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Editorial

Composite and Polymeric Materials for Dentistry: Enhancing
Antimicrobial and Mechanical Properties
Grzegorz Chladek

Department of Engineering Materials and Biomaterials, Faculty of Mechanical Engineering, Silesian University
of Technology, 18a Konarskiego Str., 41-100 Gliwice, Poland; grzegorz.chladek@polsl.pl

Billions of people suffer from dental problems and that number is constantly increasing.
Paradoxically, the deteriorating state our teeth is accompanied by the ever-increasing
desire to preserve our best facial appearance, which is significantly influenced by dental
aesthetics. This favors the dynamic development of dental materials. Special attention
has been granted to the possibility of giving materials new or improved properties by the
introduction of nano- or submicrometer-size additives, natural oils, new monomers, and
other potentially beneficial chemical and structural modifications. Equally important are
the new data regarding the colonization of dental materials by pathogenic microbes and
their influence on the other properties, as well as the multifactor evaluation of materials
recently introduced to the market. Therefore, this Special Issue includes a compilation of
different review and research analyses pertaining to the improvement of the antimicrobial
and mechanical properties of composite and polymeric materials for dentistry.

The published review articles discuss current knowledge related to selected aspects
of the development and function of dental materials. Barszczewska-Rybarek [1] ana-
lyzed the relationships between structure and biofunctional properties in the cross-linked
dimethacrylate-based matrices used for dental materials. She discussed the influence
of the chemical structure, molecular structure represented by the degree of conversion
and crosslink density, supramolecular structure related to microgel agglomerate dimen-
sions, and the role of hydrogen bonding in the mechanical properties and water sorption.
Kaczmarek et al. [2] presented a review focused on using selected spectroscopic meth-
ods for surface analysis of different dental materials, including polymer-based materials.
The principles, advantages, limitations, and typical applications of techniques such as
Raman spectroscopy, Infrared Spectroscopy, Ultraviolet and Visible Spectroscopy, X-ray
spectroscopy, and Mass Spectrometry have been shown. The presented work is of particu-
lar interest to dentists conducting research related to materials science. Grazioli et al. [3]
summarized current knowledge related to the method of removing adhesives after the
debonding of metal orthodontic brackets. Studies on this topic are rare, despite the clini-
cal usefulness. Four different methods of bracket surface preparation were investigated
until now: sandblasting, laser, mechanical grinding, and direct flame. All tested meth-
ods improved shear bond strength and were clinically acceptable; however, only after
using an erbium-doped yttrium aluminum garnet laser were similar values than obtained
for new brackets. Nicholson et al. [4] review the experimental methods for the improve
mechanical properties of conventional and resin-modified dental cements. Certain fibers
(glass, cellulose, basalt) and nanoparticles (TiO2, Al2O3 or ZrO2) were indicated as the most
promising examples. However, in the case of the nanoparticles, the positive effect was
influenced by the morphology of the cement matrix; in particular, the increase in porosity.
All described modifications were partially tested only in laboratory investigations, and
none have yet seen clinical use. Mishra et al. [5] analyzed literature related to the influence
of surface preparation of glass fiber posts on the strength of the bond to dentine. Surface
treatment with application of phosphoric acid, hydrogen peroxide, and silane enhances
post’s retentiveness. An analysis of the current stage of knowledge regarding the properties
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of bioinductive materials in direct and indirect pulp capping procedures was presented by
Kunert et al. [6]. The authors indicated that calcium silicate cements are characterized by
positive properties confirmed by numerous independent research studies; whereas, for a
light-cured calcium silicate-based material and a resin-modified glass-ionomer, evidence is
insufficient to support the use of these materials in vital pulp therapy.

A widely represented group of research papers was concerned with dental resin-based
composites for fillings. Several works related to the development of new materials were
presented. The use of dimethacrylates with introduced quaternary ammonium groups is
considered as antibacterial dental composites for filling. Chrószcz-Porębska et al. [7] inves-
tigated the mechanical properties, as well as the sorption and solubility of experimental
matrices composed of six different types of quaternary ammonium urethane-dimethacrylate
triethylene glycol dimethacrylate. Despite very good antimicrobial properties, a significant
deterioration of mechanical properties and increases in water absorption and solubility
were noted. These materials are not attractive in terms of the considered solution, although
they may be an interesting proposition in the case of applications requiring lower me-
chanical properties. Pałka et al. [8] investigated the influence of the addition of liquid
rubber (methacrylate-terminated polybutadiene) on the properties of dental composites.
The experimental materials presented enhanced shear bond strength values for enamel
and dentine, reduced hydrophilicity, and reduced biofilm activity (Steptococcus mutans,
Streptococcus sanguinis); however, they may show cytotoxicity for some formulations. Lap-
inska et al. [9] investigated the activity of essential oils (rosemary thyme, anise, clove,
geranium, cinnamon, limetta, mint, citronella, lavender) against typical oral pathogenic
microorganisms (Streptococcus mutans, Lactobacillus acidophilus, Candida albicans) in the con-
text of their incorporation into resin composites. The cinnamon oil was identified as the
most promising and introduced in different concentrations into commercially available
composite resin. A strong antimicrobial effect of the experimental materials was obtained;
however, the authors point out the need to carry out tests of other properties to confirm the
favorable characteristics of the materials. Equally important is the research of the materials
available on the market. D’Ercole et al. [10] studied the potential to reduce colonization
by Streptococcus mutans of three commercially available resin-based composites. Investi-
gations have shown that for surfaces prepared in the same way, the materials presented
different adherence of bacteria and biofilm accumulation. The authors concluded that
the chemical composition of composites will likely play an important role in the process
of bacterial adhesion/proliferation; however, they noted the need for further research to
confirm their results. Composite materials are complex systems; therefore, it is important
for the scientific community to indicate the initial resin formulations for further, more
complex experimental analyses. For this reason, Szczesio-Wlodarczyk et al. [11] studied
the mechanical properties of resins intended for dental composite matrices containing
urethane dimethacrylate (UDMA) and diversified compilations of other dental monomers
such as bisphenol A-glycidyl methacrylate (Bis-GMA), triethylene glycol dimethacrylate
(TEGDMA), and ethoxylated bisphenol-A dimethacrylate (Bis-EMA). The authors indi-
cated as the most favorable formulations UDMA/Bis-GMA/TEGDMA in proportions
of 70/10/20 wt.% and 40/40/20 wt.% and UDMA/Bis-EMA/TEGDMA in proportions
of 40/40/20 wt.%, due to their good compilation of flexural strength, flexural modulus,
hardness, diametral tensile strength, and water absorption values.

Other important and new dental materials are dental infiltrants used in the treatment
of early carious lesions in line with the idea of microinvasive dentistry. Fisher et al. [12] in-
vestigated an experimental infiltrant with a chemical composition similar to a commercially
available product, but with the addition of a bacteriostatic component (metronidazole).
The pilot results suggest that this formulation is not cytotoxic and may be considered as
an alternative to the commercial preparation due to its microbilogical action. The devel-
oped infiltrant was also investigated with regard to its ability to penetrate into the root
cement [13]. Microscopic investigations have shown that the proposed material may be a
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potentially beneficial solution for the treatment of early carious lesions of the tooth root, as
it exhibited a deep penetration into demineralized tissues.

Denture base polymeric materials have been used in dentistry for decades; however,
due to their importance and popularity they are still widely investigated by the scientific
community. Colonization and penetration of prosthetic materials by Candida albicans is a
frequently considered problem. Chladek et al. [14] conducted a 90-day experiment with a
different methodology to those previously used to verify whether PMMA is penetrated by
Candida albicans and to investigate its mechanical properties after exposure to yeast-like
fungi. Microscopic observations have not confirmed the penetration of fungi into the
material. A decrease in surface hardness was registered, while flexural strength, flexural
modulus, tensile strength, impact strength, and ball indentation hardness were at the same
level as controlNumerous yeast cells were observed on the surface in crystalized structures
and in traces after grinding, suggesting that not penetration, but the deterioration of surface
quality may create microareas that are difficult to disinfect in clinical conditions. Other
investigations related to the problem of PMMA colonization by Candida albicans were
presented by Petrovi et al. [15]. They introduced 3 to 12% of oleic acid and registered a
decrease in the water contact angle and metabolic activity of yeast cells. Investigations
of other biofunctional properties are still needed. An important direction of research into
denture base resins is the development of materials with antimicrobial properties. Strong
antifungal properties were noted after incorporation of submicrometer inorganic particles
of silver sodium hydrogen zirconium phosphate. Modification results in reduced flexural
strength, impact strength, and enhanced solubility; however, obtained values were at
acceptable levels. On the other hand, favorable changes were also recorded; hardness and
flexural modulus increased whereas volume loss during the wear test decreased with the
introduction of ceramic particles [16]. Chuchulska et al. [17], in the technological study,
tested how the small changes in the laboratory protocol of polyamide prosthetic base
materials may influence the surface texture. Investigations have shown that modifying the
process by altering the melting temperature by 5 ◦C and the pressure by 0.5 Bar during
injection molding can reduce roughness for some materials.

Other materials, which are extremely important from a practical point of view, have
been tested to determine or predict their clinical properties. Sfondrini et al. [18] study the
effect of tooth brushing on surface wear and the mechanical properties of a glass fiber-
reinforced composite orthodontic retainer during an in vitro experiment. The stainless-steel
wires, flowable resin composite covered, and spot-bonded fiber reinforced composites were
tested after 26 min and 60 min of tooth brushing. The three-point bending test and SEM
investigations showed a significant reduction of flexural strength and signs of wear on both
fiber-reinforced materials. The authors suggest that proposed solutions need further tests
before routine application in clinical practice. Rini Behera et al. [19] presented a one-year
in vivo comparison of lithium disilicate and zirconium dioxide class II inlay restorations. The
survival rate was evaluated, and one failure was observed in the zirconium dioxide group
(the survival probability was 93%) when no failure was observed in the lithium disilicate
group. Both types of inlays presented comparable surface roughness, marginal adaptation,
anatomic form, occlusal contact, and proximal contact during the experiment, but the color and
translucency match was far worse for the zirconium dioxide restorations. Szczesio-Wlodarczyk
et al. [20] investigated the effect of different liquids (ethanol, soda solution, and green tea) on
the mechanical properties of dental cements used for cementing restorations. The ethanol
solution showed the greatest influence on the hardness of composite cement when soda
solution was applied to zinc-polycarboxylate cement. Diametral tensile strength values were
unchanged for composite cements, increased after exposure of zinc-polycarboxylate cement
to ethanol, and decreased in soda solution for glass-ionomer cement. In vitro experiments
conducted by Sobolewska et al. [21] demonstrated a slight-to-moderate toxic effect on human
pulp fibroblasts of denture adhesive creams, but the authors suggest the need for in vivo
studies to verify these results in patients. Łysik et al. [22] investigated the degradation of
polylactide (PLA) and polycaprolactone (PCL) as a consequence of biofilm presence (Candida
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krusei and Steptococcus mutans) in the artificial saliva. After 56 days, their experiment has
shown that as a consequence of the microorganisms, the surface morphologies were changed
and molecular weight and mechanical properties decreased.

Special attention should be paid to the newly developed materials with bioactive prop-
erties, which are expected to find application in dentistry, implantology, and dental surgery.
Babu et al. [23] conducted an experiment with zirconium-doped calcium phosphate-based
bioglasses, which should be considered as a prominent solution. A bioglass system was
synthesized by the melt quenching process. The results shown that increases in zirconia
concentration increase the glass-forming ability and thermal stability of materials. Spectro-
scopic investigations confirmed the presence of a thin hydroxyapatite layer on the sample
surface after incubation in SBF solution. The process of glass degradation after incubation
in SBF increased with time but decreased with the increase of ZrO2 concentration. The
results confirmed the suitability of bioglasses tested for bone-related applications.

The quest editor wishes to give special thanks to all the authors, and to the editorial
team of Materials for the collaborative peer review and publishing process. I hope that
readers will enjoy the Special Issue “Composite and Polymeric Materials for Dentistry:
Enhancing Antimicrobial and Mechanical Properties” and will find within its pages new
knowledge and ample inspiration for future research.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Material characterization by the determination of relationships between structure and
properties at different scales is essential for contemporary material engineering. This review article
provides a summary of such studies on dimethacrylate polymer networks. These polymers serve as
photocuring organic matrices in the composite dental restorative materials. The polymer network
structure was discussed from the perspective of the following three aspects: the chemical structure,
molecular structure (characterized by the degree of conversion and crosslink density (chemical
as well as physical)), and supramolecular structure (characterized by the microgel agglomerate
dimensions). Instrumental techniques and methodologies currently used for the determination of
particular structural parameters were summarized. The influence of those parameters as well as the
role of hydrogen bonding on basic mechanical properties of dimethacrylate polymer networks were
finally demonstrated. Mechanical strength, modulus of elasticity, hardness, and impact resistance
were discussed. The issue of the relationship between chemical structure and water sorption was
also addressed.

Keywords: dental materials; dimethacrylates; polymer networks; structure; morphology; degree
of conversion; crosslink density; physical crosslinking; hydrogen bonds; mechanical properties;
water sorption

1. Introduction

Poly(dimethacrylate)s are highly crosslinked polymer networks, irreplaceable in applications
requiring fast polymerization processes, such as light-curing dental materials [1–5]. A structural
diversity, low manufacturing costs, excellent aesthetics, and easy handling have determined the
utilization of poly(dimethacrylate)s mainly as matrices in dental restorative composites [6–9] and
provisional restoration materials [10].

Dental composites usually consist of a dimethacrylate resin, inorganic filler (usually silica particles
of various sizes—nanofillers, microfillers, and macrofillers or the combination of the latter two, which
is called “hybrids” [11]), polymerization initiating system, silane coupling agent, which binds organic
matrix with a filler, and pigments [6–9]. The majority of dental materials are single-component
photocured systems. Photocuring is usually carried out with the aid of camphorquinone initiator and a
tertiary amine reducing agent (usually, N,N-dimethylaminoethyl methacrylate) [12], under visible light
irradiation within the range of high-intensity blue light (470–490 nm) [9]. There are also chemically
cured, two-component systems. They contain a peroxide initiator (usually, benzoyl peroxide) and an
amine accelerator (usually, N,N-dimethyl-p-toluidine) [9,12].

The most important dental dimethacrylate monomers include 2,2-bis-[4-(2-hydroxy-3-
methacryloxypropoxy)phenyl]propane (Bis-GMA, bisphenol A glycerolate dimethacrylate), bisphenol
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A ethoxylate dimethacrylate (Bis-EMA), 1,6-bis-(methacryloyloxy-2-ethoxycarbonylamino)-2,4,4-trimet
hylhexane, which is called the urethane-dimethacrylate monomer (UDMA), and triethylene glycol
dimethacrylate (TEGDMA) (Scheme 1) [6–9]. The dimethacrylate monomers, due to their easy
preparation and sufficient working time after light exposure, give an edge to design soft actuable
(controlled movable carrier) for oral drug delivery not only for the oropharmacological products but
other soft tissues in vitro and in vivo, as mentioned by Singh et al. [13].
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Dimethacrylates are usually used in mixtures of different ratios and then copolymerized [9,14].
There are following exemplary combinations of dimethacrylates used in commercial composites:
Bis-GMA and TEGMA (Clearfil ST® (Kuraray), Grandio® (VOCO), Filtek Z100® (3M ESPE)), Bis-GMA,
UDMA and TEGDMA (FSB® (3M ESPE), Tetric Ceram® (Ivoclar Vivadent)), Bis-GMA, UDMA and
Bis-EMA (Filtek Z250® (3M ESPE)) [14].

Bis-GMA, patented by Bowen in 1962 [15], was the first dental dimethacrylate resin [6–9].
Its large molecular weight and low concentration of double bonds (Table 1) provide low volatility, low
polymerization shrinkage, rapid curing, and stiff, durable products of curing [16]. The extremely high
viscosity of Bis-GMA limits the degree of conversion and decreases the possibility of filler incorporation.
The viscosity of Bis-GMA can be lowered by admixing low molecular weight dimethacrylates.
Oligoethylene glycol dimethacrylates may be used for this purpose, of which TEGDMA is the most
popular. The lower the viscosity of the mixture, the higher the degree of conversion and the more filler
can be incorporated [16]. However, the addition of TEGDMA causes an increase in polymerization
shrinkage [16]. In response to Bis-GMA flaws, Bis-EMA and UDMA monomers were developed. These
monomers have similar molecular weights to Bis-GMA but are less viscous. Bis-EMA, having no
hydroxyl groups is less viscous than UDMA. The mixture of Bis-GMA and Bis-EMA can be used without
a reactive diluent, e.g., Renamel® (Cosmedent) [14]. Spectrum TPH® (Dentsply) also does not contain
TEGDMA, as it is composed of Bis-GMA, UDMA, and Bis-EMA [14]. The higher viscosity of the UDMA
monomer results from the formation of intermolecular hydrogen bonds between urethane species.
Due to the good mechanical properties of the UDMA homopolymer, it is the only dimethacrylate that
can be used alone in commercial composites, such as Lava Ultimate® (3M ESP) [17]. It can also be
combined with Bis-GMA, acting as a viscosity reducer, e.g., Tetric EvoCream® (Vivadent Ivoclar) [14].
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Table 1. Properties of popular dimethacrylate monomers and the degree of conversion in the
corresponding homopolymers.

Monomer Molecular Weight
(g/mol)

Concentration of
Double Bonds (mol/kg)

Viscosity
(Pa·s)

Degree of
Conversion (%)

Bis-GMA 511 3.90 1200 1 39.0 1/34.5 2

Bis-EMA (n+m = 4) 540 3.70 0.9 2 75.5 2

UDMA 470 4.25 23.1 1 69.6 1/72.4 2

TEGDMA 286 6.99 0.011 1 75.5 1/82.5 2

1 Taken from [18]; 2 Taken from [19].

The precise explanation and understanding of the physicomechanical behavior of dimethacrylate
polymer networks is a difficult task. Years of research have shown that their properties result from
the interaction of the following structural factors: the monomer chemical structure, polymer network
molecular structure (crosslink density, which relates to the chemical crosslink density, physical crosslink
density, and degree of conversion), as well as morphology.

As far back as the 2000s, the kinetics of dimethacrylate polymerization was precisely described.
The theory of the ideal polymer network was developed at that time [20–22]. The real network was
characterized by specifying its defects, such as pendant groups and chains, loops, entanglements,
and sol fraction (Figure 1) [4,9,21,23]. Attention was paid to stochastic and spatial correlations as well as
diffusion control of the reaction [1–4,9,20]. These studies have shown, that the radical polymerization
of dimethacrylates is a complex process and involves a series of phenomena, such as auto acceleration
(gel effect, occurring when the degree of conversion is only 1–2%), auto deceleration (observed in
the further stages of the reaction), the reaction diffusion (the mechanism controlling termination),
incomplete conversion of functional groups, the formation of microgel agglomerates (clusters of highly
crosslinked polymer of a high degree of cyclization, suspended in the less cross-linked matrix). In effect,
such polymer networks are spatially heterogeneous and consist of clusters varying in crosslink density,
in which the degree of double bond conversion (DC) is never full (Figure 1) [1–4,20–25].
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Figure 1. The structural heterogeneity of dimethactylate polymer networks: (a) schematic representation
of the morphology; (b) defects in the polymer network microstructure.

With scientific development, the need to clarify the influence of the network’s structural features
on the material properties has become apparent. The issue of a comprehensive analysis of the structural
heterogeneity of dimethacrylate polymer networks, based on a quantitative analysis of each structural
aspect arose. A supramolecular structure required quantitative characterization. At the same time,
in the literature, it had been suggested, that the presence of microgel agglomerates may adversely affect
mechanical properties of poly(dimethacrylate)s, primarily the impact resistance [21,24–28]. In recent
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years, with advances in characterization techniques, substantial efforts have been made to precisely
describe the polymer network spatial heterogeneity, especially the morphology [29–45]. All of this
has resulted in many studies on structure-property relationships. Having expertise in this field is
in demand for understanding properties of currently used dimethacrylate polymers as well as for
designing new dimethacrylate monomers and their compositions in order to achieve the best possible
material efficiency.

The purpose of this paper is to review the current state of knowledge on the relationships between
structure and properties in the crosslinked matrix of dimethacrylate based dental materials. As their
structural characterization is a complex issue, an explanation of the influence of each structural aspect
on physicomechanical properties was consistently undertaken. In addition, the article describes major
techniques that are currently used to quantitatively analyze the structure of poly(dimethacrylate)s,
with reference to the recent developments in this area. Issues presented were based on studies of typical
dental dimethacrylate polymer networks as well as on other dimethacrylate polymers, described only
in the literature. The analysis of the latter provided support for conclusions on the structure-property
relationships, which may be especially useful when defining future trends in the design of new dental
dimethacrylate systems.

2. The Chemical Structure

The chemical structure of the dimethacrylate monomer might be recognized as a crucial factor in
determining the physicochemical and mechanical performance of the corresponding polymer network.
The mechanisms of its action can be divided into direct and indirect effects.

The direct action relates to the influence of chemical groups, constituting the monomer structure,
on polymer properties. It also determines the theoretical crosslink density and physical crosslinking.

The indirect action relates to the influence of the monomer chemical structure on the degree of
conversion, real crosslink density as well as the supramolecular organization in the corresponding
polymer and their consequences in polymer properties.

Speaking of the direct action, it might be said that the dimethacrylate chemical structure determines
the overall elasticity of the crosslinked material [22]. Composite dental materials require highly
crosslinked polymers that offer high stiffness, hardness, and durability in order to be able to withstand
the stresses exerted by orthodontic mechanics and variations in the oral environment [46].

Firstly, the dimethacrylate molecule length determines the theoretical crosslink density of a
corresponding polymer network. The shorter the distance between double bonds, the higher the
crosslink density. An increase in crosslink density causes a decrease in the possibility of chain
reorganization [5,18,31,32,35,47]. Consequently, an increase in modulus is observed [19,23,48]. Physical
crosslinks, such as hydrogen bonds, reduce the rotational motion too, causing a stiffening of the
network structure [3,49–53].

Secondly, the dimethacrylate monomer molecular elasticity determines the general network
elasticity [21,22]. Aliphatic hydrocarbon and oligoether chains give rise to an increase in
polymer elasticity, whereas cycloaliphatic and aromatic units cause an increase in polymer
stiffness [31,32,48,54–56].

Water sorption (WS) can be also regarded as the chemical structure-dependent physical property of
dimethacrylate polymer networks. A certain swelling capacity can be beneficial in dental applications.
It was found that polymerization shrinkage deformation can be compensated by hygroscopic expansion.
However, the scale of this expansion in dental materials cannot exceed the polymerization shrinkage [57].
For these reasons, the WS of 50 µg/mm3 was established as an upper limit for dental restorative
materials [58]. Like the elastic behavior, water sorption depends on the intrinsic action of the theoretical
crosslink density, resulting from both covalent and non-covalent crosslinks, as well as monomer
chemical structure, which determines chain elasticity and hydrophilicity. The longer the chains
between crosslinks, the lower the crosslink density, the higher the water sorption [48,52,53]. Especially,
highly elastic hydrocarbon or oligoether chains give rise to the accommodation of higher water
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quantity. This effect was shown by several works on WS of dimethacrylate polymers, consisting of
oligooxyethylene chains. Park et al. studied a series of Bis-GMA copolymers with mono-, di- and
triethyleneglycol dimethacrylates [52]. Ogliari et al. tested the influence of the degree of Bis-EMA
ethoxylation on WS [54]. Barszczewska-Rybarek studied WS of homopolymers of six homologous
series of urethane-dimethacrylates (Scheme 2) [48]. An increase in the ethylene oxide number in a
chain always resulted in an increase of water sorption. Additionally, it was found that if the number of
oxyethylene units was greater than three, the WS significantly exceeded the limit of 50 µg/mm3.
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The study on urethane-dimethacrylate polymer networks additionally provided results for the
influence of the diisocyanate core on WS. WS increased according to the following order of diisocyanates:
Symmetrical cycloaliphatic < symmetrical aromatic < asymmetrical aromatic < substituted aliphatic
chain < asymmetrical cycloaliphatic < linear aliphatic chain [48]. This order shows that WS depends
on the combination of the diisocyanate chemical character and its symmetry. Generally, fully aliphatic
polymers had higher WS than those, having aromatic and alicyclic structures. If compared to the
influence of only aliphatic diisocyanates on WS: The linear HMDI and substituted with methylene
groups TMDI, the presence of the latter resulted in higher WS.

