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A B S T R A C T

Background: Assessing the biocompatibility of materials is crucial for ensuring the safety and well-being of pa-
tients by preventing undesirable, toxic, immune, or allergic reactions, and ensuring that materials remain
functional over time without triggering adverse reactions. To ensure a comprehensive assessment, planning tests
that carefully consider the intended application and potential exposure scenarios for selecting relevant assays,
cell types, and testing parameters is essential. Moreover, characterizing the composition and properties of bio-
materials allows for a more accurate understanding of test outcomes and the identification of factors contributing
to cytotoxicity. Precise reporting of methodology and results facilitates research reproducibility and under-
standing of the findings by the scientific community, regulatory agencies, healthcare providers, and the general
public.
Aims: This article aims to provide an overview of the key concepts associated with evaluating the biocompati-
bility of biomaterials while also offering practical guidance on cellular principles, testing methodologies, and
biological assays that can support in the planning, execution, and reporting of biocompatibility testing.
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1. Toxicity of biomaterials: considerations

Assessing material’s biocompatibility is essential to ensure the safety
and well-being of patients without triggering sensitivities, immune, or
allergic reactions, and that the materials can remain functional without
triggering adverse reactions over time. In addition, regulatory bodies
require biocompatibility testing of biomaterials as a part of the approval
process for market access.

Researchers have often adopted testing standards as guidelines for
testing the biocompatibility of biomaterials. The standards offer struc-
tured testing methodologies that allow worldwide data comparison and
also suggest safety thresholds often recognized by industry and regula-
tory bodies [1]. For instance, ISO 7405 outlines procedures and assess-
ments for evaluating the biocompatibility of dental medical devices,
including classification, specimen preparation techniques, testing
methods, and recommendations for reporting results [2]. Likewise, it
provides recommendations for testing the biocompatibility of
light-curing and chemically setting materials and outlines the experi-
mental setup for the dentin barrier cytotoxicity test, Minucells device,
and ADA-perfusion chamber [2]. Nonetheless, the standards are not
exhaustive in covering many potential scenarios related to the clinical
application of new biomaterials [3–5]. For instance, ISO 10993 suggests
that cell lines established from recognized repositories are preferred for
testing in vitro cytotoxicity during the biological evaluation of medical
devices [6]. Although the use of these cell lines has supported many
material developments, they also have limitations. For instance, the
ISO-endorsed cell lines that are derived from the subcutaneous con-
nective tissue of mice (L929) or lung tissue of hamsters (V-79 379 A), are
arguably relevant cell models for characterizing materials that will be
used in the mouth [6].

Therefore, testing protocol customization - through critical consid-
eration of the intended application, exposure scenarios (such as direct
contact with the tooth or surrounding tissues or through diffusion),
composition, type, frequency, and duration of the contact - are essential
for the selection of relevant cell types, testing parameters, and inter-
pretation of tests that will yield a fair assessment of the biocompatibility
of the materials relevant to their potential clinical application.

Given the growing interest in the materials science community for
developing biomaterials and evaluating their biological properties, it
has become increasingly important to discuss the principles and pa-
rameters that guide a comprehensive understanding of the characteris-
tics of materials and biological properties that underpin the definition of
biocompatibility. The aim of this article is to provide an overview of the
key concepts associated with evaluating the cytocompatible properties
of biomaterials while also offering practical guidance on cellular prin-
ciples, testing methodologies, and biological assays that can aid in the
planning, execution, and reporting of biocompatibility testing in
biomaterial research.

2. Relevant cytotoxicity mechanisms activated by biomaterials

Understanding the cellular responses within each tissue is critical for
the design and application of biomaterials [6–8]. When biomaterials are
used inside the oral cavity, they are exposed to bacteria, saliva, food
elements, enzymes etc., which can influence their biompatibility by
changing temperature, pH, chemical composition, and promoting
degradation through wear and tear.

The biocompatibility of dental biomaterials can change as they
remain in contact with the dental pulp or oral epithelial tissues for an
extended time via direct or indirect contact [9–14]. Biomaterials can
also exhibit chemical leakage, which may induce DNA strand breaks,
cell cycle arrest, and reactive oxygen species (ROS) production that can
lead to innate immune responses, partly driven by macrophages, trig-
gering a cascade of cytokine production [15–18]. The interactions be-
tween biomaterials and oral tissues or fluids can trigger biological
reactions that may elicit both immune response and toxic effects,

typically locally and rarely systemically [6–8,17].

2.1. Dental pulp reactions

In dentistry, one of the major concerns of biomaterials is their
cytotoxic effects on pulp tissues induced by the initial release of free
monomers or degradation of polymers (e.g., resin-based composites,
polymer-modified ceramics, , adhesives, and epoxy components),
releasing leachable components over time [8,11,15,17]. The free
monomers can negatively impact cellular metabolism (Fig. 1) by
reducing the level of GSH, which maintains cell redox homeostasis and
triggers an innate immune response [15,17]. In addition, the generation
of ROSmay increase, leading to oxidative stress, DNA strand breaks, and
DNA damage responses, which can trigger autophagy or a
caspase-driven apoptosis cascade, ultimately leading to cell death. For
example, bisphenol A-glycidyl methacrylate (BisGMA) can stimulate
ROS production and inhibit gene expression, subsequently leading to
cell cycle arrest and apoptosis in dental pulp cells [19,20]. Likewise, the
toxicity of dental adhesives is influenced by the presence of monomers
such as triethylene glycol dimethacrylate (TEGDMA) and 2-hydrox-
yethyl methacrylate (HEMA) as well as the solvent content [21,22].
Solvated adhesives may significantly affect dental pulp cells more than
their nonsolvated counterparts, while including ethanol as a solvent can
influence the release of cytokines such as interleukin (IL) − 6 and TNF-α
from dental pulp cells [21]. Finally, low TEGDMA concentrations can
potentially hinder the mineralization process initiated by dental pulp
cells, thereby impeding the formation of reparative dentin [22].

Oxidative stress conditions regulate kinases and transcription factors
and can lead to the inhibition of specific odontoblast functions,
including differentiation pathways and mineralization patterns.
Furthermore, other variables, such as concentration and aging, may
influence the toxicity of leached monomer components[9,11].

Photoinitiators can alter cell metabolism and the structure of lipids,
thereby affecting membrane integrity and permeability. An evaluation
of the biocompatibility of resins containing different initiators revealed
a higher toxicity level for diphenyl-(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) compared to camphorquinone (CQ) towards dental pulp
cells [23].

