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Abstract

Despite its reputation as the most widely used restorative dental material currently, resin-based materials have acknowledged
shortcomings. As most systematic survival studies of resin composites and dental adhesives indicate, secondary caries is the foremost
reason for resin-based restoration failure and life span reduction. In subjects with high caries risk, the microbial community dominated
by acidogenic and acid-tolerant bacteria triggers acid-induced deterioration of the bonding interface and/or bulk material and mineral
loss around the restorations. In addition, resin-based materials undergo biodegradation in the oral cavity. As a result, the past decades
have seen exponential growth in developing restorative dental materials for antimicrobial applications addressing secondary caries
prevention and progression. Currently, the main challenge of bioactive resin development is the identification of efficient and safe
anticaries agents that are detrimental free to final material properties and show satisfactory long-term performance and favorable clinical
translation. This review centers on the continuous efforts to formulate novel bioactive resins employing | or multiple agents to enhance
the antibiofilm efficacy or achieve multiple functionalities, such as remineralization and antimicrobial activity antidegradation. We present
a comprehensive synthesis of the constraints and challenges encountered in the formulation process, the clinical performance-related
prerequisites, the materials’ intended applicability, and the current advancements in clinical implementation. Moreover, we identify crucial
vulnerabilities that arise during the development of dental materials, including particle aggregation, alterations in color, susceptibility to
hydrolysis, and loss of physicomechanical core properties of the targeted materials.

Keywords: dental caries, composite dental resin, nanotechnology, tooth remineralization, dentin-bonding agents

to the complex mechanisms of the pathogen in disrupting its
host’s immune system and the barriers presented by dysbiotic
biofilms.

The composite material and the dental bonding interface
must resist the oral environment for years. In a harsh cario-
genic environment, bacterial acid attacks and other bacterial
virulences are pronounced due to the continuous biofilm activ-
ity (Astasov-Frauenhoffer and Kulik 2021). The increased and
frequent acidification of the environment at the dental bonding
interface increases the risk of bacterial microleakage, mineral

Introduction

Secondary Caries and Degradative Challenges
inside the Mouth

Secondary caries develops in biofilm stagnation areas, such as
gingival margins and interdental spaces, where the dental bio-
film can develop relatively undisturbed (Paris et al. 2020).
Secondary caries lesions at the gingival margin of class II and
V composite restorations are twice more prevalent than in
other regions. Its higher prevalence is related to increased
plaque accumulation near the gingival margin and deficiencies
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in the adaptation of the restorative material compared to differ-
ent restoration types (Fig. 1). The restoration replacement was
the choice in 70% of cases according to a cross-sectional study
(Nedeljkovic et al. 2020).

The long-term survival of direct dental restorations depends
on a complex connection of influencing factors. The interac-
tions between the restorative material and the substrate are
critical, especially in patients with a high caries risk. In these
patients, higher sugar intake, higher biofilm buildup, higher
counts of mutans streptococci, and lower buffering capacity
contribute significantly to the higher risk profiles and establish
a challenging oral environment for resin-based restorations
(Paris et al. 2020). In addition, eradicating certain key-pathogen
biofilms, such as acidogenic bacteria, remains challenging due
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loss, and polymer degradation (bonding and bulk composite)
(Huang et al. 2018). In addition, factors such as a low degree of
conversion of the resin, high polymerization shrinkage, poor
cavity preparation, and degradation of the hybrid layer can pro-
mote marginal microleakage. Furthermore, fatigue-related
damage, thermal stress, and enzymatic degradation of the col-
lagen matrix contribute to the degradation of the resin-based
material (Orrego et al. 2017). In patients with a high caries risk,
the resin-based materials do not offer any endurance to the
harsh cariogenic environment and are prone to premature fail-
ure. These challenges, together, highlight the demand for alter-
native and effective preventive strategies.

Practice-based studies have shown exciting data on the long-
term performance of resin composites. A previous long follow-
up during 29y revealed a cumulative survival rate of 91.7% at
6y, 81.6% at 12y, and 71.4% at 19y, with an annual failure rate
of only 1.92% (Montag et al. 2018). However, the patient’s char-
acteristics and behavior strongly impact the reliable outcomes of
dental restorations. A previous meta-analysis indicated that
patients with a high risk of caries had an annual failure rate of
4.6% in 10y, while those with a low risk of caries showed 1.6%
in the same period. In other words, the annual failure rate of
patients with high caries risk was almost 3 times higher than
those with low caries risk (Opdam et al. 2014). However, the
success of using preventive measures against dental caries and
secondary caries (SC) around resin-based restorations continues
to impose significant challenges on oral health. It is the most
prevailing reason for failure (Opdam et al. 2014).