The influence of cycloaliphatic ring on WS was not defined clearly enough. Both aromatic
structures (regardless of the molecular symmetry) and symmetrical cycloaliphatic CHMDI caused a
decrease in WS. The presence of asymmetrical cycloaliphatic IPDI resulted in a significant WS increase.
This result can be confirmed by findings of Łukaszczyk et al. The comparative analysis of the influence
of Bis-GMA and its isosorbide analogue (IS-DMA) (Scheme 3) on WS of their homopolymers and
copolymers with TEGDMA 40 wt% was performed in their work [59].
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It was found that WS of IS-DMA homo- and copolymer (respectively, 173 and 100 µg/mm3) was
much greater than WS of their Bis-GMA analogues (respectively, 11 and 15 µg/mm3). IS-DMA differs
from Bis-GMA by the diol core, deriving from isosorbide (a bicyclic diol, consisting of two fused
tetrahydrofuran rings). Polymers of both types were characterized by a similar molecular weight,
degree of conversion and mechanical properties [59]. The observed differences in WS were likely due
to the reduced strength of intermolecular interactions. It can be explained by the large size of the space
the isosorbide occupies and its irregular shape. As a result, larger empty space might be present within
polymer network clusters. From these reasons water can easily penetrate through the IS-DMA matrix
and accumulate, being caught by hydroxyl, ester and ether groups.

The influence of the presence of hydrogen bond proton donor groups on water sorption exhibits
another interesting issue. Obviously, hydroxyl and urethane groups promote water swelling as they
can form strong hydrogen bonds involving proton donor as well as proton acceptor atoms [60,61].
That would explain the higher WS of the Bis-GMA homopolymer, having two pendant hydroxyl
groups, than the OH-free Bis-EMA homopolymer [53]. On the other hand, the WS of highly crosslinked
TEGDMA homopolymer is significantly higher (Table 2). It can be attributed to the lack of proton
donors, resulting in an inability to form strong hydrogen bonds and the presence of highly elastic
oligoether chains in the TEGDMA molecule [50,53,58]. It leads to the general conclusion that physical
crosslinking, resulting from hydrogen bonding, can tighten a polymer network structure and, to some
extent, limit water swelling.

Table 2. Water sorption of typical dental dimethacrylate homopolymers.

Monomer Water Sorption (µg/mm3)

Bis-GMA 32.18 1, 33.49 2

Bis-EMA (n = 4) 20.10 2

UDMA 23.85 1, 29.46 2

TEGDMA 66.93 1, 69.51 2

1 As cited in [48]; 2 As cited in [53].

3. The Chemical Crosslink Density

As mentioned above, the theoretical crosslink density (qtheor) of dimethacrylate polymer networks
is of great importance for describing the general tightness of the polymer network.

A dimethacrylate polymer network structure differs from the structure of a typical crosslinked
polymer obtained by the polymerization of difunctional methacrylate with a certain amount of
a tetrafunctional dimethacrylate crosslinker [62,63]. In that latter type of a crosslinked structure,
a dimethacrylate molecular weight can be neglected as its body is treated as a volumeless tetrafunctional
crosslink, connecting polymethacrylate chains. Some works on dimethacrylate polymer networks lead
to the conclusion that, in structural considerations, the repeating unit can be recognized as a primary
chain ending at both ends with two volumeless trifunctional crosslinks –CH2C(CH3)– [64,65]. It justifies
making an approximation that the dimethacrylate monomer molecular weight (MW) corresponds
to the network parameter (Mc)–the average molecular weight between cross-links [21]. In this way,
the concentration of double bonds (XDB) can be used as a measure of the theoretical crosslink density.
The method of calculating qtheor from MW in relation to XDB was used in several works [18,31,35,66,67].
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Dimethacrylates with higher MW have lower XDB and therefore they are expected to form networks of
lower qtheor.

The theoretical crosslink density never corresponds to the real crosslink density (q) [21].
The crosslink density in real systems results from qtheor and other factors, such as the incomplete
conversion and presence of loops [1–5,23–25]. As the degree of conversion (DC) is never full in
dimethacrylate polymer networks, the real crosslink density is therefore always lower than its
theoretically calculated value. Loops, although they do not cause a decrease in the DC (both chain
ends are attached to the same junction point [21]), they do cause a decrease in q (Figure 1).

Several propositions of calculating the real crosslink density (q) are presented in the literature.
In the work of Barszczewska-Rybarek et al., q of a series of urethane-dimethacrylate polymer

networks (Scheme 2) was calculated from the degree of conversion (DC). The following formula was
developed [68]:

q =
2DC− 1

DC
(1)

In the work of Sideridou et al. this equation was further developed by using the mass of unreacted
monomer [53]:

q =
2DCm1 −m3

DCm1
(2)

where m1 is the mass of the dried discs obtained through polymerization, m3 is the mass of the dried
discs after water extraction.

Another approach was presented in the work of Barszczewska-Rybarek [35]. The concentration of
double bonds in the UDMA monomer (XDB) was reduced by the fraction of unreacted double bonds
and the obtained value was treated as a measure of the real crosslink density (q). q was calculated
using the following equation:

q = XDB ×DC (3)

The crosslink density may also be calculated from the network parameter (Mc). Mc is usually
determined by utilizing dynamic mechanical analysis [29,65,68–72] and in swelling studies [73],
following well known Flory–Rhener equation [74].

The literature provides several equations, which relates Mc to q. The best known and most
commonly used is the following equation [75]:

Mc =
MW

q
(4)

where MW is a monomer molecular weight.
However, when Equation (4) is applied to highly crosslinked dimethacrylate polymer networks

it may give inadequate results [22,29,65,68]. In order to better characterize the structure of
poly(dimethacrylate)s the modifications of Equation (4) were developed. Assuming a dimethacrylate
molecule to form one tetrafunctional crosslink, the following equation was constructed [65]:

Mc( f=4) =
MW

q
− MW

2
(5)

Assuming a dimethacrylate molecule to form two trifunctional crosslinks the following equation
was constructed [65]:

Mc( f=3) =
2MW

3q
− MW

3
(6)

To summarize, it can be said that the network is tighter as q increases and Mc decreases. If Mc is
greater than MW and DC is higher than 50%, this procedure can be used for describing the polymer
network tightness, otherwise, the value of q does not have a physical meaning [29,68].
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4. The Physical Crosslink Density

The physical crosslinking in dental dimethacrylate polymer networks results from hydrogen
bonding. A wide range of hydrogen bond options in dental poly(dimethacrylate)s are shown in
Figure 2.Materials 2019, 12, x FOR PEER REVIEW 8 of 30 
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Figure 2. Hydrogen bonds in dental dimethactylate polymer networks (based on [76]): (a) various 
possibilities for hydrogen bonding; (b) hydrogen bonds narrowed to examples presented in Table 3. 

Homopolymers and copolymers consisting of Bis-GMA and/or UDMA are therefore crosslinked 
both chemically and physically. TEGDMA can be involved in physical crosslinking by the acceptor 
oxygen atom of the ester and ether groups. However, this is only possible if TEGDMA is 
copolymerized with another dimethacrylate, which can provide a proton donor. This means that the 
TEGDMA homopolymer cannot be physically crosslinked. 

Hydrogen bonding determines the dimethacrylate monomer viscosity. The higher the 
dissociation energies of hydrogen bonds, which can be formed in the system, the stronger the H-
bonds and the higher the monomer viscosity [3,31,45,50,77]. Small molecule monomers, such as 
TEGDMA, that lacks an H-bond proton donor present very low viscosities (0.05 Pa∙s). On the other 
hand, Bis-GMA exhibits a dramatically high viscosity (from 700 to more than 1300 Pa∙s [6,18,19,31]. 

Figure 2. Hydrogen bonds in dental dimethactylate polymer networks (based on [76]): (a) various
possibilities for hydrogen bonding; (b) hydrogen bonds narrowed to examples presented in Table 3.

Homopolymers and copolymers consisting of Bis-GMA and/or UDMA are therefore crosslinked
both chemically and physically. TEGDMA can be involved in physical crosslinking by the acceptor
oxygen atom of the ester and ether groups. However, this is only possible if TEGDMA is copolymerized
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with another dimethacrylate, which can provide a proton donor. This means that the TEGDMA
homopolymer cannot be physically crosslinked.

Hydrogen bonding determines the dimethacrylate monomer viscosity. The higher the dissociation
energies of hydrogen bonds, which can be formed in the system, the stronger the H-bonds and the
higher the monomer viscosity [3,31,45,50,77]. Small molecule monomers, such as TEGDMA, that lacks
an H-bond proton donor present very low viscosities (0.05 Pa·s). On the other hand, Bis-GMA exhibits
a dramatically high viscosity (from 700 to more than 1300 Pa·s [6,18,19,31]. This is the result of the
formation of strong intermolecular hydrogen bonds involving hydroxyl donors.

The influence of hydrogen bonding on a monomer viscosity can be represented by the comparison
of Bis-GMA viscosity with its ethoxylated analogue. Bis-GMA is about a thousand times more viscous
than Bis-EMA (Table 1) [18,19].

Assuming the analogy in the monomer and polymer chemical structure, this dependence was
adopted for the characterization of the strength of physical interactions in a polymer. The overall
strength of intermolecular interaction was considered to have followed a trend like viscosity, i.e.,
the higher the monomer viscosity, the higher the overall strength of physical interactions in a polymer
network [3,31,45,66,77,78].

Another approach to quantifying physical crosslinking was based on the analogy between the
intermolecular interactions in the solutions of urethane-dimethacrylate monomers (Scheme 2) and in
the corresponding polymers. The concentration dependence on 1H-NMR chemical shifts of the NH
urethane protons was employed for this purpose [65]. The association constants were then calculated
using the Benesi–Hildebrand equation [79]. Their values were discussed from the perspective of the
monomer wing length and the core symmetry (only monomers with aromatic MDI and TDI cores
were tested). The longer oligooxyethylene chain–the lower the association constant. The presence of
asymmetrical TDI resulted in lower association constants if compared to the symmetrical MDI.

Table 3. The influence of hydrogen bonding on the location of absorption bands of the N–H and C=O
groups in polyurethane systems, represented in Figure 2b.

Proton Donor Group H-Bond Type Wavenumber (cm−1)

ν(N–H) – 3445–3450 1

ν(N–H) N–H...N–H 3315–3340 1

ν(N–H) N–H...O 3260–3290 1

Proton Acceptor Group H-Bond Type Wavenumber (cm−1)

ν(C=O) – 1730–1740 1

1721–1726 2

ν(C=O) C=O...H–N 1703–1710 1

ν(C=O) C=O...H–O 1712–1719 2

1705 2,3

1 As cited in [80]; 2 As cited in [81]; 3 deconvoluted H-bonding.

Pfeifer et al. [5], as well as Lemon et al. [50], estimated the strength of hydrogen bonds by utilizing
FTIR spectroscopy in the studies on poly(dimethacrylate)s. The wavenumber and intensity of the -OH
absorption peak at approximately 3500 cm−1 were monitored. They assumed that, the longer the peak
maxima wavelength and the higher the -OH absorbance, the higher the strength of hydrogen bonds.
Yilgör et al. provided FTIR data about changes in the ν(N–H) and ν(C=O) band location resulting
from hydrogen bonding [80] and Antonucci et al. provided data for the ν(C=O) band location [81].
Those results confirm the correctness of the methodology used in the Pfeifer and Lemon works.

The literature also provides the physical crosslink density calculation procedure, which is
analogue to the procedure being utilized to determine the theoretical chemical crosslink density from
the concentration of double bonds in a monomer and its molecular weight. The physical crosslink
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density was calculated from the number of urethane bonds in a series of urethane-dimethacrylate
polymer networks (Scheme 2) [35].

5. The Degree of Conversion

The degree of double bond conversion (DC) is the most evident parameter, defining the
dimethacrylate polymer network structure. This is also the most often used parameter when the
structure-property relationships are being investigated.

The DC in poly(dimethacrylate)s is never full [1–9,18,19,23–25]. Conventional composite dental
materials usually reach a DC of about 50–75% [6,8,9,47,82–84]. The limiting conversion in homopolymer
networks of spacious dimethacrylates, such as Bis-GMA, can be even less than 50 % [18,19,31,47].
Polymer networks, characterized by the DC lower than 50% are unacceptable in practical applications
due to the presence of a sol fraction [1,3,5,68,82,85]. Some authors suggest a DC of 55% as a minimum
for clinical success in dentistry [82]. Insufficient curing causes a radical distortion of physicochemical
and mechanical behavior as well as decreases material biocompatibility [19,25,85,86]. The leaching of
a soluble fraction can cause tissue irritation and have a more serious effect on the organism [87,88].
For these reasons, monomers are usually copolymerized, which provides a satisfactory level of curing
and properties.

The DC, in general, depends on the monomer chemical structure [18,19,31,54,77,78,83,89–91].
However, several polymerization parameters, such as: initiation technique [92], curing time [5],
sample thickness [84,93], initiator system and its concentration [31,94–98], filler content [99], irradiation
time [83], and source [83,97] also play a significant role.

5.1. Methods of the DC Determination

Several instrumental methods are available to allow the DC determination in dimethacrylate
polymer networks. The infrared spectroscopy (FTIR, ATR-FTIR, NIR), Raman spectroscopy (RS),
differential scanning calorimetry (DSC) and solid-state nuclear magnetic resonance (ssNMR) are
particularly readily used.

5.1.1. Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR is the most popular method for the determination of DC in poly(dimethacrylate)s. Polymer
samples to be analyzed by FTIR can be prepared in various forms. Usually, they are powdered and
then mixed, in small amounts, with a dry potassium bromide (KBr) powder [18,29,45,59,90,92,98–102].
In recent works attenuated total reflection (ATR) sampling technique was effectively used for the DC
determination [85,91,103–108]. The main advantage of the ATR-FTIR is simplicity in sample processing.
Samples are examined directly in the solid or liquid state without further preparation [109,110]. In the
case of the real-time experiments, a monomer drop is sandwiched between NaCl or KBr plates and
then polymerized directly in a measuring chamber of the apparatus [5,29,31,54,91,108].

To determine the DC in dimethacrylate polymer networks, the near (NIR, from 4000 to
approximately 14,000 cm−1) and mid (MIR, from 400 to 4000 cm−1) spectral infrared regions can be
used [83,101]. However, measurements in the MIR region remains fundamental. As Fourier transform
spectrometers typically work in the mid-infrared, this technique is abbreviated as FT-IR [111].

Regardless of the spectral region to be used, the determination of the DC in dimethacrylate systems
is based on the monitoring of the absorption intensity of double bond vibrations, which decreases due
to polymerization. The decreasing absorption intensity of the C=C bonds can be monitored with the
use of several bands, present on the spectrum, which refers to the C=C bond various deformations.
Their location and intensity depend on the spectrometer working infrared region (NIR and MIR).

The dimethacrylate group provides bands in the FTIR spectra at 1637 cm−1, referring to the C=C
stretching vibrations [18,29,54,85,90–92,98–100,103–120], 948 cm−1–referring to the =CH2 wagging and
816 cm−1–referring to the =CH2 twisting [112]. Since the peak at 1637 cm−1 is stronger [112], it is most
commonly used.
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In the dimethacrylate NIR spectra, absorption of =C–H bond is located at about 4743 cm−1, while
the first overtone is at 6165 cm−1. Because the baseline drops sharply in the 4743 cm−1 region, peak area
measurements do not provide reliable results. Conversely, the region at 6165 cm−1, is very stable and
there is no ambiguity in baseline construction [95]. Therefore, the methacrylate double bond conversion
is determined by measuring the overtone band at 6165 cm−1 [5,19,31,66,67,81,83,93,95,101,109,121–123].

Since the Beer–Lambert law requires equal sample thickness, the direct ratioing of the C=C
absorbance intensity in the polymer and monomer samples is not applicable [101]. For this reason,
the relative band ratio method is usually used for the DC determination in poly(dimethacrylate)s [101].
This is, of course, approximation, because, due to the polymerization, the refractive index and the
intermolecular interactions in the monomer and polymer are altered [124]. In the internal standard
method, the intensity of the double bond vibrations is related to the intensity of the internal standard.
This is a band, referring to the bond, whose absorptivity in the monomer and in the polymer is
unaffected by a polymerization [101]. The DC is then calculated according to the following general
formula [18,29,83,85,90–92,98–101,103,104,107,112,114–119,125]:

DC(%) =



1−

(
AC=C
AIS

)
pol

(
AC=C
AIS

)
mon



× 100 (7)

where AC=C is the absorbance of the C=C double bonds, AIS is the absorbance of the internal standard,
pol is polymer, mon is monomer.

One of the most valuable series of bands utilized as an internal standard derive
from in-plane skeletal stretching vibrations of the C=C aromatic ring, occurring in the
range of 1620 to 1565 cm−1 [101,112]. The band at 1608 cm−1 is mostly used for this
purpose [18,83,85,90–92,98–100,103,107,115–117]. The second band, at 1582 cm−1 can also be used,
however, it is usually weaker [82,103]. An aromatic band is present at 4623 cm−1 too. It is
not recommended to be used as an internal standard, because depending on the dimethacrylate
chemical structure, it can undergo a slight variation in its intensity, introducing an error in the DC
determination [121].

If the monomer contains no aromatic structures, the band from the C=O
stretching vibrations can be used as an internal standard. It is located at around
1715–1720 cm−1 [18,29,90,91,101,104,112,114,118,119,125]. It should be noted, that this method
produces underestimated DC values [90,91]. It was demonstrated in the studies on a series of
Bis-GMA/TEGDMA and Bis-GMA/Bis-EMA copolymers. The average difference between the DC
measured with the carbonyl and aromatic internal standards was, respectively of 23% and 17% [91].
Variations were also observed in the DC of urethane-dimethacrylate homopolymers (Scheme 2, TDI
and MDI series) [90]. The difference between DC values obtained with the use of the carbonyl and
aromatic internal standards depended on the monomer molecule length and decreased from 51% to 0%
as the monomer molecule length increased. The reason lies in the loss of conjugation between the C=O
and C=C bonds after polymerization. In effect, the C=O bond strength increases, causing a reduction
in the C=O peak intensity [18,126]. Due to the increased research activity towards developing new
dimethacrylates that have no aromatic bisphenol A, the significance of this method has been growing
in importance in recent years.

If a dimethacrylate does not provide a spectrum with a stable, well-resolved internal standard
band, a calibration curve can be an option [101,127]. The calibration curve, representing a linear
relationship between the absorption intensity and molar concentration of C=C bonds in a standard
solution (moles C=C/mL), enables the determination of the C=C molar concentration in a monomer.
By multiplying the C=C molarity by the methacrylate unit molecular weight (69.081 g/mol) and
dividing the result by a monomer density (g/mL), a weight percentage of the methacrylate groups in
monomer was obtained (WPMGmon). In order to use the calibration curve for the undiluted monomer,
the experiment must be carried out using the same cell as the one used to build the calibration curve.
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The weight percentage of the methacrylate groups remaining in a polymer after polymerization
(WPMGpol) was determined from a polymer IR spectrum. WPMGpol was calculated by dividing the
C=C bond absorption intensity by the product of sample thickness and the optical constant (K) [101].
The K value of 0.64 was found by Rueggeberg [127]. Finally, DC was expressed according to the
formula [101]:

DC(%) =


1−

(WPMG)pol

(WPMG)mon


× 100 (8)

Another option for the DC determination in dimethacrylate systems is the real-time infrared
spectroscopy (RT FTIR). This method is based on a continuous measurement of the absorbance
of the peak deriving from the vibration of C=C bonds during irradiation. Thanks to maintaining
constant sample thickness, this method does not require the application of an internal standard or
calibration curve. The DC determination is based on the observation of changes in the peak absorbance
from the beginning of the experiment to its completion [5,29,31,54,83,91,106,108]:

DC(%) =

[
1− At

A0

]
× 100 (9)

where At is the C=C bond absorbance at time t, A0 is the C=C bond absorbance before photoactivation
(t = 0).

Since this method is limited to samples polymerized during the FTIR experiment, it is especially
valuable in studies on the photopolymerization kinetics [31,93].

5.1.2. Raman Spectroscopy (RS)

Raman spectroscopy is a complementary vibrational technique for FTIR [112]. It offers the
possibility of quantitative characterization of a polymerization extent in dimethacrylate systems, using
similar peaks as FTIR. However, sample preparation for RS is much simpler (a sample does not require
further processing) [84,112]. The internal standard method is also typically used for the determination
of the DC with the use of RS. The DC is typically calculated by monitoring the percentage decrease in
the intensity of the methacrylate double bond peak, at around 1640 cm−1, caused by polymerization,
in respect to the aromatic peak at 1610 cm−1 [47,52,77,83,84,89,94,102,113,120,124,126,128–130].
The C-O-C ether stretching vibration band, occurring in the range of 1294 to 1118 cm−1 can be
alternatively used [84,112]. Stretching and deformation vibrations of the dipole C–Cl and C–F bonds
would be willingly used, occurring in the range of 800 to 200 cm−1, however, they rarely occur in a
dimethacrylate structure [63]. NIR RS can also be utilized to monitor DC [128].

5.1.3. Differential Scanning Calorimetry (DSC)

DSC is particularly well suited to studying the dimethacrylate photopolymerization
kinetics [2,3,81,131–133]. The DSC apparatus has to be additionally equipped with a UV/VIS radiation
source for such measurements. This technique, called differential photocalorimetry, working in an
isothermal mode, is a convenient and easy way to determine the polymerization rate and degree of
conversion of photoreactive systems.

Antonucci et al. determined DC by measuring the polymerization heat of dental dimetacrylates
with the use of DSC working in dynamic mode. Polymerization was thermally activated with benzoyl
peroxide [134].

Moszner et al. developed the procedure for the DC determination in real samples (taken from
already existing material) using DSC [135]. The exothermal effect of the post-curing reaction was
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monitored in the dynamic mode. The DC was calculated by ratioing the post-polymerization heat and
the heat of a total conversion according to the equation [135,136]:

DC(%) =
∆Hp

∆H100
× 100 (10)

where ∆H100 (J/mol) is the molar enthalpy of polymerization for the theoretical case of total conversion
(DC = 100%, ∆H100 = 57.8 kJ/mol [137]), ∆Hp (J/mol) is the molar enthalpy determined from the
enthalpy value obtained in the DSC measurement (∆Hp,exp (J/g)), which was calculated according to
the following equation:

∆Hp(
J

mol
) =

∆Hp,exp ×MW
f

(11)

where MW is the monomer molecular weight (g/mol), f is the number of functional groups in the
monomer (f = 2 in dimethacrylates).

5.1.4. Solid State Nuclear Magnetic Resonance (ssNMR)

Solid-state NMR is another valuable technique for characterizing structural features of the
polymers in the solid-state. In the works of Pereira et al. [116] and Morgan et al. [138], solid-state
NMR has been shown to be a convenient method for measuring the degree of conversion in Bis-GMA
containing polymers. 13C signals of carbonyl groups in the monomer and polymer methacrylate
groups were observed at about 166 and 177 ppm, respectively. The integral values of these resonances
were used to calculate the DC.

5.2. The Influence of Chemical Structure on the DC

The compilation of results from many studies leads to the following general conclusions. The DC
notably depends on the monomer molecular elasticity and distance between methacrylate groups.
The more elastic and longer the dimethacrylate molecule, the higher the DC. Dimethacrylates of
stiff, spacious molecules often do not polymerize to the DC sufficiently enough to ensure material
compliance with application requirements. Improved curing efficiency can be achieved by the addition
of a certain amount of a reactive diluent [3,5,18,19,31,47–50,52,54,55,77,90,91,117,122,129,136]. High
strength of intermolecular interactions between monomer molecules (hydrogen bonding) can also
negatively affect the DC [3,18,31,50,77,78,117].

In the works of Gajewski et al. [19] and Sideridou et al. [18,117], the limiting DC in homopolymers
of typical dental dimethacrylates was determined and explained. The homopolymers were arranged
according to the following order by the increasing DC: Bis-GMA < UDMA < Bis-EMA < TEGDMA
(Table 1). High molecular stiffness of Bis-GMA, resulting from the presence of aromatic rings and
-OH groups, explains the lowest DC in the homopolymer. The limitations in rotational movement
are so large that they prevent the Bis-GMA homopolymer from achieving the DC higher than 50%.
Reversibly, the hydroxyl group lacking Bis-EMA was characterized by a higher possibility of rotational
conformations, which resulted in a significant increase in DC. The combination of high elasticity and
hydrogen bonding explains moderated DC of the UDMA homopolymer. The fully aliphatic character
of TEGDMA and its shortest length was expressed in the highest DC [18,19,47,50,117]. In the study of
Khatri et al. the Bis-GMA hydroxyl groups were blocked with the n-alkyl pendant substituents [66].
The DC in new polymers was higher than the DC in the Bis-GMA homopolymer. Additionally, it was
found that the longer the substituent, the higher the DC. It shows, that due to tangled configuration
that can be obtained by the aliphatic linear chains, their presence in the dimethacrylate does not
limit curing quality. All these findings revealed a key role of hydrogen bonding in the evolution of
a dimethacrylate polymer network. Hydrogen bonds can seriously restrict molecular mobility and
diffusion-controlled termination, thus causing a reduction in the crosslinking efficiency.
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In research on copolymers, when Bis-GMA was combined with a more flexible comonomer, such as
TEGDMA, an increase in DC was observed. The higher the TEGDMA content in the Bis-GMA/TEGMA
copolymer, the higher the DC [5,54,55,70,91]. However, in the works of Elliott et al. [23] and
Lopez-Suevos et al. [139], the risks associated with the increasing TEGDMA content were shown.
The higher the TEGDMA concentration, the greater the tendency to form microgels, due to the greater
likelihood of primary and secondary cyclization, which may jeopardize polymer packing density and
lead to a looser network structure. It was confirmed in the work of Borges et al., where the influence of
the Bis-GMA/TEGDMA ratio on the polymer network DC and crosslink density was determined [70].
The crosslink density increased as the TEGDMA content increased up to a limit of 50 wt% and then
decreased, with a further increase of TEGDMA concentration. The DC in all polymers was similar and
equaled around 95%. It informs that a certain number of double bonds were engaged in cyclization.

