
ARTICLE IN PRESS
international dental journal 0 0 0 ( 2 0 2 2 ) 1 − 7
Concise Review
Bioactivity of Dental Restorative Materials: FDI Policy
Statement
Gottfried Schmalz a,b*, Reinhard Hickel c, Richard Bengt Price d, Jeffrey A. Platt e

aDepartment of Conservative Dentistry and Periodontology, University Hospital Regensburg, Regensburg, Germany
bDepartment of Periodontology, University of Bern, Bern, Switzerland
cDepartment of Conservative Dentistry and Periodontology, University Hospital, LMU Munich, Munich, Germany
dDepartment of Dental Clinical Sciences, Faculty of Dentistry, Dalhousie University, Halifax, Nova Scotia, Canada
eDepartment of Biomedical Sciences and Comprehensive Care, Division of Dental Biomaterials, Indiana University School

of Dentistry, IUPUI, Indianapolis, Indiana
A R T I C L E I N F O

Article history:

Received 9 November 2022

Accepted 20 November 2022

Available online xxx
* Corresponding author. Department of Con
and Periodontology, University Hospital Rege
Germany.

E-mail address: Gottfried.schmalz@ukr.de
Gottfried Schmalz: http://orcid.org/0000-0001
Richard Bengt Price: http://orcid.org/0000-000
https://doi.org/10.1016/j.identj.2022.11.012
0020-6539/� 2022 The Authors. Published by
the CC BY-NC-ND license (http://creativecom
A B S T R A C T

The term bioactivity is being increasingly used in medicine and dentistry. Due to its positive

connotation, it is frequently utilised for advertising dental restorative materials. However,

there is confusion about what the term means, and concerns have been raised about its

potential overuse. Therefore, FDI decided to publish a Policy Statement about the bioactiv-

ity of dental restorative materials to clarify the term and provide some caveats for its use

in advertising. Background information for this Policy Statement was taken from the cur-

rent literature, mainly from the PubMed database and the internet. Bioactive restorative

materials should have beneficial/desired effects. These effects should be local, intended,

and nontoxic and should not interfere with a material’s principal purpose, namely dental

tissue replacement. Three mechanisms for the bioactivity of such materials have been

identified: purely biological, mixed biological/chemical, or strictly chemical. Therefore,

when the term bioactivity is used in an advertisement or in a description of a dental restor-

ative material, scientific evidence (in vitro or in situ, and preferably in clinical studies)

should be provided describing the mechanism of action, the duration of the effect (espe-

cially for materials releasing antibacterial substances), and the lack of significant adverse

biological side effects (including the development and spread of antimicrobial resistance).

Finally, it should be documented that the prime purpose, for instance, to be used to rebuild

the form and function of lost tooth substance or lost teeth, is not impaired, as demon-

strated by data from in vitro and clinical studies. The use of the term bioactive dental restor-

ative material in material advertisement/information should be restricted to materials that

fulfil all the requirements as described in the FDI Policy Statement.

� 2022 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

There are an increasing number of reports in the scientific lit-

erature about the bioactivity of biomaterials across the whole

field of medicine; the term even appears in the name of scien-

tific journals (eg, Bioactive Materials, see also below). One of
the first to use this term was L.L. Hench in the 1970s when

introducing bioactive glasses (“bioactive ceramics”).1−3 Such

materials were used to replace or repair bone and, more

recently, for bone and soft tissue engineering applications.

These materials form apatite on their surfaces in contact

with tissues and chemically bond to bone.4−6 The original

composition of Hench’s formulation has since been modified,

and materials with different compositions, particle sizes, and

structures have been developed.7

Similarly, the terms bioactivity and bioactive material

have increasingly appeared in the dental literature4,5 and in

statements from dental professional organisations such as

the American Dental Association (ADA; ACE Panel Report
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Bioactive Materials. ace@ada.org; 2018). In addition, other

groups, such as the Society for Biomaterials and the Academy

of Dental Materials, have provided definitions of this term.

