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Abstract: This review article will discuss the origin of resin-based dental composite materials and
their adoption as potentially useful adjuncts to the primary material used by most dentists for direct
restorations. The evolution of the materials, largely driven by the industry’s response to the needs of
dentists, has produced materials that are esthetic, strong, and versatile enough to be used in most
areas of the oral cavity to replace or restore missing tooth structures. Significant advancements,
such as the transition from chemical to light-curing materials, refinements in reinforcing particles
to produce optimum polishing and wear resistance, formulating pastes with altered viscosities to
create highly flowable and highly stiff materials, and creating materials with enhanced depth of cure
to facilitate placement, will be highlighted. Future advancements will likely reflect the movement
away from simply being a biocompatible material to one that is designed to produce some type
of beneficial effect upon interaction within the oral environment. These new materials have been
called “bioactive” by virtue of their potential effects on bacterial biofilms and their ability to promote
mineralization of adjacent tooth structures.

Keywords: dental composite; fillers; monomers; light curing; clinical performance; physical properties;
development; composition

1. Introduction

Resin-based composites (RBCs) for dental restorative materials have become the most
used dental material due to their esthetics, properties, reasonable cost, versatility, and
acceptable clinical performance. While there remains room for improvement based on
less-than-ideal clinical longevity [1,2], there is no doubt that the initial development and
further refinement of this material has revolutionized the practice of dentistry. Prior to the
invention of dental composite as a restorative material, esthetic dentistry was restricted to
the anterior portion of the mouth, first through the use of silicate cements, and followed in
the early 1950s by polymethylmethacrylate (PMMA) resin consisting of a pre-polymerized
PMMA powder mixed with methyl methacrylate (MMA) liquid monomer, in which curing
was accomplished by an amine–peroxide reaction invented by German researchers in the
1940s [3]. These materials suffered from several deficiencies, including marginal staining
and discoloration due to a high level of polymerization shrinkage, a lack of bonding to the
tooth, and a huge mismatch in thermal expansion coefficient as compared with the tooth,
as well as pulpal reactions due to the toxicity of MMA [4]. In addition, the material was
inherently weak, limiting its indications [5–7]. Limited attempts were made to incorporate
inorganic fillers with the powder to reduce the thermal expansion coefficient and reduce
shrinkage and water sorption [8]. But clearly, improved materials were needed, and an
attempt was made by Dr. Rafael Bowen to introduce epoxy resins filled with crushed fused
quartz particles [9]. Epoxies had the ability to adhere to many surfaces, but they did not
set well in moist conditions, and the chemicals available to cause rapid polymerization
were relatively irritating to tissues. Further investigation by Dr. Bowen produced a hybrid
molecule based on the reaction of a methacrylate with an epoxide, resulting in the Bis-GMA
monomer (bisphenol A glycidyl methacrylate), often referred to as Bowen’s resin, for which
a US patent (3,066,112) was issued in 1962 [10], and the material was introduced in the
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dental literature in 1963 [11]. This invention by Dr. Bowen paved the path for modern-day
RBC materials, and for this he is owed a tremendous debt of gratitude by the profession. In
comparison to the acrylics being used at the time, the new composites were stronger and
stiffer, had less polymerization shrinkage, had a thermal expansion coefficient more similar
to that of the tooth, and were more esthetic. Perhaps of equivalent importance was the
popularization of the acid etch technique for enamel, attributed to Dr. Michael Buonocore,
who introduced this as a mechanism to adhere the acrylic restorative to the tooth [12].
Acid etching with phosphoric acid provided the means by which the composite could
mechanically adhere to and reliably seal the enamel margins of the restoration. Initially,
the material was mainly limited to anterior restorations where esthetics were a primary
concern, and most posterior direct restorations continued to be performed with dental
amalgam. This would evolve over the years as further improvements were achieved in
both the properties of the dental composites and their adhesion to the tooth (Figure 1).
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Figure 1. Approximate timeline for the development of dental composite restorative systems.

There are numerous reviews of the composition and properties, as well as the clinical
performance, of resin-based dental composites, and a few are cited here [1,13–22]. The
purpose of this article is not to reiterate or to comprehensively assess the extensive literature
in this field. Rather, the focus of this review article will be to chronologically identify some
of the significant changes to the materials, specifically to the polymerization initiators,
resin monomers, and fillers, that resulted in commercially available new products (Fig-
ure 2). It is important to note that many of the adjustments to the formulations of dental
composites have been a direct response to the requests and needs of dental practitioners,
often identified in focus group discussions with key opinion leaders. These efforts have
led to the development of many excellent products that, when handled appropriately, can
create excellent, long-lasting restorations, especially in patients who care for their oral
hygiene. The article will close with a brief review of likely new directions for the continued
development of dental composite materials.
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Figure 2. The basic components of dental composite materials.

2. Advances in the Process of Initiating Polymerization of Resin Composites

As noted above, the initial commercial dental composite materials were two-part
paste systems, with one containing a peroxide initiator and the other an amine activator,
with the pastes being mixed to cause polymerization in minutes through an auto- or self-
curing process [23]. The major change that revolutionized the placement of composites
came with the introduction of light-curing technology (see reviews by Stansbury [24],
Ikemura and Endo [25], and Hadis et al. [26]). Ultraviolet light began to be used as an
activator for sealants and composites containing benzoin methyl ether or similar UV-
sensitive compounds around 1970, obviating the need for mixing two pastes and having
to place the material within the confines of a defined working time. Despite showing
acceptable results in a long-term clinical trial [27], due to limitations in depth of penetration
of UV light (below 400 nm wavelength), as well as concerns over exposure to relatively
high-intensity UV radiation, UV was replaced by visible light activation technology for
curing dental composites in the late 1970s and early 1980s. Composites were made curable
by visible light by incorporating camphorquinone (CQ) and a tertiary amine activator
(co-initiator) within the single-paste resin-based sealant or composite. In this case, CQ is
the light-sensitive molecule that most efficiently absorbs photons at around 468 nm in the
blue region of the electromagnetic spectrum and is raised to a higher energy state. The
amine then further reacts with the CQ, with the amine becoming the radical species that
initiates polymerization through reaction with and splitting of the carbon–carbon double
bond on the monomer. The activated monomer then reacts with another monomer and so
on to propagate the polymer.

CQ is a very bright yellow compound, and failure to reduce it (i.e., bleach) during the
polymerization process may lead to a lingering undesirable color in the material, especially
an unfilled adhesive. Therefore, other photoinitiators of less intense color were sought
to augment or replace CQ, such as 1-phenyl-1,2-propanedione (PPD), bisacylphosphine
oxides (BAPO), triacylphosphine oxide (TPO), and the germanium-based Ivocerin [28,29].
These photoinitiators absorb light predominantly within the UV region and their range only
extends into the visible region to around 400–410 nm. Many other types of photoinitiators
have been developed for specific formulations of dental composites and adhesives [24]. For
example, diphenyliodonium hexafluorophosphate has been combined with CQ to produce
a system with enhanced efficiency and is commonly used in commercial products.