Dental Resins—Transition from
Bioinert to Bioactive

The term bioactive is a new expression for direct restorative
materials, interpreted in many ways by dentists and research-
ers. Based on the need for materials that could provide benefits
to prevent secondary caries, demanding investigations have
been carried out into what represents the term bioactive resin
materials. In 2022, the FDI issued a Policy Statement on this
topic highlighting general characteristics of bioactive materi-
als, such as beneficial/desired effects from dental restorative
materials and local effects comprising biological reactions,
intentionality, and repair (Schmalz et al. 2023). From a dental
restorative perspective, “bioactivity” represents anticaries
approaches at the material level, mostly involving modulation
of the cariogenic biofilm, prevention of mineral loss, and the
development of polymeric resistance to acidic, enzymatic, and
bacterial decomposition (Melo et al. 2022).

The investigations on bioactive materials in the past 2
decades have provided insightful information for furthering
this topic. Such advances have driven and enabled new dental
products to reach the market. Different bioactive agents have
been incorporated into dental materials to achieve a multifunc-
tional design (Fig. 2A).

Bioactive resins have the potential to boost research in the
next few years, eventually enabling the development of restor-
ative materials that can assist in the prevention of secondary
caries (Lee, Kim, et al. 2020). First, it is paramount to address
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Figure I. Clinical image of secondary caries around composite
restorations and the vulnerability factors associated with secondary
caries.

the identification of efficient and safe anticaries agents. When
incorporated, these agents should not cause any detrimental
effect on the materials’ physicochemical properties. Furthermore,
they should present a satisfactory long-term performance (Fig.
2B). Another significant bioactive resin assessment shortcom-
ing is the limited remineralization efficacy models. In vitro
models, although more controllable (i.e., pH, ions concentra-
tion, temperature), broadly differ when compared with the
dynamic biological system of the oral cavity in vivo (i.e.,
saliva—bacteria interactions). In addition, the long-term effi-
cacy of these materials and their effect on the bond strength
require further investigation.

We are fully addressing these challenges, and the develop-
ment of bioactive resins presents some limits. New approaches
in this context should aim to understand better the design and
tuning of materials’ properties and implement strategies for
modifying dysbiotic biofilms. This review focuses on recent
developments in resin-based materials that show bioactivity
toward caries prevention and mineral loss. We then conclude
with a forward-looking perspective about the existing chal-
lenges and future directions for designing the next-generation
bioactive restorative materials.

Pathways to Impart Bioactivity
to Dental Resins

Bioactive Metalic Materials

Zinc oxide (ZnO) (Gutiérrez et al. 2019), titanium dioxide
(TiO,) (Stiirmer et al. 2021), copper oxide (CuO) (Gutiérrez
et al. 2019), iron oxide (Fe,O,), and silver nanoparticles
(Balhaddad et al. 2021) can be highlighted among the metal/
metal oxide nanostructures most used to develop bioactive
dental resins. In addition, several nanostructures have demon-
strated inherent broad-spectrum antibacterial properties against
Gram-positive and Gram-negative bacteria. Some were also
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Figure 2. Timeline of bioactive restorative materials. (A) In the upper section, the mileposts in developing dental materials commercialized in

the market with claimed bioactivity toward secondary caries prevention. In the lower section, the mileposts of the innovative approaches and
investigations for developing new bioactive resin-based materials. (B) Some highlighted steps in the design and faced drawbacks in the development of
new resin-based formulations proposed to convey bioactivity to dental resin materials, such as resin composites, adhesives, and luting agents.

tested to provide activity against matrix metalloproteinases
(MMPs) or to confer mineral deposition in the collagen fibers
of demineralized dentin (Osorio et al. 2014).

ZnO is the most tested metal oxide for bioactive purposes in
dental resins. ZnO stands out because it is biocompatible and
radiopaque, inhibits the catalytic activity of MMPs, and is bio-
active and antimicrobial. However, although widely used, ZnO
presents a reduced antibacterial performance when challenged
against mature dental biofilms derived from human saliva.
Therefore, the bioactive agent/dental resin needs to be tuned,
and a higher concentration of this oxide in the resin is required
to obtain a satisfactory biofilm reduction (Garcia et al. 2021).
Increasing concentration to reach a substantial antibacterial
effect, compromising the flexural strength, modulus of elastic-
ity, and degree of conversion, reduces the potential for clinical
translation of these materials.

TiO, is abundant in nature, is cost-effective, and has dem-
onstrated interesting outcomes in dental materials. The mecha-
nisms responsible for the antibacterial activities of various
metal-oxides are attributed to dissolved ions on the surfaces of
nanostructures and the formation of free radicals from oxida-
tive stress (Fig. 3A—C). For TiO, nanostructures, its photocata-
Iytic activity results in the release of hydroxyl radicals (OH")

and the subsequent formation of superoxide radicals (O,"),
leading to DNA damage (Lopez de Dicastillo et al. 2020).

