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I. Foreword 
Dental restorative materials play a central role in contemporary oral healthcare, at the 

interface between clinical performance and biological safety. Over the past decades, 

resin-based composites have become the dominant restorative materials worldwide, 

driven by aesthetic demands, adhesive dentistry, and minimally invasive treatment 

strategies. While their mechanical performance and clinical longevity have been 

extensively investigated, their biological interactions with oral tissues, particularly the 

dental pulp, remain an area of ongoing scientific debate. 

The present thesis addresses this issue by examining resin-based composites not as 

inert restorative materials, but as dynamic systems capable of interacting with their 

biological environment. Incomplete polymerization, residual monomer release, and 

degradation processes may lead to cellular stress in pulp and oral tissues, even in the 

absence of overt tissue necrosis. Understanding these interactions requires an 

integrated perspective that combines material science, cellular biology, and clinically 

relevant considerations. 

Accordingly, this thesis is structured around a multidimensional approach. The first 

part provides a comprehensive review of resin-based composite chemistry, 

polymerization mechanisms, elution phenomena, and the biological eGects of 

substances released from these materials. This section is intentionally written to be 

accessible to both dental and non-dental readers, establishing a shared conceptual 

framework for the experimental work that follows. 

The experimental chapters then pursue two complementary objectives. First, the 

physico-mechanical performance and biological eGects of commercially available 

resin-based composites are evaluated, with particular attention to curing eGiciency in 

depth and its consequences for both material properties and cellular responses. 

Second, strategies aimed at improving composite biocompatibility are explored 
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through the incorporation of protective additives, with a focus on antioxidants such as 

N-acetylcysteine. Rather than proposing such additives as a means to compensate for 

inadequate material formulations, this work examines their potential to modulate 

sublethal biological eGects when incorporated into well-designed composite systems. 

Finally, the discussion integrates these findings in light of current regulatory 

frameworks, experimental limitations, and clinical reality. Particular emphasis is 

placed on distinguishing material-related biological eGects from other contributors to 

pulpal pathology, such as inflammation and operative factors, and on identifying 

realistic perspectives for the development of safer and more biologically compatible 

restorative materials. 

Through this integrated analysis, the present thesis aims to contribute to a more 

balanced understanding of resin-based composites, one that acknowledges both their 

undeniable clinical benefits and the biological challenges that accompany their long-

term use. 
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II. List of Abbreviations 
 

Abbreviation Full term 

BPA Bisphenol A 

BisGMA Bisphenol A-glycidyl methacrylate 

CQ Camphorquinone 

DC Degree of Conversion 

DMAEMA N,N-Dimethylaminoethyl methacrylate 

DPC Direct Pulp Capping 

EPR Electron Paramagnetic Resonance 

GI Glass Ionomer 

GSH Glutathione 

hDPCs Human Dental Pulp Cells 

HEMA 2-Hydroxyethyl methacrylate 

ISO International Organization for Standardization 

LC/MS Liquid Chromatography–Mass Spectrometry 

LDH Lactate Dehydrogenase 

MDR Medical Device Regulation 
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Abbreviation Full term 

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) assay 

NAC N-Acetylcysteine 

RBCs Resin-Based Composites 

ROS Reactive Oxygen Species 

TC₅₀ Toxic Concentration inducing a 50% reduction in cell viability 

TEGDMA Triethylene glycol dimethacrylate 

TPO 2,4,6-Trimethylbenzoyl diphenylphosphine oxide 

UDMA Urethane dimethacrylate 
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IV. Introduction 
The World Health Organization recognizes untreated dental caries in permanent teeth 

as the most prevalent health condition globally, reflecting the extraordinary scale of 

oral disease as a public health burden. This is confirmed by the Global Burden of 

Disease Study (1), which estimated that untreated caries of permanent teeth 

aGected 2.3 billion people, while untreated caries of deciduous teeth aGected 532 

million children. Altogether, oral disorders were estimated to aGect 3.47 billion 

individuals, nearly half of the global population, and accounted for 8.8 million years 

lived with disability.  

Caries arises from the interaction of bacterial biofilms, fermentable sugars, and host 

factors, leading to acid production and progressive demineralization of enamel and 

dentin. If not treated, lesions advance into the dentin–pulp complex, resulting 

in pulpitis, pulp necrosis, and eventual tooth loss. These pathological consequences 

explain why caries, although preventable in principle, continue to have a major impact 

on health and quality of life. Against this backdrop, restorative treatment is a 

cornerstone of modern dentistry. 

For over a century, dental amalgam was the principal restorative material, valued for 

its durability, ease of placement, and low cost. However, its metallic appearance 

limited esthetics, and its mercury content raised concerns. While evidence of direct 

patient toxicity remains limited, environmental risks became decisive. The Minamata 

Convention on Mercury, signed by more than 120 countries, mandated a phase-down 

of amalgam, primarily for ecological reasons. This global policy shift accelerated the 

transition to resin-based composites (RBCs).  

RBCs now dominate restorative dentistry. Their adhesive bonding to enamel and dentin 

enables minimally invasive preparations, and their ability to mimic natural tooth color 

meets modern esthetic demands. Advances in RBCs chemistry, filler technology, and 
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photoinitiator systems have expanded their indications from anterior to posterior 

restorations, making them the material of choice worldwide.  

Yet despite their success, RBCs are not biologically inert. Their polymerization 

chemistry imposes intrinsic limitations that continue to drive scientific and clinical 

concern. Polymerization by free-radical reaction is never complete: the degree of 

conversion (DC) seldom exceeds 70%, leaving residual monomers and photoinitiator 

fragments entrapped in the polymer network (2). Over time, residual compounds can 

leach into the oral environment. More than 30 substances have been identified in 

composite eluates, among which bisphenol A-glycidyl dimethacrylate (BisGMA) and 

triethylene glycol dimethacrylate (TEGDMA) are particularly significant (3). These two 

monomers are among the most widely used in RBCs formulations and carry particular 

toxicological relevance: TEGDMA as a low–molecular-weight diluent monomer and 

BisGMA as the high–molecular-weight base monomer. Their release undermines 

mechanical stability and raises biological concerns. Laboratory studies consistently 

show that methacrylate monomers impair pulp cell viability, deplete glutathione, and 

induce oxidative stress (4).  

While systemic effects are generally minimal, the local effects on pulp and oral 

tissues are clinically relevant. Monomers can diffuse through dentinal tubules, 

reaching pulp cells and eliciting stress, notably through the generation of oxidative 

stress, even in the absence of outright necrosis(5). Such toxic effects may compromise 

pulpal homeostasis and predispose teeth to pulpitis and early endodontic failure. 

Clinical evidence aligns with this concern. Meta-analyses of thousands of composite 

restorations report acceptable survival overall, but with a striking pattern: failures 

within the first year are dominated by endodontic complications, while later failures 

are due to fractures, and later on become dominated by secondary caries (Fig. 1) (6). 
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Figure 1: Number of failed restorations with type of failure during the first six-years observation time. 

Reproduced from Opdam et al. 2014 (6). 

It is important to emphasize that pulpal pathology is multifactorial. Inflammation 

related to residual caries, bacterial by-products, operative trauma, and host-related 

factors all contribute to pulpal responses. Material-related toxicity should therefore be 

considered as one component within a broader biological and clinical context, rather 

than as an isolated or exclusive cause of pulpal injury. 

Yet assessing pulp health before or after restoration remains difficult. Conventional 

tests (thermal or electric pulp testing) measure neural response rather than true vitality 

and often misrepresent actual histological status. Radiographs reveal late-stage 

changes but not early inflammation. As a result, early pulp injury often progresses 

silently until irreversible damages (tissue necrosis) demands endodontic treatment. 

These biological and clinical challenges underline the importance of robust regulatory 

oversight with regard to the materials used for dental restoration. In the European 

Union, medical devices are regulated under the Medical Device Regulation (MDR, 

Regulation (EU) 2017/745), which classifies devices into four categories according to 

patient risk: 

J Dent Res 93(10) 2014  945Longevity of Posterior Composite Restorations: Review

RESULTS

In total, 1,551 papers were originally identified. After duplicates 
were removed, 1,194 remained for title screening. At that stage, 
858 titles were excluded and 336 abstracts were selected for 
reading, resulting in 54 full-text articles assessed for eligibility. 
Of these, 25 studies were selected as meeting the inclusion cri-
teria, and the corresponding authors were contacted. Six authors 
stated that they could not provide the datasets (Rasmusson and 
Lundin, 1995; Mair, 1998; Lundin and Koch, 1999; Wilder  
et al., 1999; Wassell et al., 2000; Bernardo et al., 2007). One 
author (Van Nieuwenhuysen et al., 2003) replied positively but 
could not provide the data according to the inclusion criteria, 
being therefore excluded. Six authors could not be contacted 
after 5 attempts (Nordbo et al., 1998; Raskin et al., 1999; Köhler 
et al., 2000; Fagundes et al., 2009; Kiremitci et al., 2009; 
Krämer et al., 2011). In total, eight authors agreed to participate 
and provided 11 datasets for the meta-analysis (Andersson-
Wenckert et al., 2004; Bottenberg et al., 2009; Da Rosa 
Rodolpho et al., 2011; Gaengler et al., 2001; Lindberg  
et al., 2007; Opdam et al., 2007, 2010; Pallesen and Qvist, 2003;  
van Dijken, 2000; van Dijken and Sunnegårdh-Grönberg, 2006; 
van Dijken and Pallesen, 2011a). One of the authors offered 
seven-year data on a previously published study, which was 
included as another study (van Dijken and Pallesen, 2011b). The 
12 included studies are summarized in Table 1, with the respec-
tive observation period, number of restorations followed and 
recorded as clinically acceptable or failed, and reasons for fail-
ure. In total, 2,816 restorations (2,585 Class II and 231 Class I 
restorations) were included in the analysis, of which 569 had 
failed at the end of the observation periods.

The distribution of failure reasons in the first 6 years after 
restoration is presented in Fig. 1, showing that in the first year 

after restoration placement, the reason for failure is almost 
exclusively endodontic complications, while in later years few 
endodontic failures are seen and caries and fractures are the 
main failure reasons.

To cluster types of composite resin and adhesives from the 
large variety of brands, we decided to divide composites in 
materials with a higher filler load (> 60% vol) and composites 
with a filler load < 60 vol%, identified as compact-filled and 
midway-filled composites according to Willems et al. (1992). 
For adhesives, it was not possible to distinguish among different 
types of adhesives. The adhesives used included single-step 
enamel bondings and dentin bondings including total etching 
and selective etching, with various components and steps, mak-
ing it impossible to form relevant groups for statistical analysis.

From Table 1, it can be seen that 1,324 out of 2,816 included 
restorations originated from 1 dental practice. Therefore, 2 Cox 

Table 1. List of Included Studies

Reasons for Failure

 Fracture- Endo/

 Design Time, yr N Alive Failed Caries Tooth Restor. Pain Extr. Other

Andersson-Wenckert et al., 2004 Prosp 7 200 160 40 9 8 16 2 1 4
Bottenberg et al., 2007 Prosp 6 119 97 22 6 5 5 0 0 6
Da Rosa Rodolpho et al., 2011 Retrosp 22 362 242 120 27 19 52 7 3 12
Gaengler et al., 2001 Prosp 10 185 144 41 16 0 18 4 2 1
Lindberg et al., 2007 Prosp 9 138 128 10 5 0 2 3 0 0
Opdam et al., 2010 Retrosp 12 866 706 160 96 14 14 26 5 5
Opdam et al., 2007 Retrosp 9 458 381 77 37 13 11 7 6 3
Pallesen and Qvist, 2003 Prosp 11 56 45 11 3 0 4 0 1 3
van Dijken and Sunnegardh- 

Gronberg, 2006
Prosp 6 69 55 14 5 5 4 0 0 0

van Dijken and Pallesen, 2011a Prosp 7 112 90 22 5 6 5 1 3 2
van Dijken, 2000 Prosp 11 132 101 31 7 1 11 0 4 8
van Dijken and Pallesen, 2011b* Prosp 7 119 98 21 5 6 6 2 0 2
Total - 2,816 2,247 569 221 77 148 52 25 46

N, number of followed restorations; Alive, clinically acceptable restorations at the last recall; Failed, clinically failed restoration at the last recall.
*Of this study, seven-year data, provided by the author, were used.
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Class I: low-risk devices such as dental mirrors and hand instruments. 

Class IIa: medium-risk devices such as RBCs and impression materials. 

Class IIb: higher-risk devices, including most implantable and long-term surgically 

invasive devices. 

Class III: the highest-risk devices, such as heart valves and resorbable bone 

substitutes. 

In principle, this tiered system ensures that the degree of scrutiny reflects the level of 

clinical risk. In practice, RBCs are classified as Class IIa devices. By contrast, 

implantable and long-term surgically invasive devices are generally classified as Class 

IIb. However, Annex VIII, Rule 8 of Regulation explicitly provides an exception: “All 

implantable devices and long-term surgically invasive devices are classified as Class 

IIb unless they are intended to be placed in the teeth, in which case they are classified 

as Class IIa”. This downgrading is paradoxical: RBCs are invasive, long-term materials 

placed in close proximity to pulp through permeable dentin, yet they are regulated as 

moderate-risk devices.	

The consequence is significant. Class IIb devices undergo stricter conformity 

assessment, including more comprehensive pre-clinical testing, stronger clinical 

evidence, and closer oversight by notified bodies (independent third parties that verify 

compliance with EU safety and performance standards). Class IIa devices follow a 

lighter pathway, with fewer mandatory endpoints and reduced regulatory scrutiny. As a 

result, RBCs are not subject to the same biological testing or clinical evaluation 

requirements as other long-term invasive devices, despite their ability to release 

residual compounds and exert toxic eGects on pulp tissues. 

Biological safety under MDR is demonstrated through a risk-based evaluation plan, 

typically aligned with ISO 10993-1. This includes endpoints such as cytotoxicity (ISO 

10993-5), sensitization and irritation (ISO 10993-10). Additionnal endpoints such as 

genotoxicty (ISO 10993-3), and systemic toxicity (ISO 10993-11) are only recommended 
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but not mandatory. In practice, regulatory testing still focuses mainly on acute 

cytotoxicity. Sub-toxic and long-term eGects, which are especially relevant for RBCs, 

are often overlooked. Residual compounds may not cause immediate cell death in pulp 

tissues, but they can gradually impair cellular function, eGects that remain undetected 

by standard cytotoxicity assays.	

Technical performance is separately assessed according to ISO 4049, which specifies 

requirements for flexural strength, water sorption, and solubility, along with 

standardized test methods for other parameters such as depth of cure and radiopacity. 

While the DC is an important property for RBCs, it is not explicitly regulated by ISO 4049 

but is often evaluated in scientific studies. These tests are conducted under highly 

standardized laboratory conditions: specimens are prepared in defined geometries, 

cured under optimal light intensity, and stored in controlled environments. While this 

ensures reproducibility and comparability across materials, it does not capture the 

variability of clinical reality, where curing lights may be angled obliquely, cavity 

geometries restrict light penetration, and contamination from saliva or blood may 

interfere. Consequently, polymerization achieved in vivo may be less effective than 

indicated by ISO 4049 testing, raising not only mechanical concerns but also biological 

risks through increased residual compounds release. 

The combined result is a regulatory paradox: RBCs are classified in a lower-risk 

category, not subject to the same rigorous testing as other long-term invasive devices, 

and assessed under idealized performance conditions. Yet sublethal pulp effects and 

early endodontic failures remain insufficiently captured, leaving a critical gap between 

regulatory approval and clinical reality. 

Taken together, the global burden of caries, the ecological phase-down of amalgam, 

the widespread use but intrinsic limitations of RBCs, the evidence of early pulp-related 

failures, the challenges of pulp diagnosis, and the limitations of MDR/ISO frameworks 

converge on a single problem: how to design RBCs that balance mechanical 

performance with biological safety ? This challenge defines the rationale for the 

present thesis. 
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To address this challenge, the present thesis pursues a dual approach. First, it 

evaluates the physico-mechanical performance and biological eGects of current 

commercial RBCs, aiming to clarify the balance between durability and safety. Second, 

it explores the development of novel composite formulations designed to minimize 

biological risks without compromising essential physico-mechanical properties 

including the use of additives such as antioxidants.  

Taken together, these considerations highlight the need for an integrated evaluation of 

resin-based composites that simultaneously addresses physico-mechanical 

performance, curing eGiciency, and biological responses. Approaches focusing on only 

one of these dimensions risk overlooking clinically relevant interactions between 

material properties and pulp biology. 
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V. Thesis Structure 
The thesis is organized as follows: 

• Chapter VI – Resin-Based Composites 

Reviews the composition, polymerization chemistry, and clinical use of 

RBCs. 

 

• Chapter VII – Biological Effects of Substances Released by Resin-Based 

Composites 

Summarizes substances eluted from composites and their biological effects. 

 

• Chapter VIII – Objectives 

States the research aims guiding this thesis. 

 

• Chapter IX – Methods Used in this Thesis 

Describes the experimental approaches and analytical techniques. 

 

• Chapter X – Quality of Cure in Depth of Commercially Available Bulk-Fill 

Composites: A Layer-by-Layer Mechanical and Biological Evaluation 

Presents experimental evaluations of depth of cure, mechanical 

performance, and biological eGects in commercially available bulk-fill 

composites. 

 

• Chapter XI – Effect of N-Acetylcysteine Incorporation on the Chemo-

Mechanical Properties and Cellular Toxicity of Resin-Based Composites 

Explores the incorporation of N-acetylcysteine into composites and its 

consequences for polymerization, material properties, and cytotoxicity. 
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• Chapter XII – Discussion and Perspectives 

Integrates findings across chapters, evaluates strategies to mitigate biological 

risks, and outlines perspectives for future research. 
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VI. Resin-Based Composite 
RBCs are among the most widely used restorative materials in modern dentistry, 

oGering excellent esthetics, adhesion, and versatility. Despite their clinical success, 

these materials are inherently imperfect because the degree of polymerization is never 

complete under intraoral conditions. As a result, a fraction of unreacted monomers and 

other low-molecular-weight components remain trapped within the cured network. 

Over time, these residual species, along with degradation products, can diGuse out of 

the material into the surrounding oral environment. 

The elution of such compounds is of considerable scientific and clinical interest for two 

reasons. First, elution contributes to the long-term chemical and mechanical stability 

of the composite, influencing properties such as hardness, wear resistance, and color 

stability. Second, leached substances may interact with oral tissues, saliva, and 

biofilms, raising questions of biological safety and biocompatibility. More than 30 

organic and inorganic species have been identified in eluates, including unreacted 

monomers, photoinitiators, co-initiators, filler-derived ions, and hydrolytic degradation 

products. Their release is time-dependent and influenced by numerous factors, such 

as resin chemistry, filler composition, curing conditions, and the chemical nature of the 

storage medium. 

Understanding the mechanisms and kinetics of elution is therefore critical for 

interpreting material performance and anticipating biological outcomes. To this end, 

this chapter reviews the composition and polymerization of RBCs, identifies the 

compounds released, describes their elution profiles, and outlines the key parameters 

that govern their release. 
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1. Composition 

Ever since the introduction of light-curable RBCs in the 1970s, these mixtures of 

organic and inorganic phases have continuously evolved to meet the increasing 

requirements of material design and dental practitioners. However, fundamentally, the 

chemistry of composite phases has not significantly changed, with material design that 

commonly involves particle dispersion within a resin matrix. Such matrix is typically 

based on (di)methacrylate chemistry and an initiator system to initiate polymerization 

upon light activation. The lack of any substantial shift in the use of conventional 

manufacturing approaches is, in part, testament to the relative success of RBCs as 

restorative dental filling material. 

 

1.1. Resin matrix 

The resin phase of dental composites is a blend of reactive monomers engineered to 

balance three competing needs: (i) rapid polymerization in an oxygen-rich clinical 

environment, (ii) workable paste rheology in a highly filled system with intrinsically 

limited molecular mobility, and (iii) low shrinkage with suGicient rigidity in the cured 

network. In practice, high–molecular-weight, rigid monomers are combined with low-

viscosity diluents. The former reduce volumetric shrinkage and raise modulus; the 

latter lower paste viscosity to accommodate high filler loads and improve handling and 

permit incorporation of a high proportion of filler particles (1). 

Historically, resin systems have relied on monomers displaying methacrylate groups to 

provide the reactive sites for rapid free-radical polymerization(Fig.6.1). Methacrylates 

cure quickly at room temperature, even in the oxygen-rich oral environment, and 

produce a strong three-dimensional polymer network (2). This chemical design 

principle has remained the foundation of composite technology for over half a century. 
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Figure 6.1 : Molecular structure of typical dimethacrylate monomers used in resin-based dental composites. 

The methacrylate group is highlighted in gray. 

 

The best-known example is BisGMA, introduced by Bowen in 1962 (3). BisGMA contains 

an aromatic backbone that restricts molecular mobility and has been associated with 

increased elastic modulus and reduced polymerization shrinkage in cured 

composites(4). These properties contribute to wear resistance, marginal stability, and 

restoration longevity. However, BisGMA is extremely viscous (η ≈ 1200 Pa·s) (5), which 

limits flow and makes it diGicult to incorporate large amounts of filler (2). 

To overcome this, BisGMA is blended with a low-viscosity comonomer. The most 

common is TEGDMA, which has a viscosity of only about 0.06 Pa·s (4). TEGDMA 

reduces the thickness of the resin blend, allowing high filler loading and better 

adaptation to cavity walls. It also increases monomer mobility during curing, which 

improves the DC and cross-linking. The disadvantage is that TEGDMA 

13

(BisEMA) is a type of monomer with BisGMA 
core moieties but displaying flexible ethylene 
glycol spacers. The addition of BisEMA can 
reduce the viscosity of a blend, improve conver-
sion [5], and decrease polymerization stress, at 
the cost of a general decrease in mechanical 
properties [6].

Due to doubts about the stability of BisGMA 
and release of bisphenol A (the biological risk of 
which remains controversial, though very 
unlikely considering the concentrations observed 
[7, 8]), monomers such as urethane dimethacry-
late (UDMA) have been introduced. The mole-
cule, as shown in Fig. 2.2, has a lower molecular 
weight (M = 470 g/mol) and is more flexible than 
BisGMA. Resin blends composed of UDMA as 
replacement of BisGMA typically are less vis-
cous, hence reducing the need for a diluent [3]. 
Further, the monomer to polymer conversion and 
mechanical strength are generally greater when 
replacing BisGMA with UDMA ([3, 9], respec-
tively). However, the molecule presented in 
Fig. 2.2 (CAS registry number CAS 72869-86-4) 
is not the only one referred to as UDMA: the 
denomination is misleading as a variety of mole-

cules are labeled with the “urethane” short name 
[10]. In fact, while urethane groups (−NH–
(C=O)–O–) can be observed in “UDMA” mole-
cules, entirely different structures exist (Fig. 2.3). 
Hence, modern dental composites that contain 
“urethane” monomers may display advantageous 
properties, although it remains difficult to associ-
ate these to specific molecules.

Some years ago, organic/inorganic oligomer- 
based materials were introduced to the market, 
termed “Ormocers” (ORganically MOdified 
CERamics). Generally, Ormocers can still be 
considered as glass-filled composites. The main 
departure from conventional chemistries lies in 
the nature of the resin phase. Oligomers within 
Ormocer materials consist of condensed (silane) 
molecules similar to those used to functionalize 
the surface of fillers in conventional resin com-
posites. By hydrolyzing and condensing silanes, 
oligomers of specific composition and structure 
may be obtained (Fig. 2.4). The main goal of 
Ormocer molecules is to increase the amount of 
silicium in resin composites, a change marketed 
as an increase in filler content. Furthermore, the 
oligomers can replace BisGMA, TegDMA, and 
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raises polymerization shrinkage and increases water sorption, which can lead to 

marginal stress, postoperative sensitivity, and gradual softening of the resin (1). 

Another important monomer is urethane dimethacrylate (UDMA). UDMA is less viscous 

than BisGMA, cures more completely, and produces a polymer network that is tougher 

and more fracture-resistant (1). Its urethane linkages provide flexibility, while still giving 

cured composites good mechanical properties. Nevertheless, UDMA exhibits higher 

polymerization shrinkage than BisGMA, shows susceptibility to water sorption and 

hydrolytic degradation, which can compromise the long-term stability of dental 

composites. 

Monomer 
Molecular 

weight 
(g/mol) 

logP 
(octanol/water) Polarity 

Electrical 
charge 

(physiological 
pH) 

Water 
solubility 

TEGDMA 286.3 1.4–1.6 Moderate Neutral Moderate 

UDMA 470,5* 3.0–3.5 Low–
moderate Neutral Low 

BisGMA 512.6 3.4–3.9 Low Neutral Very low 
Table 6.1 : Physicochemical properties of major dimethacrylate monomers used in resin-based dental 

composites. 

The table summarizes key physicochemical descriptors, including molecular weight, lipophilicity (logP, 

octanol/water), polarity, electrical charge at physiological pH, and water solubility, which are relevant to 

monomer behavior within polymer networks and aqueous environments. Reported values correspond to 

ranges commonly found in the literature and may vary slightly depending on experimental conditions and 

molecular substitutions. 

 

Though by combining BisGMA (for rigidity), UDMA (for toughness), and TEGDMA (for 

viscosity control), manufacturers create resin matrices that are workable for clinicians, 

cure eGiciently under light, and remain durable in the challenging oral environment. 
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1.2. Fillers 

To enhance the mechanical properties of RBCs, inorganic fillers are incorporated into 

the resin matrix. Among the most widely used are amorphous silica, barium or 

strontium aluminosilicate glass, which not only reinforce the material but also impart 

radiopacity, making restorations easily visible on radiographs, and zirconia–silica 

nanoclusters designed to optimize strength and wear resistance. The overall 

performance of an RBC is closely tied to its filler volume content, with higher loading 

generally translating into improved mechanical properties (Fig.6.2) (1, 2). 

 

Figure 6.2 : Theoretical relationship (plain line) between the elastic modulus and filler volume content. The 

elastic moduli of resin (Er) and fillers (Ef) were chosen as 2 and 70GPa respectively. Reproduced from 

Randolph et al. (6) 

 

Over time, the evolution of RBCs has closely mirrored progress in filler technology, with 

each innovation in particle type, size, and distribution contributing to the superior 

95

sition (particle wetting and flow). Compared to 
the current packable/flowable distinction, a clas-
sification using the matte/shiny one, which again 
specifically informs on the composition and qual-
ity would be more informative, although the con-
cepts underlying the distinction may not be easily 
grasped by practitioners.

In summary, current resin-based dental com-
posites for direct restorations differ from each 
other based on various characteristics. Such char-
acteristics may (e.g., filler volume content) or 
may not (e.g., particle size) be predictive of the 
materials’ properties. It is the opinion of the 
authors of the present chapter that a classification 
should not be purely descriptive but as much as 
possible informative and predictive of such prop-
erties, in order to facilitate the material selection 
by practitioners in the clinics. Although probably 
imperfect, the suggested new avenues for classi-
fication have the advantage of directly informing 
on some aspects of the clinical behavior of a res-
toration and, as such, are worth keeping in mind. 
As it is, the current “hybrid” classification does 
not inform on material properties, and commer-
cial labels are misleading. Hence, great care 
should be taken when interpreting marketing 
information, regardless of which “kind” of com-
posite appeals most.

Acknowledgments L.D. Randolph is a FRIA (F.R.S- -
FNRS) scholar.
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esthetics and clinical reliability of modern composites. In the 1960s, macrofilled 

composites containing large glass or quartz particles (5–50 μm) oGered good strength 

but produced rough, stain-prone surfaces as particles were lost during wear. The 1970s 

brought microfilled composites based on colloidal silica (~40 nm), which delivered 

excellent polishability and enamel-like gloss but suGered from low filler loading and 

poor strength, restricting their use to anterior restorations. Hybrid composites emerged 

in the 1980s and 1990s, combining small silica with larger glass fillers to achieve higher 

filler fractions (70–80 wt%) and balancing strength with polishability. In the 2000s, 

nanofilled composites incorporated silica and zirconia–silica nanoparticles (20–75 nm) 

and nanoclusters, achieving excellent esthetics and polish retention, though with 

somewhat reduced toughness compared with hybrids. The latest development, 

nanohybrids, integrates nanoparticles with submicron glass fillers, uniting the 

mechanical reliability of hybrids with the gloss of nanofills. These materials now 

dominate as universal composites, applicable in both anterior and posterior regions 

(Fig. 6.3) (7).  