The first visible light-curing units contained quartz tungsten halogen (QTH) light bulbs
emitting from below 400 to about 540 nm in the spectrum. These units incorporated filters
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to block out light emission outside of the 400–500 nm wavelengths to reduce potentially
damaging UV output and excessive heat. Visible light curing provided an “on-demand”
setting and deeper penetration of the activating light into the material than UV, thus
enabling reliable curing of composites in increments of 2 mm, depending on the shade and
translucency of the material. Theoretically, high-intensity blue light was considered safer
than UV, though much concern continues to be raised over the exposure to blue light from
dental and non-dental sources [30]. Because QTH bulbs are very inefficient in converting
voltage to useful light energy, producing mostly heat, alternative light emission devices
were sought. The major change in this regard was the introduction of light-emitting diodes
(LEDs) to replace the QTH bulbs, thus reducing heat emission and eliminating the need for
filters, as the LEDs typically emitted over the range of 420–500 nm (see the review of LEDs
by Jandt and Mills [31]). The initial devices had low output, typically lower than that from
the QTH lights. While LEDs were shown to be more efficient than QTH lights, their initial
low outputs did not allow for sufficiently shorter curing times compared to the QTH lights.
However, before long, LEDs with much greater power were produced, and eventually, by
the mid-2000s, LED lights dominated the market and replaced QTH lights. Current LED
curing lights typically have irradiance values of 800–2000 mW/cm2 [26]. Due to their lower
power consumption requirements, these lights were more ideal than the QTH lights for use
as battery-powered devices.

The evolution of light curing progressed with the introduction of lights emitting with
greater power over the diameter of the light tip/guide, defined as irradiance (Watts/cm2),
thus reducing the time needed to cure each increment to achieve the same level of carbon
double bond conversion [32]. Initially, operators were typically exposing a single increment
of composite for 40 s, but based on the concept of exposure reciprocity, where the most
critical issue is the total energy received by the material (energy = irradiance × time,
Joules/cm2), shorter curing times of 10–20 s became common as lights became more
powerful. These times were reduced even further to 1 to 3 s for extremely high-powered
lights (3000–4000 mW/cm2). The applicability of the theory of reciprocity to dental light
curing has been discredited [33], and while the concept may apply to certain materials under
certain circumstances [26,34], it cannot be utilized as a general rule but rather as guidance
for increasing curing times when using lights with lower emissions. In the continued
evolution of light curing, lights with high outputs were created in the 1990s by employing
lasers and plasma arc (PAC) technology [32]. Most recently, an LED laser light-curing unit
(Monet, AMD Lasers) has been commercialized for dentistry, demonstrating stable output
over great distances with a well-collimated beam and operating at high irradiance [35]. It is
important to note that there is considerable controversy in the field over the impact of using
very high irradiance and short exposure durations on the quality and clinical performance
of resin dental composites, and this area remains a focus of ongoing research.

Based on the need for light at appropriately low wavelengths, near the ultraviolet
part of the spectrum, to stimulate the alternative “less yellow” photoinitiators, LED lights
with chips having more than a single peak wavelength, otherwise known as multi-wave or
poly-wave lights, were produced. These typically have two or three blue light-emitting
chips and one near-violet-emitting chip (approximately 400–410 nm) to more efficiently
cure composites with multiple photoinitiators [32]. In some cases, there are concerns with
these lights in terms of a non-uniform distribution of light across the tip, as determined
by profiling the spatial output of the emitted beam, which could result in reduced curing
efficiency [36].

3. Advances in Monomer Technology in Dental Resin Composites

As noted in the Introduction, the dimethacrylate monomer, Bis-GMA, was used in the
first successful dental composite materials, typically diluted with another dimethacrylate,
such as triethyleneglycoldimethacrylate (TEGDMA). These monomers were made into
pastes by the addition of ground quartz or glass particles, typically in the tens of microm-
eters but with many being around the size of a human hair at greater than 50 nm. The
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benefit of the Bis-GMA molecule over methylmethacrylate (MMA) was its much larger
size (512 g/mol vs. 100 g/mol) and its ability to cross-link and form a thermoset polymer
network due to the presence of the two carbon–carbon double bonds per molecule. Many
different dimethacrylate monomers have been introduced in experimental systems as well
as in commercial materials over the years [37–39], though there is no consistent evidence
that any specific resin system has routinely outperformed any other from a clinical stand-
point. While dental composite resins are generally believed to be biocompatible, concern
has been raised over the release of bisphenol A (BPA) from the materials. Typically, BPA
is not used in the formulation of composites, and while it is not a byproduct of the degra-
dation of Bis-GMA, it may be formed by hydrolysis of other dimethacrylates [40]. Thus,
many manufacturers use alternative monomers and tout their materials as being BPA-free.

One of the greatest challenges with resin dental composites has been overcoming the
negative effects of polymerization shrinkage, which has been the topic of many studies
and reviews [41–44]. Some of the most significant changes in the resin formulation for
composites resulted from research addressing this important aspect. While the polymeriza-
tion shrinkage of larger dimethacrylate monomers is several times less than that of smaller
monomers, such as MMA, shrinkage during polymerization continued to be implicated in
the lack of a tight seal between the restorative and the tooth surface, leading to microleak-
age. In time, it was determined that the shrinkage itself was not necessarily the main
reason for the generation of marginal defects and interfacial gaps in composite restora-
tions, but rather the internal stress created by the interaction between the polymerization
shrinkage of the resin being resisted by the resin adhesion to the cavity preparation [45].
The most direct approach to resolving this problem was to create monomers with less
polymerization shrinkage [46]. Typically, reduced shrinkage was achieved through the
incorporation of still larger/longer monomers, reducing the amount of dimensional change
attributed to each monomer-to-monomer connection [47]. These efforts arising from the in-
dustry and academia resulted in a number of commercial composite products incorporating
dimethacrylate monomers, with names such as DX511 (Kalore, GC, Tokyo, Japan), TCD-
urethane (Venus Diamond, Kulzer), and dimer dicarbamate dimethacrylate (N’Durance,
Septodont) [48,49].

Another approach pursued to reduce shrinkage was based on the curing of monomers
with epoxide functional groups, such as oxiranes or oxaspiro molecules [50]. This work
recalled Bowen’s original idea of using epoxies based on their low curing shrinkage and
good mechanical properties [9]. The commercial product arising from this work was a
composite based on a multifunctional oxirane molecule (Filtek LS Silorane, 3M ESPE)
polymerized by a cationic ring-opening reaction rather than a free-radical methacrylate
polymerization [51]. Because of the different polymerization mechanism, this material
was not compatible with typical adhesives and required its own dedicated product. The
concept behind this system to show reduced curing shrinkage is that ring opening involves
some expansion that offsets the contraction as the new covalent bond is formed and two
molecules move closer together, reducing the overall free volume in the system. This new
material showed good physical properties, but despite the significantly reduced curing
shrinkage compared to conventional dimethacrylates, clinical studies showed equivalent
but not significantly improved performance [52,53].

Another approach to using an alternative matrix system for dental composites was
commercialized in the later 1990s and became a new category called ormocer (organically
modified ceramic). These materials are hybrids of inorganic and organic molecules, in
which, through a sol–gel process, a molecule with a long inorganic silica backbone is
produced with organic side chains of polymerizable methacrylates [22]. While ormocers
are cured by conventional light-curing techniques, due to their large size, they demonstrate
lower polymerization shrinkage than conventional composites. The initial products (Ad-
mira, Voco GmbH; Definite, Degussa AG; and Ceram-X, Dentsply) that were brought to
market also contained traditional dimethacrylate diluents to alter viscosity. These materials
have undergone extensive in vitro and clinical evaluation. Systematic reviews of clinical
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studies showed that the ormocer restorations performed similarly to bulk-fill composites
but were slightly less successful than conventional composites in posterior restorations [54]
and tended to show greater tooth sensitivity and marginal degradation, perhaps due to the
inclusion of dimethacrylate diluents in the formulations [55].