Test results for the DC in the Bis-GMA/Bis-EMA copolymers showed that DC increased as the
Bis-EMA content increased [91], which is in agreement with the discussion presented above. The higher
the possibility of rotational movement, the higher the DC.

A study of Barszczewska-Rybarek on a series of new urethane-dimethacrylates (Scheme 2)
provided knowledge on the influence of the diisocyanate core chemical character and the oligoether
chain length on the DC in homopolymers [90]. The DC in fully aliphatic polymers was found to be
higher than the DC in polymers having aromatic and cycloaliphatic moieties. The presence of aromatic
rings caused a greater decrease in DC than alicyclic structures. Monomers with asymmetrically
substituted rings polymerized to higher DC when compared to those having symmetrically substituted
rings. Additionally, the DC was closely related to the length of the oligooxyethylene chain, present in the
monomer wings. The longer the chain, the higher the DC. However, monomers having tetraoxyethylene
chains revealed a slight decrease in DC. The initial increase in DC was explained by the increased
flexibility of monomer molecules. An increase in the possibilities of rotational conformations facilitated
reaction-diffusion [2]. The final drop in DC was explained by a significant decrease in the concentration
of double bonds, causing their remoteness. Park et al. studied DC in a series of copolymers of Bis-GMA
with oligoethylene glycols dimethacrylates. The same as above, they found that the higher the number
of oxyethylene units in a chain, the higher the DC [52].

Podgórski reported the results for a series of cured new dimethacrylates, synthesized from glycidyl
methacrylate with dicarboxylic acid esters. The latter were obtained by the reaction of nadic anhydride
with 1,3-propylene, 1,4-butylene, 1,5-penthylene and 1,6-hexylene glycols [119]. Chemical structures
of new monomers were like Bis-GMA regarding the wings and differed regarding the cores. A very
high DC was achieved by replacing the bisphenol A with the core, being the combination of alicyclic
structures and oligomethylene chain. The longer the glycol, the higher the DC. The presence of the
-OH groups did not negatively affect DC. The positive effect of the central aliphatic chain on DC was
shown to be dominant.

6. The Influence of Chemical Structure and Crosslink Density on Mechanical Properties

The decrease in crosslink density causes the deterioration of physicomechanical
properties [5,32,41,47,53,55,56,63,85,92,94]. It comes from the decrease in DC and cyclization.
The incomplete conversion results in the presence of pendant groups and chains ending with
free methacrylate groups (Figure 1) [1–5,21]. DC does not reveal the presence of loops (Figure 1b).
It was found that the longer the dimethacrylate monomer the greater the possibility of forming
cycles [5,23,47,139]. For example, when comparing urethane-dimethacrylates with di- and
tetraoxyethylene chains (Scheme 2), the latter one has a higher tendency to cyclization [31,48].
On the other hand, when comparing elastic TEGDMA to stiff and spacious Bis-GMA, the latter
monomer has a lower tendency to cyclization [23,53,93,139]. Pendant chains and groups, as well as
loops, are mechanically ineffective [140,141]. Pfeifer et al. revealed that they can act similarly to a
plasticizer–by decreasing the network tightness they give rise to the increase in rotational movement [5].
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Entanglements, another type of polymer network defect, work in the opposite way. As they
represent additional restraints that magnify the change of entropy with deformation, their presence
causes an increase in the physical crosslink density (Figure 1b) [20–22]).

The system composed of homo- and copolymers of Bis-GMA, Bis-EMA, UDMA, and TEGDMA
(Scheme 1) was the object of many studies, which led to the general conclusions on the structure-property
relationships [18,32,50,52,54–56,77,122,142,143]. The discussion presented below summarizes the
results on the influence of chemical structure and degree of crosslinking on selected mechanical
properties. The level of crosslinking was characterized by the DC (Table 1), the concentration of double
bonds (Table 1) and the strength of hydrogen bonds (Table 4). The values of modulus of elasticity,
mechanical strength, hardness and impact resistance of Bis-GMA, Bis-EMA, UDMA, and TEGDMA
homopolymers are summarized in Table 5.

Table 4. Types of hydrogen bonds and corresponding energies (adapted from [32]).

The Hydrogen Bond Type Energy (kJ/mol)

O−H.......N 29
O−H.......O 21
N−H.......N 13
N−H.......O 8

Table 5. Mechanical properties of popular dimethacrylate homopolymers.

Monomer
Young’s

Modulus
(MPa)

Flexural
Modulus

(MPa)

Flexural
Strength

(MPa)

Hardness
(MPa)

Impact
Resistance

(kJ/m2)

Bis-GMA 1427 1 1000 2 72.4 2 73 3 6.41 4

Bis-EMA (n =
4) 744 1 1100 2 87.3 2 – –

UDMA 1405 1 1800 2 133.8 2 162 3 4.85 4

TEGDMA 1134 1 1700 2 99.1 2 129 3 8.83 4

1 Taken from [53]; 2 Taken from [19]; 3 Taken from [48]; 4 Taken from [35].

The Bis-GMA homopolymer network is characterized by the lowest crosslink density, which
results from the lowest concentration of double bonds in the monomer and the lowest DC in the
polymer (Table 1). Simultaneously, the Bis-GMA homopolymer is characterized by a high degree of
physical crosslinking, due to the presence of strong OH-type hydrogen bonds. When homopolymers
were compared by hardness, the Bis-GMA homopolymer was found to be the softest [32,142]. This
indicates that hardness is very sensitive to the DC and chemical crosslink density. Higher values
of the remaining mechanical properties suggest that the low level of chemical crosslinking can be
compensated by physical crosslinking [32].

In the study of Gajewski et al., the flexural properties of Bis-EMA and Bis-GMA homopolymers were
compared [19]. They found that poly(Bis-EMA), which is not physically crosslinked, was characterized
by almost 100% higher DC and 20% higher flexural strength. The modulus of both polymers was
similar. This indicates that the lack of hydrogen bonding can be partially compensated by the increase
in DC. Flexural strength benefited more from the increase in DC than the modulus. In the study
of Khatri et al., the influence of n-alkyl Bis-GMA substituent on the DC and flexural strength was
shown [66]. By blocking the -OH groups, the flexural strength decreased. It was explained by the
decrease in the chemical crosslink density (the DC increased, however, the concentration of double
bonds decreased).

The TEGDMA homopolymer is fully aliphatic and has the highest crosslink density, resulting
from the smallest monomer molecule and highest DC in the polymer (Table 1). It is not physically
crosslinked. It was characterized by a relatively high modulus and the highest impact resistance among
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homopolymers. However, its flexural strength was the lowest [32]. This means that a high level of
chemical crosslinking can ensure high modulus and impact resistance, however, it is insufficient to
ensure high mechanical strength.

The UDMA homopolymer is fully aliphatic and chemically as well as physically crosslinked.
It was characterized by the highest flexural strength and hardness among homopolymers, which can
be explained by high DC and hydrogen bonding. Additionally, this result indicates that the strength of
physical crosslinks is not a key factor for these properties, as the comparison of the hydrogen bond
strengths demonstrates. The strength of NH-type proton donor H-bond is 40% lower than that of
the OH-type proton donor H-bond (Table 4). On the other hand, modulus and impact resistance of
poly(UDMA) were the lowest, which leads to the conclusion that these properties of dimethacrylate
polymer networks are especially sensitive to the strength of physical crosslinks [32,55].

The influence of chemical and physical crosslinking on tensile and flexural properties was
also studied on Bis-GMA, UDMA and TEGDMA copolymers [3,5,18,32,55,56,93,102,122,142,143].
The increase in the TEGDMA content in Bis-GMA/TEGDMA copolymer resulted in an increase in
tensile strength [56], but the decrease in flexural strength [56,122]. The decrease in flexural strength was
explained by the decrease in physical crosslink density [18,32,93,122]. Tensile strength was found to be
less sensitive to physical crosslinking and more sensitive to chemical crosslinking, which increased with
the TEGDMA incorporation. The addition of UDMA into copolymers resulted in an increase in both
tensile and flexural strength [102,122]. It confirmed that in the case of flexural strength, the presence of
physical crosslinks is more important than their strength [32,122].

The results for modulus of Bis-GMA, UDMA, TEGDMA copolymers (filled with silanized glass)
were reported in the study of Asmussen et al. [56]. The modulus of Bis-GMA/TEGDMA copolymer
increased by adding a certain TEGDMA content, which was 40 wt% (the positive effect of the increasing
DC and crosslink density). Higher TEGDMA contents had a negative effect on modulus and caused
its reduction. It was explained by the decreasing physical crosslink density and concentration of stiff
aromatic structures. The same trend was observed when UDMA was added. A maximum in modulus
of elasticity was achieved at 10 wt% of the UDMA content.

In the work of Sideridou et al., the effect of copolymer composition on Young’s modulus was
determined [53]. It was found, that Bis-GMA/TEGDMA copolymers had significantly higher values
for Young’s modulus than those predicted by the linear dependence of the values on the copolymer
composition. On the contrary, the copolymers of Bis-GMA/UDMA and Bis-GMA/Bis-EMA had Young’s
modulus values slightly lower than those predicted. It was explained by lower DC in the TEGDMA-free
copolymers and the presence of spacious pendant groups, constructed of long, massive Bis-GMA,
Bis-EMA, and UDMA molecules, which affected a polymer structure by plasticizing it [5,53].

Hardness is another important mechanical property of poly(dimethacrylate)s. It was found that
the hardness of the Bis-GMA homopolymer was lower by around 20% than the Bis-GMA/TEGDMA
copolymer [32]. In the other study, copolymers of Bis-GMA with increasing TEGDMA content were
characterized. It was found that the hardness of BisGMA/TEGDMA copolymers was unaffected by
the TEGDMA content [143]. The results for the DC in the Bis-GMA homo- and copolymers, collected
by Collares et al., can help to clear up that discrepancy [91]. The DC in poly(Bis-GMA) can reach the
maximum of 40% [18,47,143]. The incorporation of TEGDMA in the amount of 10 wt% caused the
DC increase of up to 60%. Further increase in the TEGDMA content resulted in further DC increases.
The DC of 76% was found for the Bis-GMA/TEGDMA 10/90 wt% copolymer. It suggests that hardness
becomes less sensitive to DC as it exceeds 50%. Copolymerization of Bis-GMA and TEGDMA with
UDMA resulted in an additional increase in hardness [32]. This tendency was also noticed when other
urethane-dimethacrylate monomers (Scheme 2) were used in copolymerizations [55]. This effect was
explained by the synergistic effect of a high degree of double bond conversion and hydrogen bonding.

By comparing the impact resistance of Bis-GMA/TEGDMA and Bis-GMA/TEGDMA/UDMA
copolymers it should be noted that, as the UDMA was added, its value decreased, despite the increase
in the DC [32]. The moderate strength of hydrogen bonds was pointed at again to explain this result.
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In the study of Pfeifer et al., the influence of Bis-EMA on the Bis-GMA/Bis-GMA copolymer impact
resistance was determined [102]. It was found that impact resistance decreased as Bis-EMA was
added. It was also explained by the decrease in the overall strength of intermolecular interactions.
As the -OH group concentration decreased, the number of possible sites of physical crosslinking was
reduced [102,115].

The detailed analysis of polymer networks of diacrylate analogous of dental dimethacrylates
showed that the higher the crosslink density the higher the impact resistance [45]. As q results from
the DC, the limit of 70% of the latter was found, below which intermolecular forces start to play
a key role in impact resistance. The higher the strength of hydrogen bonds and the higher their
concentration, the higher the impact resistance. The influence of crosslink density on the failure
behavior in crosslinked polymers was confirmed by molecular dynamics simulations [72].

The detailed study on a series of Bis-GMA/TEGDMA AgNP nanocomposites [92] and
urethane-dimethacrylate homopolymers [35,48] confirmed the conclusion that the incomplete
conversion adversely affects mechanical properties. Additionally, results of the studies on AgNP
nanocomposites allowed for constructing the following order of properties by increasing sensitivity to
the DC: hardness < modulus < bending strength < impact resistance. Increasing AgNP concentration
in nanocomposites usually caused decreases in these properties, which coincided with the decreasing
DC. The detailed analysis of variations in mechanical properties as a function of the DC of thermally
cured samples established that hardness increased throughout the polymer series, regardless of the
decrease in DC. Remaining mechanical properties increased at lower AgNP concentrations, and then
decreased. Modulus only decreased when DC dropped below 50%. Bending strength decreased when
DC was down to 70%. Impact resistance was the most sensitive to DC and decreased when DC was
down to 77% [92].

As can be seen, the impact strength of dimethacrylate polymers is a complex phenomenon.
It should have high values in order to withstand forces generated during chewing and to prevent
accidental fracture [144,145]. However, they are usually lower than expected [26]. Impact strength
depends on many physicochemical factors, such as the monomer molecule elasticity, chemical crosslink
density, physical crosslinking, degree of conversion and morphology. The higher the chain elasticity [35],
crosslink density [32], and the strength of hydrogen bonds [32], the higher the impact resistance.
The lower the DC, the lower the impact resistance [32,45,92]. The lower the DC, the greater the role
of morphological heterogeneity, resulting from microgel formation [45], which is described in the
following section. Additionally, impact strength can be radically reduced due to the presence of air
bubbles trapped in the material [92].

7. The Morphology

Generally, poly(dimethacrylate)s are regarded as non-crystalline, amorphous, highly crosslinked
polymers. Their supramolecular structure consists of microgel agglomerates [1–5,23–27]. Since
it is only a short-range order of supramolecular organization, its characterization is complicated.
Many works confirmed the formation of distinct nodular morphology of poly(di(meth)acrylate)s.
It was visualized through microscopic observations with the use of atomic force microscopy
(AFM) [26,32–34,36,38,71,123,136,146–148] and scanning electron microscopy (SEM) [55,123]. It is only
in recent years that methodologies for quantitatively characterizing the morphology of dimethacrylate
polymer networks have been developed. They utilize AFM supported with advanced mathematical
tools [33,34,38,148], X-ray powder diffractometry (XRPD) [32,35,45,136] as well as techniques of
thermal analysis: dynamic-mechanical analysis (DMA) [1,42,52,69–71,149–153], differential scanning
calorimetry (DSC) [39] and thermogravimetry (TG) [154–156].

7.1. Qualitative Microscopic Characterization

The AFM images of poly(dimethacrylate) fractures revealed that their morphology consists of
globular domains with diameters in the range of 10–100 nm [26,32–34,36,38,71,123,136,146–148]. They
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were attributed to highly crosslinked microgel agglomerates embedded in a less crosslinked matrix.
The qualitative (agglomerate shape) and quantitative (agglomerate dimensions) differences were rarely
observed between dimethacrylate polymers. Exceptionally, the Bis-GMA homopolymer revealed the
existence of morphology presenting certain specific features. In contrast to the conventional spherical
agglomerates, the morphology of poly(Bis-GMA) consisted of elongated “rods”, having a diameter
of approximately 70 nm and length of up to 500 nm [32]. This phenomenon coincided well with
the results from SEM observations. The images of Bis-GMA homopolymer and its copolymer with
20 wt% of TEGDMA revealed a distinctive morphology, which consisted of long, needle-shaped,
morphological objects. The remaining dimethacrylate homo- and copolymers showed a more uniform,
smooth morphology [55].

Additionally, SEM and AFM observations led to the conclusion that the irradiation direction
determines the cross-section morphology. The fracture surfaces perpendicular to the irradiation
direction revealed the presence of parallel lines. The anisotropy in the polymerization shrinkage,
caused by the high diameter to thickness ratio of mold was identified as the most likely reason for this
phenomenon [32,55].

7.2. Quantitative AFM Characterization

7.2.1. Phase Imagining

The AFM morphology was quantified by using the phase imaging AFM of local viscoelasticity
of the Bis-GMA and Bis-EMA acrylate analogue polymers [37–39]. The results provided valuable
information about the kinetics of diacrylate radical polymerization, which can be transformed into
dimethacrylates. The formation of three types of domains, with a varied elastic response, corresponding
to varied crosslink density, was detected. However, any quantitative differences in morphologies
depending on the chemical composition nor the irradiation type were observed.

7.2.2. Roughness Analysis

The globular AFM topography can be characterized using roughness analysis. There are several
parameters available with common image processing software packages. They include the density of
summits, mean summit curvature, surface area ratio, root-mean-square roughness. In the work of Munz,
these parameters were readily used as descriptors for spatial resolution of diacrylate hydrogel polymer
networks, consisting of globular domains with diameters in the range of ~10–100 nm [148]. In dental
material studies roughness analysis is typically used to characterize composite surface morphology,
depending on the filler type and polishing technique [147,157,158]. In the work of Lungu et al. this
procedure was used for the characterization of the UDMA-silsesquioxane nanocomposites [123]. It was
found that the addition of silsesquioxane caused a decrease in matrix transparency and it was attributed
to the formation of agglomerates.

7.2.3. Fractal Analysis

Fractal analysis of the AFM fracture surfaces of poly(dimethacrylate)s was successfully applied for
the quantitative description of their morphology [33]. For that purpose: the fractal dimension (DF) and
its extension–the generalized fractal dimension (Dq) were determined. From the difference between the
extreme values of Dq: D−∞ and D+∞, the ∆D parameter was calculated. Its value refers to the degree of
surface differentiation and tends towards zero with an increasing degree of homogeneity [159]. Fracture
topography was further characterized by analyzing their profile line, which was characterized by the
modified fractal dimension (Dβ). As a result, several linear relationships between fractal morphology,
chemical structure and selected physicomechanical properties of poly(dimethacrylate)s obtained by
homo- and copolymerizations of Bis-GMA, UDMA, and TEGDMA were found. The higher the DF
and Dβ, the higher the hardness. The higher the DF, the higher the density. A linear relationship
between ∆D and impact resistance was also found. The higher the ∆D, i.e., the greater the polymer
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heterogeneity, the lower the impact strength. That finding indicated that this mechanical property is
governed by the degree of self-similarity.

The detailed analysis of the relationships between the chemical structure and fractal parameters
led to the following conclusions [159,160]. The TEGDMA homopolymer morphology was characterized
by the highest DF as well as Dβ and the lowest ∆D, indicating the highest structural homogeneity of
this polymer network. It was explained by the complex (tangled) conformations, which linear aliphatic
chains can adopt [66] and decreased free volume, due to the increased degree of conversion [5], both
enabling the highest degree of space fitting. In opposite, the poly(Bis-GMA) fracture was characterized
by the lowest DF and Dβ , which corresponds to the lowest degree of space fitting, due to high Bis-GMA
rigidity. The results for ∆D lead to an explanation of the lowest impact resistance of the UDMA
homopolymer. ∆D of poly(UDMA) was the highest. A lower ∆D of Bis-GMA homopolymer network
indicated that its structure can be considered as more homogeneous (tighter), due to a higher strength
of physical crosslinks in poly (Bis-GMA) than in poly(UDMA) (Table 4). Copolymerizations resulted
in an increase in the fractal dimensions. Thus, the conclusion that TEGDMA plays a crucial role in
the development of the dimethacrylate polymer network morphology by reducing its heterogeneity
was drawn.

7.2.4. Percolation Theory

Another study on the model system of dental dimethacrylate homo- and copolymers showed that
their AFM fracture surfaces have a percolating structure. For this purpose, the percolation probability
(P) and length of the percolation path (L) were determined and their values were related to the selected
properties of studied polymer networks [34]. Analysis of the results indicated that both parameters,
P and L, are strongly dependent on the presence of the physical crosslinks, formed by hydrogen bonds.
Their strength and the degree of conversion play a further role. However, it was noticed that the higher
the crosslink density and hydrogen bond strength, the higher the percolation probability, i.e., the larger
clusters are formed during polymerization.

The impact strength of the UDMA homopolymer was a special subject of interest due to its higher
than expected brittleness. Studies on the quantitative characterization of the AFM fracture surfaces
with the use of the percolation theory tools clearly showed that the impact strength increases with
increasing percolation probability. Also, poly(UDMA) was characterized by the lowest P.

Additionally, the beneficial role of TEGDMA as a comonomer in the formation of a dimethacrylate
polymer network structure was reconfirmed. Its presence allows for the formation of large percolating
clusters and long percolation paths, consisting of chemical and physical crosslinks, with the aid of
ester and ether proton acceptors.

7.3. Quantitative XRPD Characterization

XRPD can also be recognized as a valuable tool for the quantitative characterization of
supramolecular organization in dimethacrylate polymer networks.

In several studies, the average dimensions of microgel agglomerates (D) were calculated by
using the peak half-width and the Scherrer equation [32,35,45,136]. Their values were of a few
nanometers, which confirmed that dimethacrylate polymer networks have a short-range molecular
order [161]. Nevertheless, the D values were varied and depended on the polymer chemical structure
and increased according to the following order: TEGDMA < Bis-GMA/TEGDMA < UDMA < Bis-GMA
< Bis-GMA/TEGDMA/UDMA.

These studies revealed that the morphology of dimethacrylate polymer networks is influenced by
the monomer molecule dimensions, packing abilities and strength of physical crosslinks. The more
spacious the monomer molecule and the higher the hydrogen bond strength, the higher D. The more
compact packing (higher elasticity, resulting in higher rotational possibilities), the lower D.

In the work of Barszczewska-Rybarek, it was found that the presence of massive agglomerates can
negatively affect the impact resistance of poly(diacrylate)s. The ability to form the strongest hydrogen
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bonds in the Bis-GA/TTEGDA/UDA copolymer (the acrylate analogous to Bis-GMA/TEGDMA/UDMA)
favored the formation of massive clusters. However, their concentration within the less crosslinked
matrix was insufficient to effectively withstand the energy of the impact [45].

7.4. Thermal Analysis

Recently, the quantitative characterization of the structural heterogeneity of dimethacrylate
polymer networks was extended to the use of thermal analysis techniques: dynamic-mechanical analysis
(DMA) [1,42,52,69–71,149–153], differential scanning calorimetry (DSC) [39] and thermogravimetry
(TG) [154–156]. The bimodal character of the peaks present on the thermograms in the glass transition
region or the decomposition region, indicates the presence of two phases significantly varying in
crosslink density. The temperature range in which the physical change or chemical reaction occurs must
be determined. The narrower the temperature range the more homogeneous the network. In the case
of DMA, the changes in the dynamic storage modulus and the loss tangent are observed, which occurs
during the glass transition. Heterogeneity was quantified by the determination of the peak width at
half-height [1,42,52,69–71,149–153]. Additionally, the network heterogeneity can be assessed by the
storage modulus decrease in the glass transition region. It was found that, the more heterogeneous the
network, the more rapid decrease in the storage modulus in the region of low frequencies. It was also
found that the loss modulus in the region of its maximum is very slightly sensitive to the “long-range”
network heterogeneity [149]. In the TG studies, the gradual weight loss at the polymer degradation
temperature is determined [154–156]. In the DSC studies, the changes in the heat capacity during glass
transition as well as the enthalpy of curing are evaluated [39]. However, this information does not
provide answers to questions about the size and arrangement of morphological objects.

The literature provides a detailed DMA study on the influence of the Bis-GMA/TEGMA ratio on
the polymer network heterogeneity, which was characterized by the crosslink density (calculated from
E’) and tan delta peak width [70]. The latter decreased as the TEGDMA content increased up to a certain
limit and then increased, with a further increase of TEGDMA concentration. The Bis-GMA/TEGDMA
60/40 copolymer was characterized by the lowest tan delta peak width. i.e., it was recognized as the most
homogeneous. That result was explained by dense packing and uniform free volume distribution [70].
The Bis-GMA/TEGDMA 20/80 copolymer was characterized by the lowest crosslink density and the
broadest tan delta peak. That result, in relation to a very high DC (around 95%), indicated the greatest
heterogeneity and the high tendency to cyclization represented by TEGDMA [70,152].