 



Resin-Based Composite 

 27 

 

Figure 6.3 : Evolution of particle size and classification of dental composites. Modern materials are labeled 

nanohybrid. Reproduced from Randolph et al. (6) 

Based on the rule of mixtures, the conventional strategy in composite design has been 

to maximize filler content in order to enhance mechanical performance. In modern 

resin formulations, most notably nanohybrids RBCs, fillers typically account for 50–

80% by weight (30–70% by volume) (1, 8). Achieving such high loading levels is made 
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possible through careful control of particle size distribution, which allows dense 

packing and uniform dispersion within the resin matrix. 

Clinically, advances in filler technology have transformed composites from materials 

once suited primarily for anterior esthetic use into versatile systems capable of 

withstanding high occlusal stresses in posterior teeth, while also maintaining long-term 

polish and esthetic integration. 

 

1.3. Initiators 

The in situ photopolymerization of RBCs requires a photoinitiator system capable of 

producing eGicient polymerization throughout a clinically relevant increment of 

material (≈2 mm) within practical irradiation times (≈20 s). Although initiators represent 

only about 0.1–1.0 wt% of the resin, they largely determine the DC of RBCs (1, 2). 

Historically, and still typical of most commercial formulations, this role has been 

fulfilled by the Type II system camphorquinone (CQ) with a tertiary amine co-initiator 

such as N,N-dimethylaminoethyl methacrylate (DMAEMA) (Fig.6.4). CQ is a yellow 

diketone that absorbs in the 400–500 nm range, with a maximum around 470 nm (9). 

Upon photon absorption, CQ reaches an excited state and reacts with the amine, 

generating free radicals that initiate polymerization (1). This system is eGicient and 

reliable, but it has well-known limitations: CQ imparts a yellow hue that can aGect 

lighter shades, amines oxidize over time causing discoloration, and the Type II 

mechanism generates only one initiating radical per absorbed photon, which reduces 

initiation eGiciency (1). 

To overcome these drawbacks, Type I photoinitiators such as acylphosphine oxides 

have been introduced, the most notable example being 2,4,6-trimethylbenzoyl 

diphenylphosphine oxide (TPO) (Fig. 6.4). 

 



Resin-Based Composite 

 29 

 

Figure 6.4 : Initiators and co-initiators generally used in dental composites for 

photopolymerization. Camphorquinone (CQ), 2,4,6-trimethylbenzoyl diphenylphosphine oxide 

(TPO) and N,N-dimethylaminoethyl methacrylate (DMAEMA). 

 

These molecules absorb at shorter wavelengths, with maxima around 400 nm (Fig.6.5). 

A key advantage of TPO is its higher absorption yield eGiciency which describes how 

many photons can be absorbed per initiator molecule at a given wavelength (Fig.6.5) 

(10).  Compared with CQ, TPO therefore utilizes incident light far more eGectively and, 

importantly, can achieve similar or greater curing performance at concentrations up to 

ten times lower (10, 11). 

 

DMAEMA

CQ TPO
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Figure 6.5 : Absorption spectra of 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO), 

camphorquinone (CQ) and Ivocerin® (a bis-acylphosphine oxide derivative commercialized by 

Ivoclar Vivadent®) in the range 350-600 nm. Reproduced from Randolph et al. (6). 

Beyond eGiciency, TPO also exhibits a distinct mechanistic benefit: upon excitation, 

each TPO molecule generates two active radicals (12), whereas CQ/amine systems 

typically yield only one. This higher radical yield translates into faster polymerization, 

higher degrees of conversion, and shorter irradiation times (10). However, violet light 

(380–425 nm), required to activate TPO eGectively, penetrates less deeply than blue 

light, which may reduce curing depth (13).  

 

2. Photopolymerization Reaction 

The photopolymerization process of dimethacrylate-based composites is triggered by 

free radicals, which are generated when a light-sensitive photoinitiator is irradiated. 

These radicals attack and open the carbon–carbon double bonds of methacrylate 

16

As the different absorption profiles sug-
gest (Fig. 2.5a), CQ imparts a yellowish 
color to resin composite bulk, while the mol-
ecule phenylbis(2,4,6-trimethylbenzoyl) phos-
phine oxide (TPO) appears as a white powder 
(Fig. 2.5b), and Ivocerin™, a germanium-based 
photoinitiator, is standing in between. This is 
of importance as resin composites for anterior 
applications, for example, “enamel” shades, 
can require high translucency with minimal 
pigmentation. Besides the absorption spectra, 
the chemistry of initiators also affects color. 
Experimentally, nonpigmented resin composites 
based on phosphine oxides show better color sta-
bility than those using CQ [22, 23], associated 
to differences in polymer networks. Phosphine 
oxide-containing resin composites may present 
a more cross-linked polymer network [24, 25], 
making it less susceptible to pigment diffusion 
(such as tannins) and color variations.

The efficiency of initiators depends on several 
characteristics, including the absorption yield 
efficiency (ε, in L/mol.cm) [26], which describes 
how many photons can be absorbed per initiator 
molecule at a given wavelength. When compar-
ing TPO and CQ in terms of absorption, the data 
shown in Fig. 2.5 highlights the greater efficiency 
of TPO at lower concentration (10x lower). The 
greater absorption maxima of TPO are related to 
the aromatic rings, or chromophores, present in 
TPO (Fig. 2.6). In addition, the TPO molecule 
upon excitation yields two active radicals [27], 
while a type II photoinitiator system such as CQ/
amine yields one [28]. The overlap between the 
absorption spectra and the light-curing unit 
(LCU) emission spectrum also greatly influences 
polymerization efficiency. Modern LED LCUs 
display narrow outputs (approx. 40 nm wide) 
located around the absorption maxima of initiator 
molecules, which ensures that emitted photons 
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groups (C=C), thereby initiating a chain reaction that transforms the monomer mixture 

into a cross-linked polymer network. This process is classically described in three 

stages: initiation, propagation, and termination (Fig. 6.8). 

During initiation, the photoinitiator absorbs photons of an appropriate wavelength and 

produces reactive radical species. 

In CQ/amine systems, absorption of blue light around 470 nm excites CQ, which then 

undergoes electron or hydrogen transfer from a tertiary amine, generating free radicals 

capable of attacking the C=C bonds of methacrylate monomers(Fig.6.6) (2). The 

resulting amine-derived radical initiates polymerization by addition to the carbon–

carbon double bond of the methacrylate monomer, whereas the camphorquinone-

derived radical does not initiate polymerization and instead undergoes recombination 

to form pinacol, returns to its ground state, or is converted into a secondary alcohol.(14) 

 

Figure 6.6 : Mechanism of CQ decomposition and formation of the first radical monomer. 

Upon visible-light irradiation, camphorquinone (CQ) is excited to its triplet state and interacts with 

the tertiary amine co-initiator DMAEMA to form an excimer. Hydrogen transfer from the α-carbon 

of the amine leads to the generation of an initiating amine radical (R•) and a camphorquinone 

(cetyl) radical. (14). 

4226 Polymer Bulletin (2024) 81:4221–4235

1 3

Fig. 2  Mechanism of CQ decomposition and formation of the first radical monomer

Fig. 3  Reactions involved in the propagation step

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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By contrast, Type I initiators such as TPO absorb violet light near 400 nm, and the 

excited TPO molecule undergoes homolytic cleavage to yield two radical fragments. 

This direct bond scission eliminates the need for an amine co-initiator (Fig.6.7). Both 

radicals are highly reactive and directly initiate free-radical polymerization by addition 

to carbon–carbon double bonds of methacrylate monomers(11). 

 

 

Figure 6.7 : Alpha-cleavage of photoinitiation mechanism of TPO. Upon violet light irradiation, 

TPO undergoes photochemical α-cleavage of the carbon–phosphorus bond, yielding two 

primary radicals: a trimethylbenzoyl radical and a diphenylphosphinoyl radical (11).  

The propagation step consists of the sequential addition of monomer units to the 

growing radical chain. Each addition converts a methacrylate double bond into a single 

bond and transfers the radical site to the chain end, enabling rapid growth and network 

formation (Fig.6.8). 

Termination occurs when radical activity is quenched, either by radical combination, 

disproportionation, or by interaction with oxygen. In the latter case, oxygen reacts with 

active radicals to form stable peroxy radicals, creating an oxygen-inhibited layer at the 

composite surface(Fig.6.8). 
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Figure 6.8  : Schematic representation of the 3 steps of photopolymerization reaction – CQ: 

camphorquinone, A: tertiary amine, . indicates a radical species. (1), (2), (3) and (n) represent the 

theoretical steps of linear monomer addition. n and m: large amount of monomer units. A 

trapped radical is illustrated in the termination section and segmental mobility is represented by 

a twisting gray arrow. A double gray arrow indicates radicals about to react together (bimolecular 

termination) – during initiation, a free radical is generated through the activation of a 

photosensitive molecule or photoinitiator by a photon of specific wavelength. The newly formed 

free radical quickly reacts with a nearby monomer, opening its C C bond. Then follows a chain 

reaction, the propagation, by which the polymer grows by repetition of this C C opening by the 

radical and addition of a large number of monomer units one after the other. The polymer can 

either grow linearly by reaction with monomers (reactions 1, 2, 3, n), leaving unreacted or 

“pendant” double bonds, or grow tri-dimensionally by reacting with another polymer chain, 

creating cross-links. The addition of supplementary units continues until free radicals react with 

each other to form a stable covalent link through bimolecular termination reaction. Reproduced 

from Leprince et al. (15) 
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Fig. 2 – Schematic representation of the 3 steps of photopolymerization reaction – CQ: camphorquinone, A: tertiary amine. •

indicates a radical species. (1), (2), (3) and (n) represent the theoretical steps of linear monomer addition. n and m:  large
amount of monomer units. A trapped radical is illustrated in the termination section and segmental mobility is represented
by a twisting gray arrow. A double gray arrow indicates radicals about to react together (bimolecular termination) – during
initiation, a free radical is generated through the activation of a photosensitive molecule or photoinitiator by a photon of
specific wavelength. The newly  formed free radical quickly reacts with a nearby monomer, opening its C C bond. Then
follows a chain reaction, the propagation, by which the polymer grows by repetition of this C C opening by the radical and
addition of a large number of monomer units one after the other. The polymer can either grow linearly by reaction with
monomers (reactions 1, 2, 3, n), leaving unreacted or “pendant” double bonds, or grow tri-dimensionally by reacting with
another polymer chain, creating cross-links. The addition of supplementary units continues until free radicals react with
each other to form a stable covalent link through bimolecular termination reaction.

indirectly evaluated by microhardness measurements (Vick-
ers, Knoop) as a good linear correlation has generally been
observed between DC and microhardness values [27,29,30].
However, some disagree with this relationship as a general
rule [31] because other factors than DC affect the micro-
hardness measurement, notably the degree of crosslinking.
In any case, microhardness measurement does not provide
any quantitative information on the actual change in reactive
groups.

3.2.  Degree  of  crosslinking

Besides DC, the degree of crosslinking is another important
determinant of mechanical properties [32] as well as struc-
tural stability, since the less crosslinked the material, the more
it swells and degrades in solvents [33–35].  To our knowledge,
there is currently no method to directly measure the degree
of crosslinking. Indirectly, as increased crosslinking reduces
molecular mobility, it can be highlighted by an increase of
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2.1. Degree of conversion 

Conventionally, the extent of polymerization in RBCs is quantified by the DC, which is 

defined as the fraction of initial carbon–carbon double bonds (C=C) that are consumed 

during polymerization. DC is calculated from the reduction in the number of C=C bonds 

upon curing, according to the relationship :  

DC (%) = [(C=C)_initial − (C=C)_residual] / (C=C)_initial × 100 

In practice, DC values vary widely among commercial RBCs, typically ranging from 35% 

to 77% (16). Importantly, these values do not mean that 23–65% of monomer 

molecules remain unreacted, because each dimethacrylate contains two 

methacrylate groups; one group may have reacted while the other remains as a 

pendant group covalently attached to the polymer backbone (Fig. 6.8). 

The kinetics of polymerization explain this limitation. After irradiation, radical 

generation rapidly initiates chain growth and cross-linking, leading to a sharp increase 

in viscosity. The system undergoes its first transition, from a viscous liquid to an elastic 

gel, at the gel point. At this stage, mobility restriction aGects radicals bound to growing 

chains, whereas small monomers can still diGuse relatively freely. Bimolecular 

termination becomes ineGicient, while initiation continues to create new growth 

centers. This imbalance causes a rise in radical concentration and a sharp acceleration 

of polymerization rate (autoacceleration) (17). As the network continues to densify, 

mobility is increasingly restricted even for monomers, and the system 

undergoes autodeceleration. The second transition, vitrification, marks the conversion 

of the material from a rubbery to a glassy state, at which point diGusion is so limited 

that further extensive polymerization is prevented (18). This explains why DC never 

reaches 100%, even under optimal irradiation conditions. 

The DC in dental composites is critical because it influences most material properties 

that determine clinical success. As reviewed by Leprince et al. (15), DC is positively 

correlated with mechanical characteristics such as microhardness, elastic modulus, 
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and flexural strength (19-24), and negatively correlated with monomer elution. For 

these reasons, DC is one of the most frequently measured indicators of polymerization 

eGiciency. 

Nevertheless, the DC only measures the average number of double bonds reacted and 

does not capture the composite’s structural heterogeneity or crosslinking density, 

which are also shaped by polymerization kinetics and curing conditions. Consequently, 

while DC is a useful indicator, it alone cannot fully describe the composite’s 

mechanical behavior. To this end, complementary parameters such as the degree of 

crosslinking density and mechanical performance testing should be considered to 

provide a more comprehensive framework for evaluating and comparing dental 

composites. 

 

2.2. Degree of crosslinking  

Besides the DC, the degree of crosslinking is another critical determinant of the 

mechanical properties (1, 4) and structural stability of dental composites. Materials 

with lower crosslink density are more prone to swelling and degradation in 

solvents (25). Crosslinking arises from the polymerization of multifunctional 

dimethacrylate monomers such as TEGDMA or BisGMA (2). The extent of crosslinking 

influences the final network structure: lightly crosslinked polymers exhibit higher 

elasticity and recovery, as desired in rubbers, whereas highly crosslinked 

networks provide rigidity and resistance to deformation (4). 

At present, there is no direct method available to quantify the degree of crosslinking in 

these materials. However, it can be assessed indirectly. The ethanol softening test is 

widely used: a smaller reduction in hardness after ethanol storage indicates higher 

crosslinking (26).  
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3. Mechanical Properties 

The study of the mechanical properties of dental composites is of great clinical 

relevance, as these materials must maintain their structural integrity in the oral cavity 

for a long period of time, ideally for the entire life of the patient. The clinical success of 

RBCs is inseparably linked to their ability to withstand mechanical challenges 

encountered in the oral environment. Fracture remains the most common reason for 

restoration failure, particularly in posterior regions subjected to high occlusal loading. 

Laboratory testing of mechanical properties provides critical insight into the behavior 

of composites under simulated conditions, thereby guiding material development, 

regulatory evaluation, and clinical selection. However, not all properties bear equal 

predictive value, and the choice of test methodology can substantially influence both 

reported outcomes and their translational relevance. 

The Academy of Dental Materials (Ilie et al. 2017) has identified a hierarchy of 

mechanical properties that are most strongly supported by empirical evidence and 

best reflect clinical failure modes. These include strength, elastic modulus, fracture 

toughness, fatigue, hardness, and wear resistance, which together form a core test 

panel reflecting the multifactorial nature of clinical failure. Secondary properties, such 

as edge strength and toothbrush wear, provide supplementary but less central insights. 

While each test carries methodological limitations and variable correlation with clinical 

performance, their collective interpretation allows for a comprehensive evaluation of 

material behavior. 

Although the detailed testing of mechanical properties is not the primary focus of this 

thesis, their evaluation remains essential for understanding the clinical relevance of 

polymerization parameters. Clinical evidence confirms that the reasons for failure 

evolve over time. In the first year after placement, failures are predominantly 

endodontic, often related to pulpal complications from the underlying pathology or 

restorative procedure. From the second year onward, fracture becomes the most 

frequent cause and remains a stable, long-term concern. With increasing service time, 
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however, caries-related failures accumulate and eventually surpass fracture as the 

leading reason for replacement (Fig. 1) (Opdam et al. 2014). Importantly, early 

endodontic and fracture failures are mainly material, or technique-related, whereas 

caries-associated failures are largely patient-dependent, reflecting caries 

susceptibility and oral hygiene. 

For both researchers and clinicians, this evidence underscores that an integrated, 

multi-property assessment framework, one that considers not only material 

performance but also biological concerns such as the elution of residual compounds, 

provides the most robust pathway to developing, selecting, and deploying RBCs 

capable of meeting the rigorous demands of long-term intraoral function. 

 

4. Elution of Compounds from Cured Resin-Based 

Composites 

Since the DC of RBCs is never complete under clinical circumstances, a fraction of 

unreacted monomers inevitably remains in the set material. These molecules, together 

with unbound components such as initiators can leach into the oral environment.  

More than 30 diGerent organic compounds have been identified in eluates from 

polymerized composites. Among the most frequently detected are the major 

dimethacrylate monomers BisGMA and TEGDMA, along with various photoinitiators 

(27). 

Release of substances is a critical issue in dental materials research, not only because 

it aGects long-term material stability but also because of potential biological 

consequences, which will be reviewed in detail in the next chapter. Importantly, it has 

been shown that essentially any organic component present in a RBCs has the 

potential to be leached, albeit in varying quantities depending on the chemical 

environment (28).  
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Extraction tends to be more pronounced in organic-rich solvents such as ethanol, 

which simulate worst-case clinical conditions, but even in water or artificial saliva, 

elution of residual species can be detected, sometimes at very low concentrations, 

such as the photoinitiators. (29). 

This section therefore explores the chemical nature of eluates, their release kinetics, 

and the material and environmental factors that govern their elution.  

 

4.1. Types of eluted substances 

The organic matrix is the primary source of eluates (28). Residual monomers show 

distinct elution behaviors depending on their molecular structure. Low-molecular-

weight, polar monomers such as TEGDMA are consistently reported to elute at higher 

concentrations and earlier time points compared with bulkier dimethacrylate 

monomers like BisGMA migrate more slowly but may still be detected over extended 

periods (30, 31). UDMA generally exhibits intermediate behavior, reflecting its balance 

of size and polarity.  

Initiators and co-initiators, such as CQ and DMAEMA may be detected in eluates if they 

are not fully consumed during curing (32). Concerning TPO, however, its elution 

remains theoretical, as no studies to date have detected its release from adequately 

cured RBCs. 

Fillers represent another source of eluates. The inorganic particles themselves are 

generally insoluble, but ions can leach out from radiopaque fillers such as barium, 

strontium, or zinc aluminosilicate glasses (33, 34).  

 



Resin-Based Composite 

 39 

4.2. Elution rate 

The elution of substances from RBCs follows a characteristic time-dependent pattern, 

but the kinetics diGer among monomers and initiators. 

For monomers, the release is generally biphasic. A rapid burst release occurs within the 

first hours to days after curing, dominated by small, mobile monomers such as 

TEGDMA and HEMA (28, 30). These molecules are easily extracted into aqueous 

solutions and even more eGiciently into ethanol–water mixtures (29, 31). Larger species 

like BisGMA or UDMA elute more slowly and at lower concentrations, especially in 

organic-rich media (30, 31). Several studies have confirmed that while a substantial 

proportion of releasable monomers is extracted in the first 24–72 h, release may 

continue for weeks to months or even a year, reflecting slow diGusion from the bulk 

matrix (31). 

Long-term elution kinetics of initiators and co-initiators remain poorly characterized. To 

date, only one notable study by Meng et al. (35) monitored eluates over 14 days in both 

deionized water and ethanol–water mixtures. They reported that CQ elution was 

extremely low, with detectable levels only in specimens containing high initiator 

loadings and stored in 75% ethanol. In water, virtually no CQ was released. This result 

is somewhat surprising, given that the Nernst partition coeGicient of CQ is about six 

times higher than that of BisGMA (36), which would predict a greater aGinity for organic 

media. 

Elution from RBCs is time-dependent and compound-specific. Monomers show 

biphasic release: small, mobile species such as TEGDMA and HEMA leach rapidly 

within the first hours to days, while larger monomers like BisGMA and UDMA elute more 

slowly and at lower levels, with release persisting over longer periods. By contrast, 

initiators and co-initiators contribute minimally to eluates and remain less well 

characterized. 
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4.3. Parameters influencing elution 

As mentioned above, several factors can influence the release of monomers from 

dental composites, including the material properties, curing parameters, and the 

storage medium. The elution profile is ultimately determined by the interplay between 

the composite’s chemistry and the external environment. 

Monomers type : low-molecular-weight, hydrophilic monomers such as TEGDMA 

diGuse rapidly, whereas bulkier, hydrophobic species like BisGMA and UDMA are more 

restricted but can still leach over time (30, 31).  

Degree of conversion and cross-link density : a low DC or insuGicient crosslinking 

leaves more free monomers mobile within the matrix. By contrast, higher conversion 

and crosslink density reduce free volume and molecular mobility, limiting the diGusion 

of monomers and initiators (4, 20). 

Filler content: highly filled composites contain a smaller resin fraction and therefore 

release fewer monomers in absolute terms (1, 29).  

Storage medium: the nature of the extraction medium strongly influences these 

release patterns: aqueous media such as water or artificial saliva primarily extract more 

hydrophilic monomers, while ethanol–water solutions or other organic-rich solvents 

penetrate the hydrophobic polymer network and mobilize larger, less soluble species  

(28, 29, 31). It was elegantly demonstrated by Meng and colleagues (35) that no BisGMA 

could be detected in water storage after one week, whereas the same monomer 

appeared in large amounts one week later once the storage medium was switched to 

ethanol (Fig. 6.9). This finding underscores that the solvent environment not only 

aGects the total concentration of released species but also dictates which components 

can be detected in eluates. 
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Figure 6.9 : Concentrations of dissoluble ingredients from cured composite resins containing 

different amounts of CQ/DMAEMA by soaking them in different media for 14 days and being 

determined by LC/MS. Left column: soaking in 75% ethanol solution; middle column: soaking in 

DI water; right column: soaking in DI water for 7 days followed by soaking in 75% ethanol solution 

for another 7 days. Reproduced from Meng et al. (35) 

 

5. Conclusion 

The elution of substances from RBCs is a dynamic, multi-phase process shaped by 

both material composition and environmental conditions. Monomers, particularly 

small hydrophilic species such as TEGDMA, dominate the early release phase through 

rapid diGusion, while larger monomers like BisGMA and UDMA elute more slowly at 

Fig. 5, cell numbers could be seen increasing from 1 day to 5 days of cul-
ture in all the cases. However, red spots became more and more in the
case of composite resin containing only 0.5 wt% of initiators as the cul-
ture time proceeding (Fig. 5(a1–a3)). In other two cases, red spot for
dead cell was hard to be detected. After 5 days of culture, green-stained
cells had fully covered the substrates, indicating high cell survival and
viability.

4. Discussion

The biocompatibility of composite resins depends on many factors
including the monomers, the initiators and the fillers being used [30].
Due to their photopolymerization mechanism for clinical applications,
the curing kinetics play a vital effect on the conversion of monomers,
which are suggested as themain cause to influence the biocompatibility
of composite resins [31–33]. The key point to determine the curing ki-
netic is the addition amounts of initiator and co-initiator [30,34]. How-
ever, there seemed no standard in literature about howmany initiators
being efficient for acrylate-based composite resin to achievehighmono-
mer conversion and low cytotoxicity.

Apparently, higher addition amounts of initiator and co-initiator,
such as CQ and DMAEMA, should result in higher conversion of acry-
late-based monomers like Bis-GMA and TEGDMA. As shown in Fig.
1(a,b), the real time FTIR analysis displayed the fast polymerization of
resin mixtures with exposure to curing light. Within 60 s, all the resin
mixtures had achieved DC values approximately 100%, but the resin
mixtures containing 3 wt% of CQ/DMAEMA displayed the fastest poly-
merization rate, followed by composite resins containing 1 wt% and
0.5 wt% of CQ/DMAEMA. Without the fillers, however, these curing ki-
netics could not reflect the real condition of composite resins containing
70–80wt% of inorganic powders because the solid phase could interfere
light transmission. Therefore, photo-DSC was used as a complementary
method in determining the polymerization kinetics of highly filled com-
posite resins. In themeasurement, the exothermal feature accompanied
with the polymerization of double bonds was used to reflect the

Fig. 3. Concentrations of dissoluble ingredients from cured composite resins containing different amounts of CQ/DMAEMA by soaking them in different media for 14 days and being
determined by LC/MS. Left column: soaking in 75% ethanol solution; middle column: soaking in DI water; right column: soaking in DI water for 7 days followed by soaking in 75%
ethanol solution for another 7 days.

Fig. 4. Proliferation of L929fibroblasts in extractsmade from photocured composite resins
containing different amounts of CQ/DMAEMA using DMEM as the negative control (**p b

0.01).

417J. Meng et al. / Materials Science and Engineering C 78 (2017) 413–419
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lower levels. Initiators and co-initiators are released in trace amounts, though their 

long-term kinetics remain insuGiciently studied. 

Factors such as DC, cross-link density, filler content, curing conditions, and the storage 

medium all play decisive roles in determining the extent and pattern of release. 

Together, these insights emphasize that elution is not merely a material property but the 

result of a complex interplay between intrinsic formulation and external environment. 

While this chapter has focused on the chemical aspects and kinetics of elution, the 

broader clinical relevance lies in the biological eGects of these leached substances. 

The next chapter therefore examines the potential health implications of eluates from 

dental composites, addressing cytotoxicity, genotoxicity, and other biological 

responses that inform the biocompatibility of these widely used restorative materials. 
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VII. Biological ECects of Substances 

Released by Resin-Based Composites 
Although RBCs oGer clear advantages in restorative dentistry, concerns remain 

regarding their biological safety. Central to these concerns is the release of residual 

compounds from incomplete polymerization, particularly residual monomers and 

photoinitiators residues, which may be released over time (1). 

RBCs are primarily composed of methacrylate monomers, including BisGMA, UDMA 

and TEGDMA. Although 2-hydroxyethyl methacrylate (HEMA) is not a major component 

of RBCs, it is widely used in dental adhesives that are invariably applied in conjunction 

with composites. Consequently, exposure to HEMA is clinically inseparable from the 

use of RBCs. Moreover, HEMA is a small, highly hydrophilic monomer with high 

diGusivity, which allows it to readily penetrate dentin and soft tissues(Tab.2). 

Monomer 
Molecular 

weight 
(g/mol) 

logP 
(octanol/water) Polarity 

Electrical 
charge 

(physiological 
pH) 

Water 
solubility 

HEMA 130.1 −0.4 to −0.1 High Neutral Very high 
Bisphenol 
A (BPA) 228.3 3.2–3.6 Low Neutral Very low 

Table 2 : Physicochemical properties of selected low-molecular-weight resin-related compounds 

relevant to dental materials. The table summarizes key physicochemical descriptors, including 

molecular weight, lipophilicity (logP, octanol/water), polarity, electrical charge at physiological 

pH, and water solubility, for HEMA, a hydrophilic monomer commonly used in dental adhesives, 

and Bisphenol A (BPA), a resin-related compound that may be present as an impurity or 

degradation by-product. Reported values correspond to ranges commonly found in the literature 

and may vary depending on experimental conditions. 
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For these reasons, HEMA has been frequently implicated in studies of both systemic 

and local eGects. Including HEMA in this review therefore provides a more complete 

assessment of the biological risks associated with contemporary composite 

restorations, which depend not only on the composite itself but also on the adhesive 

systems required for their placement. 