Another direction for dental composites was to create a material capable of adhesion
to the tooth structure without requiring a separate application of a resin-based adhesive.
The first materials were created as flowable dental composites based primarily on the
same chemistry used in current dental adhesives. The materials experienced mixed suc-
cess, with most in vitro and clinical studies showing that a traditional flowable composite
applied with a traditional adhesive had equal or better overall performance [56,57]. Sub-
sequently, manufacturers attempted to develop more heavily filled direct restoratives
with self-adhesive potential. These tended to mimic, to some extent, glass ionomer- or
compomer-type materials relying on carboxylic acid functional groups to provide adhesion
to enamel and dentin. One material (Activa, Pulpdent) designed to be used without a
separate adhesive showed poor clinical performance in a study within one year, and the
study was discontinued [58]. However, when used with an adhesive in primary teeth in
another clinical study, the material showed an acceptable performance [59]. At least one
other self-adhesive bulk-fill material (SureFil One, Dentsply) emerged, showing reason-
able success [60–62], but this product was discontinued due to supply issues that made it
impossible for the manufacturer to continue to deliver the original product.

A major advancement was achieved in the early 2010s with the development of the
bulk-fill composites, designed to be placed in increments of 4–5 mm and cured with a single
light exposure. While the demand for improved light transmission through the material
to achieve enhanced depth of cure was paramount for these materials, another critical
requirement was to specifically formulate a material that produced low polymerization
stress during curing. This was required because previous studies had shown that shrinkage
stress and microleakage were correlated with resin volume [63,64]. The first materials were
designed as flowable, such as SDR Flow (Dentsply), to achieve good adaptability to the
cavity preparation and easy placement. However, due to the slightly reduced filler volumes
required to produce their flowable nature, these materials tended to have lower mechanical
properties and were designed to be used with a “capping” layer of a typical posterior
composite applied as the occlusal surface. In time, other formulations were developed
that could be used to fill the entire cavity preparation, though to a maximum of 4–5 mm
in depth, depending upon the material. Enhanced cure depth can be accomplished by
matching the refractive index of the reinforcing filler to that of the matrix resin, as well as
by reducing light scattering within the composite by the incorporation of larger-sized filler
particles. Both approaches allow enhanced light penetration to the depths of the restoration.
In addition, at least one material (Tetric Evoceram Bulk Fill, Ivoclar) incorporated a more
efficient photoinitiator for enhanced promotion of polymerization at lower light energy [36].
In addition, interesting monomer systems were developed that provided internal molecular
reorganization during curing to reduce the polymerization contraction stress; commercial-
ized examples (Filtek One Bulk Fill, 3M; Tetric PowerFill, Ivoclar) incorporated covalent
adaptable networks involving addition–fragmentation chain transfer reactions [65,66]. In
general, in vitro and clinical assessments of the bulk-fill composites have shown them to
perform as well as conventional composites placed incrementally [67,68].

Other efforts to produce dental composites with lower polymerization stress have
included the incorporation of nanogels and thiourethane oligomers. Nanogels are glob-
ular particles on the nanoscale made from internally cross-linked polymers that have
been developed for a variety of uses, including drug delivery. These particles can also
be incorporated into the resin matrix of composites [69] or chemically attached to the
filler particles [70] to reduce contraction stress development during curing. Thiourethane
oligomers can also be included directly in the resin matrix [71] or chemically attached to
filler particles [72] to reduce composite stress by slowing the polymerization reaction, with
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no negative effect on the degree of conversion and actually producing a substantial increase
in fracture toughness.

4. Advances in Filler Technology in Dental Resin Composites

Originally, dental composites contained relatively large quartz or glass particle fillers as
the reinforcing agents. These particles were excellent strengtheners as the size of the particle
enabled extensive crack blunting and deflection mechanisms. However, composites with
average particle sizes approximating 10–20 µm, with the largest particles exceeding 50 µm,
suffered from several drawbacks, which were evident in their poor wear characteristics and
difficulty in producing and maintaining highly polished surfaces [73]. Wear proceeded in
an uneven manner, beginning with the loss of the softer resin between the harder particles,
which caused the latter to be loosened and released from the surface to create large voids
and a rougher surface prone to further wear [74]. The solution to the problem was to
create composites with reinforcing fillers of smaller sizes. Perhaps the most significant
advancement of the time was the production and use of aerosol silica nanofillers with
average sizes of approximately 40–50 nm, which were originally called “microfillers”,
an inaccurate term but likely one that was more understandable at the time. So-called
“microfill” composites became very popular due to their ability to produce and maintain a
high gloss in the mouth because the particles were so small that they wore at a rate similar
to the adjacent resin matrix, leaving the surface smooth [75]. Microfill composites tended
to show superior wear against abrasive forces, such as toothbrushing, but tended to lose
material at a faster rate than conventional composites when exposed to heavy occlusal
forces [76]. The wear resistance of composites was shown to be proportional to certain
mechanical properties, such as flexure strength and fracture toughness, both of which are
a function of the amount of reinforcing fillers present [77]. Due to their small size, filler
loading of microfills was limited to below 50% by volume, thus also limiting physical
properties. To maximize filler content, manufacturers produced agglomerates of higher
concentrations of particles in resin that were pre-polymerized as blocks and then ground
into particles 50 µm or larger in size. Because the size of the individual hard inorganic
particles remained on the nanoscale, these microfill composites had excellent polishing
characteristics [78].

The next attempt to improve the materials was to adopt the concept of the “hybrid”
composite. By coupling the larger reinforcing fillers with the smaller nanoparticles, the
nanoparticles would fill the spaces between the larger particles and maximize filler loading
and properties, such as wear resistance [74]. Theoretical studies have shown that ideal
physical properties could be achieved by considering the packing of fillers of various size
ranges [79,80]. However, the relatively large size of the particles in the original hybrid
composites continued to be an issue for wear, leading to enhanced processes for grinding
the glass particles to smaller sizes for mixing with the nanoparticles. This resulted in
the introduction of new hybrid formulations called minifills [81], which later became
known as microhybrids [14]. In some cases, manufacturers also incorporated some of the
same types of pre-polymerized resin fillers they incorporated into the microfill composites,
referring to these materials as nanohybrids [14]. Aside from the original “microfills”,
there has been only one commercial dental composite (Filtek Supreme, 3M) composed
solely of nanosized particles in high concentration, i.e., a true nanofill [82]. This material
exhibited good properties, excellent wear resistance, and polishability. Other formulations,
such as Estelite Sigma and Omnichroma (Tokuyama), are called supra-nanofills as they
have spherical particles of uniform size in the 100–300 nm range and show excellent
polishability [83]. Omnichroma, Transcend (Ultradent), Admira Fusion x-tra (Voco), and
Venus Diamond/Pearl One (Kulzer) are some of the first dental composites designed as
single-shade materials to be used in any tooth by virtue of their ability to blend in with
their surroundings. Other materials limited to only one or a couple of shades have followed
as a result of a general trend to simplify commercial composite systems.
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Another significant change in dental composite technology was the introduction of
both flowable and packable dental composites. The former were produced with either
a lesser amount of the typical glass reinforcing particles to make the paste more fluid
but also less strong or by specifically formulating resins with reduced viscosity to allow
for relatively high filler loading to produce better physical properties [84]. In contrast,
packable composites have much higher viscosity and stiffness during placement, and this
is achieved primarily by altering the filler particle distribution and not the overall filler
amount, as evidenced by the fact that these materials typically possess similar properties as
conventional composites [85]. One packable material (Sonicfill, Kerr) was formulated to be
dispensed with sonic energy through a special handpiece to reduce viscosity and enhance
flow and adaptation to the cavity preparation.