The International Association for Dental Research (IADR)

Dental Materials Group organised a 2016 symposium that

asked “Antibacterial and Bioactive Dental Restorative Materi-

als: Do They Really Work?”8,9 The topic also was discussed at

the 2018 Northern Lights Conference held in Oslo (see below)

and during a virtual symposium, which took place during the

2022 IADR General Session. Concerns about the overuse of

this term in advertisements have been raised,10 and the term

bioactivity continues as a matter of discussion in the litera-

ture.10−13 Apparently, bioactivity means different things to

different people.

Therefore, all parties (practising dentists, academia, man-

ufacturers, and regulators) require more clarity on the mean-

ing of bioactivity in the context of dental restorative

materials to:

- Prevent misuse of the term, especially in advertisements

- Provide clarity for regulatory purposes

- Allow for future developments

Therefore, in 2022, the FDI issued a Policy Statement on

this topic (https://www.fdiworlddental.org/bioactive-restor

ative-materials) and relevant background information for

this statement is provided here. To keep the length of this

Policy Statement reasonable, it was limited to “dental restor-

ative materials.” This included those used for indirect or

direct restorations, adhesive procedures, and indirect and

direct pulp capping. Furthermore, the term description was

used instead of the term definition. According to the Britannica

Dictionary (https://www.britannica.com/dictionary/defini

tion), the term definition stands for a clear explanation of the

meaning of a word, phrase, and so on, and the term descrip-

tion involves statements that clarify how something or some-

one looks, sounds, or appears. Therefore, description was

considered to better mirror the aim of this Policy Statement.
Fig. 1 –The dental pulp is a prime target of bioactive restor-

ative materials. Histology shows odontoblasts (*), nerve

cells (§), fibroblasts ($), and blood vessels with endothelial

cells (#), which are involved in pulp/dentin healing and

repair (bar = 200 mm; courtesy of DrWidbiller).
Target tissues and aims

The prefix bio- is derived from the Greek term bios and means

life, often with a positive connotation as a “good life.” Active,

in this context, indicates an interaction with living structures.

This can be positive (beneficial/desired) or negative. However,

within the context of bioactivity, the interaction is generally

meant to be beneficial/desired, and the enamel, dentin, and

dental pulp are regarded as the prime target tissues for bioac-

tive restorative materials.

For enamel, caries prevention is relevant to this discussion,

and materials such as glass ionomer cements (GIC) may

inhibit caries adjacent to restorations (secondary caries) due

to the release of fluorides.14 These, as well as active antimi-

crobial fillers, are added to resinous materials.15 Fluorides

from suchmaterials may also remineralise initial enamel car-

ies lesions.14 However, the structure of enamel is not the

result of a pure chemical precipitate from calcium, phos-

phates, and other molecules, but cells (ameloblasts) are

required to create this specific anatomic structure.
Dentin in vital teeth contains odontoblast processes reach-

ing into the dentin tubules. In addition, cell-free, intertubular

dentin contains many proteins, including (fossilised) signal-

ing molecules.16,17 Therefore, insults that induce the release

of these proteins (eg, caries) lead to intratubular deposition of

apatite or the formation of tertiary dentin within the pulp.