This chapter first maps the	exposure pathways	through which leached substances can 

reach human tissues. It then reviews evidence from experimental and clinical studies 

on how these substances are	absorbed, distributed, metabolized, and eliminated	in 

the body. Particular attention is given to potential health risks associated with specific 

monomers, including the	controversial compound bisphenol A (BPA). Although BPA is 

not intentionally added to composites, it can be present in trace amounts due to 

incomplete synthesis of BisGMA. The discussion then addresses allergic and 

sensitization risks before examining the molecular mechanisms of cytotoxicity, with 

dedicated sections on the widely used matrix monomer BisGMA and the co-monomer 

TEGDMA. 

 

1. Pathways of Absorption 

Leached substances from RBCs can reach human tissues through several distinct 

routes of exposure.  

For patients, there are three principal routes of exposure.	Ingestion	is the most direct 

pathway, as leached monomers mix with saliva and are swallowed into the 

gastrointestinal tract (1).  A second route is	transmucosal absorption, particularly 

when restorations come into direct contact with oral soft tissues. Finally,	diGusion 

through dentinal tubuli	may occur, especially when the remaining dentin thickness is 

reduced (2).  
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For dental personnel, dermal exposure represents a more significant route. Contact 

with uncured RBCs can allow methacrylates to penetrate the skin, occasionally 

causing allergic contact dermatitis despite gloves use (3). Inhalation is another 

concern: during polishing, composite dust containing resin-coated filler particles and 

entrapped monomers can become airborne. Prolonged occupational exposure to such 

dust has been associated with respiratory irritation and, in rare cases, with chronic lung 

diseases, including pneumoconiosis in dental professionals (4). 

 

2. Types of EFects 

2.1. Systemic e@ects 

Systemic eGects of RBCs depend not only on the amount of substances leached but 

also on their toxicokinetics once in the body. Residual compounds can be released 

from restorations and may reach systemic circulation (5), where their absorption, 

distribution, metabolism, and elimination have been investigated in both experimental 

and clinical studies. 

 

2.1.1. Toxicokinetics and systemic toxicity of resin monomers 

Once absorbed, methacrylate monomers are distributed systemically but are generally 

cleared rapidly. Toxicokinetic studies in rodents show that low–molecular-weight 

monomers such as HEMA and TEGDMA are metabolized and exhaled as carbon dioxide 

within 24 hours, with negligible tissue accumulation (6). Tissue concentrations 

measured after 24 hours were several orders of magnitude below toxic thresholds, 

consistent with rapid clearance. Larger and more hydrophobic monomers, such as 

BisGMA and UDMA, persist somewhat longer but undergo enzymatic hydrolysis by 

plasma esterases, producing more polar metabolites such as bis-

hydroxypropoxyphenyl-propane, which are more easily excreted. Although these 
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bulkier monomers exhibit higher cytotoxicity in vitro, in vivo data indicate that they are 

also eGiciently metabolized and eliminated, generally within one to two days (7). 

Animal toxicology studies support these kinetic findings, indicating that dental resin 

monomers have low systemic toxicity at clinically relevant doses. Acute high-dose 

exposures can produce transient eGects such as local irritation or cytotoxicity but 

typically do not result in lasting organ damage. In a 90-day rat study with TEGDMA 

composites, no behavioral or clinical abnormalities and no histopathology were 

observed in 30 organs (8). Other feeding studies likewise reported tissue levels far 

below toxic thresholds. For instance, Reichl et al. (6) showed that even high oral doses 

of HEMA or TEGDMA in rodents did not yield organ concentrations suGicient to elicit 

known toxic eGects. 

Human clinical studies have provided similar results. No clinical syndrome has been 

definitively linked to composite restorations. A comprehensive Norwegian systematic 

review of pediatric and adult trials (9) found no diGerences in renal function, 

neurocognitive development, or growth trajectories over 5–7 years of follow-up, aside 

from minor findings such as tooth sensitivity. Some smaller investigations have 

suggested subtle biomarker changes, for example, altered B-cell and monocyte 

activation markers (10) or slight increases in oxidative stress following composite 

placement (11). However, these eGects were modest, inconsistent across studies, and 

not associated with clinical illness. Importantly, biomonitoring studies consistently 

show that systemic exposure is both short-lived and minimal: monomers from RBCs 

and adhesive systems can be detected in saliva shortly after treatment but typically fall 

below detection limits within one week (12), and when measurable, concentrations in 

saliva or blood remain far below levels associated with systemic pathology 

biomonitoring consistently shows that residual monomer levels in saliva or blood 

remain too low to cause systemic pathology (13, 14). 
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2.1.2. Bisphenol A as an impurity or by-product 

Although not intentionally added to composites, BPA may be present as an impurity in 

BisGMA–based composites (15). BPA is an endocrine-disrupting chemical associated 

with adverse eGects on human health, including reproductive, developmental, and 

metabolic disorders (16). Clinical studies consistently report that BPA is detectable in 

saliva or urine after placement of resin sealants and composites, but typically only as 

a transient spike within the first 24 hours (17-21). Importantly, BPA levels from dental 

sources remain well below toxicological thresholds and contribute only minimally to 

total BPA exposure, which is dominated by dietary and environmental sources (22). 

Accordingly, BPA release from composites is not considered a significant health 

concern, though it represents a minor contributor to overall exposure. 

 

2.1.3. Overall appraisal 

Taken together, the evidence indicates that although RBCs can release potentially 

harmful monomers, systemic exposure in patients is low, short-lived, and well below 

established toxic thresholds. Animal toxicokinetics and human biomonitoring 

consistently demonstrate rapid metabolism and elimination of absorbed compounds. 

Clinical studies, including large randomized trials and systematic reviews, have not 

demonstrated clinically significant systemic toxicity attributable to dental composites. 

However, the limitations of clinical follow-up may mask subtle or long-term eGects. 

Thus, while composites are considered safe in everyday practice, continued vigilance 

through biomonitoring and long-term epidemiological studies remains essential. 

2.2. Allergic reactions 

Although systemic toxicity from RBCs appears to be negligible at clinically relevant 

exposure levels, their components can act as sensitizers, triggering allergic reactions 

in susceptible individuals. Hypersensitivity to dental materials has been documented 

since the early 20th century, with clinical manifestations ranging from localized 

irritation to systemic symptoms (23). 
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2.2.1. Types of hypersensitivity 

Both type I (immediate, IgE-mediated) and type IV (delayed, T-cell–

mediated) hypersensitivity reactions have been reported in association with RBCs. 

Type I reactions to RBCs are rare. Most immediate hypersensitivity in dentistry are 

related to latex or medications, but isolated reports have linked RBCs or sealants to 

systemic events (23).  

Type IV reactions are the most frequent, presenting as allergic contact dermatitis on 

the hands of dental personnel, or as intraoral lesions in patients. Clinical presentations 

include stomatitis, lichenoid lesions, or cheilitis (23). 

 

2.2.2. Allergenic components 

RBCs and adhesives contain multiple potential allergens. Methacrylate monomers, 

particularly HEMA and TEGDMA, are among the most potent sensitizers (24, 25), 

whereas high-molecular-weight monomers such as BisGMA and UDMA are less 

frequently implicated (24, 26). Additives such as amine accelerators or initiators, may 

occasionally provoke reactions, though far less commonly than the monomers 

themselves (27). In contrast, inorganic fillers (silica, glass) are generally 

immunologically inert. 

 

2.2.3. Prevalence  

Occupational allergy is the best-documented context for methacrylate sensitization. 

Repeated exposure to uncured RBCs or adhesives during placement puts dentists, 

hygienists, assistants, and technicians at particular risk. Epidemiological studies 

consistently report a higher prevalence of methacrylate allergy among dental 

personnel compared with patients. 
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One of the most comprehensive studies was conducted by Goon et al. (24) who patch-

tested 1,632 individuals (1,322 patients and 310 staG members). They found 

methacrylate sensitization in 5.8% (18/310) of dental personnel versus 2.3% (30/1,322) 

of patients. Across both groups, the most frequent allergen was HEMA. Among the 

methacrylates commonly present in composites, including TEGDMA, BisGMA, and 

UDMA, the prevalence was considerably lower: these compounds accounted for 

allergic reactions in only 0.6% of patients but in 3.2% of dental personnel. This disparity 

underscores the increased risk associated with frequent handling and manipulation of 

uncured adhesives in occupational settings.  

 

2.2.4. Clinical manifestations 

The clinical presentation of allergic reactions to RBCs depends on the type of 

hypersensitivity, the site of exposure, and whether the aGected individual is a patient or 

a dental professional. 

Cutaneous manifestations are the most frequently documented, particularly among 

dental personnel. Allergic contact dermatitis typically presents as erythema, pruritus, 

vesiculation, or fissuring of the hands and fingers, most often in areas of repeated 

contact with uncured resin or adhesive. Chronic exposure may result in eczematous, 

lichenified lesions or periungual dermatitis. In some cases, facial involvement such as 

eyelid or perioral dermatitis has been observed, usually due to airborne exposure or 

inadvertent hand-to-face contact (24-26). 

Oral and perioral manifestations occur predominantly in patients. Allergic contact 

stomatitis presents with burning sensations, erythema, edema, or ulceration of the oral 

mucosa in direct contact with the restoration. Lichenoid reactions adjacent to 

composite restorations, cheilitis, and angular stomatitis are also reported 

presentations. These lesions may clinically resemble other oral diseases, complicating 

diagnosis without the use of patch testing (23). 
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Respiratory manifestations are less common but clinically relevant, especially in 

sensitized dental personnel. Reported symptoms include rhinitis, conjunctivitis, and 

occupational asthma triggered by inhalation of methacrylate vapors or dust from 

composite finishing and polishing. Exacerbation of pre-existing asthma has also been 

described (28). 

Systemic manifestations are rare but potentially severe. Immediate type I 

hypersensitivity may present as generalized urticaria, angioedema, or, in exceptional 

cases, anaphylaxis. Hallström (29) described a case of a 6-year-old girl who developed 

anaphylactic shock after fissure sealant placement, followed by urticaria, blistering, 

and intraoral lesions; symptoms resolved following removal of the material. 

 

2.2.5. Summary 

Allergic reactions to RBCs are well documented but remain uncommon in patients and 

significantly more prevalent among dental professionals due to repeated occupational 

exposure. The clinical spectrum ranges from localized dermatitis and oral mucosal 

lesions to systemic manifestations such as asthma or, in rare cases, anaphylaxis. 

HEMA is the principal sensitizer, whereas BisGMA, UDMA and TEGDMA are less 

frequently implicated but can still trigger allergic reactions in susceptible individuals. 

Considering this, clinicians should remain aware of the allergenic potential of 

methacrylates, employ protective measures (adequate curing, high-volume suction, 

nitrile gloves, avoidance of direct contact with uncured resins), and consider patch 

testing in cases of suspected allergy. 
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2.3. Local e@ects 

RBCs are intended to remain in close and often prolonged contact with the oral 

environment. Their presence is not confined to the visible interface with enamel, 

dentin, or gingival tissues, but also extends indirectly to deeper structures, as 

substances released from these materials can diGuse through dentinal tubules into the 

pulp or mix with saliva and interact with soft tissues (30). 

The oral mucosa, particularly its non-keratinized regions, exhibits a degree of 

permeability that may permit monomers to penetrate the epithelium and reach 

underlying tissues. In vitro studies have demonstrated that several dental monomers 

exert cytotoxic, genotoxic, and pro-inflammatory eGects on mucosal epithelial cells 

(31), suggesting a theoretical risk of local irritation or chronic low-grade inflammation. 

However, in vivo, this risk is often mitigated by the transient and diluted nature of 

exposure, due to the buGering eGect of saliva and the high regenerative capacity of 

mucosal tissues. Clinical manifestations of mucosal toxicity remain rare and are 

typically limited to allergic reactions, such as oral lichenoid lesions. 

In contrast, the diGusion of monomers through dentinal tubules toward the dental pulp 

represents a more clinically significant concern, especially in deep cavities where the 

remaining dentin thickness is reduced. Dentinal tubules provide a direct anatomical 

pathway for low-molecular-weight substances to reach the pulp chamber (2), where 

resident cells such as odontoblasts and fibroblasts may be exposed. Numerous 

studies have shown that common resin monomers can induce oxidative stress, 

mitochondrial dysfunction, and apoptosis in pulpal cells (32). Unlike the mucosa, the 

pulp resides in a confined environment with limited capacity to buGer toxic stimuli. 

Even subclinical irritation may compromise pulp vitality over time and increase the risk 

of irreversible damage, potentially necessitating endodontic intervention (33). 

For these reasons, the dentin–pulp pathway is considered the most critical route of 

concern, as the interface between RBCs and vital pulp tissue is where biocompatibility 

becomes most clinically relevant. 
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2.3.1. Toxicity 

Advances in material development in the industry regarding resin formulations have 

reduced the proportion of unbound monomers released after curing; however, the 

problem has not been fully resolved. Complete conversion during polymerization is 

unattainable, and residual methacrylate groups typically account for 1.5–5% of the 

final material. Although these amounts may appear small, they are suGicient to 

produce measurable biological eGects (Goldberg, 2008). 

The cytotoxicity and genotoxicity of substances released by RBCs have been 

extensively investigated over the past two decades. Much of this research has focused 

on the eGects of resin monomers on fundamental cellular processes, including 

proliferation, enzyme activity, morphology, membrane integrity, and essential 

metabolic functions such as DNA, RNA, and protein synthesis (32, 34, 35). 

Overall, most studies agree that RBCs are capable of releasing compounds with varying 

degrees of cytotoxicity. Highly toxic monomers include BisGMA, UDMA, and TEGDMA, 

whereas others, such as HEMA and photoinitiators like CQ, are generally considered 

moderately cytotoxic (7, 36). 

Among the substances released from dental composites, the major (co)monomers 

have been identified as the primary contributors to cytotoxicity (36). Their toxic 

concentrations (TC₅₀, the concentration  that causes a toxic eGect in 50% of the 

exposed cells) have been assessed in a wide range of in vitro models, including 

permanent cell lines (such as 3T3 and L929 fibroblasts, V79 Chinese hamster lung 

fibroblasts, HaCaT keratinocytes, and THP-1 monocytes) as well as primary human-

derived cells, including pulp, periodontal, gingival, and skin fibroblasts. These studies 

consistently reveal considerable variability in cellular sensitivity. Nevertheless, in vitro 

experiments consistently confirm that BisGMA, UDMA, TEGDMA, and HEMA induce 

dose- and time-dependent reductions in the viability of human dental pulp cells 

(hDPCs), including fibroblasts and stem cells. 
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Experimental exposures generally range from low micromolar to millimolar 

concentrations, applied for periods from several hours up to three days. Cell viability is 

usually assessed using standard tetrazolium salt-based assays (MTT, XTT, WST-1) or by 

measuring lactate dehydrogenase (LDH) release, all of which are considered 

gold-standard methods for cytotoxicity testing and are recommended by ISO 10993-5. 

From this body of evidence, a consistent toxicity hierarchy emerges: 

BisGMA > UDMA > TEGDMA > HEMA. Most of these studies have been conducted in 

gingival fibroblasts (37-41), whereas surprisingly fewer reports exist for hDPCs (39, 42). 

The results show striking diGerences: BisGMA and UDMA reduce cell viability by 50% at 

sub-millimolar concentrations, while TEGDMA requires mid-millimolar concentrations, 

and HEMA an order of magnitude higher to achieve comparable eGects. For example, 

Reichl et al. (38) reported that gingival fibroblasts TC₅₀ are 0.11 mM for Bis-GMA and 

0.27 mM for UDMA, compared with 3.7 mM for TEGDMA and 11.9 mM for HEMA, with 

no significant diGerences observed when compared to hDPCs. Similarly, Kwon 

et al. (42) confirmed that TEGDMA was approximately twice as toxic as HEMA in hDPCs, 

with TC₅₀ values of ~4 mM and ~8 mM, respectively. 

These toxicity trends have been linked to physicochemical properties, particularly 

lipophilicity. Yoshii (43) demonstrated an inverse correlation between TC₅₀ values and 

logP (the logarithm of the partition coeGicient, describing how a molecule distributes 

between an organic solvent) for acrylates, methacrylates, and ethylmethacrylates with 

ether substituents, suggesting that higher lipophilicity (and lower water solubility) 

enhances toxicity. Issa et al. (44) corroborated this relationship for BisGMA and 

TEGDMA, showing an inverse correlation between TC₅₀ and logP values. Nevertheless, 

additional factors such as molecular structure and electrical charge also play 

important roles in determining cytotoxicity (43). 

Taken together, these findings provide critical insight into how resin monomers interact 

with dental pulp cells in vitro. The consistent ranking of toxicity, coupled with 

mechanistic links to lipophilicity and molecular structure, suggests that pulpal injury is 

not a random occurrence but rather a predictable biological consequence of monomer 
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diGusion through dentin. While fibroblast-based models oGer valuable baseline data, 

studies on hDPCs are particularly relevant, as they better reflect the clinical scenario 

in which residual monomers can compromise pulp vitality. 

 

2.3.2. Molecular mechanisms of toxicity 

Building on previous research, an increasing number of studies have focused on 

elucidating the key molecular mechanisms and signaling pathways involved in the 

cytotoxicity and genotoxicity induced by RBCs. This shift reflects a growing recognition 

that understanding how monomers exert their biological eGects is essential both for 

predicting clinical outcomes and for guiding the development of safer materials. 

Among the various methacrylate monomers used in RBCs, BisGMA and TEGDMA are 

particularly noteworthy. They serve not only as the principal structural components of 

most resin matrices but are also among the most extensively studied with respect to 

their biological activity. 

Accordingly, this thesis will focus on the molecular mechanisms by which Bis-GMA and 

TEGDMA aGect cells, with particular emphasis on cytotoxic and genotoxic outcomes, 

the range of adaptive cellular responses that may modulate toxicity, and the pathways 

regulating apoptosis versus necrosis. 

 

2.3.2.a. Molecular mechanisms of TEGDMA toxicity 

TEGDMA is one of the most extensively studied monomers with respect to 

biocompatibility, as it is readily released from polymerized composites into aqueous 

environments and accounts for the majority of unreacted double bonds (45, 46). 

Furthermore, its widespread use as a diluent monomer, at concentrations ranging from 

25% to 50% in many commercial formulations, further highlights its clinical 

significance (47). 
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From a biological standpoint, the physicochemical properties of TEGDMA contribute to 

its toxic potential. Owing to its lipophilic nature, TEGDMA can diGuse across cell 

membranes and accumulate within the cytosol and lipid compartments, thereby 

directly interacting with critical intracellular targets (Engelmann et al., 2001). 

On a cellular  level, TEGDMA-induced toxicity has been associated with several 

interrelated events: glutathione (GSH) depletion, oxidative stress, mitochondrial 

dysfunction, cellular stress response, activation of various signaling pathways (e.g., 

redox-sensitive kinases and transcription factors),  DNA damage (genotoxicity), and 

ultimately, the induction of apoptosis and/or necrosis. 

 

2.3.2.a.i. Depletion of GSH and generation of oxidative stress 

One of the earliest cellular events following TEGDMA exposure is a rapid and 

pronounced depletion of intracellular GSH. GSH is a tripeptide (γ-glutamyl-cysteinyl-

glycine) and the most abundant intracellular non-protein thiol. It acts as a major 

antioxidant and redox buGer, protecting cells by detoxifying reactive oxygen species 

(ROS) and electrophilic compounds, and by maintaining the redox state of proteins.	
Numerous in vitro studies on oral cell types have shown that even low millimolar 

concentrations of TEGDMA can markedly reduce the cellular GSH pool within minutes 

to hours (48, 49). In primary human gingival and pulp fibroblasts, Stanislawski and 

colleagues (48) reported that GSH levels begin to decline within 15–30 minutes of 

treatment and are almost completely depleted after 4–6 hours. 

Notably, this depletion does not appear to result from an oxidative process but rather 

from a direct chemical interaction between TEGDMA and GSH. Unlike ROS, which 

oxidize GSH to its disulfide form (GSSG), TEGDMA does not significantly increase GSSG 

formation (49). Instead, mass spectrometry has revealed the formation of a GSH–

TEGDMA adduct, confirming that the monomer, owing to its electrophilic nature, reacts 

with GSH via a Michael addition reaction (50). 
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GSH is the cell’s primary non-enzymatic redox buGer, and its depletion has profound 

downstream consequences. Mitochondria are entirely dependent on the cytosolic pool 

for their GSH supply (51); thus, when cytosolic levels fall, mitochondrial antioxidant 

capacity is also compromised. Under physiological conditions, mitochondria are the 

main cellular source of ROS, as electrons leak from complexes I and III of the electron 

transport chain (ETC) during oxidative phosphorylation, producing superoxide (O₂⁻·). 

This superoxide is normally dismutated to hydrogen peroxide (H₂O₂) by mitochondrial 

superoxide dismutases (SODs) (52, 53), and subsequently detoxified to water by 

GSH-dependent glutathione peroxidase or by catalase (Fig.7.1) (52). 

When cells are exposed to TEGDMA, however, early GSH depletion compromises 

peroxide detoxification. As a result, H₂O₂ accumulates, shifting the redox balance 

toward oxidative stress. This loss of redox control coincides with a late “burst” of ROS, 

typically observed 3–4 hours after exposure in gingival and pulp fibroblasts, as detected 

by DCFH-DA fluorescence (see “method used in this thesis”) (48, 54, 55). The temporal 

relationship between GSH depletion and ROS escalation strongly supports the view 

that loss of GSH is a permissive event in the development of oxidative stress. 

However, GSH depletion alone does not fully account for TEGDMA’s cytotoxicity. For 

example, Martins et al. (56), demonstrated that artificially elevating intracellular GSH in 

periodontal ligament fibroblasts did not prevent cell death, suggesting that additional 

mechanisms are involved. One such mechanism is a direct eGect of TEGDMA on 

mitochondrial electron transport. Mikulás et al. (57) showed, using isolated 

mitochondria and permeabilized hDPCs, that TEGDMA inhibits Complex I (Fig.7.1). This 

inhibition promotes electron leakage and premature reduction of oxygen to superoxide, 

thereby amplifying mitochondrial ROS generation. 
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Figure 7.1 : The electron transport chain is composed of four complexes (I,II,III,IV) that collaborate 

to generate energy within the mitochondria. Superoxide (O₂⁻·) are generated by the mitochondria 

as a consequence of cellular respiration. In the presence of superoxide dismutase (SOD), O₂⁻· 

undergoes catalysis to form hydrogen peroxide (H2O2). Glutathione (GSH) dependent glutathione 

peroxidase (GPx), or catalase (CAT) functions to counteract H2O2 by converting it into water, 

thereby assisting in the regulation of oxidative stress. When TEGDMA is introduced into cells, it 

can deplete GSH through adduct formation and/or directly inhibit complex I of the mitochondrial 

electron transport chain, thereby amplifying oxidative stress. 
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In summary, TEGDMA exerts a dual assault on cellular redox homeostasis: it depletes 

GSH through direct chemical interaction and impairs mitochondrial respiration by 

inhibiting Complex I. Together, these mechanisms drive excessive mitochondrial ROS 

production and H₂O₂ accumulation, culminating in increased oxidative stress. 

 

2.3.2.a.ii. Mitochondrial dysfunction 

Following the onset of oxidative stress, one of the first critical downstream events in 

TEGDMA-induced toxicity is the disruption of mitochondrial integrity, characterized by 

an early collapse of the mitochondrial membrane potential (ΔΨm) in oral cell models. 

In human gingival fibroblasts, Lefeuvre et al. (58) reported that millimolar 

concentrations of TEGDMA caused a rapid dissipation of ΔΨm, reflecting an acute 

breakdown of the proton gradient across the inner mitochondrial membrane. 

Mitochondria are not only the primary source of excessive ROS under stress but also 

their principal target (59). Once H₂O₂ accumulates due to impaired detoxification, it can 

react with ferrous iron (Fe²⁺) to generate hydroxyl radicals (HO•) via the Fenton reaction 

(60):  

Fe²⁺ + H₂O₂ → Fe³⁺ + HO• + OH⁻ 

Although short-lived, HO• is extremely reactive and initiate lipid peroxidation within 

mitochondrial membranes (61). This process compromises membrane fluidity and 

integrity, amplifying mitochondrial dysfunction. Among the various lipid peroxidation 

products, malondialdehyde (MDA) is the most abundant and widely used as a 

biomarker of oxidative stress (62). 

In line with this mechanism, Lefeuvre et al. (58) observed a significant increase in lipid 

peroxidation in TEGDMA-treated gingival fibroblasts, detectable within three hours. 

Similar findings were later confirmed in odontoblast-like cells, where Baldion et al. (63) 

reported MDA formation following TEGDMA exposure. Importantly, in both studies, lipid 

peroxidation was accompanied by mitochondrial dysfunction and increased 
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cytotoxicity, as indicated by loss of mitochondrial membrane potential and elevated 

LDH release. 

This temporal overlap strongly suggests that lipid peroxidation acts as a key mediator 

linking ROS overproduction to mitochondrial dysfunction and eventual cell death under 

TEGDMA stress. 

 

2.3.2.a.iii. Cellular stress responses 

Following mitochondrial dysfunction, ROS may accumulate to levels that exceed the 

organelle’s antioxidant buGering capacity. Under these conditions, ROS can diGuse into 

the cytosol, where they activate a range of redox-sensitive signaling pathways. Such 

responses aim to restore redox homeostasis and support cell survival; however, under 

sustained oxidative stress, they may also drive apoptotic or necrotic cell death. 

 

Nrf2-Keap-1 activation and antioxidant enzyme modulation 

Central to the antioxidant defense is the Nrf2–Keap1 system, the master regulator of 

cytoprotective gene expression under conditions of oxidative or electrophilic stress 

(64). Under basal conditions, Nrf2 is sequestered by Keap1 and continuously targeted 

for proteasomal degradation. In response to oxidative stress, Nrf2 becomes stabilized, 

translocate to the nucleus, and binds to antioxidant response elements (AREs) to 

induce a broad array of cytoprotective genes. These include enzymes such as GPx, CAT 

and SOD (Fig. 7.2) (He et al., 2020). 
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Figure 7.2 : Mechanisms of Nrf2 activation. Under basal conditions, Nrf2 is sequestered in the 

cytoplasm by Keap1 and targeted for ubiquitination and proteasomal degradation. During 

oxidative stress, the Nrf2–Keap1 interaction is disrupted, leading to Nrf2 stabilization, 

phosphorylation, and nuclear translocation. In the nucleus, Nrf2 binds to antioxidant response 

elements (AREs) in the promoters of target genes, initiating the transcription of cytoprotective 

enzymes such as glutathione peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT). 

 

These enzymatic antioxidants form the first line of defense against oxidative stress. 

SOD catalyzes the dismutation of superoxide into H₂O₂, which is subsequently 

detoxified to water and oxygen by CAT and GPx (65). In hDPCs exposed to TEGDMA, Jiao 

et al. (66) reported an imbalance in antioxidant enzyme activity: CAT activity was 

upregulated, whereas SOD and GPx activities were reduced. Because GPx requires 
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GSH as a substrate, its inhibition is likely a direct consequence of TEGDMA-induced 

GSH depletion (Fig 7.3).  

 

Figure 7.3 : Adaptive redox regulation in cells exposed to TEGDMA. The current results suggest 

that TEGDMA binds to glutathione (GSH) resulting in a decrease in GSH levels, which causes 

down- regulation of the expression of glutathione peroxidase (GPx). As a consequence, 

increased H2O2 formation leads to the induction of catalase and a feedback inhibition of 

superoxide dismutase (SOD) expression.  

 

The compensatory increase in CAT activity, together with diminished SOD and GPx 

activities, suggests a transient disruption of the antioxidant defense system and 

implies that Nrf2-driven synthesis of new enzymes may be required to restore redox 

balance. 

Evidence from resin monomer studies indicates that Nrf2 is activated in 

TEGDMA-exposed cells as a compensatory defense mechanism (Kaufman & Skrtic, 
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2020). Consistently, pharmacological inhibition of the Nrf2 pathway exacerbates 

mitochondrial oxidative damage in pulp cells treated with TEGDMA, underscoring the 

protective role of this signaling axis (Wang et al., 2021). 