Noble elements such as the gold/silver/palladium (Au/Ag/
Pd) nanostructures are the most promising emerging trend in
designing anticaries resin-based materials. Gold is appropri-
ate for several biological purposes (drug delivery, cell track-
ing, and bioimaging), while platinum has an antioxidant
effect due to its strong catalytic activity. In addition, both
stand out against MMP due to the ability to chelate Zn** in the
active sites of the human MMP-8 and MMP-9 (Hashimoto et
al. 2015). Silver has also shown great activity against bacte-
ria, including Streptococcus mutans. However, these metallic
nanostructures have the disadvantage of changing the resin
color, impairing the material’s esthetic properties, and
decreasing light availability through the resin in the photoac-
tivation process (Balhaddad et al. 2021). To surpass this
issue, core-shell nanoparticles can be an exciting approach.
The core still releases the ions from the metal (gold, plati-
num, and silver), and the shell (silicon oxide) hides the dark
color of the metal.

Despite improving dental resins’ physicochemical and bio-
logical properties, metal and metal oxide nanostructures have
significant shortcomings defying the bioactive materials’
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development progress. Nanostructures have a high area/vol-
ume ratio, which increases the material’s surface energy and
decreases its stability. Due to this reason, nanoparticles tend to
agglomerate. The agglomerates lead to lower mechanical prop-
erties and jeopardize the homogeneous distribution of bioac-
tive nanostructures through the dentin collagen and hybrid
layer (Garcia et al. 2018).

Two strategies have been used in dental materials develop-
ment to overcome this issue. One relates to the prior function-
alization of the nanoparticles with typical surfactants, such as
polyethylene glycol. The other approach is to synthesize quan-
tum dots. Quantum dots are inorganic nanoparticles that mea-
sure 1 to 10nm. These “nanocrystals” are usually made from
semiconductor materials, and their clectrons are confined
within the dot in 3-dimensional states, leading to a “quantum
confinement effect” (Garcia et al. 2018). These small struc-
tures have been used as promising nonagglomerated nanopar-
ticles. They were already used “naked,” as ZnO (Garcia et al.
2018), or functionalized with imidazolium ionic liquids, as
TiO, (Garcia et al. 2019) and tantalum oxide (Ta,O;) (Garcia
et al. 2020) (Fig. 3D). In this context, quantum dots of ZnO,
tantalum oxide (Ta,0;), and TiO, were already tested as bioac-
tive nonagglomerated nanoparticles into dental adhesives. The
quantum dots of Ta,O; and TiO, were kept nonagglomerated
due to ionic liquids surfactants surrounding their surface
(Garcia et al. 2019, 2020). ZnO quantum dots were probably
nonagglomerated because of the cationic charge around them,
causing them to be repelled (Garcia et al. 2018).

Bioactive Polymeric Materials

Antibacterial monomers can be directly incorporated into the
resin matrix formulation or used to synthesize platforms to
carry bioactive agents. The first method is the most prevailing,
with several investigations assessing the performance of dental
resins containing quaternary ammonium monomers (QAMs)
and cross-linked quaternary ammonium polyethyleneimine
(QPEI) nanoparticles (Zaltsman et al. 2017). Nevertheless,
their direct use or incorporation into dental resins is precluded
by chemical instability with increased water sorption/solubility
and potential toxicity to human cells, with particular attention
to those QAMs lacking cross-linking capabilities released in
the oral environment. In addition, other QAMs presenting 1 or
2 methacrylates can covalently bond with other monomers in
the resin formulations, decreasing the probability of leaching
and losing therapeutic effects over time (Li et al. 2013). For
example, 12-methacryloyloxydodecyl pyridinium bromide
(MDPB) is the only antimicrobial monomer used in a commer-
cial resin. It is synthesized by combining a quaternary ammo-
nium compound with a methacrylate group (Imazato et al.
1995). Still, the potential of a resin polymer network to copo-
lymerize with QAM is restricted. Recently, Wang, Wu, et al.
(2019) have successfully investigated new QAM-containing
tetra-functional methacrylate groups where the heterogeneity
and cross-link density had increased, and strong antibacterial
properties were observed.
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Figure 3. lllustrative transmission electron microscopy images of
clusters of nanostructures and their respective mechanisms responsible
for the antibacterial activities. (A) Titanium dioxide (TiO,) used as
nanotubes (Stiirmer et al. 2021), and (B) silver nanoparticles and

(C) zinc oxide (ZnO) used as nanoneedles. A variety of metal-oxide
nanostructures release metal ions on the surfaces of nanostructures
and/or promote nanostructure-induced oxidative stress. (D) lllustration
of the structures of ionic liquid—functionalized quantum dots of metal
oxides investigated to overcome the drawbacks of agglomeration often
presented by several nanostructures.