It would be an understatement to state that many different types of inorganic com-
pounds have been utilized or proposed as fillers for dental composites, and this topic has
been included in several reviews [86,87]. Originally, fillers were composed of radiolucent
silica or quartz, making it difficult to detect recurrent caries around dental restorations.
The introduction and use of a variety of heavy-metal-containing glasses based on barium,
aluminum, strontium, and zirconium, among others, produced radiopaque fillers with
improved diagnostic advantages. The physical properties of a dental composite are largely
affected by the filler content, and the effect of filler size, distribution, shape, and amount on
the physical properties and degree of cure has been discussed in detail [86]. Based on the
concept of the rule of mixtures, the approach typically has been to maximize the amount of
filler present in the composite, except for flowable materials, to optimize the mechanical
properties. This is typically achieved by incorporating a mixture of particles to enhance
particle packing and minimize interparticle spacing, a critical factor for wear resistance.
While a few dental composites have relied on spherical fillers, as mentioned above, most
incorporate particles of irregular shape produced by a milling/grinding process. The
exception to this is the inclusion of nano- or micro-sized fibers as reinforcement for the
resin matrix. Fiber reinforcement has long been used in the plastics industry. Evidence
shows that fiber reinforcement of dental composites can produce materials, such as Alert
(Pentron), with elevated fracture toughness and strength [85]. Initial attempts produced
composites that had poor polishability and wear resistance due to the fibers being exposed
on the surface and subsequently breaking off and leaving defects within the material [88].
Other efforts successfully produced stronger, stiffer, and tougher composites through the
addition of ceramic whiskers, such as silicon nitride [89], but these materials needed to be
heat-cured as they were not amenable to light curing due to their opaque nature. More
recent attempts to incorporate fibers into dental composites have produced other commer-
cial products, such as everX Posterior (GC), which is a bulk-fill composite designed for use
with a non-fiber reinforced composite as a capping layer.

5. New Directions in Dental Composite Technology

The future development of dental composite technology will most certainly be focused
on the concept of “bioactivity”, a term that is used frequently by dental manufacturers and
researchers but without a true consensus on its definition. The concept suggests that the
material does not simply serve its primary purpose of restoring the tooth to function by
replacing lost components of the tooth but that it produces some additional beneficial effect.
By the broad definition of the term, this effect could be achieved by chemical processes,
biological processes, or some combination thereof [90]. For dental composites, the vision for
“bioactive” composites includes materials that can interact with the microbial environment
to affect the recurrence of the caries process or materials that can reconstitute tooth structure
that has been lost or damaged by the caries process, i.e., what is commonly referred to as
remineralization. There have been many excellent reviews of the potential materials that
may be employed in dental composites to impart “bioactivity” [91–93].

The possible approaches to combating oral biofilms involve the production of materi-
als that are anti-fouling, keeping proteins and/or bacteria from adhering to their surface;
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antimicrobial, in which bacteria are actually killed by the material either through direct
contact or through the release of a toxic component from the composite; or anti-biofilm,
through the release of components that do not kill bacteria, but affect the process of forming
a viable, adherent biofilm (Figure 3) [94]. Currently, there is a dental adhesive, Clearfil
Protect Bond (Kuraray), that contains a tethered (i.e., non-releasing) quaternary ammonium
compound, 12-Methacryloyloxydodecyl pyridinium bromide (MDPB), which causes bacte-
rial cell death on contact and has shown some ability to reduce mineral loss of adjacent
dentin in an in situ model [95], but has not shown improved clinical performance when
compared to an adhesive that did not contain the MDPB monomer [96]. Another composite,
Infinix (Nobio), is also designed with a quaternary ammonium molecule tethered to a
silica nanoparticle filler and has shown reduced mineral loss in an in situ gap model [97].
Numerous composites have been developed with ion-releasing fillers (Activa, Pulpdent;
Beautiful, Shofu) intended to aid in the remineralization of adjacent tooth structures and
possibly reduce the loss of minerals (Figure 3). Recently, another ion-releasing composite,
Cention N, based on what is referred to as an “alkasite” filler of calcium fluorosilicate, was
shown to perform acceptably in posterior restorations over two years [61]. The full evalu-
ation of the effectiveness of these “bioactive” materials will only be determined through
extensive clinical research in years to come. It should also be noted that depending upon
the claims made by the manufacturers for such materials, in order to demonstrate safety
and effectiveness for regulatory agencies, such as the Food and Drug Administration in
the United States, a less restrictive 510K process (demonstrating substantial equivalence
to existing products) or a far more extensive and expensive premarket approval process
would be required.
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Another area that is of intense interest for development is that of self-healing compos-
ites. Materials can be designed to stop cracks from propagating to failure by healing the
damaged crack region using either an intrinsic (i.e., incorporation of encapsulated healing
agents in the material that are released during cracking) or extrinsic (i.e., application of
external sources of energy such as heat or light) approach [98,99]. Such materials would be
capable of responding to the stress field created by a propagated crack to repair and close it,
making it more resistant to further cracking. Currently, no such product exists in dentistry,
but it is an area of active research [100,101].



J. Funct. Biomater. 2024, 15, 173 10 of 13

Funding: This research received no external funding.

Data Availability Statement: This article did not involve the creation of new data.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Demarco, F.F.; Cenci, M.S.; Montagner, A.F.; de Lima, V.P.; Correa, M.B.; Moraes, R.R.; Opdam, N.J.M. Longevity of composite

restorations is definitely not only about materials. Dent. Mater. 2023, 39, 1–12. [CrossRef]
2. Thyvalikakath, T.; Siddiqui, Z.A.; Eckert, G.; LaPradd, M.; Duncan, W.D.; Gordan, V.V.; Rindal, D.B.; Jurkovich, M.; Gilbert, G.H.

Survival analysis of posterior composite restorations in National Dental PBRN general dentistry practices. J. Dent. 2024, 141,
104831. [CrossRef]

3. Söderholm, K.J.; Mariotti, A. BIS-GMA—Based resins in dentistry: Are they safe? J. Am. Dent. Assoc. 1999, 130, 201–209.
[CrossRef]

4. Gilmore, H.W. Recent consensus on the pulpal reaction to restorative materials. J. Prosthet. Dent. 1970, 23, 434–440. [CrossRef]
5. Paffenbarger, G.C.; Nelsen, R.J.; Sweeney, W.T. Direct and indirect filling resins: A review of some physical and chemical

properties. J. Am. Dent. Assoc. 1953, 47, 516–524. [CrossRef]
6. Coy, H.D. Silicate cements and direct filling resins: A comparative study. J. Am. Dent. Assoc. 1958, 56, 848–853. [CrossRef]
7. Sweeney, W.T.; Sheehan, W.D.; Yost, E.L. Mechanical properties of direct filling resins. J. Am. Dent. Assoc. 1954, 49, 513–521.

[CrossRef]
8. Rose, E.E.; Lal, J.; Green, R.; Cornell, J. Direct resin filling materials: Coefficient of thermal expansion and water sorption of

polymethyl methacrylate. J. Dent. Res. 1955, 34, 589–596. [CrossRef]
9. Bowen, R. Use of epoxy resins in restorative materials. J. Dent. Res. 1956, 35, 360–369. [CrossRef]
10. Bowen, R.L. Dental Filling Material Comprising Vinyl Silane Treated Fused Silica and a Binder Consisting of the Reaction Product

of Bis Phenol and Glycidyl Acrylate. U.S. Patent 3,066,112, 27 November 1962.
11. Bowen, R. Properties of a silica-reinforced polymer for dental restorations. J. Am. Dent. Assoc. 1963, 66, 57–64. [CrossRef]
12. Buonocore, M.G. A simple method of increasing the adhesion of acrylic filling materials to enamel surfaces. J. Dent. Res. 1955, 34,

849–853. [CrossRef] [PubMed]
13. Bayne, S.C.; Ferracane, J.L.; Marshall, G.W.; Marshall, S.J.; van Noort, R. The Evolution of Dental Materials over the Past Century:

