilot results of FTIR, n=3 would give a power of > 99% to detect 

differences in DC (%), and 90% for differences in rates (Rp,max) (Figure 2.15 A/B). 

 

 
 

Figure 2.15 (A). Power calculations for DC (%) pilot study (A). A large effect size confirms 

reproducibility. Note: total sample size indicates n of both groups combined. 

 

A 
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Figure 2.15 (B). Power calculations for Rp,max (B). Note: total sample size indicates n of both 

groups combined. 

 

(2) Considering the pilot results of Raman spectroscopy, n=3 would give a power of 95% 

(Figure 2.16). 

 

 
 

Figure 2.16. Power calculations for differences in Boltzmann fit between different materials. 

Note: total sample size indicates n of both groups combined. 

 

 

(3) Considering the pilot results of push-out bond strength, n=10 would give a power of 

> 95% (Figure 2.17). 

 

B 
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Figure 2.17. Power calculations for differences in push-out bond strength averages. Note: total 

sample size indicates n of both groups combined. 

 

 

(4) Considering the pilot results of mechanical testing of biaxial flexural strength, n=10 

would give a power of > 99% (Figure 2.18). 

 

 
 

Figure 2.18. Power calculations for differences in biaxial flexural strength means between 

different materials. Note: total sample size indicates n of both groups combined. 
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3 Chemical composition, polymerisation kinetics and filler 
analysis of etch-and-rinse, self-etch and universal bonding 
systems 

 

3.1 Abstract 
 
Aims: To study the component ratios, polymerisation kinetics, fillers and pH of modern 
3-step, 2-step and multimodal bonding systems. 
 
Materials and Methods: Three-step etch-and-rinse Optibond FL (OBFL), two-step self-
etch Clearfil SE Bond 2 (CFSE), and two one-bottle universal bonding systems – Clearfil 
Universal Quick (CFUQ) and Scotchbond Universal (SBU) were tested. Monomer 
composition was assessed using FTIR and Raman Spectroscopy. Component ratios were 
modelled using summed spectra of solvents (water, ethanol), methacrylate monomers 
(HEMA, Bis-GMA, TEGDMA, UDMA and 10-MDP), and fillers, each multiplied by 
varying fractions. Filler load and spectra were obtained following their separation from 
the adhesives through gravimetric analysis (n=3). ATR-FTIR was used to assess mixing 
rates for two-bottle systems and polymerisation kinetics of all formulations at 37ºC with 
20 s light curing (LED 1100-1330 mW/cm2, n=3). Micromorphology and elemental 
analysis of the fillers was determined by SEM/EDX imaging and spectroscopy. 
 
Results: Primers of OBFL and CFSE had very different HEMA/solvent ratios, while the 
adhesives were more similar (Bis-GMA/HEMA mixtures). SBU and CFU had complex 
mixtures with differences in functional monomers and solvents. Solvent percentage with 
OBFL (30%) was half that of CFSE (60%), while CFU had 15% and SBU 25%. CFSE 
and CFU solvents were water based whilst OBFL and SBU had a co-mixture of 
water/ethanol. The highest final DC (%) belonged to SBU (87 ± 1%), followed by CFU 
(83 ± 1%), CFSE (83±1%) and OBFL (83 ± 1%), all statistically different (Tukey’s HSD, 
p<0.05). Regarding filler analysis, OBFL had the highest filler load (48 wt%) compared 
to 5 wt% of all other systems. OBFL showed two types of fillers and particles in the 
micron rage (>1µm) whilst CFSE, CFU and SBU had only silica nanoparticles with 
similar distribution and spherical morphology. 
 
Conclusion: Bonding systems of different adhesive strategies vary in component ratios 
such as hydrophilic/hydrophobic monomers, functionalized acidic monomers and 
solvents. Polymerisation rates and final DC (%) were largely material-dependent. Filler 
types were different for the etch-and-rinse system when compared to all others. ATR-
FTIR is a very useful technique to study and identify relative levels of main components 
in liquid mixtures such as bonding systems, and to assess polymerisation kinetics.  
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3.2 Introduction 
 
Bonding systems have been the focus of many years of research and have been improved 

substantially ever since they were first introduced in dentistry. Despite the efforts, a way 

to improve their longevity is still necessary. The HL is persistently described as the 

weakest link in the composite restoration (Spencer et al., 2010; Kikuti et al., 2012). The 

goal of adhesive research is to strengthen and make it as durable as possible. 

 
In order to understand the process of hybridisation, it is imperative to study its 

nanostructure and the reactants formed upon the resin-tooth interaction (Yoshida and 

Inoue, 2012). The molecular interactions between the restorative material and the 

substrate are complex and far from being fully understood, and they are largely influenced 

by factors such as type of monomers, their molecular weight, hydrophobicity and 

chemical structure; amount and type of fillers; type of solvent and pH (Silva e Souza et 

al., 2010). These properties allow bonding systems, depending on their formulation, to 

effectively wet the substrate, etch the surface, infiltrate and penetrate the demineralised 

layer and the organic components, establish chemical bonds with hydroxyapatite and 

secure retention and adhesion (Özcan, Dündar & Çömlekoğlu, 2012). Detrimental effects 

such as water sorption, hydrolytic susceptibility and resin biodegradation can also be 

predicted with knowledge of the composition of the materials (Tezvergil-Mutluay, 

Pashley & Mutluay, 2015). By employing chemical analytical methods such as 

vibrational spectroscopy, information regarding monomer composition, setting kinetics 

of the material and post-curing state are valuable to characterize and predict bonding 

behaviour (Khan et al., 2017). Due to the above-mentioned factors, etch-and-rinse, self-

etch and universal adhesives all rely on different bonding mechanisms, and thus have 

different properties, which is related to their chemical composition. 

 

3.3 Aims and Objectives 
 
The aim of this chapter is to focus on modern dental bonding systems and the difference 

for different manufacturers, as well as relative levels of main components. Chemical 

composition (methacrylates and solvents), polymerisation kinetics, filler content, type 

and parameters such as pH were assessed. All of these factors affect their bonding 

potential and distinguishes them from one another. In order to understand their flaws and 

to have an idea of the chemistry and properties behind current adhesive materials this 
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chapter is relevant to a research work that culminates in the development of a novel self-

adhesive material. 

 

3.4 Hypothesis 
 
The null hypotheses are that there is no difference in:  

 
- Monomer composition, component ratios and LogP across different bonding systems 

 
- pH and micromorphology of fillers across different bonding systems 

 
- Mixing and drying kinetics and polymerisation properties of different bonding 

systems  

 
 
3.5 Materials and Methods 
 
3.5.1 Materials 
 
 

The material sources and composition used in this study are shown below in Table 3.1.  

 
Table 3.1. Material composition of the different adhesives used in this chapter. 

MATERIAL TYPE MODE COMPOSITION                       FILLER 

 
Optibond FL 
OBFL  

Etch-and-
rinse 3-step 

Primer: 10-30% HEMA, 5-10% 
GPDM, 10-30% MMEP, Ethanol, 
Water 
 
Adhesive: 10-30% HEMA, N/A% 
Bis-GMA, *GDMA  

Barium 
aluminosilicate, 
sodium 
hexafluorosilicate 
and fumed silica 

Clearfil SE 2 
CFSE  

Self-etch 2-step 

Primer: 20-40% HEMA, 10-
MDP*, *Hydrophilic aliphatic 
dimethacrylate, Water 
 
Adhesive: 25-45% Bis-GMA, 20-
40% HEMA, *10-MDP, 
*hydrophobic aliphatic 
dimethacrylate 

Colloidal silica 

Clearfil Universal 
Bond Quick 
CFU  

Universal Multimode 

10-25% Bis-GMA, 2.5-10% 
HEMA,10-MDP*, Hydrophilic 
amide monomer*, silane* 
 
Solvent: Water*, 10-25% Ethanol 

Colloidal silica and 
sodium fluoride 
particles 
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10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; Bis-GMA: Bisphenol-A-glycidyl dimethacrylate; CQ: 
camphorquinone; GDMA: glycidyl dimethacrylate; GPDM: glycerophosphate dimethacrylate; HEMA: hydroxy ethyl 
methacrylate; MMEP: mono-2-methacryloyloxyethyl phthalate; ODMAB: 2-(ethylhexyl)-4- (dimethylaminobenzoate); 
UDMA: urethane dimethacrylate 

 

For modelling purposes, pure main components were also obtained. These included 

HEMA (DMG, Germany, code 11220), Bis-GMA (Polysciences, USA, code 03344) and 

10-MDP (DM Healthcare, USA, code P01030), and for solvents – ethanol and acetone 

(Sigma-Aldrich). Additionally, TEGDMA (DMG, Germany, Code 100102) was also 

acquired to provide the spectrum of a commonly used diluent monomer.     

 

3.5.2 Chemical structure and hydrophobicity/hydrophilicity of dental monomers 

The hydrophilicity/hydrophobicity of common monomers used in dental resin-based 

materials was estimated using the ChembioDraw Pro v.19.1 (Perkin-Elmer, MA, USA), 

which enables the user to draw the molecular chemical structure of each component. 

Molecular weight (g/mol) and aqueous solubility Log S (mol/l) were also determined. 

The partition coefficient (LogP) was calculated based upon Viswanadhan’s fragmentation 

method (Viswanadhan et al., 1989) – Equation 3.1. This method is based on LogP values 

assigned to atoms, attached to different chemical groups. The software was also used to 

extract information such as the molecular weight of each component. 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃 = 𝑙𝑙𝐿𝐿𝐿𝐿 � [𝑠𝑠]𝑜𝑜
 [𝑠𝑠]𝑤𝑤

�                                   Equation 3.1 

Equation 3.1. Equation used to calculate the partition coefficient (LogP), where s = solute; o = 

octanol and w = water. 

 

3.5.3 Filler separation  
 
To separate the organic matrix from the fillers in the different adhesive bottles, Salazar, 

Dennison and Yaman’s (2013) protocol was adapted and followed, where 0.5 g of each 

adhesive was mixed with 10 mL of acetone in a test tube. The test tube was first weighed 

Scotchbond 
Universal 
SBU  

Universal Multimode 

15-25% Bis-GMA, 15-25% 
HEMA, 10-20% 10-MDP,            
1-5% Polyalkenoic acid 
copolymer,7-13% silane, <2% CQ 
 
Solvent: 10-15% Water/ 10-15% 
Ethanol 

Silica fillers 
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empty and then with the specimen to the nearest 0.0001 g, using a balance (Mettler 

AG204, Gemini, Netherlands). The specimens were later agitated in a mixer and further 

agitated with a gyratory shaker at room temperature for 2 h. Centrifugation was then 

carried out for 15 minutes at 4000 rpm (Eppendorf 5804 R, Hamburg, GER). After being 

centrifuged, the supernatants were decanted off and the sedimented filler left to dry 

overnight in a fume hood (at 18ºC) until evaporation of all of the solvent was achieved. 

 

3.5.4 FTIR of primers, adhesives, fillers and individual components 

To obtain Fourier Transform IR (FTIR) (Spectrum One, Perkin-Elmer, MA, USA) 

spectra, metal circlips (1 mm thickness x 10 mm internal diameter) were used to confine 

drops of the bonding systems used (Table 3.1). Individual monomers (HEMA, Bis-GMA, 

UDMA, TEGDMA, 10-MDP) and solvents (water, ethanol and acetone) were also used 

for spectral acquisition using a diamond ATR accessory (Golden Gate ATR, Specac Ltd., 

Orpington, UK) attached to a FTIR spectrometer. For the adhesive fillers which are solid 

particles, the golden gate bridge of the ATR accessory was required to ensure good 

contact of the sample with its diamond. All spectra were acquired from 700-4000 cm-1 at 

a resolution of 4 cm-1. Spectrum TimeBase v. 3.1.4 (Perkin-Elmer, MA, USA) was used 

for data processing. 

To complement FTIR data a Raman spectrum of each bonding system was also acquired 

using a Raman microscope (LabRam 300, HORIBA UK Ltd, Northampton, UK). Spectra 

were obtained at three random points over a wavenumber range of 850 to 1750 cm-1 with 

10 s acquisition time and an accumulation number of 3 at each point. Labspec 6.0 

(HORIBA Yvon-Jobin, France) was used for data post-processing. 

 

3.5.5 Model fitting for relative component determination 

In order to semi-quantify component levels in bonding systems, Microsoft Excel Tools 

16.35 (Microsoft, USA) were used to build a database containing IR spectra of raw 

chemical components such as dental monomers, coupling agent, fillers and common 

solvents such as acetone, ethanol and water. A model was then created which allowed the 

prediction of individual contributions of each raw component, multiplying them by a 

constant, giving a final spectrum. This spectrum was then fitted to the spectrum of the 

material in study. Increasing or decreasing the ratios of each component led to the 
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determination of the closest fit. The assumption was that the sum of the individual 

components equals the total monomer fraction. According to the Beer-Lambert law, the 

absorbance of light is proportional to the concentration of the liquid sample, thickness 

and absorption coefficient (Equation 2.1). The following equation was used to build a 

spectrum of the mixture: 

A𝑐𝑐,𝑣𝑣 = ∑ �𝑋𝑋𝑟𝑟 𝐴𝐴𝑟𝑟,𝑣𝑣�𝑟𝑟 + �𝑋𝑋𝑓𝑓 𝐴𝐴𝑓𝑓,𝑣𝑣� + 𝐵𝐵                      Equation 3.2 

Equation 3.2. Equation used to calculate model Absorbance, Am,.  Xr is the fraction of each pure 

solvent or monomer spectrum used in the model which for an ideal system would equal their 

volume fraction.  Ar is absorbance of the monomer or solvent at each given wavenumber, v.   B 

is a constant background absorbance and f represents the filler phase which is added on top of 

the model as additional absorbance. 
 

For peak fitting, key regions such as fingerprint (1750 – 850 cm-1) were used, but also the 

3300 cm-1 region, important due to -OH groups, found in water and monomers such as 

HEMA. To achieve the best fit, systematically, the component ratios were increased or 

decreased according to parameters defined in Equation 3.3. The best fit was determined 

using this equation, and the final fit guaranteed the modulus of the difference was at the 

lowest number possible, and the sum of the difference spectra equaled zero. 

 

𝐼𝐼.    �(𝑋𝑋𝑟𝑟) = 1 

𝐼𝐼𝐼𝐼.   ∑(A𝑐𝑐,𝑣𝑣 − A𝑐𝑐,𝑣𝑣 ) = 0                                      Equation 3.3 

𝐼𝐼𝐼𝐼𝐼𝐼.    �(�A𝑐𝑐,𝑣𝑣 − A𝑐𝑐,𝑣𝑣 �) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

 
Equation 3.3. Parameters used to achieve best fit. I – The sum of the monomer and solvent 

(liquid) volume fractions was =1; II – The sum of the difference between the actual and model 

spectra was equal to zero; III – The lower the sum of the modulus of the difference, in actual 

and model spectra, the better the fit. Ap,v  is the absorbance due to the primer or adhesive. 

 

3.5.6 Polymerisation, mixing and drying kinetics 

To assess drying kinetics a single drop of primer or single bottle adhesive was dispensed 

within circlips positioned around the ATR diamond of the FTIR. Evaporation of the 
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solvent in the primers/one-bottle systems was then carried out with a hairdryer, for 20 s, 

at temperature stage 1 – 1500W (Grundig HD, 259, Frankfurt, GER). For the two-bottle 

systems, a single drop of the adhesive was then added. Acetate sheet was placed on top 

prior to light exposure of each of the bonding systems. 

Spectra were obtained during drying, mixing (of the two bottle systems) then during and 

for 20 minutes after 20 s of light exposure. The top surface of the material was irradiated 

with a single emission peak light emitting diode (LED) light curing unit (LCU) (Demi 

Plus, Kerr, Orange, CA, USA) with a power output that ranged from 1100 mW/cm2 to a 

peak of 1330 mW/cm2, and spectral emission ranging from 450 to 470 nm. An acetate 

sheet separated the bonding system from the light curing unit, which was in direct contact 

with the acetate. The spectra wavenumber range acquired was from 700 to 4000 cm-1 at 

a resolution of 4 cm-1, for 20 minutes at 37ºC (Young, Rafeeka and Howlett, 2004). The 

light curing began 20 s after the start of mixing and spectral acquisition. Monomer 

composition, reaction rate, delay time, time of light exposure required to achieve 50% 

monomer conversion and final DC (%) were assessed and calculated for each material as 

explained in detail in Chapter 2 (2.3.2.1.1). Peak heights were used for DC (%) 

calculation. 

To confirm the cause of spectral changes during light exposure were due purely to 

polymerisation, difference spectra were obtained by subtracting the spectrum just before 

light exposure from that after 20 minutes. The profile of peak changes after adding the 

adhesive on top of the primer in OBFL and CFSE, and after drying all bonding systems 

was also obtained, to determine mixing and drying kinetics. 

 
3.5.7 Weight percentage of components, filler microscopy and pH 
 
After isolating the fillers (see subheading filler separation), the tubes were weighed to 

the nearest 0.0001 g. This entire procedure of filler separation was repeated twice to 

calculate the average weight percentage of filler load. The isolated fillers were observed 

under FE-SEM at high and low magnifications.  
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The equation used to determine final weight percentages is shown below – Equation 3.4: 

 

𝑊𝑊𝑓𝑓 (%) = 𝑊𝑊𝑝𝑝−𝑊𝑊𝑡𝑡

𝑊𝑊𝑖𝑖
 ×  100                                        Equation 3.4 

 
Equation 3.4. Equation used to calculate the weight percentage of fillers, where Wf is the final 

weight percentage of the filler load in the material; Wp is the weight of the sample after particle 

separation Wt is the weight of the test tube (sample holder) and Wi is the weight of the sample 

before particle separation. 

 

The average recommended time of solvent evaporation by manufacturers is 10 seconds. 

This recommended time was doubled to ensure evaporation of most of the solvent, so 

solvent content after 20 s evaporation was determined. A drop of each primer or single-

bottle adhesive [0.03g] was dispensed on a glass slide and weighed on an analytical 

balance (Mettler AG204, Gemini, Netherlands). Evaporation of the solvent was carried 

out with a hairdryer (fixed at a standardized distance), for 20 s, at temperature stage 1 – 

1500 W (Grunding HD, 259), and the glass slide was weighed again to the nearest 0.0001 

g. This process was repeated twice to determine the average mass loss. 

 
The pH of the adhesives was measured with a pH meter E520 (Orion star A111, Thermo 

Scientific). A dilution at a proportion of 1:9 (by weight) was prepared, with deionized 

water, to undertake the measurement, following a previously published protocol Muñoz 

et al. (2013). The pH meter was calibrated and three readings in total were performed at 

room temperature and a mean was obtained (n=3). The pH value reported was assumed 

to be the pH measured minus 1 to account for the dilution. 
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3.6 Results 
 
3.6.1 Chemical structure, molecular weight and LogP of monomers 

The chemical structure of monomers is shown below (Fig. 3.1). Bis-GMA and PPGDMA 

have the highest molecular weight, while HEMA and TEGDMA have the lowest. 

Regarding the partition coefficient (LogP), PAA/HEMA/HEAA were found to be the 

most hydrophilic monomers, whereas Bis-GMA was the most hydrophobic (Table 3.2).  

 
Figure 3.1. Chemical structure of monomers used in commercial dental adhesives. 

Table 3.2. Molecular weight, LogP and LogS prediction as estimated by Viswanadhan et al. 

method (1989) using ChemBioDraw Pro v. 19.1. 

MONOMERS MOLECULAR WEIGHT Log P* Log S 
10-Methacryloyloxydecyl dihydrogen phosphate (10-MDP) 322.3 4.09 -2.65 

4-Methacryloxyethyl trimellitic acid (4-MET) 322.3 1.71 -2.74 

4-Methacryloxyethyl trimellitic anhydride (4-META) 304.2 2.00 -3.04 

Bisphenol-A glycidyl dimethacrylate (Bis-GMA) 512.6 5.09 -5.57 

Glycerol-phosphate dimethacrylate (GPDM) 294.2 2.26 -0.79 

Hydroxy ethyl acrylamide (HEAA) 115.1 -0.56  0.23 

2-Hydroxyethyl methacrylate (HEMA) 130.1 0.47 -0.04 

Phtalic acid monomethacrylate (MMEP) 277.3 0.47 -2.26 

Polyacrylic acid (PAA) 72.1 0.38 -0.14 

Poly(propylene) glycol dimethacrylate (PPGDMA) 536.0 1.81 -1.69 

Tri ethylene glycol dimethacrylate (TEGDMA) 286.3 1.42 -1.20 

Urethane dimethacrylate (UDMA) 455.5 3.29 -3.90 
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3.6.2  IR spectra of dental monomers, fillers and solvents 
 
The IR spectra of six common monomers used in dental formulations are shown below 

(Figure 3.2). The table containing assignments is underneath (Table 3.3).  

                         
Figure 3.2. IR spectra of dental monomers (1750 cm-1 to 700 cm-1). Grey lines represent 

common methacrylate peaks. 
   

Wavenumber 
(cm-1) Assignment Wavenumber 

(cm-1)   Assignment Compound 

1700 - 1720 C=O stretch 1610 Aromatic C=C stretch Bis-GMA 
1640 C=C stretch 1530 N-H bend UDMA 
1450 CH3 bend 1510 Aromatic C=C stretch Bis-GMA 
1320, 1300 C-O stretch doublet 1345 CH2 wagging 4-META 
1160 C-O-C stretch 1240 C-N stretch UDMA 
1040 C-O stretch 1230 CH-OH stretch 4-META 
940 CH2-C bend 1140 C-N stretch UDMA 
815 C-C-O stretch 1120 C-O-C stretch TEGDMA 

  1080 C-OH stretch HEMA   
1000 P-O-C stretch 10-MDP   
902 C-O stretch HEMA 

  830 C-C-O stretch Bis-GMA 
  780 N-H wagging UDMA 

Table 3.3. IR chemical assignments with respective compounds. Left side are 

peaks due to methacrylate groups, and right side are peaks due to groups 

attached to the methacrylate groups that are specific to each monomer. 
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Common methacrylate peaks and distinctive peaks found in most monomers and 

respective assignments are listed in Table 3.3. Since many methacrylates have similar 

spectra, it is helpful to look into detail to identify their differences. Strong peaks due to 

solvents and common methacrylate peaks made it possible to assess relative levels of 

solvents versus methacrylates in bonding systems, during modelling, with reasonable 

certainty. Conversely, the similarities in methacrylate spectra, lack of all individual 

monomer spectra, and peak shifts due to mixtures of pure components made it more 

difficult to identify specific monomers, if present at low level. Using strong, well 

separated aromatic, C-OH and phosphate peaks (see Table 3.3 and Table 3.4), did, 

however, enable some quantification of the relative levels of the main components. 

IR spectra of solvents and their respective peak assignments are shown in Figure 3.3 and 

Table 7. Water has a distinct O-H broad peak [v(O-H)] around 3000-3500 cm-1 and at 

1635 cm-1. Ethanol has a smaller peak around 3100-3500 cm-1 and has a distinct C-O 

stretch doublet (1045, 1085 cm-1). Acetone is not present in any material in this study; 

however, it is a common solvent in bonding systems. It can be identified by its distinct 

1710 cm-1 C=O peak and 1220 cm-1 C-C stretch. 

 
Figure 3.3. FTIR spectra of solvents in commercial bonding systems (4000 cm-1 to 700 cm-1) – 

acetone, ethanol and water. Note specific water peaks (O-H at 3230cm-1 and 1630 cm-1), 

ethanol peaks (distinct C-O stretch 1045, 1085 cm-1). Acetone has a marked 1710 cm-1 C=O 

stretch peak, 1358 cm-1 CH3 stretch and 1220cm-1 C-C stretch.  
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Table 3.4. Common peaks, assignments and compounds of the FTIR spectra of solvents. 

 

Wavenumber  
(cm-1) Assignment Compound 

3230  -OH stretch Water, Ethanol 

2970  C-H stretch Ethanol 

1740  C=O stretch Ethanol 

1710  C=O stretch Acetone 

1630  O-H scissor Water 

1358  CH3 symmetric deformation Acetone 

1220  CCC assymetric stretch Acetone 

1045  CH3 rock Ethanol 

880 C-C-O stretch Ethanol 
 

 
Spectra of fillers isolated from the bonding systems can be seen in Figure 3.4. OBFL 

revealed a strong broad band located at 992 cm-1 which can result from overlapping 

contributions of Si-O asymmetric bond stretching and B-O bonding vibration in the 

barium aluminoborosilicate glass. OBFL has a peak in the 1400 cm-1 region due to B-O 

stretch. The band around 1200 cm-1 is related to Si-CH2 in silanated particles, while the 

1060-1080 cm-1 of the remaining adhesives is due to Si-O asymmetric stretch of silica 

particles. The 790 cm-1 peak is due to symmetric stretching of Si-O in all adhesives. 

 

 
Figure 3.4. FTIR spectra of fillers in bonding systems (800-1800cm-1).  
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3.6.3 Chemical composition: FTIR model fitting 

Individual IR and Raman spectra of the different bonding systems and assignments are 

given in Appendix A. Model spectra for two-bottle bonding systems (primers, adhesives) 

and one-bottle bonding systems will be presented below. Fractional amounts of pure 

component spectra used for model construction are given in Table 3.5. For all spectra 

shown thereafter, peak assignments are given in Table 3.6. 

 

A) Primers (OBFL/CFSE) 

According to the model, OBFL primer contains 15% water and 15% ethanol, while CFSE 

primer is 60% water based. The model suggests both primers contain high levels of 

HEMA and low levels of phosphate monomers. Different amounts of solvents will change 

the spectra of the components. Relatively low absorbance of monomer peaks in CFSE 

(Figure 3.5B) is due to the presence of a high amount of water which solubilizes the 

monomers causing the 1700/1635 cm-1 peaks to broaden and reduction in methacrylate 

peak absorption. It shows a decent fit for CFSE (Figure 3.5B) but is less good for OBFL 

(Figure 3.5A). OBFL has significant levels of additional monomers (MMEP and GPDM) 

that were not available for model construction. The difference spectrum for OBFL in 

Figure 3.5A, obtained by subtracting the model from the actual spectra, is consistent with 

the main additional monomer in OBFL being MMEP.  This difference spectrum has peaks 

at 1270, 1640 and 1700 cm-1 which could be due to MMEP acidic (COO) and 

methacrylate (C=C and C=O) groups.  

 

The remaining 3 weak, sharp peaks between 1500 and 1600 cm-1 are similar to aromatic 

peaks in Bis-GMA (see Table 3.3) but slightly shifted in wavenumber. This would be 

consistent with the MMEP aromatic ring having COO groups attached. Additional 

imperfections in the model, could be due to the use of 10-MDP as a model substitute for 

GPDM in OBFL. Comparing their chemical structures (Figure 3.2) suggests this would 

give greater aliphatic C-H peaks (seen between 1350-1450 cm-1) but weaker methacrylate 

peaks (1600-1750 cm-1) than required and observed. 
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Figure 3.5. FTIR spectra of primers, the calculated model spectra, percentages of pure 

spectra used in the model and difference between the actual spectra and model. A) 

OBFL primer model requires a mixture of water and ethanol and a higher amount of 

HEMA. CFSE model required a high percentage of water. Grey lines highlighted 

represent common methacrylate peaks. 
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Table 3.5. Summary table indicating the fractions of different spectra (X in Equation 8) used to 

produce the model spectra for the bonding systems. Also provided is the required flat 

background term and the sum of the modulus of differences that indicates the quality of model 

fit (Equation 9). 10-MDP is modelled as GPDM in the case of OBFL primer. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
      Two-bottle systems 

 
         Primer                          Adhesive 

One-bottle systems 

 OBFL   CFSE OBFL     CFSE CFU SBU 
HEMA 0.55 0.30 0.50 0.45 0.10 0.25 

Bis-GMA - - 0.50 0.45 0.25 0.25 

TEGDMA - - - - - 0.10 

UDMA - - - - 0.20  

10-MDP 0.15 0.10 - 0.10 0.20 0.10 

Water 0.15 0.60 - - 0.10 0.15 

Acetone - - - - - - 

Ethanol 0.15 - - - 0.10 0.10 

Silane - - - - 0.05 0.05 

Filler - - 0.32 0.30 0.20 0.15 

Background absorbance 0.04 0.02 0.02 0.03 0.03 0.02 

Sum of mod (difference) 12.9 8.1 7.1 7.8 11.3 7.2 
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B) Adhesives (OBFL/CFSE) 

Figure 3.6 illustrates model fitting for the adhesives of both bonding systems whilst 

spectrum fractions are provided in Table 8. This suggests equal levels of Bis-GMA and 

HEMA are in both adhesives. CFSE however has 10% of 10-MDP spectrum included in 

the model – Figure 3.6B. Overlapping contributions in the 1200–750 cm-1 region owing 

to the Si-O stretch and B-O bonding vibrations are caused by fillers – Figure 3.6. Slight 

differences between actual and model spectra in Figure 4.6B between 1240 and 940 cm-

1 may be a consequence of solvent interactions with the 10-MDP ionizing the phosphate 

group and the additional low level hydrophobic aliphatic dimethacrylate (Table 3.1). 

 
Figure 3.6. FTIR spectra of primers, the calculated model spectra and difference between the 

actual spectra and model.  OBFL adhesive – (A), contains 50% Bis-GMA and 50% HEMA in 

the monomer phase, excluding fillers. Level of GDMA was too low to detect. CFSE’s adhesive – 

(B) right figure, model has an equal mixture of Bis-GMA/HEMA. Grey lines highlighted 

represent common methacrylate peaks. 
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C) Single-bottle bonding systems (CFU/SBU) 

In Figure 3.7 it is possible to observe the model fitting for both universal adhesives – 

CFU and SBU. Both are mixtures containing hydrophobic and hydrophilic monomers, 

with CFU, according to the model, having more Bis-GMA (30%) than SBU (25%). Both 

contain percentages of 10-MDP alike OBFL and CFSE, with CFU having 15% and SBU 

only 10%. The model fit is poorer for CFU – Figure 3.7A, as in this system there are 

components that are unknown and could not be used in the model, as the individual 

spectra are missing (Table 4). The difference spectra are consistent with an acrylamide 

monomer, which shows peak differences in the amide 1400-1700 cm-1 – see Table 3.6 

and N(CH3) stretching around 980 cm-1. In SBU, difference spectra shows variance in 

methacrylate peak absorptions which may be related with differences in exact percentages 

of monomers, but overall, the model fit is in agreement with the spectrum of the mixture. 