Pulp sealants have the potential to be toxic in a dose- and time-
dependent manner [24,25]. Zinc-oxide eugenol can activate
complement-mediated immune responses, inhibit macrophage adhe-
sion, and trigger cytotoxicity [26]. Generally, resin-based sealers possess
limited biocompatibility when they are not adequately polymerized and
can exhibit genotoxic properties. This can be attributed to the presence
of residual monomers and formaldehyde [26–28]. In contrast, glass
ionomer- and tricalcium silicate-based sealers that lack resins in their
composition exhibit significantly lower cytotoxicity and possess
acceptable biocompatibility [27,29].

Bioactive materials are often used in pulpal and other endodontic
procedures to enhance soft and hard tissue healing outcomes [27,30,
31]. These materials are typically formulated by combining various
compounds (e.g., tricalcium silicate, aluminates, lithium carbonate,
silicon oxide, zirconium dioxide and others), which influence the
properties of the final product [27,30,32,33]. Cements are often used to
promote the healing of periapical and pulp tissues bymodulating genetic
expression, alkaline phosphate activity, and mineralization potential by
releasing ions and compounds and changing the pH of the microenvi-
ronment. The effects of compound dosage and stimulus duration can
result in different cellular responses ranging from tissue necrosis to
regeneration [31,34]. Hence, assessing the biocompatibility of cement is
crucial for ensuring its safety in clinical applications. The studies on the
biocompatibility of cements often present varying outcomes, yet the
trend suggests that experimental and commercially available cements
are generally biocompatible [30,32,33,35,36]. Nonetheless, some ce-
ments can induce lower biocompatibility in vitro because they are more
prone to release calcium ions and increase the alkalinity of the
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microenvironment [33]. In addition, changes in cement composition,
such as changing the liquid or adding medicines and compounds to
improve biological outcomes, can interfere with setting reactions and
ion release, and pottentially change the biocompatibility of the cement
[37,38]. It must be noted that the biocompatibility outcomes can be
related to the test setups, which can differ in terms of specimen di-
mensions, duration of time cells are exposed to treatment, and other
variations in the experimental design [1,39], which will be discussed in
detail in subsequent sections of this article. Although various studies
have pointed out the potential damage that biomaterials can cause to the
pulp, it is important to emphasize that the presence of a dentin barrier is
a critical factor in protecting the pulp tissue. In fact, Studies have sug-
gested a negative correlation between dentin layer thickness and
toxicity experienced by cells exposed to potentially harmful bio-
materials [40,41].

2.2. Oral mucosa cytotoxicity

Persistent exposure to substances leached from biomaterials may
render certain individuals more susceptible to oral lesions and delayed-
type hypersensitivity reactions mediated by immune cells. In particular,
this may affect the oral epithelial tissues [10,17,42–47].

The application of dental biomaterials in the oral cavity for a pro-
longed time can cause toxic or allergic reactions in the oral mucosa [10,
43,46]. The presence of free monomers can cause allergic reactions
triggered by the recruitment of T lymphocytes, which are activated by
antigen-presenting cells to produce cytokines that mediate local
inflammation [15,17,46]. Cytotoxic metallic ions released from dental
materials and formaldehyde formed as byproducts of unreacted mono-
mers of dental resins can cause adverse allergic reactions [46]. Despite
the risk of mercury release from amalgam restorations, clinical trials
have not shown renal toxicity or neurotoxicity, and studies have
confirmed an acceptable safety profile for these restorations [42,43,48].
Allergic reactions include clinical manifestations, such as red rash,
swelling, urticaria, and rhinorrhea. Life-threatening conditions such as
anaphylaxis, laryngeal edema, and cardiac arrhythmias are possible, but
rarely occur [49].

2.3. Novel nanoparticles for dental applications and their cytotoxicity
potential

Nanoparticles, specifically silver nanoparticles (AgNPs), have raised
interest due to their potential applications in restorative and prosthetic
dentistry, endodontics, implantology, and periodontology[50,51].
AgNPs have in vitro antimicrobial, antiviral, and antifungal properties
and can enhance the mechanical properties of dental materials. Despite
these advantages, the interactions of nanoparticles with living cells are
complex and not well understood. AgNPs can exert cytotoxic effects and
induce a DNA damage response, leading to apoptosis and necrosis, and

may also damage neighboring normal cells. [52,53]. Nanoparticles can
enter cells at the extracellular sites of accumulation and reach distant
organs through multiple mechanisms.

Moreover, nanoparticle-induced cytotoxic effects are correlated with
nanoparticle composition, size, concentration, surface area and charge,
presence of functional groups, and others. Based on their concentrations,
chemical and physical properties, nanoparticles may trigger ROS pro-
duction, regulate autophagy via oxidative stress, and ultimately modu-
late different cell fates, including apoptosis, necrosis, necroptosis, and
mitotic catastrophe. However, the modulation of these mechanisms is
not fully understood and long-term in vitro and in vivo studies are
scarce. In addition, the poor translation of AgNPs from bench-top to
chair-side clinical studies requires more in vivo findings with long-term
outcomes to unveil the potential interactions between AgNPs and
different body tissues and organs and to inform the design of in vitro
studies using appropriate cell types or lines [50,51].

3. Standards for testing the biocompatibility of materials

Standards, specifications, and guidelines developed by international
organizations aim to provide guidelines for methods, criteria, and
thresholds for evaluating the biocompatibility of materials [1,2,6].
Standardized testing methods enable the comparison of data from
various laboratories in a nearly timeless manner, because the standards
do not frequently undergo significant and critical modifications that
could hinder future comparisons. In addition, international standards
can also be part of the compliance documentation required for market
access by regulatory agencies (see [1] for a detailed discussion of stan-
dards in biomaterials research). There are various standards for testing
the safety, and effectiveness of materials for oral care and medicine,
both in the preclinical and clinical phases. Research questions may not
always be addressed using only the experimental setups, designs, and
reporting tools described in conventional standards, particularly when
they are aligned with clinical scenarios not covered by the guidance
proposed in the standard [2,3,6,39,54]. Nonetheless, the standards offer
an advantage for the initial screening of the biological properties of
materials and allow comparisons of biocompatibility with results
available in the literature obtained using the same methodology.
Another important consideration is that many of the cells recommended
in the standard are immortalized cell lines that can be acquired from
repositories and commercial suppliers [6,55]. Thus, the standards pro-
vide a competitive advantage in toxicity assessments, as the recom-
mended cell lines are accessible worldwide, enabling comprehensive
analyses and comparisons of the biocompatibility of biomaterials.