8. Biocompatibility of Dental Dimethacrylate Polymer Networks

The biocompatibility of dental materials is an important issue. It is closely connected with
the polymer network structure development. In general, this term describes the material ability to
be in contact with a living system without producing adverse effects by not being toxic, injurious,
physiologically reactive and not causing immunological rejection [162]. In fact, it is a complex
phenomenon, which involves biological interactions, patient risks, clinical experience, and engineering
expertise. For that reason, no single test is required to evaluate the biological efficacy of material [163].
There is no specific procedure for characterizing the biocompatibility of dental materials. Several
researchers recommend using standardized testing procedures for the evaluation of the biocompatibility
of medical devices [163,164]. Those documents include ANSI/ADA standard No. 41 [165] and the ISO
10993 series of standards [166].

Dimethacrylate polymer networks are generally non-toxic [9]. Their toxicity results from leaching
of low molecular weight substances, which can have a harmful effect on oral tissues [167–169].
Low molecular substances can come from the incomplete conversion and chemical degradation
of dimethacrylate polymer network [168,169]. Several adverse reactions were reported after the
application of dimethacrylate dental material. These include migraine, amenorrhea, fatigue, sinusitis,
insomnia etc. The reliability of those complaints is difficult to verify, especially since several researchers
pointed out that they can have a psychosomatic background [169].
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Unreacted dimethacrylate monomer can be eluted by saliva [169]. Water and ethanol are the
most popular solvents, occurring in the oral environment [53,58,102]. The local concentrations of
leached monomers can be in the millimolar range, which is high enough to induce a variety of adverse
biological effects [167]. It was found that the higher the degree of conversion, the lower the possibility
of unreacted monomer content in the dimethacrylate matrix [170]. It was also found that the presence
of unpolymerized surface layer, resulted from the oxygen inhibition, is a significant source of the
unpolymerized monomer and increases composite cytotoxicity [169]. For this reason, mechanical
removal of the oxygen inhibited layer could be recommended [171].

Typical dental dimethacrylates were thoroughly examined for cytotoxic properties. Issa et al. [172]
and Reichl et al. [173] tested the cytotoxicity of dental dimetacrylates by using the MMT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and LDH (lactate dehydrogenase)
assays. The TC50 values (concentrations altering MTT and LDH activity by 50%) were similar
in both assays and ranged from around 0.32 to 6.7 mM. Monomers were arranged by increasing
toxicity (increasing TC50) according to the following order: HEMA (2-hydroxyethyl methacrylate) <

DMAEMA (2-(dimethylamino)ethyl methacrylate, photoinitiation accelerator) < TEGDMA < UDMA
< Bis-GMA [172]. Dental dimethacrylate monomers were also tested for acute toxicity. It was found
that LD50 (the median lethal dose of a toxin, which corresponds to the dose required to kill half the
members of a tested population) of Bis-GMA and UDMA was of > 5000 mg/kg body weight (rats),
whereas LD50 of TEGDMA equaled to 10,837 mg/kg body weight (rats). As all the LD50 values were
greater than 2000 mg/kg body weight, it means that these monomers cannot be classified as toxic [169].
The ED50 (the dose that produces a biological response in 50% of the population that takes it) for dental
dimetnacrylates was also determined. According to this parameter, dimethacrylates can be arranged
according to the following order: Bis-GMA (0.08–0.14 mM) < TEGDMA (0.12–0.26 mM) < UDMA
(0.06–0.47 mM) < Bis-EMA (0.21–0.78 mM) < HEMA (1.77–2.52 mM) [174]. A summary of these results
leads to the conclusion that TEGDMA is less toxic than Bis-GMA and UDMA. They are also in line
with the general principle that dimetacrylates are more toxic than monometacrylates [169,175].

The second reason of the presence of leachable components in a composite dental material is
hydrolysis or enzymatic degradation of a dimethacrylate polymer network [168,169,175]. Several
products of Bis-GMA and Bis-EMA biodegradation, such as bisphenol A, bisphenol A diglycidylether
and bisphenol A dimethacrylate were found to have estrogenic-like effects [168,169,175–177]. It was
also found that Bis-EMA undergoes biodegradation to a lesser degree than Bis-GMA [169]. However,
some researchers indicate that use of Bis-GMA based dental materials do not cause a clinically relevant
estrogen-like effect on patients. Thus, the postulated estrogen-like effect is no reason to restrict
indications for these dimethacrylate-based materials [169].

9. Conclusions

Material characterization and design are essential to better understanding its physicochemical
and mechanical properties. In particular, the determination of relationships between structure and
properties at different scales can lead to the improvement of material performance. This review is
well-suited to the contemporary trends in the detailed characterization of polymeric materials, which
are focused on the development of modern research methodologies and advanced interpretation of
their properties. It can be expected that the issues presented in this review would be beneficial for the
engineering of dimethacrylate dental materials.

It can be concluded that the higher the DC and the more homogeneous the morphology of a
dimethacrylate polymer network, the better its mechanical performance. Molecular elasticity, resulting
from higher possibilities of rotational movement and compact packing, usually positively affects the
DC and morphology. Morphological heterogeneity arises from the formation of microgel agglomerates.
The bigger the monomer molecule and the stronger the hydrogen bonds, the higher the network
heterogeneity. On the other hand, hydrogen bonding positively affects many mechanical properties,
especially impact resistance. Strong hydrogen bonds present in the Bis-GMA structure, by acting as
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physical crosslinks, are capable of compensating for the negative effect of insufficient DC on mechanical
properties, especially impact resistance. The strength of H-bonds formed by the UDMA imine proton is
insufficient to ensure high impact resistance. On the other hand, it is enough to ensure high hardness.

Copolymerization of basic monomers, such as Bis-GMA and UDMA, with reactive diluents, such
as TEGDMA, having small and flexible molecules, usually causes an increase in the polymer network
homogeneity and mechanical performance. 40 wt% of TEGDMA was found as the optimum content
in a copolymer. Its higher amount can cause an increase in the morphological heterogeneity due
to cyclization.
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Abstract: The presented work focuses on the application of spectroscopic methods, such as Infrared
Spectroscopy (IR), Fourier Transform Infrared Spectroscopy (FT-IR), Raman spectroscopy, Ultraviolet
and Visible Spectroscopy (UV-Vis), X-ray spectroscopy, and Mass Spectrometry (MS), which are
widely employed in the investigation of the surface properties of dental materials. Examples of
the research of materials used as tooth fillings, surface preparation in dental prosthetics, cavity
preparation methods and fractographic studies of dental implants are also presented. The cited
studies show that the above techniques can be valuable tools as they are expanding the research
capabilities of materials used in dentistry.

Keywords: dental materials; dental ceramics; spectroscopy; IR; FT-IR; Raman spectroscopy; UV-Vis;
X-ray spectroscopy; XRF; XRD; MS

1. Introduction

For centuries in dentistry, the search remains for the best methods and materials
to restore missing tooth structures or replace missing teeth [1–3]. Modern dentistry, in
addition to its primary role to improve the health of masticatory system, increasingly
focuses on the aesthetics of the preformed reconstructions [4–7]. The rapid development
of this field is possible thanks to the constant introduction of new materials and research
techniques [8–14]. Due to wide range of (ceramic, metallic, synthetic or composite) dental
materials available on the market, it is crucial that dental technicians and/or dentists choose
the appropriate method by taking into account its limitations and features [13,15–20].

The application of the material in the oral cavity, i.e., in direct contact with tissues,
places special demands on this group of biomaterials regarding their physicochemical and
biological properties, i.e., biocompatibility, local and general harmlessness to the organ-
ism [18,21,22], resistance to the effects of physicochemical factors in the oral cavity [21]
and biophysical indifference [18,19]. In addition, the accuracy in mimicking natural tooth
shapes [19], stability of mechanical properties [19,22], ease processing [21,23], appropriate
aesthetics [19,24], and finally a moderate price [19,23] are further requirements that need
to be met. The first phenomenon that occurs after the introduction of the biomaterial into
the oral cavity is the formation of a biofilm on its surface [25–27]. In order to prevent the
micro-leakage and the biofilm formation, it is important to know the material structural
and chemical components [7,28,29]. Surface structure, roughness, chemical composition
and reactivity are just a few of the main characteristics that should be assessed before
qualifying particular material for dental applications [18,19,27,30,31]. In addition, sur-
face characteristics are related to other properties of the material, such as mechanical or
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chemical features, enabling detailed understanding how the material behaves under oral
conditions [32,33].

The advanced development of microscopic and spectroscopic techniques enables a
detail study of the chemical structure and surface phenomena [20,34] of studied materials.
Microscopy enables observation of surfaces, and structural and intra-material changes at
high magnification [35–37]. It includes, inter alia, Optical Microscopy [38–40], Electron
Microscopy [39–42], X-ray Microscopy [39,40], and Scanning Probe Microscopy [39,41].

These techniques allow for advanced experimental research, which in combination
with powerful acquisition procedures and data processing, enable detailed analysis of
the studied system. Besides morphological and structural characterizations, microscopic
techniques provide additionally information on the quantitative and qualitative chemi-
cal composition of the analysed sample either at a selected point, or along a given line,
thus providing elemental maps (Energy Dispersive X-ray Spectroscopy—EDS), crystal
orientation (Electron Backscatter Diffraction—EBSD), and many other characteristics of
dental biomaterials [40,43–45]. The use of microscopic methods for material testing is
widely described in the literature; therefore, in this paper we present the application of
spectroscopic techniques, basic principles of operation, their advantages and limitations,
as well as their application for studying dental materials.

Spectroscopy covers a lot of techniques based on the interaction of the electromag-
netic radiation with the matter; sometimes, the term spectroscopy refers to an analytical
technique involving generation and interpretation of spectra. The use of spectroscopy,
especially in combination with microscopic techniques, provides valuable information
on the chemical structure of dental materials. The major advantages of spectroscopic
techniques are seen in the fact that they are non-destructive and using small amount of
sample weights [34,46–52]. Spectroscopic techniques including: Infrared spectroscopy (IR),
Fourier Transform Infrared Spectroscopy (FT-IR), Raman spectroscopy, Ultraviolet and
Visible spectroscopy (UV-Vis), X-ray spectroscopy, and Mass Spectrometry (MS) are very
useful in the dental material studies [53].

The aim of the current review was to provide the reader with a “broad view” of
spectroscopic techniques and their application in a dental material research.

2. Search Strategy

An electronic search was carried out in SCOPUS and PubMed digital databases
using the keywords related to the topic search and combining the keywords using “AND”
and “OR”. The search strategy employed was as follows: (Dental material spectroscopic
methods) OR Dental material spectroscopy) OR Dental ceramic spectroscopic method) OR
Dental ceramics spectroscopy) OR Dental implant spectroscopy) AND (Dental material
IR) OR Dental ceramic IR) AND (Dental material FTIR) OR Dental material FT-IR) OR
Dental ceramic FTIR) AND ((Dental material Raman spectroscopy) OR Dental ceramic
Raman spectroscopy) AND (Dental material UV-Vis spectroscopy) OR Dental material
UV-Vis) Dental ceramic UV-Vis spectroscopy) AND (Dental material X-ray spectroscopy)
OR Dental ceramic X-ray spectroscopy) AND (Dental material Mass Spectrometry) OR
Dental ceramic Mass Spectrometry).

The review of potentially eligible data articles on a given spectroscopic technique was
narrowed down to books, book chapters and overviews in Subject Area-Dentistry. If no
information could be found in this regard, it was extended to research articles on chemical
and material subject fields. The review is mainly based on articles on spectroscopic methods
excluding microscopic methods.

Initially 12,904 articles were found. After removal of duplicates and restriction to the
years 2008–2021, 1534 articles were identified from digital databases and a manual search.
Full texts of papers were obtained from the journals. The inclusion and exclusion criteria
for articles are presented in Table 1.
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Table 1. The inclusion and exclusion criteria for articles.

Inclusion Criteria Exclusion Criteria

Research on only dental biomaterials used
for restorations.

Literature on dental materials and fluids,
equipment used as instruments and equipment

for a dental office.
Research including ceramics, calcium

phosphates, glasses, polymers, adhesives,
composites, glass ionomers, silver amalgam,

alloys and titanium implants.

All papers in other than the English language,
where the full text was not available.

Dental material research published no later
than 5 years ago.

Same data that was published at
different times.

3. Fundamentals and Division of Spectroscopy

For the purpose of a comprehensive overview of spectroscopic techniques, it is neces-
sary to apply various criteria for classification of the techniques. Most often, the following
classification criteria are adopted: the range of electromagnetic radiation, properties of the
studied systems, and the method of collecting a spectrum, referring to the way of energy
exchange between the radiation and the matter. The division of spectroscopy according
to the radiation range is actually related to various experimental techniques as listed in
Table 2. Depending on the radiation range, different radiation sources, detectors and
dispersion devices are used. In optical spectroscopy, prisms and diffraction gratings are
most frequently used as dispersion devices [54–57].

Table 2. Spectroscopic techniques in different ranges of electromagnetic spectrum radiation.

Region of Electromagnetic
Spectrum Wavelength Range λ (m) Spectroscopic Technique

Microwave 1–10−3 Microwave spectroscopy

Infrared 10−3–10−6 Infrared spectroscopy
Raman spectroscopy

Ultraviolet and visible 10−6–10−8

UV-Visible spectroscopy
Atomic absorption

spectroscopy
Fluorescence spectroscopy

Phosphorescence
spectroscopy

X-ray 10−9–10−12

X-ray diffraction
X-ray fluorescence

X-ray photoelectron
spectrometry

Mass spectrometry
γ-ray 10−12–10−14 Mossbauer spectroscopy

Spectroscopy can be analysed based on the intrinsic aspects of the studied process.
In this regard, the following types of spectroscopy can be differentiated: nuclear spec-
troscopy, atomic spectroscopy, and molecular spectroscopy with particular emphasis on the
spectroscopy of condensed systems. Such division is related to the specific energy levels
taking part in the energetic transition of the studied system. Each type of spectroscopy is
associated with specific motion of the constituents of the system at a microscopic level, and
thus differs in the magnitude of the energy between transition energetic states [34,53,58,59].

Depending on the radiation measurement process, one distinguishes three types of
spectra: absorption, emission and Raman spectroscopy, respectively. Absorption spectra
can be defined as a set of all transitions from lower to higher levels so, they correspond to an
increase of the system energy (photon uptake). The simplest type of absorption spectrum
arises when the lowest energy level, i.e., the basic level, is occupied. The occupation
of energy levels is related to the thermodynamic equilibrium, which is determined by
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the temperature of the system. It is assumed that only the basic level is filled at room
temperature. Emission spectra can be defined as a set of all transitions from higher to lower
energy levels. Transitions in emission spectra correspond to the reduction of the energy,
i.e., the radiation of photons. The characteristic feature of Raman spectra is the change
in the frequency of the scattered radiation (νr) in relation to the frequency of the incident
radiation (νp) [60,61].

4. Infrared Spectroscopy (IR) and Fourier Transform Infrared Spectroscopy (FT-IR)
4.1. Principle of the Technique

The area of the electromagnetic spectrum with the wavenumber (reciprocal of the
wavelength) from approx. 14,000 to 200 cm−1, i.e., between the visible and the microwave
region, is called the infrared (IR). The absorption of such energy amount within this
region is large enough to cause the chemical bonds to oscillate, but not enough to cause
their breakage. Molecules rotate around their symmetry axes and at the same time their
atoms oscillate between equilibrium positions. The IR absorption spectra are obtained by
measuring the relative intensity of the transmitted or absorbed radiation as a function of the
wavenumber, and they are presented in form of a plot of the transmittance or absorbance
of the radiation versus the wavenumber (cm−1).

There are many types of IR spectrophotometers, e.g., filter photometers, double-beam
spectrophotometer, Fourier transform spectrometer, attenuated total reflectance (ATR)
FT-IR instrument [55]. In modern Fourier transform devices, which consists of illuminating
simultaneously the sample with a beam of radiation from the entire tested IR range. After
this beam has passed through the sample, the beam from the same source has not been
interfered with, and the spectrum is obtained using the Fourier transform of the recorded
interference spectrum. This requires the use of equipment with a software that performs
this mathematical operation and provides information about vibrations in the form of
an interferogram. FT-IR spectroscopy allows to determine the characteristic vibrations of
atomic groups of the studied compound.

Due to the fact that the FT-IR spectrum is characteristic for a given substance, infrared
spectrophotometric analysis is most often used for qualitative analysis. In addition to
characterizing a pure substance by means of FT-IR analysis, the presence of additional
substances in a studied mixture, as well as interactions between atomic groups of differ-
ent compounds in the mixture can be examined. Changes in the spectrum (presence of
additional peaks) indicate the presence of other functional groups (presence of another
compound), while the shifting of the peaks relative to the spectrum of the original pure
compound indicates interactions of a given atomic group with other groups of the studied
mixture [61,62]. Besides, the following infrared spectroscopic techniques can be currently
differentiated: transmission spectroscopy (TS), internal reflection spectroscopy (IRS), which
is also referred to as attenuated total reflection (ATR), mirror reflection (ERS—external
reflection spectroscopy), diffuse reflection spectroscopy (DRS), emission spectroscopy (ES)
and photoacoustic spectroscopy (PAS) [63,64].

4.2. Type of Tested Samples

In infrared spectroscopy substances can be examined in a gaseous, liquid and solid
state. Gas-sample spectra can be obtained by inserting the gaseous sample into a purged
cuvette. Liquids can be tested in a pure form, or in a solution form. Liquid samples are
placed between the sodium chloride plates; approx. One to ten milligrams of a liquid
substance is needed. For liquids that dissolve sodium chloride, silver chloride plates can
be used instead. Solid samples are typically tested in a form of suspension, pellet, or
deposited glassy film (a solid film on a glass substrate). The spectrum of a solid sample
most frequently is obtained by dispersing the sample within an alkali halide pellet. The
spectra of solids can also be obtained by preparing a film of the solid sample, following
evaporation of the solvent from a droplet deposited on a sodium chloride plate of a solution
containing the studied compound [55,65].
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4.3. Sample Characteristics

FT-IR spectroscopy allows to determine the characteristic vibrations for groups present
in a compound. Due to the fact that the FT-IR spectrum is a spectrum characteristic for a
given substance, infrared spectrophotometric analysis is most often used for qualitative
research. In addition to distinguishing between pure substances by means of FT-IR analysis,
it is possible to investigate the presence of additional substances as well as their interactions
with individual groups of the original compound. Changes in the spectrum (presence of
additional peaks) indicate the presence of other functional groups (presence of another
compound), while shifts in the directions of other wavelengths than for the spectrum of
the original sample indicate the interaction of a given group with a different group of the
added substance [61,62,66].

For example, the FT-IR method was used to identify the structure of a dental ma-
terial, i.e., fibroin thanks to application of FT-IR, a NH functional group in fibroin was
recognised as an amino acid structure with a peak of 3309.80 cm−1 [67]. Measurement of
absorbance using FT-IR led to a spectra of the various bioceramic powders and finally their
identification [68].

4.4. Advantages and Limitations

Currently, infrared spectroscopy is widely used technique to identify functional groups
and chemical compounds (both organic and inorganic), as well as to assess the purity of
a compound. It is inexpensive, instruments are easy to be operated, and IR spectra are
obtained quickly [55]. Infrared spectroscopy is a promising alternative to other techniques,
as it is not time consuming with respect to sample preparation, measurement and inter-
pretation of the results; it is also non-invasive and relatively simple measuring technique.
As all frequencies are measured simultaneously in FT-IR spectroscopy, the spectrum is
obtained for a few seconds, being advantageous in comparison with conventional infrared
spectroscopy measurements lasting [34,69–71]. The undoubted advantage of infrared
spectroscopy techniques is the ability to test small amounts of the material [62], and in
ATR technique, the ability to penetrate of the light beam an into a sample depth of about
0.5–3 µm [72].

The limitation of IR is the fact that in classic spectrometers, the IR spectra are ob-
tained by examining the absorption of a specific beam of monochromatic radiation (one
wavelength), and then sweeping the sample by gradually changing the wavelength during
measurement with a dispersion element (prism, diffraction grating). Before the measure-
ment, it is often necessary to properly prepare the sample, e.g., grinding the test material,
thoroughly mixing with the potassium bromide (KBr) matrix and compressing under
pressure to form a tablet. The sample should not contain water, because water strongly
absorbs radiation with the wavenumber from approximately 3700 cm−1 and 1630 cm−1

(this absorption may obscure the bands of the tested substance) [55].
In the ATR sampling system, the main source of errors during the measurement is the

imperfect contact between the sample and the diamond crystal [65]. The next drawback
of FT-IR instruments is the fact that they are equipped only with a single beam, whereas
dispersive instruments generally have a double beam [69].

4.5. Applications

IR spectroscopy was used to track the polymerization kinetics of dental resins [73,74]
and adhesives [75–78] to improve the mechanical features of the dental material. The IR
technique was also used to determine the role of intermolecular collagen cross-linking in the
mechanical behaviour of dentin [79], to evaluate the structure of heterocyclic compounds as
candidates for pulp regeneration [80] and to analyse new generation biomimetic materials
replicating the mineral organic dentin and enamel complex [81].

The FT-IR technique was used for the structural characterization of dental materials
such as: implant materials [82], biopolymers [83], ceramics [84], resin nanocomposites [85],
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implant coatings [86–88], bioceramics [89], resins [90–94], cements [95], bioglass [96], and
self-curing materials [97].

4.6. Spectrum Example

Figure 1 shows the FT-IR spectrum of self-curing polymethyl methacrylate (PMMA)-
based dental materials (UNIFAST III, GC Corporation, Tokyo, Japan) control samples
prepared by mixing UNIFAST III resin powder (GC Corporation, Tokyo, Japan) with
UNIFAST liquid monomer (GC Corporation, Tokyo, Japan). The powder spectrum of GC
UNIFAST III is depicted in the inset of Figure 1. The band at around 1132 cm−1 is the
characteristic absorption vibration of PMMA. The bands at about 1218 cm−1, 1361cm−1,
1735 cm−1 and 2927 cm−1 are assigned to υ(C–O) stretching vibration, wagging vibration
of C–H, C=O stretching, and C–H stretching, respectively [97].
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Figure 1. FT-IR spectrum of control specimen made by hand and ultrasonic mixing methods as well
as the spectrum corresponding to UNIFAST III powder [97].

Figure 2 shows the FT-IR data of samples prepared by mixing UNIFAST III (GC Cor-
poration, Tokyo, Japan) resin powder with ultrasonic-mixed UNIFAST (GC Corporation,
Tokyo, Japan) liquid monomer, which includes starting materials and reinforced, nanosized
hexagonal boron nitride h-BN (US Research Nanomaterials Co., Ltd., Houston, TX, USA)
at various concentrations. Most researchers agree that there are two distinct IR absorption
bands in boron nitride films. These are the band around 1380 cm−1 (in plane) and the
band around 780 cm−1 (out of plane), which is due to B–N stretching and B–N–B bending,
respectively [97].
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5. Raman Spectroscopy
5.1. Principle of Technique

Raman spectroscopy is a technique used to study vibrational-rotational spectra of
molecules. In the light scattered by the examined medium, apart from the component with
the same frequency as the incident light (Rayleigh scattering), there are components with a
changed frequency. The Raman spectrum is represented as a function of the intensity of
the scattered light versus the frequency, (wavenumber), which is calculated as a difference
between the frequencies of the incident and scattered radiation (Raman shift).

Two main techniques are used to obtain the Raman spectrum: dispersion and Fourier
transform (FT). They differ in the wavelength of the incident radiation and the method of
detection. Typically, lasers of different wavelengths result in different penetration depths
in the sample surface. The shorter the laser wavelength, the information closer to the
surface it provides. On the other hand, when the selected laser wavelength is too long,
information about the material near the surface may remain hidden (or omitted). Therefore,
the selection of the correct laser wavelength is very important to obtain an accurate Raman
characterization result, especially in the case of multi-layer substrates or surface sensitive
samples. Currently, many new modifications are used in Raman spectroscopy, which
primarily increase the sensitivity of the technique, such as: Resonance Raman Spectroscopy
(RRS), Surface Enhanced Raman Spectroscopy (SERS), Confocal Raman Microscopy and
Coherent Antistokes Raman Spectroscopy (CARS). Raman spectroscopy provides a lot
of important information about the geometric structure of molecules and the nature of
chemical bonds. In the case of crystalline samples, among others, information on the
structure, crystal lattice arrangement, elastic properties, stresses and the nature of phase
transitions can be obtained. Hence, Raman spectroscopy can be used in qualitative analysis,
because each compound is associated with a characteristic Raman spectrum, which is
a “dactyloscopic trace”, as well as it provides quantitative information based on the
dependence of the intensity of signals on the concentration of substances in the analysed
sample [56,98–101].
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5.2. Type of Tested Samples

In the abovementioned techniques, samples can be tested in a wide variety of states;
for example, in the form of solids, liquids or vapours, hot or cold, in bulk, as microscopic
particles, or as surface layers. Typical accessories for Raman spectroscopy are powder
sample holders, cuvette holders, small liquid sample holders (nuclear magnetic resonance
sample tubes), and irregularly shaped object clamps [56].