The antibacterial performance of this class of polymers
varies according to several impelling factors. To maximize
antibacterial effectiveness against pathogenic oral biofilms
with minimum undesired cytotoxicity, researchers are trying
to identify the significant determinants of QAMSs’ design. The
effect of the chain length, cationic group, backbone composi-
tion, charge density, hydrophobic group, molecular weight
(MW) end group, and counterion has been associated with the
desired outcome of bacterial reduction (Pham et al. 2023).
Dimethylaminohexadecyl methacrylate (DMAHDM) and
dimethylaminododecyl methacrylate (DMADDM) have
shown robust antibacterial activity against oral pathogenic
biofilms derived from dental plaque (Balhaddad et al. 2021)

(Fig. 4).
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Figure 4. Microbiological Experiments. (A) The plaque samples isolated from the subgingival area were used to initiate plaque-derived microcosm
biofilms in vitro. (B) A color-coded stack barplot graph shows the average bacterial relative abundance on genus level in both groups of pooled

plaque inoculum. Pooled plaque inoculum refers to the bacterial composition used to initiate the plaque-derived biofilms. The pooled colony-

forming unit (CFU) control refers to the CFU isolates derived from the control composites. The pooled CFU 5% dimethylaminohexadecyl
methacrylate (DMAHDM)-20% nanosized amorphous calcium phosphate (NACP) refers to the CFU isolates derived from the biofilm grown over

5% DMAHDM-20% NACP composites. (C) Schematic illustration for the nonselective and selective agar plates used in the CFU assay to count (D)
total microorganisms, (E) Fusobacterium nucleatum, (F) Aggregatibacter actinomycetemcomitans, (G) Porphyromonas gingivalis, and (H) Prevotella intermedia/
nigrescens. Values indicated by different letters are statistically different (P<0.05). Reproduced from Balhaddad et al. (2021).

QPEI nanoparticles’ antimicrobial activity depends on the
number of quaternary amines in their structure. They have
already been tested against many important bacteria for dental
caries in adhesives, resin composites, sealers, and cements.
During QPEI synthesis, it is recommended to boost the alkyla-
tion with alkyl halides of several lengths before the methyla-
tion process, improving the degree of amino group substitution
(Chroészez and Barszezewska-Rybarek 2020).

Moreover, polymers with therapeutic properties can be used
to produce nanocapsules and microspheres that can contain
agents in their core (Genari et al. 2018) or on their polymeric
walls (microspheres) (Dornelles et al. 2018). For this intent,
nanospheres or microspheres do not contain oil in the composi-
tion, and a polymer forms the core. The loaded drug by spheres

will be retained in the polymer, adsorbed, or dispersed. Some
examples of antimicrobial agents already incorporated into
these polymeric particles are triclosan (Genari et al. 2018) and
chlorhexidine, which is widely used as a broad-spectrum anti-
bacterial agent.

Bioactive Mineralizing Materials

Bioactive resins have the potential to carry bioactive agents
capable of releasing critical ions that aid in restoring the chem-
ical imbalance that leads to tooth mineral loss. The main goal
of bioactive resins with remineralizing properties is to replen-
ish the eroded minerals from dental tissues and neutralize acids
and low pH levels of microenvironments (Lee et al. 2019; Lee,
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Seo, et al. 2020). In addition, this approach aims to prevent the
bonded interface’s degradation and extend the restorations’
durability (Huang 2011). The most common strategies to
impart bioactivity to dental resins include the addition of bio-
active glasses (Tezvergil-Mutluay et al. 2017) and polyanionic
polymers (Kepa et al. 2015).

Mineralizing nanofillers can release calcium (Ca’*) and
phosphate (PO,*) ions when in contact with saliva. These ions
can diffuse into the subsurface of the enamel lesions or at the
margins of dental restorations. Due to their chemical similarity
to the inorganic component of teeth and bone, calcium phos-
phate (CaP) nanofillers are added to dental resins in different
phases, including hydroxyapatite (HAp), amorphous calcium
phosphate (ACP), and mono-, di-, and tetracalcium phosphates
(Dorozhkin 2013). For example, Yu et al. (2021) fabricated a
dental adhesive incorporated with nanoparticles of ACP to
evaluate its remineralization effect. The dental adhesive filled
with ACP inhibited dentin demineralization, evidenced by sus-
tained dentin hardness and decreased lactic acid production
after a 10-d biofilm challenge compared to the adhesive with-
out nanofillers.