Studies have shown that immortalized cell lines display similar
trends as primary cells in side-by-side analyses. However, immortalized
cells may exhibit greater resistance to toxicity than their primary
counterparts [56,57]. Despite the apparent paradox that immortalized
cells are typically more resistant to "toxic materials" than other cell

Fig. 1. (A) Overview of the biological pathways involved in the cytotoxicity of free resin monomers and nanoparticles (NP) leaked from dental biomaterials (DDR,
DNA damage response; SSB, single-strand breaks; DSB, double-strand breaks; created with BioRender.com).
(B) Dental resin monomers elicit various cellular adaptive responses in relation to oxidative stress (adapted with permission [17]).
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types, researchers can still benefit from their use, as indicated by various
standards. This is because substances that pose a threat to immortalized
cells are likely to have a negative impact on primary cells. Therefore,
materials that fail to meet the standards during the initial screening
process may not require further testing with primary cells to improve
their biocompatibility.

Hence, the standards provide important guidance for initial
biocompatibility screening that can support subsequent experimental
efforts better suited to capturing the potential clinical applicability of
the tested materials.

4. Considerations for specimen preparation and experimental
testing design

The experimental design for assessing a material’s biocompatibility
must consider the elements related to how humans will be exposed to
materials, such as the nature, type, frequency, and duration of contact or
exposure. Although previous publications and standards can serve as
guidelines, it is crucial to emphasize that they should not be viewed as
strict prescriptions for determining experimental design parameters that
can be adapted to align with the research question’s objectives [3].

1. The exposure route encompasses the pathway or means through
which biomaterials interact with living cells, such as direct contact
with teeth or surrounding tissues, through salivary exposure, or even
potential inhalation and ingestion during dental procedures. Un-
derstanding the primary exposure route is essential for designing
experiments that simulate real-world conditions. For instance, one
can opt for either a direct contact assay or use eluents to test the
biocompatibility of calcium silicate cement, as these materials
interact directly and indirectly with pulp cells while treating vital
dental pulp [6,30]. However, a permeation assay assisted by a dentin
barrier is recommended to assess the biocompatibility of unbound
monomers or sodium diamine fluoride, as these materials are not
applied directly to the dental pulp and cytotoxic effects may only be
observed when the molecules can diffuse through dentin [41,58].
The route of exposure to biomaterials can significantly influence
cytotoxicity. For instance, the bicinchoninic acid (BCA) assay
showed no decrease in the viability of periodontal ligament cells
(PDL) upon indirect stimulation with RelyX Ultimate, but signifi-
cantly decreased after direct stimulation (eluent obtained from 24 h
specimen incubation) [59]. In addition, materials deemed to be
biocompatible as substrates can provoke cytotoxic reactions when
tested in suspension [60,61]. Hence, the testing route of exposure
must be selected based on intended use.

2. Duration of contact (exposure) refers to the time the biomaterial is in
contact with living cells or tissues during the testing process. Eval-
uating the effects of short- and long-term exposure is crucial to
ensure that the materials do not exhibit cytotoxicity over time.
Nonetheless, determining the duration of contact in an experimental
design is more likely to reveal potential short-term cytotoxicity and
effects than the adverse reactions arising from real-life long-term
exposure. Typically, researchers evaluate biocompatibility within a
time frame of one to a few days. Nonetheless, short-term exposure is
often insufficient to evaluate the potential of a material to compro-
mise cellular differentiation and functional outcomes (such as
mineralization) or chronic exposure (which is often characterized in
vivo) [30,62] because mammalian cells can adapt to exposure to
subtoxic concentrations of elements [63] owing to the activation of
cytoprotective mechanisms, such as modulation of ROS production
[61,64]. In scenarios where long-term exposure is required, pilot
tests to determine the critical concentrations at which materials and
compounds inhibit biological functions without promoting extensive
cell death (e.g., IC50 followed by cell counting and characterization
of gene expression at different time points) offer important insights
for the final experimental design. In addition, these findings should

be interpreted in light of the potential adaptive mechanisms
exhibited by cells in response to subtoxic concentrations of sub-
stances administered over an extended period [65].

3. Specimen dimensions and leachate concentration can indicate the
amount of substances released from biomaterials that affect
biocompatibility. Ideally, the leachable concentration should reflect
clinical scenarios. However, the reference values are difficult (or
even impossible) to determine clinically. Hence, a range of relevant
testing concentrations that yield a dose-response relationship is
preferred to ensure that cytotoxic effects are accurately assessed. In
addition, experimental designs with broad testing ranges are likely to
include “non-cytotoxic” to “very cytotoxic” concentrations that
support the definition of safe exposure thresholds, as some sub-
stances elicit cytotoxic effects or interfere in cell cycles only at higher
concentrations [61,66,67]. Herein, the inclusion of concentrations or
compounds that do and do not induce cell death (e.g., basal growth
media or varying concentrations of dimethyl sulfoxide (DMSO)) is
essential to ensure the functionality of the reagents, accuracy of
testing procedures, and correctness of calculations [68]. Researchers
often refer to ISO standards that outline the temperature, thickness,
and extraction ratio used to prepare the extract [6,69]. Nonetheless,
these standards may not apply to all testing materials owing to the
geometric constraints or costs involved in specimen fabrication and
analyses. Indeed, the test specimen geometry influences the elution
rate and biocompatibility, and lower toxicity was observed with
smaller-volume cement discs (0.09 cm3) than with larger ones
(1.96 cm3) [39]. Thus, it is interesting to characterize the testing
solution obtained via the eluent technique using liquid chromatog-
raphy, inductively coupled plasma mass spectrometry, and other
techniques before adding them to cell cultures, because the amount
of leached compounds varies according to the extraction method,
specimen dimensions, and elution time [37,54,70,71]. Furthermore,
quantification enables concentration standardization and offers
insightful information on the origins of cytotoxic effects [72].

In addition to the experimental materials being tested and the rele-
vant controls, it is beneficial to include reference materials within the set
of test materials. Reference materials should have similar chemistry, the
same indication for use, and a documented clinical history of acceptable
safety and performance (e.g., commercially available resin composites,
cements, etc.). Although not always required, adding a reference ma-
terial to the test is particularly beneficial when evaluating novel mate-
rials, unconventional compounds, or using non-standardized cells, as
this practice provides an important context for the measured data,
especially regarding the comparative toxicity of established parameters
and materials.