5.3. Sample Characterisctics

In the Raman spectrum, the intensity of the radiation coming from the sample is
a linear function of the molar concentration and the thickness of the layer. The Raman
spectrum is an oscillating-rotational spectrum that carries information, e.g., about the
structure of the test substance and its chemical composition. Raman spectroscopy is
now an eminent technique for the characterisation of 2D materials and phonon modes in
crystals. Properties, such as number of monolayers, inter-layer breathing and shear modes,
in-plane anisotropy, doping, disorder, thermal conductivity, strain and phonon modes can
be extracted using Raman spectroscopy [102,103].

For example, Raman mappings confirmed that the graphene nanocoating covering
the Biomedical-Grade Ti-6Al-4V alloys showed high structural stability and resistance
to mechanical stress and chemical degradation, maintaining >99% coverage after corro-
sion [104]. Raman spectroscopies have been used to study dental materials were mostly
find the degree of conversion (DC) of dental composites, adhesives and setting reaction of
cements [103].

5.4. Advantages and Limitations

Similar to other spectroscopic techniques in Raman spectroscopy the time of measure-
ment is short and sample preparation is simple. Additionally, the technique is not invasive
and the obtained results can be easily and rapidly analysed [56].

For all spectrometer systems using visible incident light, the main disadvantage is
the phenomenon of fluorescence. This is bigger problem in the visible region than in
UV or near-infrared region. Since Raman scattering is a weak effect a strong excitation
source is required to provide a high-power density in the sample. Hence, besides the
fluorescence caused by the tested sample, any tiny impurities that are fluorescent can
give large interfering fluorescence signals. Since fluorescence occurs at energies below the
excitation value, it can be quite intense in the energy region covered by Raman Stokes
scattering [56].

5.5. Applications

Raman spectroscopy was used to determine the rate of polymerization of bioglass
ceramic [105], identification and testing of the presence of various compounds in implant
materials [106], ceramics [107–109], bioglass [110]; analysis of the phase composition of
bioglass [111], ceramics [112,113]; and evaluation of the degree of conversion of resins [114]
and ceramics [115].

5.6. Spectrum Example

Figure 3a shows seven Raman spectra of bovine (B-Raw) and human (H-Raw) bone
powders, calcinated bovine bone powder (B-560) and commercial samples based on
β-tricalcium phosphate (RTR, Septodont, Saint-Maur-des-Fossés, France), calcium phos-
phosilicate combined with polyethylene glycol and glycerine (Novabone®, Osteogenics
Biomedical, Lubbock, TX, USA) and hydroxyapatite (Nukbone®, Biocriss, Mexico City,
Mexico and Biograft®, Biograft, Mexico City, Mexico). All Raman bands are presented in
detail in the article [106]. The bands A, H, O, V, and W correspond to the amide, amine, and
DNA atomic groups, while the C and F bands are assigned to C–H groups from proteins
and fats of the bone. On the other hand, the bands B, E, G, I, S, U, A′, and G′ (groups C–H)
in the Novabone are the organic compounds of PEG and glycerol. Bands corresponding to
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the carbonate group (CO3) are designated with D, J, and E′. Inorganic phase bands of the
samples are designated with K, L, N, O, P, Q, R, Y, Z, A′, B′, C′, D′, and F′, corresponding to
the phosphate group (PO4). Finally, the silicate group (SiO3) is represented by the bands M
and T. Figure 3b refers to the hydroxyapatite band located at 960 cm−1. Figure 3c shows the
full width at the half-maximum (FWHM) of the bands presented in Figure 3b. It is observed
that the crystal size affects the width and size of the peak, which may be an indication of
the crystalline quality too [106]. Furthermore, Castillo-Paz et al. [116] observed changes of
raw hydroxyapatite obtained from porcine bones during heat treatment with heating rates
of 2.5 and 5.0 ◦C/min between 600 ◦C and 1100 ◦C. They found that crystal growth and the
transition from nano to a micro-size occurred above 700 ◦C. The result was a narrowing
of the analysed Raman band of the characteristic Raman band at 960 cm−1 for ν1 PO4

3−

and a decrease of full width at half the maximum (FWHM), which was confirmed by
HR-SEM images and analysis thermogravimetric (TG). A similar effect was observed by
Ramirez-Gutierrez et al. [117], who studied the influence of the temperature and sintering
time on structural, morphological, thermal, and vibrational properties of hydroxyapatite
obtained from pig bone (BHA). They showed that the higher intensity of Raman peaks
is associated with an increase in the size of the crystallites. Based on the FWHM, they
investigated changes in crystal quality. They found that the FWHM value decreased with
increasing crystal quality for samples sintered at 600 ◦C. Under these conditions, during a
longer sintering time, removal of the organic phase takes place without any structural trans-
formation. This treatment preserves the polycrystalline properties of BHA with improved
crystal quality. This was confirmed by the results of XRD and SEM.
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6. Ultraviolet and Visible Spectroscopy (UV-Vis)
6.1. Principle of Technique

UV-Vis spectroscopy is one of the oldest instrumental techniques. The analysis is
based on the measurement of electron spectra generated during transitions between the
energy levels of valence electrons in the spectral range of 200–750 nm. Energy absorp-
tion in the UV-Vis range can cause electron transitions from the lowest energy baseline
(π and n orbitals) to higher energy levels (anti-bonding π* orbitals). The method provides
information on the structure of the studied molecule, the presence of conjugated double
bond systems and aromatic systems. The instrument used in UV-Vis spectroscopy is the
UV-Vis spectrophotometer [53,58,118].

6.2. Type of Tested Samples

Spectroscopic analysis is commonly carried out in solutions, but solids and gases may
also be studied. The liquids can be contained in a vessel made of a transparent material
such as silica, glass, or plastic, known as a cell or cuvette. Gases can be in similar cells that
are sealed or plugged to make them gas-tight. In general, measurements are performed for
compounds are demonstrated absorption in the UV-Vis range, which contain chromophores
and auxochromes in their structure; within them, there is an electronic transition from the
ground to the excited state. Absorption in the UV-Vis range is demonstrated by compounds
that contain chromophores and auxochromes in their structure; within them, there is an
electronic transition from the ground state to the excited state [53,119–121].

6.3. Sample Characteristics

According to Beer Lambert’s law, the measurement of the absorbance of a certain
substance in a solution is directly proportional to its concentration; hence absorption
spectroscopy can be used for quantitative analysis. Therefore, the technique is an excel-
lent analytical tool for the characterization and evaluation of many materials, including
biomaterials and dental composites [100].

6.4. Advantages and Limitations

UV-Vis spectroscopy is used for both qualitative and quantitative analysis. Its main
advantages are its high sensitivity [119,122], high marking precision [119] and selectivity
of determinations [58]. The objective measure for the sensitivity of spectrophotometric
method is the molar absorptivity ε, corresponding to the λmax of the tested solution.
The ε values for the sensitive methods are above 10,000 dm3 mol−1 cm−1, and the ε
coefficient with values below 1000 dm3 mol−1 cm−1 corresponds to the less sensitive
methods [119,122]. The accuracy of the determination depends on the concentration range
and the class of devices used [119]. It is conditioned by the efficiency of absorption and the
selectivity of reagents causing a coloured product with the substance to be analysed [58].

Organic compounds with chromophore groups, in which an electronic transition
from the ground state to the excited state can occur, are capable of absorbing radiation
in the UV-Vis range. Most frequently aromatic systems and groups with multiple bonds
(e.g., >C=C<, >C=O, –N=N–, –NO2) are chromophores [119].

6.5. Applications

UV-Vis spectroscopy has been applied to study fillers for dental adhesive resins [123],
to assess the risk of chemical irritation, allergic reactions and oral hypersensitivity due to the
elution of polymers [124], to evaluate new co-initiators useful in the radical photopolymeriza-
tion of dental polymers [94,125]. This technique was also used to characterize the colour and
spectral reflectance and thickness oxide layer [126] and resin [127], to evaluate the transparency
of ceramics [128,129], and to assesses the degradation rate of CH-based scaffolds which play a
key role in endodontic regeneration periodontal regeneration material [130].
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6.6. Spectrum Example

Figure 4 shows the UV-Vis spectra from the camphorquinone (CQ) and the coinitiators
ethyl-4-dimethylaminobenzoate (EDAB), monomers with tertiary amines and four methacrylic
(MBTTM) or acrylic (MBTTA) useful in dentistry. The CQ exhibits a strong absorption band
in the UV region due to π→ π* transition and an absorption band in the visible region at
445 nm (transition n→ π*), with a low extinction coefficient. This absorption band at 445 nm
gives to CQ the ability to be used as photoinitiator in the visible region, allowing to form an
excited state and the subsequent hydrogen abstraction from the coinitiator. Finally, in the case
of EDAB, MBTTA and MBTTM used as hydrogen donors, they show only absorption bands in
the ultraviolet region, with high extinction coefficient values [94].
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7. X-ray Spectroscopy
7.1. Principle of Technique

X-rays constitute a part of the spectrum of electromagnetic waves covering the wave-
length range from 10−9–10−12 m. They are generated in the X-ray tube during the bom-
bardment of the anode (anti-cathode) with a beam of electrons emitted by the cathode and
accelerated in the electric field to a high speed. The X-ray spectrum of the anode material
consists of lines associated with the corresponding electron transitions characteristic for
a given element. X-ray analysis is possible after splitting it into separate lines. X-rays
can be detected with an energy dispersed spectrometer (EDS) or a wavelength dispersed
spectrometer (WDS). The analysis can be performed point by point or can be mapped.
Elemental analyses are quantified by comparison with standard reference materials.

There are other methods of X-ray spectroscopy that are used in the dental materials
testing, such as X-ray absorption spectroscopy (XAS), X-ray emission spectroscopy (XES),
X-ray fluorescence spectroscopy (XRF), X-ray Photoelectron Spectroscopy (XPS), and X-ray
diffraction (XRD). In the XAS method the relationship between the X-ray intensities before
and after passing through the sample of defined thickness is investigated. The XES is the
method in which the relaxation products of the interaction of photon or electron beams
with the sample is studied. This method is related to the spontaneous emission of X-ray
photons in the dipole transition between two electronic states. The XRF is an analytical
method that measures the emission of the characteristic secondary or fluorescent X-rays
from an excited sample bombarded with a high-energy radiation. Another, relatively new
technique is the total-reflection X-ray fluorescence (TXRF), where the total reflection effect is
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obtained by irradiating the sample, placed on a suitable support (quartz), with the primary
radiation from the X-ray tube at an angle smaller than the boundary angle [57,60,131–135].

The XPS method measures the kinetic energy of the emitted electrons from the upper
layers of the analysed material (1–10 nm), as a result of the exciting a samples surface
with X-rays. XPS allows you to determine what elements are in the ultra-thin layers
and thin surface layers of the material, the chemical state and the amount of the element
detected. The XRD method is based on measuring the intensity and scattering angles of
X-rays, leaving the material with the same energy as the incident radiation. There are many
databases of XRD spectra, so that there is rapid phase identification for many different
crystal samples [136].

7.2. Type of Tested Samples

For testing dental materials, XRF and XRD are mainly used X-ray techniques. The XRF
method is used to study metals, ceramics and glass, and the test samples can be of almost
any shape and in a form of a powder, paste, solid or liquid. The TXRF method enables the
analysis of solutions, thin layers, solids, and different surfaces [137]. Mostly solids are used
in XRD testing. The preparation should have a flat and smooth surface. The technique
of shaping the preparation consists in filling the window in the aluminium holder with a
powder sample and gently pressing the glass plate on the preparation surface [138,139].

7.3. Sample Characteristics

Methods using X-rays allow for the analysis of the elemental composition in a small
area closely adjacent to or being the surface of the test sample. For example, the effects
of high temperature are observed on different restorative dental materials by detecting
changes in their microstructural and elemental composition and using X-ray spectroscopy
to determine the content of trace elements. The ability to distinguish dental materials by
elemental analyses has had an important impact on the identification process [140,141].

7.4. Advantages and Limitations

The XRF method is used in both qualitative and quantitative analysis. The advantage of
this method is the good selectivity and low quantification limit. The XRF method is of particular
importance in the case of surface analysis. In the trace analysis 10−9 g of the substance can
be determined in a sample weighing about 0.1 g. The technique is non-destructive, which
is an additional advantage. The TXRF method can determine trace amounts of elements in
the range of 10−7–10−12 g in 1 g of a sample; small samples (approx. 5·10−2 cm3) can be
used [57,60,131–135].

In the XRF method, it is necessary to use special crystals instead of diffraction gratings;
it is only suitable for the analysis of elements with low excitation potential and the pres-
ence of matrix effects [57,60,131–135]. XRD is a technique that characterizes only crystalline
materials [136].

7.5. Applications

The XRF is used to test the composition of materials, the coating thickness, and to iden-
tify elements in dental materials: implant alloy [142] and ceramics [143–152]. XRD is used
to obtain information of crystalline structure of solids such as dental ceramics [143–150].

7.6. Spectrum Example

Figure 5 shows that the crystalline phases resulting from the heat treatment of the
glass sample were determined using XRD. Diffraction images were obtained in the range
of 2θ from 15◦ to 90◦ continuously at 0.6◦/min. XRD results proved that spherulite crystals
detected in the early phase of crystallization were enstatite [143].
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8. Mass Spectrometry (MS)
8.1. Principle of Operation

Mass spectrometry is an analytical technique used to test or confirm the structure
of organic compounds as well as to conduct qualitative and quantitative determination
of specific compounds present in a mixture. It enables detecting substances in complex
chemical mixtures even in minimal amounts (femtograms). The mode of action of each
spectrometer, regardless of its construction, is based on the molecule ionization of the
tested substance, allowing for their acceleration in an electric field under vacuum. The
heterogeneous flux of positive or negative ions is split into a number of components
depending on the mass to charge ratio (m/z). From the weight to charge ratio of an ion, it is
usually possible to deduce the molecular weight of the studied compound or the molecular
weight of its fragments. The ionization methods in some mass spectrometers are chosen
such that the charge (z) is 1 for most ions, so when interpreting the spectrum, it can be
assumed that m/z corresponds simply to the molecular weight of the ion. Sample ionization
in mass spectroscopy can be performed using one of the following methods: Electron
Ionisation, (EI) Electrospray (ESI) Fast-Atom Bombardment (FAB), Secondary Ion Mass
Spectrometry (SIMS), Laser Desorption (LD), Matrix Assisted Laser Desorption Ionisation
(MALDI), and Inductively Coupled Plasma (ICP). Research indicates that secondary ion
mass spectrometry (SIMS) is a sensitive technique that characterizes biomaterials and
biomineralized bone and dental tissues [153–157].

8.2. Type of Tested Samples

Samples such as metals, ceramics, organic and biological materials, polymers, bioma-
terials, and composites can be analysed. For SIMS testing, samples must be compatible
with high vacuum, have a flat surface with minimal topography, and must not contain any
“loose parts” that could enter the mass analyser and damage it [156].

8.3. Sample Characteristics

Mass spectrometry is an analytical technique based on measuring the mass to electric
charge ratio of a given ion. Interpretation of the obtained data allows for the identification
of chemical compounds. It enables the determination of their source of origin, precise
determination of the composition of complex mixtures of compounds with high molar
masses, research on dental materials and polymer chemistry [158,159]. For example, this
information can be used to explain the organic composition and eluates of three resin-based
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pulp coatings in relation to their indications and safety data sheets [159], or to determine
the molecular toxicology of substances released by dental materials [160].

8.4. Advantages and Limitations

The Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a qualitative tech-
nique used to analyse surface characteristics that provides information related to molecular
compounds, typically fragments of much larger organic macromolecules from the outer-
most surface of the sample [153]. This surface technique is considered highly sensitive.

The SIMS technique combines high mass resolution and the possibility of quantifying
elements with the limitation that only a fixed number of predefined ions can be analysed
simultaneously (up to seven ions). Due to the high sensitivity of this technique, only
high purity solvents should be used [156]. This equipment has limited optical capabilities;
experiencing difficulties in collecting positive or negative ion data and, depending on
the type of sample, analysis may last from 30 min to 5 h. After testing, the surface of
tested sample is left damaged. The technique provides complementary information to XPS
technique [153].

8.5. Applications

The SIMS technique is used to analyse the composition and chemical interactions of
dental resins [161,162], ceramics [161–165] and composite materials [166].

8.6. Spectrum Example

Appropriately prepared zirconium oxide samples together with silane-containing
primer (MPS), and 10-Methacryloyloxydecyl dihydrogen phosphate primer (MDP) were
subjected to the ToF-SIMS test. Figure 6 shows ToF-SIMS spectra of the studied system.
The peaks of Zr+ and ZrO+ were used as references peaks in the cumulative positive ion
spectra (Figure 6A). All groups showed the presence of C2H3

+ and C3H5
+ derived from

organic contamination. All groups show the characteristic ions ZrO2
− (121.9) and ZrO−

(138.9), while many differences are revealed among the five treatments in the negative
ion spectra from m/z of 0 to 200 (Figure 6B). OH− and C2H− appear in all spectra, which
might be caused by the water adsorption and organic contamination after exposure on
air. The increased intensity at m/z 122 was caused by the accretion of SiO3C3H9

− (121) on
ZrO2

− (121.9) [161].
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Figure 6. ToF-SIMS spectra (m/z = 0–200 amu) for the experimental groups. (A) The positive ion spectra. The characteristic
ion peaks of zirconia are Zr+ (m/z 90), ZrO+ (m/z 106). The ion peaks under m/z 55 are mainly from organic components.
Peaks at m/z 99 and 120 could be the fragments of MDP monomer. (B) In the negative ion spectra, the signals after m/z 111
were amplified by 5× to reveal the characteristic negative ion peaks of ZrO2

− and ZrO2(OH)− at m/z 121.9 and 138.9. The
characteristic ion SiO3C3H9

− (121) in silane is overlapped with ZrO2
− and thus the peak at m/z 122 increases [161].

9. Summary and Future Aspect

The article presents a review of spectroscopic methods for characterizing surfaces and
application in the study of various state-of-the-art dental materials, i.e., ceramics, steel,
glasses, cements, composites and resins. The review describes application of different type
of spectroscopy such as infrared (FT-IR, and Raman), ultraviolet and visible: (UV-Vis),
X-ray (XAS, XES, XRF, XRD) and mass spectrometry (ToF-SIMS).

Table 3 shows the use of spectroscopic methods for studying dental materials, together
with the depth of the analysed layer, the nature of information provided (element, depth
profile, surface mapping, chemical groups and bonds, etc.) and sample damage (or lack
thereof). According to the last criterion, most of the techniques are non-destructive, and
some of them—using X-rays for excitation—are almost non-invasive.

As expected, it turns out that not all methods can be generally applied to different
types of biomaterial; only some techniques proved to be excellent in certain types of
applications. Each method has its own specificity; therefore, the optimization of the
approach depends on the correct selection of the method. This is possible due to the wide
range of possibilities for characterizing studied materials.

The purpose of this overview is to facilitate the application of these techniques in the
field of dental materials orientation in the drawn image. Of course, a single method cannot
provide all of required information; in terms of dental materials, no method can provide
complete sample information at all levels. Usually, several complementary methods of
mutual confirmation and support were used in the study of a given material. However,
the complementarity of the provided information were at different levels of elemental
composition, chemistry and structure. The research in the field of dental materials has fully
benefited from the multi-method approach, which is particularly suitable as no suitable ref-
erence materials are yet available for most of the cases. Therefore, the problem of standards
has been carefully considered as it provides the most accurate solution to the correction
of matrix effects. The latter are inherent especially in the case of thicker preparations,
which is usually the most convenient form of preparation of dental materials. We hope this
review helps dentists choose the appropriate method and sample preparation, and help
the chemist to optimize the experiment setup according to the specimen characteristics.

51



M
at

er
ia

ls
20

21
,1

4,
26

24

Ta
bl

e
3.

C
om

pa
ri

so
n

of
sp

ec
tr

os
co

pi
c

m
et

ho
ds

fo
r

ex
am

in
in

g
th

e
su

rf
ac

e
of

de
nt

al
m

at
er

ia
ls

.

M
et

ho
d

Ty
pe

of
Sa

m
pl

e
A

na
ly

ti
ca

lD
ep

th
Sa

m
pl

e
D

eg
ra

da
ti

on
Ty

pe
of

In
fo

rm
at

io
n

A
pp

li
ca

ti
on

Ex
am

pl
es

in
D

en
ta

lB
io

m
at

er
ia

ls
an

d
R

el
at

ed
R

es
ea

rc
h

Fo
ur

ie
r

Tr
an

sf
or

m
In

fr
ar

ed
Sp

ec
tr

os
co

py
(F

T-
IR

)

G
as

,l
iq

ui
d,

so
lid

Th
e

pe
ne

tr
at

io
n

de
pt

h
is

ab
ou

t
0.

5–
3
µ

m
[7

2]
.

N
on

-d
es

tr
uc

ti
ve

[6
9]

Q
ua

nt
it

at
iv

e
an

al
ys

is
of

co
m

pl
ex

m
ix

tu
re

s;
th

e
in

ve
st

ig
at

io
n

of
su

rf
ac

e
an

d
in

te
rf

ac
ia

l
ph

en
om

en
a

[6
9]

Im
pl

an
tm

at
er

ia
ls

(e
.g

.,
to

ch
ar

ac
te

ri
ze

th
e

fu
nc

ti
on

al
gr

ou
ps

of
th

e
sy

nt
he

si
ze

d
ap

at
it

e
pa

rt
ic

le
s

[8
2]

,t
o

st
ud

y
th

e
vi

br
at

io
na

ls
ta

te
s

of
co

m
m

er
ci

al
bo

ne
gr

af
ts

,B
-R

aw
,H

-R
aw

,a
nd

B-
56

0
to

de
te

rm
in

e
th

e
pr

es
en

ce
of

ot
he

r
fu

nc
ti

on
al

gr
ou

ps
in

th
e

sa
m

pl
es

th
at

do
no

t
be

lo
ng

to
hy

dr
ox

ya
pa

ti
te

[1
06

])
;

bi
op

ol
ym

er
s

(e
.g

.,
ch

ar
ac

te
ri

za
ti

on
of

th
e

fu
nc

ti
on

al
gr

ou
ps

in
sa

m
pl

es
of

pe
pt

id
e

m
od

ifi
ed

de
m

in
er

al
iz

ed
de

nt
in

m
at

ri
x

[8
3]

);
ce

ra
m

ic
s

(e
.g

.,
to

co
m

pl
em

en
tX

R
D

re
su

lt
s,

an
d

to
de

te
rm

in
e

de
nt

al
zi

rc
on

ia
su

pe
rfi

ci
al

m
ol

ec
ul

ar
co

m
po

si
ti

on
s)

[8
4]

;t
o

id
en

ti
fy

fu
nc

ti
on

al
gr

ou
ps

of
H

A
p

na
no

st
ru

ct
ur

es
in

re
si

n
na

no
co

m
po

si
te

s
[8

5]
;

re
co

rd
in

g
ch

em
ic

al
co

ns
ti

tu
en

ts
of

im
pl

an
tc

oa
ti

ng
s

(e
.g

.,
m

et
ro

ni
da

zo
le

de
co

ra
te

d
Ti

in
te

rf
ac

es
[8

6]
;

to
de

te
ct

ch
em

ic
al

gr
ou

ps
of

th
e

m
od

ifi
ed

PE
EK

fil
m

s
w

it
h

co
va

le
nt

ly
gr

af
te

d
os

te
og

en
ic

gr
ow

th
pe

pt
id

e
[8

7]
);

to
an

al
ys

e
hy

dr
ox

ya
pa

ti
te

pa
rt

ic
le

s
w

it
ho

ut
or

w
it

h
im

m
ob

ili
ze

d
de

xt
ra

na
se

[8
8]

;
bi

oc
er

am
ic

s
(e

.g
.,

to
an

al
ys

e
ph

as
e

st
ab

le
β

-t
ri

ca
lc

iu
m

ph
os

ph
at

e
(β

-T
C

P)
in

po
w

de
r

sa
m

pl
es

[8
9]

,t
o

de
te

rm
in

e
bu

lk
co

m
po

si
ti

on
of

ca
lc

iu
m

ph
os

ph
at

es
[1

65
])

;
de

nt
al

re
si

ns
(e

.g
.,

to
in

ve
st

ig
at

e
do

ub
le

bo
nd

co
nv

er
si

on
of

de
nt

al
re

si
n

m
at

ri
x

[9
0]

an
d

to
ca

lc
ul

at
e

th
e

de
gr

ee
of

do
ub

le
bo

nd
co

nv
er

si
on

an
d

po
ly

m
er

iz
at

io
n

ra
te

of
ph

ot
op

ol
ym

er
iz

ab
le

co
-i

ni
ti

at
or

s
in

de
nt

al
m

on
om

er
s

[9
4]

,t
o

an
al

ys
e

m
ic

ro
st

ru
ct

ur
al

an
d

su
rf

ac
e

pr
op

er
ti

es
of

tr
ic

al
ci

um
si

lic
at

e-
ba

se
d

pu
lp

ca
pp

in
g

m
at

er
ia

ls
[9

1]
,t

o
co

nfi
rm

th
e

fin
al

st
ru

ct
ur

es
of

th
e

fu
nc

ti
on

al
na

no
pa

rt
ic

le
s

(t
ri

az
ol

e
fu

nc
ti

on
al

si
lic

a)
as

w
el

la
s

na
no

co
m

po
si

te
s

in
co

rp
or

at
in

g
th

e
fu

nc
ti

on
al

na
no

pa
rt

ic
le

s
[9

2]
,t

o
an

al
ys

e
po

w
de

rs
of

m
on

om
er

s:
TA

T,
nt

-T
iO

2,
an

d
nt

-T
iO

2:
TA

T
to

ev
al

ua
te

a
po

ss
ib

le
ch

em
ic

al
in

te
ra

ct
io

n
be

tw
ee

n
TA

T
an

d
nt

-T
iO

2
[1

23
];

ce
m

en
ts

(e
.g

.,
to

id
en

ti
fy

th
e

de
gr

ee
of

co
nv

er
si

on
of

ch
em

ic
al

ly
cu

re
d

re
si

n
m

od
ifi

ed
gl

as
s-

io
no

m
er

ce
m

en
ts

(R
M

G
IC

s)
te

st
in

g
un

se
t

liq
ui

ds
an

d
se

tm
at

er
ia

ls
[9

3]
,t

o
pr

ov
id

e
in

si
gh

to
ft

he
se

tt
in

g
re

ac
ti

on
s

of
a

hy
dr

au
lic

ca
lc

iu
m

si
lic

at
e

ce
m

en
tb

y
ta

ki
ng

th
e

FT
IR

sp
ec

tr
a

of
co

m
po

ne
nt

s
be

fo
re

an
d

du
ri

ng
th

e
se

tt
in

g
re

ac
ti

on
[9

5]
;

bi
og

la
ss

(e
.g

.,
to

in
di

ca
te

d
th

e
in

te
gr

at
io

n
of

th
e

C
al

ca
re

a
ph

os
ph

or
ic

a
w

it
h

na
no

-b
io

gl
as

s
ce

ra
m

ic
pa

rt
ic

le
s

[9
6]

);
se

lf
-c

ur
in

g
m

at
er

ia
ls

e.
g.