 

Endoplasmic reticulum stress 

In addition to activating classical antioxidant defenses, oxidative stress can also 

disrupt protein homeostasis within the endoplasmic reticulum (ER). When unfolded or 

misfolded proteins accumulate in the ER lumen, cells initiate the unfolded protein 

response (UPR), a signaling network that initially acts to restore balance (67).  

Oxidative stress contributes to ER dysfunction by destabilizing the redox environment 

required for correct protein folding. The formation and rearrangement of disulfide 

bonds, catalyzed by ER-resident chaperones, is highly sensitive to redox imbalance. 

Excess ROS can oxidize critical thiol groups, disrupt calcium signaling, and directly 

damage amino acid side chains, thereby impairing folding eGiciency. As a result, 

misfolded or unfolded proteins accumulate and activate the UPR. 

When ER stress becomes prolonged or severe, the adaptive UPR switches to a pro-

apoptotic program (68). A central mediator of this transition is caspase-12, an ER-

resident caspase that links unresolved ER dysfunction to the activation of downstream 

apoptotic cascades. 

Although direct evidence for ER stress in TEGDMA-treated cells is still limited, studies 

with structurally related monomers support its involvement. For example, HEMA has 

been shown to activate UPR signaling and induce apoptosis under sustained stress 

conditions (69). Consistent with this, Lovász et al. (70) demonstrated caspase-12 

activation in pulp cells exposed to TEGDMA, strongly implicating ER dysfunction in its 

cytotoxic eGects. More broadly, the ability of excessive ROS to promote protein 

misfolding provides a mechanistic link between oxidative stress, ER stress, and 
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apoptosis, suggesting that ER dysfunction is an integral component of resin monomer–

induced toxicity. 

 

NOX4 Activation 

Beyond mitochondria, NADPH oxidase 4 (NOX4) has emerged as an additional source 

of ROS during TEGDMA-induced toxicity. NOX4 is a member of the NADPH oxidase 

enzyme family, which catalyzes the transfer of electrons from NADPH to molecular 

oxygen, generating superoxide and hydrogen peroxide as primary products (71). 

Notably, NOX4 expression is upregulated during endoplasmic reticulum (ER) stress, 

underscoring the mechanistic cross-talk between these pathways (72) 

Experimental evidence supports a role for NOX4 in resin monomer cytotoxicity.	 Yeh 

et al. (73) demonstrated that TEGDMA markedly increased NOX4 mRNA and protein 

levels in oral cell cultures. Pharmacological inhibition of NOX enzymes or selective 

NOX4 inhibition significantly reduced ROS levels. Furthermore, siRNA-mediated NOX4 

knockdown almost completely abolished TEGDMA-induced apoptosis, enhancing cell 

survival and reducing caspase-9 activation.  

Collectively, these findings position NOX4-derived ROS upstream of mitochondrial 

cytochrome c release and apoptosis, suggesting a self-reinforcing loop in which ER 

stress induces NOX4, thereby amplifying ROS production and further impairing 

mitochondrial function. 

 

Mitogen-Activated Protein Kinase Signaling 

The accumulation of ROS resulting from both mitochondrial dysfunction and NOX4 

activation also engages the mitogen-activated protein kinase (MAPK) cascades. These 

kinases are classical redox-sensitive sensors that modulate the balance between cell 

survival and cell death (74). Resin monomers, including TEGDMA, have been shown to 

diGerentially activate MAPK pathways in oral cells (54). However, pharmacological 



Biological EGects of Substances Released by Resin-Based Composites 

 67 

inhibition of these kinases does not abolish monomer-induced apoptosis (75). This 

indicates that MAPK activation is not the primary apoptotic trigger but rather reflects a 

broader cellular adaptation to oxidative stress, integrating both pro-survival and 

pro-apoptotic signaling. Consequently, MAPK activation is best viewed as a 

downstream consequence of the oxidative burden amplified by ER stress and NOX4 

activity, reinforcing the concept that TEGDMA toxicity operates through interconnected 

redox-sensitive pathways.  

 

Summary 

Exposure to TEGDMA elicits a spectrum of adaptive cellular responses. Early events 

include activation of the Nrf2-Keap-1 pathway and modulation of antioxidant enzyme 

activities, reflecting attempts to restore redox homeostasis. Under sustained oxidative 

conditions, ER stress develops, leading to activation of the unfolded protein response. 

In parallel, NOX4 upregulation establishes a self-reinforcing loop that amplifies ROS 

production and further compromises mitochondrial function. Collectively, these 

interconnected pathways underscore oxidative stress as a central driver of 

TEGDMA-induced cytotoxicity. 

 

2.3.2.a.iv. Genotoxicity 

As discussed above, treatment with TEGDMA can overwhelm cellular antioxidant 

defenses, and the resulting accumulation of ROS, together with secondary lipid 

peroxidation products such as MDA, induces a broad spectrum of endogenous DNA 

lesions (Schweikl et al., 2006).  These include oxidized bases, apurinic/apyrimidinic 

sites, strand breaks, and in some cases mutations that compromise genome stability if 

left unrepaired. 
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Among these lesions,	a hallmark oxidative lesion is 8-oxoguanine (8-oxoG), the most 

common marker of DNA base oxidation. Guanine has the lowest redox potential of the 

four DNA bases, making it especially vulnerable to ROS attack (particularly hydroxyl 

radicals). Oxidation at the C8 position generates 8-oxoG, which is problematic because 

during replication it can mispair with adenine instead of cytosine. This mispairing leads 

to G:C → T:A transversion mutations, one of the most frequent mutation types linked to 

oxidative stress and a well-recognized source of genomic instability (76). In THP-1 cells, 

24–48 h of TEGDMA exposure significantly increased 8-oxoG levels in a dose-

dependent manner. Co-treatment with the antioxidant N-acetylcysteine (NAC) lowered 

8-oxoG accumulation, confirming ROS involvement in this process (77). Although 8-

oxoG is normally repaired by the base excision repair (BER) pathway, excessive damage 

can overwhelm repair capacity. 

Oxidized bases such as 8-oxoG often lead to single-strand breaks (SSBs), which occur 

either directly through ROS attack or indirectly as BER intermediates. Under 

physiological conditions, these  SSBs is an intentional repair intermediate and are 

promptly sealed (76). However, under sustained oxidative stress, repair capacity is 

overwhelmed, causing SSBs to accumulate, a phenomenon that can be detected by 

alkaline comet assays, a sensitive method for SSB detection (78). Several in vitro 

studies confirm that, using alkaline comet assays, TEGDMA induces strand breaks: 

Kleinsasser et al. (79) showed that TEGDMA significatively enhanced  DNA migration in 

peripheral lymphocytes as compared to the negative controls. More recently, Ginzkey 

et al. (80) demonstrated significant DNA damage in lymphocytes exposed to sub-toxic 

concentrations of TEGDMA. 

If not eGiciently repaired, accumulated SSBs may collapse into double-strand breaks 

(DSBs), one of the most severe forms of DNA damage (81). Phosphorylation of the 

histone H2AX at sites of DNA damage produces γH2AX foci, which are widely used as a 

sensitive and specific marker of DSBs (82). Consistent with this, Urcan et al. (37) first 

reported that within 6 h of exposure, TEGDMA induced γH2AX foci in human gingival 

fibroblasts in a dose-dependent manner. Lottner et al. (83) confirmed these findings 
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and showed that co-treatment with NAC or ascorbate reduced DSB formation by 

approximately 50%. This antioxidant protection strongly indicates that TEGDMA-

induced DNA breaks are mediated by ROS. Similarly, Schweikl et al. (2007) 

demonstrated that NAC suppressed DNA damage in V79 fibroblasts, reducing comet 

tails in neutral comet assay, which is a well-established method specifically used to 

detect DSBs (78). 

Beyond base lesions and strand breaks, TEGDMA also produces chromosomal-level 

alterations. Two types of evidence are particularly noteworthy: (1) the formation of 

micronuclei, small extranuclear bodies reflecting chromosomal fragments or whole 

chromosomes excluded from mitosis, and (2) large-scale gene deletions. Classic 

studies in V79 fibroblasts demonstrated a dose-dependent increase in micronuclei 

upon TEGDMA exposure (84, 85). The formation of micronuclei reflects chromosome 

breakage or mis-segregation and therefore provides cytological evidence of clastogenic 

potential. In addition, Schweikl and Schmalz (86) reported that most TEGDMA-induced 

mutants in the HPRT gene carried multi-exon deletions, in contrast to spontaneous 

mutants, which were predominantly point mutations. This shift toward large-scale 

deletions indicates that TEGDMA does not simply cause base substitutions but 

promotes structural chromosomal alterations. Later review confirmed that TEGDMA 

induces “large deletions of DNA sequences,” a hallmark of clastogenic or crosslinking 

activity (87).  

Taken together, these findings demonstrate that exposure to resin monomers such as 

TEGDMA elicits substantial oxidative stress, overwhelming cellular antioxidant 

defenses and DNA repair pathways. The resulting lesions range from oxidized bases like 

8-oxoG to single- and double-strand breaks, ultimately progressing to chromosomal-

level alterations when repair capacity is exceeded. Key genotoxicity endpoints, 

including comet assays, γH2AX foci, and micronucleus formation, consistently reveal 

the damaging potential of TEGDMA. Importantly, the protective eGects of antioxidants 

such as N-acetylcysteine confirm the central role of ROS in mediating this damage. 

Taken together, these findings highlight TEGDMA as not only cytotoxic but also 
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genotoxic, posing a significant risk to genome stability through oxidative DNA damage 

and its downstream consequences. 

 

Potential Role of Covalent DNA Adducts 

Most of the DNA damage caused by TEGDMA can be attributed to its ability to 

induce oxidative stress. Excessive ROS lead to oxidative base modifications such as 8-

oxoguanine, the accumulation of single- and double-strand breaks, and ultimately 

chromosomal alterations.  

Nevertheless, oxidative stress alone does not fully account for all observed lesions. In 

particular, the occurrence of large multi-exon deletions is inconsistent with the more 

localized damage typically caused by ROS, and instead aligns more closely with 

mechanisms involving covalent DNA modifications or crosslinking events such as 

those generated by alkylating agents (88, 89). 

This has led to the hypothesis that TEGDMA, owing to its chemical reactivity, might 

directly interact with DNA. The monomer’s bifunctional acrylate structure contains two 

electrophilic double bonds that can undergo Michael addition (32, 34). In cellular 

systems, TEGDMA readily forms thioether adducts with GSH and NAC (90). Because 

DNA bases contain nucleophilic sites, TEGDMA has the chemical potential to 

form covalent DNA adducts, a mechanism well described for other alkylating agents 

(91). Such interactions could block replication and account for the large deletions 

observed in exposed cells. 

At present, direct DNA adducts by TEGDMA remain speculative. Nonetheless, 

researchers have noted the plausibility of this route. Several indirect 

observations support their plausibility. Volk et al. (92) showed that TEGDMA induced 

DNA strand breaks in oral keratinocytes without a corresponding increase in 8-oxoG, 

suggesting non-oxidative damage. Ansteinsson et al. (93) reported that Trolox ( a water-

soluble analogue of vitamin E), a pure ROS scavenger, failed to prevent HEMA-induced 
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cell-cycle arrest, pointing again to a non-oxidative mechanism. By contrast, NAC 

completely prevented TEGDMA-induced cell cycle delay (Schweikl et al., 2007). This 

striking diGerence is explained by NAC’s dual mode of action: it not only scavenges ROS 

(94), but it also directly neutralizes TEGDMA through Michael addition, forming stable 

NAC–TEGDMA conjugates both inside and outside cells (90). This direct detoxification 

reduces the pool of free TEGDMA available to interact with DNA, potentially explaining 

why Trolox is comparatively less eGective in mitigating genotoxicity. 

Taken together, these results support a unifying model: TEGDMA initially depletes GSH, 

weakening cellular antioxidant defenses and promoting ROS-mediated lesions. Once 

GSH reserves are exhausted, unbound TEGDMA can directly attack DNA, producing 

bulky adducts or crosslinks that overwhelm repair systems. These lesions may cause 

replication fork collapse and explain the high frequency of large-scale deletions 

observed in TEGDMA-exposed cells. 

Future studies are required to directly demonstrate DNA adduct formation by TEGDMA. 

Confirmation of such lesions would establish TEGDMA not only as an inducer of 

oxidative stress but also as a direct genotoxin. Clinically, the formation of covalent 

adducts in pulp cells that survive the initial exposure could have two possible 

outcomes: they may trigger cell death, or, if left unrepaired, persist as mutagenic 

lesions capable of initiating carcinogenic processes. Nevertheless, it is likely that the 

body’s detoxification mechanisms, particularly conjugation with glutathione (GSH), 

neutralize a substantial fraction of the free monomer before it can reach nuclear DNA. 

In conclusion, while ROS-mediated oxidative stress clearly represents the primary 

driver of TEGDMA-induced genotoxicity, the evidence also suggests a 

plausible complementary mechanism involving direct covalent DNA adducts. 

Together, these routes may converge to destabilize the genome, explaining both simple 

oxidative lesions and the more complex chromosomal deletions associated with 

TEGDMA exposure. 
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Activation of DNA Damage Response Pathways and cell cycle arrest.  

Cells respond to genotoxic stress through the activation of the DNA damage response 

(DDR), a coordinated network of signaling pathways designed to detect DNA lesions 

and initiate either repair or, if necessary, apoptosis. A critical component of DDR is the 

activation of cell cycle checkpoints, which temporarily halt cell division to prevent the 

propagation of damage into daughter cells. This protective pause gives cells time to 

repair DNA lesions before they are converted into lethal breaks or mutations during 

replication and mitosis. 

In agreement with its DNA-damaging properties, TEGDMA has been shown to activate 

key DDR pathways in several oral cell models. Experimental evidence demonstrates the 

involvement of the ATM/ATR kinases, central sensors of DNA double-strand breaks and 

replication stress (77). Downstream of ATM/ATR, histone H2AX phosphorylation is 

consistently observed in TEGDMA-exposed cells, serving as a sensitive marker of DNA 

double-strand breaks (37, 83). In addition, TEGDMA triggers the stabilization of the 

tumor suppressor p53, a master regulator of DDR, which in turn induces transcription 

of the cyclin-dependent kinase inhibitor p21 (95). Together, these events illustrate that 

cells not only detect TEGDMA-induced DNA lesions but also engage canonical DDR 

signaling to mitigate their consequences. 

Functionally, the upregulation of p21 leads to cell cycle arrest, particularly at the G1/S 

and G2/M checkpoints, preventing damaged DNA from being replicated or segregated 

into daughter cells. Several studies have consistently reported that TEGDMA exposure 

delays or blocks cell cycle progression in human oral fibroblasts and lymphocytes (85, 

95, 96). Such arrest reflects an adaptive attempt to safeguard genome integrity by 

providing time for repair processes to act. 

In summary, DNA breaks and replication stress induced by TEGDMA activate the 

ATM/ATR kinases, which initiate a cascade stabilizing p53 and promoting p21 

expression. The resulting cell cycle arrest prevents entry into mitosis with damaged 

DNA, thereby serving as a critical protective mechanism. This checkpoint response 

highlights the fact that TEGDMA-exposed cells are capable of recognizing genotoxic 
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stress and mounting a defense, although the outcome ultimately depends on the 

balance between repair eGiciency and the extent of the damage. 

 

2.3.2.a.v. Outcomes: apoptosis versus necrosis 

If protective mechanisms against DNA damage are successful, they promote cell 

recovery. If not, the cell progresses to death. In both hDPCs and hGFs, TEGDMA 

exposure typically results in cell death above a certain threshold.  

Few studies have attempted to distinguish whether apoptosis or necrosis is the primary 

mechanism of cell death and only a handful of those investigated pulp cells. Among 

them, Janke et al. (97) first showed that TEGDMA induces pronounced apoptosis in 

primary hGFs. Similar findings were later reported in pulp cells, where Yeh et al. (73) 

confirmed apoptosis as the predominant mode of cell death. However, several studies 

revealed a concentration-dependent shift: at low doses, apoptosis dominates, while 

higher concentrations or prolonged exposure drive necrosis (98-100). For example, 

Krifka et al. combined viability dye exclusion, nuclear staining, and caspase assays in 

hDPCs to conclude that TEGDMA causes dose-dependent apoptosis with negligible 

necrosis until 5 mM, but above 5 mM necrosis sharply rises. 

Apoptosis is a regulated, energy-dependent process characterized by cell shrinkage, 

chromatin condensation, DNA fragmentation, and membrane blebbing while 

maintaining membrane integrity until late stages (101). At the molecular level, 

TEGDMA-induced apoptosis proceeds via the intrinsic (mitochondrial) pathway, 

involving cytochrome c release and caspase-9 activation, which converge on the 

executioner caspase-3. This was demonstrated by Batarseh et al. (102), who reported 

increased levels of cleaved caspase-9 and caspase-3 in pulp fibroblasts, together with 

upregulation of the pro-apoptotic proteins Bid and Bim (Bcl-2 family proteins). 

Similarly, Chang et al. (98) confirmed activation of caspase-9 and -3 in cementoblasts 
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after 24 h exposure, reinforcing the central role of the mitochondrial pathway in 

TEGDMA cytotoxicity. 

In addition, ER stress appears to contribute. Lovász et al. (70) detected increased levels 

of cleaved caspase-12, together with caspase-9 and -3, in pulp cells exposed to 

TEGDMA. Caspase-12 is specifically linked to ER stress-mediated apoptosis (103), 

suggesting that oxidative and proteostatic imbalance induced by TEGDMA extends 

apoptotic signaling beyond the mitochondrial pathway. 

Taken together, the sequential activation of caspase-12 (ER stress mediator), caspase-

9 (intrinsic initiator), and caspase-3 (executioner) constitutes a hallmark signature of 

TEGDMA-induced apoptosis in oral cell models. 

In contrast, necrosis arises from overwhelming cellular damage and diGers 

fundamentally from apoptosis. Necrotic cells typically exhibit swelling, organelle 

rupture, and loss of plasma membrane integrity, which results in the uncontrolled 

release of intracellular contents. This unregulated process is often triggered by a 

catastrophic bioenergetic collapse (104). Paradoxically, cells need ATP to maintain 

their vital functions and to die by apoptosis. When ATP synthesis is severely impaired, 

apoptotic pathways fail, and cells default to necrotic death. Supporting this, Mikulás et 

al. (105) reported that high concentrations of TEGDMA disrupt mitochondrial ATP 

production, precipitating necrosis most likely through the inability to maintain essential 

ion gradients. 
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Figure 7.4 : Apoptosis and necrosis induced by TEGDMA. At low concentrations, TEGDMA 

predominantly induces apoptosis through oxidative stress. However, as TEGDMA concentrations 

increase, excessive mitochondrial damage leads to severe ATP depletion. Because apoptosis is 

an energy-dependent process, the loss of ATP synthesis prevents the apoptotic program from 

being executed. Under these conditions, cells shift toward necrosis, resulting from catastrophic 

bioenergetic collapse. 

 

In summary, TEGDMA induces cell death in a dose-dependent manner. At low to 

moderate concentrations, apoptosis predominates, mediated through caspase-

dependent pathways involving mitochondria, death receptors, and ER stress. At higher 

doses, where bioenergetic collapse occurs, necrosis becomes the dominant form of 

death. This dual outcome underscores that TEGDMA cytotoxicity spans from regulated 

apoptosis to unregulated necrosis, depending on cellular energy status and the 

severity of exposure. 
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2.3.2.b. Molecular mechanisms of BisGMA toxicity 

Building on the extensive body of research devoted to TEGDMA, attention has also 

turned to other major resin monomers, most notably BisGMA. Although less extensively 

investigated than TEGDMA, numerous in vitro studies have examined the toxicity of 

BisGMA in a variety of human oral cell types, including pulp fibroblasts, gingival 

fibroblasts, odontoblast-like cells, and keratinocytes. Across these experimental 

models, BisGMA is consistently reported to be more cytotoxic than TEGDMA 

(Geurtsen, 2000). 

While the two monomers converge on similar downstream pathways, oxidative stress, 

mitochondrial dysfunction, DNA damage, and cell death, BisGMA frequently produces 

more pronounced eGects. This heightened toxicity is thought to reflect key 

physicochemical diGerences: BisGMA’s larger molecular size and higher lipophilicity 

may promote stronger interactions with lipid membranes, leading to greater disruption 

of membrane integrity and intracellular homeostasis. Its relatively low water solubility 

could also prolong its retention within cellular compartments, increasing the duration 

of exposure to sensitive organelles such as mitochondria and the endoplasmic 

reticulum. Furthermore, structural diGerences in the methacrylate backbone and 

bisphenol core may influence its reactivity toward nucleophilic cellular targets, 

including proteins and nucleic acids, thereby amplifying genotoxic and pro-apoptotic 

signaling. 

Taken together, these observations suggest that although BisGMA and TEGDMA share 

common toxicological pathways, the magnitude and persistence of BisGMA’s eGects 

may be driven by its distinct chemical properties. The following sections will therefore 

focus specifically on the mechanistic diGerences that account for BisGMA’s higher 

cytotoxicity compared with TEGDMA, highlighting the unique features that make it a 

more potent inducer of oxidative stress, organelle dysfunction, and cell death. 
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2.3.2.b.i. Lipophilicity and reactivity 

One of the key distinctions between BisGMA and TEGDMA lies in their physicochemical 

profiles. BisGMA is a bulky, highly lipophilic molecule with low water solubility, 

properties that favor its accumulation in lipid membranes and prolong its retention 

within cells. In contrast, TEGDMA is smaller and more hydrophilic, enabling faster 

diGusion through aqueous environments but also more rapid clearance from cells. 

These diGerences have important toxicological implications. The strong membrane 

association of BisGMA likely enhances its ability to disrupt lipid bilayers and interfere 

with organelle function, contributing to more severe and persistent cytotoxic eGects. In 

addition, BisGMA’s bisphenol core and reactive methacrylate groups increase its 

electrophilic potential, raising the likelihood of interactions with nucleophilic cellular 

targets such as proteins and nucleic acids. Clinically, BisGMA’s poor solubility may also 

slow its elution from resin matrices, leading to more sustained tissue exposure.  

 

2.3.2.b.ii. Mechanisms of GSH depletion 

Both TEGDMA and BisGMA deplete intracellular GSH and elevate oxidative stress, but 

they appear to do so through distinct mechanisms. TEGDMA readily undergoes Michael 

addition with GSH, forming covalent adducts that directly and rapidly consume the 

cellular antioxidant pool. By contrast, BisGMA does not seem to form such adducts 

(Ansteinsson et al., 2013), which is somewhat unexpected given its higher electrophilic 

potential compared to TEGDMA. 

This discrepancy suggests that BisGMA-induced GSH depletion is secondary to 

excessive ROS production rather than direct conjugation. One possible explanation is 

that BisGMA interacts with mitochondrial components, particularly the electron 

transport chain, thereby amplifying ROS generation. The resulting oxidative stress 

would oxidize GSH to its disulfide form (GSSG) and exhaust the antioxidant pool. 

However, direct experimental confirmation of this mechanism, such as the detection 
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of increased GSSG, remains lacking, leaving the precise basis of BisGMA-induced GSH 

depletion unresolved. 

 

2.3.2.b.iii. Cystine uptake inhibition 

A distinctive mechanism that further diGerentiates BisGMA from TEGDMA is its ability 

to block cystine uptake. Cystine import is the rate-limiting step in GSH synthesis, as 

extracellular cystine must first be transported into the cell and reduced to cysteine 

before contributing to GSH biosynthesis. Schneider et al. (106)  demonstrated that 

BisGMA, but not TEGDMA, inhibits cystine uptake in human dental pulp cells. 

By blocking this pathway, BisGMA not only reduces GSH levels but also impairs their 

replenishment, thereby prolonging oxidative stress and exacerbating cellular injury. 

This mechanism, unique to BisGMA, provides a compelling explanation for its more 

sustained oxidative imbalance and greater cytotoxicity compared with TEGDMA. 

 

2.3.2.b.iv. Mitochondrial eUects 

Mitochondria are a major target of both TEGDMA and BisGMA, but the extent and nature 

of their eGects diGer. For TEGDMA, inhibition of ETC complex I has been documented, 

linking monomer exposure to impaired respiration and ROS accumulation. In contrast, 

direct evidence for BisGMA’s interaction with specific ETC complexes is lacking. 

Available studies nevertheless indicate that BisGMA disrupts mitochondrial integrity 

more severely. In human pulp cells, BisGMA exposure leads to loss of mitochondrial 

membrane potential and release of pro-apoptotic factors, consistent with activation of 

the intrinsic apoptotic pathway (107). Its high lipophilicity likely promotes stronger 

incorporation into mitochondrial membranes, destabilizing their structure and 

exacerbating dysfunction. While TEGDMA primarily compromises mitochondrial 
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function through targeted ETC inhibition, BisGMA may act through broader membrane-

disruptive mechanisms that produce more extensive damage. 

This distinction underscores why BisGMA is often observed to exert greater cytotoxicity: 

its eGects on mitochondria may be more diGuse, persistent, and less amenable to 

cellular recovery than those caused by TEGDMA. 

 

2.3.2.b.v. Adaptive responses to oxidative stress 

In contrast to TEGDMA, far less is known about the activation of adaptive antioxidant 

defenses in response to BisGMA. To date, the only reported study (108) demonstrated 

overexpression of heme oxygenase-1 (HO-1), a classical Nrf2 target gene. HO-1 

catalyzes the degradation of heme into biliverdin and bilirubin, both of which possess 

antioxidant properties (109). This limited evidence indicates that BisGMA can activate 

Nrf2-dependent cytoprotective signaling, although the overall adaptive response 

remains poorly characterized. 

 

2.3.2.b.vi. DNA damage and cell cycle arrest 

Both TEGDMA and BisGMA induce DNA lesions, but BisGMA consistently shows greater 

genotoxic potency. In a comprehensive analysis, Drozdz et al. (110) demonstrated that 

BisGMA induces a wide spectrum of DNA damage in human lymphocytes, arising either 

from ROS-mediated oxidation or from potential direct interactions with DNA. These 

lesions were accompanied by activation of the DNA damage response and delays in 

cell cycle progression. 

Complementing these findings, Urcan et al. (37) reported that BisGMA at TC₅₀ 

concentrations caused significantly higher levels of DNA DSBs, as indicated by 

increased γH2AX foci, than TEGDMA in gingival fibroblasts. This aligns with its 

consistently higher genotoxic impact. While BisGMA’s electrophilic structure suggests 
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the possibility of direct covalent binding to DNA, experimental evidence for BisGMA–

DNA adduct formation is still lacking. 

 

2.3.2.b.vii. Cell death 

Similar to TEGDMA, BisGMA activates apoptotic pathways at moderate concentrations 

and shifts toward necrosis at higher concentrations. The key diGerence lies in the 

intensity and timing of these responses: apoptosis triggered by BisGMA is 

accompanied by stronger oxidative stress and more rapid mitochondrial collapse than 

that observed with TEGDMA (111, 112). These features likely accelerate the transition 

from regulated apoptosis to uncontrolled necrosis, reinforcing BisGMA’s greater 

cytotoxic potential. 

 

Although BisGMA and TEGDMA share common toxicological pathways, several 

mechanistic diGerences explain BisGMA’s greater cytotoxicity. Its bulky, lipophilic 

structure promotes stronger membrane association and prolonged intracellular 

retention, amplifying organelle disruption. Unlike TEGDMA, which directly conjugates 

with GSH, BisGMA appears to depletes antioxidants primarily through ROS generation 

and uniquely blocks cystine uptake, preventing GSH replenishment and sustaining 

oxidative stress. Mitochondrial damage is also more severe with BisGMA, likely due to 

broader membrane destabilization, while adaptive antioxidant responses remain 

poorly characterized. At the genomic level, BisGMA induces more extensive DNA 

lesions and double-strand breaks, leading to stronger checkpoint activation and cell 

cycle arrest. Finally, cell death occurs more rapidly and with greater oxidative stress. 

