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Abstract
Materials used for endodontics and with direct contact to tissues have a wide range 
of indications, from vital pulpal treatments to root filling materials and those used 
in endodontic surgery. In principle, interaction with dental materials may result in 
damage to tissues locally or systemically. Thus, a great variety of test methods are 
applied to evaluate a materials' potential risk of adverse biological effects to ensure 
their biocompatibility before commercialization. However, the results of biocompat-
ibility evaluations are dependent on not only the tested materials but also the test 
methods due to the diversity of these effects and numerous variables involved. In ad-
dition, diverse biological effects require equally diverse assessments on a structured 
and planned approach. Such a structured assessment of the materials consists of four 
phases: general toxicity, local tissue irritation, pre-clinical tests and clinical evalua-
tions. Various types of screening assays are available; it is imperative to understand 
their advantages and limitations to recognize their appropriateness and for an accu-
rate interpretation of their results. Recent scientific advances are rapidly introducing 
new materials to endodontics including nanomaterials, gene therapy and tissue engi-
neering biomaterials. These new modalities open a new era to restore and regenerate 
dental tissues; however, all these new technologies can also present new hazards 
to patients. Before any clinical usage, new materials must be proven to be safe and 
not hazardous to health. Certain international standards exist for safety evaluation 
of dental materials (ISO 10993 series, ISO 7405 and ISO 14155-1), but researchers 
often fail to follow these standards due to lack of access to standards, limitation of 
the guidelines and complexity of new experimental methods, which may cause tech-
nical errors. Moreover, many laboratories have developed their testing strategy for 
biocompatibility, which makes any comparison between findings more difficult. The 
purpose of this review was to discuss the concept of biocompatibility, structured test 
programmes and international standards for testing the biocompatibility of endo-
dontic material biocompatibility. The text will further detail current test methods for 
evaluating the biocompatibility of endodontic materials, and their advantages and 
limitations.
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INTRODUCTION

The need for safe materials in Endodontics has generated 
a demand for experimental assays to screen compositions 
and characterize the potentially adverse effects of these 
materials on oral tissues before clinical application, in 
other words, to assess their biocompatibility. Although 
adverse reactions are rare, considering the number of 
endodontic treatments provided, many patients may 
potentially be affected (Mjör, 1992). Moreover, in some 
cases, the dental team is at higher risk of adverse reac-
tions to the dental materials (Sadoh et al., 1999; Scott et al., 
2004). Consequently, biocompatibility is by law an aspect 
that must be tested before a dental material is permitted 
to be released to the market.  However, the legal regula-
tions do not release dentists from their responsibility to 
inform patients independent of the manufacturers' inter-
est and choosing materials with adequate biocompatibil-
ity. Traditionally, the biocompatibility concept is regarded 
as a lack of substantial harmful reaction between mate-
rials and host (Browne, 1988). An updated definition of 
biocompatibility describes ‘the ability of a material to 
function in a specific application in the presence of an ap-
propriate host response’ (Donaruma, 1988), which means 
a biocompatible material may not be entirely inert and the 
appropriateness of the host reaction is decisive. The term 
‘host response’ encompasses a wide range of various bio-
logical responses from cytotoxicity and allergic reaction to 
biostimulatory effects on tissues.

For the biomedical application of materials, they must 
undergo rigorous testing to specify their biocompatibility 
and safety when they have contact with the human body, 
regardless of their physical and chemical properties based 
on International Organisation for Standardization proto-
cols (Black, 2005).

Safety concerning the assessment of endodontic mate-
rials means freedom from unacceptable risk. Therefore, it 
does not stand for a complete absence of risks. Evaluating 
the biocompatibility of endodontic materials may be seen 
as a risk assessment exercise, where the aim is to mini-
mize risk whilst maximizing benefit to patients. As with 
the definition of biocompatibility, appropriateness has an 
imperative function with respect to safety.

For each of the biological reaction areas, numerous in 
vitro and in vivo tests have been used in the literature. It 
is imperative to note that certain international standards 
exist for biocompatibility tests including ISO 10993 series 
(10993-5, 10993-12) and ISO 7405, which include well-
known and commonly used tests. However, researchers 
also frequently fail to precisely follow these protocols, 
possibly due to lack of access to these standards and 
their inherent limitations. Many laboratories utilize their 
own experimental methods for biocompatibility testing, 

rendering the comparison of findings challenging. In ad-
dition, the presence of numerous and diverse methods to 
explain biological mechanisms behind clinical responses 
accentuates the importance of a systematic approach in 
the selection of the test methods and considering the ra-
tionality of tests based on specific scientific objectives.

Clinical relevance of the data and interpretation of the 
findings of biocompatibility tests is the other important 
point that should be considered. The clinical relevance of 
a test depends on its specific degree of simulation. For in-
stance, the clinical relevance of data from a simple screen-
ing test such as an in vitro cytotoxicity test is not entirely 
achieved. On the contrary, when the test is applied to un-
ravel the biological mechanism of a particular reaction, 
clinical relevance is of reduced interest and the method 
must be selected and designed based on the specific scien-
tific enquiry.

Finally, the physical and chemical properties of a ma-
terial and its contact with the oral tissues should be con-
sidered for designing biocompatibility testing. Endodontic 
materials can be generally classified as those applied for 
vital pulp therapy, root canal filling, root canal disinfec-
tion, regenerative endodontics, management of endodon-
tic complications and aesthetic and functional restoration 
of teeth. Each of these endodontic materials is in contact 
with host tissues, which is worth acknowledging during 
the investigations (Figure 1). The biocompatibility of these 
materials is characterized by various aspects including cy-
totoxicity, genotoxicity and mutagenicity, histocompati-
bility, general toxicity, allergic reactions, systemic effects 
and microbial effects. In the following, a comprehensive 
review of the methodology and experimental models in-
volved in biocompatibility testing of endodontic materials 
is provided.

LITERATURE SEARCH

For this review, a comprehensive search of the MEDLINE, 
Scopus, Embase, Web of Science and Google Scholar on-
line information sources was undertaken, using biocom-
patibility tests on dental materials, particularly endodontic 
materials. All original research papers on biocompatibility 
testing for endodontic materials that were located using 
the following keywords (“Biocompatibility” OR “cell vi-
ability” OR “cytotoxicity” OR “toxicity” OR “prolifera-
tion” OR “differentiation”) AND (“endodontic material” 
OR “root canal filling” OR “sealer” OR “Endodontic”)) in 
the title or abstract were retrieved. The majority of the ar-
ticles only assess in vitro cytotoxicity using cell lines or pri-
mary cells. After omitting duplicates, titles and abstracts 
were screened to include related articles, and in the next 
step, full texts of the papers were analysed according to 
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F I G U R E  1   Endodontic materials can be broadly categorized as those used to maintain pulp vitality and those used in root canal 
treatment for disinfection of the pulp space (irrigants and intracanal medicaments) and root canal filling (solid materials and sealers). 
Biocompatibility of these endodontic materials is characterized by many parameters. Information regarding the clinical applications of test 
materials including location of the treatment and type of contact is key factors for selecting appropriate testing methods

F I G U R E  2   Distribution of the articles during past 20 years in Scopus. A total of 1377 original articles and 145 review articles with 
searching these keywords (“Biocompatibility” OR “cell viability” OR “cytotoxicity” OR “toxicity” OR “proliferation” OR “differentiation”) 
AND (“endodontic material” OR “root canal filling” OR “sealer” OR “Endodontic”)) in the title or abstract, have been retrieved. Majority of 
the articles only assess in vitro cytotoxicity using cell lines or primary cells.

T A B L E  1   ISO testing protocols for biocompatibility of dental biomaterials including endodontic materials

Test evaluation In vitro In vivo

Assay type
Agar diffusion 
test

Filter 
diffusion test

Direct contact 
or extract tests

Dentine barrier 
cytotoxicity test

Antioxidant responsive  
element (ARE) reporter assay Pulp and dentine usage test Pulp capping test Endodontic usage test

Endosseous dental implant 
usage test

Test element Established 
fibroblast 
or epithelial 
cell line

Established 
fibroblast 
or epithelial 
cell line

An established 
cell line

An established cell 
line

Dentine slice

HepG2-AD13 cell Extracted human tooth/Animal 
in situ tooth

nonrodent mammals

Extracted human tooth/
Animal in situ tooth

Nonrodent mammals

Animal in situ tooth a 
minimum of four 
nonrodent mammals

Intraosseous implant
No particular animal model has yet 

been validated.