,t
o

co
m

pa
re

th
e

st
ru

ct
ur

e
of

bo
ro

n
ni

tr
id

e
re

in
fo

rc
ed

PM
M

A
fo

r
de

nt
al

re
st

or
at

io
ns

af
te

r
ha

nd
an

d
ul

tr
as

on
ic

m
ix

in
g

[9
7]

R
am

an
Sp

ec
tr

os
co

py

G
as

,l
iq

ui
d,

so
lid

(i
n

bu
lk

,a
s

m
ic

ro
sc

op
ic

pa
rt

ic
le

s,
or

as
su

rf
ac

e
la

ye
rs

)

Th
e

pe
ne

tr
at

io
n

de
pt

h
is

ab
ou

t
0.

01
–2

30
0
µ

m
[1

01
].

N
on

-i
nv

as
iv

e
[5

6]

Q
ua

lit
at

iv
e

an
d

qu
an

ti
ta

ti
ve

:
In

ve
st

ig
at

io
n

of
ro

ta
ti

on
al

an
d

os
ci

lla
ti

ng
sp

ec
tr

a
of

m
ol

ec
ul

es
;

id
en

ti
fic

at
io

n
of

ch
em

ic
al

s
co

m
po

ne
nt

[9
9]

st
ru

ct
ur

e
as

se
ss

m
en

to
fa

nt
i-

co
rr

os
io

n
co

at
in

gs
e.

g.
,t

o
co

nfi
rm

th
e

gr
ow

th
of

gr
ap

he
ne

an
d

it
s

tr
an

sf
er

on
to

Ti
-6

A
l-

4V
di

sc
s

[1
04

];
bi

og
la

ss
(e

.g
.,

to
in

ve
st

ig
at

e
th

e
m

in
er

al
an

d
or

ga
ni

c
co

m
po

si
ti

on
of

de
nt

in
su

rf
ac

es
;d

em
in

er
al

iz
ed

de
nt

in
an

d
de

nt
in

re
m

in
er

al
iz

ed
w

it
h

bi
og

la
ss

[1
10

],
to

an
al

ys
e

th
e

m
od

ifi
ca

ti
on

of
th

e
Ti

-Z
r-

45
S5

bi
og

la
ss

al
lo

y
su

rf
ac

e
af

te
r

ox
id

at
io

n
[1

11
])

;
im

pl
an

tm
at

er
ia

ls
(e

.g
.,

bo
vi

ne
an

d
hu

m
an

bi
o

hy
dr

ox
ya

pa
ti

te
s

[1
06

])
;

ce
ra

m
ic

s
(e

.g
.,

ch
em

ic
al

an
al

ys
is

of
th

e
su

rf
ac

e
by

m
ic

ro
-R

am
an

sp
ec

tr
os

co
py

to
es

ta
bl

is
h

th
e

pr
es

en
ce

of
M

D
P

m
on

om
er

on
th

e
su

rf
ac

e
of

th
e

zi
rc

on
ia

af
te

r
bo

nd
in

g
pr

oc
ed

ur
es

us
in

g
M

D
P

co
nt

ai
ni

ng
si

la
ne

or
ad

he
si

ve
[1

07
],

to
de

te
rm

in
e

th
e

re
si

st
an

ce
of

th
e

ti
ta

ni
um

su
bs

tr
at

e
to

ox
id

at
io

n
du

ri
ng

th
e

fir
in

g
of

su
bs

eq
ue

nt
po

rc
el

ai
n

la
ye

rs
[1

08
],

to
as

se
ss

th
e

ch
em

ic
al

co
m

po
si

ti
on

of
th

e
fr

ac
tu

re
su

rf
ac

e
in

th
e

re
gi

on
of

th
e

lit
hi

um
di

si
lic

at
e

ce
ra

m
ic

,i
n

th
e

ce
ra

m
ic

/s
ta

in
in

g
in

te
rf

ac
e

an
d

in
th

e
st

ai
ni

ng
ap

pl
ie

d
on

th
e

ce
ra

m
ic

[1
09

],
th

e
co

m
pl

em
en

ta
ri

ly
(t

o
X

R
D

)u
se

of
m

ic
ro

-R
am

an
to

ch
ar

ac
te

ri
ze

th
e

ph
as

e
co

m
po

si
ti

on
of

di
ff

er
en

tp
os

it
io

ns
at

oc
cl

us
al

lo
ad

ed
ar

ea
of

fix
ed

de
nt

al
pr

os
th

es
es

fa
br

ic
at

ed
fr

om
th

re
e

zi
rc

on
ia

gr
ad

es
w

it
h

va
ry

in
g

yt
tr

ia
co

nt
en

t[
11

2]
,t

o
de

te
rm

in
e

ph
as

e
tr

an
sf

or
m

at
io

n
of

th
e

su
rf

ac
e

of
m

on
ol

it
hi

c
zi

rc
on

ia
su

bm
it

te
d

to
di

ff
er

en
ts

ur
fa

ce
tr

ea
tm

en
ts

[1
13

],
to

in
ve

st
ig

at
e

st
ru

ct
ur

al
as

pe
ct

s
of

th
e

gl
as

s-
ce

ra
m

ic
i.e

.,
di

ff
er

en
tl

y
fo

rm
ed

cr
ys

ta
ls

,t
he

vi
tr

eo
us

ar
ea

ar
ou

nd
th

e
cr

ys
ta

ls
,t

he
in

te
rf

ac
e

be
tw

ee
n

th
e

TZ
3Y

su
bs

tr
at

e
an

d
th

e
gl

as
s-

ce
ra

m
ic

,a
s

w
el

la
s

th
e

ou
te

r
su

rf
ac

e
of

th
e

gl
as

s-
ce

ra
m

ic
[1

64
];

de
nt

al
re

si
n

co
m

po
si

te
s

an
d

ce
m

en
ts

e.
g.

,t
o

ev
al

ua
te

de
gr

ee
of

co
nv

er
si

on
an

d
m

ax
im

um
ra

te
of

po
ly

m
er

iz
at

io
n

[1
05

,1
14

,1
15

];
to

an
al

ys
e

po
w

de
rs

of
m

on
om

er
s:

TA
T,

nt
-T

iO
2,

an
d

nt
-T

iO
2:

TA
T

to
ev

al
ua

te
a

po
ss

ib
le

ch
em

ic
al

in
te

ra
ct

io
n

be
tw

ee
n

TA
T

an
d

nt
-T

iO
2

[1
23

]

U
V

-V
is

Sp
ec

tr
os

co
py

Li
qu

id
,s

ol
id

,g
as

.
Th

e
pe

ne
tr

at
io

n
de

pt
h

is
ab

ou
t

0.
02

–5
µ

m
[1

67
].

A
llo

w
s

sa
m

pl
e

re
co

ve
ry

[1
68

]

Q
ua

nt
it

at
iv

e:
Id

en
ti

fic
at

io
n

of
ch

em
ic

al
co

m
po

un
ds

co
nt

ai
ni

ng
ch

ro
m

op
ho

re
s

[1
68

]

re
si

ns
(e

.g
.,

to
an

al
ys

e
po

w
de

rs
of

m
on

om
er

s:
TA

T,
nt

-T
iO

2,
an

d
nt

-T
iO

2:
TA

T
to

ev
al

ua
te

a
po

ss
ib

le
ch

em
ic

al
in

te
ra

ct
io

n
be

tw
ee

n
TA

T
an

d
nt

-T
iO

2
[1

23
],

to
co

lle
ct

op
ti

ca
lp

ro
pe

rt
ie

s
da

ta
to

ca
lc

ul
at

e
co

lo
ur

m
ea

su
re

m
en

ts
of

de
nt

al
re

si
n

co
m

po
si

te
s

co
nt

ai
ni

ng
di

ff
er

en
t

op
ac

ifi
er

s
[1

27
],

to
in

ve
st

ig
at

e
th

e
op

ti
ca

lp
ro

pe
rt

ie
s

of
C

a 1
0(

PO
4)

6(
O

H
) 2

/L
i-

Bi
oM

O
Fs

st
ru

ct
ur

es
of

re
si

n
na

no
co

m
po

si
te

s
[8

5]
),

po
ly

m
er

s
(e

.g
.,

to
de

te
rm

in
e

th
e

m
ax

im
um

ab
so

rp
ti

on
of

co
nv

en
ti

on
al

po
ly

m
et

hy
lm

et
ha

cr
yl

at
e

an
d

th
e

ab
so

rp
ti

on
of

re
si

du
al

co
nv

en
ti

on
al

po
ly

m
et

hy
lm

et
ha

cr
yl

at
e

of
sp

ec
im

en
el

ut
ed

in
th

e
st

or
ag

e
liq

ui
d

[1
24

])
,c

ha
ra

ct
er

iz
at

io
n

of
co

-i
ni

ti
at

or
s

in
ph

ot
op

ol
ym

er
iz

at
io

n
of

po
ly

m
er

s
[9

4,
12

5]
,o

xi
de

la
ye

rs
[1

26
];

ce
ra

m
ic

s
e.

g.
,t

o
an

al
ys

e
th

e
tr

an
sl

uc
en

cy
of

co
lo

r-
gr

ad
ie

nt
m

ul
ti

la
ye

re
d

zi
rc

on
ia

,w
he

re
as

qu
an

ti
ta

ti
ve

m
ea

su
re

m
en

ts
of

tr
an

sl
uc

en
cy

ca
n

be
im

pl
em

en
te

d
by

an
al

ys
in

g
th

e
de

fin
it

e
tr

an
sm

is
si

on
of

lig
ht

th
ro

ug
h

ea
ch

sp
ec

im
en

[1
28

,1
29

]

52



M
at

er
ia

ls
20

21
,1

4,
26

24

Ta
bl

e
3.

C
on

t.

M
et

ho
d

Ty
pe

of
Sa

m
pl

e
A

na
ly

ti
ca

lD
ep

th
Sa

m
pl

e
D

eg
ra

da
ti

on
Ty

pe
of

In
fo

rm
at

io
n

A
pp

li
ca

ti
on

Ex
am

pl
es

in
D

en
ta

lB
io

m
at

er
ia

ls
an

d
R

el
at

ed
R

es
ea

rc
h

X
-r

ay
Sp

ec
-

tr
os

co
py

Po
w

de
r,

pa
st

e,
so

lid
or

liq
ui

d

Th
e

pe
ne

tr
at

io
n

de
pt

h:
of

X
R

D
is

ab
ou

t
50

–2
00

m
m

[1
69

],
X

PS
1-

10
nm

,a
nd

X
R

F
0.

5–
3
µ

m
[1

70
].

N
on

-d
es

tr
uc

ti
ve

an
d

no
n-

in
va

si
ve

[3
4,

17
1]

Q
ua

nt
it

at
iv

e:
A

na
ly

si
s

of
cr

ys
ta

l
st

ru
ct

ur
e

an
d

ph
as

e
co

m
po

si
ti

on
[6

0]

X
PS

:b
io

po
ly

m
er

s
(e

.g
.,

ch
em

ic
al

co
m

po
si

ti
on

of
pe

pt
id

e-
m

od
ifi

ed
de

m
in

er
al

iz
ed

de
nt

in
m

at
ri

x
[8

3]
);

an
ti

-c
or

ro
si

on
co

at
in

gs
(e

.g
.,

to
co

nfi
rm

th
at

th
e

gr
ap

he
ne

fil
m

w
as

fr
ee

of
co

pp
er

re
si

du
es

af
te

r
am

m
on

iu
m

pe
rs

ul
fa

te
et

ch
in

g
[1

04
])

;
to

di
st

in
gu

is
h

an
d

id
en

ti
fy

de
nt

al
m

at
er

ia
ls

e.
g.

,c
om

po
m

er
,g

la
ss

ca
rb

om
er

,o
rm

oc
er

,g
io

m
er

,z
in

c
re

in
fo

rc
ed

gl
as

s
io

no
m

er
(G

I)
,

si
lv

er
-a

llo
y

re
in

fo
rc

ed
G

I,
zi

rc
on

ia
re

in
fo

rc
ed

G
I,

an
d

co
nv

en
ti

on
al

G
Iu

si
ng

X
-r

ay
an

al
ys

is
fo

r
ob

ta
in

in
g

el
em

en
ta

lc
om

po
si

ti
on

s
be

fo
re

an
d

af
te

r
th

e
in

ci
ne

ra
ti

on
[1

41
];

bi
oc

er
am

ic
s

(e
.g

.,
to

de
te

rm
in

e
th

e
el

em
en

ta
lc

om
po

si
ti

on
s

of
th

e
ou

te
r

la
ye

rs
of

ca
lc

iu
m

ph
os

ph
at

es
[1

65
])

;
im

pl
an

tm
at

er
ia

lc
oa

ti
ng

s
(e

.g
.,

to
de

te
ct

th
e

su
rf

ac
e

ch
em

ic
al

co
ns

ti
tu

en
ts

an
d

to
co

nfi
rm

th
e

pr
es

en
ce

of
os

te
og

en
ic

gr
ow

th
pe

pt
id

e
on

PE
EK

su
rf

ac
es

[8
7]

);
X

R
F:

im
pl

an
ta

llo
ys

e.
g.

,t
o

ev
al

ua
te

th
e

fix
tu

re
an

d
ab

ut
m

en
ts

ur
fa

ce
of

in
te

rn
al

he
xa

go
na

lc
on

ne
ct

io
n

sy
st

em
s

[1
42

]a
nd

to
ev

al
ua

te
ch

em
ic

al
co

m
po

si
ti

on
of

de
nt

al
ce

ra
m

ic
s

[1
43

–1
52

];
X

R
D

:i
m

pl
an

tm
at

er
ia

ls
(e

.g
.,

to
ch

ar
ac

te
ri

ze
th

e
st

ru
ct

ur
e

of
st

ro
nt

iu
m

ap
at

it
e

pa
rt

ic
le

s
[8

2]
),

to
m

ea
su

re
th

e
cr

ys
ta

lli
ni

ty
of

hy
dr

ox
ya

pa
ti

te
pa

rt
ic

le
s

[8
8]

,t
o

ch
ar

ac
te

ri
ze

ph
as

e
st

ab
le

β
-t

ri
ca

lc
iu

m
ph

os
ph

at
e

(β
-T

C
P)

[8
9]

or
to

di
st

in
gu

is
hi

ng
pr

od
uc

ts
w

it
h

th
e

sa
m

e
gr

os
s

ch
em

ic
al

co
m

po
si

ti
on

bu
td

iff
er

en
tc

ry
st

al
st

ru
ct

ur
es

(e
.g

.,
di

ff
er

en
tc

ry
st

al
st

ru
ct

ur
es

of
ca

lc
iu

m
ph

os
ph

at
e)

[1
65

],
to

ob
ta

in
in

fo
rm

at
io

n
on

th
e

de
gr

ee
of

cr
ys

ta
lli

ni
ty

of
th

e
tr

ic
al

ci
um

si
lic

at
e-

ba
se

d
pu

lp
ca

pp
in

g
m

at
er

ia
ls

[9
1]

;
ce

ra
m

ic
s

(e
.g

.,
de

te
rm

in
at

io
n

of
th

e
cr

ys
ta

lli
ne

ph
as

es
in

de
nt

al
zi

rc
on

ia
[8

4,
14

4,
14

6,
16

4]
,t

o
ev

al
ua

te
ph

as
e

tr
an

sf
or

m
at

io
ns

on
th

e
ou

te
r

su
rf

ac
e

of
fix

ed
de

nt
al

pr
os

th
es

es
fa

br
ic

at
ed

fr
om

th
re

e
zi

rc
on

ia
gr

ad
es

w
it

h
va

ry
in

g
yt

tr
ia

co
nt

en
t[

11
2]

,t
o

de
te

rm
in

e
th

e
cr

ys
ta

lli
ne

ph
as

es
re

su
lt

in
g

fr
om

th
e

he
at

tr
ea

tm
en

ts
of

th
e

gl
as

s
sa

m
pl

e
in

de
ve

lo
pm

en
to

fs
tr

on
g

gl
as

s-
ce

ra
m

ic
s

ba
se

d
on

th
e

cr
ys

ta
lli

za
ti

on
of

m
ic

ro
n-

si
ze

d
en

st
at

it
e

an
d

na
no

-s
iz

ed
zi

rc
on

ia
an

d
Ti

-c
on

ta
in

in
g

cr
ys

ta
ls

by
co

nt
ro

lle
d

cr
ys

ta
lli

za
ti

on
of

a
51

Si
O

2–
35

M
gO

–6
N

a 2
O

–4
Z

rO
2–

4T
iO

2
(m

ol
%

)g
la

ss
)[

14
3]

;
bi

oc
er

am
ic

s
(e

.g
.,

to
co

nfi
rm

th
e

cr
ys

ta
lli

ne
na

tu
re

of
na

no
-b

io
gl

as
s

ce
ra

m
ic

pa
rt

ic
le

s
do

pe
d

w
it

h
C

al
ca

re
a

ph
os

ph
or

ic
a

[9
6]

,t
o

id
en

ti
fy

th
e

cr
ys

ta
lli

ne
an

d
am

or
ph

ou
s

ph
as

es
of

pa
rt

ia
lly

cr
ys

ta
lli

ze
d

lit
hi

um
di

si
lic

at
e

ce
ra

m
ic

s
in

lit
hi

um
m

et
as

ili
ca

te
ph

as
e

[1
09

,1
43

–1
50

],
to

an
al

ys
e

ph
as

e
co

m
po

si
ti

on
of

th
e

Ti
-Z

r-
45

S5
bi

og
la

ss
al

lo
y

[1
11

];
to

ch
ar

ac
te

ri
se

th
e

ph
as

es
,t

he
cr

ys
ta

llo
gr

ap
hy

an
d

th
e

ex
am

in
at

io
n

of
th

e
cr

ys
ta

lli
te

si
ze

of
th

e
C

a 1
0(

PO
4)

6(
O

H
) 2

/L
i-

Bi
oM

O
Fs

[8
5]

;
bo

ne
gr

af
ts

(e
.g

.,
to

id
en

ti
fy

th
e

cr
ys

ta
lli

ne
ph

as
es

an
d

ch
an

ge
s

in
fu

ll
w

id
th

at
th

e
ha

lf
m

ax
im

um
(F

W
H

M
)o

fc
om

m
er

ci
al

bo
ne

gr
af

ts
,

bo
vi

ne
an

d
hu

m
an

bo
ne

s
as

w
el

la
s

th
ei

r
BI

O
-H

A
ps

ob
ta

in
ed

by
ca

lc
in

at
io

n
[1

06
])

;
se

lf
-c

ur
in

g
m

at
er

ia
ls

(e
.g

.,
to

ob
se

rv
e

pa
tt

er
ns

of
bo

ro
n

ni
tr

id
e

re
in

fo
rc

ed
PM

M
A

fo
r

de
nt

al
re

st
or

at
io

ns
af

te
r

ha
nd

an
d

ul
tr

as
on

ic
m

ix
in

g
[9

7]
)

M
as

s
Sp

ec
-

tr
om

et
ry

so
lid

Su
rf

ac
e

na
no

-l
ay

er
[3

4]
.

N
on

-d
es

tr
uc

ti
ve

[3
4]

Q
ua

lit
at

iv
e:

C
om

po
si

ti
on

an
al

ys
is

of
so

lid
su

rf
ac

es
an

d
th

in
fil

m
s

[3
4]

to
pr

ec
is

el
y

de
te

rm
in

e
th

e
co

m
po

si
ti

on
of

co
m

pl
ex

m
ix

tu
re

s
of

co
m

po
un

ds
e.

g.
,t

o
el

uc
id

at
e

th
e

or
ga

ni
c

co
m

po
si

ti
on

an
d

el
ua

te
s

of
th

re
e

re
si

n-
ba

se
d

pu
lp

-c
ap

pi
ng

m
at

er
ia

ls
[1

59
];

re
si

ns
[1

61
,1

62
];

ce
ra

m
ic

s
e.

g.
,t

o
an

al
ys

e
th

e
co

m
po

si
ti

on
s

an
d

ch
em

ic
al

in
te

ra
ct

io
ns

of
th

e
3-

m
et

ha
cr

yl
oy

lo
xy

pr
op

yl
tr

im
et

ho
xy

si
la

ne
(M

PS
)-

an
d

10
-m

et
ha

cr
yl

oy
lo

xy
de

cy
l-

di
hy

dr
og

en
-p

ho
sp

ha
te

(M
D

P)
-b

as
e

pr
im

er
s,

in
th

ei
r

si
ng

le
or

se
qu

en
ti

al
ap

pl
ic

at
io

ns
,t

o
zi

rc
on

ia
[1

61
,1

62
],

ch
em

ic
al

an
al

ys
is

of
sa

liv
a

co
nt

am
in

at
ed

gl
as

s
ce

ra
m

ic
su

rf
ac

e
an

d
af

te
r

di
ff

er
en

tc
le

an
in

g
re

gi
m

en
s

[1
63

],
to

in
ve

st
ig

at
e

io
n

di
ff

us
io

n
be

tw
ee

n
th

e
ve

ne
er

ce
ra

m
ic

an
d

th
e

Z
rO

2−
ba

se
d

su
bs

tr
at

e
[1

64
],

to
an

al
ys

e
ch

em
ic

al
co

m
po

si
ti

on
of

ca
lc

iu
m

ph
os

ph
at

es
[1

65
],

co
m

po
si

te
m

at
er

ia
ls

e.
g.

,t
he

re
le

as
e

of
BP

A
fr

om
tw

o
co

nv
en

ti
on

al
Bi

s-
G

M
A

-c
on

ta
in

in
g

an
d

tw
o

“B
PA

-f
re

e”
re

st
or

at
iv

e
re

si
n-

ba
se

d
co

m
po

si
te

s,
w

hi
ch

ar
e

co
m

m
on

ly
us

ed
as

to
ot

h-
co

lo
ur

ed
fil

lin
g

m
at

er
ia

ls
,w

as
ex

am
in

ed
us

in
g

liq
ui

d
ch

ro
m

at
og

ra
ph

y—
ta

nd
em

m
as

s
sp

ec
tr

om
et

ry
[1

66
]

53



Materials 2021, 14, 2624

The current representative literature review is by no means comprehensive (which
would probably grow to around a thousand titles). Figure 7 presents the number of
publications on the use of spectroscopic methods in the study of dental materials and
related topics based on 4173 titles, indicating that this field is progressively growing.
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Figure 7. Histogram of the cited publications published in the years 2000–2020 according to Scopus on the application of
spectroscopic methods in the analysis of surface phenomena in the study of dental materials and related issues.