Finally, one aspect that requires attention is the decontamination of
the specimens used to prepare extracts or that will be in contact with the
cells. It can be assumed that several steps involved in preparing the
materials needed are not carried out in environments such as biosafety
cabinets (e.g., cutting teeth for dentinal barrier assays, or performing
chemical reactions for material synthesis). Therefore, different strate-
gies, such as autoclaving specimens, filtering solutions, and using anti-
biotics and antifungals, can be used to decontaminate materials and
prevent cell contamination. Despite the acceptable logic behind such
strategies, they have shortcomings. For instance, sterilizarion with
autoclave, ethylene oxide, and gamma radiation can affect the chemical
composition and mechanical properties of biomaterials and promote
protein denaturation [73–75]. An alternative method that can be
employed to prevent contamination is filtration of the culture media
after removal of the soaked specimen. This method does not alter the
chemical composition of the extracts. However, if this step is performed,
it must be justified, and the procedures and materials used must be re-
ported in the articles, as specified by ISO 10993–5 [6]. Finally, it must be
noted that antibiotics and their combinations can alter cell proliferation
[76,77]. Thus, it is advisable to include additional groups (e.g., cells
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grown in basal growth media without antibiotics) to control the po-
tential impact of antibiotics on biocompatibility. Moreover, reporting
the use of antibiotics to produce the extracts and in culture conditions is
essential to prevent misinterpretation and provide the necessary context
for comparing results between studies.

5. Cellular models and their relevance to the testing of
biomaterials

In vitro studies with diverse cell types serve as the initial phase for
assessing the biocompatibility of biomaterials, facilitating the exami-
nation of their effects on cellular functions, and aiding in the selection of
materials that require further development and evaluation, including in
vivo and clinical studies. This strategy can ultimately reduce the overall
cost and time required for biomaterial development. Cellular functions
vary across tissues. Therefore, the selection of cells must be aligned with
the intended applications of the biomaterial. For instance, if the intent is
to assess the biocompatibility of an endodontic material, pulp-derived or
immortalized cells are often used [21,78–80]. However, if the intent is to
check whether the toxicity of a biomaterial negatively impacts the po-
tential for pulp mineralization, tests could be performed with cells that
undergo mineralization in response to appropriate stimuli, such as
dental pulp stem cells (DPSC) [22,30,33,35]. In addition, somematerials
can be tested with different types of cells, as tissues can be exposed to
materials in various ways. For example, resin-based materials can affect
both periodontal tissues (e.g., class II restorations or implant abutments)
and dental pulp (e.g., bonding procedures); therefore, cells from these
tissues are relevant for testing their biocompatibility. Similarly, bone
cells can be used to evaluate the toxicity of resin cement, considering
cases of cemented implant-supported prostheses with a potential over-
flow of the material reaching the periodontal tissue.

Consequently, selecting relevant cells that align with the intended
material application site is critical for robust study design in biocom-
patibility assessments. In vitro toxicity studies can be performed using
immortalized or primary cells [81].

Immortalized cell lines are modified cells with the advantage of
continuous proliferation, making them readily available and cost
effective for use in biocompatibility studies. Nonetheless, they can
exhibit genetic and phenotypic variances compared to their tissue of
origin, display modified cytomorphology, or lose critical markers that
impact their reactivity to external stimuli [81–83]. Furthermore,
immortalized cells may allow for more cost-effective testing, not only
because of their ability to keep expanding, but also because they are
likely to be preserved in the terminal stage of differentiation compared
with the differentiation of specialized cells, such as odontoblasts from
human induced pluripotent stem cells (iPSCs) [84]. Nonetheless, several
immortalized cell lines have been derived from dental/odontogenic
tissues of animal origin, which differ physiologically and genetically
from those of humans [85]. This is not a deterrent to the use of
animal-derived cell lines to test the biocompatibility of dental materials.
However, assumptions from the results must be made considering the
non-human cell origin, and further testing with human cells is advisable.

Primary cell lines can be obtained from tissues and tested after
isolation and purification [86]. Although primary cells can retain
tissue-specific functions and responses, thus enhancing the physiological
relevance of biocompatibility assessments, they also present restricted
proliferation potential, finite lifespan, and variable characteristics
depending on the donor type, which can influence cell responses [81,87,
88]. Moreover, primary cells may exhibit a reduced capacity to respond
to biomaterial stimuli as they undergo multiple passages in culture [84].
Notably, primary cells of similar types from different sources may share
nearly identical fundamental characteristics. For instance, human
gingival and dermal fibroblasts differ by 5 % in their gene profiles, with
164 and 114 genes uniquely expressed in gingival and dermal fibro-
blasts, respectively [89]. Nonethelsss, they can be prone to significant
inter-batch and site-origin-to-origin variability.

Finally, it is important to note that the conclusions drawn from the
cell culture studies cannot be directly extrapolated to clinical scenarios.
Furthermore, studies based on cell cultures test cells under conditions
different from those found in the target tissue, lacking connections be-
tween different cell types and signaling mediators, even when tested in
co-culture studies. These limitations must be considered when inter-
preting the results.

5.1. Selection of cell types for the evaluation of dental materials in the
light of targeted tissue and intended application

5.1.1. Cells to evaluate the effect of materials on the dental pulp
Dental pulp can be exposed to the components of various dental

materials (e.g., endodontic cements, and components released from
resins). One of the most commonly used cell types is DPSC, which can be
obtained non-invasively from extracted human teeth, typically wisdom
teeth or premolars, otherwise discarded. These cells offer several ad-
vantages over other cell types in the body as they are easily accessible,
abundant, and exhibit a remarkable capacity for self-renewal and dif-
ferentiation into various cell types, including neurons, odontoblasts, and
fibroblasts, which are relevant for dental pulp regeneration [90,91].
These cells are versatile models for assessing biocompatibility of dental
materials. Nonetheless, they experience disruption of the biological ac-
tivity and differentiation potential of DPSC after long-term in vitro
expansion (14 passages) [84,92]. DPSC undergo senescence and lose
their proliferative potential after being cultured for 64 population
doubling periods, accompanied by progressive shortening of telomere
DNA and a decrease in BMI-1 expression, which is essential for main-
taining the differentiation and regenerative capacities of stem cells
during replication [92]. These aspects of cell passage and culture time
must be considered when using DPSC to evaluate biocompatibility of
materials.