 

 
 

Figure 3.7A. FTIR of the universal systems, model spectra and difference between the actual 

spectra and model.  CFU – (A), contains a mixture of Bis-GMA (35%), 10-MDP and HEMA 

with water as a solvent. Poor fit may be related to not having an acrylamide for the model. 
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Figure 3.7B. SBU – (B) shows a complex mixture of dimethacrylates (Bis-GMA -25%, 

TEGDMA – 10%), HEMA, 10-MDP and a co-mixture of ethanol/water. Grey lines represent 

methacrylate peaks. 
 
 
 

Table 3.6. Assignments for R groups in monomers present in OBFL, CFSE, CFU and SBU. 

  

Wavenumber (cm-1) Assignment Compound  Adhesive 
1660 C=O stretch Acrylamide CFU 

1635 O-H stretch, Aliphatic C=C Water, Monomers OBFL, CFSE, CFU, SBU 

1604 – 1610 Aromatic C=C Bis-GMA, MEPP OBFL, CFSE, CFU, SBU 

1540 N-H bend Acrylamide CFU 

1510 Aromatic C=C Bis-GMA OBFL, CFSE, CFU, SBU 

1360 N-O stretch Acrylamide CFU 

1250 C-O stretch Bis-GMA OBFL, CFSE, CFU, SBU 

1080 C-O stretch HEMA OBFL, CFSE, CFU, SBU 

1045 CH3 deformation 

C-C stretch, C-C-O stretch 

Ethanol 

Bis-GMA, HEMA 

OBFL 

OBFL, CFU, SBU 

1000 – 1010 P-O-C stretch 10-MDP 

GPDM 

CFSE, CFU, SBU 

OBFL 

980 N(CH3) stretch Acrylamide CFU 

902 C-OH stretch HEMA OBFL, CFSE, CFU, SBU 
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3.6.4 Comparison between bonding systems: Components and LogP 

To facilitate comparison between systems, the summary table below was constructed, 

which shows total ratios of monomers and solvents in two-bottle systems (divided by 2) 

and single-bottle systems – Table 3.7. Modelled Bis-GMA is in the following descending 

order – CFU>SBU>OBFL>CFSE, with values similar between different systems, while 

HEMA is OBFL>CFSE>SBU>CFU. Bonding systems also show comparable ratios of 

functional monomers that range from 10-15% in the primers or single-bottle systems. 

 
Table 3.7. Total monomer and solvent ratios in the four different bonding systems. Values were 

rounded to two significant figures. 

 

 

 

 

 

 

 

 

 

 

 

 

The total LogP of the monomer phase was calculated and shown in Table 3.8. The most 

hydrophilic monomer phase was CFSE, while the most hydrophobic was CFU. 
 

Table 3.8. Calculation of the total LogP in the monomer phase using mass fractions as reported 

by Parthasarathy et al. (2019). Total LogP was calculated using the ratio of monomers in each 

system, reported in the table above. For OBFL, LogP of GPDM was used, and for CFU, LogP 

of HEAA was used instead of UDMA.  

 

 

 

 

 

 

 Two-bottle systems     One-bottle systems 

 OBFL CFSE CFU SBU 
HEMA 0.53 0.38 0.10 0.25 

Bis-GMA 0.25 0.23 0.25 0.25 

TEGDMA - - - 0.10 

UDMA - - 0.20 - 

10-MDP 0.08 0.05 0.20 0.10 

Water 0.08 0.30 0.10 0.15 

Ethanol 0.08 - 0.10 0.10 

Silane - - 0.05 0.05 

BONDING SYSTEM Log P* (Total) 

OBFL 1.69 

CFSE 1.53 

CFU 2.03 

SBU 1.94 
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3.6.5 Weight percentage of components, filler analysis and pH 
 

Regarding filler content, OBFL is the highest filled adhesive tested, with a mean average 

of 48 wt% of filler particles. Both adhesives from Kuraray (CFSE, CFU) showed similar 

weight percentage ~ 5%, along with SBU (6.5%). OBFL also had the most solvent 

evaporating after drying (~ 25%), followed by SBU (~15%), CFSE (10%) and CFU (4%) 

– Table 3.9. The pH of adhesives ranged from 0.9 (OBFL) to 2.2 (CFU). SEM 

micrographs of filler particles are shown below (Figure 3.8). 
 

Table 3.9. Filler and solvent in weight percentage of the five different commercial adhesives 

(solvent after drying for 20s). pH value is reported in the last column. Means are shown ± SD.  
 

Material Filler in adhesive/single 
bottle (wt%) 

Solvent in primer/single 
bottle removed after 20 s 

drying (wt%) 
pH (1 in 10 dilution) 

OBFL 48 ± 3.1 25 ± 4 0.9 ± 0.02 
CFSE 5 ± 1 10 ± 1 1.5 ± 0.01 
CFU 5 ± 1 4 ± 1 2.2 ± 0.02 

SBU 6.5% ± 2 15 ± 1 1.4 ±  0.01 

 
 

 
 
 
 
 

Figure 3.8. SEM micrographs 

(3500x) of isolated fillers in the 

different tested materials OBFL (A) 

had larger particles (2-3µm) of 

barium aluminoborosilicate 

(confirmed with FTIR – see Figure 

3.4) unevenly distributed, while the 

other systems CFSE, CFU and SBU 

(B) all had silica nanoparticles also 

confirmed with FTIR spectra. 

Clusters of nanoparticles formed 

with these materials. 

 

 

A 

B 
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3.6.6 Polymerisation, drying and mixing kinetics 
 

A) Mixing kinetics 

Mixing kinetics were determined for the two-bottle systems OBFL and CFSE. The model 

in OBFL shows differences in the [v(C=O)] 1710 cm-1, [v(C=C)] 1510 cm-1, [v(C-O-C)] 

1160 cm-1, [v(C-OH)] 1080 cm-1 and [v(C-O)] 1040 cm-1 peaks when compared to the 

FTIR reading of the mixture (Figure 3.9). The model, however, shows a good fit and only 

slight appearance of a phase separation due to Bis-GMA peak differences. It took on 

average 11 seconds to reach half of the equilibrium, when adding the bond to the primer 

(Figure 3.10). 

 
Figure 3.9. FTIR spectra of Primer + Bond in OBFL (1800-800 cm-1), represented in blue is the 

model of the individual primer and bond, while black indicates the IR spectra of the actual 
mixture. Solvent was not evaporated. Model spectrum was divided by 2 to account for space 

occupied of the mixture on the ATR diamond. 
 
 

 

 

 

 

 

 
 

 

Figure 3.10. Mixing kinetics (1510 cm-1 illustrates the adhesive peak, which is added to the 

primer). Adhesive was added at 180 s, with not evaporation.  
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Considering CFSE, there are greater differences in the peaks, indicating that the primer 

and the bond are not mixing well when they come in contact (Figure 3.11). The difference 

spectrum is compatible with the primer spectrum seen in Figure 3.5B indicating the 

hydrophobic phase (bond) came in contact with the ATR diamond, pushing the primer 

away. It took on average 5 seconds to reach half of the equilibrium, when adding the bond 

to the primer (Figure 3.12). 

 

 
 

Figure 3.11. FTIR spectra of Primer + Bond in CFSE (1800-800 cm-1), represented in blue is 
the model of the individual primer and bond, while black indicates the IR spectra of the actual 
mixture. Solvent was not evaporated. Model spectrum was divided by 2 to account for space 

occupied of the mixture on the ATR diamond. 
 

 

 

 

 

 

 

 
 

 

 

 

Figure 3.12. Mixing kinetics (1510 cm-1 illustrates the adhesive peak, which is added to the 

primer). Adhesive was added at 180 s, with no evaporation.  s. 
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B) Drying kinetics and curing profile 

For each bonding system, continuous profiles were taken, recording the solvent 

evaporation that started at 80 s and ended at 100 s (20 s total). Initial spectrum (at 7 s) is 

also shown, and final spectra after curing reaction (1200 s). The spectra are illustrated 

below, in Figure 3.13. A hot stream of air for 20 s was able to evaporate solvents. 

 

A reduction of absorbance in the [v(C=C)] 1635 cm-1, [v(C-O)] at 1300 cm-1 and 1320 

cm-1 peak due to methacrylate polymerisation can be observed. Additionally, in CFU and 

SBU there is also loss of absorbance at 1160 cm-1 [v(C-O-C)]. Appearance of new peaks, 

upon mixing, can be seen in OBFL and CFSE due to the presence of other monomers in 

the bonding resin such as Bis-GMA (aromatic 1510 cm-1 and 1610 cm-1). An increase in 

monomer concentration with higher absorption of peaks can be seen after solvent 

evaporation in universal systems. 
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Figure 3.13. FTIR spectra of the initial primer/single-bottle (black), after evaporation (green – 

uncured) and after curing (blue). Marked in the spectra are changes to relevant peaks – 

Methacrylate polymerisation at 1640/1610 [v(C=C)] and 1300/1320 [v(C-O)], solvent 

evaporation peaks, new peaks appearing after adding the adhesive (i.e. Bis-GMA) and changes 

in spectra due to higher monomer concentrations after solvent evaporation. 
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C) Polymerisation properties and kinetics 

Final extrapolated DC (%) revealed differences among the different materials tested 

(ANOVA, p<0.001, η2=0.94), but all materials showed conversion levels above 50%, 

illustrated below (Table 3.10, Figure 3.14). Time required to reach 50% conversion and 

maximum rate of polymerisation are also given in Table 3.10. Rp,max showed similar 

distribution across different bonding systems (Kruskal-Wallis, p=0.18), likewise, means 

were similar between t0.5 (ANOVA, p>0.05). 
 

Table 3.10. Final extrapolated DC (%), maximum rate of polymerisation (Rp,max) and time 

required to reach 50% conversion (t0.5) of the four different commercial adhesives (Means ± 

SD). Same capital letters indicate no statistically significant difference (Tukey’s, p>0.05 for 

DC%).  

  
 

 
 
 
 
 
 
 
 
 
 

Figure 3.14. Degree of conversion DC (%) versus time for the four bonding systems. Light 

curing began after 5 s of spectral acquisition and light-curing lasted 20 s. 

Material DC            
(%) 

Rp,max                
(% s-1) 

t0.5                   
(s) 

OBFL 74 ± 1 a 4.0 ± 1.6 a 13.6 ± 2.4 a 

CFSE 79 ± 2 b 5.0 ± 0.1 a 13.6 ± 0.1 a 

CFU 83 ± 1 c 5.8 ± 0.9 a 10.9 ± 1.0 a 

SBU 87 ± 1 d 5.1 ± 0.1 a 11.1 ± 1.5 a 
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The difference spectra due to polymerisation is given in Figure 3.15. The highlighted 

regions due to the methacrylate group can shift during the polymerisation process, 

particularly [v(C=O)], [v(C=C)]and [v(C-O)] stretching vibrations (Figure 3.15). CFU 

revealed additional changes relating to ionisation of a monomer. This shift is similar to 

an acid neutralisation reaction that would occur in monomers alike polyacrylic acid. It 

may be however, related to an acrylamide polymerisation with a shift of the C=O peak to 

the unconjugated mode in lower wavenumber (1700 cm-1) and [v(C-O)] stretch at 1249 

cm-1 (Figure 3.15). 

 

 
Figure 3.15. Absorbance change during polymerisation. Note shift of [v(C=O)] around 1700 

cm-1 to 1730 cm-1 in CFU; loss of 1635 – 1640 cm-1 [v(C=C)] stretch peak and shift of 1300 – 

1320 cm-1 [v(C-O)] stretch doublet to lower wavenumbers at 1268 and 1245 cm-1 in all bonding 

systems. Note overall difference of CFU polymerisation compared to others. 
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3.7 Discussion 
 

3.7.1 Chemical composition  

A) Main monomers of bonding systems 
 
Bonding systems used in contemporary practice can follow an etch-and-rinse, a self-etch 

or a universal/multimodal approach. In the latter, the bonding system can be used in three 

different strategies: as a self-etch, or by adding a separate acid step as an etch-and-rinse 

or as selectively etching enamel only. Bonding systems can be sold in separate bottles or 

the same one, and, because of this, compositions are highly variable (Van Landuyt et al., 

2007). Composition of systems affects all their important properties, which include 

viscosity, monomer conversion and other physical and mechanical properties which 

influence penetration and chemical bonding mechanisms to dental substrates. 

 

Thus, different types of monomers used in formulations will influence the general 

properties of the resulting polymer, its bonding potential and susceptibility towards 

degradation. This affects the HL in dentine, formed upon in situ polymerisation (Azad et 

al., 2018). The table below summarizes important properties of monomers, 

complementing Table 3.2, and will be helpful to accompany the discussion of Chapter 

3 and 4. 

 
Table 3.11. Additional monomer properties as described in the literature and according to the 

corresponding homopolymers formed. DC (%) measurements were done at room temperature. 

(1) Taken from Barszczewska-Rybarek (2019), (2) Taken from Gajewski et al (2012), (3) Taken 

from Sideridou & Papanastasiou (2007), (4) Taken from Sideridou. Tserki & Papanastasiou 

(2003). 

 
 

 

 

 

 

 

MONOMERS [Double bonds] 
(mol/kg) 

Viscosity 
(Pa S) 

DC of 
homopolymers 

(%) 

Water sorption                   
(µg/mm3) 

BIS-GMA 3.90 (1) 1200 (2) 34.5 (2) 33.5 (4) 

UDMA 4.25 (1) 23.1 (2) 75.5 (2) 29.5 (4) 

TEGDMA 6.99 (1) 0.011 (2) 23.1 (2) 69.5 (4) 

HEMA -  0.005 89 (3) 592 (3) 
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Most systems contain the amphiphilic co-solvent HEMA. As a cosolvent, it is added to 

the mixture already containing a solvent, to increase miscibility between 

hydrophilic/hydrophobic components (Ikeda et al., 2008). It also works as an adhesion 

promoter by improving permeability to dentine and subsequent monomer diffusion 

(Özcan, Dündar & Çömlekoğlu, 2012). This was the case for all bonding systems tested 

in this chapter. HEMA-free systems are more susceptible to phase separation and droplet 

formation. This is true for some one-step self-etching adhesives (El-Deeb et al., 2016). 

CFSE and OBFL contained high levels of HEMA, while SBU and CFU had less. This 

also ties in with the LogP calculation of the overall monomer phase, which shows 

increased hydrophilicity for two-bottle systems when compared to single, due to the 

hydrophilic primer and also HEMA content in the adhesive bottle, in the case of OBFL. 

It is important to consider, however, that in the two-bottle systems, the adhesive part is 

supposed to act as a hydrophobic impervious coating to protect the HL by preventing 

hydrolytic degradation (Silva e Souza et al., 2010; Van Meerbeek et al., 2020). 

 
Bis-GMA, the main monomer identified in all systems, has the highest molecular weight 

and is practically insoluble in water due to its hydrophobic aromatic groups, in contrast 

to HEMA. It is the most common monomer used in materials for restorative dentistry and 

ensures compatibility with other co-monomers in formulations (Barszczewska-Rybarek, 

2019). Bis-GMA was seen in comparable ratios among the bonding systems that were 

tested. In a ternary phase system, Bis-GMA can be used in higher fractions if HEMA is 

used as a co-solvent in a water solvated mixture (Ye et al., 2011). Partitioning of phases 

in water environments such as dentine, can result in incomplete polymerisation, monomer 

infiltration, leaching and degradation over time (Ye et al., 2011; Spencer et al., 2019). 

 

B) Functional monomers of bonding systems 
 

Apart from OBFL which contains GPDM and MMEP functional monomers, the rest of 

the systems contained 10-MDP in comparable ratios (10 to 15%). In OBFL, the P-O-C 

stretch found in the 1000 cm-1 wavenumber, may be attributed to GPDM, containing a 

terminal phosphate group (Nurrohman et al., 2015; Yoshihara et al., 2018a). This 

monomer is more hydrophilic than 10-MDP and acts similarly as HEMA since it is not 

able to form stable calcium salts but may efficiently diffuse into the collagen network and 

rapidly penetrate it. Yoshihara et al. (2018a) attributed the excellent bond performance of 
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OBFL partly to this monomer. GPDM in OBFL is moderately water-soluble due to its 

relatively small size and hydrophilic phosphate group. Conversely, MMEP (OBFL) and 

10-MDP (CFSE, CFU and SBU) have limited aqueous solubility due to their aromatic 

groups and long aliphatic chains respectively. These therefore require addition of co-

solvents such as HEMA to aid their dissolution in water.  

 
SBU has a lower concentration of 10-MDP when compared to CFSE by the original 

manufacturer (Oliveira et al., 2017). SBU contains copolymers of carboxylic acid with 

methacrylate groups. These are polyalkenoic acid like molecules (those of glass ionomer 

cements), which help dentine bonding under different conditions of moisture 

(Papadogiannis et al., 2019). This high molecular weight component is able to keep the 

collagen expanded, with open interfibrillar spaces by osmotically attracting water in wet-

bonding conditions (Nakajima et al., 1999). So, it can be considered that it also has two 

functional monomers. This has been described to enhance dentine stability and provide 

additional bonding mechanism to HAp (Costa et al., 2017). The ratio of acidic-

functionalized monomers has to be well planned as the concentration has to be enough to 

guarantee demineralisation and chemical bonding but also low enough to stay away from 

exaggerated hydrophilicity in the set material (Zorzin et al., 2012). 

 
CFU has a novel hydrophilic amide monomer which was confirmed with the presence of 

distinct amide peaks 1660 [v(C=O)], 1540 [δ(N-H)], 1360 [v(C-N)] cm-1. This monomer 

is claimed to allow rapid diffusion into dentine, and due to its cross-linking properties is 

able to resist hydrolytic damage after polymerisation, comparably to HEMA (Schouten, 

2017; Ahmed et al., 2020). Studies evaluating this monomer have shown that immediate 

application time, without waiting or actively rubbing, works with this material, and 

immediate and long-term bond strength is comparable to other systems in normal 

application modes, implying that the hydrophilic monomer has superior wettability and 

action in dentine (Ahmed et al., 2020; Kuno et al., 2019). Kuno et al. (2019) also 

described less water sorption in CFU than with other adhesives, such as CFSE. This 

monomer may be very similar to hydroxy ethyl acrylamide (Table 3.2), as the LogP is 

reportedly -0.7, while for HEAA it is -0.47 (Kuno et al., 2019). Kuraray states CFU has 

less HEMA in the formulation with the benefit of having more acrylamide in the 

formulation. As such, in the model we presented, the HEMA modelled might in fact 

represent acrylamide, to which we lack a model spectrum. 
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3.7.2 FTIR modelling 

Using a technique such as ATR-FTIR to assess chemical composition has many benefits. 

It is a simple and easy method, especially when analysing liquids (i.e., bonding systems), 

It is sensitive enough to identify different chemical groups and mainly useful to monitor 

changes during reactions, using continuous spectral acquisition, to understand which 

chemical groups shift (Young, 2002; Young, Rafeeka & Howlett, 2004; Ferracane et al. 

2017). It does however have some limitations. Low level components are difficult to 

identify, since a mixture of various monomers contains several chemical groups which 

can overlap in key absorption regions, complicating identification. Interaction of 

monomers can also occur, with peaks shifting. Strong peaks can also swamp other 

important peaks, examples of this are the water absorption peak at 1635 cm-1 [δ(O-H)] 

which competes with the aliphatic [v(C=C)] in the same region and the glass region in 

mixtures with filler particles (1280-800 cm-1). Filler absorption is related to the contact 

these make with the diamond in the ATR system. This is determined by the level of 

pressure applied using the ATR golden gate and particle size and shape. Smaller particles 

provide strong spectra more readily. Conversely, liquid samples are considerably more 

reproducible. Quantification of filler load using FTIR is therefore not possible.   

 
A frequency shift of the [v(C=O)] in mixtures is observable (variation from 1700 cm-1 – 

1720 cm-1). This is likely to occur due to formation of intermolecular H-bonds with 

groups such as hydroxyl or phosphate. This can explain broadening or splitting of the 

C=O peak for HEMA, Bis-GMA and 10-MDP but sharper peak in TEGDMA with the 

peak at lower wavenumbers being due to a hydrogen bonded carbonyl. An additional peak 

below 1710 cm-1 relates to a hydrogen bonded carbonyl oxygen. Carboxylic acid group 

containing monomers such as 4-META can have strong effects on the C=O peak causing 

it to shift. Varying ionisation of carboxylic acid groups or its attachment to conjugated 

double bonds in aromatic rings in monomers such as MMEP can also have strong effects 

on the [v(C=O)] and [v(C-O)] peaks causing them to shift. Considering individual 

reference peaks, aromatic rings in Bis-GMA give distinctive peaks between 1500 and 

1610 cm-1, while UDMA has a distinct [δ(N-H)] at 1525 cm-1. Monomers with long 

hydrocarbon chains show weak methacrylate peaks around 1450 cm-1 [δ(C-H)]. The 

phosphate group in monomers such as 10-MDP/GPDM gives a broad peak around 1000 

cm-1, however, due to absorption of filler particles in the same region, the peaks can 

become swamped. 
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3.7.3 Filler composition 
 
Fillers were introduced in bonding systems to optimise mechanical properties and HL 

thickness. They can range from 0.5 wt% to 40 wt%, according to the literature (Güler, 

Sarikaya, Güler & Yücel, 2009). High filler loads will affect bonding, since they may 

form clusters and impede infiltration within the collagen network (Sofan et al., 2017). 

Unfilled bonding systems have lower mechanical properties and may lack radiopacity, 

misleading clinicians into thinking there is a gap. Systems with filler particles will act as 

a shock-absorbing elastic layer between the restorative composite and the tooth, 

increasing the bond strength and providing cohesion (Güler, Sarikaya, Güler & Yucel, 

2009). An intermediate amount of fillers is desirable, since unfilled resins have a very 

low viscosity which creates a thin adhesive layer, not able to withstand the polymerisation 

stress of the resin composite used for the restoration, and high amount of fillers will limit 

penetration into dentine (St-Pierre et al., 2017). Adding fillers to adhesives allows control 

of the viscosity which increases adhesive layer thickness, helpful for cohesive properties 

of the HL (Wang, Yu & Yang, 2018). The optimum concentration of fillers has to be 

achieved to avoid agglomeration of particles on top of the etched dentine, which limits 

resin penetration, decreasing the bond strength and affecting the adhesion mechanism 

(Azad et al., 2018). This tends to occur with nanoparticles. Silanated fillers well bonded 

to the resin matrix also prevent the occurrence of gaps, strengthening the interaction 

between the filler and the resin phase (Feng, Suh & Shortall, 2010).  

 
OBFL is reported to have the highest filler content out of all the adhesives in the market. 

This study confirms its 48% filler content in weight, frankly higher than all the other 

tested materials which are in the range of 5%. This high filler load strengthens the HL 

and may act as an artificially elastic cavity wall, serving as a shock absorber (Loguercio 

et al., 2014), which may also explain its high bond strengths. This contributes to a uniform 

thickness in the formation of the HL, linked with better mechanical properties 

(Stavridakis, Krejci & Magne, 2005). For this reason, OBFL is consistently used in 

indirect restorations for luting/bonding purposes. Belli et al. (2014) tested varying filler 

amounts and found filler percentages up to 10 wt%, in a self-etch single bottle 

formulations, do not impair wettability or favour water sorption (Belli et al., 2014). OBFL 

was confirmed to have two types of fillers: barium aluminoborosilicate and silica 

nanoparticles whilst other systems only showed silica, which is the most used filler. 

Studies contemplating filler analysis of bonding agents are not commonly found in the 
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literature since most are related to luting agents or resin composites (Salazar, Dennison 

& Yaman, 2013; D’Alpino et al., 2016). 

 

3.7.4 pH of the primers and universal systems 
 
Self-etch bonding systems can be classified in terms of their acidity (pH) either as strong 

(<1), moderately strong (1-2), mild (≈2) or ultra-mild (>2.5). The pH of the system 

determines the extent of demineralisation of in enamel/dentin, extremely relevant for 

bonding and stability outcomes. Mild systems provide a shallower demineralisation in 

dentine, which exposes less collagen. Monomer infiltration of the whole length of this 

shallow demineralisation front is then possible, whereas with over etching in stronger pH, 

this poses a problem. Unpolymerised monomers from strong systems that remain uncured 

are able to further demineralise contributing to a poor stability of the adhesive interface. 

This happens due to hydrolytic damage and solubilization of the chemical interactions of 

the adhesive with the organic constituents. Due to their poor long-term outcome, strong 

adhesives should be seldom used in dentine (Cuevas-Suárez et al., 2019). It is important 

to note however, that the pH of bonding systems is always higher than that of phosphoric 

acid (Sezinando, 2014). The presence of smear layer also influences the bond strength 

and stability of the resulting interface, since ultra-mild and mild adhesives incorporate 

larger amounts of this layer, affecting their adhesive performance (Suyamaa et al., 2013).  

 
The pH was measured in a 1:10 dilution, following the method of Muñoz et al. (2013). 

This assumes the acid is completely ionized, which may not be the true case. However, 

clinically, when the drop of the bonding agent comes in contact with enamel/dentine it is 

solubilized in a high amount of water, ionizing the acid. The primer of OBFL revealed 

the lowest pH out of all adhesives (0.9), lower to what was been reported by the 

manufacturer (Van Landuyt et al., 2007). However, it is unknown whether the pH was 

measured in water or neatly. The acidity could be explained by the presence of 

GPDM/MMEP. This is contrary to what is expected as this system is an etch-and-rinse 

and not claimed to be self-etching. Not only was it acidic but it was more acidic than the 

self-etch and universal systems. This explains its high adhesive performance in enamel 

but raises concerns on a potential to over-etch dentine condemning the interface to bond 

failure. This hypothesis is, however, contrary to its excellent in vivo performance 

(Hashimoto et al., 2002; Moosavi et al., 2013; Peumans et al., 2018).  
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When acidic monomers, water and co-monomers are present in the same bottle, the 

environment acidifies over time, which turns the water acidic and makes it able to attack 

the ester bonds in these monomers. This degrades the monomers present in the bottle, 

reducing the bonding system’s shelf-life and stability (Salz et al., 2005). Even in the shelf-

life recommended by manufacturers, most methacrylates suffer hydrolytic damage, and 

it is clear that acidification is bound to happen over time in bottles containing acidic 

monomers. Upon different temperature and storage conditions, dissociation of acidic 

groups may occur (Shibuya-Chiba et al., 2010). With OBFL, the low value explained by 

the presence of acidic monomers will also affect the DC (%). The presence of functional 

monomers in this acidic environment neutralizes tertiary amines present in the 

formulation, inhibiting polymerisation, as explained by Hanabusa et al. (2016). Universal 

systems like SBU and CFU contain silane which requires higher pH (2.2 as measured in 

this study) to impede its activation in the adhesive bottle which would result in premature 

reaction of the silane molecules and formation of oligomers. They are therefore generally 

classified as ultra-mild adhesives (Nagarkar, Theis-Mahon & Perdigão et al., 2019). This 

is a shortcoming of this adhesive strategy as it limits their self-etching efficacy and 

consequently their bonding performance (Van Meerbeek et al., 2020).  

 

3.7.5 Mixing and drying kinetics 
 
Mixing kinetics showed greater differences for CFSE than for OBFL, which most 

probably has to do with a higher water content and bigger differences between 

primer/adhesive composition. This partitions the mixture into two different phases, 

confirmed with the FTIR. As for OBFL, slight differences may be explained by the 

interactions resulting from the mixture of hydrophilic and hydrophobic components. 

 
Solvents play an important role in granting the ability of the monomers to correctly 

interdiffuse the water-rich organic content of dentine. They also act as diluents to reduce 

the overall viscosity of the resin. Solvent evaporation during the bonding procedure has 

to be well controlled in order to achieve a proper degree of cure, bond strength and 

flexural strength of the polymer (Cho & Dickens, 2004; Dickens & Cho, 2005). The 

bonding system is placed in a volatile state, with the solvent and residual water at the 

surface. In order to achieve correct bonding, it has to be evaporated.  
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The evaporation rate depends upon the solvent used, being different for water, ethanol 

and acetone (Sofan et al., 2017). In water-based adhesives, total evaporation is not able 

to be achieved (Pashley et al., 1998). In the bonding systems studied, 20 s showed 

evaporation and loss of the -OH peak in the FTIR, with the remaining being most 

probably due to HEMA content. A thorough evaporation allows monomers that are far 

away from each other to reduce spatial distance and react during polymerisation. This 

also prevents softening of the polymer due to the residual presence of solvents (Cadenaro 

et al., 2019). Residual solvents may affect the cross-linking of the final polymer, limiting 

the resin’s ultimate tensile strength (Cho & Dickens, 2004; Carvalho et al., 2019).   

 
The volatility of the components in the mixture must be known by the clinician in order 

to ensure proper evaporation of different adhesives that may be used clinically (Giannini 

et al., 2008). Solvent evaporation is important as it may affect nanoleakage expression in 

the clinical setting (Chimeli et al, 2014). Simplified adhesives (primer/adhesive in the 

same mixture) with great quantities of hydrophilic monomers and of solvents generally 

achieve a suboptimal polymerisation. Conversely, more hydrophobic and solvent-free 

adhesives reveal less permeable interfaces and a more complete setting reaction 

(Cadenaro et al., 2018). Bottles containing mixtures of solvents and 

hydrophilic/hydrophobic monomers may phase separate and shaking of the bottles before 

use of the bonding system is recommended by some authors (Wang, Spencer, Yao & 

Brenda, 2007a; Ekambaram, Yiu and Matinlinna, 2015).  