Within the period 2000–2020, an increase in the number of publications can be noticed.
The data suggest that the use of spectroscopic methods to characterize surfaces in the
study of dental materials has reached maturity; though it is a highly specialized, the
filed shows a high and sustained dynamics. X-ray spectroscopy and FT-IR techniques
are the most popular among researchers. Due to the characteristics of these methods, it
can be expected their will continue in the upcoming years, especially as dental materials—
despite enormous advances made in recent decades—still have many imperfections and
the number of experimental objects will increase worldwide.
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Abstract: Debonding of orthodontic brackets is a common occurrence during orthodontic treatment.
Therefore, the best option for treating debonded brackets should be indicated. This study aimed to
evaluate the bond strength of rebonded brackets after different residual adhesive removal methods.
This systematic review and meta-analysis was conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement. PubMed, Web of Science, The
Cochrane Library, SciELO, Scopus, LILACS, IBECS, and BVS databases were screened up to December
2020. Bond strength comparisons were made considering the method used for removing the residual
adhesive on the bracket base. A total of 12 studies were included for the meta-analysis. Four different
adhesive removal methods were identified: sandblasting, laser, mechanical grinding, and direct
flame. When compared with new orthodontic metallic brackets, bond strength of debonded brackets
after air abrasion (p = 0.006), mechanical grinding (p = 0.007), and direct flame (p < 0.001) was
significantly lower. The use of an erbium-doped yttrium aluminum garnet (Er:YAG) laser showed
similar shear bond strength (SBS) values when compared with those of new orthodontic brackets
(p = 0.71). The Er:YAG laser could be considered an optimal method for promoting the bond of
debonded orthodontic brackets. Direct flame, mechanical grinding, or sandblasting are also suitable,
obtaining clinically acceptable bond strength values.

Keywords: adhesive; bonding; bracket

1. Introduction

The effectiveness of fixed orthodontic treatment requires an adequate bonding be-
tween brackets and enamel surfaces [1]. Orthodontic brackets are fixed appliances that are
bonded to the tooth and should remain in place until the end of treatment [2], to achieve
this, the bond strength between bracket base and enamel surfaces should be strong enough
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to resist orthodontic forces and masticatory loads [3]. In this sense, many factors can lead
to bracket–enamel bond failure, including the type of enamel conditioner, composition of
adhesive, bracket base design, bracket material, as well as clinician skills [4].

Debonding of orthodontics from teeth is a common occurrence during orthodontic
treatment, varying between 1.8% [5] and 20.1% [6]. Debonding of brackets during treat-
ment is an unpleasant occurrence for the clinician and the patient resulting in increased
treatment costs and duration [7]. During orthodontic treatment, the clinician may decide
to debond one bracket intentionally and to rebond it on the tooth in a better position [8].
Therefore, clinicians have often to deal with what is the best option for treating with unin-
tentional/intentional debonded brackets, and regardless of the cause of debonding, the
orthodontist must decide whether to rebond the same bracket or to bond a new one [9].

One solution is to recycle or re-condition these brackets to reuse them for the same
patient during the same visit. The re-condition process consists of removing bonding agent
remnants from the bracket base, thus allowing the brackets to be rebonded [10]. Once a
bracket is rebonded for its use again, it should exhibit sufficient bond strength. Thus, the
main challenge in rebonding brackets is restoring the bracket base to a retentive pattern
without damaging the bracket itself [11].

Adhesive remnants of the dislodged brackets had been conventionally removed
in-office by using green stones [12], direct flame [13], tungsten-carbide bur [14], sandblast-
ing [15], silica coating [16], or laser application [17]. Even though these methods can be
easily performed out in the dental office with minimal cost, there is no consensus as to
which is the best method to remove adhesive remnants from the bracket base. Accordingly,
this systematic review and meta-analysis aims to evaluate the bond strength of rebonded
brackets after different residual adhesive removal methods. The hypothesis to be tested is
that different residual adhesive removal methods would provide similar bond strength of
recycled/reused brackets when compared to new orthodontic brackets.

2. Materials and Methods

This systematic review and meta-analysis was reported by following the guidelines
of the PRISMA statement [18]. The following PICOS framework was used: population,
debonded orthodontic brackets; intervention, methods for residual adhesive removal;
control, new orthodontic brackets; outcomes, bond strength; and study design, in vitro
studies. The research question was: is there an optimal method to remove the residual
adhesive of debonded orthodontic brackets?

2.1. Literature Search

The literature search was performed by two independent reviewers until 15 December
2020. The following five electronic databases were screened: PubMed (MedLine), ISI
Web of Science, Cochrane Library, SciELO, and Scopus. The search strategy used is listed
in Table 1. The reviewers also hand-searched the reference lists of included articles for
the identification of additional manuscripts. After the initial screening, all studies were
imported into Mendeley Desktop 1.17.11 software to remove duplicates.

Table 1. Keywords used in the search strategy.

Search Strategy

# 1 Orthodontic bracket OR bracket OR braces OR stainless steel bracket OR recycled bracket.

# 2 Rebonded OR rebonding OR reconditioning OR recycling OR recycling methods OR recycled brackets OR rebonded
brackets OR electropolishing OR sandblasting OR ultrasonic scaling OR heating OR Er:YAG laser OR CO2 laser

# 3 #1 and #2
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2.2. Study Selection

Two reviewers independently assessed the titles and abstracts of all the manuscripts.
Manuscripts for full-text review were selected according to the following eligibility criteria:
(1) evaluated the bond strength of new orthodontic metallic brackets; (2) evaluated the
bond strength of debonded orthodontic metallic brackets after using a method to remove
the adhesive of the orthodontic metallic bracket base; (3) evaluated the bond strength
of debonded orthodontic metallic bracket on new intact enamel; (4) included mean and
standard deviation data in MPa; (5) published in the English language. Case reports, case
series, pilot studies, and reviews were excluded. Full copies of all the potentially relevant
studies were analyzed. Those that appeared to meet the inclusion criteria or had insufficient
data in the title and abstract to make a clear decision were selected for full analysis. The
full-text papers were independently assessed by two authors. Any disagreement regarding
the eligibility of the included studies was resolved through discussion and consensus by a
third reviewer.

2.3. Data Extraction

Data of interest from the manuscripts included was extracted using Microsoft Office
Excel 2019 sheets (Microsoft Corporation, Redmond, WA, USA). These data included the
year of publication, country, type of bracket, type of tooth, orthodontic adhesive used, the
method for adhesive removal, the mean and standard deviation of the bond strength, and
storage conditions.

2.4. Quality Assessment

The methodological quality of each study was assessed by two reviewers, according
to the parameters of a previous systematic review of in vitro studies [19]. The risk of bias in
each article was evaluated according to the description of the following parameters: speci-
men randomization, single-operator protocol implementation, blinding of the operator, the
presence of a control group, standardization of the sample preparation, adhesive remnant
index evaluation (ARI), use of all materials according to the manufacturer’s instructions,
and description of the sample size calculation. If the authors reported the parameter, the
study received a “YES” for that specific parameter. In case of missing information, the
parameter received a “NO.” The risk of bias was classified according to the sum of “YES”
answers received: 1 to 3 indicated a high bias, 4 to 6 medium, and 7 to 8 indicated a low
risk of bias.

2.5. Statistical Analysis

Meta-analyses were carried out by using a software program (Review Manager Soft-
ware version 5.4, The Cochrane Collaboration, Copenhagen, Denmark). The analyses
were carried out using a random-effect model, and pooled-effect estimates were obtained
by comparing the mean difference between bond strength values obtained using new
orthodontic brackets or after removing the adhesive resin. Bond strength comparisons
were made considering the method used for removing the residual adhesive on the bracket
base. A p-value < 0.05 was considered statistically significant. Statistical heterogeneity
of the treatment effect among studies was assessed using the Cochran Q test and the
inconsistency I2 test.

3. Results

A total of 3748 publications were collected from all databases (Figure 1).
After duplicates were removed, the literature review yielded 3337 manuscripts for ini-

tial examination. From these studies, 3300 studies were excluded after reviewing their titles
and summaries. In total, 37 studies were examined by full-text reading. Of these studies, 23
were not included in the qualitative analysis: 2 studies evaluated the bond strength to other
substrates different than enamel [20,21], 1 study combined several methods for adhesive re-
moval in the same group [22], and 20 studies performed the rebonding process in the same
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tooth where the initial bonding process was performed [9,10,12,23–39], of the remaining
14 studies, 2 were excluded from the quantitative analysis because the mean and standard
deviation was not available [40,41], totalizing 12 studies for the quantitative analysis.
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Four different adhesive removal methods were identified in this review. These in-
cluded air abrasion [13–15,17,42–47], laser [17,42], mechanical grinding [14,43,44], and
direct flame [12,41,43]. The characteristics of these studies are summarized in Table 2.

Table 2. Demographic data of included studies.

Study Bracket Used Tooth Used Orthodontic Adhesive
Used

Storing
Conditions

Residual Adhesive
Removal Method Used

Secondary
Outcome

Achio, 2015

Stainless-steel
premolar bracket

(UnitekTM Gemini
Bracket, 3M Unitek,

Monorovia, CA,
USA)

Human
premolar

Transbond™ Plus Self
Etching Primer (3M

Unitek)/TransbondTM XT
Light Cure Composite (3M

Unitek)

Thermocycling (500
cycles between 5 ◦C

and 55 ◦C)

Sandblasting (Al2O3; 50 µm,
90 psi, 10 mm, 10–15 s)

Adhesive
remnant index

Bahnasi,
2013

Stainless steel upper
premolar bracket

(UnitekTM Gemini
Bracket (3M Unitek)

Human
premolar

Light Cure Orthodontic
Adhesive Primer (3M

Unitek)/TransbondTM XT
Light Cure Composite (3M

Unitek)

Thermocycling (500
cycles between 5 ◦C

and 55 ◦C)

Sandblasting (Al2O3; 50 µm,
90 psi, 10 mm, 20–30 s)

Adhesive
remnant index
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Table 2. Cont.

Study Bracket Used Tooth Used Orthodontic Adhesive
Used

Storing
Conditions

Residual Adhesive
Removal Method Used

Secondary
Outcome

Bahnasi,
2013 (b)

Stainless steel upper
premolar bracket

(UnitekTM Gemini
Bracket, 3M Unitek)

Human
premolar

Light Cure Orthodontic
Adhesive Primer (3M

Unitek)/TransbondTM XT
Light Cure Composite (3M

Unitek)

Thermocycling (500
cycles between 5 ◦C

and 55 ◦C)

Sandblasting (Al2O3; 50 µm,
90 psi, 10 mm, 20–30 s).

Mechanical grinding with a
carbide bur with high-speed

hand piece.
Direct flame with a gas

torch flame for 5 s.

Qualitative
analysis of the
distortion of
the base with

SEM

Egan, 1996

Stainless steel upper
premolar brackets

(GAC International
Inc., New York, NY,

USA)

Human
premolar

Rely a Bond (Reliance
Orthodontic Products Inc.,
Itasca, IL, USA) and Phase

II paste-paste (Reliance
Orthodontic Products Inc.)

Distilled water at
37 ◦C for 1 week

Mechanical grinding with a
green stone Failure mode

Harini,
2011

Stainless steel
premolar brackets *

Human
premolar

All Bon-2 (Bisco Inc.,
Schaumburg, IL, USA.

Distilled water for
24 h

Direct flame with a soldered
torch for 5 s.

Adhesive
remnant index

Heravi,
2006

Standard Edgewise
metal brackets

(Dentarum Corp.,
Ispringen, Germany)

Human
upper

premolar

No-mix composite
(Dentarum Corp.,

Germany)

Distilled water at
37 ◦C for 48 h

Mechanical grinding with a
tungsten carbide bur with

high-speed hand piece

Adhesive
remnant index

Ishida,
2011

Metal premolar
bracket (UnitekTM

Victory series, 3M
Unitek)

Human
premolar

Transbond™ Plus Self
Etching

Primer (3M
Unitek)/TransbondTM XT
Light Cure Composite (3M

Unitek)

Artificial saliva at
37 ◦C for 24 h

Er,Cr:YSGG laser (Power
output of 3.75 W,

wavelength of 2.78 µm, a
pulse duration of 140 µs, a
frequency of 20 Hz, and air

and water
levels, each 50%)

Adhesive
remnant index

Kachoei,
2016

Maxillary central
incisors

(Ortho-Organizer,
Carlsbad, CA, USA)

Bovine upper
central
incisors

Unite Bonding System (3M
Unitek, USA)

Distilled water at
37 ◦C

for 1 week

Sandblasting (Al2O3; 50 um,
5 mm).

CO2 laser (wavelength of
10,600 nm and a 3 W output

power, for 15 s)

Adhesive
remnant index

Kamissety,
2015

Stainless steel lower
premolar brackets

(Gemini, 3M Unitek)

Lower
human

premolar

Transbond XT adhesive (3M
Unitek).

Artificial saliva for
24 h at 37 ◦C

Mechanical grinding with a
green stone with low-speed

hand piece.
Sandblasting (Al2O3, 50 µm,

10 mm, 90 PSI)
Direct flaming with a micro

torch
Direct flaming with a

Bunsen flame

UV/Vis
transmittance

analysis

Maaitah,
2013

Premolar brackets
(Omni 0.022′’ Roth,
GAC International
Inc, New York, NY,

USA)

Human
premolar

teeth

TransbondTM XT Adhesive
(3M Unitek)

Thermocycling (500
cycles between 5 ◦C

and 55 ◦C)

Mechanical grinding with
slow speed round tungsten

carbide bur.
Sandblasting (CoJetTM
System Set; 3M Espe)

Adhesive
remnant index

Montero,
2015

Upper central incisor
brackets (UnitekTM

Victory series, 3M
Unitek)

Bovine upper
central
incisors

Transbond Plus Self Etching
Primer (3M

Unitek)/Transbond XT (3M
Unitek)

Distilled
water at 37 ◦C for

24 h

Sandblasting (Al2O3; 25 µm,
50 µm, or 110 µm at 5 mm)

SEM
observation

Shahamfar,
2014

Premolar bracket
(Equilibrium,

Dentaaurum Inc.,
Ispringen, Germany)

Human
premolar

teeth

Light BondTM (Reliance
Orthodontic products, IL,

USA)

Distilled
water at 37 ◦C for

24 h

Mechanical grinding with
slow speed multi blade
tungsten carbide bur.

Adhesive
remnant index

Sonis, 1996

Lower premolar
brackets (GAC

International, Inc.,
Central Islip, Long
Island, NY, USA)

Lower
human

premolar

Rely-a-bond (Reliance, Inc.,
Itasca, IL, USA)

Thermocycling
(1000 cycles

between 10 ◦C and
50 ◦C)

Sandblasting (90 µm; 90 PSI,
15 to 30 s)

Scanning
electron

micrograph of
base surface

Wheeler,
1983

Stainless steel
premolar brackets

Human
premolar

Dyna Bond II Series B
(Unitek Corporation,
Monrovia, CA, USA)

Non-specified Heating in an oven for 50
min at 454 ◦C
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A meta-analysis was performed with 12 in vitro studies. Separate analyses for each
adhesive removal method were performed (Figure 2). As the control for each study, the
SBS value of new orthodontic brackets was considered. Direct flame methods for removing
the residual adhesive were evaluated (Figure 2A). The meta-analysis demonstrated that
these methods achieved significantly lower bond strength values of rebonded brackets
when compared with the new bonded brackets (p < 0.001). With regards to the use of
mechanical grinding methods to remove the residual adhesive from the base of orthodontic
brackets, significantly lower SBS values were also observed (Figure 2B; p = 0.007). SBS of
rebonded orthodontic brackets after adhesive removal with sandblasting was analyzed
(Figure 2C). The meta-analysis performed demonstrated that bond strength values after
adhesive removal through sandblasting were significantly lower than the bond strength of
new orthodontic brackets (p = 0.006). With regards to the use of laser, two different types
of laser were identified (Figure 2D). When a CO2 laser was used for adhesive removal, the
SBS of rebonded brackets was lower than the bond strength of new orthodontic brackets
(p < 0.001). On the other hand, the use of an Er:YAG laser for adhesive removal showed
similar SBS values when compared with those of new orthodontic brackets (p = 0.71).
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According to the parameters considered in the risk of bias assessment, the majority of
studies were classified with a medium risk of bias (Table 3). Several of the studies failed to
report single-operator, operator-blinded, and sample size calculation parameters.

Table 3. Qualitative synthesis (risk of bias assessment).

Study Specimen
Randomization

Single
Operator

Operator
Blinded

Control
Group

Standardized
Specimens ARI Manufacturer’s

Instructions
Sample Size
Calculation

Risk of
Bias

Achio, 2015 Yes No No Yes Yes Yes Yes No Medium
Bahnasi, 2013 No No No Yes Yes Yes Yes No Medium

Bahnasi (b), 2013 Yes No No Yes Yes No Yes No Medium
Egan, 1996 No No No Yes Yes Yes Yes No Medium

Harini, 2011 No No No Yes Yes Yes Yes No Medium
Heravi, 2006 No No No Yes Yes Yes Yes No Medium
Ishida, 2011 Yes Yes No Yes Yes Yes Yes No Medium

Kachoei, 2016 Yes Yes Yes Yes Yes Yes Yes Yes Low
Kamissety, 2015 No No No Yes Yes No Yes No High
Maaitah, 2013 Yes Yes No Yes Yes Yes Yes No Medium
Montero, 2015 Yes No No Yes Yes No Yes Yes Medium

Shahamfar, 2014 No No No Yes Yes Yes Yes No Medium
Sonis, 1996 Yes No No Yes Yes No Yes No Medium

Wheeler, 1983 Yes Yes No Yes Yes No Yes No Medium

4. Discussion

This systematic review and meta-analysis aimed to evaluate the bond strength of
debonded brackets after different residual adhesive removal methods. Direct flame,
mechanical grinding, sandblasting, and laser were the methods found in the literature
used for this purpose. Except for the Er:YAG laser, none of the methods evaluated man-
aged to restore SBS values of new orthodontic brackets values, thus our hypothesis was
partially rejected.

One of the methods proposed to remove the adhesive remnant after bracket debonding
is direct flaming of the bracket base. Under the use of this method, removal of the bonding
agent is the most critical part of the recycling process and requires long exposure to heat [44].
The results of the present meta-analysis helped to demonstrate that this method was unable
to recover the original values achieved by new orthodontic brackets. Several explanations
may be suggested to explain this behavior. First, direct flaming increases the temperature
of the bracket base to a temperature in the range of 600–800 ◦C, which can lead to the
disintegration of the metal alloy, and consequently weakens its structure, making it more
vulnerable to damage [30]. Also, as most of the metallic orthodontic brackets are made
of austenitic stainless steel, application of heat leads to the formation of chrome-carbide
compounds, which can render them more susceptible to tarnish and corrosion, and this, in
turn, could be responsible for its failure in the mouth [48]. Finally, it has been found that
the heat treatment could lead to a decrease in the diameter of the support mesh, which is
caused by the presence of large amounts of adhesive residues on the base [30].

When observing the data about mechanical grinding, four studies reported this
method. For this purpose, a green stone [43,48], or a carbide bur [14,41] at slow speed were
used to grind the bracket surface. The meta-analysis revealed that, when this method was
used for the removing of adhesive residual, significantly lower values in the bond strength
of rebonded brackets were achieved. During the adhesive removal from the bracket, the
preservation of the integrity of the bracket mesh is crucial to ensure an adequate bond
strength to the enamel. By grinding the bracket base using a green stone or a carbide
bur, there is a high risk of damage or grinding off the mesh base itself, resulting in a
decrease in bond strength. [12] Also, grinding the bracket mesh has been proved to leave
a considerable amount of the adhesive, obliterating the mesh and decreasing the contact
area, thus eliminating virtually any mechanical retention [10,12,14,44].

Sandblasting has been described as a viable procedure for rebonding accidentally lost
brackets. This method was the most used in the studies included in the present systematic
review. The findings obtained by the meta-analysis suggest that the bond strength observed
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by debonded, cleaned brackets with sandblasting is significantly lower when compared
with new brackets. Previous research has demonstrated that sandblasting of the bracket
base could provoke distortion of the mesh [33]. In this sense, the air abrasion procedure
causes macro and microscopic alterations in the structure of the bonding surface, conse-
quently affecting the bond strength outcomes [12]. Also, it has been described that after
sandblasting, some abrasive particles adhere to the blasted surface, and it is possible that
bond strength between any luting material and the abrasive particle remnants might exceed
the bond strength of the abrasive particles and the bonding surface, causing premature
debonding [49]. On the other hand, the sandblasting process is not able to remove all the
resin attached to the bonding mesh [17], directly affecting the bond strength outcomes.

When observing the data about lasers, two different methods were analyzed sep-
arately [17,43]. This technology selectively ablates composite by high pulse repetition
rates [49]. When analyzing the CO2 laser, it was found that it is not a suitable method for
recycling brackets because considerable amounts of adhesive remnants were left on the
base of CO2 laser-irradiated brackets [49]. As explained before, the remaining adhesive on
the bracket base lessens the contact area between the meshwork and adhesive and leads to
a decrease in bond strength values. On the other hand, the analysis of the results from the
Er:YAG laser method demonstrated that this method is efficient for removing the residual
adhesive, being that the values obtained were similar to those of new orthodontic brackets.
This result could be explained due to the complete removal of the residual adhesive from
the bracket bases without altering the micro and macrostructure of the mesh, resembling
the appearance and bonding performance of new brackets [17]. Nevertheless, it should be
advised that the use of the Er:YAG laser could melt the meshwork of the bracket base due
to heat, and some precautions should be taken when using this method [17].

Regarding the limitations of this systematic review, it is important to highlight that
all analyses performed showed high heterogeneity values, which could be attributed to
the lack of standardization of the methods for evaluation of the SBS; actually, none of the
included studies indicated the following of the international standards for bond strength
tests to dental tissues. Future research with more standardized methods is desired to
reduce the heterogeneity between the studies focused on this topic and also to establish the
optimal protocol for the adhesive removal for rebonding of debonded orthodontic brackets.
Also, it is important to encourage researchers for designing and conducting clinical trials
evaluating this outcome.

On the other hand, it should be pointed out that despite the meta-analysis showing
statistical differences between the SBS of debonded and new brackets, such differences
are not clinically relevant, this is because the mean bond strength values of the methods
evaluated succeeded to achieve at least 6 MPa, which is the minimum bond strength
required for successful orthodontic treatment [17,23]. This could also lead to the perspective
that rebonding of debonded orthodontic brackets in the same patient is a reliable treatment
option, as long as the adhesive residual within the orthodontic base is completely removed
using the above-mentioned procedures.

5. Conclusions

Within the limitations of this systematic review, it could be concluded that the Er:YAG
laser could be considered as an optimal method for promoting the bond of debonded
orthodontic brackets, this conclusion is based on the fact that the bond strength of rebonded
orthodontic brackets was the same as that of the new brackets. Nevertheless, the data
suggest that the use of direct flame, mechanical grinding, or sandblasting are suitable
options for the removal of residual adhesive from the orthodontic bracket base, obtaining
clinically acceptable bond strength values.
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Abstract: This paper reviews the strategies that have been reported in the literature to attempt to
reinforce glass-ionomer dental cements, both conventional and resin-modified. These cements are
widely used in current clinical practice, but their use is limited to regions where loading is not high.
Reinforcement might extend these applications, particularly to the posterior dentition. A variety of
strategies have been identified, including the use of fibres, nanoparticles, and larger particle additives.
One problem revealed by the literature survey is the limited extent to which researchers have used
International Standard test methods. This makes comparison of results very difficult. However, it does
seem possible to draw conclusions from this substantial body of work and these are (1) that powders
with conventional particle sizes do not reinforce glass-ionomer cements, (2) certain fibres and certain
nanoparticles give distinct improvements in strength, and (3) in the case of the nanoparticles these
improvements are associated with differences in the morphology of the cement matrix, in particular,
a reduction in the porosity. Despite these improvements, none of the developments has yet been
translated into clinical use.

Keywords: glass-ionomer cements; resin-modified; fibre; reinforcement; nanoparticles; testing; strength

1. Introduction

Glass-ionomer cements (GICs) are widely used in clinical dentistry with uses including full
restorations, liners and bases, luting agents, fissure sealants, and adhesives for orthodontic brackets [1].
Their properties are generally attractive for these applications and include biocompatibility towards
tooth tissue [2], the ability to release fluoride [3,4], and adhesion to the tooth surface [5,6]. They also
match the natural tooth tissue in terms of coefficient of thermal expansion [7].

