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Abstract

The increasing use of synthetic and metallic materials in modern dentistry has raised
growing concerns about their potential biological impact on oral and systemic health.
Many of these materials can release toxic components into the oral environment due to
incomplete polymerization, mechanical wear, or enzymatic degradation. Resin mono-
mers such as TEGDMA, BisGMA, and EGDMA have shown dose-dependent cytotoxic
effects, often through mechanisms involving oxidative stress and apoptosis. Similarly,
metals such as nickel, mercury, cobalt, and components of titanium and zirconium im-
plants can provoke allergic or systemic reactions and lead to cellular damage. Further-
more, impression materials and substances like eugenol also demonstrate cytotoxic ef-
fects. Cytotoxicity can vary based on the dosage, duration of exposure, and combination
of materials used. This review is based on a systematic analysis of peer-reviewed litera-
ture from major biomedical databases, focusing on studies published between 2000 and
2024 that examined the cytotoxicity of dental materials in vitro and in vivo. It empha-
sizes the importance of standardized testing (ISO 10993, ISO 14971, ISO 7405) to ensure
material safety and guide clinical decision-making in dentistry.
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1. Introduction

Biocompatibility of dental materials is essential for ensuring clinical safety and long-term
success in dental treatments. To be considered clinically safe, dental materials must exhibit
high biocompatibility, which includes the absence of cytotoxic, pro-oxidative, inflamma-
tory, and mutagenic effects, as well as the ability to support normal tissue repair without
interfering with physiological processes. Cytotoxicity is defined as a specific aspect of tox-
icity that refers to a substances ability to damage or kill cells, often measured in vitro (Shahi
et al., 2019). The aim of this review is to characterize the cytotoxicity of commonly used
dental materials, such as resin composites, metal alloys, impression materials, cements, and
others. Understanding the cytotoxic potential of these materials is essential for optimizing
clinical choices and ensuring patient safety.

The first national system for reporting adverse effects of dental materials was established
in Norway in 1993. Between 1993 and 1999, a total of 899 reports were received, of which
253 were referred for clinical evaluation. According to the study, amalgam was responsible
for the highest number of adverse reactions, followed by metals and resin-based materials
(Lygre et al., 2003).

2. Design of the Review

A systematic literature search was conducted using the PubMed and Web of Science data-
bases, focusing predominantly on articles published between 2000 and 2024. These data-
bases were selected due to their comprehensive indexing of peer-reviewed biomedical lit-
erature and extensive coverage of dental, toxicological, and clinical research. The search
strategy included combinations of the following keywords: cytotoxicity, dental material,
biocompatibility, resin monomers, metal alloys, impression materials, toxicity, in vitro,
and in vivo. Inclusion criteria were: (1) clinically documented case reports describing ad-
verse biological reactions during or after the use of dental materials, (2) studies that as-
sessed the cytotoxic effects of dental materials, (3) both in vitro and in vivo studies involv-
ing human or animal models, and (4) peer-reviewed articles published in English.