 
CFSE is purely water-based, whereas OBFL, CFU and SBU have ethanol/water. Ethanol 

is the most used solvent in bonding systems. It requires a longer evaporation time and the 

percentage of solvent that is retained after evaporation is based upon the hydrophilicity 

of the adhesive blend (e.g. monomers that can bond to hydrogen) (Yiu et al., 2005). This 

is not much of a problem, as DC (%) is not affected in systems with remaining ethanol 

which is not fully evaporated (Ekambaram, Yiu & Matinlinna, 2015). Acetone or ethanol 

are usually mixed with water because this prevents phase separation from occurring, as 

this phenomenon can happen with as little as 5% vol of water content in mixtures such as 

Bis-GMA/HEMA (Spencer & Wang, 2002). This may be a problem for CFSE. Bonding 

systems such as this one and universals require water in their composition to allow 

ionization of the acidic monomers, improving hydrogen bonding (Hiraishi et al., 2005). 

Compared to water, ethanol has higher viscosity and less hydrogen bonding capacity. 
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However, water has a lower vapor pressure, requiring a much longer drying time 

(Ekambaram, Yiu & Matinlinna, 2015).  

 
Solvent content can vary from 5% to higher than 50% (Hashimoto et al., 2005). From 

thermogravimetric analysis of OBFL and CFSE, Ikeda et al. (2005) determined that the 

initial rapid loss of wt% was attributed to solvent evaporation, which in the case of OBFL 

was around 35%, whilst for CFSE it was around 50%. It is important to note however that 

as temperature continues to rise, monomers such as HEMA may also evaporate, leading 

also to wt% loss. This is why in that same study, final wt% loss was around 60%. 

Nevertheless, these results are similar to FTIR modelling in the present study. As for 

SBU, previous studies report the amount of water to be between 10-15 wt%, as also the 

amount of ethanol, corroborating our findings (Sezinando, Perdigão e Ceballos, 2017). 

Bonding systems containing HEMA tend to evaporate less upon air drying than HEMA-

free systems. However, they reach higher microtensile bond strength values (Ikeda et al., 

2008). On one hand, growing evidence suggests that the recommended time of 

evaporation by manufacturers is insufficient and under-representative of what it should 

in fact be. On the other hand, there is the fact that in the clinical setting, clinicians usually 

don’t comply with recommended times, especially in what concerns proper evaporation, 

and this event will then lead to suboptimal polymerisation and solubilization of bonding 

components (Pashley et al., 2011; Carvalho et al., 2019). 

 
As mentioned above, leaching of monomers may translate in cytotoxic effects to pulp 

cells, and this is linked to higher concentrations of monomers such as HEMA. These 

effects can be increased due to the presence of solvents like ethanol that are known to 

increase the solubility of the adhesive (Massaro et al., 2019). All of these factors have 

impact on the performance of bonding systems, and knowledge of components allows 

clinicians to comply to sensitivity, choice and clinical applicability. 

 
 
3.7.6 Polymerisation properties and kinetics 
 
As is the case in free-radical polymerisation reactions, there is a bond breaking and bond 

formation process with a carbon double bond (C=C) being broken by the free radical and 

carbon-carbon single bonds being formed. When this occurs, there is loss of conjugation 

of the carbonyl (C=O) group with the C=C bond, causing a shift to higher wavenumbers. 
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The same happens for the C-O stretch doublet which shifts to lower wavenumbers 

(Young, 2002; Young, Rafeeka & Howlett, 2004). 

 
Curing efficiency affects the integrity of the resulting dentine-adhesive interface 

(Pongprueksa et al., 2018). Improvement of bond strengths have been correlated with 

achieving higher DC (%), and this correlation seems to have more effect after aging, which 

may suggest that conversion is an important factor for bond stability outcomes (Tichy et 

al., 2020). A complete monomer conversion is ideal and required for the polymer to 

achieve its optimal properties. Most manufacturers recommend systems to be cured for 

at least 10 s with a light intensity ≥ 800 mW/cm2 for LED LCUs. In this study they were 

all cured for 20 s to accommodate possible differences in recommendations. A lot of 

factors influence polymerisation rate and conversion. The presence of acidic monomers 

is known to influence the DC (%), with lower values being reported in formulations 

containing monomers with acid groups (Zhou et al., 2006; Roedel et al., 2017), and this 

accounts for differences in universal adhesives and self-etch with functional monomers.  

 
Papadogiannis et al. (2019) evaluated six commercially available universal systems and 

reported highest DC (%) results with SBU and CFU, as in this study, with very similar 

values. A recent study evaluated the in situ conversion of four different systems in distinct 

strategies and results are consistent with this study, since the highest DC (%) was SBU. 

Water-based adhesives such as CFSE are less volatile, potentially leaving residual water 

content in the polymer network that is able to plasticize monomers and reduce conversion, 

but values reported in this study are higher than the ones found in the literature, even 

though studies evaluating this novel adhesive are scarce (Tichy et al., 2019). Bonding 

agents with high solvent content have a greater dilution of the co-monomer blend and 

photoinitiators which can cause a decrease in the rate of conversion (Ekambaram, Yiu & 

Matinlinna, 2015). In Bis-GMA-rich monomers, the DC (%) is generally limited due to a 

lower diffusion rate of the reactive species, which is a phenomenon largely dependent 

upon the lack of rotation and glass transition occurring at lower conversion rates (Bae et 

al., 2005; Parthasaraty et al., 2019). In the case of Bis-GMA, this increased viscosity is 

due to hydrogen bonding of -OH groups in adjacent Bis-GMA monomers. Thus, overall 

deceleration of the polymerisation reaction happens with high Bis-GMA amounts due to 

restricted mobility and crosslink density (Bae et al. 2005).  An increase in viscosity slows 

polymer movement, diminishing the termination rate but increasing the rate of 
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polymerisation. This is called gel effect (Habib, Wang & Zhu, 2018). The trend shown in 

Figure 3.14 highlights that the final DC (%) values are also governed by kinetics rather 

than thermodynamics. It is important to note that SBU had a significant rise in DC (%) in 

the post-cure phase. Sato et al. (2017) described a newly added photo-initiator in CFSE 

2, which is responsible for increasing the degree of conversion when compared to its 

predecessor CFSE. This could explain its better performance compared to OBFL. 

Differences in filler loads, can also be responsible for differences in DC (%). Higher filler 

loads are related to conformational restrictions on the molecules, caused by the filler 

surface, which in turn slows down reactions (Halvorson, Erickson & Davidson, 2003). 

 
Hydrolysis and degradation of the resin components can result in leaching of unreacted 

monomers, free radicals and photoinitiations that are toxic and can harm the pulp and 

surrounding oral tissues. A high DC (%) theoretically relates to a more complete 

polymerisation process with less residual free monomers capable of leaching, which is 

clinically desirable (Cadenaro et al., 2018). In spite of this, DC (%) is not the only factor 

that affects leaching of monomers, and an inverse correlation between DC (%), and 

monomer elution is not always present. Elution also depends on monomethacrylate levels 

compared to crosslinked dimethacrylates, which are not freely available to be released 

(Zhang et al., 2016b). 

 
The difference spectra for OBFL, CFSE and SBU are identical to previously published 

work. This confirms that the peak shifts that occur due to polymerisation reaction are 

transversal in all light-curable resin-based dental materials, and these can be used to 

monitor levels of polymerisation (Young, Rafeeka & Howlett, 2004). In SBU, an acid-

base reaction was expected due to the claimed presence of a polyacrylic acid-like 

component. Such reaction was not seen as the component may be in low amounts. 

Regarding CFU, peak shifts in the 1700 cm-1 C=O region are suggestive of an acrylamide 

polymerisation (Tsuneka et al., 1994), as can be seen in Figure 3.15. This might mean 

conversion determination in this case should be cautious. Although in a pilot study, 

conversion for this system was also calculated using the 1640 cm-1 [v(C=C)] reaction 

peak to account for an acrylate vinyl reaction, and results where comparable to the method 

presented in this study, which was kept. Acrylamide polymerisation in dental bonding 

systems has been experimentally verified to show high reactivity with fast conversion 

rates (Rodrigues et al., 2015). 
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4 Chemical composition, polymerisation kinetics, filler 
composition and surface properties of self-adhesive 
restorative materials 

 
4.1 Abstract 
 
Aims: To study component ratios, polymerisation, filler composition, and surface 
properties of commercial and experimental self-adhesive materials, in order to understand 
their physico-chemical behaviour. 
 
Materials and Methods: Flowable composites – Constic, Vertise Flow (VF) and the 
RMGIC ACTIVA Bioactive Kids were tested. Two experimental flowable composites 
were made by combining UDMA (72%), PPGDMA (24%), 4-META (3%), CQ (1%) 
with 75wt% of a hybrid filler phase containing monocalcium phosphate (MCPM, 8 or 
16%) and poly-l-lysine (PLS, 4 or 8%). Composition was assessed using ATR-FTIR; 
ratios were modelled using summed spectra of components (10-MDP, Bis-GMA, HEMA, 
TEGDMA, UDMA, Water) and fillers, multiplied by varying fractions. Polymerisation 
kinetics were also determined, at 37ºC (n=3). Set discs (2x10 mm) were prepared to assess 
static water contact angle. Raman mapping was employed to characterize surface filler 
chemistry/dispersion. SEM and EDX mapping of the discs, after fracture, was undertaken 
to examine material microstructure and elemental composition. Discs were immersed in 
cell culture media for 7 days and the interfacial pH was measured at 1, 4 and 7 days. 
 
Results: Modelling is consistent with Constic and VF having 35% Bis-GMA while 
ACTIVA was UDMA-based (45% of the monomer phase). DC (%) was largely material-
dependent (ANOVA, p<0.001), with Constic being the highest (83 ± 2%), followed by 
S1 (78 ± 1%), VF (77 ± 1%), S2 (76 ± 0.3%) and ACTIVA (67 ± 2%). Rates showed a 
similar trend, being highest for Constic and lowest for ACTIVA. Shrinkage was greater 
in Constic (5.8 ± 0.1 vol%) and VF (5.3 ± 0.1) when compared to S1 (4.6 ± 0.1) and S2 
(4.5 ± 0.05) (p<0.05). S2 was the most hydrophilic set material, while ACTIVA the most 
hydrophobic. ACTIVA had the largest particles (>12 µm), with a high filler/polymer 
ratio. Constic and VF had similar microstructural features and filler dispersion. All fillers 
had high percentage of silicon, and barium. VF contained ytterbium/fluoride, while 
ACTIVA had fluoride/sodium. The reactive fillers (MCP and PLS) could also be detected 
in the experimentals as well-dispersed particles. VF and Constic, due to GPDM/10-MDP, 
respectively, acidified the media more than S1/S2 containing 4-META. 
 
Conclusions: VF and Constic shared similar composition and surface chemistry, which 
differed from ACTIVA. The novel functional flowable resin composites and their 
composition is disclosed. 
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4.2 Introduction 
 
Reliable and durable bonding to tooth substrates depends upon a restorative procedure 

which features bonding system in an etch-and-rinse or self-etch approach. Current 

research aims are aligned with developing a simpler and quicker bonding technique, such 

as one that suppresses the need for any adhesive. As previously explained, materials with 

these features are called self-adhesive composites and they have been in the market for a 

little over 10 years. Since over the past years more self-adhesive materials have been 

developed and are being introduced in the clinic, there is an urgent need for sound 

laboratory studies and clinical trials that can characterize these materials and their 

performance in regard to the claims made by their manufacturers (Van Meerbeek & 

Frankenberger, 2019). A recent clinical trial by Van Dijken and collaborators (2019), 

reported very high, unacceptable failure rates after as little as one year, of a “claimed-to-

be” self-adhesive restorative material – Activa Bioactive Restorative. Other clinical trials 

have been made and a need for optimisation, of the material itself and methods of its 

application, seems to be a transversal finding in all of them (Çelik, Aka & Yilmaz, 2015; 

Sabbagh et al., 2017). These studies clearly point out that self-adhesive composites are 

still far from being considered clinically applicable in cavity configurations which 

provide no retention, or usable at all in large restorations. 

 
A thorough investigation of their composition, polymerisation and surface properties 

helps to provide understanding of the material properties. In addition, this may help 

determine their applicability and also aids in forecasting their clinical performance. In 

order to develop an experimental competitive self-adhesive material, it is imperative to 

understand problems and shortcomings associated to current materials.  

 

 

4.3 Aims and Objectives 
 
The aim of this chapter was to study self-adhesive restorative materials, ones that are 

commercially available in contemporary practice and also experimental composites that 

are under development and optimisation, in this doctoral thesis. This chapter focused on 

the chemical composition, polymerisation kinetics, surface properties such as static 

contact angle, filler distribution and also elemental composition of such materials. This 

information is vital to better understand what is in these materials, what are their surface 
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properties and microstructure and how these materials interact with dental substrates. 

Knowledge on their general properties allows to discern whether they are suitable, or not, 

as self-adhesive materials who do not need a pre-treatment in order to make them 

bondable to enamel and/or dentine. 

 
 
4.4 Hypothesis 
 
The null hypotheses are that there is no difference in:  

 

- The chemical composition and component ratios of the self-adhesive restorative 

materials. 

 
- The polymerisation kinetics of the self-adhesive restorative materials. 

 
- The contact angle to water, filler morphology and distribution and interfacial pH of 

the self-adhesive restorative materials. 

 
 
 
4.5 Materials and Methods 
 
4.5.1 Materials 

The materials used in this study were, experimental resin composite S1 (8% MCPM, 4% 

PLS) and S2 (16% MCPM and 8% PLS) (shown in Table 2.3), and commercial self-

adhesive materials – Vertise Flow (VF), Constic and ACTIVA (Table 2.1). 

 

4.5.2 FTIR of self-adhesive restorative materials 

Each material above was dispensed in contact with the ATR diamond and an individual 

FTIR spectra was acquired (Spectrum One, Perkin-Elmer, Beaconsfield, UK). All spectra 

were acquired from 700-4000 cm-1 at a resolution of 4 cm-1. 

 
4.5.3 Model fitting for relative component determination  
 
Microsoft Excel Tools 16.35 (Microsoft, USA) were used to build a database containing 

IR spectra of raw chemical components such as dental monomers (10-MDP, Bis-GMA, 
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HEMA, TEGDMA, UDMA), coupling agent (silane) and fillers. The fillers used for the 

model were barium aluminosilicate glass and silica nanoparticles, as used for model 

construction in Chapter 3. A model was then created, following the description in 

Chapter 3 (3.5.5), for self-adhesive restorative materials. In the case of resin composites 

studied in this chapter, the sum of the individual components in the monomer fraction did 

not equal 1. This is most likely due to a much higher volume of fillers compared to 

bonding systems in the previous chapter, as well as presence of prepolymerised particles, 

in the case of VF. The model was however restricted using Equation 3.3 (II and III). 

 

4.5.4 Polymerisation properties and kinetics 

Two metal circlips (1 mm thickness x 10 mm internal diameter) were used to contain 

resin composite samples of 2 mm thickness of each material (n=3) – S2, S1, ACTIVA, 

VF and Constic (Table 2.1). The circlips were on an ATR (Golden Gate ATR, Specac 

Ltd., Orpington, UK) diamond crystal plate.  The material was packed/dispensed into the 

circlips, covered with an acetate sheet and a glass slide was used to apply pressure. FTIR 

(Perkin Elmer, UK) spectra were obtained before, during and after 20 s of light exposure. 

The top surface of the material, covered with acetate, was irradiated with a single 

emission peak light emitting diode (LED) light curing unit (LCU) (Demi Plus, Kerr, 

Orange, CA, USA) with a power output between 1100 mW/cm2 -1330 mW/cm2, and 

spectral emission ranging from 450 to 470 nm. Spectral acquisition ranged from 700 to 

4000 cm-1 at a resolution of 4 cm-1, for 20 minutes, with controlled temperature at 37ºC. 

The light curing began 20 ± 5 s after placement of the material and the start of the spectral 

acquisition. Monomer composition, reaction rate, delay time, time of light exposure 

required to achieve 50% monomer conversion and final extrapolated DC (%) were 

assessed and calculated for each material. Parameters were the same as explained in 

2.3.2.1.1. 

Polymerisation shrinkage was also assessed using Equation 2.3 and 2.4 in 2.3.2.1.1.. The 

filler amounts used were the ones provided by the manufacturers – VF (70% filler by 

weight), Constic (66% filler by weight) and ACTIVA (56% filler by weight). 
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4.5.5 Raman Spectroscopy 

Resin composite discs with 2x10 mm dimensions were prepared (Figure 4.1), using the 

procedure described above, by packing pastes into circlips with an acetate sheet on top 

and pressed between two glass slides. They were light cured on top and bottom surfaces. 

Each surface was cured in 4 overlapping irradiation cycles, for 20 s each, according to 

ISO 4049:2019. The discs were then stored at room temperature for 24 h. Each disc was 

placed under 50x magnification and the surface was focused. Mapping of a 80 x 80 µm 

surface area was taken for each disc, over the 800-1750 cm-1 region, at a resolution of 2 

cm-1 (LabRam300, HORIBA UK Ltd., Northampton, UK). The acquisition time was set 

to 15 s with an accumulation of 2 spectra (2 repetitions each obtained for 15 s). Labspec 

Spectroscopy Suite 6.0 (HORIBA Yvon-Jobin, France) software was used to analyse and 

treat the spectra obtained. Post-processing tools included baseline fitting and subtraction, 

normalization by normal variate and noise reduction.  

Using the chemical maps, Micro-Raman spectra were obtained in areas where the 

contribution was mainly due to the polymer or different fillers. These spectra were used 

as the individual spectra for the polymer and fillers; they were assigned and used for 

mapping construction. A different colour was attributed to each chemical component and 

this allows the construction of chemical maps which are used to visualize the distribution 

of different components in the given area. For MCPM and PLS, previous raw spectra 

were acquired using a random-point spectral acquisition (n=3). Using the software, a 

Classical Least Squares (CLS) fitting algorithm was used to pinpoint the distribution of 

chemical components across the area that was mapped. This fitting procedure is used to 

calculate the contribution of a reference spectrum within a mixed component system, 

which is then used to look at the distribution of the spectrum contribution within the X-

Y map. 

When the Raman X-Y chemical mapping was obtained, and fillers were isolated with 

colours, filler size distribution was assessed using Image J v.1.52 Mac software (NIH, 

Bethesda, Maryland, USA) analysis, by measuring the length of each particle in the map. 

Length results for each map were exported onto Origin(Pro) Version 2021 (OriginLab 

Corporation, Northampton, MA, USA), where histogram of the data were built together 

with a distribution curve. 
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Figure 4.1. Resin composite discs made for Raman mapping, static contact angle, SEM and 

EDX. 

 
4.5.6 Static water contact angle measurement 

The contact angle was measured using a drop of water on the surface of the solid, in this 

case, resin composite discs, by the sessile drop technique. This was conducted using a 

KSV CAM 200 goniometer (KSV Instruments, Finland). A droplet of 10 µL of deionized 

water, in a pressure syringe, was allowed to drop onto the surface of the disc, and multiple 

images were captured originating 10 measurements. The software Attension Theta 

(Biolin Scientific, Finland) calculated left and right contact angles for each frame, through 

drop profile fitting, originating average contact angle measurements (n=3). 

 
4.5.7 SEM and EDX 

The same discs used for micro-Raman analysis were fractured to expose the bulk using a 

universal testing machine (Shimadzu AGS-X, Japan). Each fractured sample was 

mounted on aluminium stubs and sputter-coated with gold/palladium for 90 s using a 

Polaron E5000 (Quourum, UK). SEM images were then taken at several magnifications 

(Philips/FEI XL-30, Eindhoven, The Netherlands). For the elemental analysis, mapping 

of a 100 µm x 100 µm area (mapping resolution of 512 x 384 pixels) was carried out 

using INCA X-sight 6650 detector (Oxford Instruments, UK), at 20 kV, with an 

acquisition time of 200 s, chosen at random sites. This was repeated three times. The 

weight percentage (wt%) of each element was averaged and converted to molar 

percentage (mol %). 
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4.5.8 pH measurement 
 
Resin composite discs of 2 mm thickness x 10 mm diameter (n=3), polymerised for 20 s, 

in overlapping irradiation cycles, according to ISO 4049:2019, were made and stored in 

cell culture medium – Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies 

Ltd., UK). The medium contains aminoacids, vitamins, calcium chloride (200mg/L), 

ferric nitrate (0.1 mg/L), magnesium sulfate (97.67 mg/L), potassium chloride (400 

mg/L), sodium bicarbonate (3700 mg/L), sodium chloride (4750 mg/L), sodium 

phosphate monobasic (125 mg/L), glucose, HEPES (5958 mg/L), phenol red (15 mg/L) 

and sodium pyruvate (110 mg/L). HEPES has a pH buffering range of 6.8 to 8.2 with a 

pKa at 20ºC of 7.45-7.65. 

 

The pH of the medium was measured with a pH meter E520 (Orion star A111, Thermo 

Scientific) at three different time intervals – 1 day, 4 days and 7 days. The pH meter was 

calibrated (pH 4 and 7 solutions) and three readings in total were performed at room 

temperature, after which a mean was obtained. Between time intervals the samples were 

stored and maintained in a controlled environment (5% CO2, 95% air at 37ºC). 
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4.6 Results 
 
4.6.1 Chemical composition: FTIR model fitting 

Summary of component ratios used to construct the models are given in Table 4.1 below, 

after the FTIR model graphs. The model is consistent with VF and Constic having Bis-

GMA (VF – 15%; Constic – 30%) as their main bulk hydrophobic monomer and share 

similarities in their organic matrix. Both have TEGDMA at different ratios (VF – 10%; 

Constic – 25%). However, VF is more complex, with HEMA and UDMA, (Figure 4.2A) 

while Constic shows only both dimethacrylate monomers and 10-MDP (Figure 4.2B). 

Based on the information provided by the manufacturer, VF has GPDM, similarly to 

bonding system OBFL. Both functional monomers gave phosphate group peaks around 

1000 cm-1 region, as seen previously. Difference spectra for VF could be related to lack 

of GDMA in the model, with differences in the 1710 cm-1 peak [v(C=O)] (Figure 4.2A).  

 
Figure 4.2A - FTIR spectra of the flowable resin composites, the calculated model spectra and 

difference between the actual spectra and model.  Model and spectra are consistent with VF 

having a mixture of Bis-GMA, HEMA, UDMA, TEGDMA and GPDM. The latter was modelled 

as 10-MDP due to the phosphate group. Deviations from model and actual spectra may also be 

due to presence of prepolymerised particles. Grey lines highlighted represent common 

methacrylate peaks. 

 

The difference spectra in Constic shows mainly differences in the filler absorption region 

(1100-850 cm-1). 
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Figure 4.2B - Constic contains a mixture of Bis-GMA, TEGDMA and 10-MDP. Grey lines 

highlighted represent common methacrylate peaks. 
 
Based on the model, the RMGIC ACTIVA Kids is largely UDMA-based, with an N-H 

deformation at 1532 cm-1 [δ(N-H)], similarly to the experimental composites (Figure 4.3). 

The difference spectra shows absorption differences in the C=O region (1660-1730 cm-

1), which can be related to a polyacrylic acid-like component missing in the model, and 

also a poor fit of the fillers in the 1150-850 cm-1 region.  

 
Figure 4.3. FTIR spectra of ACTIVA with the calculated model spectra and difference between 

the actual spectra and model. ACTIVA is mainly UDMA-based, with a difference in the spectral 

absorption of fillers (1150 – 850cm-1). Grey lines highlighted represent common methacrylate 

peaks. 
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FTIR spectrum of the experimental materials S1 and S2 is shown in Figure 4.4. 
 

 
Figure 4.4. FTIR spectrum of the experimental self-adhesive SMART composites S1 and S2 

(Table 3). The experimental self-adhesive composites are UDMA-based with the addition of 

PPGDMA and 4-META as a functional monomer. 

 
Similarly to what was presented in the previous chapter, distinct peak assignments for 

specific monomers present in the self-adhesive restorative materials are shown in Table 

4.2. 
 

 

Table 4.1. Summary table indicating the fractions of different spectra used to build the model 

for the self-adhesive restorative materials. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 VF Constic ACTIVA S1, S2 
HEMA 0.15 - - - 

Bis-GMA 0.15 0.30 - - 

TEGDMA 0.10 0.25 0.10 - 

UDMA 0.10 - 0.50 0.72 

10-MDP 0.10 0.10 - - 

4-META - - -  

Silane - - - - 

Filler - 0.80 0.50 0.30 

Background absorbance 0.02 0.01 0.02 N/A 

Sum of mod(difference) 9.9 12.8 8.6 N/A 
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Table 4.2. Summary table indicating peak assignments and respective compounds found in the 

different spectra of the self-adhesive restorative materials. 

 
 
 
  

Wavenumber (cm-1) Assignment Compound  Material 

1635 - 1640 Aliphatic C=C Monomers VF, Constic, ACTIVA 

1604 – 1610 Aromatic C=C Bis-GMA VF, Constic 

1525 N-H stretch UDMA ACTIVA 

1510 Aromatic C=C Bis-GMA VF, Constic 

1250 C-O stretch Bis-GMA, UDMA VF, Constic, ACTIVA 

1000 – 1010 P-O-C stretch 10-MDP VF, Constic 
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4.6.2 Polymerisation properties and kinetics  
 
The type of material greatly influenced the final extrapolated DC (%), as confirmed by 

One-Way ANOVA (p<0.001; η²=0.94). At 2 mm depth, 78± 1% and 76± 1% DC (%) was 

achieved in the experimental materials S1 and S2 respectively. They were comparable to 

commercial VF, and higher than RMGIC ACTIVA; ACTIVA had the lowest DC (%) out 

of all materials tested, significantly different to all (p<0.001). Constic obtained the highest 

DC (%) – 83± 2% and differed significantly to S2 (p=0.001), S1 (p=0.004), VF (p=0.001) 

and ACTIVA (p<0.001), as illustrated in Table 4.3. Conversion versus time is shown in 

Figure 4.5. Time required to reach 50% DC was also shown to be material-dependent, 

with Constic having the lowest, followed by rapid polymerisation. Polymerisation rates 

followed the trend seen with final conversion values, with Constic having a higher 

reaction rate than all materials (p<0.05), except for VF (p=0.051). Calculated shrinkage 

was highest for self-adhesive composite Constic, followed by VF, while lower for the 

experimental materials containing a UDMA/PPGDMA mixture (Table 4.3). 

 
Table 4.3. Final extrapolated DC (%), time required to reach 50% conversion and Rp,max of the 

restorative materials (Means ± SD), 2 mm thickness; different capital letters in the same column 

indicate statistical significance (p≤0.05). For DC (%) and t0.5, Tukey’s HSD was used, while for 

Rp,max and shrinkage, due to unequal variances, Games-Howell post-hoc test was used. Relative 

shrinkage was calculated using Equation 3 and 4 and relative component levels estimated in 

modelling above. Shrinkage calculation for ACTIVA assumed a monomer phase containing 

90% UDMA and 10% TEGDMA. 

 
 POLYMERISATION PROPERTIES 

Material DC            
(%) 

t 0.5                                   
(s) 

Rp,max                
(%s-1) 

Shrinkage             
(vol%) 

VF 77 ± 1 a  12.8 ± 1.4 a  3.6 ± 0.4 ab 5.3 ± 0.1 a 

CONSTIC 83 ± 2 c 9.4 ± 0.3 c 5.5 ± 0.6 a 5.8 ± 0.1 b 

ACTIVA 67 ± 2 b 16.9 ± 3.2 b 2.4 ± 0.4 b 4.5 ± 0.1 c 

S1 78 ± 1 a 17.9 ± 1.2 ab 2.6 ± 0.3 b 4.6 ± 0.1 c 

S2 76 ± 0.3 a 15.6 ± 0.2 ab 2.7 ± 0.1 b 4.5 ± 0.05 c 
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Figure 4.5. Difference spectra for the different restorative self-adhesive materials. All spectra 

show peak shifts which are typical to methacrylate polymerisation reaction, similar to the 

difference spectra seen. 
 

Difference spectra for before and after curing is shown in Figure 4.6. All materials show 

peak changes consistent with methacrylate polymerisation. No acid-base reaction shifts 

were seen for ACTIVA, classified as a RMGIC.  
 

 
Figure 4.6. Difference spectra for the different restorative self-adhesive materials. All spectra 

show peak shifts which are typical to methacrylate polymerisation reaction, similar to the 

difference spectra seen with the bonding systems (Chapter 3). 
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4.6.3 Micro-Raman mapping of resin-based composites 

The Raman spectra used for mapping construction are shown below (Figure 4.7 – 4.11). 

Assignments can be found in Table 4.4. Micro-Raman mapping of a 80 µm x 80 µm area 

of the top surface of the discs is illustrated in the figure below (Figure 4.12 – 4.15).  The 

resin composites studied can be classified as microhybrids, with fillers ranging from nm 

to > 4 µm.  ACTIVA showed the highest amount of filler content, as seen by the image, 

with large clusters of particles, most being larger than 6 µm. All materials showed well 

dispersed fillers, however, S2, S1 and VF show slight flocculation of sub-micron 

particles.  

Figure 4.7. Raman spectra of the individual components in VF (850 – 1750 cm-1). VF shows a 
polymer phase with methacrylate peaks (1450, 1610 and 1630 cm-1) and two types of fillers – a 

prepolymerised filler with a CH2 peak at 1450cm-1 and a glass filler phase. 
 

 

 
Figure 4.8. Raman spectra of the individual components in Constic (850 – 1750 cm-1). Constic 
shows only one type of glass filler, with a distinct glass doublet at 1370 and 1400cm-1, and a 

polymer phase with methacrylate peaks, similarly to VF. 
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Figure 4.9. Raman spectra of the individual components in ACTIVA (850-1750cm-1). Raman 

confirms there are no Bis-GMA peaks, and the polymer phase is mainly UDMA. ACTIVA shows 
two types of fillers, with a glass filler (doublet at 1370, 1400 cm-1) and a different type of filler 

with a smaller peak around 1370 cm-1. 