Silver and Gold to Tooth Color and Beyond. J. Dent. Res. 2019, 98, 257–265. [CrossRef]
14. Ferracane, J.L. Resin composite—State of the art. Dent. Mater. 2011, 27, 29–38. [CrossRef]
15. Zimmerli, B.; Strub, M.; Jeger, F.; Stadler, O.; Lussi, A. Composite materials: Composition, properties and clinical ap-plications. A

literature review. Schweiz. Monatsschr Zahnmed. 2010, 120, 972–986.
16. Leinfelder, K.F. New developments in resin restorative systems. J. Am. Dent. Assoc. 1997, 128, 573–581. [CrossRef]
17. Yadav, R.; Kumar, M. Dental restorative composite materials: A review. J. Oral. Biosci. 2019, 61, 78–83. [CrossRef]
18. Ferracane, J. Current trends in dental composites. Crit. Rev. Oral. Biol. Med. 1995, 6, 302–318. [CrossRef]
19. Demarco, F.F.; Collares, K.; Coelho-de-Souza, F.H.; Correa, M.B.; Cenci, M.S.; Moraes, R.R.; Opdam, N.J. Anterior composite

restorations: A systematic review on long-term survival and reasons for failure. Dent. Mater. 2015, 31, 1214–1224. [CrossRef]
20. Opdam, N.J.; van de Sande, F.H.; Bronkhorst, E.; Cenci, M.S.; Bottenberg, P.; Pallesen, U.; Gaengler, P.; Lindberg, A.; Huysmans,

M.C.; van Dijken, J.W. Longevity of posterior composite restorations: A systematic review and meta-analysis. J. Dent. Res. 2014,
93, 943–949. [CrossRef]

21. Josic, U.; D’alessandro, C.; Miletic, V.; Maravic, T.; Mazzitelli, C.; Jacimovic, J.; Sorrentino, R.; Zarone, F.; Mancuso, E.; Delgado,
A.H.; et al. Clinical longevity of direct and indirect posterior resin composite restorations: An updated systematic review and
meta-analysis. Dent. Mater. 2023, 39, 1085–1094. [CrossRef]

22. Ilie, N.; Hickel, R. Resin composite restorative materials. Aust. Dent. J. 2011, 56 (Suppl. S1), 59–66. [CrossRef] [PubMed]
23. Kwon, T.; Bagheri, R.; Kim, Y.K.; Kim, K.; Burrow, M.F. Cure mechanisms in materials for use in esthetic dentistry. J. Investig. Clin.

Dent. 2012, 3, 3–16. [CrossRef] [PubMed]
24. Stansbury, J.W. Curing dental resins and composites by photopolymerization. J. Esthet. Dent. 2000, 12, 300–308. [CrossRef]

[PubMed]
25. Ikemura, K.; Endo, T. A review of the development of radical photopolymerization initiators used for designing light-curing

dental adhesives and resin composites. Dent. Mater. J. 2010, 29, 481–501. [CrossRef]
26. Hadis, M.; Leprince, J.G.; Shortall, A.C.; Devaux, J.; Leloup, G.; Palin, W.M. High irradiance curing and anomalies of exposure

reciprocity law in resin-based materials. J. Dent. 2011, 39, 549–557. [CrossRef] [PubMed]
27. Wilder, A.D., Jr.; May, K.N., Jr.; Bayne, S.C.; Taylor, D.F.; Leinfelder, K.F. Seventeen-year clinical study of ultraviolet-cured

posterior composite Class I and II restorations. J. Esthet. Dent. 1999, 11, 135–142. [CrossRef] [PubMed]
28. Kowalska, A.; Sokolowski, J.; Bociong, K. The Photoinitiators Used in Resin Based Dental Composite—A Review and Future

Perspectives. Polymers 2021, 13, 470. [CrossRef]
29. Topa, M.; Ortyl, J. Moving Towards a Finer Way of Light-Cured Resin-Based Restorative Dental Materials: Recent Advances in

Photoinitiating Systems Based on Iodonium Salts. Materials 2020, 13, 4093. [CrossRef]

https://doi.org/10.1016/j.dental.2022.11.009
https://doi.org/10.1016/j.jdent.2024.104831
https://doi.org/10.14219/jada.archive.1999.0169
https://doi.org/10.1016/0022-3913(70)90010-7
https://doi.org/10.14219/jada.archive.1953.0215
https://doi.org/10.14219/jada.archive.1958.0115
https://doi.org/10.14219/jada.archive.1954.0180
https://doi.org/10.1177/00220345550340041501
https://doi.org/10.1177/00220345560350030501
https://doi.org/10.14219/jada.archive.1963.0010
https://doi.org/10.1177/00220345550340060801
https://www.ncbi.nlm.nih.gov/pubmed/13271655
https://doi.org/10.1177/0022034518822808
https://doi.org/10.1016/j.dental.2010.10.020
https://doi.org/10.14219/jada.archive.1997.0256
https://doi.org/10.1016/j.job.2019.04.001
https://doi.org/10.1177/10454411950060040301
https://doi.org/10.1016/j.dental.2015.07.005
https://doi.org/10.1177/0022034514544217
https://doi.org/10.1016/j.dental.2023.10.009
https://doi.org/10.1111/j.1834-7819.2010.01296.x
https://www.ncbi.nlm.nih.gov/pubmed/21564116
https://doi.org/10.1111/j.2041-1626.2012.00114.x
https://www.ncbi.nlm.nih.gov/pubmed/22298515
https://doi.org/10.1111/j.1708-8240.2000.tb00239.x
https://www.ncbi.nlm.nih.gov/pubmed/14743525
https://doi.org/10.4012/dmj.2009-137
https://doi.org/10.1016/j.jdent.2011.05.007
https://www.ncbi.nlm.nih.gov/pubmed/21679742
https://doi.org/10.1111/j.1708-8240.1999.tb00390.x
https://www.ncbi.nlm.nih.gov/pubmed/10825870
https://doi.org/10.3390/polym13030470
https://doi.org/10.3390/ma13184093


J. Funct. Biomater. 2024, 15, 173 11 of 13

30. Fluent, M.T.; Ferracane, J.L.; Mace, J.G.; Shah, A.R.; Price, R.B. Shedding light on a potential hazard: Dental light-curing units. J.
Am. Dent. Assoc. 2019, 150, 1051–1058. [CrossRef]

31. Jandt, K.D.; Mills, R.W. A brief history of LED photopolymerization. Dent. Mater. 2013, 29, 605–617. [CrossRef]
32. Hadis, M.A.; Shortall, A.C.; Palin, W.M. The power of light—From dental materials processing to diagnostics and therapeutics.

Biomater. Investig. Dent. 2024, 11, 40308. [CrossRef] [PubMed]
33. Musanje, L.; Darvell, B.W. Polymerization of resin composite restorative materials: Exposure reciprocity. Dent. Mater. 2003, 19,

531–541. [CrossRef] [PubMed]
34. Palagummi, S.V.; Hong, T.; Wang, Z.; Moon, C.K.; Chiang, M.Y.M. Resin viscosity determines the condition for a valid exposure

reciprocity law in dental composites. Dent. Mater. 2020, 36, 310–319. [CrossRef]
35. Rocha, M.G.; Maucoski, C.; Roulet, J.-F.; Price, R.B. Depth of cure of 10 resin-based composites light-activated using a laser diode,

multi-peak, and single-peak light-emitting diode curing lights. J. Dent. 2022, 122, 104141. [CrossRef] [PubMed]
36. de Oliveira, D.; Rocha, M.G.; Correr, A.B.; Ferracane, J.L.; Sinhoreti, M. Effect of Beam Profiles From Different Light Emission

Tip Types of Multiwave Light-emitting Diodes on the Curing Profile of Resin-based Composites. Oper. Dent. 2019, 44, 365–378.
[CrossRef]