3. Types of dental materials and associated cytotoxic risks

Resin-based dental materials, such as composite materials, bonding agents, resin-based ce-
ments, acrylic resins, sealants, are not inert in the oral environment and can release various
components, initially due to incomplete polymerization and later as a result of mechanical
wear and enzymatic degradation (Emmler et al., 2008; Wiertelak-Makala et al., 2024). These
materials remain in prolonged and close contact with the oral tissues in multiple ways. This
includes direct contact with dentin, enamel, or adjacent gingiva, as well as indirect contact
with the dental pulp via dentin tubules or with soft tissues through saliva (Wiertelak-Ma-
kala et al., 2024). This prolonged exposure increases the likelihood of adverse biological
responses. Based on a national survey of adverse reactions to dental materials conducted
in the USA, resins were identified as the leading cause of adverse reactions among dental
technicians (Scott et al., 2004). Some studies have shown that the most common resin mon-
omers, EGDMA (ethylene glycol dimethacrylate), BisGMA (bisphenol A-glycidyl methac-
rylate), TEGDMA (triethylene glycol dimethacrylate) cause dose-dependent cytotoxicity.
Among these, TEGDMA is considered the most cytotoxic, primarily due to its ability to
induce oxidative stress, deplete intracellular glutathione (GSH), impair mitochondrial
function, and activate apoptotic signaling pathways, such as caspase activation and MAPK
cascade (Schweikl et al., 2005; Eckhardt et al.; 2009; Stanislawski et al., 2003). Considering
that BisGMA is a derivative of bisphenola-A, which is known to be associated with devel-
opmental issues of the genital organs, immune system dysfunction, thyroid disturbances,
and neurological development problems in children, its cytotoxicity is understandable
(Jung et al., 2023). Moreover, several studies have demonstrated that these resins can inter-
fere with hormonal signalling. It has also been demonstrated that resins can interact with
hormone receptors and negatively affect human health by disrupting the normal endocrine
function (McLachlan,1993). Therefore, adverse reactions of dental materials can be classi-
fied as either local or systemic. Local adverse reactions are assessed from two distinct as-
pects: mucosal toxicity and pulpal toxicity. Resin-based dental materials can cause numer-
ous adverse effects on the oral mucosa, including epithelial proliferation, asthma, oral li-
chenoid reaction, pain, burning sensations, epithelial desquamation, contact allergies, etc.
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(Marquardt et al., 2009; Syed et al., 2015). In more severe cases, systemic symptoms may
also develop. There have also been reports of generalized neuropathy after 14 years of ex-
posure to methacrylates (Sadoh et al., 1999). Possible effects of monomers on cells include
apoptosis, loss of cell viability, oxidative stress, glutathione depletion, and reduced mito-
chondrial activity. It has been established that the cytotoxicity of a dental material can be
influenced by several factors, including the material’s dosage, duration of exposure, and
the combination of materials used during treatment. For example, an in vitro study demon-
strated that combining Durafill (microfilled composite resin) with Dycal (calcium hydrox-
ide-based dental material) did not significantly alter cytotoxicity. In fact, the rate of cell
death decreased to approximately 15% when Flow Line (flowable composite) was com-
bined with Dycal. However, the combination of MTA (mineral trioxide aggregate) with
Durafill increased the cytotoxicity to approximately 85% (Agnes et al., 2017). Special Clinic
of Children’s Dentistry in Sweden reported an isolated case in which adverse effects such
as asthma and urticaria occurred following fissure sealing (Hallstrom, 1993)

Alloys are frequently used in dentistry due to their strength and durability. Among all met-
als, nickel is the most common sensitizer, known to cause immediate allergic reactions
(Syed et al., 2015). The Co-Cr (cobalt-chromium) alloy also contains metals such as manga-
nese, molybdenum, and nickel, which have been shown to exert cytotoxic effects on human
growth factors and osteoblasts, primarily through increased production of reactive oxygen
species (ROS) (Shahi et al., 2019). The first reported case of a metal allergy in dentistry was
associated with amalgam fillings in the oral cavity. The toxicity of mercury was the main
reason for the eventual replacement of amalgam. Allergic reactions may present as urti-
caria, rhinorrhea, and swelling, as well as erythematous, erosive, and atrophic changes or
ulcerative lesions. In severe cases can lead to life-threatening conditions such as laryngeal
edema, anaphylaxis, and cardiac arrhythmias (Karabucak et al.,2007; Ramnarayan et al.,
2014). Mercury exposure has also been linked to oral lichenoid lesions and burning mouth
syndrome (Syed et al.. 2015). In addition, mercury can enter the bloodstream after being
absorbed from saliva and can cause toxicity in various organs. It is well known for its neu-
rotoxic and nephrotoxic effects. It induces different signaling pathways leading to cell
death, DNA damage and liver dysfunction (Shahi et al.,2019). After the placement of tita-
nium dental implants, orthodontic appliances, or endoprostheses, 56 patients developed
severe health problems, including muscle and joint pain (Miiller et al., 2006). Titanium and
zirconium implants can form an oxide layer upon exposure to oral fluids. The accumulation
of titanium and zirconium ions in tissue, particularly in lymph nodes and lung tissue may
occur as a result of corrosion, degradation of the oxide layer, and the subsequent release of
ions into the oral cavity. The accumulation of titanium particles within lysosomes and mac-
rophages has been reported to trigger hypersensitivity reactions (Chaturvedi et al., 2013;
Mitchell et al., 1990).