 
Figure 4.10. Raman spectra of the individual components of SMART materials S2/S1 (850-1750 
cm-1). The polymer spectrum is similar to the one found in ACTIVA above, being UDMA-based. 
There is only one type of filler and it is a glass filler, with the same doublet seen in the previous 

materials. 

 
Figure 4.11. Spectra of PLS and MCP added to SMART materials S2/S1 (850-1750 cm-1). MCP. 

MCP has characteristic peaks P-O stretch peaks at 901 cm-1, 912 cm-1 and 1012 cm-1. PLS 
shows Amide I (1645cm-1 region), methyl C-H bending (1390cm-1) and Amide III (1260cm-1). 
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Table 4.4. Raman band assignments for compounds present in the self-adhesive restoratives, 

commercial and experimental. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Raman shift (cm-1) Assignment Compound Material 
    
1710-1720 C=O stretch Monomers All 
1630-1640 Aliphatic C=C stretch Monomers All 
1610 Aromatic C=C stretch Bis-GMA VF, Constic 
1452 CH2 wagging Monomers All 
1400 CH2 bend Silanated fillers All 
1390 CH2 bend PLS S1, S2 
1370 CH3 bend Silanated fillers All 
1228 C-N stretch PLS S1, S2 
1187 Aromatic C-H stretch Bis-GMA VF, Constic 
1113 Aromatic C-O-C stretch Bis-GMA VF, Constic 
1012 P-O stretch MCPM S1, S2 
912 P-O stretch MCPM S1, S2 
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Figure 4.12. Micro-Raman mapping of an 80 x 80 µm surface area of the top polymerised 

surface of VF. Filler particle distribution ranged from nanoparticles to between 0 and 12 µm. 
Most particles were smaller and in the 2-4 µm range. Chemical map shows polymer phase in 

blue, nanofillers in black and barium glass fillers in green. 
 

 
 

Figure 4.13. Micro-Raman mapping of Constic. Filler particle distribution ranged from 
nanoparticles to between 2-12 µm. Most particles were in the 4-8 µm range. Chemical map 

shows polymer phase in blue and glass fillers in green. 
 

  



Chapter 4: Composition and kinetics of self-adhesive materials 
 

  105 

 
Figure 4.14. Micro-Raman mapping of ACTIVA. Filler particle distribution ranged from 2-12 
µm, with even distribution. Chemical map shows polymer phase in blue and filler particles in 

black and green (glass). Filler to polymer ratio is increased. 

Figure 4.15. Micro-Raman mapping of S1/S2. Filler particle distribution ranged from 2-12 µm, 
with more particles in smaller sizes (2-4 µm). Chemical map shows polymer phase in blue and 

filler particles in black and green (glass). MCPM is shown in yellow, and PLS in purple, 
however they did not enter particle size counts. 
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4.6.4 Static contact angle to water 
 
The different materials also showed differences in the contact angle to water, ANOVA 

(p=0.001; η²=0.83). These are organized from the most hydrophilic, to the most 

hydrophobic, and the results are shown in Table 4.5, also illustrated in Figure 4.16. 

ACTIVA was the most hydrophobic material, statistically different to S2 (p<0.05), while 

S2 was the most hydrophilic, statistically different to S1, Constic and ACTIVA. 

 
Table 4.5. Static contact angle to water measured in an optical tensiometer using 2 mm thick 

composite discs (means ± SD); different capital letters in the same column indicate statistical 

significance (Tukey’s HSD, p<0.05).  

 
MATERIAL CA (º) 

S2 63.3 ± 1.0 a 

VF 66.8 ± 3.8 ab 

S1 70.6 ± 2.1 b 

CONSTIC 71.5 ± 4.1 b 

ACTIVA 73.5 ± 4.6 b 

 

 
Figure 4.16. Measurement of the static contact angle to water. A – VF, B – Constic; C – 

ACTIVA; D – S1; E – S2. 
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4.6.5 FE-SEM and EDX – filler morphology and composition 

Elemental analysis confirmed all materials have high percentage of silicon and barium 

which confirms the presence of barium aluminosilicate glass, but differences in other 

elements were found. VF contained ytterbium, which is found in ytterbium fluoride 

particles (see Table 2.1), while ACTIVA had sodium fluoride (Table 2.1). In the 

experimental materials, Ca, P and N were found. Summary of the elemental composition 

is shown in Table 4.6. 

 

Table 4.6. EDX – Elemental composition of the different self-adhesive materials (molar %). 

Carbon, oxygen, silicon, aluminium and barium were found in all materials. Fluoride particles 

were found in VF and ACTIVA, while calcium, phosphorus and nitrogen were present in the 

experimental self-adhesive composites. Calcium was also found in ACTIVA. Three different 

random areas in each sample were used for EDX mapping. 

 
Elements (molar %) C O Si Al Ba F P Ca N Yb 

VF 47.2 33.2 11.1 1.6 1.7 4.0 - - - 1.6 

Constic 54.4 33.6 8.6 1.6 1.6 - - - - - 

ACTIVA 57.8 29.5 6.2 1.7 0.8 3.1 - 1.0 - - 

S1 46.9 37.7 9.0 1.3 1.4 - 2.8 0.8 - - 

S2 42.2 37.5 4.5 0.7 0.6 - 2.0 0.9 11.6 - 

 

The restorative materials displayed irregular morphology of the filler phase, 

indistinguishable from the organic matrix at higher magnifications. In the experimental 

material (Figure 4.14 – A), dicalcium phosphate crystals formed by reaction of MCPM 

can be observed. Constic and VF showed similar microstructural features (Figure 4.17 – 

D and E). ACTIVA revealed two different types of fillers and areas rich in organic matrix 

(Figure 4.17 – C).  
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Figure 4.17. FE-SEM images of the fracture surfaces of different dry-stored resin-based 

composites confirmed with EDX point spectrum and mapping. A) Ytterbium fluoride particle; B) 

PLS particle of S1; C) Partial MCPM reaction to form brushite in SMART material S2; D) 

Sodium fluoride particle (1000 and 1200 x magnification). 

 



Chapter 4: Composition and kinetics of self-adhesive materials 
 

  109 

4.6.6 pH measurement 
 
Results of pH measurement of self-adhesive materials in cell medium are shown below 

(Figure 4.18). Over the time period of 7 days, all the materials acidified the medium 

except for ACTIVA. The composites that registered the biggest drops in pH values were 

VF and Constic, from pH of 8 and 8.1 to 7.2, respectively. This may be due to the presence 

of acidic functionalized monomers which are able to acidify the environment (GPDM in 

VF and 10-MDP in Constic). 

 
 

 

Figure 4.18. Line chart of pH values after 1 day, 4 days and 7 days in cell culture medium of 

five different restorative materials. G-Aenial is provided as a control comparison without acidic 

functionalized monomers. 
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4.7 Discussion 
 
4.7.1 Chemical composition 

A) Main monomers of self-adhesive composites 
 
Type of monomers used influences not only polymerisation kinetics, handling properties 

and mechanical properties such as flexural strength and elastic modulus but also water 

sorption and overall bonding potential, relevant for self-adhesive features. The 

monomeric matrix directly reflects the capacity of the resin to interact with dentine, 

effectively penetrating and forming a HL (Azad et al., 2018).  Hydrophilicity of the 

monomers is related to the wettability of the paste when in contact with dental substrates 

and its hydrolytic stability over time (Azad et al., 2018). For this reason, self-adhesive 

materials should be amphiphilic. This allows them to bond to the complex structure of 

dentine, initially, and later to resist degradation (Randolph, Palin & Leprince, 2018, p. 

15).  

 
Most dental composites feature Bis-GMA as their main constituent monomer (Luo et al., 

2016). This was verified with the two commercial flowable resin composites studied – 

VF and Constic, by both FTIR and Raman, with characteristic aromatic peaks in FTIR 

and Raman, in accordance with previous studies (Aljabo et al., 2015). Bis-GMA is linked 

to higher viscosity and lower DC (%) because of its chemical structure which restricts 

mobility. Viscous monomers, even before polymerisation, such as Bis-GMA reach 

diffusion-controlled kinetics at an earlier stage of the polymerisation reaction, limiting 

the conversion to a lower level (Stansbury, 2012). Controversy also exists surrounding its 

biocompatibility. UDMA is commonly used as a substitute, to reduce viscosity and also 

because it has higher flexibility. This is due to the rotation in C-C aliphatic structure, as 

opposed to the aromatic rings in Bis-GMA (Van Landuyt et al., 2007). UDMA was found 

in ACTIVA and is also the main monomer in the experimental materials.  

 

B) Functional monomers of self-adhesive composites 
 

HEMA, also commonly used, is able to infiltrate the water-rich collagen network. 

However, due to its hydrophilicity, it is also prone to hydrolytic degradation, and forms 

semi-permeable membranes that can contribute to HL deterioration (Tay & Pashley, 

2003; Eliades et al., 2013). Research is being undertaken to come up with alternatives, as 
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this material is often regarded as unsuitable (Tauscher et al., 2017). However, HEMA 

was only modelled in the FTIR spectra of VF and was not found in the other composites. 

 
Most self-adhesive composites will display hydrophilic properties due to their acidic 

monomer composition. This feature is what makes these materials being able to 

chemically bond to teeth without an adhesive. VF has GPDM in its composition alike 

OBFL in the previous chapter, which has a short spacer chain and a hydrophilic phosphate 

acid group (Wei et al., 2011b; Yoshihara et al., 2018a), while Constic has 10-MDP which 

is more hydrophobic, due to a larger carbon chain in its chemical structure. It is also 

important to point out that since they are flowable materials, their monomeric matrix is 

higher in content than packable resins. The self-adhesiveness of ACTIVA is believed to 

rely on the same mechanism used by glass ionomers to bond to mineralised tooth 

substrates. The polyacrylic acid included in its monomeric matrix has carboxyl groups 

(COOH) which can ionically bind to hydroxyapatite containing calcium, forming a -

COOCa complex, that is surrounding the collagen fibrils, in the case of dentine (Matos et 

al., 2017; Croll, Berg & Donly, 2015). However, polyacrylic acid features were lacking 

in the FTIR spectrum, as it would be expected to have very strong peak at 1160 cm-1 and 

in the 1400 cm-1 region (Shahid, Billington & Pearson, 2008), although filler 

contributions may be overlapping. A phosphate group binding capability is also reported 

by Pulpdent as the bonding mechanism of ACTIVA (Pulpdent, 2019). 

 

4.7.2 Polymerisation properties and kinetics of self-adhesive materials 
 
The ISO standard does not specify the minimum acceptable DC (%) for a direct restorative 

material, and the literature is also not clear on the acceptable clinical value (Egilmez et 

al., 2017). Nevertheless, a minimum conversion of 50% should be achieved in order to 

avoid leaching of cytotoxic residual monomers that remained unpolymerised (Aljabo et 

al., 2015; Alkhouri, 2019). In mixtures containing high levels of dimethacrylates, a 

critical conversion of 50% has been pointed out, above which elution is limited (Lempel 

et al., 2014). ACTIVA had the lowest DC (%) of the tested materials, significantly 

different to the alternatives. ACTIVA in comparison to other materials tested had a higher 

amount of its base dimethacrylate monomer, with the FTIR model suggesting 50% of 

UDMA. This may limit the immediate DC (%). It is also important to point out that upon 

storage, and up to periods of 24 h, dual cure systems (light and chemically activated 

polymerisation) tend to gradually improve their conversion rates (Bandéca et al., 2009; 
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Yan et al., 2010). Besides from chemical and light cure, ACTIVA has polyacid 

components of the glass ionomer family, as discussed above, which undergo an acid-base 

neutralization reaction, so ACTIVA has in fact three different setting mechanisms (Croll, 

Berg & Donly, 2015). In this case, the DC (%) was measured using a continuous spectrum 

that ended at 20 minutes, and an extrapolation was done to calculate final conversion. A 

triple cure system may be advantageous in scenarios where the material has to be placed 

in bulk and light activation cannot reach the whole depth of the material, such as deep 

cavities (Kim, Kim & Kwon, 2015). Comparing to studies which also evaluated the DC 

(%) in Activa, the results are similar, with researchers having pointed out that conversion 

in suboptimal (Koutroulis et al., 2019). As a limitation, it is also important to point out 

that DC (%) values measured with the FTIR may not be suitable in the presence of 

prepolymerised fillers, as is the case with VF. The measurement of the DC (%) might be 

taking into account parts of the sample that did not undergo polymerization but were in 

fact prepolymerised (Aljabo, 2015). Previous studies that measured DC (%) of VF showed 

lower results than in this study and these may also be due to differences in material 

thickness and peak selection for DC (%) calculation (Czasch & Ilie, 2013; De Araújo et 

al., 2015). This was the first known study to measure DC (%) of self-adhesive Constic.  

 
The conversion of monomer bonds is affected by the glass transition temperatures (Tg) of 

monomers. Both the Tg and the viscosity characterize the molecular dynamics. When co-

monomer mixtures are undergoing photopolymerisation their viscosity and Tg increases 

(Stansbury, 2012). Monomers that have lower Tg temperatures (Table 4.7) polymerise 

further and attain higher conversion levels. This happens because as the Tg rises, during 

the reaction, it approaches the curing temperature, and polymerisation will stop. Thus, 

monomers with a wider window between these two temperatures will polymerise to 

higher conversion levels. Higher mobilities and lower glass transition temperatures are 

associated to TEGDMA, and UDMA, in opposition to Bis-GMA (Charton et al., 2007; 

Aljabo et al., 2015). Double bond concentration, which is the ratio of double bonds per 

molecule relative to molecular mass, is also a factor that impacts on the conversion levels, 

and the differences in monomers are illustrated in Table 3.11. 

 
Past studies have shown that experimental self-adhesive composites with reactive fillers, 

as S1 and S2, can achieve conversion values that are higher than the ones observed with 

commercial materials, due to optimisation of the monomer matrix, such as inclusion of 
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PPGDMA (Walters et al., 2016; Alkhouri, 2019). PPGDMA used as a diluent monomer 

in S1/S2 in this study has greater flexibility and lower double bond concentration than 

TEGDMA. Its use has given better conversion rates than TEGDMA (Walters et al., 2016). 
 

Table 4.7. Additional monomer properties as described in the literature – glass transition 

temperature and refractive index, according to Siderou, Tserki and Papanastasiou (2002)1 and 

Walters et al. (2016)2. 
 

 

 

 

 

 

 
 
 

Other parameters including the refractive index of the monomers present in the mixture, 

especially the base monomers, affects the DC (%). This happens especially in relation to 

the depth of the cavity. The degree of light scattering at the interphase between the resin 

matrix/fillers depends on the difference of the refractive index between fillers and resin 

(Fujita-Nakajima et al., 2005; Shortall, Palin & Burtscher, 2008). Reducing the refractive 

index difference between fillers and monomers increases the conversion rate and curing 

depth of the composite. The higher the refractive index difference the greater the light 

scattering that occurs, which ultimately results in lower light transmission of the sample 

(Fujita-Nakajima et al., 2005).  

 
Photopolymerisation of monomers that follow a free-radical polymerisation reaction are 

governed by reaction rate equations such as: 

 

(I) 𝑅𝑅𝑝𝑝 =  𝜅𝜅𝑝𝑝 [𝑀𝑀] � 𝑅𝑅𝑖𝑖
2𝜅𝜅𝑡𝑡
�
1/2

 

                                                                                                                            Equation 4.1 

(II) 𝑅𝑅𝑝𝑝 𝛼𝛼 𝜅𝜅𝑝𝑝
𝜅𝜅𝑡𝑡1/2 

 
Equation 4.1. Equation which shows the dependence of the reaction rate (Rp) on the rate of 

initiation (Ri), rate constant of propagation and rate constant of termination of free radicals. 

[M] is the mononmer concentration, 𝜅𝜅𝑝𝑝 is the rate constant for propagation and 𝜅𝜅𝑡𝑡 the rate 

constant of termination of the polymerisation reaction. 

MONOMERS Tg (ºC) Refractive Index 
BIS-GMA -7.7 (1) 1.5497(1) 

UDMA -35.3 (1) 1.485 (1) 

TEGDMA -83.4 (1) 1.460 (1) 

PPGDMA -62.0 (2) 1.452 (2) 



Chapter 4: Composition and kinetics of self-adhesive materials 
 

  114 

Shortly after light activation an auto-accelerative gel effect occurs, where the movement 

of radicals is impaired, and termination of the reaction is diffusion-controlled. This 

increases the overall reaction rate. Following the course of time, progressive gelification 

occurs and the propagation becomes diffusion-controlled, due to vitrification (Atai & 

Watts, 2006). 

 
Differences in material translucency, filler scattering and CQ absorbance, and consequent 

photobleaching (which varies according to the monomer mixture), limit reaction rates 

with depth (Aljabo et al., 2015; Asmusen et al., 2009). Photobleaching of CQ is defined 

as its transition into a colourless product due to light-activated decomposition (Asmusen 

et al., 2009) These may also increase delay time, therefore increasing t0.5. Such 

differences explain higher variability in rates compared to bonding systems in Chapter 3 

(Table 3.10). 

 
Volumetric shrinkage in resin composites can vary from 1 to 7% depending on the 

polymerisation mode and the composite formulation, with packable composites showing 

different results to flowables (Baroudi et al., 2007; Schneider, Cavalcante & Silikas, 

2010). Shrinkage is one of the major drawbacks in resin composites, perhaps the most 

important one. It is responsible for occurrence of stresses at the material/interface 

originating marginal defects (Schneider, Cavalcante & Silikas, 2010). S1 and S2 

formulations showed less shrinkage compared to VF/Constic, related to the use of 

PPGDMA as a diluent, which has higher molecular weight than TEGDMA. Constic 

reported high conversion but also the highest relative shrinkage, most probably linked to 

its TEGDMA content, higher than VF. VF shows similar volumetric differences to 

previously published shrinkage-strain results (Wei et al., 2011a). However, such 

shrinkage results may be compensated by hygroscopic expansion, over time, depending 

on structural polymer features (Wei et al., 2011a). 

 
The difference spectra seen in this chapter is very similar to the one found in Chapter 3 

(Figure 3.15), as peak shifts due to methacrylate polymerisation were transversal to all 

materials. RMGIC ACTIVA has a claimed polyacid modified matrix, but no peak shifts 

suggestive of an acid-base reaction were seen in this study. This further confirms the 

FTIR modelling results, suggesting that the organic matrix in ACTIVA is mainly 

methacrylate monomers. 
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4.7.3 Fillers and surface properties: Micro-Raman mapping, SEM and EDX 
 
Mapping is a useful technique to identify the chemical differences and their change over 

time in an area of the sample (Panpisut et al., 2016). Raman is able to give spatial 

information regarding the distribution of the fillers and chemical compounds on the 

surface of a dental composite (Okulus et al., 2014). 

 
Raman mapping revealed a high filler fraction in ACTIVA compared to the other tested 

materials, with sharp glass peaks and clustered particles. Both ACTIVA and VF had two 

types of fillers. According to manufacturers’ details, ACTIVA has sodium fluoride 

particles, and VF has prepolymerised fillers and ytterbium fluoride particles. The maps 

show a high density of nanofillers in all tested materials and slight flocculation of 

submicron particles, as found in previous studies (Aljabo, 2015). In ACTIVA, a higher 

filler-matrix ratio was seen. VF and Constic both had a very similar micromorphology of 

fillers. Most of the fillers that can be seen have an irregular shape and some of them are 

arranged in clusters, and this is known to happen as determined by other studies that 

analysed filler morphology. Filler content is however more important than morphology 

in determining composite properties (Rastelli et al., 2012). 

 
Pulpdent does not supply information on the average particle size of ACTIVA, but in this 

study by observing the chemical maps obtained with Raman, particles between 5-6 µm 

can be seen and also > 6 µm. VF also contains fluoride in its composition, which was 

detected with EDX, and is due to ytterbium fluoride particles. These are added to the 

composition of dental materials due to their radiopaque properties and low water 

solubility (Collares et al., 2010). Ytterbium fluoride particles according to the literature 

do not have a negative impact on the physicomechanical properties of the composite 

(Mystkowska et al., 2010). Lower nanoleakage has been reported with this material and 

has been hypothesized to be attributed to the water-repulsion owing to the presence of 

this element (Mobarak & Seyam, 2013).  Kerr reports an average particle size of 1 µm 

for VF. The elemental composition of VF is very similar to what was found in other 

studies evaluating this composite and filler size range is reported to vary between 1-10 

µm, irregularly distributed between the matrix (Ruivo et al., 2019). Aluminium was found 

in this composite even though the manufacturer does not incorporate this in the 

composition of the material, but it can be found in the SDS sheet. The pre-polymerised 

particles are the largest in the formulation (20 µm). As for Constic, DMG reports a 
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particle size range of barium glass between 0.02-2.3 µm. Considering the filler load of 

the different self-adhesive composites, VF has been said to contain 70 wt% (48 vol%) of 

filler load, while Constic according to DMG has 66 wt% (~ 43 vol%). Despite differences 

in filler load, Constic is more viscous than VF. This may be due to dissimilarities related 

to their organic matrix such as the inclusion of relatively hydrophobic 10-MDP over 

hydrophilic GPDM, but also differences in particle size effects. In ACTIVA, Pulpdent 

mentions a 56% filler load by weight, in which 21.8% are reactive glass fillers. Particle 

size also has an influence on the DC (%), where composites with smaller fillers have less 

interparticle spacing which limits gelification, constricting local monomer concentration 

and leading to lower polymerisation and conversion rates, in opposition to composites 

with larger particles (Habib, Wang & Zhu, 2018). Oxygen inhibition due to incorporation 

of air can also occur, and this will impact polymerisation. 

 
Most studies found in the literature have only investigated EDX of materials such as self-

adhesive cements (D’Alpino et al., 2016). Elemental analysis of the materials in this study 

showed comparable concentrations of C, O and also high content of Si between the 

different materials, as expected and in accordance with previous studies (Scougall-Vilchis 

et al., 2009). Barium and aluminium were found to be common to all the materials 

evaluated. The specific filler elements of the materials tested in this study were varied, 

ranging from Ca, P, F, Na, Yb and N. In ACTIVA, fluoride and calcium were found, as 

in accordance with previous studies that undertook EDX (Lopez-García et al., 2019). It 

was found in a study which compared ACTIVA to compomers and an RMGCI that the 

fluoride release potential of ACTIVA is similar to that of commercial compomers 

(Garoushi, Vallittu and Lassila, 2018). ACTIVA showed no initial burst effect, like the 

one seen in the RMGIC, and the pattern of release in deionized water remained constant 

for a week but were low. These results support the fact that ACTIVA, even though it is 

marketed as a RMGIC, shares similarities to compomers. 

 

 

4.7.4 Static contact angle measurement 
 
Regarding the contact angle measurement all materials fell below 90º, which is the 

threshold for hydrophilicity. S2 and VF registered the lowest values. This is due to the 

increased percentage of hydrophilic additives (GPDM) and high content in HEMA, in 

VF. As for S2, presence of greater quantities of hydrophilic additives PLS and MCPM 
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most probably influenced these results. ACTIVA, marketed as a RMGIC, should have 

had more hydrophilic values such as the ones found in materials featuring a polyacrylic 

acid-like matrix (<70º) (Namen et al., 2008). The free carboxyl groups in GICs which 

form hydrogen bonds are responsible for their hydrophilicity (Sidhu & Nicholson, 2016). 

However, both the FTIR/Raman spectroscopy results seem to indicate ACTIVA has 

mainly a UDMA-rich organic matrix. Pulpdent (2019) claims it is a moisture friendly 

ionic resin capable of mixing directly with water, so it is hydrophilic before setting. 

Constic was more hydrophobic than VF because of a Bis-GMA rich matrix with 10-MDP, 

as seen in previous studies that registered angles of 80º with materials containing MDP 

and dimethacrylates (Dabsie, Grégoire & Sharrock, 2012). Hydrophobicity may be 

related to the overall viscosity of the paste, type of monomers and filler load, which is 

directly linked to DC (%) (Baine et al., 2012). A pronounced surface wettability relates to 

higher water sorption probability. The differences in the contact angle of the materials 

are related to different surface composition (monomer and filler matrix) but also surface 

roughness and topography. The presence of fluoride particles such as in the case of VF 

also affects the static water contact angle and may explain the results obtained (Namen et 

al., 2008). 

 

4.7.5 pH measurement 
 
The pH was measured in cell culture medium, as described by authors who wanted to 

determine the release of material products and its effect on the interfacial pH of the 

surrounding environment (Ruan et al., 2017). This is clinically relevant as an acidic 

environment may impair cellular activity, and restorations are in contact with oral fluids 

such as saliva, dentinal and crevicular fluid. Acidic environments can affect the vitality 

of the pulp-dentine complex and further promote demineralisation processes in tooth 

substrates (Hirose et al., 2016). It was found that the commercial self-adhesive 

composites registered the biggest decreases in pH values over time. This is due to the 

presence of acidic monomers like 10-MDP and GPDM. Assuming that the polymerisation 

reaction is not complete, release of these unreacted monofunctional monomers into the 

surrounding solution and their degradation due to hydrolysis can acidify the environment 

(Teshima, 2010; Nishiyama et al., 2006). Upon hydrolysis, MDP produces methacrylic 

acid (MA) and 10-hydroxydecyl dihydrogen phosphate (HDP). HDP in turn can form 

phosphoric acid which is responsible for lowering the pH of the solution. This degradation 
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happens also in adhesive bottles (Teshima, 2010). An exchange of the acidic protons with 

the ions of the surrounding medium can also occur, for example with sodium. The 

experimental materials that contain MCPM which can also dissociate and form 

phosphoric acid in the presence of water showed still less acidification than the 

commercial formulations. As for ACTIVA it was able to maintain and even increase the 

pH, in contrast to what is usually found with surface reactions of GICs, which tend to 

lower the pH (Mayanagi et al., 2011). 

 

4.7.6 Impact on clinical applications 
 
Composition of self-adhesive composites is paramount to understand their longevity and 

clinical behavior. VF has shown considerable water uptake and solubility in comparably 

to other hydrophobic flowable and packable resins as alternatives, which may be 

clinically worrying (Wei et al., 2011b; Eliades et al., 2013). However, associated 

hygroscopic expansion may also aid in better sealing and marginal quality over time 

(Mishra et al., 2018). Bond strength results of VF are still inferior to conventional 

materials bonded with adhesives. Literature also describes decreased postoperative 

sensitivity with VF, and is considered an advantage (Sabbagh et al., 2017).  

 
Regarding biocompatibility, ACTIVA seems to be more biocompatible and to promote 

cell viability in contrast to other marketed GICs, due to its surface characteristics and ion 

composition (Lopez-García et al., 2019). However, considering its self-adhesive 

properties, the bonding mechanism of ACTIVA is insufficient, showing clinical failure 

at short-term. The manufacturer now recommends this material to be used with a bonding 

system. ACTIVA has a continuous-phase ionic resin with water in its matrix. Some 

studies reported unfavourable results of wear and localized volume loss, and low 

resistance to deflection in this material, due to the architecture of its matrix (Garcia-

Godoy, Morrow & Pameijer, 2014; Latta et al., 2020). But other studies mention high 

wear resistance and similar properties to compomers and RMGICs (Garoushi, Vallitu and 

Lassila, 2018). After thermocycling, it also reported lower values of flexural strength and 

diametral tensile strength which suggests poor filler-matrix interaction (Alrhalah, 2018). 

The fracture behavior and wear resistance of ACTIVA is somewhat comparable to resin-

modified glass ionomers as pointed out in a study by Frankenberger et al. (2020). The 

bond strength in flat dentine surfaces is very weak, with low microtensile bond strength 

values and pre-test failure counts. The initial bond strength is not enough to compensate 
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for the polymerisation shrinkage (Yao et al., 2020). Considering self-adhesive Constic, 

very few studies have investigated this material. A recent laboratory study concluded that 

Constic has sealing characteristics in terms of microleakage that are comparable to 

conventional fissure sealants, even without pre-conditioning or use of bonding agents 

(Gorseta et al., 2019). Bonding studies show that Constic and VF are comparable in bond 

strength results and resin tag formation in dentine. Nevertheless, they still benefit from 

the use of bonding or surface treatments such as mechanical roughening or abrasion, 

which shows that they fall short of what is expected (Peterson et al., 2018). 

Developing self-adhesiveness as a property in modern composite technology is not 

unattainable, and further improvements should be made in this regard (Hanabusa et al., 

2011). New applications for self-adhesive materials are still being researched, for instance 

their use as fissure sealants (Gorseta et al., 2019). 
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5 Resin-dentine interface studies of self-adhesive restorative 
materials 

 
5.1 Abstract 
 
Aims: To investigate the interfacial chemistry, penetration depth, DC (%) in situ, resin tag 
formation, bond strength and micromorphology, of novel self-adhesive materials. 
 
Materials and Methods: Sound human teeth were sectioned exposing middle coronal 
dentine, polished and etched (15s, 37.5% orthophosphoric acid) before material 
placement. Teeth were randomly divided (n=3) between 6 materials – ACTIVA, G-aenial 
Flowable (GF), Optibond FL (OBFL) and 3 experimental composites (S0, S1, S2).  The 
experimental composites had different levels of MCPM (0, 8 and 16%) and PLS (0, 4 and 
8%) added to the filler phase. Restored teeth were stored in deionized water (24h) and 
vertically sectioned to obtain slabs. Micro-Raman spectroscopy was used to research the 
chemistry of the resin-dentin interface, penetration depth and DC (%) in situ, by analyzing 
three straight-line spectra. Push-out bond strength to ivory was also determined (n=10). 
Light microscopy, FE-SEM and Confocal Laser Scanning Microscopy (CLSM) for 
microstructural characterization and resin tag assessment.  
 