Suggested follow-up 
(days)

≥1 day ≥1 day ≥1 day 14 ± 2 ≥1 day 5 ± 2 25 ± 5 70 ± 5 25 ± 5 70 ± 5 28 ± 3 90 ± 5 -

Test suitability for:

Cytotoxicity and 
dentinal injury

Yes Yes Yes Yes Yes Yes Yes Yes Yes

Hypersensitivity No No No No No Yes Yes Yes Yes

Carcinogenic or 
mutagenic

No No No No No No No No No

Tissue irritation 
and 
inflammation

No No No No No Yes Yes Yes Yes

Note: Data extracted from ‘ISO 7405. Dentistry - Preclinical evaluation of biocompatibility of medical devices used in dentistry - Test methods for dental  
materials. International Standards Organization; 1996’ and ‘ISO 10993. Biological evaluation of dental devices. International Standards Organization. 1992’.
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the inclusion criteria. All in vitro, in vivo and clinical stud-
ies were included. Conference papers, systematic reviews, 
meta-analyses, narrative reviews, letters to the editor, 
book chapters, technical notes and theses were excluded. 
At the time of searching, all records had to be in the final 
or ‘in press’ stage to be included. Figure 2 shows the dis-
tribution of the articles during the past 20 years in one of 
the databases. In Scopus alone, there were 1377 original 
articles plus 145 reviews. Key articles based on the sub-
headings of the research were selected and analysed for 
this review.

BIOCOMPATIBILITY TESTING: 
CONSIDERATIONS AND ASPECTS

Assessing the biocompatibility of endodontic materials is 
a complex and comprehensive area since a vast range of 
undesirable tissue reactions may occur. Any single test 
method is applicable just for assessing one specific type 
of unwanted reaction out of many possible reactions. In 
addition, single test methods are commonly adequate only 
to document or demonstrate a single aspect of unwanted 
reactions, which might not be transferred to clinical con-
ditions without limitation. The other important consider-
ation for biocompatibility testing is determining the most 
adequate exposure duration for assessment. Tissue can 
be directly/indirectly exposed to the material or only an 
extract that has been released in a liquid under specific 
conditions for a certain time at a specific temperature. 

These types of exposures will be discussed in detail for in 
vitro methods.

One of the major aspects of biocompatibility testing 
is toxicity assessment. The toxicity of material reveals its 
ability to damage a biological system. It starts at the cell 
level and local tissue toxicity and in higher organisms 
also includes systemic effects. In endodontics, local re-
actions primarily occur in the pulp, periradicular tissues 
and occasionally gingivae. The most common toxicity 
assessment is the cytotoxicity test that defines the effect 
of material on cellular viability. Cytotoxicity tests are pri-
mary biocompatibility tests that specify the lysis of cells 
and the inhibition of cell proliferation. Numerous cyto-
toxicity screening methods are available for studying end-
odontic materials. The administration of various methods 
of cytotoxicity screening has been shown to display a 
spectrum of findings for the same material (Hensten-
Pettersen, A. & Helgeland, K., 1977; Mittal et al., 1995; 
Wennberg et al., 1983; Witte et al., 1996). Therefore, de-
termining the biocompatibility of material only by using 
an  in vitro  cell culture assay and, from this, attempting 
to anticipate  in vivo  pulpal and periradicular responses 
are controversial (Mjör, 1980). It has been shown that the 
cytotoxicity findings provided by cell culture assays have 
not necessarily agreed with the results of  in vivo animal 
usage (Hanks et al., 1981; Mjör et al., 1977; Schmalz et al., 
1996), which should be considered for the interpretations 
of cytotoxicity assays.

Endodontic materials may release substances into 
the local tissues (local toxicity), the oral cavity, blood via 

T A B L E  1   ISO testing protocols for biocompatibility of dental biomaterials including endodontic materials

Test evaluation In vitro In vivo

Assay type
Agar diffusion 
test

Filter 
diffusion test

Direct contact 
or extract tests

Dentine barrier 
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Endosseous dental implant 
usage test

Test element Established 
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or epithelial 
cell line

Established 
fibroblast 
or epithelial 
cell line

An established 
cell line

An established cell 
line

Dentine slice

HepG2-AD13 cell Extracted human tooth/Animal 
in situ tooth

nonrodent mammals

Extracted human tooth/
Animal in situ tooth

Nonrodent mammals

Animal in situ tooth a 
minimum of four 
nonrodent mammals

Intraosseous implant
No particular animal model has yet 

been validated.

Suggested follow-up 
(days)

≥1 day ≥1 day ≥1 day 14 ± 2 ≥1 day 5 ± 2 25 ± 5 70 ± 5 25 ± 5 70 ± 5 28 ± 3 90 ± 5 -

Test suitability for:

Cytotoxicity and 
dentinal injury

Yes Yes Yes Yes Yes Yes Yes Yes Yes

Hypersensitivity No No No No No Yes Yes Yes Yes

Carcinogenic or 
mutagenic

No No No No No No No No No

Tissue irritation 
and 
inflammation

No No No No No Yes Yes Yes Yes

Note: Data extracted from ‘ISO 7405. Dentistry - Preclinical evaluation of biocompatibility of medical devices used in dentistry - Test methods for dental  
materials. International Standards Organization; 1996’ and ‘ISO 10993. Biological evaluation of dental devices. International Standards Organization. 1992’.
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circulation or even the respiratory system via inhalation. 
Therefore, the application site may be different from the 
location of the effect and these materials may cause sys-
temic toxicity. Based on the time frame, system toxicities 
are categorized into acute (up to 24  h post-exposure), 
subacute (up to 3  months) and chronic (longer than 
3 months). Although the literature has clearly identified 
only rare chronic general health complaints after expo-
sure to dental materials (Schmalz, 2009), there is still a 
potential risk that needs to be taken into account during 
testing.

Genotoxicity or mutagenicity is another aspect of 
biocompatibility testing. Genotoxicity is defined as the 
presence of a DNA-reactive component that can result in 
carcinogenicity and mutagenicity (Leyhausen, 1995). The 
ISO 10993-3: 2003 (tests for genotoxicity, carcinogenicity 
and reproductive toxicity) recommends several meth-
ods for evaluation of genotoxicity (Schmalz, 2009).  In 
vitro tests for genotoxicity are categorized into prokaryotic 
(e.g. umu test, which is a common test of DNA-damaging 
chemicals in environmental genotoxicity field) and eu-
karyotic (e.g. DNA synthesis inhibition test) tests (Heil 
et al., 1996; Leyhausen, 1995; Oda et al., 1985; Stea et al., 
1994). Since some endodontic materials have strong an-
tibacterial activity (Cheng et al., 2020), prokaryotic tests 
cannot be the only basis for the assessment of their DNA-
damaging activity.

Due to the diversity and complexity of toxicity assess-
ments, a structured approach of test methods is necessary 
(Schmalz, 1998). Traditionally, the structured approach 
has three levels (Autian, 1970; Autian & Dillingham, 
1975): 1. unspecific toxicity tests including cell cultures 
and small animals; 2. specific toxicity by using biological 
models (e.g. usage tests in primates); and 3. clinical in-
vestigations in humans. Steps 1 and 2 do not reflect the 
clinical situation of applying a material, and therefore, 
Step 3 is currently needed to adequately describe material 
toxicity.

Immunotoxicity of material shows the adverse effects 
on the function and/or structure of the immune system 
that in turn can impair the host response and cause in-
flammation (Syed et al., 2015). Cytotoxicity of immune 
cells such as monocytes is the first step to assess immu-
notoxicity; however, due to the complexity of immunity, 
further in vivo assessments are necessary for an accurate 
interpretation. Substances released from dental materials 
may generate an inflammatory response or apoptosis as 
local reactions. Moreover, these substances can trigger an 
allergic reaction in the host, particularly if the organism 
was previously sensitized to the compound. These allergic 
reactions consist of four distinctive categories (types I, II 
and III are mediated by antibodies and type IV is primarily 

conveyed by cells), which can affect not only patients but 
also dental personnel (Syed et al., 2015).

Tissue reactions to microbes

The potential interactions between endodontic materials 
and their individual components with microorganisms 
should be considered when discussing biocompatibility. 
Microorganisms may persist within the pulp chamber or 
root canal after endodontic treatment, re-infect the ca-
nals through microleakage or proliferate in extraradicular 
tissues (Oguntebi, 1994; Torabinejad et al., 1990). These 
microorganisms can influence the biocompatibility find-
ings of endodontic materials and intensify adverse effects. 
Therefore, it would be of great benefit if these materials 
have antibacterial capacity in addition to biocompatibil-
ity. However, endodontic materials with strong antimicro-
bial activity commonly demonstrate higher toxicity and 
even mutagenic effects, and therefore, biocompatibility of 
such materials is scrutinized (Heil et al., 1996; Ørstavik & 
Hongslo, 1985). The antimicrobial activity of endodontic 
materials to pathogens is usually examined by simple  in 
vitro tests such as agar diffusion tests and the direct con-
tact tests.