Together, these diGerences highlight BisGMA as a more potent inducer of oxidative 

imbalance, genotoxicity, and cell death compared with TEGDMA. 
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3. Summary 

The comparative analysis of TEGDMA and BisGMA underscores that, while both 

monomers ultimately converge on similar toxic endpoints, oxidative stress, 

mitochondrial dysfunction, DNA damage, and cell death, their mechanistic routes and 

physicochemical profiles confer distinct biological behaviours. TEGDMA, a smaller and 

more hydrophilic molecule, diGuses rapidly through aqueous environments and is 

cleared more quickly from cells. Its cytotoxicity is driven primarily by the rapid depletion 

of intracellular GSH through direct adduct formation, exhausting antioxidant reserves 

and triggering ROS accumulation. 

BisGMA, in contrast, is a bulky, highly lipophilic molecule with low water solubility, 

favouring its accumulation in cellular membranes and prolonging its interaction with 

intracellular targets. It does not form stable conjugates with GSH; instead, it elevates 

ROS production and uniquely inhibits cystine uptake, thereby limiting cysteine 

availability and preventing GSH resynthesis. This dual mechanism prolongs oxidative 

imbalance and contributes to its greater cytotoxic potency. Its aromatic backbone and 

electrophilic double bonds further enhance reactivity toward nucleophilic cellular 

components, which may explain the higher levels of DNA double-strand breaks 

observed in exposed gingival fibroblasts. 

At the mitochondrial level, both monomers destabilise membrane potential and impair 

respiration, initiating apoptosis via the intrinsic pathway. However, BisGMA is often 

associated with an earlier and more pronounced mitochondrial collapse, consistent 

with its higher lipophilicity and persistence within membranes. Both compounds can 

also activate caspase-dependent apoptosis and necrosis in a dose-dependent 

manner, with BisGMA generally producing more persistent and severe eGects. 

Importantly, their partially distinct mechanisms raise the possibility of synergistic 

toxicity when both are present, as is the case in many resin formulations. Experimental 

data confirm that BisGMA/TEGDMA mixtures can be significantly more cytotoxic than 

either monomer alone, with reduced TC₅₀ values in oral cell models (40, 113). Such 
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synergy likely reflects complementary modes of action, TEGDMA’s rapid depletion of 

antioxidant defences lowering the threshold for BisGMA’s sustained oxidative and 

genotoxic insults, resulting in amplified mitochondrial dysfunction, DNA damage, and 

inflammatory responses. 

From a clinical standpoint, this is highly relevant: patients are exposed not to isolated 

monomers but to complex mixtures eluted from polymerised composites. In deep 

cavities or subgingival restorations, residual monomer diGusion through dentin or 

direct contact with soft tissues may pose a greater risk, particularly in susceptible 

individuals or in cases of suboptimal polymerisation. 

Thus, a deeper understanding of the individual and combined eGects of TEGDMA and 

BisGMA is essential for guiding safer resin chemistry, refining restorative protocols, and 

improving the long-term biocompatibility of dental materials. Looking forward, these 

insights should inform both material development and clinical practice. On the 

research side, priorities include elucidating the molecular basis of monomer 

interactions, identifying biomarkers of early tissue injury, and designing alternative 

monomers with reduced cytotoxic potential. On the clinical side, optimising curing 

protocols, employing barrier techniques, and selecting formulations with lower 

leachable content represent key strategies to mitigate patient exposure.  
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VIII. Objectives 
This thesis is guided by the central question:  

How can the biological risks of RBCs be reduced without compromising their 

clinical performance? 

To address this, the research pursues three objectives: 

Evaluate the mechanical and biological performance of contemporary RBCs, using 

bulk-fill formulations as a model to study polymerization eGiciency and curing depth in 

commercial materials. 

Quantify monomer elution and its biological consequences, with emphasis on 

oxidative stress and metabolic activity. 

Explore strategies to enhance material biocompatibility, focusing on the 

incorporation of the antioxidant NAC and assessing its dual impact on cytotoxicity and 

composite properties. 

Within this framework, two experimental avenues are pursued. Bulk-fill composites 

are employed as a testing platform: their increased increment thickness (up to 4 mm 

versus 2 mm for conventional RBCs) provides a practical model for examining depth-

dependent variations in curing quality, mechanical stability, and biological responses. 

Importantly, bulk-fills are not the main focus of this thesis, but rather an investigative 

tool to assess how incomplete polymerization influences material performance. 

Second, adjunctive approaches to improve composite biocompatibility are 

explored, with NAC serving as a proof-of-concept additive. By serving as a glutathione 

precursor, exerting antioxidant activity and directly neutralizing resin monomers 

through adduct formation,	 NAC has shown promise in mitigating resin-induced 

oxidative stress and cytotoxicity; however, its impact on polymerization kinetics and 

mechanical integrity remains insuGiciently defined and requires evaluation. 
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IX. Methods used in this thesis 
This thesis employed an integrated methodological framework to evaluate RBCs, 

combining mechanical, chemical, and biological assays. The choice of tests was 

guided by the Academy of Dental Materials recommendations for standardized 

mechanical characterization, which prioritize flexural strength, modulus, and hardness 

as clinically relevant measures of material performance (1). In addition, all assays were 

conducted, where possible, in accordance with relevant international standards, 

namely ISO 4049 for mechanical testing of dental composites and the ISO 10993 series 

for biological evaluation of medical devices, ensuring reproducibility, comparability, 

and regulatory compliance. 

 

1. Three-Point Bending (Flexural Strength and 

Modulus) 

Flexural strength and modulus were determined using a universal testing machine 

(Lloyd LRX Plus, Lloyd Instruments, UK) equipped with a load cell of suitable capacity. 

The machine operates by applying a controlled force through a moving crosshead, 

while recording the resulting deformation of the specimen. In the three-point bending 

setup, rectangular specimens (25 × 2 × 2 mm) were supported at two points separated 

by a 20 mm span. A loading nose was positioned at the midpoint between the supports, 

delivering a downward force at a constant crosshead speed of 0.75 mm/min until 

specimen fracture occurred. 

The principle of this test relies on generating tensile, compressive, and shear 

stresses within the specimen simultaneously: the upper surface of the bar experiences 

compression, while the lower surface is subjected to tension. The magnitude of stress 

is calculated from the applied load, span length, and specimen geometry. The flexural 
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strength (σ, MPa) represents the maximum stress sustained before fracture, while the 

flexural modulus (E, GPa) is derived from the slope of the initial, linear portion of the 

load–deflection curve, reflecting the material’s stiGness. 

Universal testing machines measure force using a load cell that converts mechanical 

deformation into an electrical signal, typically via strain gauges mounted on an elastic 

element. Simultaneously, specimen deflection is tracked either by crosshead 

displacement or by extensometers. The resulting load–deflection data are continuously 

recorded and plotted, allowing precise determination of mechanical properties 

according to ISO 4049:2000. 

This method is widely adopted because flexural strength and modulus are ranked as 

priority mechanical properties by the Academy of Dental Materials, and because the 

three-point bending test subjects the specimen to combined stresses that approximate 

clinical conditions in which dental restorations fail due to complex loading. 

 

2. Vickers Microhardness 

Vickers microhardness was measured using a diamond pyramidal indenter mounted 

on a hardness tester (Durimet, Leitz, Germany). The machine functions by pressing the 

indenter into the polished surface of the specimen under a known static load, here 

either 200 g or 500 g depending on the study, applied for 30 s. The load is transmitted 

through a mechanical lever system to ensure precise and reproducible force delivery. 

When the indenter penetrates the specimen, it leaves a square-shaped impression with 

diagonals that can be measured optically under a microscope integrated into the 

machine. The Vickers Hardness Number (VHN, kgf/mm²) is calculated by dividing the 

applied load by the surface area of the indentation, which is determined from the 

diagonal lengths. Harder materials produce smaller indentations for the same applied 

force. 
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This method is particularly suited for dental composites because it is sensitive to 

diGerences in polymerization eGiciency: insuGiciently cured material will yield lower 

hardness values, especially at greater depths. In addition, repeating the test after 

immersion in ethanol provides insight into material degradation and softening under 

chemical challenge, simulating intraoral exposure. 

3. Electron Paramagnetic Resonance (EPR) 

Spectroscopy for Trapped Free Radicals 

EPR spectroscopy was employed to quantify trapped free radicals remaining after 

photo-polymerization. The spectrometer (MINISCOPE MS200, Magnettech, Germany) 

detects unpaired electrons, which exhibit magnetic moments. When placed in a 

magnetic field and irradiated with microwave radiation, these unpaired electrons can 

absorb energy by flipping their spin states. 

The instrument generates a magnetic field sweep, while a detector records the 

resonance absorption as peaks corresponding to specific g-factors. In cured RBCs, free 

radicals trapped in the polymer matrix produce a signal at g = 2.02. The height of the 

fourth peak in the resonance spectrum is proportional to radical concentration. 

Because radicals are essential intermediates in polymerization, their presence after 

curing provides information on the completeness and stability of the curing reaction. 

 

4. Degree of Conversion by Micro-Raman 

Spectroscopy 

Raman spectroscopy was used to determine the DC of RBCs at various depths. Raman 

spectroscopy relies on the inelastic scattering of monochromatic light, a phenomenon 

first described by C.V. Raman in 1928. When a laser beam interacts with molecular 

bonds, most photons are scattered elastically (Rayleigh scattering), but a small fraction 
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undergoes a change in energy corresponding to the vibrational energy levels of the 

molecule. This shift in wavelength, known as the Raman shift, provides a fingerprint of 

the molecule’s vibrational modes. 

In these studies, a 780 nm diode laser was directed onto the specimen surface through 

a high-magnification objective (50×). The scattered light was collected and passed 

through a diGraction grating to resolve the spectrum. Specific peaks in the spectrum 

were monitored: the aliphatic carbon–carbon double bond (C=C) at 1640 cm⁻¹, which 

decreases during polymerization, and the aromatic carbon–carbon stretch at 1610 

cm⁻¹, which remains constant and serves as an internal reference. By comparing the 

ratio of these peaks before and after curing, the DC was calculated as the percentage 

of reactive double bonds converted into polymer. 

This technique is highly sensitive, non-destructive, and allows depth-resolved 

analysis by focusing the laser at diGerent distances below the surface (0, 2, 4, and 6 

mm in this thesis). It provides direct insight into polymerization eGiciency, which is a 

critical determinant of both mechanical performance and residual monomer release. 

 

5. Chemical Analyses for Monomer and Photoinitiator 

Elution 

Ultra-High-Performance Liquid Chromatography coupled to Tandem Mass 

Spectrometry (UHPLC–MS/MS) was employed to quantify the release of residual 

monomers and photoinitiators into aqueous medium. 

UHPLC principle: Liquid chromatography separates compounds based on their aGinity 

for a stationary phase (column packing) and a mobile phase (solvent). Under high 

pressure (up to 1000 bar), the mobile phase pushes analytes through a tightly packed 

column with small particle size (1.8 µm in this study), achieving very high resolution. 
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Compounds with diGerent polarities and molecular structures elute at diGerent 

retention times. 

MS/MS principle: As compounds elute, they are ionized in an electrospray ionization 

(ESI) source, generating charged molecular species. These ions enter the first 

quadrupole mass filter (Q1), which selects a specific parent ion (precursor) based on 

mass-to-charge ratio (m/z). The ion is then fragmented in a collision cell (Q2) by 

collision-induced dissociation, and the resulting fragments are analyzed by a second 

mass analyzer (Q3). This tandem approach increases sensitivity and specificity by 

monitoring multiple reaction monitoring (MRM) transitions unique to each analyte. 

Workflow in this thesis: Conditioned medium from composite disks was spiked with an 

internal standard, 1,6-hexanediol dimethacrylate (HDDMA), filtered, and injected into 

a C8 column under isocratic methanol/water elution with ammonium acetate. Target 

analytes included TEGDMA, BisGMA, DMAEMA, CQ, TPO, and NAC. Each analyte was 

quantified by comparing the peak area of its quantifier multiple reaction monitoring 

(MRM) transition to calibration curves, while qualifier transitions confirmed identity. 

This combined UHPLC–MS/MS method is considered the gold standard for trace-level 

quantification of leachable substances from dental composites, as it combines 

chromatographic separation of structurally similar compounds with highly selective 

mass-based detection. 

 

6. Biological Properties 

6.1. Cell metabolic activity – MTS Assay 

The metabolic activity of human dental pulp cells(hDPCs) exposed to conditioned 

media was assessed using the MTS assay (CellTiter 96® AQueous One Solution, 

Promega, USA). This colorimetric method is based on the conversion of a tetrazolium 
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salt (MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) into a soluble formazan product by cellular enzymes, 

primarily mitochondrial dehydrogenases. 

When viable cells with intact metabolic pathways are present, NAD(P)H-dependent 

oxidoreductase enzymes reduce MTS to formazan. The reaction occurs extracellularly, 

producing a water-soluble dye that accumulates in the culture medium. The amount of 

formazan formed is directly proportional to the number of metabolically active (viable) 

cells. 

Absorbance of the formazan was measured at 490 nm in a microplate reader 

(SpectraMax M2, Molecular Devices). Cells exposed to conditioned medium for 24 h 

were compared with untreated controls (100% viability reference). This method is 

widely used in biomaterials research because it provides a sensitive, quantitative, and 

non-radioactive measure of cell viability and proliferation. 

6.2. Reactive Oxygen Species Quantification 

Intracellular oxidative stress was evaluated using a fluorescent ROS-sensitive probe, 

2′,7′-dichlorodihydrofluorescein diacetate (H₂DCF-DA). This non-fluorescent 

compound is cell-permeable and enters live cells, where intracellular esterases cleave 

the diacetate groups, trapping it as H₂DCF inside the cytoplasm. 

In the presence of reactive oxygen species, H₂DCF undergoes oxidation to form 2′,7′-

dichlorofluorescein (DCF), a highly fluorescent molecule. The intensity of the 

fluorescence signal is directly proportional to the intracellular ROS levels. 

Fluorescence was measured at an excitation wavelength of 495 nm and an emission 

wavelength of 525 nm using a microplate reader (SpectraMax M2). 

Positive controls were included by exposing cells to tert-butyl hydroperoxide (TBHP, 100 

µM), a known inducer of oxidative stress, to confirm the responsiveness of the assay. 

Results were normalized against untreated cell controls to express relative ROS 

production. 
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This assay provides a direct measure of oxidative stress, a key mediator of cytotoxicity 

in dental materials. It is particularly relevant for evaluating the protective eGects of 

antioxidants such as NAC incorporated into composites. 
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X. Quality of Cure in Depth of 

Commercially Available Bulk-fill 

Composites: A Layer-by-layer Mechanical 

and Biological Evaluation 
This chapter is based on the following published article: 

Gilli M, Hollaert TG, Setbon HM, des Rieux A, Leprince JG. Quality of cure in depth 

of commercially available bulk-fill composites: A layer-by-layer mechanical and 

biological evaluation. Oper Dent. 2022;47(4):437-48. doi:10.2341/21-084-L. 
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Abstract 

Despite their popularity, the use of bulk-fill composites remains controversial, both in 

terms of their properties and their in-depth development. The objectives of the present 

work were (1) to provide a more comprehensive evaluation of the quality of cure in 

depth of commercially available bulk-fill composites by combining various key 

mechanical and biological characterization methods, (2) to evaluate the inter-material 

diGerences when optimally cured, and (3) to evaluate the eGiciency of an antioxidant – 

N-acetyl-cysteine (NAC) – to restrain the adverse eGects of the leached components 

on cell viability. Nine bulk-fill composites (including flowable and high-viscosity 

materials) were investigated and compared to two conventional resin-based 

composites, one flowable and one high-viscosity restorative material. The materials 

were injected or packed into Teflon molds of various configurations, up to 6 mm 

material thickness. They were then light-cured from the top for 20s with Bluephase G2 

(Ivoclar-Vivadent, irradiance=1050mW/cm2). The following physico-mechanical 

properties were measured for the upper (0-2mm), intermediate (2-4mm) and lower (4-

6mm) layers: degree of conversion using Raman Spectrometry (DC, in %), 

microhardness using a Vickers micro-indenter before (VHN dry) and after a 24h storage 

in ethanol (VHN EtOH), flexural strength (in MPa) and flexural modulus (in GPa) using a 

three-point bend test. Each composite layer and an uncured layer were also stored for 

one week in standard cell growth medium to generate conditioned media. Human 

dental pulp cells were then cultured for 24 hours with the latter and cell viability was 

measured using an MTS assay. A similar experiment was repeated with conditioned 

media produced in contact with uncured composites, with and without the addition of 

4mM NAC. The data were subjected to a Shapiro-Wilk test, then one-way ANOVA or 

Kruskal-Wallis test, followed either by Tukey’s test (inter-material comparison) or by 

Dunnett’s or Dunn’s test (comparison between layers relative to the upper one). The 

level of statistical significance was set at 0.05. Some materials (EverX, X-traF, VenusBF, 

X-traB) did not show any significant diGerences (p>0.05) for any of the properties 

considered between the intermediate layers compared to the upper one (considered 
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as reference). Others displayed significant diGerences, at least for some properties, 

highlighting the value of combining various key mechanical and biological 

characterization methods when investigating the quality of cure in depth. Sinificant 

inter-material diGerences (p<0.05) were observed when comparing the properties of 

their upper layer, considered as “optimally” polymerized. Hence, one needs to consider 

the absolute property values, not only their relative evolution with respect to layer 

thickness. Finally, the use of NAC appeared as beneficial to reduce the risk of harmful 

eGect to dental pulp cells, especially in case of excessive thickness use, and may 

therefore be of potential interest as an additive to composites in the future.  
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1. Introduction 

The indications regarding the use of resin-based composites (RBCs) have considerably 

evolved over time since their introduction to the market. They were initially used for 

small restorations, but are now routinely used for larger and larger restorations. 

However, an increase in the failure rate has also been reported as the number of 

restored surfaces increases,(1-4)  making the mechanical and biological performance 

of the materials all the more important in large cavities. Due to the intrinsic need to 

layer the composite restorations,(5, 6) the restoration of large cavities with RBCs is very 

time consuming for both clinicians and patients. To reduce the procedure duration, two 

diGerent strategies were developed. First, changing the photoinitiator to significantly 

reduce the curing time (below 5s) while maintaining, or in some cases improving, 

mechanical and biological key material properties.(7-10) The second strategy was to 

increase the depth of cure by modifying certain material characteristics, thereby giving 

birth to a « new » RBC category, namely bulk-fill composites. Most notably, increased 

light transmission through the composite was obtained by changes in materials 

composition, mainly a reduction in filler content, an adjustment of filler size relative to 

the light wavelength and an adaptation of the refractive index between the inorganic 

and organic fractions.(11)  

Bulk-fill composites are marketed as a solution to restore large tissue losses in layers 

of 4-mm thickness or sometimes more. Very few randomized clinical studies 

comparing the success of bulk-fill composite restorations to conventional ones are 

currently available, and those available have relatively short follow-up and include 

restorations of limited size.(12, 13) The  randomized clinical trial with the longest follow-

up period(14) compared a bulk-fill strategy (4mm bulk-fill RBC covered with 2mm 

conventional RBC) to a classic incremental filling, in class I and II cavities. Over the 6-

year evaluation period, no significant diGerence could be observed between both 

groups. Despite being promising, these results need to be verified for other materials, 

given the large diGerences in physico-mechanical properties reported within the bulk-
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fill RBC category.(15) Moreover, the performance of bulk-fill restorations in larger 

cavities remains unknown, and is therefore subject to caution.  

One particularly important aspect regarding the performance of RBCs placed in thick 

layers is their quality of cure in depth. Several methods have been proposed in the past 

to evaluate the “depth of cure”,(16, 17) corresponding to the depth at which the RBC is 

considered “adequately” cured. It was underlined that the depth of cure values vary 

greatly depending on the method considered, which may result in an over-estimation 

of the true value.(18) Therefore, a combination of various methods is more likely to 

provide a more complete assessment of the quality of cure in depth.(16) Based on a 

systematic review and meta-analysis,(19) the two main reasons for the short-term 

failure of RBC restorations were identified: endodontic causes (<1year post-

placement) and fractures (2-3 years post-placement). Hence, besides the mechanical 

properties which are well-known to be important for material performance, biological 

aspects must be taken into account as well when attempting to evaluate in vitro the 

performance of thick RBC restorations. Notably, RBCs can release various active 

compounds such as monomers or photoinitiators,(20) which can reach the pulp, 

especially in deep cavities, and induce undesirable biological responses.(21) The latter 

have been so far mostly attributed to an oxidative stress through the generation of 

reactive oxygen species.(22)  

The objectives of the present work were (1) to provide a more comprehensive evaluation 

of the quality of cure in depth of commercially available bulk-fill composites by 

combining various key mechanical and biological characterization methods, (2) to 

evaluate the inter-material diGerences when appropriately cured, and (3) to evaluate 

the eGiciency of an antioxidant – N-acetyl-cysteine  (NAC) – to restrain the adverse 

eGects of the leached components on cell viability when the composite was 

unpolymerized, to simulate an inappropriate use.  
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2. Materials and Methods 

Nine bulk-fill RBCs (including flowable and high-viscosity materials) were inves?gated and 

compared to two conven?onal RBCs, one flowable and one high-viscosity restora?ve 

material (Table 1). 

 

Table 1 : List of tested materials 
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the past to evaluate the “depth of cure”,16-18 corresponding 
to the depth at which the RBC is considered “adequately” 
cured. It was underlined that the depth of cure values 
vary greatly depending on the method considered, 
which may result in an overestimation of the true value.19 
Therefore, a combination of various methods is more 
likely to provide a more complete assessment of the 

quality of cure in depth.16 In this sense, while physico-
mechanical properties are often studied in this context, 
biological aspects are more often omitted or studied 
separately. Therefore, they need to be integrated into the 
laboratory evaluation of the performance of thick RBC 
restorations. Notably, RBCs can release various active 
compounds such as monomers or photoinitiators,20 

Table 1: List of Tested Materials
Materials Abbreviation Manufacturer Composite Type Shade Batch Maximum Layer 

Thickness 
Recommended by 
the Manufacturer 

in Instructions  
for Use

Grandio Grandio Voco 
(Cuxhaven, 
Germany)

Hybrid paste 
conventional 
composite 

A3 1408240 2 mm

Grandio 
Flow

GrandioF Voco 
(Cuxhaven, 
Germany)

Hybrid flowable 
conventional 
composite 

A3 1208317 2 mm

Sonic Fill SonicF Kerr (Orange, 
CA, USA)

Bulk-fill paste 
composite

with sonic hand-
piece 

A3 5139879 5 mm

Tetric Evo 
Ceram 
Bulk Fill

TECBF Ivoclar Vivadent
(Schaan, 

Liechtenstein)

Bulk-fill paste 
composite 

Bulk IVA 540860 4 mm

Venus Bulk 
Fill

VenusBF Heraeus 
Kulzer (Hana, 

Germany)

Bulk-fill flowable 
composite

Universal 10105 4 mm

Filtek Bulk 
Fill

FiltekBF 3M-ESPE (St 
Paul, MN, USA)

Bulk-fill flowable 
composite

A3 536127 4 mm

X-tra fil X-traF Voco 
(Cuxhaven, 
Germany)

Bulk-fill paste 
composite 

Universal 1343523 4 mm

X-tra base X-traB Voco 
(Cuxhaven, 
Germany)

Bulk-fill flowable 
composite

Universal 1345335 4 mm

Surefil 
SDR Flow

SDR Dentsply 
(Konstanz, 
Germany

Bulk-fill flowable 
composite

Universal 1407000667 4 mm

Ever-X 
posterior 

EverX GC Europe 
(Leuven, 
Belgium)

Bulk-fill paste 
composite with

glass microfibers

/ 1309091 4 mm

Fill-up! Fill-up Coltene 
Whaledent
(Alstätten, 

Switzerland)

Dual-cure bulk-fill 
flowable

composite 

Universal F33233 Arbitrary thickness 
owing to its dual 
curing properties 

D
ow
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For the evaluation of flexural properties (modulus and strength) in depth, the 

composites were placed into 3 rectangular white Teflon molds of 2 mm thickness, 2 

mm width and 25 mm length (Figure 1a). The three Teflon molds were aligned and 

assembled by two screws, each composite layer being isolated from the others by 

polyester films to allow ulterior individual processing of each separate layer. The 

uppermost surface was covered with a polyester film to prevent the formation of an 

oxygen inhibition layer. Photopolymerization of the three layers was initiated by three 

successive and non-overlapping irradiations of 20s on the upper side, with the light tip 

in close contact with the polyester film. All light curing procedures were performed with 

the Bluephase G2 light curing unit (Ivoclar-Vivadent, Schaan, Liechtenstein) set to 

“high-power” mode (irradiance = 1050 mW/cm2 as measured by Bluephase Meter 

(Ivoclar-Vivadent, Schaan, Liechtenstein). 

The three 2mm-thick layers – 0-2mm (upper layer), 2-4mm (intermediate layer), 4-6mm 

(lower layer) –  were removed from the molds and polished using SiC paper grit 1000 

then placed in distilled water in the dark during a week at 37°C. They were then 

submitted to a three-point bend test in a universal testing machine (LRX Plus, Lloyd 

Instrument) at a stain rate of 0.75mm/min until fracture occurred (n=5). Flexural 

modulus and strength were calculated as previously described.(15) 

For the measurement of microhardness and DC, the composites were injected into a 

rectangular white Teflon mold of 5 x 5 mm aperture and 10 mm depth (Figure 1b), 

covered by a polyester film and light-cured from the aperture in a single 20s irradiation 

with the same parameters described above. The DC (in %; n=3), was measured on the 

side of the sample at 0, 2, 4 and 6 mm depth using a Raman spectrometer (DXR Raman 

microscope, Thermo Scientific, Madison, WI USA). Briefly, the samples were excited at 

780nm by a frequency-stabilized single mode diode laser through a microscope 

objective (50x) and spectra were obtained in the region 1600 cm-1, with the following 

conditions: microhole: 50; irradiation time:60s; number of accumulations: 5; grating: 

400 lines/mm. The DC was then calculated based on the decrease in intensity of the 

peak corresponding to the methacrylate C=C groups at 1640 cm-1 compared to the 
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uncured sample; the aromatic peak at 1610 cm-1 was used as the internal standard.(23) 

On the same samples, Vickers microhardness was measured in dry conditions (VHN 

dry; n=3) along the side of the sample at similar depth (0, 2, 4 and 6mm) using a Durimet 

microhardness tester (Leitz, Wetzlar, Germany) and applying a 200 g load for 30s. The 

samples were then immersed in pure ethanol for 24h, before re-measuring the 

microhardness (VHN EtOH; n=3).(15) In order to enable comparison with flexural 

properties, an average value was calculated between 0 and 2mm (upper layer), 2 and 4 

mm (intermediate layer), 4 and 6mm (lower layer).  

For the study of human dental pulp cell (hDPC) viability, conditioned medium was 

produced by incubating composite disks into cell culture medium (Dulbecco's 

Modified Eagle Medium – supplemented with 10% bovine serum, L-Glutamine, 100 

U/ml penicillin and 100μg/ml streptomycin, Thermo Fischer-Scientific, Waltham, 

Massachusetts, USA). The composites were packed into 3 superimposed and aligned 

white Teflon molds (5mm diameter, 2mm thickness) separated by polyester films to 

allow for individual processing of each separate layer (Figure 1c). Like for the other 

measurements, the curing light tip was placed in close contact with the polyester film 

covering the uppermost surface. Each of the three 2mm-thick disks – 0-2mm (upper 

layer), 2-4mm (intermediate layer), 4-6mm (lower layer) – was then placed in 1mL of 

culture medium in a 24-well plate and incubated during 7 days at 5% CO2, 95% 

humidity (Figure 1c). After 1 week, conditioned media were collected and incubated 

with hDPC to evaluate their impact on cell viability. Positive controls were obtained by 

incubating an identical volume of uncured materials. For the flowable materials, a 

volume of 40mm3 corresponding to the volume of the mold was injected directly into 

the well.  
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Figure 1 :  Experimental setups for layer-by-layer polymerization: (a) molds for samples for 3-

point- bending; (b) molds for samples for DC and VHN measurements; and (c) measurement of 

cell toxicity. (c) presents how each layer of the composite cylinder was then used to produce the 

conditioned medium.  