Among leaching compounds, fluoride is the principal rem-
ineralizing agent (Kim et al. 2021). Fluoride stabilizes the
tooth’s cyclic demineralization and remineralization processes.
Fluoride ions (F"), released from the resins, replace OH ions in
the tooth HAp, forming fluorapatite or fluorhydroxyapatite.
These minerals are more resistant to demineralization
(Fernandez et al. 2016). Mitwalli et al. (2020) fabricated a den-
tal fluoride-releasing composite containing DMAHDM, 2
methacryloyloxyethyl phosphorylcholine (MPC), and nanopar-
ticles of calcium fluoride (nCaF,) for extended longevity. The
nCaF, + DMAHDM + MPC composite had the lowest biofilm
colony-forming units (CFU) and the greatest ion release; how-
ever, its mechanical properties were lower than the commercial
control composite. However, when only CaF, + DMAHDM
were incorporated into the composite, the biofilm reduction
was similar to nCaF, + DMAHDM + MPC, with mechanical
properties matching commercial control composite (Mitwalli
et al. 2020).

Fluoride-releasing dental materials have also demonstrated
antibacterial effects in preventing secondary caries (Wiegand
et al. 2007). Evolution and new formulations of these materials
have allowed the development of ion-releasing resins with
pleasing aesthetics, stability, mechanical properties, and bond
strength to the dental tissue that are currently used in the clinic
(e.g., Activa BioActive Restorative, Cention N, Fuji IX, Z250,
among others). However, a significant limitation of ion-releas-
ing bioactive resins is the loss of mechanical stability, short-
term efficacy (<2y) of the remineralization properties due to
the quick depletion of the ions, and the difficulty of recharging
(Tonescu et al. 2022).

Polyanionic polymers are biomaterials that hold negatively
charged ions. These materials can be grafted into dental resins
to mimic noncollagenous protein (NCP)—crystal interactions
during mineralization (Liang et al. 2019). Examples of these
biomaterials include elastin-like polypeptides, poly(allylamine

hydrochloride), poly(L-aspartic acid), and poly(amidoamine)
(PAMAM). Polyanionic polymers can suppress bulk mineral
crystallization, stabilize the amorphous phase of ACP, and
achieve intrafibrillar mineralization (Liu et al. 2013). For
example, the polymer-induced liquid precursor (PILP) process
uses poly(L-aspartic acid) to assist in the achievement of min-
eralizing elements into collagen fibrils after ACP deposition to
create apatite (Chien et al. 2017). Using polyanionic polymers
in combination with amorphous nanoparticles of ACP, a remin-
eralization synergy is achieved by increased nucleation, acid
neutralization capabilities, and higher ionic release (i.e., Ca
and P ions) (Liang et al. 2019). Significant disadvantages of
these remineralizing materials are the low mechanical proper-
ties of the mineral formed compared to natural tissue and the
inability to fully re-create the complexity of the mineral—
organic interactions and hierarchy of tissues like dentin (Liu
et al. 2013).

Bioactive glasses (BGs) are highly reactive surfaces formed
by melt or sol-gel techniques (Boyan et al. 2017). When in
contact with physiological fluids (i.e., saliva), BGs trigger ion—
exchange reactions on their surface, resulting in the formation
of a layer of carbonated HAp that favors its biocompatibility
and its integration into surrounding bone and hard dental tis-
sues (Mocquot et al. 2020). For dentin and enamel remineral-
ization, BGs of different sizes (micro/nano) and compositions
(conventional silicates, phosphate based, borate based, alkali
free, sodium free, and phosphate free) have been incorporated
into dental resins (Mai et al. 2022). Despite their excellent bio-
active properties, the clinical applications of BGs are mainly
related to no-load-bearing applications due to low mechanical
strength (i.e., flexural strength) compared to other bioactive
materials (Kaur et al. 2019).

Multimodal or Combinatory:
Multifunctional Bioactive Materials

Numerous innovative approaches have emerged as the skill to
engineer multifunctional dental materials continually advances.
In this scenario, multimodal or multifunctional biomaterials
offer different bioactive therapies integrated into 1 material
system (Montoya et al. 2023). A typical example is a dental
resin that combines tissue regeneration and mineralization
effects (Wang, Xia, et al. 2019). A dental resin was designed
containing metformin (a bioactive agent). This multimodal
system stimulated odontogenic differentiation and promoted
mineral synthesis of dental pulp stem cells to treat caries and
severe dental injury (Wang, Xia, et al. 2019). Standard multi-
functional therapies include antimicrobial/remineralization,
antimicrobial/tissue regeneration, and enhanced bioactivity
(Fig. 5).

The primary strategy for developing multifunctional dental
materials combines 2 or more bioactive agents that usually act
independently. Another approach is to add different antimicro-
bial agents to enhance and extend the range of coverage of
multiple microbes to improve efficacy. For example, adding
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silver nanoparticles and ciprofloxacin into a dental resin
enhanced the antimicrobial response against microbial strains,
including Enterococcus faecalis, S. mutans, and saliva micro-
cosm (Arif et al. 2022). In other studies, the augmentation of
the antimicrobial effects of dental resins was achieved by the
addition of MPC (i.e., a protein-repellent monomer that reduces
bacterial adhesion) and quaternary ammonium DMAHDM
(i.e., contact killing agent) into dental resins (Mitwalli et al.
2020). This multiple-agent approach’s limitations are the
increased complexity of the formulations, the limited tunabil-
ity of the biomaterial properties for clinical applications,
increased cost, and potential collateral damages.