Biocompatibility testing standards

The biocompatibility of endodontic materials is character-
ized by numerous variables, and it is virtually impossible 
to be assessed by a single test method. The first structured 
approach for biocompatibility testing for dental materials 
was presented in 1970 (Autian, 1970). This approach en-
compasses three levels:

(i)		  Nonspecific toxicity tests including cell culture  in 
vitro tests;

(ii)	  Specific toxicity such as usage tests in animal models; 
and

(iii)	 Clinical assessments.

In this approach, nonspecific test means the test sys-
tem cannot reflect the clinical condition, whereas specific 
testing applies to the use of appropriate clinically relevant 
models. The following sequence was adopted by the ISO 
(ISO 10993 series, ISO 7405, and ISO 14155-1) and is sum-
marized in Table 1:

Group 1: in vitro tests of cytotoxicity
Group 2: tests following the ISO 10993 series of stan-
dards (local toxicity, hypersensitivity and genotoxicity)
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Group 3: tests, specific for medical devices used in den-
tistry, not referred to in the ISO 10993 series of stan-
dards (pulp capping test and usages tests)

This standardized system not only consists of guide-
lines for the selection of tests but also contains de-
scriptions of methods for various test designs. Table 
2  summarizes the method standards according to ISO 
protocols.

The norm ISO 10993 (2018 edition) requires assess-
ing the chemical and physical properties of a medical 
device including endodontic materials. Under this 
name, a series of standards are summarized, which are 
mostly issued by ISO and the European Committee for 
Standardization (CEN). This series contains guidelines 
for selecting appropriate test methods for evaluating 
various aspects of biocompatibility. Nine biological tests 

are listed in ISO 10993 for biological assessment and risk 
evaluation of implanted materials. Based on this stan-
dardization system, comprehensive implantation eval-
uations may supplement systemic toxicity assessments 
(acute, subacute and chronic), and if sufficient animals 
and time-points are included, such separate studies for 
acute, subacute and chronic toxicity are not always man-
datory (1997).

Bioactivity as one of the aspects of biocompatibil-
ity is defined in ISO 22317 (implants for surgery). This 
standard describes  in vitro  tests for materials that in-
duce the formation of calcium phosphate and apatite in 
synthetic body fluids, which can be applicable for ma-
terials utilizing in regenerative endodontics (Schmalz & 
Fan, 2009).

The ISO 7405 is a biocompatibility standard associ-
ated with ISO 10993–1, particularly for dental materials 

T A B L E  2   Status of relevant standards for testing the biological properties of dental restorative material including endodontic materials

International 
standard/European 
standard/ADA Title Methods

ISO 10993 series: Biological evaluation of medical devices Physical and chemical information

ISO 10993-1: 2003 Evaluation and testing Cytotoxicity

ISO 10993-3: 2003 Tests for genotoxicity, carcinogenicity, and 
reproductive toxicity

Irritation or intracutaneous reactivity

ISO 10993-4: 2002 Selection of tests for interactions with blood Pyrogenicity

ISO 10993-5: 1999 Tests for in vitro cytotoxicity Acute systemic toxicity

ISO 10993-6: 2007 Tests for local effects after implantation Subchronic toxicity

ISO 10993-10: 2002
ISO 10993-11: 2006

Tests for irritation and delayed-type 
hypersensitivity

Tests for systemic toxicity

Chronic toxicity
Implantation effects
Genotoxicity

ISO 10993-16: 1997 Toxicokinetic study design for degradation 
products and leachables

Carcinogenicity

ISO 7405 Dentistry—evaluation of biocompatibility of 
medical devices used in dentistry

Cytotoxicity (2 methods are noted)
Delayed-type hypersensitivity
Irritation or intracutaneous reactivity
Acute systemic toxicity
Subchronic (subacute) toxicity
Genotoxicity
Chronic toxicity
Implantation
Pulp capping
Endodontic usage
Endosseous implant usage

ISO 14971 Medical devices—risk management.
Part 1: Application on risk analysis

Safety and risk management
Establish objective criteria for risk acceptability

ISO 14155-1 Clinical Investigation of Medical
Devices for Human Subjects—Part 1

Systemic evaluation on test subjects
Evaluate the safety and performance of a certain medical 

device

ISO 23317 Implants for surgery—in vitro evaluation for 
apatite-forming ability of implant materials

Apatite formation on the surface after exposure to 
simulated body fluid
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including endodontic materials (1997). Several tests are 
similar in these two standards. In addition, ISO 7405 de-
fines dental bioactive endodontic materials as capable of 
stimulating apical hard tissue formation applied in vari-
ous methods (retrograde or orthograde therapies). An 
endodontic usage test and pulp capping also should be 
considered for endodontic materials to evaluate the bio-
compatibility with remaining pulpal tissue and/or peri-
apical tissues (Primus et al., 2019).

The norm ISO 14155–1 conceives the clinical inves-
tigations of medical devices for human subjects for sys-
temic and safety considerations. This standard depicts the 
responsibilities, competencies and principal process of a 
clinical evaluation. A clinical study is essentially based 
on the prerequisites of the Declaration of Helsinki for the 
protection of test subjects.

In summary, the endodontic material researcher/
manufacturer must select adequate tests, according 
to the standards, use of the material and current evi-
dence regarding the toxicity profile of the material. A 
researcher/manufacturer may select a set of tests in 
preference to others due to the cost, experience or other 
reasons. Overall, three critical steps are starting from in 
vitro to animal evaluation, and from pre-clinical to clin-
ical usage testing on human beings. For the interpreta-
tion of the findings, the clinical relevance should also 
be considered. The advantages of standards are mainly 
improved reproducibility resulting in a better basis for 
comparing data from various studies. However, stan-
dardization also means the selection of tests and pro-
tocols for setting up a standard. Standardization can be 
time-consuming and usually does not include the very 
specific methods or recently developed tests. It is im-
portant to consider standard tests whenever suitable. 
Nonstandard test administration should be limited to 
address more specific issues.

Endodontic materials as a subcategory of dental ma-
terials and devices are also subject to legal regulation 
worldwide. The global harmonization task force as an 
international group of medical device regulators from 
Europe, the United States, Australia, Canada and Japan is 
currently included in an international regulatory system 
to be implemented by jurisdictions in individual coun-
tries. The main aspect of these regulations is to set a frame 
with specific requirements including concerns regarding 
the safety of a biomedical product. Table 3  summarizes 
these regulations amongst some countries, which address 
safety (such as biocompatibility) and efficiency of medical 
devices and materials. Dentists and manufacturers should 
know about the regulations and their responsibilities in 
the country they are working and marketing.

Another important aspect according to Medical Device 
Directive (MDD) is the fact that safety is not only asso-
ciated with patients but also influences the users (whole 
dental team). Previous reports demonstrated that dental 
personnel are amongst a high-risk group due to the fre-
quency and close contact with many materials in clinical 
or laboratory settings (Jacobsen et al., 1991; Jolanki et al., 
1995; Schmalz et al., 1994a, 1994b). Ultimately, the basis 
for the safety evaluation of a biomedical product is risk 
management, which is necessary to be understood and ap-
plied in clinics by dentists.

The degree or extent of possible health damage is de-
scribed by the term ‘risk’. Risk analysis and assessment 
must be taken into consideration all available evidence 
including physical, chemical and biological data of a ma-
terial and its impact on living tissues. During risk analysis, 
insufficient data may be found; thus, additional tests must 
be performed to provide the necessary level of evidence. 
Guidelines for such a selection of tests and performing 
them are provided by standards such as ISO 10993 and 
ISO 14971.

T A B L E  3   Status of regulations regarding safety and efficacy of dental materials in various countries/regions

Country/region Regulation

European Union (EU) Medical Device Directive (MDD)
European Chemical Regulation for Registration,
Evaluation, Authorization, and Restriction of Chemicals
(REACH)
Drugs (01/83/EEC)
In vitro diagnostics (98/79/EEC)

United States Federal Food, Drug, and Cosmetic (FD&C) Act
All marketed medical devices divided into one of three classes (I, II and III) in consideration of safety 

(including biocompatibility) and efficiency.

Australia A classification system of dental products has been designed since 2002 by the Australian Therapeutic 
Goods (TGA) based on their safety and performance.