To evaluate the eGect of the components released by the materials on cell viability, 

hDPC were seeded onto 96-well plates at 104 cells per well (3.03*104 cells/cm2). The 

culture was maintained with 5% CO2, 37°C during 24h to allow cell adhesion. After that, 

cell culture medium was removed and replaced by the conditioned medium for 24h at 

5% CO2, 37°C, standard culture medium was used as control. Cell viability was 

assessed using a MTS assay (CellTiter 96® AQueous One Solution Cell Proliferation 

Assay, Promega, Madison, Wisconsin, USA) as per supplier instructions. Briefly, the 

culture medium was removed from the wells, which were washed 3 times with PBS. 

MTS solution (100 μl) was then added to each well during 30 minutes at 5% CO2, 37°C. 
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which can diffuse through the adhesive layer and 
dentin21 and ultimately reach pulp cells. Numerous 
undesirable biological responses have been described 
following contact of the released substances with the 
cells,22 responses that have been so far mostly attributed 
to an oxidative stress through the generation of reactive 
oxygen species.23

Hence, the objectives of the present work were (1) to 
provide a more comprehensive evaluation of the quality 
of cure in depth of commercially available bulk-fill 
composites by combining various key mechanical and 
biological characterization methods, (2) to evaluate the 
inter-material differences when appropriately cured, 
and (3) to evaluate the efficiency of an antioxidant—N-
acetyl-cysteine (NAC)—to restrain the adverse effects 
of the leached components on cell viability when 
the composite was unpolymerized, to simulate an 
inappropriate use.

METHODS AND MATERIALS
Nine bulk-fill RBCs (including flowable and high-
viscosity materials) were investigated and compared to 
two conventional RBCs, one flowable and one high-
viscosity restorative material (Table 1).

Mechanical Evaluation
For the evaluation of flexural properties (modulus 
and strength) in depth, the composites were placed 
into three rectangular white Teflon molds of 2 mm 
thickness, 2 mm width, and 25 mm length (Figure 1a). 

The three Teflon molds were aligned and assembled 
by two screws, each composite layer being isolated 
from the others by polyester films to allow ulterior 
individual processing of each separate layer. The 
uppermost surface was covered with a polyester film 
to prevent the formation of an oxygen inhibition layer. 
Photopolymerization of the three layers was initiated 
by three successive and non-overlapping irradiations of 
20 seconds on the upper side, with the light tip in close 
contact with the polyester film (inner tip diameter =  
9 mm). All light-curing procedures were performed 
with the Bluephase G2 light-curing unit (Ivoclar 
Vivadent, Schaan, Liechtenstein) set to “high-power” 
mode (irradiance = 1050 mW/cm2 as measured 
before each experiment by Bluephase Meter - Ivoclar 
Vivadent, Schaan, Liechtenstein).

The three 2-mm-thick layers—0-2 mm (upper layer), 2-4 
mm (intermediate layer), and 4-6 mm (lower layer)—were 
removed from the molds and polished using SiC paper grit 
1000 then placed in distilled water in the dark for one week at 
37°C. They were then submitted to a three-point bend test in 
a universal testing machine (LRX Plus, Lloyd Instruments, 
Largo, FL, USA) at a crosshead speed rate of 0.75 mm/min 
until a fracture occurred (n=5). Flexural modulus (based on 
the tangent to the initial slope) and strength were calculated 
based on ISO 4049:2000.

For the measurement of microhardness and degree 
of conversion, the composites were injected into a 
rectangular white Teflon mold of 5 x 5 mm aperture 
and 10-mm depth (Figure 1b), covered by a polyester 
film, and light-cured from the aperture in a single 

Figure 1. Experimental setups for 
layer-by-layer polymerization: (a) 
molds for samples for 3-point-
bending; (b) molds for samples for 
DC and VHN measurements; and 
(c) measurement of cell toxicity. 
(c) presents how each layer of the 
composite cylinder was then used to 
produce the conditioned medium.
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The absorbance of each well was then determined using a microplate reader 

(SpectraMax M2, Molecular devices) at a wavelength of 490nm. 

In a second series of experiments, an antioxidant (N-acetyl-cysteine – NAC) was added 

to the conditioned media obtained with the uncured materials, to determine whether 

the cytotoxic eGect of the released compounds could be attenuated or annihilated. 

NAC was prepared as 1 mol/L stock solution in HBSS solution and pH was adjusted to 

7.2. In preliminary experiments using various concentrations (0 – 2 – 4 – 6 – 8 – 10 mM), 

cell viability was aGected above 6 mM after 24 hours of incubation (Data not shown). 

The final concentration of NAC added to the medium was therefore 4mM (n=4 wells per 

condition). 

The cells used in the present work were obtained from the pulps of four wisdom teeth 

extracted for orthodontic reasons (female patient, 18 years old) after informed consent. 

hDPC were isolated by the outgrowth method.(24) Briefly, after surface disinfection, the 

teeth were split in order to recover the pulp tissue, which was then rinsed in growth 

medium (see above), minced into small pieces, and placed in 6-well plates. Growth 

medium was changed every 2-3 days. After 10 days, the cells were harvested using 

Acutase (Life Technologies, Gent, Belgium), centrifugated, and replated in a new flask. 

For the next passages and experiments, the cells were harvested upon reaching 80% 

confluence, and either frozen or plated at 2.5 x 105 cells/T75 flask for subsequent use. 

For all experiments performed in the present work, the cells were used at passage 6.  

Statistical analyses were preformed using JMP software. The normality of the 

distributions was verified using a Shapiro-Wilk test, after logarithmic transformation of 

the data if necessary. For inter-materials comparisons (upper layer), one-way ANOVA 

was performed followed by Tukey’s test for multiple comparisons. For the eGect of the 

layer (intra-material comparisons), one-way ANOVA was performed in case of normal 

distribution of the data, followed by Dunnett’s test for comparison with the layer 

considered as reference, i.e. the upper layer (0 – 2 mm). When normality was rejected, 

a Kruskal-Wallis test was performed, followed by Dunn’s test for comparison with the 

reference layer (0 – 2 mm). The level of statistical significance was set at 0.05.  
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3. Results 

The evolution in depth (upper, intermediate and lower layers) of the various material 

properties appeared to be clearly material-related. Indeed, while some materials 

(EverX, X-traF, VenusBF, X-traB) did not show any significant diGerences (p>0.05) for any 

of the properties considered between the lower or intermediate layers compared to the 

upper one (considered as reference), others displayed significant diGerences, at least 

for some properties. For the vast majority of the materials and properties, no significant 

diGerences could be observed between the upper and the intermediate layer, with no 

clear trend appearing when comparing bulk-fill or conventional materials. On the 

contrary, significant diGerences were frequently detected when considering the lower 

layer, and this systematically for the two conventional materials (Grandio and 

GrandioF) for all properties (Figure 2). 
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Figure 2 : Mechanical and biological properties for each material according to the three layers 

(upper, intermediate, and lower): (a) flexural modulus; (b) flexural strength; (c) microhardness 

after dry storage; (d) microhardness after 24 hours of ethanol storage; (e) degree of conversion; 

and (f) human dental pulp cell viability when grown in conditioned media, 100% viability 

(horizontal dotted line) corresponding to the values measured for the cells cultivated in regular 

growth medium; stars above the histograms indicate a significant difference (p<0.05) between 

the intermediate or lower layer and the upper layer considered as reference.  
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4-mm thick layers. Within the presently considered 
materials, only four materials (EverX, X-traF, VenusBF, 
X-traB) presented no significant reduction between 
the upper and intermediate layers (≤ 4 mm) for all 
tested properties, which supports the recommendation 
made in previous work to be cautious with the bulk 
fill “label.” 29 In fact, this labeling is further challenged 
by the fact that significantly increasing the curing time 
(100 seconds or more) may lead to comparable levels of 
conversion at 4-mm depth.11

It must be mentioned, however, that both in classic 
and recent work, the mold material was shown to have 

a significant impact on the depth of cure.33,34 The choice 
of white Teflon in the present investigation was made to 
be closer to the remaining dental tissue in terms of light 
transport. However, a lower polymerization quality in 
depth would be expected when using metal molds, 
which better simulate the situation of a metal matrix 
band. Therefore, the quality of cure measured here in 
the depth of the material should not be extrapolated to 
all clinical situations, particularly not to those where a 
metal matrix is used. Also, it should be noted that the 
use of various types of molds represents a limitation 
preventing a direct correlation between the various 

Figure 2. Mechanical and biological properties for each material according to the three layers (upper, intermediate, and lower): (a) flexural 
modulus; (b) flexural strength; (c) microhardness after dry storage; (d) microhardness after 24 hours of ethanol storage; (e) degree of 
conversion; and (f) human dental pulp cell viability when grown in conditioned media, 100% viability (horizontal dotted line) corresponding 
to the values measured for the cells cultivated in regular growth medium; stars above the histograms indicate a significant difference 
(p<0.05) between the intermediate or lower layer and the upper layer considered as reference.
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Significant diGerences (p<0.05) in absolute values were observed between the 

materials for all properties (upper layers), particularly for microhardness and flexural 

modulus (Table 2). Specifically with regard to hDPC viability, and in the experimental 

conditions used, the conditioned media from each composite cured under optimal 

conditions (upper layer) led to significant inter-material diGerences on hDPC viability 

(p<0.05; Table 2), with values ranging from 54% (FiltekBF) to 98.7% (GrandioF).  

 

Table 2 : Inter-Material Properties Comparison for the Upper (0-2 mm) Layer (Means and Standard 

Deviations); Similar Letters within Columns Connect Materials Which are not Statistically 

Dilerent (p>0.05) for the Considered Property  

 

Relative hDPC viability was not significantly diGerent (p>0.05) between intermediate 

and upper layers for all materials, except for GrandioF for which a slight increase was 

observed. On the contrary, the lower composite layer led to a reduction of hDPC 

viability compared the upper layer, in a significant manner (p<0.05) for half of the 

materials investigated. 

A significant reduction in relative cell viability was observed for cells grown in 

conditioned medium prepared with uncured composites compared to the lower 

composite layer (p<0.05 for all materials except SonicF, TECBF and VenusBF). Average 
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properties measured. Future work should consider 
designing experiments allowing the measurements of 
key physical, mechanical, and biological properties in 
depth on the same samples.

Not only does the evolution of a given property in 
depth need to be considered about the upper layer, but 
also the actual absolute value. To illustrate that, among 
the four materials strictly complying with “bulk-fill” 
criteria, very large differences could be observed, notably 
between X-traF and VenusBF. Hence, not only is the 
effect of depth to consider when choosing a material, 
but also and especially inter-materials differences. 

This is in line with previous work based mostly on 
physico-mechanical aspects,15,26 complemented here 
by the effect of composite conditioned media on hDPC 
viability, with similar conclusions.

It is well known that the conversion of dimethacrylate-
based resins and composites is never complete,35 and 
that substances can be released that have harmful 
effects on human pulp cells.36 The cytotoxicity of the 
composite leachates depends both on the nature and 
the amount of the released molecules.37 Monomers 
and compounds of the photoinitiator system represent 
most of the released molecules,38 each molecule 
being associated with a different toxicity level. For 
example, the EC50 (concentration of substance 
necessary to kill 50% of a cell population) measured 
on human gingival fibroblasts varied from 0.087 mM 
for BisGMA to 11.53 mM for HEMA and 3.460 mM 
for TEGDMA.37 Hence, a first possible explanation of 
the inter-material differences observed here regarding 
hDPC viability is logically the specific monomer 
composition of the composites. The ones containing 
the compounds with the lowest EC50 are most likely 
to lead to a more important drop in cell viability. 
Moreover, synergistic interactions between monomers 
are also possibly at play, since they were shown to 
potentiate cytotoxicity.39 However, an additional 
parameter is essential regarding the cytotoxicity of 
a molecule, ie, its solubility in an aqueous medium. 
To induce cell damage, they must indeed be soluble 
in the aqueous growth medium. For example, the 
solubility of BisGMA in water is 9.5 ug/mm3 as 

Table 2: Inter-Material Properties Comparison for the Upper (0-2 mm) Layer (Means and Standard Deviations); Similar 
Letters within Columns Connect Materials Which are not Statistically Different (p>0.05) for the Considered Property
Material Flexural 

Modulus 
(GPa)

Flexural Strength 
(MPa)

DC (%) Microhardness 
(VHN) Dry

Microhardness 
(VHN) EtOH

Cell Viability (%)

M SD M SD M SD M SD M SD M SD

Fill-up 6.7 0.4 D 114.3 6.9 CDE 57.9 2.3 DE 44.5 2.2 D 39.5 0.8 BC 82.3 10.4 AB

EverX 10.3 0.2 B 102.8 11.9 DE 63.1 1.3 CD 74.6 3.2 B 56.7 1.6 A 90.7 5.6 AB

FiltekBF 5.2 0.2 E 121.7 15.0 ABCD 45.7 0.7 F 25.2 3.9 E 16.9 0.2 E 54.5 8.5 C

Grandio 11.8 0.6 A 120.6 11.0 ABCDE 62.5 1.4 CD 105.1 10.7 A 62.6 6.3 A 65.0 3.6 BC

GrandioF 7.4 0.7 CD 94.2 26.9 DE 58.9 2.1 DE 53.1 2.9 CD 36.7 1.5 C 98.7 4.8 A

SDR 7.4 0.1 CD 147.8 10.4 A 66.9 1.0 BC 29.5 2.2 E 14.3 0.5 E 77.0 3.1 ABC

SonicF 9.8 0.4 B 117.4 17.5 BCDE 76.1 0.7 A 56.8 6.0 C 45.6 3.7 B 90.6 10.8 AB

TECBF 8.1 0.5 C 93.4 6.5 E 54.4 3.8 E 48.5 1.1 CD 27.0 0.7 D 74.8 12.3 ABC

VenusBF 4.3 0.2 E 115.1 3.2 CDE 70.4 2.1 AB 28.1 2.2 E 10.3 1.6 E 79.2 21.9 ABC

X-traB 8.2 0.6 C 132.2 12.0 ABC 57.0 2.1 DE 46.5 2.7 CD 34.1 3.1 CD 89.6 4.2 AB

X-traF 13.1 0.7 A 148.1 6.6 AB 62.1 2.3 D 72.8 1.5 B 47.0 3.6 B 68.7 14.5 BC
Abbreviations: M, mean; SD, standard deviation.

Figure 3. Relative cell viability of cells grown in conditioned 
medium prepared with uncured composites, with and without 
the addition of 4 mM of NAC; 100% viability (horizontal dotted 
line) corresponds to the values measured for the cells cultivated 
in regular growth medium. * Identifies a statistical difference 
between uncured and uncured+NAC.
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relative values for uncured composites ranged from 0 to 60.3% compared to the 

standard growth medium (Figure 3).  The addition of 4mM of NAC to the conditioned 

media resulted in a significant increase in relative cell viability for all materials (p<0.05), 

with values ranging from 29.4 to 102.3%, depending on the material considered. The 

addition of 4mM NAC was suGicient to lead to a full recovery of cell viability for some 

materials (SonicFill, X-traB), while the viability remained quite low for others (X-traF, 

SDR). Fill-up! could not be considered for this experiment due to its additional 

chemical-cure. 

Figure 3 : Relative cell viability of cells grown in conditioned medium prepared with uncured 

composites, with and without the addition of 4 mM of NAC; 100% viability (horizontal dotted line) 

corresponds to the values measured for the cells cultivated in regular growth medium. *Identifies 

a statistical dilerence between uncured and uncured+NAC.  
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properties measured. Future work should consider 
designing experiments allowing the measurements of 
key physical, mechanical, and biological properties in 
depth on the same samples.

Not only does the evolution of a given property in 
depth need to be considered about the upper layer, but 
also the actual absolute value. To illustrate that, among 
the four materials strictly complying with “bulk-fill” 
criteria, very large differences could be observed, notably 
between X-traF and VenusBF. Hence, not only is the 
effect of depth to consider when choosing a material, 
but also and especially inter-materials differences. 

This is in line with previous work based mostly on 
physico-mechanical aspects,15,26 complemented here 
by the effect of composite conditioned media on hDPC 
viability, with similar conclusions.

It is well known that the conversion of dimethacrylate-
based resins and composites is never complete,35 and 
that substances can be released that have harmful 
effects on human pulp cells.36 The cytotoxicity of the 
composite leachates depends both on the nature and 
the amount of the released molecules.37 Monomers 
and compounds of the photoinitiator system represent 
most of the released molecules,38 each molecule 
being associated with a different toxicity level. For 
example, the EC50 (concentration of substance 
necessary to kill 50% of a cell population) measured 
on human gingival fibroblasts varied from 0.087 mM 
for BisGMA to 11.53 mM for HEMA and 3.460 mM 
for TEGDMA.37 Hence, a first possible explanation of 
the inter-material differences observed here regarding 
hDPC viability is logically the specific monomer 
composition of the composites. The ones containing 
the compounds with the lowest EC50 are most likely 
to lead to a more important drop in cell viability. 
Moreover, synergistic interactions between monomers 
are also possibly at play, since they were shown to 
potentiate cytotoxicity.39 However, an additional 
parameter is essential regarding the cytotoxicity of 
a molecule, ie, its solubility in an aqueous medium. 
To induce cell damage, they must indeed be soluble 
in the aqueous growth medium. For example, the 
solubility of BisGMA in water is 9.5 ug/mm3 as 

Table 2: Inter-Material Properties Comparison for the Upper (0-2 mm) Layer (Means and Standard Deviations); Similar 
Letters within Columns Connect Materials Which are not Statistically Different (p>0.05) for the Considered Property
Material Flexural 

Modulus 
(GPa)

Flexural Strength 
(MPa)

DC (%) Microhardness 
(VHN) Dry

Microhardness 
(VHN) EtOH

Cell Viability (%)

M SD M SD M SD M SD M SD M SD

Fill-up 6.7 0.4 D 114.3 6.9 CDE 57.9 2.3 DE 44.5 2.2 D 39.5 0.8 BC 82.3 10.4 AB

EverX 10.3 0.2 B 102.8 11.9 DE 63.1 1.3 CD 74.6 3.2 B 56.7 1.6 A 90.7 5.6 AB

FiltekBF 5.2 0.2 E 121.7 15.0 ABCD 45.7 0.7 F 25.2 3.9 E 16.9 0.2 E 54.5 8.5 C

Grandio 11.8 0.6 A 120.6 11.0 ABCDE 62.5 1.4 CD 105.1 10.7 A 62.6 6.3 A 65.0 3.6 BC

GrandioF 7.4 0.7 CD 94.2 26.9 DE 58.9 2.1 DE 53.1 2.9 CD 36.7 1.5 C 98.7 4.8 A

SDR 7.4 0.1 CD 147.8 10.4 A 66.9 1.0 BC 29.5 2.2 E 14.3 0.5 E 77.0 3.1 ABC

SonicF 9.8 0.4 B 117.4 17.5 BCDE 76.1 0.7 A 56.8 6.0 C 45.6 3.7 B 90.6 10.8 AB

TECBF 8.1 0.5 C 93.4 6.5 E 54.4 3.8 E 48.5 1.1 CD 27.0 0.7 D 74.8 12.3 ABC

VenusBF 4.3 0.2 E 115.1 3.2 CDE 70.4 2.1 AB 28.1 2.2 E 10.3 1.6 E 79.2 21.9 ABC

X-traB 8.2 0.6 C 132.2 12.0 ABC 57.0 2.1 DE 46.5 2.7 CD 34.1 3.1 CD 89.6 4.2 AB

X-traF 13.1 0.7 A 148.1 6.6 AB 62.1 2.3 D 72.8 1.5 B 47.0 3.6 B 68.7 14.5 BC
Abbreviations: M, mean; SD, standard deviation.

Figure 3. Relative cell viability of cells grown in conditioned 
medium prepared with uncured composites, with and without 
the addition of 4 mM of NAC; 100% viability (horizontal dotted 
line) corresponds to the values measured for the cells cultivated 
in regular growth medium. * Identifies a statistical difference 
between uncured and uncured+NAC.
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4. Discussion 

To our knowledge, this is the first study performing a layer-by-layer evaluation of such a 

large array of commercially-available bulk-fill composites that combined a mechanical 

and biological characterization.   

With regard to the first goal of this work, it appeared that the quality of cure in depth of 

commercially available composites is both material- and property-dependent. This can 

account for the inconsistency reported in the literature regarding the determination of 

the depth of cure of bulk-fill composites, since all properties do not necessarily evolve 

similarly with depth.(25) Our results also underline the interest to combine various 

methods allowing the characterization of key mechanical and biological properties to 

provide a more representative picture of the performances of a material or group of 

material with regards to their quality of cure in depth. For example, the conversion of 

bulk fill composites has in the past been characterized mostly based on DC or 

microhardness measurements,(26-30) which does not reflect suGiciently their 

performance when laid in thick layers. This reinforces the need to combine 

complementary methods to characterize the depth of cure demonstrated in the past, 

notably to reduce the risk of overestimating the maximum material layer thickness.(18, 

31) Not only is the maximum recommended thickness complicated to evaluate 

accurately by scientists, but also diGicult to control accurately in practice during the 

layering process. Therefore, clinicians may use excessive composite thicknesses, 

which underlines the need to investigate beyond the recommended maximum 

thickness. In that sense, the lower (4-6mm) and uncured layers were considered in the 

present work as worst-case scenarios (incomplete curing or uncured material).  

As mentioned above, Bulk-fill composites are usually considered as materials allowing 

polymerization in 4-mm thick layers. Within the presently considered materials, only 

four materials (EverX, X-traF, VenusBF, X-traB) presented no significant reduction 

between the upper and intermediate layers (≤ 4mm) for all tested properties, which 

support the recommendation made in previous work to be cautious with the bulk fill 
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“label” (28). In fact, this labelling is further challenged by the fact that increasing 

significantly the curing time (100 s or more) may lead to comparable levels of 

conversion at 4 mm depth.(11) 

Not only the evolution of a given property in depth needs to be considered with regards 

to the upper layer, but the actual absolute value. To illustrate that, among the four 

materials strictly complying to “bulk-fill” criteria, very large diGerences could be 

observed, notably between X-traF and VenusBF. Hence, not only is the eGect of depth 

to consider when choosing a material, but also and especially inter-materials 

diGerences. This is in line with previous works based mostly on physico-mechanical 

aspects,(15, 25) complemented here by the eGect of composite conditioned media on 

hDPC viability, with similar conclusions. 

It is well-known that the conversion of dimethacrylate-based resins and composites is 

never complete,(32) and that substances can be released that have harmful eGects on 

human pulp cells.(33) The cytotoxicity of the composites leachates depends both on 

the nature and the amount of the released molecules.(34) Monomers and compounds 

of the photoinitiator system represent most of the released molecules,(35) each 

molecule being associated with a diGerent toxicity level. For example, the EC50 

(concentration of substance necessary to kill 50% of a cell population) measured on 

human gingival fibroblasts varied from 0.087mM for BisGMA to 11.53mM for HEMA and 

3.460mM for TEGDMA.(34)  Hence, a first possible explanation of the inter-material 

diGerences observed here regarding hDPC viability is therefore logically the specific 

monomer composition of the composites. The ones containing the compounds with 

the lowest EC50 are most likely to lead to a more important drop in cell viability. 

Moreover, synergistic interactions between monomers are also possibly at play, since 

they were shown to potentiate cytotoxicity.(36) However, an additional parameter is 

essential regarding the cytotoxicity of a molecule, i.e. its solubility in aqueous medium. 

In order to induce cell damage, they must indeed be soluble in the aqueous growth 

medium. For example, the solubility of BisGMA in water is 9.5ug/mm3 as compared to 

27.5ug/mm3 for TEGDMA.(37) It was very elegantly demonstrated by Meng et al. that no 
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BisGMA could be detected in water storage after 1 week, while the monomer was 

detected in large amounts one week later once the solvent was switched to 

ethanol.(38) Consequently, the measurement of EC50 of hydrophobic monomers such 

as BisGMA required their prior dissolution into DMSO and subsequent dilution in 

aqueous cell growth medium.(34) Since growth medium without DMSO was used in the 

present work (aqueous media, 7days extraction) to maximize clinical relevance, it is 

very likely that some hydrophobic compounds could not leach out of the composite 

due to their lack of hydrophilicity.  

Lastly, although most of the cytotoxicity of RBCs has been attributed to monomers via 

an oxidative stress (22), the involvement of other components than the monomers 

cannot be ruled out. It has notably been shown that photoinitiators are released from 

cured composites, in various quantities depending on the extraction medium,(20) and 

that they can contribute to various extents to the dimethacrylate-based material 

cytotoxicity.(39, 40) The presence of unconverted photoinitiator molecules was shown 

to result from insuGicient light exposure,(41) which may be the case beyond 4mm depth 

and explain the reduced cell viability of the lower layer. 

It remains impossible to determine the relative part played by the aforementioned 

variables on cell viability due to the commercial nature of the materials. Despite being 

clinically relevant to investigate the materials used by practitioners, this remains a 

limitation of any work on commercial materials due to the fact that their precise 

composition is rarely disclosed.(42) While a thorough quantification of released 

monomers would be useful to discuss some hypotheses, this was beyond the scope of 

the present work, and would in any case much more accurate if the experiment was 

repeated with experimental materials with known composition.(8)  

Finally, one needs to consider the layer eGect (upper, intermediate and lower) on hDPC 

viability. Both monomer-polymer conversion and cross-linking density of the polymer 

network were shown to aGect the way unconverted monomers leach out of the 

material,(7) thereby aGecting cell viability.(43) Hence, the first and most obvious 

explanation for the reduction in cell viability beyond 4mm thickness would be the 
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reduction in monomer conversion, which is known to be inversely correlated with 

monomer elution.(44) This is globally in line with the present data, and in agreement 

with a previous work, including one Bulk-fill and 3 conventional composites, and 

reporting no diGerences in viability until 4mm depth.(45)  

However, it can be noticed that the variations in DC between layers are generally 

smaller than those observed for hDPC viability. This can be related to the rather 

complex relationship existing between polymer conversion and cross-linking density. A 

rather large polymer network heterogeneity has been reported for di-methacrylate 

systems, which can include highly and loosely crosslinked domains.(32) Consequently, 

even at similar DC, a diGerent local cross-linking density can be measured.(18, 31) This 

might aGect both the proportion of the various co-monomers bound to the polymer 

network and their ability to diGuse out of the material.  

Concerning the addition of 4mM NAC, it was shown eGicient to restrain the adverse 

eGects of the released components on cell viability. NAC is an antioxidant, and the 

improvement of cell viability observed when it was added to the conditioned media is 

consistent with the observation of other articles.(46, 47) Nevertheless, under the 

present experimental conditions, the addition of NAC at maximum non-cytotoxic 

concentration did not allow a full recovery of hDPCs viability except for SonicF. This 

could first be explained by the fact that the maximum concentration of NAC remains 

too low (4mM) to overcome all the generated reactive oxygen species. The second 

explanation is that monomers could exert their cytotoxic eGect through another 

pathway. It has indeed been described that increased levels of reactive oxygen species 

similar to those of induced by 2-hydroxyethyl methacrylate were not associated to an 

increase in cell death or cell growth inhibition, unlike when the monomer was 

present.(48) This tends to indicate that monomer-induced cell damage may not be 

caused exclusively by the increase in reactive oxygen species.  
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5. Conclusions 

Within the limitations of this work, and with regards to the objectives, it can be 

concluded that: 

(1) There is an interest to combine various key mechanical and biological 

characterization methods to provide a more comprehensive picture of the 

performances of a group of materials. This regards both their quality of cure in depth, 

which is material and property specific, and their intrinsic properties when “optimally” 

cured 

(2) Not only the evolution of a given property in depth needs to be considered with 

regards to the upper layer, but the actual absolute value, since significant inter-material 

diGerences were observed 

(3) The use of NAC appears as beneficial to reduce the risk of harmful eGect to dental 

pulp cells, especially in case of excessive thickness use, and may be of potential 

interest as an additive to composites in the future. 
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XI. ECect of N-acetylcysteine 

Incorporation on the Chemo-Mechanical 

Properties and Cellular Toxicity of Resin-

Based Composites 
This chapter is based on the following manuscript: 

Gilli M, Grutle LA, Bebelman S, Uhlig S, Kopperud HM, Leprince JG. EGect of N-

acetylcysteine Incorporation into Resin-Based Composites on Chemo-Mechanical 

Properties, Human Dental Pulp Cell Metabolic Activity and ROS Production. Manuscript 

submitted for publication. 
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Abstract 

Objectives: To investigate whether incorporation of N-acetylcysteine (NAC) into resin-

based composites (RBCs) enhances their biocompatibility toward human dental pulp 

cells (hDPCs) while preserving polymerization eGiciency and mechanical performance, 

with consideration of diGerent photoinitiator systems. 