This can be considered an active cell-mediated process. Simi-

lar to enamel, prevention or retardation of caries progression

adjacent to a restoration may be achieved by fluoride-releas-

ing restorative materials. In addition, remineralisation of car-

ies-affected dentin has been described adjacent to modified

GICs or other ion-releasing materials, including antibacterial

fillers.15,18 However, remineralisation of dentin cannot be

considered only as a chemical deposition of apatite. Other

factors, such as the collagen fibrils, play an essential role, and

substances like tannic acid for crosslinking collagen fibrils

also interact chemically with dentinal tissues to improve

remineralisation.19,20 Additionally, restorative materials,

such as those releasing calcium hydroxide, can induce the

formation of tertiary dentin.21,22

The dental pulp contains different cell types, such as odon-

toblastic, neuronal, endothelial, immune, and lymphatic cells

(Figure 1). These cells can be direct or indirect targets of bio-

active restorative materials, for example, when supporting

the healing of the inflamed or exposed pulp by calcium

hydroxide-releasing materials.21 Restorative materials are

also applied during so-called pulp revitalisation treatments,

for instance, to cover intracanal scaffolds.21,23 Other oral tis-

sues, such as periodontal tissues, contact dental restorative

materials. However, little information is available regarding

any potential bioactive effects.
Definitions of bioactivity in the literature

Hench introduced the term bioactivity into material science

as the property reflecting the ability of a biomaterial to form

apatite-like material on its surface when immersed in a

https://www.fdiworlddental.org/bioactive-restorative-materials
https://www.fdiworlddental.org/bioactive-restorative-materials
https://www.britannica.com/dictionary/definition
https://www.britannica.com/dictionary/definition
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simulated body fluid (SBF) for some time.3−5 Since then, many

modifications of this definition, both broad and narrow, and

other related terms have been suggested.24 The journal Bioac-

tive Materials writes in its Aims and Scope: “Bioactive materi-

als will feature adaptiveness to the biological environment,

being designed to stimulate and/or direct appropriate cellular

and tissue responses, or control interactions with microbio-

logical species.” (http://www.keaipublishing.com/en/jour

nals/bioactive-materials).

Whitlow et al 25 in 2016 defined bioactive materials as

“materials able to elicit specific and predictable cell and tissue

responses.” In 2018, Vallittu et al10 addressed the term bioactive

in the context of biomineralisation and asked for stringent scien-

tific proof of such an effect before being used in advertisements.

It should be restricted to materials and material combinations

that release substantial quantities of ions for specific biominerali-

sation in the clinical environment of the material.10 The 2018

Northern Lights Conference concluded that “dental restorative

materials may be called bioactive if, in addition to their primary

function of restoring or replacing missing tooth structure, they

actively stimulate or direct specific cellular or tissue responses, or

both, or they can control interactions with microbiological spe-

cies. Such effects should be characterised by the field of applica-

tion, the effect, and how the effect was scientifically proven.”26 In

the broader sense, the term bioactivity was attributed to materi-

als that cause the formation of reparative tissue or release com-

ponent(s) that have antimicrobial activity (including high-pH

materials). Furthermore, materials might be included with a sur-

face conducive to cell attachment andwhich nucleate the forma-

tion of calcium phosphates, including apatite-like materials,

when in contactwith saliva or tissue fluids.26

In 2015, other authors24,27 proposed the term biointeractive for

ion-releasing materials, such as GICs, giomers, or fluoride-

releasing resin-based composites (RBCs). This definition should

differentiate such materials from other materials, such as cal-

cium silicate cements, which form apatite and induce tertiary

dentin formation. However, this rather unspecific term is not

frequently used, probably because the definition may include a

variety of other processes, such as adhesive bonding of RBCs.

Bioactivity has also been defined in some ISO standards;

however, the definition is related mainly to surgical implants.

For example, in ISO 23317:2014, bioactivity is defined as the

“property that elicits a specific biological response at the

interface of the material, which results in the formation of a

bond between tissue and material.”28 In ISO 19090:2018, bio-

ceramics must have a direct bone bonding property when

implanted into a bone defect.29

In summary, different definitions have been published. Some

of are relatively narrow (eg, only for implant materials), and

others have a broader scope that includes restorative materials

and a range of differentmechanisms are covered. The FDI Policy

Statement takes a broad approach by combining available defi-

nitions to describe generally agreed-upon characteristics, and it

also requires themechanisms involved to be defined.
General characteristics

Beneficial/desired effects from dental restorative materials com-

prise disease prevention, remineralisation of affected dental
hard tissues, induction of new dentin or dentin-like tissue

formation, and support of pulp healing.

Local effects comprise biological reactions that are mainly

towards enamel, dentin, and the dental pulp. This is in con-

trast to adverse biological reactions, which can also be gener-

alised, such as in the case of allergic reactions.30

Intentionality is also a general characteristic of bioactivity.