Japan A category of medical devices has been designed since 2005 and is regulated by the Pharmaceutical 
Affairs Law (PAL).
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The ISO 14971 describes the guidelines for the gen-
eral procedure of risk management. In this context, risk 
evaluation must be distinguished from risk analysis 

(Figure 3). Risk assessment tries to answer the ques-
tion of whether a risk can be accepted or not by mea-
suring the estimated risks and comparing them with the 

F I G U R E  3   Risk management flowchart provided in ISO14971 (edition 2012) to give the user an overview of the risk management 
process for medical devices
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risk criteria. However, risk analysis aims to determine 
whether it is necessary to perform more investigations, 
or whether the current evidence is conclusive. Both can 
be evaluated by the methods recommended by standard 
guidelines such as ISO 14971 (2019). As it is suggested 
in ISO 14971 (Figure 3), the first step is risk analysis and 
then risk evaluation.

Biological testing of endodontic materials

Local toxicity and local tissue compatibility must be 
differentiated. Local toxicity depends on the chemical 
interactions between biological molecules and toxic 
substances. However, local tissue compatibility can be 
based on causes other than just material toxicity such 
as bacterial accumulation, lack of seal or temperature 
alterations due to the settings. Generally, biocompatibil-
ity tests can be categorized into in vitro assessments, in 
vivo  evaluations and clinical investigations. Relatively 
simple tests such as  in vitro  methods or implantation 
tests represent the local toxicity. These tests are only 
unspecific toxicity assessments and will not represent 
target tissues after usage of the endodontic materials in 
the oral cavity. On the contrary, usage studies in animal 
models and humans are equivalent to the subsequent 
administration on patients.

In vitro tests

The use of animals generally faces ethical problems, is 
under public discussion and is limited by regulations 
(Association EAR, 2013). Animal tests are expensive and 
time-consuming. There is, thus, a demand for develop-
ing low-cost nonanimal test methods, which simulate  in 
vivo  conditions and are rapid (Svendsen et al., 1996). 
Cell culture models have been developed to meet these 
requirements for  in vitro  tests.  Most of the current data 
available on the biocompatibility of products are based 
on these cell culture studies. Isolated cells derived from 
human or animal tissues are grown in culture plates and 
then are used for these tests (Kawahara, 1955; Maizumi, 
1962). Permanent cell lines are the most popular grow-
ing cells for this purpose due to the ease of culturing and 
amplifying, known behaviour and relatively consistency 
during passages (Schmalz, 1981). Permanent mouse fibro-
blasts (3T3 and L-929) and human epithelial cells (HeLa 
cells) are two of the most commonly used cell lines for 
this purpose. In addition, other cells such as primary cells 
cultured from tissue biopsies such as gingival or pulpal fi-
broblasts are utilized to simulate the target tissue applica-
tion. Cells can be also grown in vitro three-dimensionally, 

which improves the  in vivo  simulation (Schuster et al., 
2001).

The cells during  in vitro  tests are incubated with the 
materials or their extracts for a certain time. Then, vari-
ous parameters will be measured via a series of tests based 
on the aims of the study, including a percentage of viable 
cells, protein synthesis, gene expression, enzyme activ-
ity and production/secretion of inflammatory mediators 
(Schmalz, 1994).

Although cell culture studies are relatively simple and 
quick to conduct, and are easily reproducible, their find-
ings are highly dependent on the selected test conditions. 
Thus, it is always necessary to assess and compare test ma-
terial with a similar material whose clinical impact is well 
known (Schmalz, 1994). The major problem associated 
with cell cultures is the interpretation of the data and ex-
trapolation of the findings to clinical conditions. There are 
situations in which this extrapolation is feasible. For exam-
ple, some endodontic materials damage cells immediately 
after setting but not in the set state (Gociu et al., 2013). 
Similarly, pulpal changes can be found after the applica-
tion of pulp capping agents, and these alterations usually 
disappear after a few weeks in a healthy pulp (Al-Saudi 
et al., 2019). However, discrepancies between cell culture 
(in vitro) findings and clinical data are also documented 
(Schmalz et al., 1994b). For instance, although zinc oxide 
eugenol cement and calcium hydroxide are highly toxic in 
cell culture, in the presence of a dentine barrier, both have 
low toxicity when appropriately used in patients (Farhad 
& Mohammadi, 2005; Schmalz et al., 1994b). Hence, an 
assessment of this cement based on  in vitro  cytotoxicity 
tests would result in an incorrect evaluation of the materi-
al's biocompatibility. These discrepancies can be solved by 
a more appropriate simulation of a clinical condition such 
as dentine barrier tests (Schmalz et al., 1999), developing 
new methods and performing further in vivo studies.

Although the influence of material on the genome is 
mainly assessed by in vitro techniques (Maron & Ames, 
1983), genotoxicity/mutagenicity/carcinogenicity can be 
also documented on small animals, which are commonly 
used for environmental toxicology (Heil et al., 1996). The 
number of studies addressing these aspects of endodontic 
materials is comparatively low and mostly limited to in 
vitro findings (Heil et al., 1996; Schweikl & Schmalz, 1999; 
Schweikl et al., 1995). For some materials, for instance 
some epoxy-based root canal sealers, potential mutagenic 
effects have been reported (Heil et al., 1996; Schweikl 
et al., 1995, 1998).

The assessment of the findings of mutagenicity tests 
is difficult. It has been shown that out of 300 chemicals 
assessed by the Ames test, 90% of carcinogenic chem-
icals were mutagenic and 87% of the noncarcinogenic 
substances were nonmutagenic (McCann et al., 1975). 



      |  355HOSSEINPOUR et al.

Moreover, a long exposure time is necessary for the emer-
gence of a malignancy; such an outcome is extremely rare 
in clinical settings. Hence, it is only feasible to conclude 
other fields such as occupational exposure to substances 
to a potential carcinogenic effect. However, it is impera-
tive to consider that results from a single mutation test 
do not draw conclusions regarding a potential carcino-
genic or mutagenic effect of material in humans. At least 
three different test systems with two in mammalian cells 
followed by an animal experiment are necessary to allow 
conclusions (2017).

Testing for the teratogenic impacts of a material may 
use small animals (e.g. rodents) before/after mating in 
females. These animals and newborns/foetuses are mac-
roscopically and microscopically evaluated for malforma-
tions. The ISO 10993-3 explains these extensive studies in 
more detail (2017). As yet, no clinical case with a suspi-
cion of such effects caused by exposure to dental material 
has been reported.

Types of exposure

Appropriate contact between test material and cells is im-
perative in biological assessments. This contact can occur 
in three ways: direct, indirect and contact via extracts 
(Polyzois, 1994). These three types of exposure to the test 
material also are stated in the ISO 10993-5 for cytotoxicity 
tests.

In a test based on direct contact, a test material is in 
physical contact with the culture medium or the cells. 
In this regard, water-soluble materials can be easily dis-
solved in the culture medium to provide an adequate cell–
material contact (Polyzois, 1994). For non-water-soluble 
material, there are several ways to achieve direct contact. 
The test material can be either placed on the top of an 
established monolayer of culture cells or placed on the 
bottom of the cell culture plate (Franz et al., 2003; Kasten 
et al., 1989; Schedle et al., 1998). For the latter, the cells 
can either be added to the plate in a suspension culture 
form or directly cultured on the specimens (Leirskar & 
Helgeland, 1972; Spangberg, 1973).

Although growing the cells directly on the test material 
provides a good cell–material contact, the surface char-
acteristics of the material, in this case, would be influen-
tial. For instance, if the surface charge of the material is 
low, the cells will not adhere to it, and consequently, the 
growth rate would be low (Polyzois, 1994). Another factor 
that may affect the results is the culture media, which can 
mitigate the toxic impact by diluting the leachable compo-
nents or binding with toxic agents (Moharamzadeh et al., 
2007). It has been shown that using a three-dimensional 
(3D) oral mucosal model can minimize the effect of the 

culture medium by direct exposure of test material to the 
mucosal layer (Moharamzadeh et al., 2009). In these mod-
els, the tissue model is fed only from the connective tissue 
beneath the mucosal layer and the arrangement is similar 
to the clinical situation.

In a test system based on indirect contact, there is a 
permeable intermediate between cells and test material. 
Thus, this method is independent of the physical state of 
the material (solid, semi-solid or liquid), and since the 
test specimen is not covered by culture medium, even 
unset materials can be tested (Polyzois, 1994). Guess et al., 
(1965) introduced the first indirect cell–material contact 
test named the agar overlay technique. This method is de-
signed to assess the cytotoxic impacts of diffused compo-
nents of the test material through an agar layer located 
between specimen and monolayer cell culture and com-
monly administered in biocompatibility testing of dental 
materials (Kostoryz et al., 1999; Schmalz et al., 1994b). 
More recent techniques use dentine slice, synthetic fil-
ter or Millipore filters to test indirect contact (Tyas, 1977; 
Wennberg et al., 1979).