Results: Differences in chemical composition of the resin-dentin interface were found 
with interfacial regions ranging from 4 µm (S1) to 8 µm deep (OBFL). DC (%) was highest 
for OBFL (89±1.6%) compared to all (p<0.05). S0 and S1 were also significantly different 
to ACTIVA (p<0.05). Penetration depth was higher for OBFL (7.0±0.9 µm) than 
ACTIVA (3.6±1.1 µm), S0 (3.9±1.2 µm) and GF (4.2±0.3 µm) but not significantly 
different to S1 (4.6±1.1 µm) and S2 (4.3±1.3 µm) (p>0.05). Intensity of collagen/mineral 
peak ratio at the interface was highest for OBFL (1.7±0.1) and lowest for GF (0.30±0.03). 
Regarding push-out bond strength, VF showed significantly higher values (8.1±3.3 MPa) 
than GF (p=0.045), S0 (p<0.01), S2 (p=0.017) and Constic (p=0.06), Statistically 
significant differences were also found between S0 (2.3±1.0 MPa) and S2 (4.0±1.4 MPa) 
(p=0.032). FE-SEM and CLSM imaging confirmed resin tag formation with all materials. 
 
Conclusions: No distinct HL was found at the interfaces, which is in accordance with 
previous studies, except for OBFL. However, evidence of micromechanical interlocking 
was found with all materials. A gradual transition from composite to dentine confirmed 
the presence of an interdiffusion zone. Monomer composition and hydrophilicity of VF 
may justify its bond strength, over the other self-adhesive materials. 
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5.2 Introduction 
 
As previously pointed out, the interface is the critical region of a direct composite 

restoration. More so if the substrate of this interface is dentine since it is prone to water 

infiltration, organic degradation and eventually disintegration of the HL (Spencer et al., 

2010; Mutluay, Pashley & Mutluay, 2015). Recent studies have looked at the resin-dentin 

interface, using vibrational spectroscopy techniques, varying the adhesives used, and the 

bonding strategy, the preparation of the substrate and the effects of the reactants on 

dentine (Ye et al., 2017). Self-adhesive composites were developed not only to simplify 

by reducing the number of steps required but their goal is also to reduce the chances of 

error in all of these steps, such as: sufficient etching of the surface; control of the amount 

of moisture in dentine; adequate solvent evaporation to prevent collapse or plasticization 

and proper envelopment of the collagen network (De Oliveira et al., 2020).  Up to date 

there is limited information regarding the interface formed when self-adhesive 

composites are used. Because these materials lack an intermediate agent and bond directly 

to the tooth, the HL formed could be much different in contrast to a true HL that occurs 

due to co-polymerisation of the primer and the bonding resin of adhesives. The formation 

of resin tags and length of penetration is relevant to understand the ability of these 

materials to interact with dentine. Since experimental materials are being investigated in 

this study a lot of questions arise regarding the interface that forms when components 

such as PLS and MCPM interact with dentine, and if they play a critical role in bonding 

to dentine. 

 

It is important to compare this experimental material under development with other self-

adhesive materials and gold standard adhesives that are known to perform well. 

Knowledge concerning the flaws and shortcomings of the resin-dentine interface has to 

be gathered in order to optimise and improve coming formulations.  

 
5.3 Aims and Objectives 
 
The aim of this study was to investigate the interface of self-adhesive resin composites 

by evaluating the interfacial chemistry (constituents and their ratios), formed with 

dentine, and other parameters such as: 

 
1) Material penetration depth 
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2) Degree of conversion in situ 

 
3) Formation of resin tags and length 

 
4) Ultramorphology of the interface (light microscopy, SEM and CLSM) 

 
5) Push-out bond strength 

 
Current bonding strategies include acid etching in dentine. This chapter also features 

studies that relate to etching strategies and their effect on dentine and the chemical 

changes associated with these protocols that are given by vibrational spectroscopy. 

 

5.4 Hypothesis 
 
The null hypotheses are that there is no difference in:  

 
- Interfacial chemistry, penetration depth and degree of monomer conversion at the 

interface of different self-adhesive materials when bonding to dentine. 

 
- The morphology of the HL of different self-adhesive materials when bonding to 

dentine. 

 
- The push-out bond strength of different self-adhesive restorative materials. 

 
 

5.5 Materials and Methods 

Twenty-eight recently extracted deciduous human teeth (less than 6 months) obtained 

from the Eastman Biobank, with the approval of the HRA, Yorkshire and the Humber – 

Leeds Research East Research Ethics Committee – 17/YH/0100 – were stored in a 

solution of 1% Chloramine T, for a period of less than a month, prior to the experiment. 

A list of commercial materials used in this chapter is shown in Table 5.1. 
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Table 5.1 Commercial materials used throughout the chapter. 

*G-aenial was used in sections [5.5.2-5.5.7]; Vertise Flow and Constic were used in section [5.5.6]; Activa was used 
in sections [5.5.2-5.5.7]; OBFL was used in sections [5.5.1-5.5.7]; The etching gel was used in sections [5.5.1-5.5.8]. 

In addition, experimental materials S0, S1 and S2 were also used in this chapter (Table 

2.3). 

 

5.5.1 Control spectra of dentine and acid-etching effect on the dentinal surface 

In order to understand spectra of unetched, etched, carious and restored dentine, a 

preliminary Raman analysis was conducted on pilot samples (n=1), to give control surface 

spectra. A baseline spectrum of sound dentine, etched dentine, carious dentine and primed 

dentine (n=1) was acquired. In all samples, teeth were sectioned through the middle 

coronal dentine using a water-cooled microtome (Accutom 50, Struers, USA). For the 

etched dentine, a flat sound dentine surface was etched for 15 s using 37.5% 

orthophosphoric acid and blot dried. To obtain a spectrum of primed dentine, the primer 

of OBFL was applied with a microbrush, immediately after the sectioning of the sample, 

dried for 20 s using a hairdryer, and left unpolymerised for micro-Raman analysis. Sound 

and carious dentine did not require any preparation other than sectioning. The samples 

were mounted on a glass slide and micro-Raman spectra (range of 850-1750 cm-1, at a 

resolution of 2 cm-1) obtained at 3 random points. The acquisition time was set to 15 s 

with an accumulation number of 3. Data were analyzed using LabSpec SS 6.0 software 

(HORIBA Yvon-Jobin, France). 

MATERIAL TYPE COMPOSITION 

G-aenial 
(GC, JP) 

Flowable resin 
composite 

5-10% Bis-EMA, 10-20% UDMA, 5-
10% TEGDMA 

Strontium glass and 
fumed silica (69 wt%) 

Vertise™ Flow 
(Kerr, USA) 

Flowable resin 
composite 

5-10% HEMA, N/A% Bis-GMA, 5-
10% UDMA and 1-5% GPDM 

Ytterbium fluoride and  
barium aluminosilicate 
(70 wt%) 

Constic 
(DMG, Germany) 

Flowable resin 
composite 

15-35% Bis-GMA, <45% TEGDMA 
and N/A% 10-MDP 

Barium aluminosilicate 
(66 wt%) 

Activa™ Kids 
(Pulpdent, USA) 

Resin modified 
glass ionomer 

44.6% blend of UDMA and other 
methacrylates with modified 
polyacrylic acid 

Sodium fluoride and silica 
(56 wt%) 

Optibond™ FL 
(Kerr, USA) Bonding system 

Primer: 10-30% HEMA, 5-10% 
GPDM, 10-30% MMEP, Ethanol, 
Water 
 
Adhesive: 10-30% HEMA, N/A% 
Bis-GMA, *GDMA 

Barium aluminosilicate, 
sodium hexafluorosilicate 
and fumed silica 

Gel Etchant 37.5% 
(Kerr, USA) 
 

Etchant Phosphoric acid (37.5%) 
cobalt alumina, siloxane Unfilled 
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Additionally, to investigate acid etching, teeth were prepared (n=3) and acid-etched as 

described above to compare the hydroxyapatite fraction versus depth (using the v1 PO43- 

symmetric stretch at 960cm-1), across the interface. One sample was taken to the SEM in 

order to acquire images of the etched surface. Samples were mounted on aluminium stubs 

and sputter-coated with gold/palladium for 90 s, under vacuum, using a Polaron E5000 

(Quourum, UK). SEM images were then taken at 1500 x magnifications at 5.0 kV 

(Philips/FEI XL-30, Eindhoven, The Netherlands). 

 

5.5.2 Interfacial chemistry of the different self-adhesive materials 

A total of 18 teeth were each was mounted on a jig with sticky yellow wax (Kemdent, 

Swindon, UK) and sectioned by the middle dentine using an Accutom 50 microtome 

(Struers, USA), under water irrigation, at a cutting depth speed of 0.350 mm/min. The 

exposed flat dentine surfaces were subsequently polished (Struers, USA) with 500 silicon 

carbide (SiC) grit paper, to simulate smear layer deposition. For the bonding procedure, 

each specimen (n=3), was acid etched for 15 s using 37.5% ortophosphoric acid - OPA 

(Kerr Etchant Gel, Kerr, Orange, CA USA), water rinsed and restored in a wet bonding 

procedure, where the surface was blot dried leaving a slightly moist, shiny appearance. 

Three teeth were randomly allocated to the following experimental groups:  

- S0  

- S1  

- S2  

- Activa Bioactive Restorative Kids - ACTIVA 

- G-aenial Universal Flo (commercial negative control) - GF 

- Optibond FL (commercial positive control) - OBFL bonding system (primer and 

adhesive) restored with GF 

Immediately following etch, A 2±0.5 mm layer of each restorative material was applied, 

and light cured for 40 s, with a LED light curing unit, with a power output of 1100-1330 

mW/cm2 range and spectral emission of 450-470nm (Demi Plus, Kerr, Orange, CA, 

USA). In the bonding system group, both the primer and the adhesive were applied 

according to manufacturer’s instructions – the primer was applied for 15 s and air dried 

for 10 s, and then the adhesive was applied with the same applicator for 15 s in a rubbing 

motion and light cured for 20 s. This was followed by a 2 mm layer of GF. Teeth were 
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then stored in 20 mL deionized water, at room temperature, for 24 h. After the time 

elapsed, each tooth was mounted again on a jig and sectioned longitudinally, under water 

cooling, originating multiple 2 mm thick slabs, with the adhesive interface exposed 

(Accutom-50, Struers, USA). The bonding procedure followed the sequential steps 

highlighted in the illustration shown below culminating in the slabs of prepared teeth – 

Figure 5.1 and Figure 5.2 (slab).  

 

Figure 5.1. Illustration of the resin-dentine interface experimental procedure and the steps 

involved. 

 

 

 

 

 

Figure 5.2. Illustration of the resulting slab 

which was used for micro-Raman spectroscopy 

and SEM analysis. 
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5.5.3 Micro-Raman analysis: spectrum acquisition and processing tools   

Slabs (n=3) were placed under 50 x magnification and the Raman laser was focused on 

the surface close to the dentine/material interface. Spectra along a straight line of at least 

25 µm were obtained, every 1 µm, across the resin-dentine interface. The spectral range 

was 800 – 1750 cm-1, at a resolution of 2 cm-1. The acquisition time was set to 15 s with 

an accumulation of 3 spectra (LabRam 300, HORIBA UK Ltd, UK). Three random lines 

were selected in each sample, originating a total of 9 lines of multiple spectra for each 

group. Post-processing tools included baseline fitting/subtraction, normalization by 

normal variate and noise reduction. Peaks corresponding to the phosphate group in 

hydroxyapatite (969 cm-1), glass particles (1398 cm-1), monomer (1640 cm-1 or 1610 cm-

1) and amide I in collagen (1667 cm-1) were taken and averaged first intra-tooth and then 

inter-tooth, to provide a mean intensity of the components, for each experimental group, 

across the resin-dentine interface. This was briefly explained in 2.3.5.1. 

In order to visualize interfacial chemistry across the interface, in depth, waterfall graphs 

were constructed using a scientific graphing software Origin(Pro) Version 2021 

(OriginLab Corporation, Northampton, MA, USA). A waterfall graph was made for one 

representative line acquisition per group. 

 

5.5.4 Calculation of the penetration depth of materials in dentine 

Penetration depth/inter-diffusion zone of the materials, in dentine, was also calculated 

using the intensity of dentine/polymer peaks. A Boltzmann function, equation 5.1, was 

applied to the scatter plot of each peak intensity, in order to estimate the width of the 

inter-diffusion zone of each material in dentine, using Origin(Pro) 2021, as described by 

De Oliveira Ferraz et al. (2016). This was used since peaks corresponding to the material 

follow a Boltzmann function in the inter-diffusion zone. Data fitting is illustrated in 

Figure 5.3. 

                                                  F(x) = �       𝐴𝐴1−𝐴𝐴2
   (1+exp {𝑥𝑥−𝑥𝑥0/𝑑𝑑𝑥𝑥})

 � + A2                        Equation 5.1 

Equation 5.1. Boltzmann fitting equation, where A1 and A2 are the initial and final plateau of 

the peak band intensity, respectively; x is the displacement across the interface, x0 is the 

midpoint of the inter-diffusion zone and dx represents the width. 
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Figure 5.3. Boltzmann function used to fit the data; A1 and A2 are the initial and final plateau 

for the dentine and material band intensities, while 4dx will be the inter-diffusion zone width. 

 
An illustration of the average interdiffusion zone, taking the overall averages of the 3 

samples was done, with a Boltzmann fit applied to dentine apatite contributions (960 cm-

1) and an average of material contributions (1457 and 1640 cm-1). 

 
To calculate the penetration depth, the 4dx width shown in the figure was calculated in 

every sample (3 repetitions), and the mean was then calculated intra-tooth and inter-tooth, 

again. For this, intensities of major polymer peaks were used –1113 cm-1 [δ(C−Η)] for 

OBFL and GF; 1457 cm-1 [δ(C-H)] for S2, S1 and S0 and ACTIVA, in accordance with 

De Oliveira Ferraz et al. (2016). 

 
To estimate amount of collagen present in the interdiffusion layer, the mineral to collagen 

ratio was also calculated by dividing the height of the Amide I peak stretch in dentine 

(1667 cm-1) by the [v1(PO43-)] symmetric stretch (960 cm-1) of hydroxyapatite.  

 

5.5.5 Calculation of the DC (%) in situ 

Micro-Raman spectra of the uncured material was taken, to assign the reference and 

reaction peak for each material. To measure the polymerisation in situ, spectra of the 

interface (position 0) was used as the cured spectra. Bulk of the material, at 10 µm 

distance from the interface was also used for comparison. The DC (%) in situ was 

calculated using a ratio between the intensity of the reference peak (1609 cm-1 for Bis-
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GMA or 1457 cm-1 for UDMA) and the monomer reaction peak (C=C peak at 1640 cm-

1) in the cured sample and uncured sample, as expressed by the following equation:                         

                                                              DC (%) = 1-  𝑄𝑄𝑝𝑝
 𝑄𝑄𝑢𝑢

 ×  100                               Equation 5.2                                                                                                         

Equation 5.2. Equation used to calculate degree of conversion - DC (%) in situ, where Q is ratio 

of the intensity of the methacrylate peaks (reaction/reference peak) in the polymerised (p) and 

unpolymerised samples (u). 

Three repetitions for each 3 samples per material were used, and the mean DC (%) was 

calculated intra-tooth and then inter-tooth. A specific repeated measures ANOVA design 

was used to calculate differences in DC (%) means between levels reached in the bulk 

versus at the interface of each material (significance level of 5%). 

 

5.5.6 Push-out bond strength to ivory 
 
Multiple cylindrical shaped holes (3.5 mm diameter) were drilled on ivory blocks of 40 

x 35 mm dimensions (4–5 mm height), used to fill with restorative materials for a push-

out bond strength test. The blocks were stored in deionized water for 24 h at 37oC in an 

incubator. Each hole was etched with 37.5% phosphoric acid (Kerr Etchant Gel, Kerr, 

Orange, CA) for 15 s followed by immediate water rinsing for 15 s. The blocks were blot 

dried and the material was dispensed into each hole and an acetate sheet was used to cover 

both sides. Each hole was light cured for 40 s on either side at zero distance using a LED 

LCU with the parameters described above (Demi Plus, Kerr, Orange, CA, USA). Seven 

materials were tested: S0, S1, S2, GF, OBFL, VF and Constic. VF and Constic, 

characterized in the previous Chapter 4, were also added for comparison purposes. 

 
The blocks were stored in an incubator at 37ºC to provide a controlled hydration 

environment, ensuring they were moist prior to the push-out test. After 24 h elapsed, each 

block was blot dried for 1 to 2 minutes and subsequently mounted on the platform of a 

universal testing machine, and samples were tested at a crosshead speed of 0.5 mm/min, 

using a load cell of 1 kN (Shimadzu AGS-X, Tokyo, Japan).  
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5.5.7 SEM imaging and light microscopy 

Remaining dentine slabs, which were not used with the Raman (Figure 5.1) were acid 

etched with OPA acid at 37.5% (Gel Etchant Kerr, Orange, CA, USA) for 30 s, to expose 

the adhesive interface, followed by a water rinse and 2 min of NaOCl 5% immersion to 

remove organic debris. Immediately after, they were dehydrated in ascending ethanol 

series (70%, 90%, 95% and 100%) for 10 min in each solution and then left to air dry. 

After this, they were mounted on aluminium stubs and sputter-coated with gold/palladium 

for 90 s under vacuum using a Polaron E5000 (Quourum, UK). SEM images were then 

taken at 1000 x and 2500 x magnifications at 5.0 kV (Philips/FEI XL-30, Eindhoven, The 

Netherlands). For light microscopy imaging, restored slabs were taken in wet conditions 

(after 24 h) and were observed without any preparation. Each slab was placed on a glass 

slide, on the stage of a Leica optical microscope (Wetzlar, Germany) and observed using 

an objective lens (5 x and 10 x), coupled to a Rebelt3i EOS camera (Canon, Tokyo). 

To assess the enamel interface, slabs of the outer layer, which involved the enamel (Figure 

5.1) were gathered (n=1) and prepared as described above for SEM observation. 

 

5.5.8 Sample preparation for Confocal LSM 
 
To further characterize the interface in the experimental materials, Confocal LSM was 

carried out on samples restored with formulation S1. Teeth were horizontally sectioned 

to expose a flat mid-coronal dentin surface as previously done. To carry out dye 

preparation for CLSM observation, 0.05 mg of Rhodamine B powder were added to 1 

mL or 1 g of the resin composite or adhesive, according to a protocol described by Júnior 

et al. (2017). Homogenization was carried out by stirring the resin samples inside the test 

tube for 3 min using a vortex machine.  The teeth were then polished with 500grit SiC 

paper to simulate the deposition of a smear layer and were then restored with S1, 

following a light curing protocol identical to section 5.5.3. Teeth were then stored in DI 

water (37ºC) for 1-2 days. The restored crowns were then cut mesio-distally in 1.5 - 2 

mm thick slices, parallel to the tooth’s long axis, using a water-refrigerated hard tissue 

microtome (Accutom-50, Struers, Germany). 

 
For CLSM parameters, 2 µm z-step was used to optically section the specimens to a depth 

of 10 µm at a 10 to 30% laser intensity. Five images were recorded for each sample at a 
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1024 x 1024 pixels resolution. The images were then edited and stacked using open image 

software Image J v1.52 (NIH, Bethesda, Maryland, USA). 
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5.6 Results 

5.6.1 Micro-Raman spectra of dentine under various conditions 
 
Micro-Raman spectra of sound, etched, carious and primer treated/dried dentine (OBFL) 

are provided in Figure 5.4. Sound dentine shows five characteristic peaks – mineral peaks 

at 960 cm-1 [v1(PO43)] belonging to hydroxyapatite and carbonate at 1070 cm-1 [v1( CO32-

)]. Broad organic peaks were present at 1243 cm-1 amide III [v(C-N)], 1457 cm-1 [δ(CH2)] 

and [v(C=O)] at 1667 cm-1. 

 

When dentine is etched, major changes seen by Raman include loss of the mineral peaks, 

and greater dominance of the collagen peaks (Figure 5.4, including easier visualization 

of a phenylalanine peak at 1001 cm-1. Carious dentine has similar Raman peaks to etched 

dentine, with dissolution of the mineral phase clearly evident. Its collagen peaks, 

however, can be more difficult to differentiate from possible artefacts due to higher 

fluorescence background (subtracted in analysis). In unpolymerised primed dentine it is 

possible to observe a hybrid spectrum with monomer peaks [v(C=C)] aliphatic stretch at 

1640 cm-1, 1410 [v(C-N)] and 1040 cm-1 phenyl breathing [v(C-C)], coexisting with 

collagen, suggesting infiltration and an inter-diffusion zone.  

 
Figure 5.4. Micro-Raman spectra of primer (Optibond FL) treated versus carious, etched and 

sound dentine. 
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5.6.2 Interfacial chemistry and imaging of dentine upon OPA etching 

 
Average micro-Raman line mapping reveals a demineralisation depth of 8 to 10 µm with 

15 s OPA etching, after which the apatite peak plateaus at bulk levels (Figure 5.5). Figure 

5.6 illustrates the topography of OPA etched dentine, with total surface etching and tubule 

exposure visible.  

 

 
Figure 5.5. Scatter plot indicating dentine demineralisation versus depth upon 37.5% OPA 

application for 15 s in dentine, assessed by micro-Raman analysis of the apatite 960 cm-1 peak 

intensity (the interface is marked as position 0) (n=3). 

 
Figure 5.6. SEM image of the surface of dentine after demineralisation with 37.5% OPA for 15 

s, with the smear layer removed and the tubules open (1500 x). 
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5.6.3 Interfacial chemistry of different restorative materials to etched dentine: 
Raman spectra and waterfall graphs 

 
5.6.3.1 Experimental material S0 (No MCPM or PLS) 

In the interfacial chemistry of S0, a shallow material inter-diffusion zone was observed 

with glass particles (1398 cm-1), CH2 (1457 cm-1) and monomer contributions (C=C – 

1640 cm-1) only up to 2 µm. No HL formation was detected at the interfacial region 

(Waterfall graph and interface spectra – Figure 5.7). 

Figure 5.7. Waterfall graph representative of resin-dentine interface of S0 experimental 

material (interface at distance 0) and averaged Raman spectra of pure composite, interfacial 

region and dentine underneath. Glass particles peaks at 1400cm-1 are highly variable and may 

have been randomly detected at the interfacial region, more often, in the samples analysed. 
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5.6.3.2 Experimental material S1 (8% MCPM and 4% PLS) 

Interfacial chemistry of S1, through micro-Raman spectroscopy, revealed a material 

inter-diffusion zone, with glass particles (1398 cm-1), CH2 (1457 cm-1) and residual 

monomer contributions (C=C at 1640 cm-1) in dentine, of 4 µm. Relative percentages of 

components using a Boltzmann fit and a waterfall graph is shown below in Figure 5.8. 

 

 
Figure 5.8. Top graph shows relative percentages of each component in S1, across the resin-

dentine interface (dentine – right side) (n=3). Waterfall graph representative (n=1) of the 

Resin-dentine interface (interface at distance 0); blue – dentine, red – interface, black – S1. 

Graph below shows corresponding averaged Raman spectra of S1, the interface formed with S1 

(red) and dentine underneath (blue). 
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5.6.3.3 Experimental material S2 (16% MCPM, 8% PLS) 

Considering the interfacial chemistry of S2, micro-Raman also revealed a material inter-

diffusion zone, with glass particles (1398 cm-1), CH2 (1457 cm-1) and monomer 

contributions (C=C at 1640 cm-1) in dentine, up to 4 µm. The collagen peak at 1667 cm-

1 was not evident at the interfacial area. HL formation with collagen and monomer 

contributions formation was not evident (Waterfall graph – Fig 5.9 and interface spectra). 

The waterfall graph in the material region shows spectra consistent with the presence of 

PLS suggesting the acquired line hit a PLS particle before a methacrylate polymer rich 

phase. 

 

Figure 5.9. Top waterfall graph is representative of the resin-dentine interface of S2 (interface 

at distance 0) (n=1). Variation of the HA peak may indicate etching. Graph below shows 

corresponding averaged Raman spectra of S1, the interface formed with S2 (red) and dentine 

underneath (blue). 
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5.6.3.4 ACTIVA 

With ACTIVA as a restorative, a CH2 (1457 cm-1) contribution was found up to 4 µm, 

and glass particles further up to about 6 µm (1398 cm-1) in dentine. As with previous 

materials, no HL of collagen infiltrated by the RMGIC was found within the interfacial 

region (Waterfall graph and interface spectra – Figure 5.10). Glass peaks can be variable 

as the straight line analysed by the micro-Raman can hit glass particles due to random 

filler distribution within the sample. 

 
Figure 5.10. Top waterfall graph is representative of the resin-dentine interface of ACTIVA 

(interface at distance 0) (n=1). Graph below shows corresponding averaged Raman spectra of 

S1, the interface formed with ACTIVA (red) and dentine underneath (blue). 
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5.6.3.5 OBFL (positive control) 

The interfacial chemistry of the cured bonding system OBFL was different to all other 

tested materials. Significant contribution of the CH2 (1457 cm-1), monomer peak (C=C 

1640 cm-1), and glass particles (1398 cm-1) were found up to 8 µm, infiltrating the full 

extent of the demineralised dentine. Interfacial region spectra were consistent with a HL 

of collagen (amide I – 1667 cm-1) and monomer peaks, simultaneously (Figure 5.11). 

 

 
Figure 5.11. Top waterfall graph representative of the resin-dentine interface (interface at 

distance 0); blue – dentine and black – OBFL. HL spectra clearly showing collagen and 

monomer peaks co-existing, which can also be seen in the averaged Raman spectra below. 
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5.6.3.6 GF (negative control) 
 
GF was used as a control and showed similar interfacial chemistry to the one found with 

the experimental formulations S0 and S1. Material penetration into dentine was also 

evident, showing an inter-diffusion zone of 4 µm, with spectral contributions of CH2 

(1457 cm-1) and glass particles (1398 cm-1). Collagen at 1667 cm-1 was not found in the 

interfacial region (Waterfall graph and interface spectrum – Fig 5.12). Monomer peaks 

together with collagen contribution in the amide I region seen above were more visible 

on the waterfall of experimental material S2 and ACTIVA. 

 

Figure 5.12. Top waterfall graph is representative of the resin-dentine interface of GF 

(interface at distance 0) (n=1). Graph below shows averaged Raman spectra of pure composite 

(black), interfacial region (red) and dentine underneath (blue), same colours as the waterfall 

graph. 
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5.6.4 Interfacial chemistry – interdiffusion zones 
 
The averaged interdiffusion zones of each material (n=3) are shown as Boltzmann fits 

below (Figure 5.13). Differences can be seen with the various materials, specifically, 

OBFL having a wider interdiffusion zone compared to the self-adhesive restoratives.  

 
Figure 5.13. Boltzmann fit of dentine (960 cm-1) and material contributions (average of 1457 

cm-1, 1640/1610 cm-1) across the interfacial region (n=3). S0 shows narrower interfacial region 

with less material contribution, as does ACTIVA. OBFL shows the widest region with material 

contributions over 10 µm. Similarities in the fit of dentine confirm reproducibility. 
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5.6.5 Penetration depth of materials to etched dentine 

Statistically significant differences were found between different materials, as confirmed 

by one-way ANOVA (p=0.019). OBFL had a significantly greater penetration than S0 

(p=0.039), ACTIVA (p=0.016) and GF (p=0.05). S1 and S2 had statistically similar 

penetration depths to all tested materials (Figure 5.14). Although not statistically 

significant, an increase of MCP and PLS may be beneficial in improving penetration 

depth, as the S0 formulation was lower than S1 and S2. ACTIVA showed the worst result 

in penetration depth. 

 
Figure 5.14. Means and SE (n=3) of the penetration depth in microns (µm) of the different 

restorative materials in dentine. Brackets indicate significant differences among groups 

(p≤0.05). Data obtained from the Raman spectroscopy results, treated using the Boltzmann fit 

function. 
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5.6.6 Collagen/Mineral peak ratio 
 
Normalized intensity in arbitrary units (a.u.) of the Amide I (1667 cm-1) and ν1 PO43- 

symmetric stretch (960cm-1), obtained from micro-Raman data, representative of collagen 

and hydroxyapatite, respectively, and their ratio for the different self-adhesive materials 

is shown in Figure 5.15/Table 5.2. Higher values are indicative of more exposed collagen 

at the interfacial region of etched dentine (Figure 5.15). An increasing trend is noted as 

the interface is approaching.  

 
Figure 5.15. Means and SD (n=3) of the collagen/mineral ratio across the interface in microns 

(µm) of the different restorative materials.  

 
 

One-way ANOVA test rejected the null hypothesis of the same distribution of ratios 

across different groups, at the interface (p<0.001). Collagen/mineral ratio was highest for 

OBFL, significantly different to all materials (p<0.001). 
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Table 5.2. Intensity of 960cm-1, 1667cm-1, and 1667cm-1/960cm-1 (n=3) at the interface, for the 

different restorative materials, in dentine (n=3). Errors are standard deviations. Different 

capital letters indicate significant differences (Tukey’s HSD, p≤0.05). Values used for statistical 

tests were the square root of the values reported in the table, transformation required for data 

to assume a normal distribution. 

  

Material 960 cm-1 1667 cm-1 Collagen/Mineral Ratio 

S0 0.15 ± 0.01 0.06 ± 0.02 0.39 ± 0.14 a 

S1 0.16 ± 0.04 0.06 ± 0.01 0.41 ± 0.08  a 

S2 0.16 ± 0.01 0.08 ± 0.03 0.52 ± 0.14  a 

ACTIVA 0.13 ± 0.02 0.05 ± 0.03 0.42 ± 0.17  a 

OBFL 0.91 ± 0.03 1.56 ± 0.14 1.71 ± 0.07  b 

GF 0.15 ± 0.01 0.04 ± 0.01 0.30 ± 0.03  a 
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5.6.7 Degree of conversion in situ 

Regarding conversion in situ (2 mm depth), using micro-Raman spectra, results can be 

found in Figure 5.16. The material used influenced the DC (%) at the interface, as 

confirmed by one-way ANOVA (p=0.01). OBFL registered the highest value and was 

statistically significant to S2 (p=0.023), ACTIVA (p=0.01) and GF (p<0.01). ACTIVA 

also differed significantly to S0 (p=0.021) and to S1 (p=0.032). When comparing DC (%) 

levels reached at the interface and in the bulk of the material there were no differences, 

indicating decent polymerisation in contact with dentine (repeated measures ANOVA, 

p>0.05) (Figure 5.16 – bottom graph). 