37. Fugolin, A.P.P.; Pfeifer, C.S. New Resins for Dental Composites. J. Dent. Res. 2017, 96, 1085–1091. [CrossRef] [PubMed]
38. He, J.; Lassila, L.; Garoushi, S.; Vallittu, P. Tailoring the monomers to overcome the shortcomings of current dental resin

composites—review. Biomater. Investig. Dent. 2023, 10, 2191621. [CrossRef]
39. Peutzfeldt, A. Resin composites in dentistry: The monomer systems. Eur. J. Oral. Sci. 1997, 105, 97–116. [CrossRef]
40. Schmalz, G.; Widbiller, M. Biocompatibility of Amalgam vs Composite—A Review. Oral Health Prev. Dent. 2022, 20, 149–155.
41. Braga, R.R.; Ballester, R.Y.; Ferracane, J.L. Factors involved in the development of polymerization shrinkage stress in resin-

composites: A systematic review. Dent. Mater. 2005, 21, 962–970. [CrossRef]
42. Stansbury, J.W.; Trujillo-Lemon, M.; Lu, H.; Ding, X.; Lin, Y.; Ge, J. Conversion-dependent shrinkage stress and strain in dental

resins and composites. Dent. Mater. 2005, 21, 56–67. [CrossRef]
43. Ferracane, J.L. Buonocore Lecture. Placing dental composites--a stressful experience. Oper. Dent. 2008, 33, 247–257. [CrossRef]

[PubMed]
44. Meereis, C.T.W.; Münchow, E.A.; de Oliveira da Rosa, W.L.; da Silva, A.F.; Piva, E. Polymerization shrinkage stress of resin-based

dental materials: A systematic review and meta-analyses of composition strategies. J. Mech. Behav. Biomed. Mater. 2018, 82,
268–281. [CrossRef]

45. Davidson, C.; Feilzer, A. Polymerization shrinkage and polymerization shrinkage stress in polymer-based restoratives. J. Dent.
1997, 25, 435–440. [CrossRef]

46. Albeshir, E.G.; Alsahafi, R.; Albluwi, R.; Balhaddad, A.A.; Mitwalli, H.; Oates, T.W.; Hack, G.D.; Sun, J.; Weir, M.D.; Xu, H.H.K.
Low-Shrinkage Resin Matrices in Restorative Dentistry-Narrative Review. Materials 2022, 15, 2951. [CrossRef]

47. Srivastava, R.; Liu, J.; He, C.; Sun, Y. BisGMA analogues as monomers and diluents for dental restorative composite materials.
Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 88, 25–31. [CrossRef] [PubMed]

48. Bracho-Troconis, C.; Trujillo-Lemon, M.; Boulden, J.; Wong, N.; Wall, K.; Esquibel, K. Characterization of N’Durance: A nanohybrid
composite based on new nano-dimer technology. Compend. Contin. Educ. Dent. 2010, 31, 5–9.

49. Yamasaki, L.C.; De Vito Moraes, A.G.; Barros, M.; Lewis, S.; Francci, C.; Stansbury, J.W.; Pfeifer, C.S. Polymerization development
of “low-shrink” resin composites: Reaction kinetics, polymerization stress and quality of network. Dent. Mater. 2013, 29,
e169–e179. [CrossRef] [PubMed]

50. Stansbury, J. Synthesis and evaluation of new oxaspiro monomers for double ring-opening polymerization. J. Dent. Res. 1992, 71,
1408–1412. [CrossRef] [PubMed]

51. Weinmann, W.; Thalacker, C.; Guggenberger, R. Siloranes in dental composites. Dent. Mater. 2005, 21, 68–74. [CrossRef]
52. Maghaireh, G.A.; Taha, N.A.; Alzraikat, H. The Silorane-based Resin Composites: A Review. Oper. Dent. 2017, 42, E24–E34.

[CrossRef]
53. Magno, M.B.; Nascimento, G.C.; Rocha, Y.S.; Ribeiro, B.D.; Loretto, S.C.; Maia, L.C. Silorane-based Composite Resin Restorations

Are Not Better than Conventional Composites—A Meta-Analysis of Clinical Studies. J. Adhes. Dent. 2016, 18, 375–386. [PubMed]
54. Abreu, N.M.; Sousa, F.B.; Dantas, R.V.; Leite, P.K.; Batista, A.U.; Montenegro, R.V. Longevity of bulk fill and ormocer composites

in permanent posterior teeth: Systematic review and meta-analysis. Am. J. Dent. 2022, 35, 89–96.
55. Monsarrat, P.; Garnier, S.; Vergnes, J.-N.; Nasr, K.; Grosgogeat, B.; Joniot, S. Survival of directly placed ormocer-based restorative

materials: A systematic review and meta-analysis of clinical trials. Dent. Mater. 2017, 33, e212–e220. [CrossRef] [PubMed]
56. Liu, X.; Zhang, R.; Yu, X.; Hua, F.; Zhang, L.; Chen, Z. Self-adhesive flowable composite resins and flowable composite resins in

permanent teeth with occlusal cavities: A systematic review and meta-analysis. J. Dent. 2023, 138, 104691. [CrossRef]
57. Mourão, C.F.; Lowenstein, A. What are the emerging trends in dental composite materials in permanent teeth with occlusal

cavities: Self-adhesive vs traditional? Evid. Based Dent. 2024, 25, 17–18. [CrossRef] [PubMed]
58. van Dijken, J.W.; Pallesen, U.V.; Benetti, A. A randomized controlled evaluation of posterior resin restorations of an altered resin

modified glass-ionomer cement with claimed bioactivity. Dent. Mater. 2018, 35, 335–343. [CrossRef]
59. Banon, R.; Vandenbulcke, J.; Van Acker, J.; Martens, L.; De Coster, P.; Rajasekharan, S. Two-year clinical and radio-graphic

evaluation of ACTIVA BioACTIVE versus Compomer (Dyract® eXtra) in the restoration of class-2 cavities of primary molars:
A non-inferior split-mouth randomised clinical trial. BMC Oral. Health 2024, 24, 437. [CrossRef]

https://doi.org/10.1016/j.adaj.2019.08.012
https://doi.org/10.1016/j.dental.2013.02.003
https://doi.org/10.2340/biid.v11.40308
https://www.ncbi.nlm.nih.gov/pubmed/38645925
https://doi.org/10.1016/S0109-5641(02)00101-X
https://www.ncbi.nlm.nih.gov/pubmed/12837402
https://doi.org/10.1016/j.dental.2019.12.003
https://doi.org/10.1016/j.jdent.2022.104141
https://www.ncbi.nlm.nih.gov/pubmed/35483497
https://doi.org/10.2341/16-242
https://doi.org/10.1177/0022034517720658
https://www.ncbi.nlm.nih.gov/pubmed/28732183
https://doi.org/10.1080/26415275.2023.2191621
https://doi.org/10.1111/j.1600-0722.1997.tb00188.x
https://doi.org/10.1016/j.dental.2005.04.018
https://doi.org/10.1016/j.dental.2004.10.006
https://doi.org/10.2341/07-BL2
https://www.ncbi.nlm.nih.gov/pubmed/18505214
https://doi.org/10.1016/j.jmbbm.2018.03.019
https://doi.org/10.1016/S0300-5712(96)00063-2
https://doi.org/10.3390/ma15082951
https://doi.org/10.1016/j.msec.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29636135
https://doi.org/10.1016/j.dental.2013.04.021
https://www.ncbi.nlm.nih.gov/pubmed/23849746
https://doi.org/10.1177/00220345920710070901
https://www.ncbi.nlm.nih.gov/pubmed/1629456
https://doi.org/10.1016/j.dental.2004.10.007
https://doi.org/10.2341/15-311-LIT
https://www.ncbi.nlm.nih.gov/pubmed/27695714
https://doi.org/10.1016/j.dental.2017.01.019
https://www.ncbi.nlm.nih.gov/pubmed/28238400
https://doi.org/10.1016/j.jdent.2023.104691
https://doi.org/10.1038/s41432-023-00959-4
https://www.ncbi.nlm.nih.gov/pubmed/38182663
https://doi.org/10.1016/j.dental.2018.11.027
https://doi.org/10.1186/s12903-024-04132-w