Extracting leachable components or emulsifying agents 
by a solvent is a method to assess the effects of insoluble 
materials on the cells. This extraction technique has been 
used commonly in cytotoxicity assessment of different 
dental materials (Moharamzadeh et al., 2009), including 
dental cement (Hanks et al., 1981) and adhesives (Szep 
et al., 2002). Various extraction media have been utilized 
for this purpose including culture media (Bouillaguet 
et al., 2002; Lefebvre et al., 1994; Szep et al., 2002), saline 
(Hanks et al., 1981), dimethyl sulphoxide (DMSO) (Issa 
et al., 2004; Kostoryz et al., 2003), ethanol (Eick et al., 
2002) and distilled water (Geurtsen et al., 1999; Pelka 
et al., 2000). Only a few studies have compared various 
extraction techniques (Hanks et al., 1981; Moharamzadeh 
et al., 2007). It has been shown that type of extraction 
media, time of assessment and chemical properties of the 
solvent can significantly affect the results of the cytotox-
icity test (Hanks et al., 1981; Moharamzadeh et al., 2007).

Types of experimental designs for in vitro 
pulpal toxicity tests

Monolayer cultures

Monolayer cultures of cells such as dental pulp stem 
cells and fibroblasts are suitable biological systems for 
the screening cytotoxicity test of the endodontic materi-
als since the pulp tissue is usually the first target for the 
toxic components of these materials. Various cells from 
different sources such as animal/human pulp cells, 
human THP-1 monocytes and mouse odontoblast cell line 
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(MDPC-23) (Chen et al., 2003; Heil et al., 2002; Huang 
& Chang, 2002; Noda et al., 2003; Schmalz et al., 1994b; 
Souza et al., 1999) have been utilized for this purpose. It 
has been shown that cell type can affect the results of cy-
totoxicity assessments (Thonemann et al., 2002). Having 
done these tests, dose–response curves can be then deter-
mined, which is invaluable to manufacturers and dentists. 
Although monolayer cultures are rapid, relatively low-
cost and informative, in a clinical situation, the pulp is 
mostly protected by a layer of dentine. To simulate the in 
vivo condition, other advanced culturing techniques have 
been described.

Barrier and diffusion systems

The dentine barrier system was first introduced by 
Schmalz et al., (1999) by modifying a commercially 
available cell culture perfusion chamber. They replaced 
the original membrane with a dentine disc to serve as a 
substrate for cell culture. Since the cell and test mate-
rial were placed on the two sides of the dentine slice, 
only leachable components from the specimen could 
reach the other side and pass through the dentine bar-
rier. Then, the effect of these transdentinal diffusions 
and subsequent cytotoxicity can be assessed by various 
methods.

In addition to the dentine barrier, different diffusion 
tests using agar or specific filters were also established 
as cytotoxicity barrier testing (Grasso et al., 1973; Guess 
et al., 1965; Wennberg et al., 1979). The overlay agar dif-
fusion test is probably the longest established method in 
this category (Grasso et al., 1973; Guess et al., 1965). This 
method uses an agar overlay on a monolayer cell culture 
to test the nonspecific cytotoxicity of the leachable compo-
nents and is included in ISO 7405 (1997).

Although simple and inexpensive to use as a cytotoxic-
ity screening method, this technique has the disadvantage 
that materials or compounds must diffuse through the 
agar overlaying the monolayer of cells. Therefore, materi-
als that do not dissolve in or diffuse through agar will not 
cause cellular damage, although they could nevertheless 
be cytotoxic when employed clinically.

Filter diffusion testing methods using cellulose ac-
etate Millipore (0.45  µm pore size) filters are another 
technique for cytotoxicity assessments of the leachable 
components of test materials with barriers. The ap-
pearance of the test filters at the material cell contact 
areas is registered according to a scoring system to clas-
sify the cytotoxic response to a test material (ISO 7405) 
(1997). Assay end-points that have been used with this 
testing method include lactate dehydrogenase, glucose-
6-phosphate dehydrogenase and cytochrome oxidase 

(examples of metabolic impairment assays). No differ-
ences in enzyme activity patterns have been observed 
amongst the enzymes tested (Hensten-Pettersen, 1988), 
indicating that the results from all of these end-points 
are comparable.

3D culture tooth models

The main shortcoming of using two-dimensional cell cul-
tures monolayers is that the cells to matrix interactions 
do not form properly (Mazzoleni et al., 2009), decreasing 
the relevance to the clinical situations. In this regard, a 
3D model was described that can mimic in vivo conditions 
(Gaudin et al., 2020; Silva et al., 2017), for example a 3D 
cell model consisting of a tooth suspended in a bioscaffold, 
which supports cell growth and function and allows for an 
evaluation of cell morphology, metabolism and cell-to-cell 
interactions that are more similar to the in vivo condition 
(Carletti et al., 2011).

Organ culture is another way to maintain the in vivo 
structure and function in the culture medium (Browne 
& Tyas, 1979; Laurent et al., 2012). The lack of circu-
lation and excessive tissue damage during sample 
preparation are the main challenges in this approach. 
Mandibular first molar explants from chick embryo or 
mouse embryos (Beele et al., 1992; Hetem et al., 1989; 
Hikage et al., 1989) have been used for the evaluation 
of the biocompatibility of dental materials. Successful 
experiments on the rat tooth slice organ culture for the 
assessment of dental materials on pulp tissue (Murray 
et al., 2000; Saw et al., 2005) revealed the potential of 
in vitro setups to mimic in vivo pulp tests, which might 
replace some of the animal studies if it overcomes prac-
tical obstacles. Moreover, recently advanced tissue en-
gineering techniques developed several 3D dentine/
pulp reconstructions, such as customized cell perfusion 
chambers, tooth bud models and 3D cultured dentine–
pulp complexes (Hadjichristou et al., 2021). Although 
some of these techniques provided consistent find-
ings and demonstrated a complete de novo approach 
(Hadjichristou et al., 2021), there are still limitations 
regarding duration of the in vitro culture (Pedano et al., 
2019), clearance of cellular wastes (Téclès et al., 2008) 
and simulation of inflammatory reactions (Laurent 
et al., 2012).

Tooth-on-chip (microfluidic) models

To perform real-time analysis of the responses of the 
dental pulp cells to dental materials particularly at 
the material–pulp or material–dentine–pulp interface, 
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recently developed tooth-on-a-chip models have been 
presented (França et al., 2020; Rodrigues et al., 2021). 
Although it has been shown that these models can suc-
cessfully investigate the biological effects of endodontic 
materials on pulp cells (Rodrigues et al., 2021) and they 
have opened a new window for biocompatibility assess-
ments, these models are still too primitive and they can-
not entirely simulate the structure of the dentine–pulp 
complex.

Biological end-points

Cytotoxicity tests, as the primary in vitro screening tests 
for biocompatibility of endodontic materials, basically as-
sess the cell reaction that can be described qualitatively 
(morphological assessments) or quantitatively (cell viabil-
ity, proliferation and function). The norms ISO 10993 and 
7405 recommended cell counting, dye binding and meta-
bolic impairment as end-points of the cytotoxicity assays. 
Table 4 summarizes some of the most widely used assays 
in biocompatibility assessments.

Morphological assessment is based on pathological al-
terations including abnormal cellular shapes, abnormal 
organelles, and nuclear enlargement and abnormalities. 
Nuclear disintegration and pyknosis can be indicative of 
cell death. In a clinical situation, damage in tissues usu-
ally appears with lower metabolic rate and proliferation 
because of a lack of viable cells. Thus, several in vitro 
assays have been presented to assess the viability and 
proliferation status of the cells in the presence of dental 
materials (Table 4).

Metabolic impairment as another indicator of cytotox-
icity can be measured by the decay of enzyme activity or 
metabolite concentration following the toxic effect of the 
material. Metabolic impairment assays measure these 
alterations in cytoplasmic lactate dehydrogenase (Rae, 
1975; Ratner, 2015), succinate dehydrogenase (Barker & 
Farnes, 1967), lysosomal acid phosphatase or the incor-
poration of labelled precursors (Hynes et al., 2006; Rai 
et al., 2018).