Another cell type is stem cells from human exfoliated deciduous
teeth (SHED), which can differentiate into odontoblasts and generate
dental pulp-like tissues in vivo [70–72]. These cells also present several
of the advantages listed for DPSC, representing a more immature pop-
ulation than DPSC demonstrated by higher self-renewing capacity,
proliferation rate, and increased cell-population doublings [93,94].

Notably, SHED exhibits rapid growth kinetics compared with DPSC
[95,96], exhibiting a higher proliferation rate at early passage (P4),
eventually stabilizing over long-term growth (P20) [95]. Therefore, the
experimental design should consider the differences in proliferation
potential when assessing the biological properties of the materials used
in primary and permanent teeth.

In addition, immortalized dental pulp cells (e.g., MDPC-23 cells and
odontoblast-lineage cells) can undergo mineralization when exposed to
an osteogenic differentiation medium and present oxidative stress re-
sponses when exposed to unpolymerized fractions of resin cements [97,
98]. Also, dental pulp fibroblasts play an important role in regulating
immunity and inflammation within the pulp. Some specialized con-
tractile fibroblasts can be a source of newly differentiated
odontoblast-like cells that can synthesize reparative dentin [99]. Similar
to DPSC, dental pulp fibroblasts experience variable cell death when
cultured in the presence of glass ionomer cements and CaOH2 specimens
on permeable membranes (non-contact) [100]. Dental pulp cells can
also be used to evaluate the biocompatibility of resin components. For
instance, diphenyl-(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) and
camphorquinone (CQ) exhibit varying degrees of toxicity towards dental
pulp cells, with TPO presenting greater toxicity than CQ [23].
Odontoblast-like cells and dental pulp cells have been used to show that
an antioxidant agent (sodium ascorbate) can counteract the adverse
effects of bleaching agents [79,101], and that low-level laser therapy
can reduce or reverse the damage caused by bleaching procedures
through increased cell metabolism and release of alkaline phosphatase
from odontoblast-like cells after treatment [102].
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5.1.2. Cells to evaluate the effect of materials on the periodontium
The periodontium, comprising both soft tissues (gingiva and peri-

odontal ligament) and hard tissues (cementum and alveolar bone),
provides vital support and maintains the teeth within the oral cavity
[103]. The periodontium is composed of various cell types, including
gingival fibroblasts, periodontal ligament cells, cementoblasts, and os-
teoblasts, which can come into contact with different dental materials
and substances, such as bone grafts, membranes, and disinfectants,
whichmay cause cellular toxicity.

Gingival fibroblasts, the predominant cells in gingival connective
tissue, are vital for periodontal health and exhibit heterogeneity in their
spindle-shaped morphology and phenotypic subpopulations [104].
These cells are sensitive to dental materials, which often come into
direct contact with gingival tissue, for example, in the case of class V
filling, bone grafting materials, and implants. Their response to these
materials can influence periodontal health, with somematerials eliciting
inflammatory or cytotoxic effects, whereas others promote cell prolif-
eration and extracellular matrix (ECM) synthesis, highlighting the need
to assess gingival fibroblast responses to evaluate the biocompatibility of
dental materials [105]. Gingival fibroblasts are responsible for synthe-
sizing and maintaining ECM constituents, contributing to the structural
integrity, repair, regeneration, and wound healing of periodontal and
oral mucosal tissues [106,107]. Moreover, gingival fibroblasts possess
cellular reprogramming, self-renewal, and multipotency capabilities,
making them valuable for experimental in vitro studies [108]. Under-
standing their reactions to dental materials is essential to ensure the
safety and effectiveness of dental treatments in clinical practice,
particularly concerning substances released from restorations due to
corrosion or solubility, which may cause gingival fibroblast damage. A
recent study showed that components released from dental composites
can affect the oxidant status of gingival fibroblasts more than those
released from dental amalgam, compomers, and glass ionomer cement.
This difference could be due to the release of monomers from the
composites during the first 24 h [109].

PDL is a specialized connective tissue that anchors teeth to the sur-
rounding alveolar bone and plays a crucial role in maintaining peri-
odontal health and integrity. Cells derived from the PDL can have either
an osteoblastic or fibroblastic function, which plays an important role in
the formation of various periodontal structures [110]. Periodontal lig-
ament stem cells (PDLSC) are a unique population of stem cells residing
within PDL tissue. These cells possess self-renewal capacity and multi-
lineage differentiation potential, making them valuable for periodontal
tissue regeneration and repair. Together, these cells play a crucial role in
maintaining periodontal homeostasis and are involved in processes such
as collagen synthesis, mineralization, and tissue remodelling. When
evaluating the biocompatibility of dental materials, it is essential to
consider the impact of mechanical loading on the proliferative and
regenerative capacities of PDLSC [110]. Studies have shown that PDLSC
subjected to mechanical loading exhibit enhanced proliferation,
emphasizing the need to assess how dental materials affect this crucial
aspect of periodontal health [111]. These assessments provide valuable
insights into the biocompatibility and safety of dental materials for
clinical use. Periodontal ligament fibroblasts are the primary cell type
found in the periodontal ligament, comprising approximately 60–65 %
of its cellular content, and are responsible for synthesizing and main-
taining the ECM within the PDL. Similar to PDLSC, these cells have been
shown to possess osteoblast-like properties in vitro, with the capacity to
form mineralized nodules when treated with osteogenic media [112].

Cementoblasts play a crucial role in periodontal health by contrib-
uting to the formation and maintenance of cementum, a mineralized
tissue that anchors teeth to the alveolar bone. Although cementum tissue
exhibits limited or no regeneration potential compared to bone tissue
under pathological conditions, cementoblasts are pivotal in periodontal
healing [113]. Studies have demonstrated that the compositions of
different dental materials can influence the biocompatibility of cemen-
toblasts. For example, research has shown that cementoblasts may

proliferate more effectively on the surface of white mineral trioxide
aggregate (MTA) than on gray MTA [114].