J. Funct. Biomater. 2024, 15, 173 12 of 13

60. Ellithy, M.S.; Abdelrahman, M.H.; Afifi, R.R. Comparative clinical evaluation between self-adhesive and conventional bulk-fill
composites in class II cavities: A 1-year randomized controlled clinical study. J. Esthet. Restor. Dent. 2024, in press. [CrossRef]

61. Albelasy, E.H.; Hamama, H.H.; Chew, H.P.; Montasser, M.; Mahmoud, S.H. Clinical performance of two ion-releasing bulk-fill
composites in class I and class II restorations: A two-year evaluation. J. Esthet. Restor. Dent. 2024, 36, 723–736. [CrossRef]

62. Rathke, A.; Pfefferkorn, F.; McGuire, M.K.; Heard, R.H.; Seemann, R. One-year clinical results of restorations using a novel
self-adhesive resin-based bulk-fill restorative. Sci. Rep. 2022, 12, 3934. [CrossRef] [PubMed]

63. Boaro, L.C.; Meira, J.B.; Ballester, R.Y.; Braga, R.R. Influence of specimen dimensions and their derivatives (C-factor and volume)
on polymerization stress determined in a high compliance testing system. Dent. Mater. 2013, 29, 1034–1039. [CrossRef] [PubMed]

64. Braga, R.R.; Boaro, L.C.; Kuroe, T.; Azevedo, C.L.; Singer, J.M. Influence of cavity dimensions and their derivatives (volume
and ‘C’ factor) on shrinkage stress development and microleakage of composite restorations. Dent. Mater. 2006, 22, 818–823.
[CrossRef] [PubMed]

65. Park, H.Y.; Kloxin, C.J.; Scott, T.F.; Bowman, C.N. Covalent adaptable networks as dental restorative resins: Stress relaxation by
addition–fragmentation chain transfer in allyl sulfide-containing resins. Dent. Mater. 2010, 26, 1010–1016. [CrossRef] [PubMed]

66. Ilie, N.; Watts, D.C. Outcomes of ultra-fast (3 s) photo-cure in a RAFT-modified resin-composite. Dent. Mater. 2020, 36, 570–579.
[CrossRef] [PubMed]

67. Cidreira Boaro, L.C.; Pereira Lopes, D.; de Souza AS, C.; Lie Nakano, E.; Ayala Perez, M.D.; Pfeifer, C.S.; Gonçalves, F. Clinical
performance and chemical-physical properties of bulk fill composites resin—A systematic review and meta-analysis. Dent. Mater.
2019, 35, e249–e264. [CrossRef]

68. Sengupta, A.; Naka, O.; Mehta, S.B.; Banerji, S. The clinical performance of bulk-fill versus the incremental layered ap-plication of
direct resin composite restorations: A systematic review. Evid. Based Dent. 2023, 24, 143. [CrossRef]

69. Moraes, R.R.; Garcia, J.W.; Barros, M.D.; Lewis, S.H.; Pfeifer, C.S.; Liu, J.; Stansbury, J.W. Control of polymerization shrinkage and
stress in nanogel-modified monomer and composite materials. Dent. Mater. 2011, 27, 509–519. [CrossRef] [PubMed]

70. Fronza, B.M.; Rad, I.Y.; Shah, P.K.; Barros, M.D.; Giannini, M.; Stansbury, J.W. Nanogel-Based Filler-Matrix Interphase for
Polymerization Stress Reduction. J. Dent. Res. 2019, 98, 779–785. [CrossRef]

71. Bacchi, A.; Yih, J.A.; Platta, J.; Knight, J.; Pfeifer, C.S. Shrinkage/stress reduction and mechanical properties improvement in
restorative composites formulated with thio-urethane oligomers. J. Mech. Behav. Biomed. Mater. 2018, 78, 235–240. [CrossRef]

72. Fugolin, A.P.P.; Costa, A.R.; Correr-Sobrinho, L.; Crystal Chaw, R.; Lewis, S.; Ferracane, J.L.; Pfeifer, C.S. Toughening and
polymerization stress control in composites using thiourethane-treated fillers. Sci. Rep. 2021, 11, 7638. [CrossRef]

73. Abell, A.K.; Leinfelder, K.F.; Turner, D.T. Microscopic observations of the wear of a tooth restorative composite in vivo. J. Biomed.
Mater. Res. 1983, 17, 501–507. [CrossRef] [PubMed]

74. Bayne, S.C.; Taylor, D.F.; Heymann, H.O. Protection hypothesis for composite wear. Dent. Mater. 1992, 8, 305–309. [CrossRef]
[PubMed]

75. Amaya-Pajares, S.P.; Koi, K.; Watanabe, H.; da Costa, J.B.; Ferracane, J.L. Development and maintenance of surface gloss of dental
composites after polishing and brushing: Review of the literature. J. Esthet. Restor. Dent. 2022, 34, 15–41. [CrossRef] [PubMed]

76. Leinfelder, K.F. Wear patterns and rates of posterior composite resins. Int. Dent. J. 1987, 37, 152–157.
77. Heintze, S.D.; Ilie, N.; Hickel, R.; Reis, A.; Loguercio, A.; Rousson, V. Laboratory mechanical parameters of composite resins and

their relation to fractures and wear in clinical trials—A systematic review. Dent. Mater. 2016, 33, e101–e114. [CrossRef]
78. Dennison, J.B. Status report on microfilled composite restorative resin. Council on Dental Materials, Instruments, and Equipment.

J. Am. Dent. Assoc. 1982, 105, 488–492.
79. Niu, H.; Yang, D.-L.; Gao, T.; Wang, J.-X. Efficient prediction of the packing density of inorganic fillers in dental resin composites

for excellent properties. Dent. Mater. 2021, 37, 1806–1818. [CrossRef] [PubMed]
80. Wang, R.; Habib, E.; Zhu, X.X. Evaluation of the filler packing structures in dental resin composites: From theory to practice.

Dent. Mater. 2018, 34, 1014–1023. [CrossRef]
81. Bayne, S.C.; Heymann, H.O.; Swift, E.J., Jr. Update on dental composite restorations. J. Am. Dent. Assoc. 1994, 125, 687–701.

[CrossRef]
82. Mitra, S.B.; Wu, D.; Holmes, B.N. An application of nanotechnology in advanced dental materials. J. Am. Dent. Assoc. 2003, 134,

1382–1390. [CrossRef] [PubMed]
83. Can Say, E.; Yurdagüven, H.; Yaman, B.C.; Özer, F. Surface roughness and morphology of resin composites polished with two-step

polishing systems. Dent. Mater. J. 2014, 33, 332–342. [CrossRef]
84. Vouvoudi, E.C. Overviews on the Progress of Flowable Dental Polymeric Composites: Their Composition, Polymerization

Process, Flowability and Radiopacity Aspects. Polymers 2022, 14, 4182. [CrossRef]
85. Choi, K.K.; Ferracane, J.L.; Hilton, T.J.; Charlton, D. Properties of packable dental composites. J. Esthet. Dent. 2000, 12, 216–226.