In vivo tissue compatibility tests

In vivo biocompatibility tests are performed inside a liv-
ing organism. Animal tests are the most common type 
of these tests and commonly include implantation of 
test materials into the animal body to assess local reac-
tions; indeed, animal experimentation is essential for 
biological testing. Before an endodontic material can be 
utilized clinically, it must be tested in several species to 
establish its cytotoxic and systemic properties (Rowan, 

1997). Animal studies help to anticipate the possible 
toxic hazards that may be encountered in human beings, 
but there were some notorious exceptions including tha-
lidomide experiments (Stanley & Pameijer, 1985). Thus, 
it is worth noting for the researchers that no model 
could entirely replicate the complex human reaction 
and animal studies should be just performed to provide 
significant data and direction towards further clini-
cal investigations (Zhan et al., 2016). In vivo tests allow 
many complex interactions to be examined between test 
material and biological system, which is more relevant 
compared with in vitro assays. Nevertheless, these tests 
are time-consuming and expensive. Moreover, control-
ling numerous variables and ethical considerations is 
also challenging. Appropriateness of an animal species 
to represent the human body reactions is also a ques-
tion that researchers should ask before any research de-
sign (Schmalz et al., 1996; Wataha, 2001). Rodents are 
the most widely used animals for biocompatibility test-
ing due to the low cost, high genetic homogeneity and 
ease of handling. However, larger animal models are 
more similar to the human body and their teeth have a 
higher degree of similarity to human teeth particularly 
when operating in the root canal space (Nakashima 
et al., 2019). Moreover, the inherent heterogeneity of 
animals could lead to inconsistent findings (Robinson 
et al., 2019). Dogs (Tziafas et al., 1996) and ferrets (Smith 
et al., 1994) are amongst large animals, which are used 
to assess biological reactions of teeth to dental materi-
als. For pre-clinical testing, nonhuman primates are rec-
ommended by the ISO 7405 (1997); however, only a few 
studies have ever been performed on these animal mod-
els (Nagendrababu et al., 2019).

In vivo biocompatibility tests can be generally cate-
gorized into three major types: implantation tests, usage 
tests and assessments of systemic effect.

Implantation tests

In these studies, test materials are either directly injected 
or implanted into the muscle (Schmalz & Schmalz, 1981), 
connective tissue (Steinbrunner et al., 1991; Zmener, 
2004) or bony tissue (Tassery et al., 1997) of an animal 
model. Commonly inert silicone material serves as the 
negative control for these assessments (Moharamzadeh 
et al., 2009). Biological end-points after a certain amount 
of time (≥365 days recommended by the ISO 7405) include 
necrosis, inflammation, infiltration of cells, tissue func-
tion and organization of the cells in the tissue (Ellender 
et al., 1990).

In vivo nonspecific tissue reactions to endodon-
tic materials are generally assessed by histological 
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investigations following the implantation of material 
into the tissue of the animal. Subcutaneous implantation 
has been used in various animal models including dogs, 
ferrets, rabbits, guinea pigs, rats and hamsters (Altaii 
et al., 2017; Binnie & Rowe, 1973; Kolokouris et al., 1998; 
Maher et al., 1992; Olsson et al., 1981; Safavi et al., 1983; 

Spangberg et al., 1973; Thomas et al., 1985; Torabinejad 
et al., 2011; Torneck, 1961). Different periods of implan-
tation are required for histological studies. After a short 
implantation time for one or two weeks, inflammation 
around the implant is discernible, whereas after a longer 
time, the nature and quantity of the connective tissue 

T A B L E  4   In vitro biological tests for biocompatibility assessments of endodontic materials

Biological end-point(s) Detection test Advantage(s) Disadvantage(s)

Morphological changes Light microscopy
Inverted phase-contrast microscopy

Inexpensive
Rapid

Processing of the samples
Difficult comparison (only 

qualitative)

Confocal laser scanning microscopy High accuracy
Rapid

Expensive equipment
Special training
Processing of the samples
Difficult comparison (only 

qualitative)

Electron microscopy High accuracy
Rapid

Expensive equipment
Special training
Processing of the samples
Difficult comparison (only 

qualitative)

DNA damage 
(genotoxicity)

Ames test
HPRT enzyme test

Relatively simple
Inexpensive

Difficult to interpret the results
Low reliability (short-term 

follow-ups)

Cell viability and 
proliferation

Colorimetric cytotoxicity assay
MTT assay
Alamar blue assay
Neutral red assay
Propidium iodide assay

Most common method
Relatively simple
Inexpensive
Rapid
Measure membrane integrity

Toxic for the cells
Depending on culturing condition 

and cell type
Technique sensitive

Protein content measurement
LDH assay

Demonstrate membrane 
damage or cytolysis

Poor dynamic range
Lack of sensitivity

DNA content measurement
3H-thymidine incorporation assay
Bromodeoxyuridine incorporation 

assay

Determine the DNA content
Rapid
inexpensive

Questionable sensitivity
Radioactivity

Apoptosis assay
The comet assay
Annexin V assay
Protease activity assay
Esterase substrate assay

Sensitive and specific Expensive
Requires specific
equipment

Metabolic impairment 
(cell function)

Gene expression analysis
Microarray test
Polymerase chain reaction

Clinically relevant
Sensitivity

Technique sensitive

Protein content measurement
Inflammatory mediators 

measurement
Glutathione determination
Heat-shock protein assay

Clinically relevant
Sensitivity

Relatively costly
Technique sensitive

Cell migration (cell 
function)

Cell migration assay Tenascin 
expression assay

Provide detailed information 
on biological interactions 
between the cells and test 
materials

Difficult to translate to clinical 
situation

Abbreviations: HPRT, hypoxanthine-guanine phosphoribosyltransferase;LDH, lactate dehydrogenase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.
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encapsulation can be assessed (Schmalz & Arenholt-
Bindslev, 2009).

The implantation of dental materials into the jaw-
bones is another way to investigate local tissue reactions. 
Appropriate animals are dogs, primates, guinea pigs and 
rats. Tissue reaction surrounding the implant is assessed 
histologically (Donath, 1985).

Finally, local interactions of materials with oral mu-
cosa are essential to be understood. Various animal mod-
els were also described for oral mucosa tests (Klötzer 
& Langeland, 1973; Schmalz et al., 2000; Wirthlin 
et al., 1997). However, based on the experience of the 
cosmetic industry, in vitro-cultured mucosa and skin 
equivalents may offer a similar condition to in vivo tests 
with a highly controlled environment, lower cost and 
rapid procedures (Schmalz & Arenholt-Bindslev, 2009). 
These equivalents have an interesting perspective, but 
experiences with dental materials remain very limited 
(Carvalho et al., 2018; Klausner et al., 2021; Tabatabaei 
et al., 2020).

Usage tests

In vivo toxicity tests usually consist of the use of test 
material for root canal treatment in animal models, 
mainly dogs (Hauman & Love, 2003; Sonat et al., 1990; 
Torabinejad et al., 1995) and monkeys (Torabinejad et al., 
1997). Root is either filled to the apical foramen or inten-
tionally overextended to assess the reaction of periapical 
tissues (Sonat et al., 1990). Conventional materials with a 
long-established clinical record such as calcium hydroxide 
are recommended to be used on the adjacent tooth at the 
same time to facilitate the comparison and interpretation 
of the findings. The ISO 7405  guidelines recommended 
7 ± 2 days as short-term and 70 ± 5 days as a long-term 
period between root canal treatment and extraction of 
samples for histological evaluations. Nevertheless, many 
researchers prefer to observe the effects of materials in a 
timed sequence of reactions (e.g. 3, 7, 14, 30 and 60 days) 
(Kitasako et al., 2000a, 2000b). Although short-term 
follow-ups are often used to reduce the cost especially for 
nonhuman primate usage testing, these studies may not 
show the full healing or reaction of the tissues. Increasing 
the length of the follow-up period increases the probabil-
ity of detecting potential complications. In fact, some di-
rect pulp capped teeth demonstrate healing at early stages 
but can lose their vitality several weeks later (Stanley, 
1998). Another consideration is bacterial leakage, which 
is more commonly detectable in the long term (Cox, 1992; 
Cox et al., 1987). Adhering to a standard follow-up span 
(e.g. 70 ± 5 days) improves comparability between vari-
ous studies.

Pulp/dentine tests

Pulp tissue compatibility of endodontic materials is natu-
rally of great importance for endodontists and dentists. 
Conventionally, pulp compatibility of a dental material is 
investigated on animal models or extracted human teeth 
(1997) using a Class V cavity preparation and filling with 
test materials. After the designated follow-up period, the 
teeth are histologically prepared and microscopically evalu-
ated for signs of infection, necrosis, tissue reaction and bac-
terial leakage (Klötzer & Langeland, 1973). Figure 4 ​shows the 
histological evaluation of pulpal inflammation after appli-
cation of pulp capping materials (Nair et al., 2008). For en-
dodontic materials to mimic the clinical condition, the pulp 
is exposed, or part of the pulp tissue is removed before the 
test material is applied. In this way, materials utilized for 
direct pulp caps or pulpotomies can be tested. The major 
causes of pulp damage resulting from these materials are 1. 
toxic substances released from them, 2. bacteria/endotoxin 
leakage, 3. inflammation and 4. tertiary dentine formation 
and obliteration of the pulp. Nevertheless, the other aspects 
of bioactivity of the material for instance hard tissue forma-
tion (dentine barrier) can be clearly observed in histological 
assessments (Figure 4).