5.1.3. Cells to evaluate the effect of materials on the bone
Numerous biomaterials have been developed specifically for bone

regeneration, including grafts, scaffolds, implants, and delivery systems
for drugs and growth factors [115]. Different types of cells can be used to
test the biocompatibility of materials that interact with bony tissue. For
example, the MG-63 human osteosarcoma cell line is perhaps the most
widely used cell line for studies evaluating the properties of biomaterials
for bone applications. They are derived from human osteosarcoma cell
lines and have a short doubling time (38 h), high proliferation capacity,
and are easy to culture [116,117]. They present functional character-
istics of the pre-osteoblastic stage and similarities to primary osteo-
blasts, including the expression of several integrin subunits, comparable
organization of internal cellular structures, and ability to adhere to
biomaterial surfaces [117,118]. A remarkable attribute of this cell type
lies in its stability upon repeated culturing, exhibiting consistent
expression of signaling proteins, such as Akt, p38-MAPK, GSK3α/β,
IkB-α, ERK1/2, and intracellular calcium ion mobilization for up to 30
passages [119]. This stability enables researchers to establish a contin-
uous cell stock and sustain uninterrupted work by using cells from a
single source for several years.

Alternatively, primary osteoblasts isolated directly from bone tissue
offer a more physiologically relevant model than immortalized cell lines
do. Primary osteoblasts, derived directly from bone tissue, maintain
many characteristics of native bone cells and offer valuable insights into
how biomaterials interact with bone tissue in vitro. However, utilizing
primary cell cultures can be technically demanding and cultures may
exhibit donor-to-donor variability [120].

6. Planning and reporting biocompatibility assays

Clear and direct planning and reporting of the methodology and
results are essential to enable an understanding of the testing conditions
that lead to the observed results and guide the discussion of the findings.
An effective report should comprise the following elements: i) a
description of the cell types and conditions used for culturing and
maintaining the cells before testing; ii) a detailed description of the
conditions employed for preparing the specimens and culture media
used to assess cytotoxic effects, including the controls used, reference
materials, and treatment conditions applied to the cells; and iii) the
assays used to evaluate the toxicity of the biomaterial, along with a
concise summary of the experiment, any modifications made to estab-
lished protocols, and a detailed account of the statistical analyses carried
out (Fig. 2). A checklist to facilitate the reporting of the methodology
and results is presented in Supplementary Information.

During the planning phase, it is essential to establish a well-defined
objective (e.g., to evaluate specific cell responses to materials, such as a
decrease in cell proliferation, or to assess fundamental biological pro-
cesses triggered by materials, such as genotoxicity). The rationale for
choosing a specific cell type must be consistent with the evaluation
stage, whether initial screening, application-specific, or focusing on
functional outcomes (e.g., effects of material toxicity onmineralization).
The intended use of the material and potential mechanisms by which it
interacts with cells, should also be identified (Fig. 3 A). For example, the
toxicity of materials that are indirectly in contact with the pulp tissue
(such as adhesives and resins due to the presence of a dentin barrier) can
be tested using the indirect method, where cells are treated with culture
medium containing leachable products and tested with the cell counting
kit-8 (CCK-8) because unreacted monomers are expected to interfere
with cell metabolism and not disrupt the cell membrane, which is
typically characterized using the lactate dehydrogenase (LDH) assay
[11,61]. It is critical to consider the potential interactions between
materials and reagents during this phase. This is particularly important
in colorimetric and fluorescence assays, as various materials can cause
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pH changes, exhibit autofluorescence, or even undergo chemical re-
actions with reagents, thereby inhibiting the ability to emit quantifiable
signals [121].

The selection of biocompatibility tests must consider the mode of
exposure and potential routes of damage that may arise from in-
teractions between materials, cells, and tissues. For instance, materials
with a higher chemical reactivity can increase ROS production. In
contrast, nanoparticles can promote membrane damage, cell lysis, and
LDH release. Therefore, appropriate test selection can also support
elucidation of the mechanisms involved in material-induced cell death.
The next sections present a non-exhaustive list of the common types of
cytotoxic effects that can be induced by biomaterials, along with po-
tential tests that can be used to assess them:

1. Membrane rupture can be induced by biomaterials that contain
sharp edges or irregular surfaces that can physically puncture the cell
membrane, biomechanical stress, differences in osmotic pressure,
triggers that lead to the release of inflammatory mediators, or the

presence of toxic chemicals that can disrupt cell membranes [61,
122–124]. The ability of a material to promote membrane rupture
can be characterized by quantifying LDH released from damaged or
lysed cells. Alternatively, ethidium homodimer-1 (EthD-1) and pro-
pidium iodide (PI) are impermeable to intact cell membranes, but
can penetrate compromised cell membranes to produce fluorescent
signals. Finally, fluorescently labeled Annexin V can bind to exposed
phosphatidylserine during apoptosis as lipid asymmetry is lost and
can stain necrotic cells with ruptured membranes by staining the
inner leaflet of the plasma membrane [124]. It must be emphasized
that the detection of LDH is a less technologically demanding tech-
nique as it requires a spectrophotometer. In contrast,
fluorescence-based techniques require flow cytometry, fluorescence
microscopes, or fluorometry to locate and/or quantify the signals.
Notably, cell death and lysis can occur independently during pro-
grammed cell death triggered by proinflammatory signals and are
associated with inflammation [122]. Hence, Annexin V must be
combined with a cell-impermeant stain during the differentiation of

Fig. 2. Overview of the technical and biological factors that must be considered when planning, conducting, and reporting the biocompatibility of dental bio-
materials. Examples of such factors (text in italics) can be added to the Methods and Results.

Fig. 3. (A) Technical aspects that must be considered when selecting appropriate assays and conducting tests. (B) The characterization of chemical and mechanical
properties can support the interpretation of factors contributing to potential cytotoxicity and facilitate the discussion of the results (left). Examples of how to report
such information in the methods and results sections are also provided (right).
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apoptotic and dead cells to mitigate the occurrence of false positives.
Likewise, one should avoid making strong assumptions about the
biocompatibility of biomaterials based solely on the absence of LDH
in the culture media [61,124]. The neutral red uptake (NRU) assay is
valuable for evaluating cell viability and cytotoxicity due to its
practicality, cost-effectiveness, and sensitivity [2,6]. This assay is
contingent upon the functionality of lysosomes, as the cationic dye
penetrates the cell membranes and accumulates in these acidic or-
ganelles. Cells with healthy lysosomal function retain the dye within
their lysosomes, whereas compromised lysosomal function reduces
dye uptake. Nonetheless, certain compounds can interfere with the
dye uptake, leading to potential discrepancies. Therefore, including
all the controls (e.g., test compound plus neutral red without cells) is
indispensable for the tests.