[CrossRef]
86. Aminoroaya, A.; Neisiany, R.E.; Khorasani, S.N.; Panahi, P.; Das, O.; Madry, H.; Cucchiarini, M.; Ramakrishna, S. A review of

dental composites: Challenges, chemistry aspects, filler influences, and future insights. Compos. Part. B Eng. 2021, 216, 108852.
[CrossRef]

87. Habib, E.; Wang, R.; Wang, Y.; Zhu, M.; Zhu, X.X. Inorganic Fillers for Dental Resin Composites: Present and Future. ACS Biomater.
Sci. Eng. 2015, 2, 1–11. [CrossRef]

https://doi.org/10.1111/jerd.13242
https://doi.org/10.1111/jerd.13193
https://doi.org/10.1038/s41598-022-07965-z
https://www.ncbi.nlm.nih.gov/pubmed/35273277
https://doi.org/10.1016/j.dental.2013.07.011
https://www.ncbi.nlm.nih.gov/pubmed/23932210
https://doi.org/10.1016/j.dental.2005.11.010
https://www.ncbi.nlm.nih.gov/pubmed/16368130
https://doi.org/10.1016/j.dental.2010.06.007
https://www.ncbi.nlm.nih.gov/pubmed/20655100
https://doi.org/10.1016/j.dental.2020.02.007
https://www.ncbi.nlm.nih.gov/pubmed/32173087
https://doi.org/10.1016/j.dental.2019.07.007
https://doi.org/10.1038/s41432-023-00905-4
https://doi.org/10.1016/j.dental.2011.01.006
https://www.ncbi.nlm.nih.gov/pubmed/21388669
https://doi.org/10.1177/0022034519845843
https://doi.org/10.1016/j.jmbbm.2017.11.011
https://doi.org/10.1038/s41598-021-87151-9
https://doi.org/10.1002/jbm.820170309
https://www.ncbi.nlm.nih.gov/pubmed/6223040
https://doi.org/10.1016/0109-5641(92)90105-L
https://www.ncbi.nlm.nih.gov/pubmed/1303372
https://doi.org/10.1111/jerd.12875
https://www.ncbi.nlm.nih.gov/pubmed/35088935
https://doi.org/10.1016/j.dental.2016.11.013
https://doi.org/10.1016/j.dental.2021.09.010
https://www.ncbi.nlm.nih.gov/pubmed/34565583
https://doi.org/10.1016/j.dental.2018.03.022
https://doi.org/10.14219/jada.archive.1994.0113
https://doi.org/10.14219/jada.archive.2003.0054
https://www.ncbi.nlm.nih.gov/pubmed/14620019
https://doi.org/10.4012/dmj.2013-287
https://doi.org/10.3390/polym14194182
https://doi.org/10.1111/j.1708-8240.2000.tb00224.x
https://doi.org/10.1016/j.compositesb.2021.108852
https://doi.org/10.1021/acsbiomaterials.5b00401


J. Funct. Biomater. 2024, 15, 173 13 of 13

88. Ferracane, J.L.; Choi, K.K.; Condon, J.R. In vitro wear of packable dental composites. Compend. Contin. Educ. Dent. Suppl. 1999,
25, S60–S66, quiz S74.

89. Xu, H.H.; Martin, T.A.; Antonucci, J.M.; Eichmiller, F.C. Ceramic whisker reinforcement of dental resin composites. J. Dent. Res.
1999, 78, 706–712. [CrossRef] [PubMed]

90. Schmalz, G.; Schwendicke, F.; Hickel, R.; Platt, J.A. Alternative Direct Restorative Materials for Dental Amalgam: A Concise
Review Based on an FDI Policy Statement. Int. Dent. J. 2023, in press. [CrossRef] [PubMed]

91. Melo, M.A.S.; Garcia, I.M.; Mokeem, L.; Weir, M.D.; Xu, H.H.K.; Montoya, C.; Orrego, S. Developing Bioactive Dental Resins for
Restorative Dentistry. J. Dent. Res. 2023, 102, 1180–1190. [CrossRef]

92. Montoya, C.; Roldan, L.; Yu, M.; Valliani, S.; Ta, C.; Yang, M.; Orrego, S. Smart dental materials for antimicrobial applications.
Bioact. Mater. 2022, 24, 1–19.

93. Ramburrun, P.; Pringle, N.A.; Dube, A.; Adam, R.Z.; D’Souza, S.; Aucamp, M. Recent Advances in the Development of
Antimicrobial and Antifouling Biocompatible Materials for Dental Applications. Materials 2021, 14, 3167. [CrossRef] [PubMed]

94. Kreth, J.; Merritt, J.; Pfeifer, C.S.; Khajotia, S.; Ferracane, J.L. Interaction between the Oral Microbiome and Dental Composite
Biomaterials: Where We Are and Where We Should Go. J. Dent. Res. 2020, 99, 1140–1149. [CrossRef]

95. van de Sande, F.H.; Opdam, N.J.; Truin, G.J.; Bronkhorst, E.M.; de Soet, J.J.; Cenci, M.S.; Huysmans, M.-C. The influence of
different restorative materials on secondary caries development in situ. J. Dent. 2014, 42, 1171–1177. [CrossRef]

96. Hollanders, A.C.C.; Kuper, N.K.; Bronkhorst, E.M.; Laske, M.; Huysmans, M. Effectiveness of adhesive containing MDPB:
A practice-based clinical trial. Dent. Mater. 2023, 39, 756–761. [CrossRef]

97. Rechmann, P.; Le, C.Q.; Chaffee, B.W.; Rechmann, B.M.T. Demineralization prevention with a new antibacterial restorative
composite containing QASi nanoparticles: An in situ study. Clin. Oral. Investig. 2021, 25, 5293–5305. [CrossRef]

98. Fugolin, A.P.; Pfeifer, C.S. Engineering a new generation of thermoset self-healing polymers based on intrinsic approaches. JADA
Found. Sci. 2022, 1, 100014. [CrossRef] [PubMed]

99. Fugolin, A.P.; Pfeifer, C.S. Strategies to design extrinsic stimuli-responsive dental polymers capable of autorepairing. JADA Found.
Sci. 2022, 1, 100013. [CrossRef] [PubMed]

100. Wu, J.; Weir, M.D.; Melo, M.A.; Xu, H.H. Development of novel self-healing and antibacterial dental composite containing calcium
phosphate nanoparticles. J. Dent. 2015, 43, 317–326. [CrossRef]

101. Yao, S.; Qin, L.; Ma, L.; Zhang, X.; Jiang, H.; Zhang, J.; Zhou, C.; Wu, J. Novel antimicrobial and self-healing dental resin to combat
secondary caries and restoration fracture. Dent. Mater. 2023, 39, 1040–1050. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/00220345990780021101
https://www.ncbi.nlm.nih.gov/pubmed/10029470
https://doi.org/10.1016/j.identj.2023.11.004
https://www.ncbi.nlm.nih.gov/pubmed/38071154
https://doi.org/10.1177/00220345231182357
https://doi.org/10.3390/ma14123167
https://www.ncbi.nlm.nih.gov/pubmed/34207552
https://doi.org/10.1177/0022034520927690
https://doi.org/10.1016/j.jdent.2014.07.003
https://doi.org/10.1016/j.dental.2023.06.011
https://doi.org/10.1007/s00784-021-03837-4
https://doi.org/10.1016/j.jfscie.2022.100014
https://www.ncbi.nlm.nih.gov/pubmed/36721425
https://doi.org/10.1016/j.jfscie.2022.100013
https://www.ncbi.nlm.nih.gov/pubmed/36721424
https://doi.org/10.1016/j.jdent.2015.01.009
https://doi.org/10.1016/j.dental.2023.09.009

	Introduction 
	Advances in the Process of Initiating Polymerization of Resin Composites 
	Advances in Monomer Technology in Dental Resin Composites 
	Advances in Filler Technology in Dental Resin Composites 
	New Directions in Dental Composite Technology 
	References