However, the primary function (“principal intended action”

according to the EU Medical Device Regulation [MDR]31) of a

dental restorative material is to replace lost tissue. This can

be supported by a localised interaction of a material with

enamel or dentin (eg, during a bonding procedure). Therefore,

this is generally not classified as a bioactive intervention.

However, the release of potentially bioactive ions, such as

fluoride ions from GICs, may be regarded as a secondary

effect that is potentially beneficial. Thus, medical device reg-

ulations will generally apply.

On the other end of the spectrum, when pharmaceutical

agents or bone morphogenetic proteins are delivered, their

bioactive effect is the primary function. Thus, regulatory sys-

tems for medicines may apply, or the product may be classi-

fied as a Class III device under the MDR.31 This is an active

area of research for restorative dental materials. Neverthe-

less, this shows that using the term intentionally in this con-

text may also have regulatory consequences. For example,

the product may be allocated to specific risk classes according

to national or international medical device regulations. This

may involve additional financial and time burdens for the

manufacturer and the patient. Therefore, for the time being,

a dental restorative material’s bioactive effect is secondary to

its primary purpose, which is to be used to rebuild the form

and function of lost tooth substance or lost teeth.

Repair and regeneration are both terms that describe the

endpoints of a healing process, but they cover 2 different bio-

logical events.32 Tissue repair is associated with the forma-

tion of scar tissue, where the newly formed tissue—although

often an accepted treatment outcome—may provide struc-

tural abnormalities and functional limitations compared

with the original tissue.21 On the other side, the subject of

regenerative medicine aims at the replacement and regenera-

tion of human cells, tissues, or organs.21 For example, for

enamel caries, the preventive effects of fluoride may lead to a

slightly different chemical composition of the enamel (eg,

partial replacement of hydroxyl-apatite by fluor-apatite) com-

pared to the original one. The same is true for remineralising

enamel and dentin.33,34 Therefore, it should be kept in mind

that the term remineralisation in this context does not mean

tissue regeneration; instead, it is repair.

Tertiary dentin formation results in either reactionary

dentin (with surviving primary odontoblasts) or reparative

dentin after pulp capping and the formation of secondary

odontoblasts (Figure 2).32,35 In both cases, the new hard tissue

lacks the clear tubular structure of the original dentin and

resembles osteodentin.35 After the healing of an inflamed

pulp, structural changes can be observed, such as a reduced

odontoblast layer or hard tissue formation (reactionary den-

tin). In summary, when describing bioactive restorative mate-

rials, the outcome is mainly repair, except for any

antibacterial effects (see below), where both terms are not

applicable.

http://www.keaipublishing.com/en/journals/bioactive-materials
http://www.keaipublishing.com/en/journals/bioactive-materials
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exposed pulp with a calcium hydroxide releasing prepara-

tion (60£).30
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Antibacterial effects play an essential role because most oral

diseases are associatedwith the presence of a biofilm. For exam-

ple, a possible bioactive effect of dental restorative materials is

to prevent caries and gingivitis adjacent to restorations through

antibacterial properties.36 Such effectsmay be due to substances

released from the restorative material or via a surface-repellent

effect (eg, the lotus effect).36 Recently, materials have been

investigated that use pH-sensitive carriers that release antibac-

terial substances only at or below a critical pH level.37

Numerouspotential products and substanceshavebeen inves-

tigated,36 but only a few products have made it to market.38 An

essential point is the problem of determining when the antibacte-

rial effect measured in a laboratory test is clinically relevant.