For histological analysis of pulpal injury and reactions, 
after histological processing of the specimens, standard-
ized ISO histological criteria can be helpful (1997). The 
inflammatory cell's activity of pulp can be categorized as 
none, slight, moderate and severe (Mjör & Tronstad, 1972). 
‘None’ means the pulp contains no or few inflammatory 
cells. In slight inflammation, only localized inflammatory 
cells predominated by polymorphonuclear leucocytes are 
detectable, whereas moderate inflammation indicates less 
than one-third of the coronal pulp is involved. Finally, 
when the inflammation affects more than one-third of 
the coronal pulp, it is categorized as severe. Chronic in-
flammation may lead to pulp necrosis. It is important to 
differentiate pulp responses to test material and other re-
storative variables, for instance whether the material is 
placed in contact with the exposed tissue, or there is a cav-
ity with remaining dentine thickness (CRDT). The CRDT 
commonly uses 1 mm for assessing restorative materials 
(Stanley, 1968). Moreover, as aforementioned, the effect 
of bacterial leakage and penetration should be excluded, 
and teeth must be isolated if biocompatibility testing is the 
only aim of the experiment.

Although the pulp/dentine usage testing in animal 
models provides remarkable evidence regarding the bio-
compatibility of endodontic materials, there are some 
limitations regarding these experiments. The pulp tissue 
in animals, particularly primates, seems to be more resis-
tant to chemical substances and less resistant to bacteria/
endotoxins than human pulp (Aubeux et al., 2021). These 
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experiments are costly and increasingly questioned by the 
public regarding ethical considerations.

Periradicular tissue damage test

The classic endodontic usage test is intricate and involves 
the same ethical considerations as the pulp/dentine test 
using large animal models. Although relatively few stud-
ies used this test method, the presented data have re-
vealed a good correlation with clinical observation (Fouad 
et al., 1993; Tagger & Tagger, 1989). Evaluating the effects 
of the test material on specific periradicular cells (e.g. 

cementoblasts) is not the major concern; implantation 
tests using inert tubes filled with the test material may be 
used as alternatives (Schmalz & Arenholt-Bindslev, 2009).

Regenerative endodontics, endodontic 
complication management and 
biocompatibility considerations

Accidental root perforation during root canal treatment, 
vital pulp therapy and management of immature teeth with 
necrotic pulps require advanced interventions to decrease 
inflammatory responses and promote tissue regeneration 

F I G U R E  4   Severe inflammatory (a, c, e) and healing (b, d, f) pulpal responses to Dycal capping after 1 month observation in human 
third molars. The capping material as a white plug in the cavity preparation and pulp chamber can be seen in the photographs. The acute 
pulpal response and abscess (AB) formation can be seen in c and e. On the right-hand column, a healing pulpal (PU) response can be 
observed (d, f). A hard tissue barrier (BR) stretching across the full length of the exposed pulp that is devoid of any signs of inflammation 
has been formed after 3 months. Reproduced with permission from Nair, P. N. R., Duncan, H. F., Pitt Ford, T. R., & Luder, H. U. (2008). 
Histological, ultrastructural, and quantitative investigations on the response of healthy human pulps to experimental capping with mineral 
trioxide aggregate: a randomized controlled trial. International endodontic journal 41(2), 128-150

(a)

(c)

(e) (f)

(d)

(b)
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(Peters et al., 2021). Therefore, ideal endodontic materials 
not only should be safe to apply but also need to be bioac-
tive. In animal studies, histological evaluations of the re-
pair tissue are the main tool to measure this concept of 
tissue compatibility. Whilst ISO standards explain detailed 
criteria for pulp inflammation and necrosis, there are no 
precisely defined quantitative criteria for assessing the re-
parative, reactionary, or regenerative responses (Mjör et al., 
2001) including dentine regeneration or dental pulp cell 
survival rates (Murray et al., 2001). These measures are left 
to the judgement of the individual researcher; however, 
comparing the test materials with the conventional control 
materials are recommended (1997).

Systemic effects

These reactions include allergy and hypersensitivity, sys-
temic toxicity, mutagenicity and teratogenic effects.

Allergic reaction
Allergic properties of dental materials are currently 
tested on animal models (pre-clinical evaluations). Based 
on the ‘Organisation for Economic Co-operation and 
Development’ (OECD) Guideline 406, maximization test 
and the Buehler test are recommended to be performed 
on guinea pigs (Basketter et al., 1993; Frankild et al., 2000; 
Magnusson, 1969). For the maximization test, the test mate-
rial is injected intradermally into animal models, and seven 
days later, the same substance is applied topically, and the 
application is refreshed in two weeks. Subsequently, the im-
munological effects (e.g. irritating skin) are assessed. The 
Buehler test is similarly performed but without the applica-
tion of Freud's complete adjuvant. The Buehler test is less 
sensitive than the maximization test and more protective 
for the animals (Frankild et al., 2000).

Systemic toxicity
Systemic toxicity generally is acute and/or chronic. In a 
common method for testing acute systemic toxicity, ani-
mals receive a series of injections (either intraperitoneally 
or intravenously) of the test material or extract. Then, 
histopathological analysis is performed after two hours. 
Studies on these adverse reactions are rare, and histo-
pathologic criteria to evaluate them are still not standard-
ized. The test for assessing the chronic systemic toxicity 
is designed to measure detrimental effects from multiple 
exposures to test materials or extracts during 10% of the 
entire life of the animal model. Following implantation of 
various dental material, some ingredients release and cir-
culate via the blood. For instance, (Pan et al., 2020) found 
that trace metals released from nickel–chromium (Ni-Cr) 
alloy, cobalt–chromium (Co-Cr) alloy and commercially 

pure titanium (CP-Ti) were accumulated transiently in the 
blood, liver and kidney of Syrian hamsters after 8 weeks 
but had no effect on the histopathology of the liver or 
kidney. Moreover, the systemic toxic effect of DiaRoot 
BioAggregate (Diadent Group International) and grey 
ProRoot MTA (Dentsply, Tulsa Dental) on the liver and 
kidney was investigated after 7 and 30 days in albino rats 
(Khalil & Eid, 2013). It has been reported that subcutane-
ously implanted materials can significantly increase liver 
function and the number of inflammatory cells (Figure 5). 
Although the amount of release and consequent effects 
can vary depending on the location of usage, these find-
ings indicate the potential systemic cytotoxicity, which 
requires to assess.

Clinical testing

Ultimately, controlled clinical studies in human subjects 
are the most reliable source of evidence. However, due 
to legal and ethical considerations and to protect human 
health, clinical usage testing can only be performed with 
test materials that have already successfully passed the 
first ISO recommended steps of biocompatibility testing 
(Table 2) (ISO10993 and ISO7405). Consequently, this 
reflects the number of clinical studies compared with  in 
vitro and animal testing (Figure 2). Most clinical studies 
focus on the efficiency of new material (e.g. treatment 
outcome, sealing, longevity), and generally, the assess-
ment of the biocompatibility of endodontic materials is 
not their focus. For instance, if a pulp capping material 
is investigated, clinical variables such as pulp sensitivity 
and postoperative pain are usually examined, but more 
detailed histological investigations are rarely performed. 
These studies must be approved by an ethical committee 
(mainly based on the Helsinki Declaration).

Blinding is a common method for clinical studies, par-
ticularly for drug assessment. A study design can be either 
single-blinded where patients are not informed whether 
they receive placebo or the tested drug or double-blinded 
where both patients and dentists are not informed of the 
administrations. For dental material evaluations, a split-
mouth design is more common. In this strategy, both test 
and control materials are applied in the same patient pref-
erably on similar teeth in different quadrants at the same 
time. The allocation of the groups in both methods should 
be entirely randomized (Moher et al., 2001). Such an ap-
proach is not feasible for all endodontic material testing 
and should be precisely selected based on the purposes of 
the study and the limitations of the therapeutic strategies.

Clinical biocompatibility testing data are clearly of spe-
cial interest for dentists, because the examination applies to 
the real target group, patients. Although controlled clinical 
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trials possess a greater level of evidence compared with in 
vitro  and animal usage studies, this should not conceal 
the fact that clinical studies also have several limitations. 
Therefore, an uncritical transfer of the findings of any clin-
ical investigation to patients may result in complications. 
Moreover, clinical diagnosis is not always definitive.