2. Intracellular toxicity caused by biomaterials: the use of biomaterials
for a short or long time can promote foreign body responses and
induce the production of highly reactive ions or free radicals [125],
such as hydrogen peroxide (H2O2), hydroxyl radicals (⋅OH), and
superoxide (O2− )hypochlorite ions (ClO− ). Therefore, it is essential to
characterize whether a biomaterial can provoke undesirable intra-
cellular responses, such as ROS production, which could aggravate
oxidative stress and lead to DNA/RNA damage, protein dysfunction,
unbalanced immune system cell responses, apoptosis, inflammation,
and impaired tissue regeneration. Intracellular mechanisms can be
characterized using a myriad of commercially available chemilumi-
nescent, fluorescent, reduction, and absorbance-based assays and
probes, depending on the mechanism likely to be activated by the
material. Despite the simplicity and convenience of such tests,
caution should be exercised as the intrinsic properties of dental
materials or experimental setups can lead to erroneous quantifica-
tion of ROS and false-positive/negative outcomes. Quantifying ROS
induced by complex materials, such as polymers, antibiotics,
anti-inflammatories, or materials without a defined molecular
weight and chemical structure, is challenging and may require pro-
tocol optimization. For instance, no false-negative predictions (or
100 % sensitivity) were observed for compounds with apparent
molecular weight (aMw) of 250–350. Nonetheless, false positive
predictions can occur for compounds with an increased aMw of 350
aMw. Hence, the determination of aMw (or equivalent in mass/mL)
is recommended for quantifying ROS in complex materials to prevent
the occurrence of false negatives or positives [126].

Another aspect that must be considered is that materials can exhibit
intrinsic fluorescence or interact with fluorescent probes (leading to the

quenching of the emitted signal) which can interfere with the results
[121]. Hence, it is prudent to characterize the autofluorescence prop-
erties of materials under different wavelengths and include controls (e.
g., materials and probe, no cells) in assessments using
fluorescence-based assays (Fig. 4 A and B). Finally, combining fluores-
cence labeling with a cell quantification assay is recommended to
confirm whether a potentially low fluorescence value is related to
material/reagent compatibility rather than being an artifact caused by a
reduced cell count due to material toxicity, which leads to cell detach-
ment. This can result in an incorrect interpretation that adherent cells
produce less fluorescence (suggesting higher biocompatibility, as in the
ROS assay), whereas the decrease in fluorescence may be attributable to
a reduction in the number of live cells, as detached cells do not emit
fluorescence and are not included in the measurement [127]. Similarly,
experiments that assess cell metabolism by altering the color of the
culture medium promoted by byproducts of cell metabolism (e.g.,
WST-1 and MTS) can provide inaccurate outcomes if biomaterials pre-
sent in the medium cause color changes due to changes in pH. Therefore,
it is advisable to test the stability of the reagents and culture medium in
contact with the biomaterials and to include the necessary controls to
ensure that color changes are promoted only by cellular metabolism
(Fig. 4 C and D).

Another factor that must be considered when reporting results is the
characterization of the physical and chemical properties of the mate-
rials, as these can cause alterations in the cell behavior. For example,
many endodontic cements based on calcium silicate are known to in-
crease the alkalinity of the microenvironment, which can lead to both
cell differentiation and death depending on the intensity and kinetics of
ion release [39]. Similarly, the surface roughness and elastic modulus of
the substrates influence the duration of cell surface anchoring and
proliferation [128]. Therefore, reporting the basic characteristics of the
materials is important for supporting the interpretation and discussion
of the observed results.

7. Emerging testing methodologies for assessing biomaterials
cytotoxicity

Traditional cytotoxicity testing is primarily based on in vitro
monolayer cell cultures such as fibroblasts, dental pulp, and epithelial
cells. This method involves exposing cells to biomolecules or bio-
materials or to a culture medium conditioned by the tested biomaterial
[39,129]. This approach is known for its practicality and
cost-effectiveness, and provides insights into cell biocompatibility.
Although these cell-based assays remain fundamental, recent

Fig. 4. (A) Various reagents (purple stars) are used to assess the cytotoxicity of biomaterials (green stars) by measuring and quantifying metabolic byproducts or
fluorescent emissions. (B) The reaction between reagents and biomaterials can decrease the emitted signal, resulting in false-negative toxicity results. (C) Colori-
metric assays change the color of the medium through the metabolism of the reagent by the cells (left). In cases where the reaction of the reagent with biomaterials
leads to a pH alteration (right), it can result in a significant change in the color of the culture medium and a false positive result in cytotoxicity assays (false negative
is marked as × in D).
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developments such as 3D organotypic cultures, in vitro pulp chambers,
ex vivo tooth slice cultures, and microfluidic or microphysiological
systems have enhanced the precision and physiological relevance of
biocompatibility assessments [41,130].

Three-dimensional organotypic cultures of the oral mucosa, gingiva,
and dentin-pulp complex mimic intricate structures and micro-
physiological interactions within the tissues. These models involve the
culture of cells in a 3D matrix, allowing physiological cell-cell and cell-
extracellular matrix interactions. They provide valuable insights into
how dental biomaterials and oral care products influence tissue re-
sponses and help predict biocompatibility in vivo [131,132].

Three-dimensional organotypic gingival and oral mucosa equiva-
lents display native tissue-like, multi-layered epithelia, which have been
employed to assess the mucosal irritation and corrosion potential of
mouthwash, toothpaste, dental restoratives, and other oral/dental care
formulations [41,129,133,134]. Histological examination of tissue
substitutes offers valuable insights into cellular and morphological al-
terations, as demonstrated by the visualization and quantification of
epithelial disruption following exposure to silver diamine fluoride,
phosphoric acid, and eugenol [41,134]. Similarly, cytokine analysis of
the culture media derived from tissue equivalents provided cues for
surrogate markers of tissue viability and cytotoxic and immune re-
sponses. Cytokines such as IL-1α and IL-1β are commonly used as sur-
rogate biomarkers for mucosal irritation potential [129,133,134]. Also,
commercially available organotypic analogues of the human gingival
and oral mucosal tissues (EpiGingival™, EpiOral™, SkinEthic™ HOE,
SkinEthic™ HGE), are commonly utilized for the biocompatibility
studies, screening and early safety assessment of actives and excipients
[131,134,135]. Similarly, organotypic cultures of dentin disks stacked
over hydrogels incorporated with pulpal and endothelial cells within a
hanging insert have also been used to reconstruct 3D vascularized
dentin-pulp complex analogs [132]. These analogs of 3D dentin/pulp
tissue with vasculature provide a sophisticated 3D in vitro tool for un-
derstanding the cytotoxicity of resin monomers (HEMA and TEGDMA)
[136] and commercially available HEMA/TEGDMA-based adhesive
resin cements [132]. Despite the presence of vasculature, the absence of
active perfusion (reminiscent of blood circulation) does not facilitate
clearance of noxious stimuli and immune responses [137,138].