  

 
Figure 5.16. Means + SE (n=3) of the DC (%) in situ (at the interface) (a), and DC (%) values at 

the interface (light grey) vs. bulk (10 µm distance, dark grey) and SD (b). Brackets indicate 
significant differences among groups (p<0.05).  
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5.6.8 Push-out bond strength to ivory 

An initial pilot study of the push-out bond strength to ivory revealed that the preparation 

of the ivory block (hydration vs. controlled hydration, using the same time point – 24 h) 

had an influence on the final bond strength results, as confirmed by Welch’s T test 

(p=0.02; d=1.88). Controlled hydration provided a higher bond strength mean. 

The final results of the push-out bond strength (MPa) are shown in Figure 5.17. The 

material used had an influence on the push-out bond strength. These results are confirmed 

by Welch’s ANOVA (p<0.001). Statistically significant differences were found between 

VF and GF (p<0.001), VF and S0 (p<0.001), VF and S2 (p<0.001) and VF and Constic 

(p=0.001) Statistically significant differences were also found between S0 and S1 

(p=0.047). OBFL registered values higher than 27 MPa and as a result, fractured the 

ivory.  

 
Figure 5.17. Means and 95% confidence intervals (error bars) for push-out bond strength 

means (n=10) of the different restorative materials. Error bars which do not overlap are 

significantly different (p≤0.05), represented by different letters. Line represents median, while 

small square represents the mean, diamonds are outliers. 

  

ab 
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5.6.9 Interfacial imaging in dentine using light microscopy and SEM  
 
Light microscopy images of the interface and SEM of resin tag formation in dentine can 

be seen in Figure 5.18. All self-adhesive restorative materials formed resin tags. GF 

(negative control) had very few resin tags forming across the interface. Tag length was 

also higher in formulations with MCPM and PLS – S2 and S1. No MCPM or PLS (S0) 

resulted in frail-looking tags. Figure 5.18 shows interfacial region of OBFL, with no 

interfacial gaps and a distinct HL. 

 
 

S0 

S1 

S2 
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Figure 5.18. Light microscopy images of the adhesive interface (left) and SEM images of resin 

tag formation at the adhesive interface of the different materials. Evidence of resin tags can be 

seen in all materials, but are scarce in S0, ACTIVA and GF. OBFL shows a distinct HL without 

an interfacial gap. 
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   GF 

   OBFL 
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5.6.10 Interfacial imaging in dentine using CLSM 
 
Confocal images of the S1 experimental formulation can be seen below (Figure 5.19), 

where a formation of resin tags is evident, in sound dentine, up to a length of 60 to 70 

µm.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.19. Confocal images of the adhesive interface in sound dentine of the S1 formulation 

(20x). In the image below (green) a gap is evident at the interfacial region. 
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5.6.11 Interfacial imaging in enamel (SEM and light microscopy)  
 

SEM micrographs of the adhesive interface in enamel for the different materials are 

shown below (Figure 5.20). Margins are continuous, contrary to what was seen in dentine. 

 

 

 
 

Figure 5.20. SEM photos of the enamel interface with no gaps visible and continuity into 

enamel with an etched surface pattern. S0 shows unevenness which may reflect differences in 

polishing. 
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5.7 Discussion 
 
5.7.1 Micro-Raman of dentine under various conditions and etching 
 
A primer is used in dentine, as part of the bonding procedure, to improve the wetting 

behaviour of the adhesive. It generally contains a solvent and hydrophilic monomers, 

which ensure infiltration in demineralised dentine overall and hybridisation of the 

collagen matrix (Tjaderhäne, 2015; Breschi et al., 2018). Micro-Raman spectra of 

hybridised primer dentine has a characteristic amide I broad peak [v(C=O)] at 1667 cm-1 

together with a [v(C=C)] methacrylate peak at 1640 cm-1, and an additional peak at 1610 

cm-1 with phenyl/aromatic monomers (Spencer et al., 2010). A broadening of the 

carbonyl peak at [v(C=O)] at 1720 cm-1 may also indicate a shift resulting from monomer 

interactions with collagen, by hydrogen bonding (Xu et al., 1997). Previous studies which 

looked at caries-affected dentine under spectroscopy, also found loss of obvious mineral 

phosphate [v1(PO43)] 960 cm-1 and mineral carbonate [v1( CO32-)], with total depletion of 

the carbonate peak in carious dentine. In what concerns differences to protein 

components, collagen peaks which normally show around 1240 cm-1 [v(C-N)] (amide 

III), shifted to 1270 cm-1 in the carious substrate and [δ(CH2)] at 1450 cm-1 also has a 

broader peak. These changes can be justified by the impact of the carious process on the 

disarrangement of the structure of collagen proteins (Wang, Spencer & Walker, 2007b), 

and enzyme catalysed hydrolysis, breaking the amide bond. Phosphoric acid etching, 

intended to remove the smear layer and mineral crystals in dentine, should be limited to 

15 s and results in a demineralised front of 5-10 µm (Breschi et al., 2018), which is in 

agreement to what was found in this thesis study. But the demineralisation front detected 

in Raman Spectroscopy of interface studies can go up to 20 µm, according to Bayari et 

al. (2012). 

 

Orthophosphoric acid etching is associated with dissolution of hydroxyapatite and surface 

precipitation of dicalcium phosphate (Equation 5.3). This is believed to remain on the 

tooth substrate when the rinsing procedure is ineffective. According to Feitosa et al. 

(2013) calcium phosphate precipitates which remain at the surface may prevent HL 

degradation by protecting the surrounding matrix, but this warrants further research. 
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             𝐶𝐶𝐶𝐶10(𝑃𝑃𝑃𝑃4)6(𝑃𝑃𝑂𝑂)2 + 4𝑂𝑂3𝑃𝑃𝑃𝑃4 + 18𝑂𝑂2𝑃𝑃 →  10𝐶𝐶𝐶𝐶𝑂𝑂𝑃𝑃𝑃𝑃4 ∙  2𝑂𝑂2𝑃𝑃          Equation 5.3 
 

Equation 5.3. Formation of dicalcium phosphate through reaction of hydroxyapatite and 

phosphoric acid. 

 

OPA has three available hydrogen ions for deprotonation, with a first acid ionization 

constant of 7.25 x 10-3 (Ka) and is an effective etchant. In light of all the evidence that 

exists, the recommended strategy advocated when bonding to dentine, is a self-etch 

approach in contrast of having a separate acid etching step which would etch dentine far 

more than it actually needs (Van Meerbeek et al., 2020). Exposing less collagen and 

having a shallower demineralisation front protects the possibility of interfacial 

degradation and enzymatic, MMP and cysteine-cathepsin activation, while still providing 

an infrastructure compatible with micromechanical interlocking and retention, that 

happens because of HL formation. Due to this rationale, self-adhesive composites that 

can avoid an etching step and are capable of self-etching, are an attractive possibility that 

has to be explored. 

 
 
5.7.2 Interfacial chemistry and penetration depth of different resin-based 

composites 
 

Many studies evaluating the interfacial chemistry of adhesives and dental cements can be 

found in the literature. However, up to this date, no study evaluating the interfacial 

chemistry, through Raman Spectroscopy, of self-adhesive resin composites was found. 

Dentine was given priority as a substrate to study in this thesis due to the complexity 

involved in bonding to it. Also, in most cavity preparations, walls almost always involve 

dentine, and a large part of it (Boushell & Walter, 2019). The results suggest the 

interfacial region of the self-adhesive materials lacks a true HL, which consists of 

collagen infiltrated by resin monomers, in the completely demineralised dentine front. As 

can be observed in Figure 5.11, hybridisation with OBFL comprises residual 

hydroxyapatite, collagen, resin monomers and components such as water, as has been 

recounted in the literature (Van Meerbeek et al., 1993; Miyazaki et al., 2012). Self-

adhesive materials generally fail to hybridise dentine, exhibiting limited decalcification 

and infiltration when compared to other bonding strategies (Monticelli et al., 2008). This 

may in part be explained by factors such as: 1) high viscosity of the resin used and 2) 
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molecular weight of its constituents (De Munck, 2004; Monticelli et al., 2008). 

Composites with self-adhesive characteristics have to rely on three important 

mechanisms in order to attain self-adhesiveness: 1) wetting of the surface, 2) 

micromechanical interlocking during HL formation and 3) chemical adhesion, as 

described by Van Meerbeek (2020). In spite of this, evidence of material penetration into 

dentine was found with all materials. The range of penetration was consistent to what was 

reported in similar micro-Raman studies of adhesives (Van Meerbeek et al., 1993; Santini 

& Miletic, 2008).  

 
With all self-adhesive materials, since the interaction is shallow and micromechanical 

interlocking in the collagen network does not occur, bond strengths will be low and this 

ought to be the reason why gaps at the interface can be observed in the SEM. A viscous 

composite such as the self-adhesive materials may struggle to penetrate the interfibrillar 

pores in the fibril network that require a low viscous surface energy altering monomeric 

solution (Frankenberger et al., 2002, Bertassoni et al., 2012). Alterations to the spectral 

contribution of amide I (1667 cm-1) can be seen in the interfacial region of the self-

adhesive composites, with depletion of the broad peak. This may be evidence of collagen 

mishandling or poor adhesive penetration (Wang et al., 2007a). Lower viscosity resins 

are needed if bonding to dentine is to be achieved without the use of a hydrophilic bonding 

mixture. Due to the absence of a solvent, a high viscosity resin is unable to keep the 

collagen expanded leading to collapse of the protein structure as can be seen in Figure 

1.5. Viscosity by itself is not the most important factor since other determinants play a 

role in securing adhesion with composites only, such as filler distribution, size and the 

addition of HEMA (Frankenberger et al., 2002). The penetration into narrow capillaries 

which include porosities in the collagen fibrils, is modulated by the properties of the 

liquid and also the surface free energy of the walls (Asmussen & Uno, 1993). With self-

adhesive composites, wet bonding would be required to make sure the collagen is 

receptive to monomer infiltration. Yet polymer wetting kinetics demand a maximum area 

of molecular contact between surfaces (Newman, 1968). 

 
Looking closely at the etch-and rinse adhesive, the width of the inter diffusion zone is 

much bigger than with experimental self-adhesive composites. This may be due to the 

additional etching potential of the primer in OBFL (pH = 0.9) and the two functional 

monomers with acidic groups – GPDM and MMEP (Van Landuyt et al., 2007). This 
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composition allows OBFL to etch further, and easily penetrate the inter fibrillar spaces 

that are filled with water and reach all of the areas that are being demineralised. This 

happens in contrast to a less dentine-friendly material such as a viscous flowable resin. 

Also, upon preparation of dental substrates, cutting instruments produce a smear layer 

which can vary in thickness. Self-adhesive materials that lack a separate acid-etching step 

fail to effectively remove this smear layer, and its thickness has been known to influence 

bonding of these materials (Latta & Radniecki, 2020). For adhesion to happen, a clean 

surface is usualy necessary, as this means that the substrate is in a high energy surface 

state which is required for spreading of the adherend (Marshall et al., 2010). Although 

total dissolution may not be required, partial is recommended. This layer of debris also 

prevents the monomers from interacting with dentine which complicates infiltration and 

chemical bond, both required for the success of self-adhesive composites. OBFL was 

specifically chosen in this study, as a positive control, and was expected to show different 

results to alternatives. This is mainly because FL is the gold standard of dental adhesives, 

with an outstanding and consistent performance of bond strength and HL quality 

(Peumans et al., 2012). The inter-diffusion zone of FL is known to be thick and uniform, 

as reported previously in the literature, and corroborated in this study (Stavridakis, Krejci 

& Magne, 2005). As mentioned before, OBFL contains HEMA and GPDM which are 

both hydrophilic and able to rapidly penetrate the collagen exposed by the etching step. 

This justifies the results obtained with the micro-Raman analysis (Yoshihara et al., 

2018a).  

 
Fillers were found among the compounds that penetrated dentine in this study, most 

probably nanofillers within the resin tags. Adding fillers with particle sizes closer to the 

diameter of the tubules (20 nm) has a benefit on the penetration and bonding performance 

(Wang, Yu & Yang, 2018). 

 

5.7.3 Degree of conversion in situ 
 
An efficient polymerisation in the HL evidently translates into greater resistance at the 

resin-dentin interface, and less chance of detrimental events such as solubilization of 

monomers, hydrolytic attack and enzymatic biodegradation (Spencer et al., 2010; 

Loguercio et al., 2014). The Academy of Dental Materials recognises micro-Raman as a 

very useful tool to determine the in situ polymerisation of adhesives at the interface 

(Ferracane et al., 2017). An in situ approach has been used to investigate the DC (%) in 
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resin cements, composites and dental adhesives as a way to screen their properties 

complementing with in vitro findings (Pulido et al., 2016; Degrazia et al., 2018; Gutiérrez 

et al., 2019) but it has not, up to date, been used to study the conversion of self-adhesive 

composites. In this case, self-adhesive resin composites were used.  

 
Pianelli and collaborators (1999) conducted a study which compared DC (%) assessed by 

Raman and FTIR spectroscopy and concluded that with FTIR additional spectral 

contributions in the 1640 cm-1 region (H2O deformation), and in the 1100 cm-1 region (Si-

O-Si) may interfere with the results, whereas with Raman this did not happen. The DC 

(%) results at the interface were all above 71% for the resin composites. Since this may 

be the first study to measure polymerisation in situ of self-adhesive composites, 

comparisons cannot be established. However, it is possible to compare OBFL to in situ 

values found in the literature, and these are very similar (Loguercio et al., 2014). This 

may indicate that the results of remaining materials can be considered reliable. The dual 

cure RMGIC ACTIVA registered lower DC (%) values, which goes in accordance with 

previous results obtained from ATR-FTIR data. Conversion values obtained for the 

experimental materials also echo the ones from ATR-FTIR that can be found in 4.7.2. 

However, differences noted in final DC (%) results can be attributed to dissimilarities in 

the vibrational spectroscopy technique as pointed out by Gauthier et al.  (2005). 

 
In situ conversion levels of composites without bonding systems, when compared to 

conversion of adhesives will have at least three theoretical differences. The thickness of 

the composite layer will be larger and more difficult to control compared to the bonding 

system. The shade and translucency of the composites affects light irradiance and 

distribution across the sample, whereas with adhesives, a thinner and less opaque layer 

will translate into higher conversion values. Also, the viscosity of monomer/comonomer 

mixtures restricts overall molecule mobility which also takes its toll on the DC (%) 

(Charton et al., 2007), and comparing a dental bonding system with self-adhesive 

composites, it is logical that the adhesive will be able to reach higher DC (%) (Bae et al., 

2005). Also, differences in Tg in monomers such as HEMA allow bonding systems to 

reach higher DC (%). The moisture present at the surface of dentine tolerated by bonding 

systems since the solvents are able to repel it. In the case of the composites, they will be 

bonded and polymerised using a wet-bonding strategy, so as not to dry the substrate. This 

may affect in situ conversion values. 
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5.7.4 Push-out bond strength 
 
Bond strength tests are used to measure the bonding effectiveness of adhesives. They 

serve multiple purposes which include quality control by manufacturers or initial 

screening of new formulations (Heintze, 2013). Push-out bond strength is a good 

screening test whenever comparisons between different formulations or commercials are 

desired and that is why it was employed in this study. Popular bond strength tests such as 

microtensile or shear do not take into account the C-factor, which means that they do not 

account for all that the material may be bonded to additional surfaces. This is one of the 

advantages of the push-out test, since it simulates a high stress cavity. However, 

limitations such as friction and differences in elastic modulus of the materials (dentine, 

bonding system, composite) should be considered, as they interfere with calculations 

(Chen et al., 2013; Moinzadeh, Jongsma & Wesselink, 2015). There may be also issues 

regarding the swelling of the ivory. This is dependent upon the hydration method and 

water uptake of the ivory dentine and can cause great variability as proven in previous 

works that evaluated push out bond strength using ivory (Liaqat, 2017). 

 
Bond strength results differed. The average bond strength results were in the order of 5 

MPa, similarly to other studies (Caixeta et al., 2015), but some studies mention that a 

threshold of 10 MPa has to be reached, even though high standard deviations, alike the 

ones in this study, can be found among past investigations (Frankenberger et al., 2015). 

OBFL registered values higher than 27 MPa which lead to fracture of the ivory. This 

shows that traditional adhesives greatly surpass self-adhesive restoratives in bond 

strength values. The values obtained with GF (with no adhesive) may be due to a frictional 

component rather than a true value of bond strength, and this has to be discerned in order 

to understand bond behaviour of the materials. Distinct materials have differences in 

elastic modulus and these are responsible for an influence in the shear friction when a 

push-out method is employed, which might lead to bias in the results (Moinzadeh, 

Jongsma & Wesselink, 2015). In this study, VF performed significantly better than 

Constic and S0. This finding may be related to the high content of HEMA in VF, which 

may aid wettability of dentine due to its increased hydrophilicity. Additionally, VF also 

has GPDM which has been discussed before and is known to effectively penetrate 

demineralised dentine (Yoshihara et al., 2018a). Past studies evaluating VF in regard to 

micro-push out bond strength also found concordant results with this study, as the 

material which performed best (Mobarak & Seyam, 2013). Additionally, it is also 
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important to note that both of these monomers also contribute to hygroscopic dimensional 

changes due to water sorption, as found in past studies with this material (Wei et al., 

2011a). Constic, even though it has 10-MDP, is more viscous than VF which can affect 

bonding performance if this restricts monomer mobility and diffusion within the ivory. 

As ivory has less hydroxyapatite content and a different mineral/collagen ratio, according 

to Liaqat et al. (2015) this could affect and explain variability among different materials. 

It was also important to determine that the experimental materials containing PLS and 

MCPM behaved similarly to commercial comparisons in a high stress cavity design.  

 
Another important factor is the difference in curing depth efficiency of the different 

materials. The cavities for push-out had depths greater than 4 mm and even though all 

samples were cured on either side, some unreacted monomers may remain in center 

layers. These conversion rate disparities may also account for the differences observed 

among the materials as was seen in past studies (Mobarak & Seyam, 2013). 

 

5.7.5 Light microscopy and SEM 
 

Taking into account SEM photos the experimental materials showed formation of resin 

tags, which contribute to bonding as a micromechanical mechanism and also to sealing, 

reducing chances of microleakage, even though they are not regarded as decisive in bond 

strength (Lohbauer et al., 2008). Most adhesion studies observed a resin tag length that is 

between 10 to 30 µm (Júnior et al., 2012; Wang et al., 2017). Formation of resin tags does 

not increase stress concentration within peritubular dentine so the bond strength resulting 

from this interaction is very low or negligible, although formation and sealing of lateral 

branches is contributive to bond strength (Júnior et al., 2012). Resin tags is still proof of 

mechanical interlocking and physical adhesion which is important to some extent, and 

length of tags indicate the ability of the resin to penetrate and effectively polymerise in 

situ, within the bulk of the substrate. This contributes to sealing and prevents creation of 

water-channels. PLS and MCPM seem to have played a contributing role in the 

infiltration percentage of the S2 and S1 formulation, when compared to the S0 (no MCPM 

or PLS), when interfacial chemistry was assessed. Due to their hydrophilic nature, these 

additives may facilitate wettability and penetration (Dakkouri, 2015; Alkhouri, 2019). 

The area covered by tags can be influenced by PLS and also by monomethacrylate 

monomers such as 4-META. However, 4-META does not seem to affect tag length 
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(Alkhouri, 2019). As for ACTIVA and GF almost no resin tags were visible. Due to G-

aenial being a traditional UDMA-based non adhesive flowable this was expected and 

served as a negative control for the study. However, ACTIVA which is hydrophilic and 

self-adhesive should theoretically facilitate the formation of resin tags, but this lack of 

surface interaction with dentine is in agreement with the poor bond performance seen in 

past studies (Benetti et al., 2019).  

 
As seen from the SEM micrographs, and as is expectable, adhesion to enamel is easily 

maintained as the only general requirement is micromechanical retention facilitated by a 

previous etching step. Enamel has a very high surface energy upon etching which allows 

most resins to flow and through capillary forces become interlocked in the pits, forming 

both macro and micro resin tags depending on the width of the pits. This is described as 

the most durable form of bonding and it is the reason why enamel margins should remain 

intact as much as possible during cavity preparation (Van Meerbeek et al., 2020). 

 

 
5.7.6 CLSM 
 
CLSM is a good method to visualize the HL, its thickness and also to estimate resin 

penetration depth into dentine. Numerous studies have been undertaken, employing this 

method, to illustrate the HL formation in different adhesive strategies (Sauro et al., 2012; 

López et al., 2019). Rhodamine B can be safely used in light-curable materials as it does 

not compete with the UV-Vis absorbance region of CQ (Bartasun et al., 2013). The results 

from this study indicate there is a penetration depth of at least 60 to 70 µm in etched 

sound dentine. This confirms that the composite is able to penetrate etched dentine and 

form resin tags. The etched surface is roughened, and the tubules are open, paving the 

way for composite penetration. MCPM and PLS due to their hydrophilicity are able to 

interact with moist dentine, specifically PLS which is positively charged and can bind to 

proteins like phosphophoryn (PPP) and chondroitin sulphate, that can be found 

concentrated around tubules. This interaction is believed to act as a pulling force for the 

composite inside the tubules achieving depths greater than the demineralisation front, 

even though PLS cannot be detected in spectroscopy methods due to an easy release of 

this additive and sample preparation constraints (Alkhouri, 2019). 

 



Chapter 5: Resin-dentine interface studies of self-adhesive materials 
 

  157 

5.7.7 Future directions 
 
Also, one important factor that should be adjusted, is the filler loading of self-adhesive 

composites. Controlling filler amount has to be done in order not to compromise bonding 

performance. Surface interactions with dentine may be unachievable if agglomeration of 

filler particles happen due to a large number of inorganic constituents in the resin 

(Hanabusa et al., 2011). 

 
Other than this, and to solve the problems that were described above, perhaps 

investigating whether a priming step, added to the resin composite would be of great 

benefit. Such strategy would facilitate wetting, penetration and co-curing with the 

composite, enhancing bond strength and stability. This intervention is briefly explored in 

Appendix C. If proven successful, modifications to the self-adhesive chemistry should 

be undertaken to enhance wettability.
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6 Development of a novel formulation containing 10-MDP as 

a functional monomer 
 
6.1 Abstract 
 
Aims: To characterize the chemical structure, stability and properties of the 10-MDP 
monomer. To assess the influence of different concentrations the monomer, used in an 
experimental composite, on the polymerisation, push-out bond strength, biaxial flexural 
strength and elastic modulus. 
 
Methods: FTIR, Raman and NMR Spectroscopy were used to characterize the chemistry 
of 10-MDP and its stability over time. Experimental composites were prepared by 
combining UDMA, PPGDMA and 10-MDP monomers (0%, 5%, 10%, 15% and 20%). 
Filler particles with 8% MCPM and 4% PLS were included at a powder liquid ratio of 
3:1. Polymerisation kinetics were measured at 37 ºC using an ATR-FTIR, and shrinkage 
was calculated (n=3). Biaxial flexural strength (BFS) of dry disc specimens (diameter of 
10 mm and 1 mm thickness; n=10) were prepared and tested on a ball-on-ring jig setup. 
Push-out bond strength was carried out using ivory as a dentine model and cylindrical 
shaped composite restorations (n=10). 
 
Results: Compared to the reference NMR spectra, impurities were detected in the 
commercial 10-MDP. 10-MDP shows good chemical stability over a period of 14 months, 
but chemical transformations at 32-months storage. DC (%) improved with increasing 
concentration, from 0% MDP (67 ± 2%) to 20% MDP (83 ± 1%). A linear positive 
correlation between DC (%) and MDP concentration was found (r2=0.89, p=0.02), as was 
with Rp,max (r2=0.93, p=0.01). BFS was highest at 5% MDP with 139.2 ± 7.6 MPa, while 
decreasing steadily until 20% MDP (111 ± 10.6 MPa). BFS was at its minimum, however, 
with the formulation containing no monomethacrylates. Conversely, push-out bond 
strength results suggest self-adhesive composite benefits from higher concentrations, 
with a two-fold mean average increase from 5% (6 ± 4.7 MPa) to 15% (11.3 ± 2.6 MPa). 
 
Conclusion: Increasing the concentration of 10-MDP seems to play a role in the overall 
bond strength, while also enhancing polymerisation kinetics, however, it may also 
influence the mechanical properties of the composite. This monomer may also play a role 
in wetting hydrophilic additives within the polymeric matrix. Based on these laboratory 
findings, 10-MDP is a viable alternative to 4-META, with better properties. 
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6.2 Introduction 
 
Perhaps the major drawback of self-adhesive composites is their limited interaction with 

dentine and consequently insufficient bond strength. This restricts their use to specific 

clinical scenarios due to their clinically poor longevity. Self-adhesive composites rely on 

functional acidic monomers and their interaction with dentine, which should guarantee 

surface demineralisation, exposing minerals that serve as sites for chemical bonding. This 

bond differs according to the chemical structure and affinity of each monomer to 

hydroxyapatite (Feitosa et al., 2014). Self-adhesive composites should be able to etch and 

infiltrate simultaneously. They should have both hydrophilic and acidic components 

which gives the composite its self-adhesive properties without overly affecting their water 

sorption, monomer conversion, shrinkage and mechanical properties. This chapter 

investigates the feasibility of replacing 4-META in the experimental composite being 

developed (S1) with adhesive monomer 10-MDP, by studying different concentrations. 

This latter monomer displays self-etching potential, documented in the literature and the 

ability to form a stable calcium salt by binding to the calcium present at the surface of 

hydroxyapatite, due to its chemical structure (Fujita-Nakajima et al., 2018). It is widely 

regarded as the best functional monomer in dental adhesive technology (Yoshihara et al., 

2015; Carrilho et al., 2019; Van Meerbeek et al., 2020). 

 

 

6.3 Aims and Objectives 
 
The main aim is to improve the properties of the composite under development, by 

replacing 4-META with 10-MDP. To study the monomer, characterization through 

different analytical chemical techniques, researching its stability over time, impurities 

and chemical groups was undertaken. The self-etching efficacy of a primer containing 

10-MDP was also tested on the surface of dentine. This was complemented with chemical 

properties such as pKa in comparison to other functional monomers. 

 

Additionally, this chapter investigated varying concentrations of 10-MDP, added to an 

experimental composite, on the: 

 
1) Polymerisation kinetics 
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2) Push-out bond strength 

3) Biaxial flexural strength and elastic modulus  

 

6.4 Hypotheses 
 
The null hypotheses are that there is no difference in:  

 
- The surface of dentine treated with a primer containing 10-MDP, before and after the 

primer is applied, to determine the self-etching efficacy. 

 
- Polymerisation properties of the experimental composite upon systematically varying 

the concentration of 10-MDP, in 5 wt% increments, compared to controls. 

 
- Bond strength, biaxial flexural strength and elastic modulus of the experimental 

composite upon systematically varying the concentration of 10-MDP, in 5 wt% 

increments, compared to controls. 

 
 
 
6.5 Materials and Methods 
 
6.5.1 Materials and resin composite formulations 

10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) monomer was commercially 

obtained (DM Healthcare Products, California USA) – Batch P01030, and stored at 4ºC 

until it was used (Figure 6.1). 

Experimental composites with varying amounts of the functional monomer were 

prepared, using a powder liquid ratio of 3:1 (weight ratio). The liquid and powder phase 

and their weight percentages in each formulation are shown in Table 6.1. All composites 

had 1% CQ added as a photo-initiator.  

 
The resulting mixture had a consistency in between a flowable and a packable resin 

composite, identical to the experimental composites containing 4-META. The 

formulation containing 0% monomethacrylate (MDP0) was highly viscous and of a 

packable consistency. 
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Figure 6.1. Commercially obtained 10-MDP from DM Healthcare Products Inc. 

 

 

 Table 6.1. Composition of monomer/filler phase of the experimental composites with 10-MDP. 

 

 

 MONOMER PHASE (LIQUID) 
*1% CQ was added to all formulations 

FILLER PHASE (POWDER) 
Powder-liquid (PLR) ratio was 3:1 

 
MATERIAL 

 
BULK 
MONOMER 

 
ADHESIVE 
MONOMER 

 
DILUENT 
MONOMER 

 
MCPM 

 
PLS 

 
FILLER 

MDP0 75% UDMA 0% MDP 24% 
PPGDMA 8% 4% Nano,  

0.7 and 7µm 

MDP5 70% UDMA 5% MDP 24% 
PPGDMA 8% 4% Nano,  

0.7 and 7µm 

MDP10 65% UDMA 10% MDP 24% 
PPGDMA 8% 4% Nano,  

0.7 and 7µm 

MDP15 60% UDMA 15% MDP 24% 
PPGDMA 8% 4% Nano, 

0.7 and 7µm 

MDP20 55% UDMA 20% MDP 24% 
PPGDMA 8% 4% Nano, 

0.7 and 7µm 
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6.5.2 FTIR, Raman and NMR Spectroscopy: 10-MDP characterization 

Chemical purity of 10-MDP was assessed using FTIR-ATR, with the same parameters 

described in Chapter 3 (3.5.4). Raman spectroscopy was conducted, by taking three-

point random spectra to complement the data, using the parameters described in Chapter 

2 (2.3.2.1.2). 

NMR analysis was undertaken to test for monomer impurities, comparing it to a reference 

spectrum from 10-MDP found in the literature. For the NMR analysis, a solution 

containing 15 wt% 10-MDP (DMH), 45 wt% Ethanol-D6 and 40 wt% deuterium oxide 

(Sigma-Aldrich, UK) was made and stored at 37ºC for 24 h. An NMR spectrometer 

(Bruker Spectrometer, AMX300) was used to obtain an H1 NMR spectrum. The H1 NMR 

spectrum of 10-MDP was subsequently compared to the one provided by Kuraray, present 

in the literature (Yoshihara et al., 2015). 