Due to their small size and chemical properties, silver nanoparticles (AgNPs), which are
gaining momentum in dentistry because of their antimicrobial and anti-inflammatory char-
acteristics, have the potential to cross the blood-brain barrier. Once in the bloodstream, they
can reach the central nervous system (CNS) and exert neurotoxic effects (Wang et al., 2023).
Within the cell, AgNPs can generate reactive oxygen species (ROS), leading to oxidative
stress that may damage celulular components and potentially cause inflammation, apopto-
sis, or necrosis (Rohde et al., 2021). Studies have shown that silver nanoparticles exert cy-
totoxic effects by modulating and disrupting key intracellular signaling pathways.

Dental anesthetics are divided into two basic chemical groups, esters or amides. Most sen-
sitization reactions are attributed to ester anesthetics, as one of their degradation products
is the antigenic agent p-aminobenzoic acid (Canfield et al., 1987). Eugenol, polyethers, and
polysulfides, which are used in the impression-taking process in dental medicine, have also
been shown to be cytotoxic. A retrospective report has also documented a case of fatal an-
aphylactic shock caused by an alginate impression (Gangemi et al., 2009). In pediatric den-
tistry, eugenol, used in combination with zinc oxide for root canal filling after pulpectomy,
has been shown to cause toxicity. Its use has been associated with the induction of oxidative
stress, disruption of cell membranes, and disturbance of cellular homeostasis (Roberts et
al,, 2014; Khan et al., 2011). Eugenol has also been reported to exhibit antiplatelet activity
through the inhibition of the cyclooxygenase-2 (COX-2) enzyme in humans. It is widely
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accepted that eugenol can induce cytotoxicity in pulp fibroblasts of deciduous teeth in a
concentration-dependent manner (Escobar-Garcia et al., 2016).

4. Evaluation of cytotoxicity

Before being approved for routine clinical use, dental materials must undergo a structured
evaluation of their toxicity and biocompatibility. This evaluation includes in vitro testing,
in vivo studies, and ultimately, clinical trials. These procedures are performed in accord-
ance with international standards: ISO 10993 for biological evaluation of medical devices,
ISO 14971 for risk management (Carden et al., 2021), and ISO 7405, which is specifically
designed for the evaluation of dental materials (Murray et al., 2007). In vitro cytotoxicity
tests represent the first step in the evaluation process. They are used to identify toxic effects,
quantify the dose of released substances, and monitor the biological response of cells to
those substances (Shahi et al., 2019). One commonly used method is the agar diffusion test,
where the material is placed on an agar medium over a monolayer of cultured cells. The
diffusion of toxic agents is observed through zones of decolorization or cell lysis (Murray
et al. 2007). If a material passes in vitro testing, it proceeds to in vivo testing, typically con-
ducted on animal models to assess both local and systemic reactions. These studies provide
essential insights into tissue compatibility and systemic toxicity, though they are limited by
ethical and legal concerns. Finally, clinical trials in human subjects are conducted to con-
firm safety and biocompatibility in real-life conditions. However, due to ethical constraints,
these studies are limited in scope and are generally conducted only after extensive preclin-
ical validation (Shabhi et al., 2019).
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