Cell perfusion chambers play a pivotal role in replicating the dentin-
pulp interface and evaluating the biocompatibility of dental materials.
These chambers consist of dentin discs serving as dentin analogs and 3D
scaffolds infused with dental pulp cells as pulp analogs sandwiched
between two chambers [75,80,130,139]. Active perfusion of culture
media on the pulpal side is an effective method for simulating pulpal
blood flow, which is useful for evaluating the response of the pulp tissue
to dental materials applied to the dentin surface. This approach is ad-
vantageous due to its cost-effectiveness and accessibility. However,
there are limitations associated with this method. The thickness and
morphology of dentin discs can vary, leading to differences in the dis-
tribution and density of dentinal tubules [75,80]. This variability may
affect the permeation of the test substances and ultimately influence the
results of the experiment. Furthermore, sterilization, typically involving
autoclaving, can cause denaturation of proteins, particularly collagen,
which may affect the diffusion of the test substances [75].

The dentin-pulp tooth slice model is based on the use of thin dentin
slices (usually 1 or 2 mm) containing native pulp tissue to recapitulate
the physiology of the dentin-pulp complex and investigate the responses
of pulp tissues to resin adhesive systems, calcium hydroxide, resin
composites, and bioceramic cements [84,140–142]. Despite its ease of
fabrication and cost-effectiveness, the tooth slice model is susceptible to
contamination and limitations in simulating the nutritional constraints
of human dental pulp. An alternative method of ex vivo culture provides
an opportunity to recapitulate the native pulp microenvironment.
Notably, this approach has been utilized for biocompatibility assessment
and evaluation of dental pulp response to bioceramic cements following
pulp-capping procedures [138,143–145].

The convergence of microfluidic technology and 3D culture models
has led to the recent emergence of microphysiological systems, which
are referred to as microfluidic organ-on-chip devices. These devices offer
new possibilities for emulating complex features of the host tissue
microenvironment within confined microchambers and microchannels.
Furthermore, they enable precise control over fluid flow, shear stress,
and chemical and physical gradients, thereby fostering the potential to
emulate the 3D microenvironment of native tissues. These advances are
gaining significant traction in the dental, oral, and craniofacial fields
[132,146–148]. This includes replication of the intricate features of the
host tissue microenvironment and gaining insights into the impact of
mechanical forces [134,149], interstitial fluid flow [150,151], gingival
crevicular fluid flow [150], dentin barrier [41,152] and saliva flow on
the host material [41,134,152–155], and host-microbe interactions
[150,156,157]. In vivo, odontoblasts responsible for transmitting
external stimuli exhibit unique morphological characteristics that are
typically lost in conventional cell culture. To address this issue, the
technology of “dentin-on-a-chip” has the potential to recreate the
dentinal architecture, which includes narrowmicrochannels that restrict
the movement of odontoblasts, ultimately resulting in the formation of
projections that resemble those found in natural odontoblasts [158].
This approach offers promising insights, although the use of
silicon-based microchannels instead of real dentin limits the represen-
tation of the dentin-pulp environment in the system. The “tooth--
on-a-chip” mimics the pulp-dentin complex, with a native dentin disc
sandwiched between two channels: one simulating pulp cells and
another allowing the introduction of dental biomaterials [41,152]. The
native dentin disc serves as a semipermeable barrier, and this model
facilitates step-by-step testing of restorative materials. When applied
through dentin, the materials demonstrated a reduced potential to
compromise cell viability in contrast to direct exposure [41,152].
Furthermore, this tooth-on-a-chip can be used to explore the interactions
between calcium silicate cement and DPSC, revealing correlations be-
tween pH changes and growth factor release. Vertical bilayer
tooth-on-chip is a valuable tool for examining the influence of dentin
thickness on the permeation of silver diamine fluoride and its effects on
the viability of DPSCs under physiological flow conditions. In this
design, the dentin disc is clamped over a rhomboid-shaped micro-
channel to culture dental pulp cells. This design allows simultaneous
analysis of cellular viability on the unexposed (internal control) and
exposed (experimental) sides of the same microchannel [41]. Similarly,
“gingiva-on-a-chip” may be utilized to evaluate the biocompatibility of
mouthwash using controlled bidirectional flow of the solution over
reconstructed gingival tissues. By employing this approach, it was found
that the observed increase in tissue disruption and cytotoxic effects
surpassed those observed under static conditions, thereby providing a
more accurate representation of mouth rinsing actions and allowing for
the physiological assessment of mucosal irritation potential [134].
Lastly, with the potential to fabricate vascularized tissue analogs in
vitro, such as vascularized dentin-pulp and gingiva tissues, incorpora-
tion of immune cells and their potential integration with microfluidic
platforms opens opportunities to study systemic dissemination of bio-
materials and microbes and associated oral-systemic effects [159,160].

8. Conclusion

Assessing the biocompatibility of materials is a critical step in the
development of biomaterials, as only those deemed safe can perform
their intended functions in clinical settings. Evaluating the biocompat-
ibility of a material involves numerous aspects, including the selection
of cell type and origin, specimen preparation, choice of tests, and per-
formance of assays, all of which must be aligned with the objectives of
the study and the intended future application of the biomaterial. Despite
the seemingly trivial nature of many tests, each stage of preparation,
execution, and reporting contributes to the biocompatibility "character"
of a biomaterial. Therefore, the information provided in this paper is
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non-exhaustive, and researchers must further optimize the testing pa-
rameters and troubleshoot potential interferences to prevent false pos-
itives and negatives, and characterize material properties that could
significantly impact cell viability.

Future developments in testing methodologies, models, and strate-
gies will enhance the precision and applicability of testing, and provide
more streamlined methods for screening potential materials. The inte-
gration of conventional cell-based assays, high-throughput screening,
organ-on-a-chip models, noninvasive imaging, computational modeling,
and multi-omics analysis holds great promise for achieving a more
complete understanding of cytotoxicity, ultimately leading to the
development of safer and more biocompatible dental materials.
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