Methods: Experimental RBCs were formulated with either camphorquinone/amine 

(CQ, type II) or diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, type I) initiators. 

NAC was incorporated at 0, 0.5, or 1 wt%. Material properties (degree of conversion 

[DC], free radical concentration, microhardness, elastic modulus, flexural strength) 

were assessed. Ultra-High-Performance Liquid Chromatography coupled with Tandem 

Mass Spectrometry quantified NAC and monomer elution. Eluates obtained from the 

composite materials were applied to hDPCs to evaluate metabolic activity (MTS assay) 

and reactive oxygen species (ROS) generation. 

Results: In CQ-based composites, NAC reduced free radical concentration and 

significantly reduced flexural strength, elastic modulus, Vickers microhardness, and 

DC at 0.5% NAC and partial recovery at 1%. TEGDMA release was highest at 0.5% NAC. 

In TPO-based composites, NAC incorporation had minimal adverse eGects and was 

associated with a slight increase in DC. NAC release was dose-dependent, greater in 

uncured materials, and suGicient to reduce ROS levels in nearly all conditions. 

Metabolic activity of hDPCs remained at ~80-90% across cured composites, while 

uncured composites caused substantial cytotoxicity (~20% viability) irrespective of 

NAC content. 

Significance: NAC incorporation consistently decreased ROS production in both CQ- 

and TPO-based composites. However, this antioxidant eGect was not accompanied by 

a significant improvement in hDPC metabolic activity under the tested conditions. 

These findings suggest that ROS scavenging alone is insuGicient to counteract 

monomer-related cytotoxicity, emphasizing the need to consider additional 

mechanisms beyond oxidative stress when assessing the biocompatibility of modified 

RBCs.  
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1. Introduction 

Dental resin-based composites (RBCs) are widely used in restorative dentistry due to 

their excellent aesthetic characteristics, favorable mechanical properties, and strong 

adhesion to dental tissues, making them the material of choice for direct 

restorations(1, 2). Nevertheless, despite these advantages, RBCs exhibit certain 

limitations. A key drawback is the incomplete monomer-to-polymer conversion, even 

under optimal curing conditions, primarily due to vitrification of the resin matrix, which 

restricts further polymerization at intraoral temperatures (3). This incomplete 

conversion results in the leaching of unreacted monomers, such as triethylene glycol 

dimethacrylate (TEGDMA) and bisphenol A glycidyl methacrylate (Bis-GMA) (4), which 

are known to negatively impact cellular viability through mechanisms including reactive 

oxygen species (ROS) generation and glutathione (GSH) depletion (5). GSH is the most 

important non-enzymatic thiol involved in maintaining cellular redox balance (6). These 

cytotoxic eGects raise concerns about the cytocompatibility of RBCs, specifically 

regarding their impact on dental pulp cells. 

To mitigate the biological impact of monomer elution, the use of compounds acting as 

ROS scavengers, such as  N-acetylcysteine (NAC), ascorbic acid or vitamin E, has been 

explored (7). NAC, a potent antioxidant and GSH precursor, has shown promise in 

reducing resin-induced cytotoxicity by scavenging ROS, enhancing intracellular GSH 

levels, and potentially binding with monomers to reduce their bioavailability (7). In vitro 

studies have demonstrated that the addition of NAC to the culture medium significantly 

decreases the cytotoxicity of uncured RBCs on human dental pulp cells, although the 

extent of protection depends on the specific material tested (8). However, this 

approach is not clinically practical; instead, incorporating NAC directly into the 

material presents a more convenient alternative (9, 10).  

In this context, the incorporation of 1 wt% NAC into a commercial RBC has been shown 

to reduce cytotoxic and genotoxic responses in human gingival fibroblasts under 

specific conditions (9). Conversely, another study reported that the same 
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concentration of NAC can interfere with the polymerization process, aGecting key 

material properties such as the degree of conversion and monomer elution, with 

eGects again being material-dependent (10). These findings underscore the 

importance of evaluating the eGects of NAC simultaneously on both cellular response 

and material properties, in an integrated manner rather than separately.  

To date, investigations into the influence of NAC on polymerization eGiciency have 

focused solely on composites formulated with camphorquinone (CQ), by far the most 

widely used photoinitiator in commercially available RBCs. CQ is a type-II 

photoinitiator that requires a co-initiator, typically an amine (11) to initiate 

polymerization. However, alternative photoinitiator systems exist, such as type-I 

initiators like phosphine oxides, which function via a diGerent mechanism and do not 

require co-initiators (12). Given the potential interaction of NAC with free radicals at the 

initiation stage, it is important to determine whether its incorporation also aGects these 

alternative initiation systems. Experimental composites were formulated using either 

CQ or TPO as the photoinitiator. 

Therefore, the objective of this study was to investigate whether the incorporation of 

NAC into RBCs: (a) improves their cytocompatibility toward human dental pulp cells 

(hDPCs), and (b) does so without compromising key chemo-mechanical properties of 

the material. By evaluating polymerization eGiciency, mechanical properties, monomer 

elution and the eGect of eluates on hDPC metabolic activity and ROS production, this 

study aimed to elucidate – in an integrated manner – the dual eGect of NAC 

incorporation into RBCs formulated with diGerent photoinitiator systems. 
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2. Materials and methods 

2.1. Experimental composites preparation 

To maintain precise control over composition, RBCs were synthesized in-house using 

two diGerent photoinitiator systems, either a combination of camphorquinone (CQ, 

CAS number 10334-26-6, Sigma-Aldrich, St. Louis, MO, USA) and 2-

(dimethylamino)ethyl methacrylate (DMAEMA, CAS nr. 2867-47-2, Sigma-Aldrich), or 

diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, CAS nr. 75980-60-8, Sigma-

Aldrich) as described in previous works (13, 14). Briefly, the resin blend was composed 

of 70/30 (w/w) bisphenol A glycerolate dimethacrylate (Bis-GMA, CAS nr. 1565-94-2, 

Sigma-Aldrich) and triethylene glycol dimethacrylate (TEGDMA, CAS nr. 109-16-0, 

Sigma-Aldrich), and contained either CQ/DMAEMA (0.2/0.8 %) or TPO (0.42 %) as 

photoinitiator. In addition to the resin blend, nanofillers (methacrylsilane treated fumed 

silica, 12 nm, AEROSIL® R 7200, Evonik Industries, Germany) were incorporated at a 

concentration of 10% (w/w) and left to rest overnight in the dark at room temperature to 

ensure particle wetting. NAC (CAS nr. 616-91-1, Sigma-Aldrich) was finely ground and 

pre-mixed with microfillers (65%, w/w, silanated barium glass - G018–186/K6, d50 = 3 ± 

1 micrometer, Schott AG, Landshut, Germany) in proportions of 0.5 or 1% relative to the 

total material weight. The maximum NAC concentration (1 wt%) was determined during 

preliminary material preparation, as higher levels led to poor handling properties, i.e. 

crubly and unworkable materials. The microfiller mixture containing NAC was then 

incorporated into the naonofiller-resin blend. Formulations without NAC served as 

control materials. 

2.2. Sample preparation 

Two series of samples were produced: one for studying the material properties (degree 

of conversion, Vickers microhardness, trapped free radical concentration, elastic 

modulus, and flexural strength), and another for investigating monomer and 

photoinitiator elution, cytotoxicity and ROS quantification (Fig. 1).  
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Figure 1 - Schematic representation of the experimental design, illustrating sample preparation, 

eluate production, and exposure of hDPSCs for the assessment of material properties, metabolic 

activity, and ROS production. 

Samples for the material properties (n = 15) were prepared by packing the composites 

in 25 × 2 × 2 mm molds (according to ISO 4049). The molds were covered with a 

transparent polyester film, and light-curing applied using an ultra-high power fiber-

coupled LED (Prizmatix, Israel) at two narrow spectral peaks corresponding to the 

absorption ranges of the respective photoinitiators (CQ: peak = 470 nm, peak width = 

30nm; TPO: peak = 405 nm, peak width = 22nm). A collimator was employed to expand 

the beam diameter from 5 mm to 25 mm, ensuring complete coverage of the samples. 

Calibration curves were generated, and the final irradiance was adjusted to 800 

mW/cm² for both wavelengths. Samples were therefore photopolymerized by a single 

irradiation of 20 s for CQ and 5 s for TPO-based RBCs, based on the optimal 

photopolymerization parameters identified from previous work (14). For the chemical 

analyzes and in vitro toxicology, samples were prepared in cylindrical molds of 5 mm 

diameter and 2 mm thickness under the same photopolymerization conditions as 

those described above (Fig.1). 
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2.3. Material properties 

Polymerization eGiciency was evaluated based on two key properties. First, the 

concentration of trapped free radicals within the polymerized resin-based composites 

was evaluated using electron paramagnetic resonance using a MINISCOPE MS200 EPR 

spectrometer (Magnettech, Germany), equipped with a rectangular cavity (TE102). The 

parameters used were identical with those reported in earlier studies (15, 16). Briefly, 

the relative concentration of trapped propagating radicals was evaluated based on the 

height of the fourth peak of the EPR signal (from 336.1 to 336.6 mT of the magnetic field, 

g-factor 2.02) (17), which was acquired precisely 1 h after the end of 

photopolymerization.  The samples were then polished with 1000-grit SiC paper and 

stored in distilled water at 37°C in the dark for 1 week. Second, the degree of conversion 

(DC, in  %) was assessed on both the upper and lower surfaces of the samples using a 

Raman spectrometer (DXR Raman microscope, Thermo Scientific, Madison, WI, USA), 

as previously described (18). Briefly, samples were excited at 780 nm with a frequency-

stabilized single-mode diode laser through a microscope objective (50× magnification), 

and spectra were obtained in the 1600 cm⁻¹ region under the following conditions: 

microhole size of 50 µm, irradiation time of 60 s, 5 accumulations, and a grating of 400 

lines/mm. DC values were calculated based on the intensity decrease of the 

methacrylate vinyl (C=C) peak at 1640 cm⁻¹, relative to the uncured sample, using the 

aromatic peak at 1610 cm⁻¹ as an internal standard. 

A 3-point bend-test was performed as previously described (19) using an universal 

testing machine (Lloyd LRX Plus, Lloyd Instruments, Fareham. UK), with a 20-mm-span 

between supports and 0.75 mm/min crosshead speed until sample fracture. Flexural 

modulus (determined from the tangent of the initial slope) and strength were calculated 

following ISO 4049 specifications. 

Microhardness was then measured on the same samples (n = 15) using a Vickers 

microhardness tester (Durimet, Leitz, Wetzlar, Germany), with a load of 500 g applied 

for 30 s on the upper surface, following a previously described methodology (18). 
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2.4. Chemical analyses 

Ultra-High-Performance Liquid Chromatography coupled with Tandem Mass 

Spectrometry (UHPLC-MS/MS) analyses were performed to monitor elution from RBCs 

into the cell culture medium (Dulbecco's Modified Eagle Medium with 10% bovine 

serum, L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin, Thermo Fischer 

Scientific, Waltham, MA, USA). Each composite disk was placed in a microcentrifuge 

tube containing 1 mL of cell culture medium, to produced eluates. Three specimen 

replicates per composite type (cured and uncured CQ- and TPO-containing 

composites with 0, 0.5 and 1% NAC) were included. The specimens were incubated at 

37°C for 72 h (ES-20 orbital shaker-incubator, SIA Biosan, Riga, Latvia). After 72 h, 100 

µL of the medium was collected, vortex-mixed with 300 µL methanol, and then 

centrifuged at 9447 × g for 5 min. The supernatant was transferred to a Costar® Spin-X® 

centrifuge tube filter with a 0.45 µm nylon filter membrane (Corning Inc., Corning, NY, 

USA), and centrifuged at 9447 × g for 5 min. An aliquot (200 µL) of the filtrate was 

transferred to a HPLC vial and diluted with 800 µL methanol. Calibration standards 

were prepared from individual stock solutions in methanol, and 1,6-hexanediol 

dimethacrylate (HDDMA, CAS Number 6606-59-3, Sigma Aldrich) was used as internal 

standard (IS). For NAC, all stock solutions were made in water, without addition of an 

IS. The concentration ranges of the calibration standards were 0.2–20 ng/mL for 

TEGDMA, BisGMA and TPO, 5–300 ng/mL for DMAEMA, 20–400 ng/mL for CQ, and 5–

1000 ng/mL for NAC. 

Instrumental analyses were performed using an Agilent 1290 Infinity II UHPLC system, 

consisting of a G7167B multisampler, a G7120A high speed pump and a G7116B 

multicolumn thermostat, coupled to an Agilent G6470A triple quadrupole mass 

spectrometer via an Agilent Jet Stream (AJS) electrospray ionization (ESI) interface (all 

Agilent Technologies, Santa Clara, California, USA). The system was operated using 

MassHunter Acquisition software version B.08.00. Data were processed using 

MassHunter Quantitative Analysis software version B.07.01 and MassHunter 

Qualitative Analysis software version B.07.00 (all Agilent Technologies). The ESI 
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interface was operated using the following parameters: drying gas (nitrogen) flow 12.5 

L/min, drying gas temperature 200 °C, nebulizer pressure 45 psi, sheath gas flow 12 

L/min, sheath gas temperature 390 °C, capillary voltage 3000 V, and nozzle voltage 1000 

V. Chromatography was performed using a Zorbax Eclipse Plus C8 RRHD column (2.1 x 

100 mm, 1.8 µm particles, Agilent Technologies), at a temperature of 35°C. The column 

was eluted isocratically using 4:1 methanol/water (v/v), containing 10 mM ammonium 

acetate. The flow rate was 0.4 mL/min, and the injection volume was 0.2 µL. The 

MassHunter Acquisition Optimizer software was used to determine the optimal 

settings for multiple reaction monitoring (MRM), including precursor and product ion 

m/z, fragmentor voltages and collision energies. One MRM ion transition was used for 

quantification (“quantifier ion”), while the peak area ratio with a second ion transition 

(“qualifer ion”) was used to confirm the presence of each analyte. For NAC, only one 

ion transition was monitored because of the absence of a suitable qualifier ion signal 

(see Supplementary material for LC-MS/MS parameters). 

2.5. Biological properties 

Two properties were considered key with regards to the eGect of monomers on hDPCs: 

their metabolic activity and their ROS production. To investigate these eGects, eluates 

was prepared by incubating the composite disks in cell culture medium. Material 

samples were incubated in 1 ml of culture medium for 3 days at 37°C (20). Positive 

controls were prepared by incubating an equivalent volume of uncured materials. The 

eluates produced were then used as growth medium for hDPCs. 

Primary hDPC cultures were isolated from impacted wisdom teeth by the outgrowth 

method (21) and used as previously described between passage 3 and 5 (8). Cells were 

seeded into 96-well plates at a density of 2.04 × 10⁴ cells per well (6.06 x 10⁴ cells/cm²). 

The plates were maintained at 37°C in 5% CO₂ for 24 h to allow cell adhesion. 
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2.6. Metabolic activity  

To study metabolic activity changes related to monomer exposure, the culture medium 

was then replaced with the diGerent eluates for a 24 h incubation under the same 

conditions, with standard culture medium used as a control. A tetrazolium assay 

employing MTS as colorimetric dye (CellTiter 96® AQueous One Solution Cell 

Proliferation Assay, Promega, Madison, WI, USA) was then used according to the 

manufacturer’s instructions. Following medium removal and three PBS washes, MTS 

solution (100 µl) was added to each well and incubated for 30 min at 37°C in 5% CO₂. 

Absorbance was measured at 490 nm using a microplate reader (SpectraMax M2, 

Molecular Devices, LLC, San Jose, CA, USA). 

2.7. ROS production 

ROS production measurements were performed using the cell-permeant fluorescent 

probe 2′,7′-dichlorofluorescein (DCF, Thermo Fisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s instructions. Similarly to the MTS assay, cells were 

seeded into 96-well plates at a density of 2.04 × 10⁴ cells per well (6.06 × 10⁴ cells/cm²). 

The plates were maintained at 37°C in 5% CO₂ for 24 h to allow cell adhesion. 

Thereafter, the culture medium was replaced with a 20 µM DCF solution for 60 minutes. 

After incubation, the DCF solution was removed, and the cells were incubated with 

prewarmed eluates at 37°C in 5% CO₂ for an additional 24 hours. Exposure to tert-butyl 

hydroperoxide (TBHP, Thermo Fisher Scientific, Waltham, MA, USA) at a final 

concentration of 100 µM was used as a positive control. Cells were analyzed using a 

microplate reader (SpectraMax M2, Molecular Devices, LLC, San Jose, CA, USA), with 

excitation and emission wavelengths set at 495 nm and 525 nm, respectively. 

Fluorescence intensity values were normalized to those of untreated control samples. 

2.8. Statistical analysis 

Statistical analyses were performed using JMP Pro 17.2.0 (SAS Institute, Cary, NC, 

USA). A Shapiro-Wilk test was used to test the normality of the distributions. One-way 
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ANOVA was performed in case of normal distribution followed by Tukey’s test for 

multiple comparisons. When normality could not be verified, a Kruskal-Wallis test was 

performed, followed by Dunn’s test for multiple comparison. The level of statistical 

significance was set at 0.05.  
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3. Results 

3.1. Material properties 

Before comparing DC across test conditions, a preliminary analysis was conducted to 

confirm the absence of a gradient between the upper and lower surfaces of the 

specimens in all groups, thereby excluding depth-related sample heterogeneity. No 

significant diGerences in upper-to-lower surface DC ratio were observed. Hence, only 

the DC values of the upper surface are presented and considered as representative of 

the whole sample.  

A clear trend was observed when comparing material properties between CQ- and TPO-

containing RBCs. Among the CQ formulations, a statistically significant decrease in all 

material properties was observed for CQ-0.5%NAC compared to CQ-0%NAC. The CQ-

1%NAC formulation showed intermediate values for all parameters, with statistically 

significant diGerences from the other two conditions in all properties except for DC, 

which was comparable to that of CQ-0%NAC (Fig. 2). In contrast, TPO composites 

demonstrated smaller variations across all formulations (0%, 0.5%, and 1% NAC); 

however, some diGerences between groups were still statistically significant (Fig. 2). In 

particular, a clear trend was observed for DC, with a significant increase at higher NAC 

concentrations. 
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Figure 2 – Elect of NAC incorporation (0.5 or 1 %) on material properties. (a) Trapped free radicals 
concentration, (b) Degree of conversion, (c) Elastic modulus, (d) Flexural strength, (e) Vickers 
microhardness. Data are presented as means ± SD (n = 15). Dilerent letters indicate statistically 
significant dilerences. 
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3.2. Chemical analyses  

3.2.1. NAC Elution 

The elution of NAC followed parallel trends in both CQ and TPO composites, with 

significant increases in NAC levels correlating with its content in the formulation. This 

increase was particularly prominent in non-polymerized composites, underscoring the 

higher release of NAC in unpolymerized conditions (Fig.3). 

Figure 3 – Concentration of eluted NAC from CQ and TPO composites supplemented with NAC 
(0.5 or 1%) from (a) polymerized samples, and (b) uncured samples. Data are presented as 
means ± SD (n = 3). Dilerent letters indicate statistically significant dilerences. 

 

3.2.2. Elution of residual monomers and photoinitiators 

Regarding the elution of photoinitiators, concentrations were below the limit of 

quantification for RBCs containing either CQ or TPO (data not shown). 

The elution of residual TEGDMA and BisGMA in polymerized RBCs was comparable for 

CQ-containing RBCs that contained 0% NAC and 1% NAC, whereas the specimens 

containing 0.5% NAC displayed a significantly higher TEGDMA release (Fig. 4a). 
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Unpolymerized composites showed a consistent trend for detection of residual 

monomers regardless of the type of photoinitiator: TEGDMA levels declined 

significantly as NAC concentration increased, whereas no significant variations in 

BisGMA concentrations were observed across all NAC formulations (Fig. 4b). 

Figure 4 - Concentration of eluted monomers (BisGMA and TegDMA) from CQ and TPO 
composites supplemented with NAC (0.5 or 1 %). (a) Polymerized samples, (b) Uncured samples. 
Data are presented as means ± SD (n = 3). Dilerent letters indicate statistically significant 
dilerences. 
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were found between the diGerent NAC concentrations (0, 0.5 and 1%) within either CQ 

and TPO formulations (Fig.5.b). 

Figure 5 – Results from the MTS assay after 24h exposure presented as percentage of metabolic 
activity relative to the control group (cells with standard growth medium, set to 100%) for CQ and 
TPO composites supplemented with NAC (0.5 or 1 %) compared to 0% NAC from (a) polymerized 
samples, and (b) non-polymerized samples. Absorbance was measured at 490 nm using a 
microplate reader. Data are presented as means ± SD (n = 4). Dilerent letters indicate statistically 
significant dilerences. 
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Figure 6 - Results of ROS quantification after 24h exposure presented as percentage of ROS 
production relative to the control group (cells with standard growth medium, set as 100) for CQ 
and TPO composites supplemented with NAC (0.5 or 1 %) compared to 0% NAC from (a) 
polymerized samples, and (b) non-polymerized samples.), fluorescence was measured, using a 
microplate reader, with excitation and emission wavelengths set at 495 nm and 525 nm, 
respectively. Data are presented as means ± SD (n = 4). Dilerent letters indicate statistically 
significant dilerences. 
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4. Discussion 

Recent research has increasingly explored the incorporation of bioactive or naturally 

derived agents into resin-based composites to reduce their biological impact and 

improve cellular responses. Various antioxidant and antibacterial additives have been 

investigated(22, 23). However, their integration into methacrylate-based systems 

remains challenging, as they may interfere with free-radical polymerization and 

compromise material properties. Therefore, assessing both material performance and 

cellular response in an integrated manner is essential. Within this context, NAC, a well-

known antioxidant and glutathione precursor, represents a promising candidate due to 

its ability to modulate oxidative stress. 

The present study investigated the eGects of NAC incorporation into RBCs formulated 

with two distinct photoinitiator systems (CQ and TPO). Under the tested conditions, 

NAC-supplemented RBCs significantly reduced ROS levels in all groups except CQ-

0.5%NAC. However, it had no substantial impact on hDPCs metabolic activity in either 

the cured or uncured states – apart from a marginal yet statistically significant increase 

observed in the polymerized CQ-1%NAC group, which was accompanied by a 

compromise in key material properties. It should be noted that the biological evaluation 

was limited to a 24-hour exposure period, consistent with ISO 10993-5 

recommendations for in vitro cytotoxicity testing. Since oxidative stress and 

mitochondrial dysfunction represent early cellular responses to resin-derived eluates, 

this time point was considered appropriate for assessing the acute eGects of NAC 

incorporation. Nonetheless, longer incubation periods may be required to investigate 

delayed eGects on proliferation or diGerentiation and should be addressed in future 

studies. Interestingly, although NAC incorporation did not produce significant 

measurable biological benefits in TPO-based composites, it underscored the critical 

role of the photoinitiator type in modulating the eGects of NAC on the material itself. 

Indeed, NAC-supplemented TPO-based RBCs exhibited only minor disruptions in 

initiation eGiciency and in the associated mechanical properties compared to their CQ-

based counterparts. Morevover, NAC incorporation led to a major decrease in trapped 
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free radicals for CQ composites, whereas only a slight decrease was observed for TPO 

composites (Fig. 2a). Thiol groups, like in the NAC molecule, are known for their 

potential as radical scavengers (24). Therefore, the pronounced eGect of NAC on CQ-

based RBCs is not unexpected and is likely due to interference with the radical initiation 

process, as evidenced by the significant reduction in trapped free radical concentration 

in these formulations. These concentrations were shown to serve as an indicator of the 

growth centers formed during the auto-acceleration stage of polymerization (16). The 

present data suggest that NAC disrupted radical formation in CQ-based systems, likely 

by interfering with the CQ/amine photoinitiator mechanism. On the contrary, it can be 

hypothesised that the free electron in TPO is not as easily accessible for NAC compared 

to the CQ/amine, which are both comparably simple molecules. This discrepancy 

between the two photoinitiator systems regarding NAC’s eGect on free radical 

generation suggests a disturbance in the interaction between CQ and the amine, in this 

case, DMAEMA. As mentioned earlier, while TPO is a type-I photoinitiator that generates 

free radicals via photocleavage of a C–P bond, CQ is a type-II photoinitiator that 

requires a co-initiator, usually an amine (11, 12). After the CQ triplet state is formed 

upon photon absorption, it abstracts a proton from the amine, leading to the formation 

of an amine radical, which initiates polymerization (11, 25, 26). Given NAC’s known 

ability to donate protons through its thiol group (27), it is plausible that NAC competes 

with the amine for proton donation, thereby diminishing the eGiciency of radical 

initiation and, consequently, the polymerization process. As a result, NAC 

incorporation significantly impacted the DC, especially in CQ 0.5%, where pronounced 

diGerences were observed (Fig. 2b). This reduction in DC following NAC addition to CQ-

based commercial RBCs has been previously reported, although the eGect appears to 

be material-dependent (10). Surprisingly, this reduction in DC was less pronounced in 

CQ-1%NAC (Fig. 2b). This could be explained by the contribution of the thiol itself (as 

thiyl radicals) to the initiation of polymerization via a thiol-ene mechanism (28). Thiol-

ene polymerization, which can be initiated by light or heat, proceeds via initiation, 

propagation, chain transfer, and termination steps, similar to conventional radical 

polymerization, and can occur in parallel. Additionally, it is largely unaGected by 
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environmental factors such as oxygen or humidity. Likewise, NAC incorporation into 

TPO-based formulations resulted in a slight but significant increase in DC (Fig. 2b), 

which may also be attributed to the thiol-ene mechanism. This finding represents a 

major outcome of this study, as it has not been previously reported and could open new 

perspectives for incorporating antioxidant molecules into RBCs. 

As reviewed by Leprince et al. (2013) (3), DC is a critical material property, positively 

correlated with mechanical characteristics such as microhardness, elastic modulus, 

and flexural strength (18, 29-33), and negatively correlated with monomer elution (4, 

30, 34). In the present study, observed trends in microhardness, modulus, flexural 

strength, and TEGDMA elution were consistent with the impact of NAC on DC. 

It is well-established that DC in dimethacrylate-based composites typically remains 

well below 100% at ambient or oral temperature, even under optimal irradiation, due to 

vitrification, which limits further polymerization (Leprince et al. 2013). As 

polymerization progresses, the glass transition temperature of the material increases 

(35), eventually approaching the curing temperature (slightly above oral temperature) 

(36, 37). At this point, vitrification occurs, drastically reducing molecular mobility and 

thereby arresting the reaction, aside from limited post-polymerization that may 

continue for up to 24 hours (16, 38, 39). This physical restriction on monomer-to-

polymer conversion leaves unreacted components (primarily monomers and initiators) 

prone to elution. Accordingly, as mentioned above, a lower DC is typically associated 

with greater monomer release. 

In the present work, cured CQ-based composites exhibited higher TEGDMA and Bis-

GMA elution than their TPO-based counterparts, consistent with previous reports (14, 

40). The highest TEGDMA release was observed in the CQ composite containing 0.5% 

NAC, which also exhibited the lowest DC, further confirming the inverse correlation 

between DC and monomer elution. In contrast, no significant diGerences in Bis-GMA 

elution were observed among the various NAC formulations, despite diGerences in DC. 

This may suggest a saturation eGect, potentially resulting from a combination of 

factors, including the limited molecular mobility of Bis-GMA within the cured matrix and 
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its low solubility in aqueous media, as elegantly demonstrated by Meng et al. (2007) 

(41). Regarding (co-)initiator components, their concentrations remained below the 

quantification limits in all samples and are therefore not discussed further. 