A more sophisticated strategy to enable multifunctional den-
tal materials is using a single agent that offers combined thera-
pies. For example, recent work showed that incorporating
piezoelectric nanoparticles into dental resins resulted in a bio-
material offering both antimicrobial and remineralization effects
(Montoya et al. 2021). Furthermore, activation of the piezoelec-
tric charges by an external force (mastication) triggered a reduc-
tion in biofilm growth (up to 90%) (Montoya et al. 2021).

In addition, several metal/metal oxide nanofillers used as
antimicrobial agents may have a bioactive effect regarding
possible dental tissue remineralization. For example, the high
concentration of hydroxyl groups (OH") on ZnO surfaces is the
main reason for the initial calcium and phosphate ions deposi-
tion on ZnO’s surface. This result was observed on the surface
of ZnO-doped adhesives, which favored a mineral formation
on dental surfaces (Osorio et al. 2014). Other oxides such as
TiO, (Kokubo and Takadama 2006), niobium pentoxide
(Nb,O;) (Leitune et al. 2013), and zirconium oxide (ZrO,)
(Provenzi et al. 2018) also have the excess of OH™ on their
surface necessary for ion deposition and mineral formation.
When exposed to simulated body fluid, these oxides can induce

mineral deposition on adhesive surfaces. However, most of
these particles were also not tested for true biomimetic remin-
eralization, evidencing a critical subject to be addressed in
future investigations. In biomimetic remineralization, these
oxides could induce the formation of mineral deposits along
the dental tubules and increase minerals on specific sites of
demineralized collagen fibers, assisting in the recovery of
affected dentin after caries removal.

Another strategy to create antimicrobial/remineralizing sys-
tems is tethering different bioactive peptides into dental resins.
For example, Yuca et al. (2021) fabricated peptide—polymer
conjugates composed of a dental adhesive, an antimicrobial
peptide (AMPM7), and a HAp-binding peptide (HABP).
Evaluation of the adhesive system demonstrated both potent
metabolic inhibition of S. mutans and localized calcium phos-
phate remineralization (Yuca et al. 2021). However, the bond
strength’s long-term efficacy and clinical durability require
further studies. Table summarizes of Bioactive Agents
Commonly Incorporated into Dental Resins and Their
Corresponding Features.

The appropriate evaluation of these multifunctional dental
materials, both in vitro and in vivo, is challenged by the repli-
cation of the complexity of the oral environment. Potential
synergistic effects are overlooked when the multifunctional
material operates in complex microenvironments. As limita-
tions, the negative impact on the core properties of materials
can be challenging to quantify, particularly when testing their
performance in vitro. When exposed to certain conditions, bio-
active resins can experience changes in their physical and
chemical properties, affecting their ability to perform their
intended function. Furthermore, the bioactive effects of bioma-
terials can occur over a wide range of time frames, from min-
utes to months or even years. This can make it difficult to
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Table. Summary of Bioactive Agents Commonly Incorporated into Dental Resins and Their Corresponding Features.

Incorporated agent

Parent Material

Main Findings on Physical
and Chemical Properties

Main Results on Biological Properties

Author, Year

2-methacryloyloxyethyl
phosphorylcholine (MPC)

Amoxicillin-loaded
microspheres

Amphiphilic peptoids

Bioactive glass and MPC

Ciprofloxacin-loaded silver
nanoparticles (CIP-AgNPs)

Dimethylaminohexadecyl
methacrylate (DMAHDM)
and nanosized amorphous
calcium phosphate
(NACP)

DMAHDM, MPC, and
nanoparticles of calcium
fluoride (nCaF,)

Indomethacin- and triclosan-
loaded nanocapsules
(NGCs)

Micrometer-sized particles
of Bioglass 4555 (BAG)
or fluoride-containing
phosphate-rich bioactive
glass (BAG-F)

NACP

Nanostructured zirconium
dioxide (ZrO,)

Surface prereacted
glass-ionomer
(SPRG)filled
resin composite

Endodontic resin
sealers

Pretreatment of
carious dentin

Resin-based sealant

Resin composite

Resin composite

Resin composite

Primer

Adhesive resin

Adhesive resin

Adhesive resin

Adhesive resin

The addition of MPC decreased the
flexural strength and wettability
properties.

The addition of MPC decreased the
release of ions.

The microsphere addition did not
jeopardize the physical and
chemical properties of the sealer.

Adding bioactive glass and MPC
increased the wettability, water
sorption, solubility, viscosity, and
release of multiple ions.

The addition of bioactive glass and
MPC did not change the flexural
strength.