 

6.5.2 Chemical and colour stability of 10-MDP after aging 

To determine influence of aging on the chemical composition, the FTIR spectrum of 10-

MDP was monitored at 6, 14 and 32-months after purchase and receipt, while being stored 

at 4 ºC. 

The colour stability of uncured and cured composite sample discs was also determined 

(n=3), to test the influence of aging on the organic matrix of composites. An MDP5 

formulation paste was aged for 14 months at 4ºC and compared to one freshly prepared. 

Resin composite discs (2x10 mm) were made from these pastes. A spectrophotometer 

Spectroshade Micro Optic (MHT, Italy) was used according to ISO/TR 28642:2016, 

using the CIELAB scale. The device was recalibrated in between samples, and three 

measurement repetitions were taken in each sample. Colour change was calculated using 

ISO/CIE 11664-4:2019 standards, by employing the following CIE equation: 

                                                ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2                    Equation 6.1 

Equation 6.1. Equation used to calculate colour change, where ∆Ε is the overall colour change, 

L* represents lightness, a* is red/green value, b* is blue/yellow. 
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6.5.3 Self-etching efficacy of 10-MDP 

Following a similar protocol to the one described by Yoshihara and team (2018b), bovine 

dentine discs (IDS, Germany) with 0.3 mm thickness were used as substrates for priming. 

Details regarding the discs and their characteristics are outlined in Appendix D. Raman 

and FTIR spectra show similarities to human dentine, with relative apatite/collagen 

having similar ratios. The surface of the discs was treated with the primer (Clearfil SE 

Bond 2, Kuraray Noritake) for 15 s with micro brush application, dried for 10 s and 

subsequently washed with 70% v/v ethanol. The discs were then mounted on stubs, 

sputter-coated with gold/palladium for 90 s and analysed by SEM at 5.0 kV (Philips/FEI 

XL-30, Eindhoven, The Netherlands).  

 

To compare monomer acidity, the pKa values of acidic functionalized monomers were 

calculated using ChembioDraw Pro v.19.1 (Perkin-Elmer, MA, USA) software. In 

monomers where these values could not be calculated using the software, values 

published in the literature, which were determined experimentally, were used. 

 

6.5.4 Polymerisation properties and kinetics of different 10-MDP concentrations 

Polymerisation kinetics were assessed using FTIR-ATR at 37º C. Discs of the 

formulations shown in Table 6.1 were made (2 mm x 10 mm, n=3), and spectrum 

acquisition and polymerisation properties and kinetics followed Chapter 4 methods 

(4.5.4). 

To assess the relationship between DC (%), Rp,max and 10-MDP concentration, a linear 

regression fit was performed using Origin(Pro) Version 2021 (OriginLab Corporation, 

Northampton, MA, USA), using instrumental weighing to take into account standard 

errors (significance level of 5%). Graphing reports the linear fit, 95% confidence band 

and prediction band. 

 
6.5.5 Push-out bond strength to ivory of different 10-MDP concentrations 

Bond strength to ivory was tested in a push-out setup, as a screening test, using a universal 

testing machine at a crosshead speed of 0.5 mm/min (n=10) (Shimadzu AGS-X, Tokyo, 

Japan). Ivory preparation and test conduction followed the same methods as in 5.5.6. For 

comparison purposes, data from the previous chapter was also used to build graphs.  
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6.5.6 Biaxial flexural strength and elastic modulus 

Biaxial flexural strength was also evaluated to compare the mechanical properties of the 

five different formulations and the influence of different percentages of 10-MDP. Resin 

composite disc specimens were made for each different formulation depicted in Table 6.1 

and also a formulation containing 3% 4-META (S1) (n=10). The discs were made using 

metal circlips (1 mm thickness x 10 mm diameter) and polymerised according to ISO 

4049:2019, in 4 overlapping circles on either surface, for 20 s each, to guarantee complete 

polymerisation of each sample using a LED curing unit (Demi Plus, Kerr, Orange, CA, 

USA). The discs were stored for 24 h prior to the flexural strength measurement. The test 

was performed according to what was described in 2.3.6.1. 
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6.6 Results 
 
6.6.1 FTIR, Raman and NMR Spectroscopy: 10-MDP characterization 
 
The figure below (6.2) depicts the FTIR spectra of the commercial 10-MDP obtained 

(DMI Healthcare, California, USA). Peaks can be observed at 1716 cm-1 [v(C=O)], 1684 

cm-1 [v(C=O)], 1634 cm-1 [v(C=C)], 1456cm-1 [v(C=O)], 1318 cm-1 [v(C-O)], 1296 cm-1 

[v(C-O)], 1158 cm-1 [v(C-O-C)] and 1005 cm-1 [v(P-O-C)], and finally 938 cm-1 [v(O-

H)]. 

 
Figure 6.2. 10-MDP monomer FTIR spectra (700-1800 cm-1), with characteristic P-O-C stretch 

peak at 1005 cm-1. Raman spectra of the 10-MDP monomer (800 – 1750 cm-1). Note 

methacrylate peaks similar to FTIR spectra. 

 
 
Raman spectra shows methacrylate peaks consistent with the ones in the FTIR spectra, at 

1717 cm-1 [v(C=O)], 1639 cm-1 [v(C=C)], 1440 cm-1 [δ(CH2)]. Peaks at 1012 cm-1 and 

1073 cm-1 are due to the P-O-C stretch [v(P-O-C)] of the phosphate group, while the 

1302-1440 peaks are due to [δ(CH2)] vibrations. 
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The NMR spectrum acquired in this study (Figure 6.3), when compared to the NMR 

spectrum prediction of 10-MDP and the 10-MDP from Kuraray, the original 

manufacturer, shows impurities, with peaks around 3.25 ppm. 

 
 
 

 

 

Figure 6.3. Top figure- reference 1H 

NMR spectra of 10-MDP – pure 

monomer spectrum estimation (0 to 7 

ppm, using ChemBioDraw Pro v.19.0) 

and the NMR spectrum of 10-MDP 

supplied by Kuraray, taken from 

Yoshihara et al. (2015). To the left – 1H 

NMR spectrum acquired in this study, 

using the commercially obtained 10-

MDP (DM Healthcare, USA). 
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The expanded chemical structure, showing the hydrogen atoms can be seen in Figure 6.4. 

The ranges in ppm, areas, ratios, and corresponding expected hydrogens and which 

chemical groups they belong to are given in Table 6.2. 

 
 

 
Figure 6.4. Chemical structure of 10-MDP showing 27 exploded hydrogens. 

 
 

Table 6.2. List of signals and assignments for the NMR spectrum shown in Figure 6.4. 

 
 
 
  

Range       
(ppm) Area Ratio Expected 

hydrogens Chemical groups 

0 – 2.7 69.2 20 19 
8 Methylene                 

1 Methyl 

3 – 3.8 2 0.6 Impurities Impurities 

3.8 – 4.6 14 4.1 4 2 Methylene 

4.8 – 5.5 8 2.4 2  2 Hydroxyl 

5-5-5.9 3.4 1 1 
1 C-H from 

methylene 

6 -6.7 3.4 1 1 
1 C-H from 

methylene 
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6.6.2 Chemical stability of 10-MDP and colour stability of pastes after aging 
 
Chemical stability of 10-MDP after a period of 6-, 14- and 32-months storage at 4ºC and 

their differences are shown in Figure 6.5. Up to a period of 14 months, 10-MDP shows 

no difference in absorption of relevant peaks besides from background differences due to 

analysis being done in different ATR-FTIR systems. Considering changes after 32 

months, noticeable differences can be seen in the difference spectrum shown in Figure 

6.6. Appearance of new peaks at 890 cm-1 [δ(C-H)] and 1085 cm-1 [v(C-OH)], appearance 

of a broad peak ~3600-4000 cm-1 [v(O-H)] are suggestive of hydrolysis degradation.  

 
Figure 6.5. FTIR spectra of 10-MDP after 6-, 14- and 32-month aging (700-1800 cm-1). 

Background absorbance changes can be seen over time, with most pronounced changes at 32 

months. 

 

 
Figure 6.6. Difference spectrum taken by subtracting the initial spectrum to the final (32 

months). Significant peak changes can be seen in the fingerprint region. Note major changes to 

1710 cm-1 peak and appearance of new peaks at 890 cm-1 and 1085 cm-1. 
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Comparing the colour stability of a batch of MDP5 stored for 14 months at 4 ºC to a new 

batch, higher colour differences were seen between the uncured samples 

(4.0±0.4 ∆Ε), whereas when comparing cured samples, differences are much lower 

(1.9±0.4 ∆Ε), shown in Table 6.3, indicating colour stability of the composite. Errors 

shown are SD. 

 
 
Table 6.3. Colour variation of uncured and cured discs of formulation MDP5 at different time 

points (new batch vs. 14 months aging). L* represents lightness, a* is red/green value, b* is 

blue/yellow and ∆Ε is the overall colour variation between the new and aged samples. 

 

 

 
  

CURED L* a* b* ∆Ε 
MDP5 T1 (New) 80.8±0.2 -1.0±0.1 5.2±0.1 

1.9±0.5 
MDP5 T2 (14 mo) 79.0±0.2 -1.0±0.0 4.6±0.2 

UNCURED L* a* b* ∆Ε 
MDP5 T1 (New) 79.1±0.2 -5.4±0.1 19.5±0.5 

4.1±0.4 
MDP5 T2 (14 mo) 77.9±0.6 -6.4±0.2 23.2±0.5 
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6.6.3 Polymerisation properties and kinetics of different 10-MDP concentrations 
 
The influence of different amounts of the adhesive monomer 10-MDP on the 

polymerisation properties is shown in Table 6.4. Polymerisation properties were found to 

be concentration-dependent, with different concentrations of 10-MDP showing an effect 

on the DC (%) (ANOVA one-way, p<0.001), as Rp,max (ANOVA one-way, p=0.008) and 

volumetric shrinkage (ANOVA one-way, p=0.001). An increase in the concentration of 

monofunctional methacrylate 10-MDP increases DC (%). The same happens with Rp,max, 

which undergoes a rise from 5% MDP to 10% MDP, and subsequently. As for shrinkage, 

formulations show comparable changes in vol% except for 10% MDP, which has a 

statistically significant increase compared to other formulations (Tukey’s HSD, p≤0.05). 

 
 

Table 6.4. Means and SD of the final extrapolated DC (%), Rp,max (% s-1) and calculated 

polymerisation shrinkage (vol%) (n=3). Different capital letters in the same column indicate 

significant differences (Tukey’s HSD post-hoc test, p≤0.05). 

 
 

 POLYMERISATION PROPERTIES 

MATERIAL DC                         

(%) 
Rp,max              
(%s-1) 

Shrinkage          
(vol%) 

MDP0 67 ±2 a 2.5 ± 0.4 a 3.7 ± 0.1 a 

MDP5 64 ± 2 a 2.4 ± 0.1 ab 3.5 ± 0.1 a 

MDP10 75 ± 2 b 2.9 ± 0.4 abc 4.1 ± 0.1 b 

MDP15 77 ± 3 b 3.4 ± 0.1 c 3.6 ± 0.2 a 

MDP20 83 ± 1c 3.5 ± 0.3 c 3.6 ± 0.1 a 

S1 79 ± 1 b 3.1 ± 0.1 b 4.1 ± 0.05 c 
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DC (%) kinetics over time is shown in Figure 6.7, below; while the relationship between 

the variables DC (%) and concentration was assessed through linear regression and shown 

in Figure 6.8 (ANOVA model, p=0.02). Findings show 20 s of light curing seem sufficient 

to achieve high levels of final extrapolated DC (%) with all formulations. 

 
Figure 6.7. Graph showing DC (%) over time, where a higher reactivity and final DC (%) can be 

seen in formulations with higher concentrations. Light curing began approximately after 20±5 

s. Conversion at 200 s is typically ~90-95% of the final extrapolated DC (%) 

Figure 6.8. DC (%) was found to have a positive, linear correlation (Pearson’s r=0.94) with 10-

MDP concentration. Error bars shown are SE. 
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Rp,max was also found to have a strong correlation with the concentration of 10-MDP, with 

a significant statistical model (ANOVA model, p=0.01). The regression analysis 

performed is shown in Figure 6.9. This indicates higher reactivity upon increasing 

concentration of the monomethacrylate monomer. 

 
Figure 6.9. Rp,max (% s-1) was found to have a positive, linear correlation (Pearson’s r=0.97) 

with 10-MDP concentration. Error bars shown are SE.  
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6.6.4 Self-etching efficacy of 10-MDP 

A commercial primer containing 10-MDP as the self-etching component (CFSE Primer 

– Table 3.1), classified as an intermediary strong pH of 1.5 reported in Chapter 3 (Table 

3.9) (Van Meerbeek et al., 2020), was able to etch the surface of dentine and expose the 

tubules after only 15 s of application. This left a slightly roughened surface as seen from 

the image below (Figure 6.10). 

 

 
Figure 6.10. Dentine surface after application of CFSE Primer for 15 s (500, 1200 x 

magnification). 

 

Considering the pKa of functional monomers and comparing them to conventional 

etchants such as orthophosphoric or polyacrylic acid, 10-MDP has the lowest pKa of the 

commonly used monomers, which translates into a higher surface etching potential 

compared to 4-META, MMEP and PAA (Table 6.5). Orthophosphoric acid has the lowest 

reported pKa out of all the components evaluated. 

 
Table 6.5. pKa values of different acidic monomers and phosphoric acid in ascending order. 

(1)Taken from Salz et al. (2006); (2) Calculated using ChemBio Draw Ultra (v.19.0) software. 

 
 
 
 

COMPONENT pKa 
Orthophosphoric acid (OPA) 2.0 (1) 

10-Methacryloyloxydecyl dihydrogen phosphate (10-MDP) 2.2 (1) 

4-Methacryloxyethyl trimellitic acid (4-MET) 2.9 (1) 

Phthalic acid monomethacrylate (MMEP) 3.1 (2) 

Polyacrylic acid (PAA) 4.4 (2) 

2-Hydroxyethyl methacrylate (HEMA) 13.9 (2) 
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6.6.5 Push-out bond strength to ivory with different 10-MDP concentrations 

The final results of the push-out bond strength (MPa) are shown in Figure 6.11, 

represented as confidence intervals. A two-fold increase was seen in push-out bond 

strength upon increasing the concentration of 10-MDP from 5% (MDP5, 5.5±4.6 MPa) 

to 15% (MDP15, 11.3±2.6 MPa). Formulation MDP15 is also significantly higher than 

S1 (p≤0.05). Increasing the concentration of 10-MDP shows favourable results on the 

push-out bond strength to ivory. 

 

 Figure 6.11. Error bars are 95% confidence intervals for push-out bond strength means 

(n=10). Intervals which do not overlap are significantly different (p≤0.05). S1 formulation is 

shown as a comparison due to having 4-META as an adhesion promoting monomer. *Only two 

experimental formulations were tested due to COVID-19 laboratory constraints. 
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6.6.6 Biaxial flexural strength and elastic modulus of different 10-MDP 

concentrations 

 
Biaxial flexural strength results are shown underneath (Figure 6.12). The type of 

formulation influenced the flexural strength (ANOVA, p<0.001). The formulation 

containing no monofunctional methacrylates showed the lowest flexural strength (105.5 

± 8 MPa), whereas a decreasing trend was noted with higher levels of MDP, and there 

seems to be an optimal concentration of 5% for mechanical properties (139.2 ± 7.6 MPa) 

(Fig. 6.12). 

Figure 6.12. Dry biaxial flexural strength (MPa) of formulations containing different levels of 

10-MDP (MDP0-MDP20), and S1 (3% 4-META) (n=10). Error bars shown are SE. Brackets 

indicate statistical significance (Tukey’s HSD, p≤0.05). Lower graph shows strength trend vs. 

concentration, indicating an optimal concentration of 5%. 
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The dry elastic modulus also showed differences between the materials (Kruskal-Wallis, 

p<0.001) and was just under 5 GPa for all formulations, except for the MDP5 formulation. 

In this case, no specific trend was followed, although a higher modulus is attained at an 

intermediate concentration of 10% MDP (5.2 ± 0.4 GPa) and seems to rise again when it 

reaches 20% concentration (4.8 ± 0.2 GPa) – Figure 6.13. 

 

Figure 6.13. Dry elastic modulus (GPa) of formulations containing different levels of 10-MDP 

(M1-M4), and S1 (3% 4-META (n=10). Error bars shown are SE. Brackets indicate statistical 

significance (Dunn’s test, p≤0.05)
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6.7 Discussion 
 
6.7.1 FTIR, Raman and NMR: 10-MDP characterization 
 
The FTIR disclosed the fingerprint region of the commercially acquired material, with 

complementary information provided by Raman and chemical purity assessment with the 

NMR spectra. 10-MDP is a molecule characterized by two functional groups that makes 

it bondable and co-polymerisable, separated by a large spacer chain. This structure 

confers desired hydrophobicity and stability towards degradation when compared to other 

functional monomers that have shorter spacer chains or different chemical structures. 

This feature has also been shown to play a favorable role in bond strength results 

(Yoshihara et al., 2013; Feitosa et al., 2014). The hydrophobic chain in 10-MDP 

facilitates hydrophobic interactions with collagen, forming an aggregate that is stable and 

bound to the organic part of dentine (Hiraishi et al., 2013). Assembly into structures such 

as micelles or other layers have been reported 10-MDP is classified as having low steric 

hindrance in contrast to other acidic functional monomers and this is known to play a role 

in its chemical reactivity, so the chemical structure is important in what concerns bond 

performance (Nurrohman et al., 2015). Stretching P-O and P-O-C vibrations [v(PO43-)] 

(belonging to the phosphate group) occur around the 1250 – 950 cm-1 region, as confirmed 

in the study by Tian et al. (2016) and Chen et al. (2017). 

 

The phosphate group is responsible for the formation of a salt when the calcium ions 

released from or present in the hydroxyapatite of dentine interact with the deprotonated 

form of MDP (available for ionic interaction). NMR studies have confirmed both 

dissociated – OH groups interact with Ca, forming a stable structure (Yoshihara et al., 

2019). When the nanolayering effect occurs (mentioned in 1.3.2.), due to sequential 

binding of 10-MDP molecules to hydroxyapatite, the layer stability is known to be 

substantial with known resistance to water and acid attack (Yoshihara et al. 2019). This 

effect is dependent upon the presence of other monomers such as HEMA, which may 

form aggregates with 10-MDP, having been documented to inhibit the interfacial 

phenomenon altogether (Yoshida et al., 2012; Hiraishi et al., 2014). Other than 

nanolayering, MDP has the possibility of phosphorylating collagen proteins due to 

negatively charged phosphate binding to positively charged amino acids, which has been 

confirmed. Furthermore, MDP is able to promote intrafibrillar and extrafibrillar 

remineralisation of collagen, through a process of mineral nucleation by attraction of 
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positively charged calcium ions present in the surrounding solution (Nurrohman et al., 

2015). 

 
In terms of hydrolytic stability, 4-META underperforms 10-MDP, with the formation of 

methacrylic acid and O-H group containing compounds being easier in 4-META (Salz et 

al., 2005). This puts 10-MDP as the current preferred functional monomer. By comparing 

the NMR spectra to the reference spectra of the 10-MDP developed by Kuraray using a 

similar protocol, impurities were detected. These are known to affect adhesive 

performance (Yoshihara et al., 2015). In that same study, the authors mention formation 

of 10-MDP dimers and 10-MDP sodium salts with the same commercial 10-MDP 

acquired for this thesis. These show as crystals, which may explain the cloudiness of the 

solution (Yoshihara et al., 2015). 

 
Theoretically, as explained above, 10-MDP is a functional monomer with an impressive 

track record in bond strength and stability, used in self-etching/universal adhesives and 

cements. The nanolayering phenomenon is concentration-dependent, having been 

reported to occur profusely in experimental primers containing 15 wt%, although the 

same was not verified for commercial adhesives (Tian et al., 2016). This may have to do 

with the substantial presence of monomers such as HEMA or low quantities of 10-MDP 

being added to the formulations as monomethacrylate levels cannot be too high. This will 

affect the strength of the material and will enhance water sorption, creating detrimental 

effects (Wei et al., 2011b). Interaction time with mineral components and solvent type is 

also relevant for the formation of stable salts (Yoshihara et al., 2019). The application 

time influences the amount of 10-MDP-Ca salt formed and this reaction reaches a 

saturation point where no more molecules are available to react. The reaction depends 

largely on the components of the formulation more than on the concentration of 10-MDP 

and water available for ionization, according to Fujita-Nakajima et al. (2018b).  Some 

self-adhesive cements which were the precursors to self-adhesive composites added as 

little as 3 wt% of MDP in their formulation, which is the initial amount of 4-META in 

the experimental composites of this project (Dabsie, Grégoire & Sharrock, 2012).  The 

chemical affinity of 10-MDP to calcium-based dental tissues is dependent upon the 

solvent that it is prepared in. 10-MDP is insoluble in water (Chen et al., 2017). 

Concentrations above 15% are only practicable to be added in adhesive formulations. 

These higher concentrations of an adhesion promoting monomethacrylate can only be 
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seldom found in a resin composite due to solubility constraints or water sorption 

detrimental effects. The overall viscosity of formulations containing 10-MDP in contrast 

to 4-META is expected to be lower, as studied previously in bonding systems containing 

one versus the other (Hanabusa et al., 2016). 

 

6.7.2 Chemical and colour stability of 10-MDP after aging 

The shelf-life of dental adhesives and composites is relevant as some components may 

not be stable and can suffer degradation over time. Longevity of polymers, in vitro and 

in vivo, depends upon their stability and degradation, facing modifications to their 

chemistry and their properties over time (D’Alpino et al., 2014). Storage conditions of 

dental adhesives have been investigated and these are known to impact on bond strength 

(Donmez, Ari & Belli, 2009). MDP has been reported to be stable over time, however, it 

is prone to hydrolysis in the methacryloxy ester portion – originating 10-hydroxydecyl 

dihydrogen phosphate and methacrylic acid. The hydrolysis rate increases with storage 

temperature (Donmez, Ari & Belli, 2009; Ma, Fujita & Nishiyama, 2009). If the chemical 

structure is altered, then 10-MDP will no longer have the same properties nor stable 

nanolayering capacity or adhesive performance. Storage at low temperatures is thus 

recommended to maintain stability over time, which seemed to be maintained with the 

monomer that was used in this study, even over a one-year period with no noticeable 

chemical changes. The FTIR spectra after 32-months storage revealed new distinctive 

peaks at 890 cm-1 and 1085 cm-1 which belong to a C-H vinyl bend and a C-OH stretch, 

which can be found in HEMA (Figure 3.2). This confirms the findings from Teshima 

(2010), which are consistent with the formation of 10-hydroxydecyl dihydrogen 

phosphate. Additionally, shifts in the carbonyl C=O region may be due to the formation 

of methacrylic acid. 

 
Degradation of 10-MDP is modulated by the presence of other monomers that co-exist in 

the formulation or solution. A monomer such as HEMA decreases the hydrolysis rate of 

MDP because it dissolves completely in water and suffers hydrolysis preferentially. The 

proton that forms reacts with the methacryloxy ester portion of HEMA, instead of 

attacking 10-MDP, as reported by Teshima (2010). Lower storage temperatures, such as 

4ºC, when compared to room temperature or even higher temperatures, is known to 

increase stability of methacrylate monomers containing functional groups (Nishiyama et 

al., 2006). 
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Regarding colour stability, authors consider ∆Ε values above 3.3 clinically unacceptable, 

as these colour variations are perceptible by the human eye. Upon comparison of a 14-

month aged sample containing monomer 10-MDP and the rest of the constituents used in 

the experimental formulation, these values were below 2, indicating acceptable changes 

(Um & Ruyter, 1991; Vichi et al., 2004; Paravina, Péres & Ghinea, 2019). Colour 

perception is related to light reflectance, which is affected by changes in the organic 

matrix, amines and initiators in the composite after aging (Pires de Souza et al., 2007). 

 

6.7.3 Polymerisation kinetics 
 
The DC (%) is dependent on the chemical structure of the monomers (which affects their 

flexibility), their size and physical properties (Walters et al., 2016). Monofunctional 

methacrylate monomers such as 10-MDP can improve the conversion rate, and 

concentrations higher than 5% may benefit this parameter, as suggested by previous 

authors (Yazdi et al., 2015). These monomers form a linear polymer matrix which 

controls the otherwise high level of cross-linking that would happen in their absence, due 

to having high amounts of difunctional monomers like Bis-GMA or UDMA (Sadler et 

al., 2013). As seen by Yazdi and collaborators (2015), although with adhesives, 

concentrations of 0 and 5% MDP achieve lower conversions than higher concentrations 

of this monomer. High conversion levels (above 75%) were still obtained with increasing 

concentrations of MDP. As the monomer has a molecular weight only slightly higher to 

TEGDMA and a relatively flexible hydrophobic chain (see Table 3.2), which will not 

form rigid hydrogen bonds, it should have high reactivity, thus increasing conversion. 

This theoretical suggestion that the molecule is quite reactive, was proven with the strong 

linear correlation found between Rp,max and increasing 10-MDP concentration. 

 

However, it is important to bear in mind that monomers such as 10-MDP and 4-META 

are known to react with the amine co-initiator by means of an acid-base reaction, 

inhibiting polymerisation (Hanabusa et al., 2016). This is monomer-dependent, and the 

effect is reduced if the functional monomer interacts with HAp. As previously described 

in other chapters, conversion levels are linked to better bond strengths and adhesive 

properties. A PPGDMA/UDMA system does not however need an amine, so such 

interaction is not applicable in this case. 
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10-MDP has a lower molecular weight compared to UDMA (see Table 3.2), and this may 

facilitate higher conversion levels due to an increase of molecular mobility, seeing as 

UDMA concentration was reduced in each formulation to add 10-MDP. However, high 

amounts of 10-MDP may render the mixture again viscous, thus reducing DC% and Rp, 

max. These results favor the theory of an optimum viscosity (Gonçalves et al., 2010), which 

may be around 10% MDP.  

 
In situ studies using Raman Spectroscopy have confirmed that 10-MDP improves 

hybridisation, however the mechanical properties of the resulting interface seem to be 

affected by the presence of the monomer, and this could be theorized to be attributed to a 

lack of cross-linking due to linearity of polymerisation even though this warrants further 

research (Zhou et al., 2019b). 

 
The calculated theoretical shrinkage method shows a good correlation to experimentally 

determined shrinkage, recommended in ISO 17304:2013, proving itself as a useful and 

valid method (Aljabo et al., 2015; Aminoroaya et al., 2020). This method relied on the 

experimentally determined conversion results presented, as shrinkage-strain is directly 

proportional to final conversion (Aljabo et al., 2015; Atai, Watts & Atai, 2005).  A lower 

DC (%) and higher concentration of high molecular weight monomers is related to lower 

shrinkage values, as material composition explains the magnitude of the shrinkage-strain 

(Sunbul, Silikas & Watts, 2016). Monomers with higher reactivity and that lead to greater 

double bond conversions are linked to higher shrinkage values (Braga & Ferracane, 2002; 

Sunbul, Silikas & Watts, 2016). A lower elastic modulus is correlated with lower values 

of shrinkage, which is in accordance with what was seen in this study (Braga, Ballester 

& Ferracane, 2005). This lower elastic modulus might be due to the effect of the free 

monomer, which causes plasticisation, owing to the composite having polymerised less. 

Also, materials that obtain higher DC (%) with greater cross-linking, have less stress 

deformation. Changes owing to shrinkage when comparing the different formulations 

could be considered minimal. This is due to the lower concentration of methacrylate 

groups per unit volume in MDP (0.0035 mole/cc) compared to UDMA (0.048 mole/cc). 

Yet, when concentration was 10%, shrinkage was higher mainly due to sharp rise in the 

DC (%), to which shrinkage-strain is highly dependent upon. 
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6.7.4 Self-etching efficacy of 10-MDP 

Primers of self-etch adhesives should have the ability to partially dissolve the smear layer 

and fractionally remove surface minerals to provide a rough surface which is compatible 

with micromechanical interlock mechanisms. The etching effect is conditional on the 

application time of the primer on the surface of the substrate since a pH change firstly 

occurs when the primer comes in contact with the tooth (Maeda et al., 2008). The 

recommended application time may not always be sufficient for the reaction to occur, as 

thermodynamic equilibrium may have not been reached in the limited time frame 

recommended by manufacturers, as pointed out by Yoshihara et al. (2018b). The etching 

effect derives from the low pH and presence of functional monomers as explained 

throughout this thesis. Following the theory of adhesion-decalcification, monomers are 

able to decalcify HAp if the bond formed is not stable, and the reaction of the monomer-

HAp can be described by the following equation: 

        
 

   Ca10 (PO4)6 (OH)2 + 14H-R  10 Ca2+ + 6 (H2 PO4-) + 2H2O + 14R-    Equation 6.2 
 

Equation 6.2. Functional monomer interaction with hydroxyapatite, where R = functional 

monomer. 

 

It is already known that this etching effect depends on the functional monomer. 10-MDP 

has a unique etching potential combined with a stable chemical interaction (Yoshihara et 

al., 2018b), and is probably responsible with the favourable results observed in the images 

shown. In dentine, a balance has to be reached in terms of etching depth and monomer 

penetration extent. This is one of the reasons why priming while etching is beneficial. 

Moreover, with acid etching step, a detrimental morphological change in the collagen has 

been documented. Due to the acidic damage, the triple helix of the collagen structure is 

affected resulting in untwisting and breakdown of the intermolecular crosslinking. These 

morphological changes are adverse in bonding stability (Milia, Lallai & Garcia-Godoi, 

1999). Despite this for CFSE, 15 s was enough to remove the smear layer and expose the 

tubules which would guarantee adhesion mechanisms for subsequent application steps. 