As for biological eGects, the eluted methacrylate monomers , TEGDMA and Bis-GMA in 

the present study, are known to increase oxidative stress and have been associated 

with a reduced GSH level (7). This rise in oxidative stress has been reported to induce 

DNA damage, cell cycle arrest, and cell death (5, 7). 

To counteract monomer toxicity arising from oxidative stress, NAC was incorporated 

into the composite formulations. In agreement with findings by Yang et al. (10), NAC 

elution from the RBCs in this study was dose-dependent in both CQ- and 2,4,6-

trimethylbenzoyl diphenylphosphine oxide (TPO)-based composites (Fig. 3), confirming 

that the experimental materials were capable of releasing increasing NAC 

concentrations into the medium. 

The antioxidant property of NAC is linked to its capacity to directly scavenge ROS. The 

associated significant reduction of ROS levels at 24 h observed with NAC-

supplemented composites (Fig. 6) confirms that the released NAC concentrations were 

suGicient to exert an antioxidant eGect, albeit without any significant change in cell 

metabolic activity under most conditions, as will be discussed below. 

Regarding metabolic activity of cells exposed to eluates of cured composites, levels 

were comparable for both CQ- and TPO-based RBCs, except for CQ-1%NAC, which 

showed a slight increase. However, even though metabolic activity remained relatively 

stable, they consistently remained below control levels (approximately 80%) and this 

despite notable diGerences in eluted monomers across all tested formulations. 

At first glance, this reduction might suggest cytotoxicity. However, the MTS assay, which 

measures mitochondrial SDH activity, does not exclusively signal cell death. Rather, it 

can also reflect slowed proliferation or cell cycle arrest  (20). This is important to 

consider, since earlier works have shown that methacrylate monomers can elicit a 
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variety of cellular responses, from cell cycle arrest to apoptosis and necrosis (42-44). 

As discussed above, any of these mechanisms could contribute to reduce MTS signals. 

In our study, metabolic activity remained at approximatively 80%, without a significant 

increase in ROS levels (CQ-0.5%NAC), or even with a significant decrease (CQ-1%NAC, 

TPO-0.5%NAC and TPO-1%NAC). Since the monomer concentrations are far below 

those reported to induce measurable cell death (45), the reduction in MTS signal is 

unlikely due to a cytotoxic eGect. Instead, sub-toxic monomer levels are more likely to 

induce cell cycle arrest or inhibit proliferation (46).  

This observation raises a broader question about how methacrylates, here TEGDMA 

and Bis-GMA, exert their genotoxic eGects. While oxidative stress is widely recognized 

as a central mechanism, it remains unclear whether these monomers, or their 

metabolites, may also form direct covalent adducts with DNA. Such a mechanism 

would help explain DNA damage occurring independently of oxidative stress. This 

interpretation aligns with the findings of Volk et al.(47) who reported that TEGDMA 

caused DNA damages without a corresponding increase in oxidative stress markers. 

Morevover,  a study by Ansteinsson et al. (48) showed that the antioxidant trolox did not 

counteract the HEMA-induced cell-cycle arrest, which indicates that the DNA damage 

is of non-oxidative origin. Moreover, the findings reported by Chang et al. (2010) (49) 

further support this view, demonstrating that Bis-GMA exposure reduced SDH activity, 

like in the present work, and induced cell cycle arrest, without a corresponding increase 

in ROS production. 

Regarding CQ-1%NAC formulation (Fig. 5), we observed an increase in MTS signal, 

accompanied by a significant reduction in ROS levels (Fig. 6). This supports the idea 

that NAC can exert beneficial biological eGects (9), although such eGects appear to be 

limited to very specific conditions. As noted by Schweikl et al. (2006), the molecular 

mechanisms by which NAC influences various redox-sensitive systems are complex 

and not yet fully understood (7). Moreover, as previously mentioned, this modest 

improvement in cell metabolic activity came at the cost of a significant reduction in key 
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mechanical properties (Fig. 2), further underscoring the need for an integrated 

evaluation that considers both biological and material performance. 

While cured composites provide insight into typical clinical performance under proper 

usage conditions, uncured materials represent a worst-case exposure scenario—such 

as when excessive composite thickness prevents adequate polymerization at depth. To 

our knowledge, the potential of NAC to mitigate the biological impact of inadequate 

polymerization has not been previously investigated. Therefore, the following section 

focuses on the biological impact of uncured RBCs. These materials exhibited 

significantly higher monomer elution than their cured counterparts, resulting in a 

dramatic reduction in cell viability (~10% of control). In both CQ- and TPO-based 

formulations, NAC incorporation at 0.5% and 1% concentrations led to a decrease in 

TEGDMA elution (approximately 30 % for 1%NAC formulations). In addition to is 

antioxidative properties, NAC could form chemical adducts with most commonly used 

methacrylate monomers, with the exception of Bis-GMA  in both cell and cell free 

systems(50, 51), thereby potentially reducing their bioavailability.	In both CQ- and TPO-

based formulations, NAC incorporation at 0.5% and 1% concentrations led to a 

significant decrease in detectable TEGDMA levels in eluates from uncured composites, 

while Bis-GMA concentrations remained unchanged (Fig. 5b). This finding indicates 

that the presence of NAC was associated with a reduced availability of TEGDMA in the 

extraction medium. The present study did not directly investigate adduct formation or 

DNA-related eGects. Therefore, the observed reduction in TEGDMA concentrations 

should be interpreted as an analytical outcome of NAC incorporation rather than as 

evidence of monomer detoxification via covalent binding or DNA protection. Further 

dedicated chemical and biological analyses would be required to elucidate the 

underlying mechanisms responsible for this reduction.  

Like in cured RBCs, NAC incorporation in uncured materials resulted in a significant 

reduction in ROS production, even below control level (fig.6). Yet, despite a significantly 

reduced TEGDMA bioavailability and ROS production, NAC addition did not 

significantly improve cell viability in uncured composites compared to NAC-free 
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controls. This may be partly explained by the low NAC concentrations released into the 

medium, which averaged between approximately 70 and 130 ng/mL and therefore not 

suGicient to form enough covalent adducts to lead to an increase in the measured 

metabolic activity. Despite incorporating the maximum amount of NAC that could be 

stably integrated into the RBCs, the released concentrations remained two to three 

orders of magnitude lower than those used in our previous work (8), where 4 mM NAC, 

the highest non-toxic concentration, was directly added to the eluates. In that study, we 

showed a beneficial eGect of NAC on hDPC viability. However, even under those 

conditions, NAC was not suGicient to completely prevent monomer-induced 

cytotoxicity in most tested materials.  

Our observations from uncured RBCs confirm that reducing ROS production alone is 

insuGicient to mitigate monomer-induced cytotoxicity under the present conditions, 

indicating the involvement of additional cytotoxic mechanisms, presumably the direct 

interaction of monomers with DNA as discussed above.  

Although not part of the initial objectives of this study, our findings highlight the 

importance of considering cytotoxic pathways beyond oxidative stress.  
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5. Conclusion 

Incorporation of NAC into resin-based composites interfered with free-radical initiation 

and polymerization eGiciency in camphorquinone-based systems, resulting in reduced 

degree of conversion, inferior mechanical properties, and increased monomer elution. 

These eGects were largely absent in TPO-based formulations, where polymerization 

was preserved. 

Although NAC-supplemented composites significantly reduced ROS production, this 

eGect did not translate into a consistent improvement in human dental pulp cell 

metabolic activity under the experimental conditions used. These findings suggest that 

optimizing polymerization eGiciency and minimizing monomer release remain more 

eGective strategies for improving short term cytocompatibility than incorporating 

antioxidant additives. Nevertheless, future studies should explore longer-term cellular 

responses and additional biological endpoints, including the assessment of DNA 

double-strand breaks, as previous studies have shown that NAC at concentrations as 

low as 50 µM can reduce genotoxic damage induced by methacrylate monomers(52), 

particularly in photoinitiator systems that maintain polymerization performance.  
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Discussion and Perspectives 
The central question that underpins this thesis is: how can the biological eUects of 

RBCs be minimized without compromising their chemo-mechanical 

performance? This question arises from the inherent paradox of composites: while they 

are indispensable in modern restorative dentistry due to their esthetics, adhesion, and 

versatility, their incomplete polymerization and elution of residual compounds raise 

concerns for pulp health and long-term biocompatibility. 

Two complementary strategies exist to address this challenge. The first focuses 

on intrinsic modifications of the material itself, modifying resin chemistry, 

photoinitiator systems, polymerization kinetics, or filler technology to reduce residual 

monomer release and improve network stability. The second involves extrinsic 

strategies, including the use of additives such as antioxidants (e.g., NAC), optimization 

of clinical handling protocols, or protective measures designed to mitigate cytotoxic 

eGects after placement. 

This discussion critically evaluates both approaches. It highlights how advances in 

bulk-fill formulations and photoinitiator systems aim to improve depth of cure and 

reduce biological risks, while also considering the potential and limitations of 

adjunctive strategies like antioxidant incorporation. Importantly, it situates these 

laboratory findings against the reality of clinical practice, where material behavior is 

shaped by complex and variable conditions. By acknowledging the gap between in vitro 

evidence and in vivo outcomes, this analysis seeks to define not only what is 

scientifically achievable but also what is clinically meaningful in the pursuit of safer, 

high-performance RBCs. 
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7. Material Properties and Intrinsic Modifications 

7.1. Degree of conversion 

As discussed in Chapter VI, the DC rarely exceeds 70%, leaving a persistent reservoir of 

reactive groups. Higher DC correlates with improved hardness, wear resistance, and 

reduced elution. From the biological perspective, this is highly relevant: Chapter VII 

demonstrated that residual monomers such as BisGMA and TEGDMA diGuse and can 

induce oxidative stress and mitochondrial dysfunction even at sub-micromolar 

concentrations. Thus, improving DC is not merely a goal regarding mechanical 

performance but a biological imperative. 

One pathway toward higher conversion lies in the choice of initiator system. The 

traditional CQ/amine pair, while robust, is limited in eGiciency. In contrast, Type I 

initiators such as TPO generate a higher radical yield per absorbed photon, often 

achieving greater polymerization eGiciency at lower concentrations. In theory, this 

reduces the amount of residual initiator available for elution and lowers the overall pool 

of unreacted monomers. From a practical standpoint, these photoinitiators 

necessitate activation by light of a diGerent wavelength, for which most dental 

practices are not yet adequately equipped. Although some recently developed curing 

units incorporate polywave technology, this limitation continues to hinder widespread 

clinical adoption. Beyond this, violet light required for TPO penetration is attenuated 

more rapidly than blue light, risking under-curing in deep increments and paradoxically 

increasing monomer release. 

From a regulatory perspective, TPO has been progressively restricted and ultimately 

banned in the European Union due to concerns related to its classification as a 

substance of potential reproductive toxicity. Nevertheless, other Type I photoinitiators, 

including monoacylphosphine oxide (MAPO), bisacylphosphine oxide (BAPO), and 

germanium-based initiators such as Ivocerin®, remain authorized and are currently 

used in commercial materials, including bulk-fill composites such as Tetric PowerFill. 
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In this context, experimental models based on Type I initiation systems remain 

scientifically relevant, as they reflect both existing and emerging clinical formulations. 

Additional strategies have also been proposed to enhance conversion. Pre-heating of 

composite resins prior to placement increases monomer mobility, delays vitrification, 

and facilitates a more complete reaction (1). This technique has been shown to yield 

higher DC and improved crosslinking without altering the formulation, oGering a simple 

chairside adjunct to reduce residual monomer release. On a more fundamental 

level, thiol–ene polymerization systems provide an alternative to traditional 

dimethacrylate chain-growth reactions. As a result, thiol–ene systems could enhance 

double-bond conversion and substantially limit the pool of leachable compounds that 

underpin the cytotoxicity (2). However, despite their biological promise, thiol–ene 

composites remain experimental and face hurdles in formulation stability and clinical 

handling. 

In short, initiator innovation, optimized curing strategies, and alternative 

polymerization chemistries all contribute to higher DC and reduced leachable content. 

Yet these approaches are constrained by practical considerations such as equipment 

availability, stress development, and compatibility with existing materials. Gains in 

conversion must therefore be critically balanced against mechanical reliability and 

clinical feasibility. 

 

7.2. Filler phase 

Another strategy to reduce the biological impact of composites lies in modifying the 

filler phase. As highlighted in Chapter VI, fillers occupy the majority of composite 

volume and play a central role in determining both mechanical and physicochemical 

properties. Increasing filler loading decreases the proportion of resin matrix, thereby 

reducing the overall reservoir of unreacted methacrylate monomers available for 
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elution. This has clear biological relevance, since Chapter VII showed that eluates from 

the organic matrix are the primary contributors to toxicity.  

However, the benefits of increasing filler content are limited by important practical 

constraints. Excessive filler loading substantially raises paste viscosity, impairing the 

clinician’s ability to adapt the material to cavity walls (3). It also increases light 

scattering, particularly when particle size is heterogeneous, leading to reduced depth 

of cure and paradoxically lower DC in deeper layers (4). These trade-oGs explain why 

filler content in commercial composites typically remains below 80 wt%, despite the 

theoretical benefits of further increasing loading. 

Last developments have sought to overcome these limitations not by simply raising 

filler fraction, but by optimizing filler architecture. Nanohybrids and nanoclusters 

improve packing density while maintaining workable viscosity, allowing high filler 

loading without compromising handling (3).  Taken together, these innovations illustrate 

that the biological advantage of fillers derives less from maximizing content than from 

achieving an optimized distribution and stable interface. 

 

7.3. Alternative monomers 

A more radical avenue for reducing the biological impact of RBCs is the substitution of 

the methacrylate backbone itself. As described in Chapter VII, methacrylate chemistry 

underpins nearly all current formulations but is intrinsically limited by incomplete 

polymerization and susceptibility to hydrolytic degradation. Chapter VIII further 

showed that the major dimethacrylates, BisGMA, UDMA, TEGDMA, and HEMA, differ in 

cytotoxic potential but all display measurable adverse effects in vitro, particularly 

through oxidative stress and genotoxicity. 

Several attempts have been made in order to overcome these problems through the 

development of new monomer systems, including the so-called expanding monomers 
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based on epoxide systems (oxiranes, siloranes) that set via cationic polymerization, 

and multifunctional hyper-branched methacrylic monomers (dendrimers) as 

alternatives to the conventional dimethacrylic formulation. 

• Epoxide systems (oxiranes, siloranes) cure via cationic ring-opening, 

producing highly crosslinked and hydrophobic networks with reduced 

shrinkage and water sorption (5). Studies on silorane-based composites 

confirmed lower solubility, reduced elution, and equivalent or  diminished 

cytotoxicity compared with methacrylate controls (6, 7). Nonetheless, 

eluates were still detectable under organic solvent storage, and the long-

term biological effects of their initiator systems are not fully understood (8). 

• Hyper-branched methacrylic monomers, characterized by their dendritic 

architecture, introduce multiple reactive methacrylate terminals into a single 

molecule, facilitating the formation of highly crosslinked and homogeneous 

networks that may reduce residual monomer content and elution. However, 

even after heat-assisted post-polymerization (15min, 120°C; which is clearly 

not clinically realistic), DC plateaued around 62–65%, leaving some 

peripheral groups unreacted and potentially hydrolysis-prone (9). Their high 

molecular weight could inherently limit diGusion and toxicity, though 

available data—limited to in vitro biocompatibility assays—are insuGicient to 

fully assess safety (10). 

Another promising strategy is thiol–ene polymerization, which diGers from both chain-

growth methacrylates and cationic systems by following a step-growth mechanism. 

This allows near-complete double-bond conversion and produces homogeneous, 

stress-relieved networks. Laboratory studies indicate significantly lower residual 

monomer release which could potentially lead to reduced cytotoxic and genotoxic 

eGects compared with BisGMA or TEGDMA-based systems (11). 
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Despite these advances, none of these alternative systems have achieved durable 

commercial success. Their obstacles are broadly shared: (i) clinical 

handling problems such as excessive viscosity, or altered working time; 

(ii) compatibility issues with existing adhesive systems and curing units, which would 

require dentists to invest in new techniques or equipment; (iii) economic barriers, since 

the cost of synthesizing and producing these novel monomers is significantly higher 

than that of conventional dimethacrylates; and (iv) regulatory uncertainty, because the 

long-term toxicity of novel monomers and their degradation products is not yet 

sufficiently characterized. Taken together, these barriers explain why conventional 

methacrylate monomers, despite their imperfections, continue to dominate 

restorative dentistry: they represent a robust compromise between reactivity, 

mechanical performance, affordability, and clinical usability. 

8. Additives and Protective Strategies 

While intrinsic modifications of the composite structure aim to reduce the formation of 

residual monomers, an alternative approach is to counteract the biological 

consequences of those molecules once they have diGused into surrounding tissues. As 

detailed previously, the cytotoxicity of monomers is strongly linked to the induction 

of oxidative stress, depletion of glutathione, and mitochondrial dysfunction in pulp-

derived cells. This has led to growing interest in the incorporation or application 

of antioxidants as supplementary strategies to mitigate composite-induced toxicity. 

8.1. Antioxidants incorporated into resins 

Experimental studies have incorporated antioxidants such as NAC and 

quercetin directly into adhesives or composite matrices (12, 13). These agents can 

neutralize ROS, restore intracellular glutathione levels, and prevent apoptosis, thereby 

directly targeting the mechanisms of cytotoxicity described in Chapter VIII. 

However, as Chapter VII highlighted, the polymerization of dimethacrylates is highly 

dependent on radical balance. The addition of free radical scavengers carries the risk 
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of interfering with the CQ/amine photoinitiator system, lowering the DC, and 

paradoxically increasing the pool of residual monomers. This creates a delicate trade-

oG between antioxidant protection and adequate curing. 

Among the antioxidants studied, NAC shows the most favorable profile. Beyond its 

ROS-scavenging properties, NAC possesses a free thiol group that can covalently bind 

to residual methacrylate monomers, thereby reducing their bioavailability. This dual 

action is particularly relevant in the context of Chapter VIII, where cytotoxicity was 

shown to depend not only on oxidative stress but also on the direct reactivity of 

monomers with cellular components. 

This is particularly relevant because, as demonstrated in Chapter XI, well-formulated 

composites that are adequately polymerized do not necessarily trigger oxidative stress 

when their eluates are brought into contact with cells. Instead, the predominant 

biological eGect observed was a reduction in cellular metabolic activity without 

concomitant ROS generation. These findings suggest that limiting the bioavailability of 

residual monomers may be a more eGective strategy than exclusively targeting 

oxidative pathways. In this context, NAC emerges as a promising adjunct, as it can both 

scavenge ROS and neutralize unreacted methacrylates, thereby addressing the two 

principal toxicological mechanisms identified in Chapters VII and IVII. Nonetheless, 

more detailed investigations, particularly at sub-toxic concentrations and over 

extended periods, are required to elucidate the broader spectrum of toxicity 

mechanisms beyond oxidative stress. 

8.2. External antioxidant treatments 

Another route is the application of antioxidants externally, before composite 

placement. Antioxidant pretreatments, especially sodium ascorbate, have been widely 

studied in bleaching and endodontic contexts. They eGectively neutralize residual free 

radicals generated before adhesive application, restoring polymerization and bond 

strength (14, 15). 
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In chapter X, a recovery of cellular viability was observed following the addition of NAC 

to the culture medium. However, this eGect cannot be directly attributed to a reduction 

in reactive oxygen species, as oxidative stress markers were not quantified in that 

experimental setting. Consequently, the underlying mechanisms responsible for the 

observed recovery remain speculative within the scope of the present study. 

Nevertheless, previous investigations have demonstrated that NAC is capable of 

reducing intracellular oxidative stress and restoring redox balance in pulp-derived cells 

exposed to resin monomers, supporting a potential link between antioxidant activity 

and improved cellular outcomes(16). 

While these findings are not directly related to resin composite toxicity, where free 

radicals and monomers are leached after polymerization, they illustrate a strategy that 

could potentially be adapted to mitigate the biological eGects of composite eluates. 

 

9. Clinical Mitigation: Residual Dentin and Operative 

Conditions 

In addition to material design, clinical practice plays a decisive role in shaping the 

biological impact of RBCs. As discussed in Chapter VIII, the diGusion of residual 

monomers through dentin is a central pathway by which pulpal cells are exposed to 

toxic substances. The extent of this diGusion, and thus the biological risk, is strongly 

modulated by operative conditions. 

 

9.1. Residual dentin thickness 

A thicker dentin barrier reduces the permeability of monomers and degradation 

products toward the pulp chamber. Numerous in vitro perfusion studies have 
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demonstrated that residual dentin thickness is inversely correlated with the cytotoxic 

eGects of composite eluates on pulp cells (17, 18).	This protective eGect reflects both 

the increased diGusion distance and the intrinsic buGering capacity of dentin. However, 

this protection is not absolute. Dentin permeability varies according to tubule density, 

sclerosis, and the presence of caries, meaning that two cavities of equal depth may 

diGer substantially in their ability to block monomer penetration. In young patients with 

wide tubules or in presence of demineralized dentin due to the carious process, 

residual dentin may provide a weaker barrier compared with older, more sclerotic 

dentin. Importantly, most available studies have focused on short-term cytotoxicity 

endpoints, whereas subtle alterations in cellular function may occur at exposure levels 

that do not compromise cell viability. These sub-toxic eGects, which are more likely to 

reflect clinical exposure scenarios, may nonetheless interfere with regenerative 

processes within the dentin–pulp complex. Consequently, future studies should aim to 

combine dentin barrier models with functional assays targeting pulp cell behavior, in 

order to better assess the biological relevance of residual dentin thickness beyond its 

role as a purely physical diGusion barrier. 

9.2. Use of liners 

To enhance pulpal protection in deep cavities, liners such as calcium hydroxide or 

calcium silicate cements have been recommended after caries excavation (19). These 

materials act as both physical and chemical barriers between the composite 

restoration and the pulp, and possess intrinsic abilities to stimulate positive responses 

from pulp tissues, including the release of bioactive ions (20), upregulation of growth 

factors such as TGF-β1 (21), promotion of odontoblast diGerentiation (22), and 

stimulation of tertiary dentin or dentin bridge formation (23). Collectively, these eGects 

support pulp healing and repair by reducing inflammation and fostering the deposition 

of new mineralized tissue. However, this strategy is not universally adopted, largely due 

to the limited clinical evidence supporting its eGectiveness. Furthermore, the use of an 

intermediate layer may compromise adhesion between the composite and the tooth 

structure and may also complicate the restorative procedure. 
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9.3. Curing protocols 

Polymerization protocols critically determine the amount of residual monomer in 

RBCs. Incremental placement (adding composite in thin layers, typically 1–2 mm) 

associated with optimal light curing enhance light penetration and increase the DC of 

each layer(24). Nonetheless, the outcome is highly operator-dependent: inadequate 

exposure times, suboptimal light positioning, inappropriate curing mode, or excessive 

increment thickness can all result in insuGicient polymerization. Such under-curing not 

only elevates monomer elution but also compromises mechanical properties. 

Taken together, clinical factors such as dentin thickness, liner application, and curing 

protocol can exert a profound influence on the biological risks associated with 

composites. Yet none of these measures provides an absolute safeguard. The dentin 

barrier is variable, liners may complicate adhesion and represent additional costs, and 

curing strategies are sensitive to operator skill. These limitations reinforce the 

conclusion from Chapters VII and VIII: the biological safety of composites is not 

determined by material science alone, but by the integration of material properties with 

careful operative technique. 

10. Perspectives 

The results of this thesis must be interpreted in the context of the clinical situation in 

which RBCs are applied. Carious lesions trigger a state of pulp inflammation that 

depends on the extent and speed of caries progression. Hence, inflammation pre-

exists when the restorative treatment takes place. In such conditions, pulp cells are 

already exposed to oxidative stress, inflammatory mediators, along with reduced 

regenerative capacity. The subsequent exposure to residual monomers eluted from 

composites occurs in this compromised microenvironment, where toxic eGects may 

be amplified. Yet, most experimental studies, including those presented here, rely on 

healthy pulp cell models, which only partially capture the clinical reality. This highlights 

the need to better integrate inflamed pulp models into future biocompatibility research. 
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While acute cytotoxicity and genotoxicity of monomers such as TEGDMA and BisGMA 

are well documented, their potential long-term consequences remain far less 

understood. Residual monomers may diGuse at low concentrations over prolonged 

periods, exerting eGects that are not immediately lethal but may alter tissue 

homeostasis. These eGects could include persistent low-grade inflammation, subtle 

disruption of stem cell functions, or gradual accumulation of DNA damage that 

escapes repair. Such chronic insults, though less dramatic than acute cytotoxicity, may 

ultimately compromise pulp vitality and predispose the tissue to degeneration or 

impaired repair. Future research should therefore move beyond short-term assays and 

incorporate longitudinal models that better reflect chronic exposure. 

A particularly underexplored aspect concerns the biological effects of sub-toxic 

monomer concentrations when defined on the basis of effective free concentrations 

rather than nominal concentrations calculated from the amount of monomer added to 

the culture medium. In aqueous biological systems, resin monomers do not remain 

fully dissolved and freely available: they may bind to serum proteins, adsorb to plastic 

cultureware, partition into lipid phases, or undergo partial degradation. As a result, the 

nominal concentration introduced into the medium may substantially overestimate 

the fraction of monomer that is biologically available to cells. Importantly, the 

concentration of free monomer present in the culture medium, and therefore capable 

of interacting with cellular targets, may be significantly lower than the calculated 

nominal concentration. This discrepancy is rarely accounted for in conventional in vitro 

toxicological studies but may critically influence dose-response relationships and the 

interpretation of sub-toxic effects. Future studies should therefore aim to distinguish 

between nominal and bioavailable monomer concentrations, for instance by 

quantifying free monomer fractions or by designing exposure models that better reflect 

physicochemical partitioning in biological environments. 

These levels, closer to what is expected clinically, may not cause overt cell death but 

can still impair critical cellular functions. Evidence suggests that pulp stem cells 

exposed to non-lethal doses may show altered migration, proliferation, and 
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diGerentiation potential (25, 26), processes essential for dentinogenesis and pulp 

repair. Moreover, sub-toxic exposure could modulate inflammatory signaling pathways, 

tipping the balance between adaptive and destructive responses. The study of these 

“silent” but biologically significant eGects is essential for understanding how 

composites influence pulp regeneration over the long term. 

To address these challenges, more sophisticated experimental models are needed. 

Conventional two-dimensional cultures of pulp fibroblasts, while useful, cannot 

reproduce the complexity of the dentin–pulp interface or the dynamics of the oral 

environment. Emerging systems such as three-dimensional pulp organoids and tooth-

on-chip platforms oGer promising alternatives (27, 28), as they integrate fluid flow, 

extracellular matrix, and cell heterogeneity. In addition, co-culture models including 

immune cells would allow exploration of inflammatory crosstalk. Equally important is 

the incorporation of dentin barrier models, since dentin modulates the diGusion of 

monomers and may attenuate or delay their toxic impact. Such approaches will help to 

bridge the gap between simplified in vitro studies and clinical outcomes. 

From a translational standpoint, several strategies can help mitigate risks. Clinically, 

optimising curing protocols to minimise residual monomers, applying protective liners 

in deep cavities, and selecting formulations with lower leachable content are practical 

measures. On the materials side, the development of novel monomers with reduced 

cytotoxicity and genotoxicity should be a priority. Importantly, regulatory standards 

such as those from ISO currently emphasize cytotoxicity assays, but the findings of this 

thesis underline the need to expand evaluation criteria to include oxidative DNA 

damage, and regenerative capacity. 

Finally, it is important to recognize that the dental pulp is a living and dynamic tissue 

capable of repair and regeneration. Even subtle, sublethal disturbances could have 

significant long-term implications for pulp vitality and reparative dentinogenesis. 

Future progress in this field depends on integrating mechanistic cellular studies with 

clinically relevant models, while ensuring that insights directly inform material 

innovation and clinical practice. By aligning biocompatibility with mechanical 
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performance, the next generation of RBCs can be designed to ensure both restorative 

success and long-term pulp health. 
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