The CIP-AgNP group has higher
compressive strength than the
control groups (unmodified resin
composites and AgNP-resin
composites).

DMAHDM and NACP addition
decreased the surface-free energy
of the resin composites.

The addition of nCaF, + DMAHDM
+ MPC decreased the flexural
strength and elastic modulus.

The addition of nCaF, + DMAHDM
did not change the flexural
strength and elastic modulus.

The higher the concentration of
NCs, the lower the microtensile
bond strength after aging.

Adding up to 5wt.% of NCs in the
adhesive and no addition in the
primer showed the best physical
and chemical properties.

The higher the ZrOZ content,
the higher the softening after
immersion in a solvent.
The addition of ZrO, did not change
the microtensile bond strength.
Adding a small concentration
(1%) increased the degree of
conversion.

The addition of MPC improved acid-
neutralizing effects.

The addition of MPC reduced the adsorbed
bovine serum albumin and proteins.

Adding MPC reduced the attachment
of Streptococcus mutans, Actinomyces
naeslundii, Veillonella parvula, and
Porphyromonas gingivalis.

The microspheres have reduced the viability
of Enterococcus faecalis.

A class of peptide-like polymers that
enhanced the ordering and mineralization
of collagen and induced functional
remineralization of dentin lesions.

The addition of bioactive glass and MPC
reduced protein and bacteria adhesion
and suppressed multispecies biofilm
attachment.

The CIP-AgNP group showed higher
antibacterial activity compared to the
control groups.

The CIP-AgNP group showed lower
cytotoxicity compared to AgNP-resin
composites.

DMAHDM and NACP addition provided
antibacterial activity against bacteria from
the subgingival margin.

The addition of nCaF, + DMAHDM + MPC
decreased the biofilm formation.

The addition of nCaF, + DMAHDM + MPC
improved the ion release.

The addition of nCaF, + DMAHDM
decreased biofilm formation compared to
the control group.

These NCs had shown substantial

antibacterial and anti-inflammatory effects.

The addition of BAG-F showed the most
significant remineralizing effect on the
stiffness of the completely demineralized
dentin.

BAG-F showed a better ability to decrease
enzyme activity compared to BAG
particles.

Adding NACP in the adhesive neutralized
the acids, increased the pH to above 5,
and released large amounts of calcium and
phosphorus ions.

Adding NACP in the adhesive decreased
lactic acid production, inhibited dentin
demineralization, and sustained the
dentin hardness in the S. mutans biofilm-
challenged environment.

ZrO, promoted mineral deposition.

(Lee et al. 2019)

(Dornelles et al. 2018)

(Chien et al. 2017)

(Lee, Kim, et al. 2020)

(Arif et al. 2022)

(Balhaddad et al. 2021)

(Mitwalli et al. 2020)

(Genari et al. 2018)

(Tezvergil-Mutluay et al.

2011)

(Yu et al. 2021)

(Provenzi et al. 2018)

(continued)
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Table. (continued)

Incorporated agent

Parent Material

Main Findings on Physical
and Chemical Properties

Main Results on Biological Properties

Author, Year

Nano-zinc oxide (ZnONP)

Peptides

Piezoelectric nanoparticles of
barium titanate (BaTiO;)

Quantum dots of tantalum
oxide with an imidazolium

Adhesive resin

Adhesive resin

Resin composite

Adhesive resin

Up to 7.5wt.%, the adhesives’
properties were still according
to ISO recommendations despite
this concentration changing the
physicochemical performance of
the adhesives.

The peptide addition did not change
the adhesive resin’s conversion
degree.

Adding BaTiO, did not change the
microtensile bond strength in
simultaneous attacks from bacteria
and cyclic mechanical loading
operating in synergy.

The addition of Ta,O;pg maintained
the degree of conversion of the
adhesive resin.

Adding ZnONP at a high concentration
(7.5wt.%) reduced the viability of bacteria
in microcosms derived from saliva.

The addition of some specific peptides
induced a “peptide-mediated
remineralization process.”

The peptide’s addition provided an
antibacterial activity to the adhesive.

The addition of BaTiO, provided
antibacterial activity and mineral
deposition.

Ta,054ps provided substantial antibacterial
activity against S. mutans biofilms.

(Garcia et al. 2021)

(Yuca et al. 2021)

(Montoya et al. 2021)

(Garcia et al. 2020)

ionic liquid (Ta,0;4p)
Quaternary ammonium

methacrylates (QAMs)

with various alkyl chain

Adhesive resin The higher the CL, the higher the (Li et al. 2013)
antibacterial activity.