This primer seems to surpass the need for a separate acid etching step and may constitute 

the sole necessary step to improve the outcome of self-adhesive composites. 
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6.7.5 Push-out bond strength of different 10-MDP concentrations 
 
Increasing the concentration of 10-MDP has a direct positive effect on the bond strength 

outcome, and this has been proven in different previous studies (Tian et al., 2016; 

Yoshida, 2020). Most commercial primers contain 10-15 wt% of 10-MDP, and studies 

have shown there seems to be an optimal concentration of 10-MDP for bonding, which 

should be planned according to its effects on other physico-mechanical properties of the 

mixture (Shibuya et al., 2019; Yoshida, 2020). It can be theorized that a saturation of 

binding sites for 10-MDP exists. This means that there is a ceiling effect, and beyond a 

certain monomer concentration, the bond strength to dentin does not keep increasing. 

Previous studies have mentioned a limit to the amount of acidic monomers that can be 

added before bonding is impaired (Leal et al., 2011). A higher number of acidic 

monomers are also able to interfere even more with the polymerisation process, thus 

reducing bond strength values. 

 
It is important to point out that the experimental formulation contains MCPM. The 

adhesive monomer could be binding to MCPM in the bulk of the experimental material 

used in this study and may not be available at the surface, to ionically bind to the calcium 

in demineralised dentine or enamel. Many MDP-Ca salt assembly forms have been 

described, and MCP is one of the possible bonding substrates (Fujita-Nakajima et al., 

2018a). It is expected that this molecule would act as a surfactant because of its 

amphiphilic potential, as has been described previously (Tian et al., 2016). Not only can 

this happen with 10-MDP but also with 4-META, which is also present in the 

experimental formulations and has been documented (Fujisawa & Ito, 1999). This might 

explain why its bond strength results had high variability. Manufacturers don’t usually 

reveal concentration of 10-MDP that was included in the formulation nor the quality of 

the monomer used (Van Meerbeek et al., 2020).  

 

6.7.6 Biaxial flexural strength and elastic modulus 
 
As a biomimetic replacement of enamel and dentine, composites should mimic not only 

their aesthetic appearance but also their physical and mechanical properties.  Since most 

restorations tend to fail due to tensile stresses, flexural strength is a valid property to test 

and predict this type of fracture (Wille et al., 2016). The clinical issue addressed when 

testing flexural strength is mainly the fracture and deformation resistance of the material.  
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Biaxial flexural strength is a valid method and evidence suggests it shows less data 

variability than traditional methods of testing (Ilie et al., 2017). Flexural strength and 

modulus are closely tied with bond strength as cohesive forces are necessary to form a 

resistant and durable HL in dentine, and ultimate strength correlates with bond strength 

(Takahashi et al., 2002).  

 
Firstly, the formulation containing no monofunctional methacrylates had lower strength 

than formulations with levels of 10-MDP or 4-META. The addition of particles such as 

MCPM, or even PLS, which are non-functionalized, and therefore cannot bond well to 

the resin phase is well known to be responsible for decline in mechanical properties of 

experimental composites (Braga, 2019). In fact, marked reductions of biaxial flexural 

strength in dry discs after inclusion of CaPs, alike in this study, have been well 

documented (Skrtic & Antonucci 2003; Kangwankai et al., 2017). Polymerisable 

surfactants such as MDP may aid wetting of the hydrophilic particles used in this study. 

In fact, MDP has a track record of excellent affinity to CaPs and can also phosphorylate 

collagen, hinting that it may also be interacting with PLS (Yoshida et al., 2012; 

Nurrohman et al., 2013). Interestingly, as nanolayering phenomena have been described 

with hydroxyapatite, the same effect can take place in the bulk of the composite, to the 

monocalcium phosphate. This nanolayer may be critical in providing a stable interface 

between both composite phases. Such hydrophilic ionic interactions can therefore reduce 

air pockets, eliminating polymerisation inhibiting oxygen layers, and can also improve 

mechanical properties. This may explain the rise in biaxial flexural strength at 5% MDP. 

Below this percentage, the surface effect required for particle interaction may have 

already been covered, meaning there may exist an optimal level for such benefit, which 

requires further research. 

 

Monomethacrylates promote linear polymerisation and increase the DC (%) of the 

mixture, which is a known factor of cardinal influence on mechanical properties of 

polymers (Abu-elenain, Lewis & Stansbury, 2013; Barszczewska-Rybarek, 2017). A 

decreasing trend was observed when the ratio of monomethacrylates increased in the 

mixture. Mechanical properties such as strength and stiffness are essentially related to the 

filler and the coupling agent of the composite (Braem et al., 1989) and low content 

increase of 10-MDP seems to have little effect on flexural strength (Shibuya et al., 2019). 

A detrimental effect on the mechanical properties with the introduction of 10-MDP has 
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been described, specifically on the elastic modulus at the interface and hardness. This 

may be in part explained by less cross-linking of the resulting polymer if too much of the 

monomer is added, during polymerisation and owing to the molecular structure of 10-

MDP (Sato et al., 2014; Zhou et al., 2019b). Lower mechanical properties such as flexural 

strength and modulus also have to do with the alkyl spacer chain of the monomers that 

are included in the paste. Studies have found that an increase in spacer chain results in 

less flexural strength and modulus (Tauscher et al., 2017). 

 
10-MDP in lower concentrations seems to promote a reinforcing effect which might be 

due to a homogeneous distribution, positively contributing to the polymer matrix 

architecture. However, in higher concentrations, agglomerates of linearized molecules 

form, serving as a weak point in the resin (Wang et al., 2014). Monofunctional molecules 

are able to attach on one end only, thus, upon increasing 10-MDP concentration, more 

pendant chains could be produced, ultimately affecting mechanical properties (Landherr, 

Cohen & Archer, 2011). Furthermore, as the base dimethacrylate monomer decreased 

while being replaced by 10-MDP and owing to an increase of DC (%), 10-MDP molecules 

may be reacting more with each other in higher concentrations, further contributing to 

linearization. 

 
Previous results found elastic modules values above 5 GPa when the experimental 

formulations were stored in water for periods over 24 h, and this may be owing to mineral 

precipitation and surface reaction. Though in this study, flexural strength and modulus 

values were higher than the ones reported in previous optimised formulations (Alkhouri, 

2019). Initially, modulus values decrease due to the partial loss of UDMA rigidity upon 

replacement by 10-MDP. There is however an increase in modulus values when 

concentrations reach 10%, which is explained by the sudden increase in conversion 

values, which has been reported by many studies (Abu-elenain, Lewis & Stansbury, 2013; 

Gonçalves et al., 2015). As crosslink density decreases with increasing concentrations of 

10-MDP, the modulus also decreases, however conversion values are still high, which 

may confer stiffness to the polymer, explaining the results (Gonçalves et al., 2015). A 

higher modulus is achieved with high conversion values and hydrogen bonding capacity; 

however, these processes compete with each other. With hydrogen bonding there is 

restriction of molecular mobility, decreasing conversion and affecting modulus (Emami 

& Söderholm, 2009).
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7 Conclusion 
 
Based on the work undertaken in each research chapter of this thesis and considering all 

of the limitations inherent to laboratory studies, the following conclusions can be drawn: 

 

The results from Chapter 3 highlight that the chemistry of bonding systems and kinetics 

can be modelled and assessed using ATR-FTIR data. The component ratios, kinetics and 

type of solvent/fillers are important to understand material properties. This knowledge 

has implications on deciding correct solvent evaporation and polymerisation times, 

bonding mechanisms or susceptibility to phase separation and degradation of each 

material. 

 
- FTIR spectral characterization of individual monomers, used in dental 

formulations, with respective distinct peak assignments was provided 
 

- A semi-quantitative ATIR-FTIR model that allowed prediction of component 
ratios, identifying the chemical composition of a mixture, was derived 

 
- Component ratios differed, with CFSE primer having double the amount of 

solvent (water) than OBFL (ethanol). Universal systems show complex mixture 
of co-monomers with less solvent content than isolated primers 

 
- Polymerisation properties were material-dependent with universal bonding 

systems having high DC (%) and polymerisation rates 
 

- Optibond FL was the most filled (48 wt%) adhesive, while others were in the 
range of 5 wt%. All systems had nanofillers, while Optibond FL had particles in 
the micron range and two types of fillers 

 

In Chapter 4 a comprehensive study of self-adhesive restorative materials was 

undertaken. It was possible to infer that the materials available in the market have 

different monomer types/ratios, polymerisation properties, microstructure, filler type and 

distribution and show variable interfacial pH. 

 
- ATR-FTIR modelling suggests RMGIC ACTIVA resembles a compomer due to 

its high content of methacrylates and undetectable water content 
 

- The experimental formulations show competitive polymerisation rates and levels 
of DC (%) compared to self-adhesive commercial materials 
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- Calculated shrinkage showed lower values for the experimental materials when 
compared to the commercials 
 

- The variability of polymerisation rates from material to material were much 
higher with composites than with bonding systems 

 
- In the contact angle measurement, increasing percentages of MCPM and PLS 

seemed to render the material more hydrophilic than commercial alternatives 
 

- ACTIVA showed a high filler/polymer ratio, with large particles, while VF and 
Constic were similar in filler distribution and microstructure 

 
- VF and Constic commercial composites showed lower interfacial pH than the 

experimental composites, due to acidic monomer content 
 

In Chapter 5 the focus was put on the adhesive interface in dentine. The findings from 

this chapter proved that: 

 
- DC (%) in situ was higher for OBFL, but experimental materials showed 

competitive levels compared to commercials. There was no difference of DC (%) 
in contact with dentine when compared to the bulk of the material 

 
- Material penetration depth was greater with the etch-and-rinse system OBFL and 

evident HL formation was exclusive to it, with presence of a monomer infiltrated 
collagen network 
 

- Micro-Raman analysis of the interface is able to detect even slight changes, with 
variability in the components found from scan to scan (glass particles, PLS or 
monomer peak contributions) 

 
- The experimental materials were able to form long resin tags in etched dentine 

 

The goal of Chapter 6 was to introduce a different functional monomer in alternative to 

4-META and to research whether it improves certain outcomes. 10-MDP had not yet been 

considered as a monomer for the experimental material. It was found that: 

 
- 10-MDP shows good chemical stability for 14-month storage at 4 ºC but shows 

chemical degradation catalysed by hydrolysis after 32-month storage 
 

- Polymerisation levels were raised by both 4-META and 10-MDP addition 
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- DC (%) and Rp,max were found to have a strong and positive correlation to 10-
MDP concentration 

 
- 10-MDP seems to be a viable substitute to 4-META as it has self-etching 

efficacy, can be added in higher concentrations and bond-strength seems to be 
concentration-dependent 

 
- 10-MDP may be able to improve wetting of hydrophilic additives, namely 

calcium phosphates, making them bondable to the resin phase of the composite 
 

- Levels should be optimised as too high concentrations of 10-MDP could reduce 
the biaxial flexural strength 

 

Kina pointed out in an editorial about self-adhesiveness (2010), that the topic reminded 

him of a duck. A duck is able to swim, walk and fly. Ducks combine these three abilities, 

but they are not experts in any of them. A product that tries to combine everything will 

end up not specializing in anything. In the case of self-adhesive composites, chemically, 

it is obvious that each component will work better separately. However, Kina also 

remarked that the duck should not be underestimated, as it eventually survived centuries, 

evolved and adapted. Self-adhesive materials will accompany evolution, and they will 

ultimately improve their performance. The work presented here serves as a basis to better 

understand their behavior, properties, flaws, the factors involved in bonding of these 

materials and to propose further optimisation. It should serve as a cornerstone for future 

work that aims to see self-adhesive restoratives thrive. 
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8 Future Aims 
 

Considering everything that was accomplished in this doctoral thesis it is now important 

to leave some points as guides for future research. The following ideas would be 

interesting to look into: 

 

1) Aging and stability 

 
- Studying the NMR spectra of dental bonding systems to confirm the components and 

to assess degradation over time (i.e. hydrolysis). It would be important to simulate 

different storage conditions and temperatures for long periods and undertake the same 

study with novel self-adhesive composites. 

 

- Testing mechanical properties (flexural strength, microhardness, wear, fracture 

toughness) and water sorption of self-adhesive restorative materials after aging 

protocols to determine biodegradation of the monomer and filler phase. Quantifying 

leaching of monomers after aging protocols. 

 
- Analysing the stability of the resin-dentine interface in regard to enzymatic activity 

(MMP/CCP), comparing composite formulations with varying functional monomers 

such as 10-MDP, GPDM and 4-META, and varying concentrations of these 

monomers. Aging samples and observing ultramorphological differences in the 

interface of these materials. 

 
- Determining the optimal etching strategy to be used with the experimental composite, 

which allows a biomimetic and degradable-resistant restoration. Assess if a priming 

option is sufficient and more conservative than other possible alternatives (which is 

briefly covered in a pilot study shown in Appendix D) 

 

 
2) Effects of MCPM and PLS 

 
- Measuring the nanohardness at the interface in different formulations of the 

experimental composite (with varying levels of MCPM and PLS) when used without 

a bonding system, in comparison to bonding systems. 
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- The interaction of PLS with collagen, and with dentine, at the molecular level, when 

the composite comes in contact with the substrate. It would be interesting to determine 

if PLS promotes biomineralisation within collagen and assess if there is synergistic 

capacity when used with a monomer phase containing 10-MDP. 

 

 
3) Improving self-adhesiveness 

 
- Reducing and adjusting the weight % of fillers in the experimental composite (< 

7.5%) and measuring the impact on the bond strength, HL formation, interfacial 

ultramorphology and chemistry 

 
- Developing a sensitive method that allows microtensile bond strength testing in self-

adhesive materials (that do not have high bond strengths and cannot withstand 

sectioning without pre-test failures). 

 
- Measuring the penetration depth of different self-adhesive composites and bonding 

systems in carious dentine with Raman Spectroscopy and Confocal LSM. 

 
- Expanding the study of dentine discs as models for bonding studies, such as different 

bond strength setups, and comparison between the setups, or study of the interface 

(Appendix C). 
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9 Appendix A Appendix A 
 

1. Individual FTIR/Raman Spectra of Dental Bonding Systems 
 

 
Figure 9.1. IR/Raman spectra of OBFL 

Table 9.1. Assignments for R groups of monomers in OBFL. 
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Figure 9.2. IR/Raman spectra of CFSE. 

 
Table 9.2. Assignments for R groups of monomers in CFSE. 

 
Wavenumber 
Raman Shift (cm-1) Assignment 

  
Compound 
  

1710 C=O stretch Monomers 
1700 C=O stretch Monomers 
1640 Aliphatic C=C stretch Monomers 
1635 O-H stretch Water 
1510 N-H deformation UDMA 
1455 CH2 bend Monomers 
1410 C-H bend HEMA 
1324, 1300 C-O stretch Monomers 
1249 Aromatic C=C Bis-GMA 
1170 C-O-C stretch Monomers 
1105 C-H aromatic bend Bis-GMA 
1000-1005 P-O stretch 10-MDP 
945 C-H bend Monomers 
903 C-H bend HEMA 
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Figure 9.3. IR/Raman spectra of CFU. 

 
 

Table 9.3. Assignments for R groups of monomers in CFU. 

 
Wavenumber 
or Raman Shift Assignment 

  
Compound 
  

1713 C=O stretch Monomers 
1660 C=O stretch Hydrophilic amide monomer 
1637 Aliphatic C=C stretch 

O-H stretch 
Monomers 
Water 

1604 Aromatic C=C stretch Bis-GMA 
1510 Aromatic C=C stretch Bis-GMA 
1455 CH2 bend Monomers 
1303, 1296 C-O-C stretch Monomers 
1249 Aromatic C=C Bis-GMA 
1185 Aromatic C-H stretch Bis-GMA 
1163 C-O-C stretch Monomers 
1113 C-H aromatic bend Bis-GMA 
1040 C-O stretch Monomers 
945 C-H bend Monomers 
903 CO stretch HEMA 
814 CCO stretch Monomers 
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Figure 9.4. IR/Raman spectra of Scotchbond Universal. 

 

Table 9.4. Assignments for R groups of monomers in SBU. 

 
Wavenumber 
or Raman Shift Assignment 

  
Compound 
  

  
1713 

  
C=O stretch 
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1637 Aliphatic C=C stretch Monomers 
1604 Aromatic C=C stretch Bis-GMA 
1510 Aromatic C=C stretch Bis-GMA 
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1455 CH2 bend Monomers 
1303, 1298, 1287 C-O-C stretch Monomers 
1249 Si-CH2 Silanated particles 
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1164 C-O-C stretch Monomers 
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1045  C-O stretch Monomers 
945 C-H bend Monomers 
903 CO stretch HEMA 
814 CCO stretch Monomers 
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2. Comparison spectra (primers, adhesives and single bottle bonding systems) 
 
 
 

 

Figure 9.5. IR spectra of OBFL/CFSE primers. Note higher absorbance in the -OH region 

(3300 cm-1) and lower methacrylate peaks at 1700, 1320, 1300, 1160, 1080, 1050 and 940 cm-1 

with CFSE due to its greater water content. 

  

 
Figure 9.6. Comparison of IR spectra of OBFL/CFSE adhesives. The spectra are similar except 

in the 1000 – 900 cm-1 region which can be due to differences in filler load and also fraction of 

monomers such as HEMA and GDMA. 
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Figure 9.7. Comparison of IR spectra of the universal, single-bottle adhesives. The solvent 

content in both mixtures appears similar, while differences in the organic matrix can be seen, 

with high absorption of the amide C=O stretch (1660cm-1), C=C region (1640, 1610), and 

presence of a 980 cm-1 peak for CFU. A 1240cm-1 aromatic peak, for Bis-GMA is also increased 

in CFU. 
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10 Appendix B  Appendix B 
 

Surface effect of OPA etching on dentine 

Introduction and Aims: As OPA acid etching is a conventional step during the bonding 

procedure, it is important to understand the chemical modifications taking place at the 

surface of dentine, after etching. The aim was to evaluate the effect of 15 seconds etching 

on the surface chemistry of coronal dentine discs. 

Methods: 2 deciduous teeth were sectioned through the middle dentine, and roots, 

originating coronal dentine discs. These were ground using a Retsch Miller (Retsch, 

Haan, Germany) and sieved, originating particles < 150 µm in size. The particles were 

packed inside a filter paper and dipped in a 37% phosphoric acid etch bath for 15 s, 

followed by water rinsing for 1 min and left to dry for 2 h. An ATR-FTIR spectrum, at 

room temperature, of the particles was acquired before and after the procedure, ensuring 

physical contact with the golden gate bridge of the ATR. The wavenumber ranged 

acquired was from 700 – 4000 cm-1, at a resolution of 4 cm-1, with 3 repetitions. 

 

Results: FTIR spectra of 15 s of OPA etching in dentine reveals precipitation of brushite 

(CaHPO4·2H2O), with characteristic PO stretching peaks at 985 cm-1, 1050 cm-1, 1113 

cm-1 and 1202 cm-1.  

 
Figure 10.1. FTIR spectra of sound dentine and dentine treated with 37.5% phosphoric acid for 

15 s (700 – 1800 cm-1). Showing surface conversion of HAp form into brushite. 
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Discussion: The high surface area due to the dentine sample being in powder form may 

have contributed to the formation effect of brushite, and clinically this event might not 

take place the same way. This has been found to happen with other acid etchants such as 

metaphosphoric acid. The residual crystals of brushite and HA left on the surface, with 

less exposed collagen may impede its collapse and shrinkage, helping infiltration of 

monomers during the bonding procedure, and minimizing chances of nano leakage and 

resin-dentin interface degradation events (Cardenas et al., 2018). Phosphoric acid etching 

of dentine results in a roughened surface with the tubules completely open and free of 

smear layer debris as seen from the SEM. Polyacrylic acid, in contrast, is a weak acid (Ka 

= 1.78 x 10-5), and ionization in water is only partial (Young, Rafeeka & Howlett, 2004). 

It is therefore less reactive and has an inferior etching capability, with limited depth and 

surface action. It is generally only used in combination with a glass ionomer restoration 

since it is able to bond to the polyacid matrix (residues of the acid can be left) and 

promotes ionic exchange of calcium in the dissolved hydroxyapatite. Polyacrylic acid has 

also been associated with less or no visible resin tags in enamel, as they are unable to 

form since it is incapable of removing the smear layer effectively, leaving occluded 

tubules behind (Fjeld & Øgaard, 2006; Sauro et al., 2018). 
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11 Appendix C    Appendix C 
 
 

Introduction and Aims: Self-adhesive composites do not form a distinct hybrid layer in 

dentine and are too viscous to facilitate wetting, good resin infiltration and proper 

envelopment of the collagen network. This demands a different approach or at least an 

improvement of the current one. From a critical standpoint, it seems that the step that 

might be missing is priming dentine. A primer is used to reinstate a higher surface free 

energy (a posed difficulty in an organic substrate) which makes the environment more 

compatible to a hydrophobic resin that follows in sequence (Perdigão, Swift and Walter, 

2019). The primer, due to its hydrophilic characteristic and solvent ability, is then able to 

penetrate the collagen network, envelop it and can co-polymerise with the subsequent 

monomers of the hydrophobic layer. It precedes the application of the bonding resin 

(adhesive). 

 

The aim of this pilot study was to investigate whether a commercial primer (Clearfil SE 

2) is able to wet dentine, by comparing it to water, and whether it can be co-cured with 

the experimental self-adhesive composite. 

 
Methods: For the contact angle measurements 6 human permanent teeth were stored and 

refrigerated in a solution of Chloramine T (0.5%) for less than 1 month prior to the study. 

Each tooth was mounted on a sectioning plate with yellow sticky wax (Kemdent, 

Swindon, UK) and sectioned at the occlusal two-thirds exposing a flat mid-coronal 

dentine surface. Another cut was made 2 mm below to originate dentine discs. Each 

specimen was then ground flat with 600 SiC grit paper to provide uniform smear-layer 

like surfaces and were then transferred to a beaker with deionized water, in a hot plate at 

a constant temperature of 25.oC. The specimens were carefully removed, dried with a blot 

paper, leaving a moist and slightly glossy surface and transferred to the tensiometer. 

 
Contact angle measurements were immediately carried out using the optical tensiometer 

KSV CAM 200 (KSV Instruments, Finland). The stage was equipped with a heating pad 

to provide a constant temperature (25 ºC) inside a 700 mic polyvinyl chloride (PVC) 

chamber, where the samples were fixated onto a glass slide, as can be seen in Figure 11.1.  

The temperature was measured using a laser thermometer between samples. Three 
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measurements were taken for each sample (n=3). Deionized water and a glass were used 

as control solutions and control substrate, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 11.1. Apparatus to measure the contact angle on dentine. A) heating pad to control and 

raise the temperature; B) PVC chamber to prevent heat dissipation. 

 
 
To study the polymerisation kinetics of a co-blend of primer and experimental composite 

added on top, the S1 formulation was tested together with the primer of CFSE. Metal 

circlips (2x10 mm) were used to contain a drop of primer, which was firstly dried with a 

hairdryer for 20 s, after which the experimental composite was added on top. ATR-FTIR 

continuous spectra were acquired over a course of 20 min at 37ºC, using the same 

parameters and methodology described in Chapter 4 (4.5.4). 

 

All samples were polymerised with a LED LCU, at zero distance (Demi Plus, Kerr, 

Orange, CA, USA) using a power output of 1100-1330 mW/cm2 range, and spectral 

emission between 450-470 nm. 

 

Results: Comparing the stating contact angle of water to the static contact angle of the 

primer, formed on the dentine surface, there were no differences between both, with a 

   A 

 B 
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non-significant lower trend of values in the CFSE primer (Table 11.1.). When measured 

in the glass slide, the primer also registered values lower than water. 

 
Table 11.1. Contact angle measurements of primer – CFSE, and water on dentine, and using a 

glass slide as control (n=3), same lower case letter indicates no significant differences in the 

same row (T-Test, p<0.05). 

 

 

 

 

 

 
 

The co-polymerisation of the primer and the composite was investigated. The 

polymerisation kinetics are illustrated in the image below (Figure 11.2). Appearance of a 

peak assigned to UDMA can be seen when the S1 is added to the primer. 

 
 

 
 

 

 
 

Figure 11.2. Left figure (A) - Illustration of the polymerisation kinetics of P1, where primer is 

represented in black, primer and composite before curing in blue and final cured spectra in 

grey. Note appearance of a N-H bend peak at 1545 cm-1 (UDMA) when S1 is added and 

increase of methacrylate peaks. Grey lines represent shifting peaks. B) represents kinetics of the 

1535 cm-1 peak before and after adding S1 on top of the primer. 
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Discussion: The contact angle of the primer to dentine did not show statistically 

significant differences to that of water on the same substrate. The wetting behaviour of 

the liquids depends on the chemical interactions that happen between dentine and the 

primer/water but also on the physical conditions of the substrate such as the roughness 

(which is influenced by different degrees of etching), tubule density and the resulting 

capillary action (Rosales et al., 1999). These findings are based on the Wenzel equation, 

as confirmed by Toledano et al. (1999) with values similar to this study of both primer 

and water measurements. 

 
                                                                ratio = 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2
                                       Equation 11.1 

 
Equation 11.1. Wenzel equation that measures the ratio between the contact angle of a solid 

(rough surface) and the liquid that is trying to wet it, as described by Marshall et al. (2010). 

 
Application time is important not only for the establishment of surface interactions but 

also to allow spread of the primer, allowing a thorough diffusion of the monomers to fill 

in all the gaps and create a fully enveloped hybrid layer. Different solvents have different 

spreading profiles, and research has shown that water-based solvents require additional 

time to facilitate wetting (Rosales-Leal et al., 2001). 

 
As the priming step in two or three step adhesives precedes the application of a 

hydrophobic bonding resin, it was hypothesized that the self-adhesive composite could 

replace the bonding resin and be simultaneously cured with the primer, saving time and 

adding this extra step which may favour adhesion and overcome wetting/surface 

interaction limitations. Previous studies have shown that this technique can work in 

enamel but is difficult to achieve in dentine, with insufficient bond strength outcomes and 

poor adequacy (Abdelaziz & Saleh, 2018; Viswanathan, Shashibhushan & Subba Reddy, 

2011). Most studies evaluating different curing modes indicate that the problem is at the 

adhesive-dentin interface, with most probably limited light penetration occurring due to 

the composite preventing light from reaching the bottom layer (adhesive) leading to water 

ingress and suboptimal polymerisation at the interface (Viswanathan, Shashibhushan & 

Subba Reddy, 2011; Lürs et al., 2014). However, this was not seen in this study, as 

conversion was not affected in the lower surfaces. 
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12 Appendix D  Appendix D 
 

Characterization of bovine dentine discs as models for adhesion studies 

 

Introduction and Aims: Studies related to adhesion and interfacial imaging call for easy 

access, ethical free reproducible dentine models. The aim of this pilot study was to 

research the use of bovine dentine discs as suitable models to study the etching efficacy 

of primers, interaction of adhesives/composites and surface treatments. This was done by 

comparing the chemistry and morphology of the discs with human dentine and assessing 

the mass loss upon acid treatment. 

 

Methods: Bovine dentine discs (0.3 mm thickness and 5 mm diameter) were acquired – 

IDS (Immunodiagnosticsystems, West Boldon, UK) and characterized by IR and Raman 

Spectroscopy to compare the chemistry with human dentine. SEM images were taken to 

study the morphology of the surface of dentine. Mass loss was determined using a four-

figure balance (Mettler AG204, Gemini, Netherlands) after demineralisation in formic 

acid (4N) for 15, 30, 45, 60 and 75 minutes and after 48 h. 

 

Results and Discussion: Raman and IR spectra are very similar to human dentine with 

characteristic peaks occupying the same absorption bands (Figure 12.1 – 12.2). Past 

studies have confirmed higher mineral content (PO43- v2) in bovine dentine but less 

organic content than in human dentine which may affect bonding if discs are used as 

models for sound dentine. 

 

 
Figure 12.1. Raman spectra of bovine dentine discs before demineralisation (orange) and after 

48 h of formic acid (4N) with loss of minerals. 
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Figure 12.2. FTIR spectra of bovine dentine discs (750 – 1800 cm-1). 

 

Demineralisation with formic acid for 48 h results in the complete depletion of the mineral 

content, with confirmed loss of hydroxyapatite peak at 960 cm-1 [v1(PO43)]. SEM images 

show collapse of the collagen with disarranged structure (Figure 12.3). 

 
Figure 12.3. SEM images of collagen discs after demineralisation procedure (3500x and 1000x). 
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Mass loss after 15 min was around 60%, while 50% mass loss was reached after 45 min 

of demineralisation with formic acid (Figure 12.4). Raman Spectroscopy was used to 

acquire visual and chemical confirmation of demineralisation after 30 minutes (Figure 

12.5). Loss of the mineral content was confirmed, and tubules were visibly exposed. 
 

Figure 12.4. Average mass loss (%) measured at time intervals of 15 minutes. 
 

 
Figure 12.5. Raman microscope image of tubules exposed after 30 min and corresponding 

Raman spectra (800 – 1750 cm-1). 
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Formic acid was able to fully demineralise the discs, as it has a very low pH (1.4) and a 

Ka of 1.8 x 10-4, higher than phosphoric acid, which would form minerals such as DCP 

(Appendix B). Mass loss is diffusion controlled and the thickness of the samples 

influences the gradient, as proven by Alhouri (2019), with results that are concordant to 

the ones found in this study. Theoretically, if 2 mm discs require 48 h in formic acid for 

full demineralisation, 0.3 mm discs would require much less time (Alkhouri, 2019), as 

seen in Figure 12.4.  

 

Acid catalysed hydrolysis degradation of collagen is inhibited by the presence of 

hydroxyapatite, which protects the integrity of the organic phase (Karunanayake et al., 

2019). Owing to this, the effects on mineral peaks are substantial, while the effects on 

protein peaks (amide I, amide II and amide III) are minimal, as was confirmed with 

Raman spectroscopy, showing increased intensity of these peaks, following 

demineralisation. The same discs used in this study have been well utilised to research 

bone resorption mechanisms after seeded osteoclast activity and can also be used to look 

at enzyme-dependent collagen degradation, highlighting some of the many possible 

applications that can be used with these models (Wilson et al., 2009; Go et al., 2020). 
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