For instance, it has been reported that the clinical diag-
nosis of pulp conditions does not necessarily align with his-
tological conditions (Galicia & Peters, 2021). Pathological 
processes in pulpal tissue may proceed without any clini-
cal symptoms (Trowbridge, 1986), for example as observed 
in the past with silicate cement restorations (Klötzer & 
Langeland, 1973). Another limitation of clinical studies 
is that usually a short period is considered for the obser-
vation. However, many undesirable reactions appear only 
after prolonged exposure to the materials. Small sample 

sizes and strictly selected individuals are other limitations 
of a clinical investigation particularly when the rate of side 
effects is very low. For instance, for a side effect with the 
frequency of 0.1%, a sample size of 3750 subjects is needed 
to be able to document such side effects (Garhammer et al., 
2001; Kallus & Mjor, 1991). Thus, practically such large 
sample sizes are not included in clinical studies and the 
potential side effects may not be identified. In these situa-
tions, monitoring the market and observation that relies on 
practising dentists become essential.

Allergy tests

The patch test is the most-often used allergy test for 
dental materials. This test identifies type IV (delayed) 

F I G U R E  5   Haematoxylin-and-eosin-stained histograms of rat liver after 7 and 30 days of subcutaneous implantation of DiaRoot 
BioAggregate and grey ProRoot MTA (a–d). Panel g shows the negative control. The mean number of inflammatory cells infiltrating the 
liver after 7 and 30 days significantly increased in the ProRoot MTA group (h) (p < .05). However, the severity decreased after 30 days. 
Reproduced with permission from Khalil and Eid, (2013). Biocompatibility of BioAggregate and mineral trioxide aggregate on the liver and 
kidney. International Endodontic Journal 46, 730–737

(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
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hypersensitivity reactions caused by allergic contact 
dermatitis (Cohen, 2004). Type 1 (immediate) allergic 
reactions can be diagnosed by the prick test. Further im-
munological tests such as the radioallergosorbent (RAS) 
test also have been used to some extent but should not be 
used for routine diagnosis yet (Schmalz, 2009).

Although many attempts have been made, cell cultures 
are still not accepted for the diagnosis of type IV hyper-
sensitivity reactions (Galbiati et al., 2016). Oral mucosa 
and skin react similarly in case of allergy similar to many 
other diseases. Thus, the skin is an appropriate organ for 
adequate allergy tests. For this assessment, the test ma-
terial (allergen) should be released in sufficiently high 
quantities to penetrate the skin and then potentially stim-
ulates T lymphocytes. Although for endodontic materials, 
performing an allergy test on oral mucosa seems more 
reasonable at first look, this approach is much more dif-
ficult to conduct, and the findings also can be misleading. 
Since saliva dilutes the test material (allergen), and there 
is a higher tolerance of oral mucosa to allergen exposure 
compared with the skin (Okamura et al., 2003), a higher 
concentration of allergen is required to trigger a positive 
response. Therefore, the patch test (skin of the back) is 
recommended by several international and national al-
lergy associations for diagnosis of type IV hypersensitivity 
reactions (Beltrani et al., 2006; Bourke et al., 2001; Bruze 
et al., 1999).

A prick test is another allergy evaluation performed 
on the skin (Korting, 1997). The test material or extract 
is applied on the skin, and after 5–10 min, the reaction of 
skin including redness, wheal formation is assessed. It is 
highly unlikely to initiate an immediate allergic reaction 
or future hypersensitivity during/after the test, but it is 
theoretically possible (Korting, 1997). It is important for 
the dentist as the patient's primary contact person to know 
when these allergic tests are indicated. It is important to 
realize that patch tests should be done only if there is well-
founded susceptibility to a type IV allergic reaction. Since 
even a negative result of patch test cannot exclude the pos-
sibility of allergic reaction in future, a general patch test-
ing of patients with no clinical symptoms is not adequate. 
In addition, undiluted test material itself may increase the 
chance of hypersensitivity.

Clinical and radiographic assessments

Finally, clinical and radiographic evaluations of pulpal 
and periapical tissues reflect the outcome of vital pulp 
therapy, root canal treatment and surgery, which com-
monly includes postoperative pain, inflammation, soft 
tissue and hard tissue effects. Although these findings 
might not directly focus on the biocompatibility of the 

endodontic materials, indirectly they can demonstrate 
the interaction between host and materials particularly in 
terms of bioactivity in regenerative approaches and hard 
tissue formation. Pulp sensibility testing also may reveal 
nerve functionality, which is mainly based on the applica-
tion of cold and electric current (Cooley et al., 1984; Fuss 
et al., 1986). Although these tests are commonly used 
in biocompatibility tests in terms of material-associated 
pulp damages in clinical investigations, a decisive limita-
tion of sensibility tests is that they only indicate the ex-
istence of at least several functional nerves, which are 
responsible for the positive results. However, these tests 
cannot show the specific inflammatory condition of the 
pulp or prove vitality (blood supply). For instance, a his-
tological control revealed that despite positive sensibility 
responses, almost 40% of the evaluated cases had some 
amount of pulp necrosis (Hyman & Doblecki, 1983). 
This can occur since the neural structures are more re-
sistant (Montgomery & Ferguson, 1986), and a negative 
response is usually achieved once >90% of the pulp is 
nonvital. Overall, sensibility tests tend to overestimate 
the biocompatibility of a material in contact with the 
pulp (Hyman & Doblecki, 1983). Sometimes, histopatho-
logic assessments display healing, but no significant 
radiographic difference between study groups could be 
observed (Primus et al., 2019). This contradiction might 
be because of the limitation of radiographic evaluation. 
New advanced radiographic equipment such as cone-
beam computed tomography can overcome these issues 
(Chen et al., 2015).

CONCLUSIONS

Modern concepts of biocompatibility evaluation of en-
dodontic materials are concerned with regulatory and 
technical aspects. Regulatory aspects depend on expert 
assessment of physical, chemical and available biological 
evidence during risk assessment. The first step for the se-
lections of essential testing is standard assays and, if nec-
essary, more novel nonstandard alternatives. Much work 
is ongoing to further optimize and refine in vitro testing, 
particularly current  in vitro  cytotoxicity screening tests. 
Generally, these tests are to rank the test materials in 
terms of their cytotoxicity within the limitations of the 
testing conditions. In any form of in vitro cell culture test, 
the test system is enormously different from the clinical 
environment, in which few conclusions may be drawn 
as the potential adverse effects (mainly cytotoxicity) of 
the endodontic material when applied in a clinical situa-
tion. Moreover, it is imperative to consider the difference 
between biocompatibility and cytotoxicity despite being 
in the same domain as discussed before. Thus, there is 
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a need to develop in vitro cytotoxicity assays using clini-
cally relevant models such as embryonic organ culture, 
using differentiated cells, culture on the tooth structures 
and real-time cell analysis systems. Although alterna-
tive approaches such as usage of suitable barrier systems, 
appropriate target cells and application of clinically rel-
evant markers are trying to simulate in vitro conditions, 
animal and clinical screening is necessary to assess the 
biocompatibility of endodontic materials. In vitro testing 
methods also provide the basis for a more mechanistic 
approach in describing the biocompatibility of endo-
dontic materials with trying to understand the actions, 
mechanisms and molecular alterations. On the contrary, 
clinical experience with endodontic materials over a long 
period is a phenomenological approach that provides es-
sential information regarding the biocompatibility and 
safety of the materials.

The standards for biocompatibility testing, toxicity as-
sessments and clinical success of endodontic materials are 
perpetually modified or updated based on recent scientific 
advances or to avoid the recurrence of the issues such as 
allergies and toxic reactions that have arisen in the past 
(Hensten-Pettersen & Jacobsen, 1991; Syed et al., 2015). 
Although there is often a robust motivation to regularly 
modify the criteria, the need to sustain a comparison with 
previous data provides an incentive to conserve the status 
quo. In the ISO 7405 guidelines, the evaluation of alter-
native nonanimal/nonpatient testing methods has been 
recommended, which is in response to the public and po-
litical pressure to decrease animal usage wherever possi-
ble. It is also necessary to consider that not all types of 
pre-clinical testing can be mimicked or replaced by in vitro 
models. For instance, investigations of systemic effects 
such as carcinogenicity, inflammation and hemocompati-
bility are not currently feasible outside the body. Hence, at 
least for the foreseeable future, the continued utilization 
of animal models for biocompatibility testing is a crucial 
safeguard to minimize potential hazards to the patients. 
These tests are still the only methods apart from clin-
ical evaluations that are appropriate for assessing tissue 
inflammation, pulp sensitivity, carcinogenic effects and 
bacterial leakage. Finally, it must be emphasized that all 
evaluations, including well-designed clinical trials, only 
yield a statistical approximation of the biocompatibility 
of an endodontic material and even a material rated with 
high biocompatibility might cause an adverse reaction in 
several individuals.
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