The adhesives with QAMs did not affect the

Adding the QAMs with different CLs
did not affect the microtensile
bond strength.

lengths (CLs)

Quaternary ammonium

polyethyleneimine (QPEI)

nanoparticles

Tetrafunctional methacrylate
quaternary ammonium salt

monomer (TMQA)

Titanium dioxide nanotubes
(nt-TiO,) or titanium
dioxide nanotubes with
triazine-methacrylate
monomer (nt-TiO,:TAT)

Zinc oxide and copper
nanoparticles (ZnO/
CuNP)

Zinc oxide quantum dots

(ZnOqp)

Zinc-doped phosphate-based

glass (Zn-PBG)

Zinc oxide (ZnO) or zinc

chloride (ZnCl,)

Resin composite

Resin composite

Adhesive resin

Adhesive resin

Adhesive resin

Flowable resin
composite

Adhesive resin

The addition of QPEI nanoparticles
did not affect the degree of
conversion and shear bond
strength.

The composites with TMQA showed
a similar degree of conversion and
contact angle compared to the
control.

The addition of TMQA reduced the
water sorption and solubility and
increased the crosslink density.

The addition of nanotubes decreased
the softening after immersion in
a solvent.

The addition of nanotubes increased
the Knoop hardness.

The groups with nanotubes showed
higher microtensile bond strength
after aging compared to the
control group.

The addition of ZnO/CuNP
decreased the nanoleakage.

Adding ZnO/CuNP maintained the
ultimate tensile strength, degree
of conversion, and microtensile
bond strength or improved these
properties depending on the
adhesive added.

ZnOp, Were tested for physical
and chemical properties in the
previous study published on this
subject.

The flexural strength of the control
was significantly higher than those
of Zn-PBG samples.

The higher the Zn-PBG content, the
lower the microhardness.

viability of human gingival fibroblasts or
odontoblast-like MDPC-23 mouse cells.
The addition of QPEI nanoparticles did not
change the viability of mammalian cells.
The addition of QPEI nanoparticles provided
an antibacterial activity to the resins.
The addition of TMQA provided antibacterial
activity against S. mutans.

The addition of the nanotubes maintained
high cell viability.

The addition of nt-TiO,:TAT displays
antibacterial activity.

ZnO/CuNP demonstrated anti—matrix
metalloproteinase activity.

The addition of ZnO/CuNP provided
antibacterial activity against S. mutans
strains.

ZnO qp, provided antibacterial activity
against S. mutans, with no change in
biocompatibility.

The higher the Zn-PBG content, the higher
the release of phosphorus, calcium,
sodium, and zinc ions.

The higher the Zn-PBG content, the higher
the antibacterial activity against S. mutans.

ZnO-doped adhesives induced calcium and
phosphorus deposition.

ZnCl,-doped adhesives induced mineral
deposition in a more amorphous phase
than ZnO-doped adhesives.

(Zaltsman et al. 2017)

(Wang et al. 2019)

(Stiirmer et al. 2021)

(Gutiérrez et al. 2019)

(Garcia et al. 2018)

(Lee, Seo, et al. 2020)

(Osorio et al. 2014)

The agents and their features are listed in alphabetical order for easy reference. Antibacterial methacrylate molecules, remineralization bioglasses, and

dual-function oxides are the most frequently studied additives.
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evaluate the performance of biomaterials under simultaneous
in vitro conditions, as the time frames required to observe their
effects may be much longer than the duration of a typical in
vitro study.

Moreover, the deficiency of standardized models limits
comparing outcomes among studies (Kreth et al. 2019). Future
efforts could be directed toward developing organs-on-a-chip
technologies that overcome the challenges of current testing
methods (Franca et al. 2020). Tooth-on-a-chip systems highly
mimic tissue functionalities while allowing the control of
external parameters that are difficult to study in vivo (Franca
et al. 2020). Finally, a topic that should be further explored is
the possible microbial resistance to restorative materials with
antimicrobial agents. Few studies have evaluated this topic in
vitro. Generally, the analysis uses chlorhexidine (an agent
known to induce microbial resistance) as one of the control
groups (Wang et al. 2018). In these analyses, microorganisms
face a high dose of contact with the antimicrobial agent, being
tested with a probable low relationship with in vivo behaviors.
In addition, it is worth remembering that the concentration of
antimicrobial agents added to the materials is small to maintain
good physicochemical properties and modify only the micro-
environment around the polymer. Therefore, attention should
be paid to whether we will have problems with microbial resis-
tance when using restorative materials with antimicrobials and
how we can test these materials so that the results are closer to
the oral environment.

Summary

This critical review has provided comprehensive insight into
developing bioactive resins for dental restorations—from tar-
get clinical problem, concept, and formulation designs to the
most recent advances to progress the clinical translation of
these materials. Optimizing the use of metal oxides and anti-
bacterial polymers with strategies that minimize the ongoing
drawbacks coupled with high-quality preclinical assessments
could address the ongoing challenge of the recurrence of cari-
ous lesions around resin composite restorations and signifi-
cantly impact the clinical translation of these materials.
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