Another point is the duration of such an effect because the release

of substances from restorative materials will likely decrease over

time.39 Therefore, activities in the ISO Technical Committee 106−
Dentistry are underway to standardise such experiments, setting

limits that define when a material can be termed antibacterial

and determining the duration of this effect.39

Combined effects for one bioactive material may occur. For

instance, calcium hydroxide induces tertiary dentin forma-

tion and exerts antibacterial effects.21,40 For materials con-

taining so-called bioglasses as fillers, long-term antibacterial

actions have been shown, and there is also a long-lasting Ca

and phosphate ion release from the product. This indicates

some potential for remineralisation.41
Mechanism of action

Different mechanisms of action have been attributed to bio-

active dental restorative materials. In the FDI Policy State-

ment, the following mechanisms of action are listed:

- Solely biological

- Mixed biological and chemical

- Purely chemical

The solely biological mechanisms involve molecules such

as exogenous growth factors, enzymes, or

pharmaceuticals,21,23,42,43 which specifically interact with the
cell metabolism, being investigated in the context of pulp

regeneration and potential incorporation into dental restor-

ative materials in the future.44 Restorative materials that con-

tain antibiotics or antibiotic conjugates45 can also be included

in this group. However, such an unspecific use of antibiotics

(for antiseptics, see below) is viewed critically due to the

problem of creating antibacterial resistance and dysbiosis.46

From a regulatory point of view, such materials may fall

under systems for medicines, or they may be classified as

Class III devices, under the MDR.31

Products that release calcium hydroxide are an example of

a mixed biological and chemical mechanism (Figure 2). A typical

material based on Portland cement (MTA) induces tertiary

dentin formation after pulp capping in laboratory and clinical

studies.47−50 Calcium hydroxide leads to a chemical burn due

to its high pH when in direct contact with living tissue. How-

ever, it also releases and activates fossilised signaling mole-

cules from dentin, such as transforming growth factor beta 1,

which then initiate tertiary dentin formation.44,51

Materials based on synthetic tri/dicalcium silicates, such

as Biodentine (Septodont), have been marketed. Similar to

MTA, they release calcium hydroxide, which then initiates

the above-described tissue reactions.52,53 Combinations of

calcium silicate (Portland cement) and acrylates release cal-

cium ions,54 but no calcium hydroxide,55 and thus the clinical

reactions are equivocal. Although some authors report posi-

tive results and some bridge formation in animal studies, this

was not confirmed in clinical studies.56 This exemplifies that

release studies alone may be insufficient to demonstrate that

clinically relevant bioactivity exists. Little information exists

about a modified version of calcium silicate material com-

bined with acrylates.57 Different so-called bioglasses releas-

ing ions (eg, calcium and phosphate ions) and raising the pH

have been investigated6,58,59 and proposed for pulp capping.7

However, scientific information is again limited.

A purely chemical mechanism of action is the basis of bioac-

tive restorative materials which release different ions, and

the bioactive effect (for caries prevention and remineralisa-

tion) is due to chemical reactions such as some form of pre-

cipitation/deposition. A typical example of this group of

dental restorative materials is GIC, which releases fluoride

ions, especially after setting. However, this material can be

“recharged” by applying topical fluoride to the surface. The

extent of the caries preventive effect is a matter of discussion,

but some effect has been described.14 In addition, several sub-

stances have been added to GIC, such as silver alloys or silver

alloys fused to the glass particles, which exhibit some anti-

bacterial activity.60

Resin-modified glass ionomers (RMGIC) also release fluoride,

but to a lesser extent than the original GICs. Amorphous calcium

phosphate has also been added to RBCs, resulting in the release of

calcium and phosphate ions.61 Resin-based composite materials

containing so-called reactive fillers, such as bioglasses, release

ions like calcium, phosphate, or fluoride or raise the pH of the sur-

rounding fluids , resulting in some remineralising and antibacte-

rial effects.58,59 However, differences between different products

exist, and despite the release of calcium ions from one material,

no apatite formation was observed.62 This again shows that the

simple demonstration that ions are released is insufficient to

demonstrate bioactivity.
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Also, in this group, materials containing antiseptic sub-

stances can be listed, such as chlorhexidine, cetylpyridium

chloride, copper, zinc, or silver, because—in contrast to anti-

biotics—their action is unspecific and not directed to a partic-

ular metabolic pathway.63 Also, the inactivation of enzymes

like matrix metalloproteinases is based on a chemical

reaction.64

Depending upon the intended effect, one material may act

through several mechanisms. For instance, bioglass-contain-

ing RBCs can exert a purely chemical effect that prevents car-

ies adjacent to restorations,58 and also a mixed effect when

inducing tertiary dentin formation.7

In summary, although the release of different ions from

restorative materials may be considered a prerequisite for

bioactivity, this release is insufficient to demonstrate any

actual bioactive effect, such as remineralisation, tertiary den-

tin formation, or other antibacterial effects. Instead, the influ-

ence of other factors, such as proteins, must also be

addressed.
Impairment of principal material properties/
adverse effects

The claimed bioactive effects of restorative materials are pri-

marily caused by substances eluted from the material into a

mainly aqueous environment. This solubility may interfere

with the material’s physical properties and also increase

water sorption.5,65 In addition, incorporating bioactive sub-

stances into restorative materials with the intent to have a

slow release may also interfere with the setting reaction.

Thus, other substances may be eluted in higher amounts

than the original materials.66 The possibility of bacterial

resistance formation should always be addressed when con-

sidering the addition and slow release of antibacterial sub-

stances, such as antibiotics or antiseptics.46,67

Substances with antibacterial effects, such as disinfec-

tants like copper, zinc, or silver, may be incorporated, but

cytotoxic effects may be caused by eluted substances, which

must be investigated. Silver nanoparticles may be beneficial,

but the concentrations used in the products are particularly

important.63,68

Finally, the fulfillment of the principal purpose of the

dental restorative material to be used in the context of

restoring lost dental tissue must be shown by clinical stud-

ies. In the past, a material termed smart was marketed,

which released fluoride and calcium ions. However, after

only 1 year of clinical service, increasing hypersensitivity

and tooth crack formation occurred. This was apparently

due to increased water uptake and material swelling.69 More

recently, another material advertised as bioactive was used

in a clinical trial following the manufacturer’s instructions

(placed after a short phosphoric acid pretreatment, but with-

out an adhesive system). Unfortunately, the material had an

unacceptably high failure rate (24.1%) after 1 year.70 After

this study was published, the manufacturer’s instructions

for use were changed. This demonstrates the need to prove

that adding bioactive substances to a product does not

impair the primary function of the restorative material

before the product is marketed.
Proof of an effect

The FDI Policy Statement asks for scientific evidence before a

restorativematerial is called bioactive in advertisements. This evi-

dence should be based on in vitro, in situ, or preferably clinical

studies. These studies must be designed according to the antici-

pated effect. Single in vitro studies demonstrating the release of

ions or a cell/bacterial reaction towards amaterial are only consid-

ered screening tools. Properly conducted clinical studies are most

relevant, proving that certain effects occur clinically, such as

enamel or dentin remineralisation. However, such studies are

both challenging and costly. In situ experiments can be an alter-

native for testing remineralising effects36 or test batteries for pulp

studies, where different end points are included when evaluating

the effect on dentin formation.7 Finally, it must be demonstrated

that the primary function of restorativematerials is not impaired,

forwhich clinical studies are essential.
Conclusions

The term bioactive comprises an extensive array of intended

material properties in the product. This term is frequently

used as a marketing tool, and concerns have been expressed

about its overuse. Therefore, FDI asks in its policy statement

to limit the use of the term bioactive dental restorative material

in product advertisements/information to those materials

that meet all five of the following criteria:

- the mechanism is clearly defined and described (biologi-

cal, mixed, chemical),

- a scientifically proven bioactive effect in vitro or in situ

and preferably also in clinical studies,

- a stated duration of the effect, especially for antibacterial

effects,

- no significant adverse biological side effects (including the

development and spread of antimicrobial resistance), and

- the prime purpose, for instance, to be used to rebuild the

form and function of lost tooth substance or lost teeth, is

not impaired, as demonstrated by data from in vitro and

clinical studies.
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