Glass-ionomers are made from special basic glass powders that are either calcium or strontium
alumino-fluoro-silicate with additions of phosphate, typically AlPO4, and also sodium salts [8]. These
are able to react with a solution of polymeric water-soluble acid to form salts that effectively crosslink
the polymer chain and cause the material to harden [1,9–11]. The most widely used polymer is
polyacrylic acid but cements can also be prepared with acrylic/maleic or acrylic/itaconic copolymer or
the copolymer of 2-methylene butanedioic acid with propenoic acid [11]. Commercial formulations
often include some of the polymeric acid mixed as a dry powder with the glass. This effectively
increases the concentration of the acidic polymer in the final cement without making the liquid to be
too viscous to mix. Large amounts of polymeric acid make the resulting cement strong [10], a feature
which is necessary for clinical durability.
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As well as the formation of carboxylate crosslinks, there is also a secondary setting reaction of
certain inorganic species released from the glass [12]. The most important of these components appears
to be the phosphate, since without phosphate, ionomer glasses do not give insoluble cements with
simple monomeric acids [13]. In glass-ionomer cements, the gradual formation of a modified network
from these inorganic species has been proposed as being partly responsible for the changes that take
place as the glass-ionomer matures. These changes include decreased plasticity, greater compressive
strength, and improved translucency [14].

Glass-ionomer cements of this type were as originally reported in the early 1970s [15] and are
now known as conventional glass-ionomers. This is to distinguish them from the resin-modified
glass-ionomers (RMGICs), materials first described about 20 years later [16,17]. RMGICs contain
the same components as conventional glass-ionomers, namely basic glass powder, water, and
polyacid. They also contain a monomer component and associated initiator system. The monomer
is usually 2- hydroxyethyl methacrylate, HEMA, and the initiator is the light-sensitive substance
camphorquinone [10]. Resin-modified glass-ionomers set by a combination of neutralization (acid-base
reaction) and addition polymerization. The set material has a complicated structure based on the
blended polymer and polysalt components that arise from these two reactions [18]. Competition
between these two network-forming systems results in a delicate balance between them [19], meaning
that delay in applying light to initiate the photochemical polymerization reaction can alter the properties
of the resulting material [19,20]. Hence, it is important that the manufacturer’s recommendations on
the duration and timing of the light-cure step are followed closely so that the set material has optimal
properties [19].

RMGICs can release the monomer HEMA in varying amounts early in the life of the restoration [21].
The extent of light-curing is an important factor in controlling the amount released, and release also
varies with depth of the restoration, because lower layers receive less light intensity and so polymerize
to a smaller extent. This, in turn, leaves more unreacted HEMA monomer in the structure, and this
free HEMA is able to leach from the cement into the adjacent tooth tissue. HEMA can diffuse through
human dentine [22] and is cytotoxic to the cells of the pulp [23,24].

HEMA from resin-modified glass-ionomers can also be the cause of problems for dental personnel.
It is a contact allergen and is volatile, so it can be inhaled [24], where it can cause respiratory problems.
Dentists should work in a well-ventilated area and make sure that no vapor is inhaled [25]. They are
also advised to light-cure left-over material before disposing of it.

Resin-modified glass-ionomers have mainly the same clinical applications as conventional
glass-ionomers [26,27], though they are not recommended for the atraumatic restorative treatment
(ART) technique. They can be used in Class I, Class II, and Class III restorations, all mainly in the
primary dentition, Class V restorations, and also as liners and bases [28]. Their other uses include as
fissure sealants [28] and as bonding agents for orthodontic brackets [29].

Despite the many years of development of these materials and the corresponding amount of
experience in using them clinically, these materials still have limitations [1]. These limitations arise
from the mechanical properties of the set cement. In particular, conventional glass-ionomers are brittle
materials with compressive strengths in the range 150–220 MPa and resin-modified glass-ionomers,
while tougher and with better flexural strength, have comparable compressive properties. As a
result, both types of material have similar limitations for clinical use [1,10]. There have been
numerous attempts to reinforce these materials, some of which have been used in clinical materials
and others of which still remain experimental. This paper reviews the various approaches to
reinforcement that have been reported in the literature for these materials, covering both conventional
and resin-modified glass-ionomers.

2. Mechanical Properties of Conventional and Resin-Modified Glass-Ionomer Cements

Before considering the topic of reinforcement, it is appropriate to consider the mechanical
properties of glass-ionomer cements of both types. This is important not only to establish the baseline
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from which reinforcement has to be achieved, but also because some authors refer to the latter
group of glass-ionomers as “resin-reinforced”. This is not the preferred term, and the correct term is
resin-modified, as first proposed in the mid-1990s [30], and widely used throughout the literature [31].

It is difficult to compare these classes of material, because the relevant international standards
specify different strengths [32]. Conventional glass-ionomer cements are tested for compressive
strength and have a minimum requirement of 100 MPa for restorative use in patients. On the other
hand, resin-modified glass-ionomers are specified to be tested for flexural strength and should have a
minimum strength of 20 MPa for clinical use [33].

A few published studies have reported compressive strength values for resin-modified
glass-ionomers and flexural strength values for conventional glass-ionomers in attempts to compare the
materials. Unfortunately, the reported values vary widely, and make it impossible to draw any reliable
conclusions, despite the claims of the individual studies. For example, the conventional glass-ionomer
Fuji IX (GC, Tokyo, Japan) in its hand-mixed form has been reported to have a compressive strength of
83.6 MPa at 24 h in one study [34] and 350.87 MPa in another [35]. The former study then concludes that
resin-modified glass-ionomers are stronger in all test modes, but with such a low reported compressive
strength for the conventional cement, how can the data be trusted? This is not to question the ability
or skill of the researchers: These are difficult materials to mix [36] and there are many factors to be
controlled when preparing specimens for testing. Doing so reliably is extremely challenging.

Other low values of compressive strength have been reported for conventional glass-ionomers.
For example, the material Ionofil Molar (VOCO, Cuxhaven, Germany) was reported to have a
compressive strength of 78.78 MPa, well below that of the resin-modified materials Vitremer (3M-ESPE,
Seefeld, Germany), which had a compressive strength of 169.50 MPa [37]. While it is interesting to
observe how high the compressive strength of a resin-modified glass-ionomer can be, the value for the
conventional glass-ionomer must be questioned. It is lower than that recommended by the appropriate
international standard [32], an improbable outcome for a material from a reputable manufacturer.

Despite these variations in reported values in individual papers, there does seem to be an overall
consensus that RMGICs are superior to conventional materials in their diametral tensile strength [38,39]
and in their flexural strength [39]. In a recent study, the superiority of the toughness and flexural
properties was shown to be consistent across a range of brands [40]. For example, the fracture toughness
at 24 h of a number of commercial conventional glass-ionomers ranged from 0.18 to 0.30 MPa m1/2

compared with 0.49–0.67 MPa m1/2 for a similar set of commercial RMGICs. For the same materials,
flexural strength at 24 h ranged from 18 to 34 MPa for the conventional glass-ionomers compared with
49–76 MPa for the RMGICs [40]. These differences are attributable to the presence of the polymerized
resin component, which toughens the cement and improves its ability to withstand loading in flexure.

3. Comparison with Tooth Materials

Glass-ionomers of both types are used to repair teeth that have been damaged, mainly by caries.
In the context of considering how to improve the mechanical properties of glass-ionomers, it is
appropriate to consider the mechanical properties of the natural tooth.

Teeth consist of two main types of material, the dentine and the enamel, and they have very
different mechanical properties. Both are anisotropic [41], but whereas dentine is relatively tough,
enamel is brittle. As a consequence of their geometry, the main properties of these tissues that have been
evaluated are those that can be determined by nano-indentation [42,43], namely hardness, modulus,
and fracture toughness. Values of these properties are shown Table 1.
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Table 1. Mechanical properties of human tooth enamel and dentine.

Substance Property Value Reference

Enamel
Hardness 2.0–3.5 GPa [42]

Young’s Modulus 80–120 GPa [43–45]
Fracture Toughness 0.67–3.93 MPa m1/2 [46]

Dentine
Hardness 0.3–0.7 GPa [47]

Young’s Modulus 10–40 GPa [43,48,49]
Fracture Toughness 1.1–2.3 MPa m1/2 [50,51]

In the case of enamel, mechanical properties vary widely across the enamel layer. For example,
external enamel has a fracture toughness of around 0.67 ± 0.12 MPa m1/2, whereas internal enamel
has values of up to 3.93 MPa m1/2. This means that the internal enamel has a much greater crack
resistance [48] and this arises because the detailed composition and arrangement of the enamel rods
differ in these varied locations.

The dentine has more consistent properties throughout its structure, though even this material
varies close to the dentino-enamel junction, DEJ. Dentine is a viscoelastic material [52], which means it
is much tougher than enamel, and more resistant to fracture.

The DEJ is the region in which the dentine and the enamel are joined [42]. Although enamel and
dentine have very different properties, there is a transition in properties of both in the regions close
to the DEJ [53]. Although the DEJ is itself brittle, as are the two structures adjacent to it, the overall
effect of its presence is that cracks do not propagate through it. This has the effect of making the tooth
mechanically strong.

The exact value of strength is difficult to measure, due to the difficulty of preparing uniform
test specimens, or even of determining cross-sectional areas of loaded teeth. One paper dealt with
the problem by simplifying the experimental data and recording the load at failure of teeth as they
underwent fracture [54]. Teeth were extracted and tested in compression in a universal testing machine,
either as obtained, with a cut cavity, or with a cavity filled with composite resin (10 samples per
condition). Results are shown in Table 2, and they demonstrate that the mere act of cutting a cavity
weakens the tooth significantly. Conversely, repairing the cavity goes a long way to restoring the
strength of the tooth, even though the final value was still below that of the natural tooth.

Table 2. Load at failure of human teeth (n = 10) (standard deviations in parentheses).

Tooth Condition Load at Failure/kg

Sound, uncut 104.65 (13.59)
Cavity prepared 48.88 (6.25)

Restored with composite layered obliquely 84.05 (14.03)

There is evidence that these values change throughout the lifetime of individuals. The teeth of the
elderly are more susceptible to fracture than those of the young [55], though whether this is because
they become more brittle with age, suffer fatigue, or simply become weaker, is not clear.

Given the differences in mechanical properties of enamel and dentine, and the variations in the
mechanical properties of these tissues with precise location within the tooth and also with the age of the
patient, the suggestion by some researchers that glass-ionomers should match the properties of natural
teeth is clearly not practicable. Instead, improving the properties of glass-ionomers to enhance their
durability should be the goal. Probably the key requirement is to improve the flexural strength and
Young’s modulus, because these properties correlate with wear and, hence, clinical durability [37,56],
though other properties, such as hardness, are also important in influencing durability. Steps that
have been studied as possible means of improving the mechanical properties of glass-ionomers are
considered in the following sections of this review.

78



Materials 2020, 13, 2510

4. Metal Reinforcement

Metal reinforcement has been applied to conventional glass-ionomers used in the dental clinic for
many years [57]. The original concept was to develop a glass-ionomer cement to replace amalgams. Two
approaches have been used, namely the incorporation of metal powders, mainly silver-tin alloy [58],
and the incorporation of silver-tin alloy fused with the ionomer glass powder, a so-called cermet [59].

The earliest report of metal powders for reinforcement of glass-ionomer cements was in a patent
by Wilson and Sced granted in 1980 [60]. They described the addition of powders of aluminum,
chromium, nickel-aluminum alloy, and silver-tin alloy, all of which were of relatively large particle size,
i.e., not nanoparticles. All were claimed to improve the flexural strength [60,61]. Of these, the silver-tin
alloy gave the greatest increase, raising the reported value to 40 MPa from a value of 10 MPa for the
parent cement.

Silver-tin alloy of the type typically used in amalgams incorporated into a glass-ionomer was
marketed as a material known as “Miracle Mix” by the GC company from 1983 [61]. It is still on the
market as of the start of 2020, and is a useful material for certain niche applications [62]. Results with it
in terms of reinforcement have been mixed, with some authors claiming it is stronger than the typical
unmodified glass-ionomer cement Fuji IX (GC, Tokyo, Japan) [63], and others claiming it is weaker [64].
The overall conclusion is that there is no clear improvement in strength [57], but this does not seem
to matter, because its continued use does not seem to be because of its extra strength, but because it
is radio-opaque.

The alternative approach, namely of the silver alloy being fused to the glass to form a cermet
(from the words ceramic and metal), involves a change at the manufacturing stage. Like the inclusion
of metal powder, the result is a cement with compromised aesthetics but improved radio-opacity.
The cermet system was commercialized in 1986, when the material Chelon Silver was launched by the
ESPE GmbH company [61]. As with Miracle Mix, this material is still on the market at the time of
writing (April 2020).

Early studies on strength were carried out, with the cermet cement being compared with the
conventional glass-ionomer cement Chelon Fil (ESPE, Seefeld, Germany) Williams et al. reported
that the cermet cement had lower strengths than the conventional glass-ionomer [65]. For example,
diametral tensile strength was found to be 13 ± 2 MPa compared with 19 ± 3 MPa for Chelon Fil.
Walls et al. [66] confirmed these findings for flexural strength, using a three-point bending test, which
showed Chelon Silver to have a strength of 29 ± 7 MPa and Chelon Fil to have a strength of 45 ± 5 MPa.
The overall conclusion from these and other studies is that cermet-based glass-ionomers are not
reinforced at all and are actually weaker than cements made with conventional glass powders [57].

Another metal filler that has been considered for inclusion in glass-ionomers is stainless steel
powder [67]. When compared with Miracle Mix, a cement containing finely divided stainless steel
was shown to be stronger. For example, the diametral tensile strength was 23 ± 2 MPa compared with
11 ± 2 for Miracle Mix. However, despite this superiority, it is Miracle Mix that has been on the market
since 1983, rather than a formulation containing stainless steel powder.

5. Fibre Reinforcement

The possibility of reinforcing glass-ionomer cements with fibres was also mentioned in the 1980
patent of Sced and Wilson [58]. They used both carbon and alumina fibres in a now-obsolete commercial
glass-ionomer called Chembond (Dentsply deTrey, Konstanz, Germany), and examined the effect of
fibres on flexural strength. Fibres employed were less than 1000 µm long and ranged in diameter from
10 to 200 µm. They were incorporated at 25 volume %, and increased the flexural strength substantially.
The control cement had a flexural strength of 10 MPa, but alumina fibres raised this to 44 MPa and
carbon fibres raised it to 53 MPa. Similar improvements in flexural strength have been reported by
other authors for these types of fibre in different glass-ionomer formulations [64]. Carbon fibres have
been claimed to be superior because, unlike alumina fibres, they do not cause the cement to increase in
brittleness [68]. On the other hand, they alter the appearance and compromise the aesthetics.
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Reactive glass fibres based on ionomer glass formulations have also been used to reinforce
glass-ionomer cements. These glasses have been based on either the SiO2-Al2O3-CaO-P2O5 [69,70]
or the SiO2-Al2O3-CaF2-Na3AlF6 [71] systems. The concept behind the use of these glasses is that,
in order for fibres to properly reinforce a material, there must be good interfacial coupling of the matrix
to the fibre [57]. Deploying fibres made of basic ionomer glasses ensures that such good coupling
occurs and that the fibres are genuinely able to reinforce the cement. In principle, optimal results are
obtained when the fibres are aligned with the direction of the primary load. In practice, though, short
fibres become dispersed in random directions during mixing, so that improvements in strength may be
only slight.

Typical results for the use of reactive glass fibres are shown in Table 3, and these are based on the
findings of Lohbauer et al. [71]. The critical fibre length had previously been calculated to be 546 µm,
so the fibres used to reinforce the cements, which had a diameter of 26 µm, were prepared to be 600 µm
in length. The cement itself was based on components prepared specially for the study, rather than a
commercial material. When fibres were incorporated, the highest flexural strength was achieved with
20 volume % loading, as shown in Table 3.

Table 3. Effect of 20 volume % reactive glass fibres in the strength of glass-ionomer cement.

Cement Compressive Strength/MPa Flexural Strength/MPa

Unreinforced 64 8.9
Fibre reinforced 170 15.6

Following fracture, specimens were examined by fractography, and it was shown that specimens
failed with fibre pull-out. This showed that the presence of the fibres increased strength by increasing
the work of fracture, causing a corresponding increase in the fracture toughness.

Other studies have confirmed the reinforcing effect of glass fibres, though not with reactive glasses.
Instead, nonbasic glass fibres have been used and incorporated into glass-ionomer cement formulations.
In one study, relatively low amounts (3 and 5 weight %) were added to a commercial cement (Medifill,
Promedica, Germany) and found to raise the diametral tensile strength from 7.49 (± 1.5) MPa to 9.15
(± 1.35) MPa at 3 weight % loading and 11.86 (± 2.27) MPa at 5 weight % loading [72].

Resin-modified glass-ionomers, too, have been reinforced by adding glass fibres. In this case, too,
the fibres were prepared from nonreactive glasses [73], with both hollow and solid short length fibres
being added at two different loadings, namely 5 and 10 weight %. A conventional and a resin-modified
glass-ionomer were used as parent cements in the study. Results for the hollow-fibre modifications are
shown in Table 4 and from these it can be seen that compressive strength was generally unaffected by
the inclusion of these fibres, but that flexural strength and fracture toughness increased significantly.
Both the conventional and the resin-modified glass-ionomer materials were substantially toughened
by adding these fibres, and would be expected to show superior wear and durability if used clinically
in patients.

Table 4. Results of incorporating hollow glass fibres into glass-ionomer cements (standard deviations
in parentheses).

Material Type Compressive
Strength/MPa

Flexural
Strength/MPa

Diametral Tensile
Strength/MPa

Fuji IX
Conventional

98.0 (12.0) 26.3 (9.0) 7.8 (1.7)
FIX/5% fibre 82.8 (13.8) 29.8 (6.0) 14.2 (2.6)
FIX/10% fibre 96.5 (9.0) 44.6 (4.0) 17.1 (3.5)

Fuji II LC
Resin-modified

123.0 (17.0) 55.2 (9.3) 17.7 (2.6)
FII/5% fibre 118.0 (8.3) 58.0 (8.4) 18.6 (4.2)

FII/10% fibre 154.2 (13.0) 75.2 (13.0) 23.0 (3.9)
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Other fibres have also been used to reinforce glass-ionomers with some success. One material used
has been basalt in fibre form [74]. Basalt is a mixture of the silicate minerals plagioclase, pyroxene, and
olivine, and it can be readily formed into fibres. Technical uses for these fibres include the aerospace
and automotive industries, where it is used a fireproof textile [75]. It has also been used to reinforce
organic polymers, such as epoxy systems [76].

Basalt fibres were included in the conventional glass-ionomer Fuji IX in a study, with levels up to
7 weight % being used [74]. Early strength was found to increase significantly, but there was evidence
that the interaction between the fibres and the matrix was weak, which suggested that the properties
were likely to decline over the long term. Experimental studies confirmed this suggestion, as both
flexural strength and flexural modulus of the fibre-reinforced cements declined over one month and
became the same as the control material. No further reports have appeared on this material as a
reinforcing fibre in glass-ionomers.

Cellulose microfibres have been studied as possible reinforcing agents for conventional
glass-ionomers, along with cellulose nanocrystals [77,78]. The latter are discussed in more detail in
the following section and, for the moment, results for the cellulose fibres only will be considered.
In fact, these fibres were found to have only slight effects on the mechanical properties of the
glass-ionomers (compressive strength, Young’s modulus, and diametral tensile strength) though,
by contrast, biocompatibility was enhanced [79]. Fibres were added to the commercial conventional
glass-ionomer Vidrion R (S.S. White, Brazil), a material with a reported compressive strength of only
49.15 MPa [78], which is too low for clinical use according to the relevant ISO standard [32]. Addition
of cellulose fibres improved this and also enhanced both Young’s modulus and diametral tensile
strength [78].

6. Nanoparticle Reinforcement

The influence of nanoparticles on the properties of glass-ionomers (mainly conventional) has been
reported in some recent papers. For example, nanoparticle titanium dioxide has been incorporated into
the commercial material Kavitan Plus (SpofaDental, Czech Republic) [80]. Following 24 h of storage in
water, the flexural strength determined by three-point bending rose from 14 ± 3 MPa to 23 ± 3 MPa
with 3 weight % addition of TiO2 [75]. However, using the same type of additive in the commercial
material Ionofil Molar (VOCO, Germany) failed to produce any observable strengthening effect [81].

Other studies, however, have confirmed the reinforcing effect of nanoparticles [80,82,83]. A variety
of nanoparticles have been used, such as titanium dioxide nanotubes [83] and nanoparticles [81,82],
alumina nanoparticles [83], and zirconia nanoparticles [84]. Glass-ionomer cements with added
nanoparticles have been found to be easier to mix than those without nanoparticles [85] and to contain
fewer air voids or internal micro-cracks [86]. All of these features contribute to the observed increase
in compressive strength.

One recent study used additions of TiO2, Al2O3 or ZrO2 nanoparticles to try to improve the
strength of conventional glass-ionomers [85]. In addition to determining strength, the authors studied
ion release by the cements. The cements used were two modern high-viscosity materials, Equia Fil
(GC, Japan) and ChemFil Rock (Dentsply, Germany), with nanoparticles added at levels of 2, 5, and
10 weight %.

Results showed that the nanoparticles had varying effects, depending on type, amount, and
storage time. Alumina significantly weakened Equia Fil at 24 h at all three loadings, whereas after
1 week, it weakened only the 5 weight % samples. In ChemFil Rock, for both the 1 day and 1 week
storage times, it generally had no effect on strength, though at 5 weight % loading it caused a significant
weakening. Findings were similarly mixed for zirconia nanoparticles, whereas titania nanoparticles
generally increased strength, particularly at 10 weight % loading [85].

Studying the fracture surfaces by scanning electron microscopy confirmed that the addition of
nanoparticles reduced the porosity, with no differences between the materials [86]. Ion release data
showed that incorporating nanoparticles typically increased the levels of certain species released from
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the cement, mainly silica/silicate and phosphate. However, it did not cause release of the metal ions
associated with the nanoparticles, i.e., Al, Ti, or Zr [86]. In all cases, no release occurred from the
nanoparticle additives and, overall, the authors concluded that their addition to these high-viscosity
cements was beneficial.

Other inorganic nanoparticles examined as additives for glass-ionomer cements have been
hydroxyapatite [87] and fosterite [88]. The first of these was found to show enhanced antimicrobial
activity against Streptococcus mutans bacteria, though no information was given on any changes in
mechanical properties [87]. The latter was studied entirely for its effects on mechanical properties
when added at levels in the range 1–4 weight %. Depending on the loading, this type of nanoparticle
gave significant increases in compressive, flexural, and diametral tensile strength [88].

Organic nanoparticles have also been found to have positive effects on the properties of
glass-ionomers, as shown by the cellulose nanocrystals previously mentioned [78,89]. These were
found to have significant effects on the mechanical properties of a variety of commercial glass-ionomers
(Maxxion, Vidrion R, Vitro Molar, Ketac Molar Easy Mix and Fuji Gold Label 9), raising the compressive
strength by 10%, Young’s modulus by 61%, and the diametral tensile strength by 53% [78]. Fluoride
release was also improved [88]. This was despite the fact that there appeared to be no chemical reaction
between the cellulose nanocrystals and the cement matrix, as shown by the absence of any changes
in the FTIR spectra [89]. Like the addition of cellulose microfibres, the nanocrystals enhanced the
biocompatibility of the cements [79] and, overall, showed promise as additives for these cements.

Nanoparticulate silver has also been employed in experimental studies of conventional
glass-ionomers [90,91]. The main reason for this has been that silver nanoparticles are capable
of releasing Ag2+ ions for sustained periods of time, and these are extremely effective antibacterial
species [92]. Silver ions have been found to show broad-spectrum antibacterial and antiviral properties
at low concentrations as a result of their ability to disrupt bacterial cell walls and reduce the ability
of the bacterial DNA to replicate [92]. Studies have confirmed that including silver nanoparticles in
glass-ionomer cements leads to substantial improvements in their antibacterial properties [89]. As with
nanoparticulate inorganic powders, compressive strength was improved when silver nanoparticles
were present [90,91]. So, too, were micro-hardness and micro-shear strength to dentine [92]. Levels
of addition have been low, between 0.1 and 0.5%, at which levels there is minimal discoloration of
the cement.

7. Other Inorganic Powders

Inorganic powders with particle sizes bigger than the nanoscale have been added to glass-ionomers
in attempts at reinforcement, but they have been uniformly unsuccessful [61]. An obvious candidate
material is hydroxyapatite, which more or less corresponds to the mineral phase of the tooth and
which is able to interact chemically with the polyacid component of the glass-ionomer cement [93].
An early study [94], using hydroxyapatite powder of unknown particle size at levels of 2.5, 5, 10, 20,
and 25 weight % showed progressive reductions in compressive strength with increasing loading of
additive in two experimental glass-ionomer cements.

In another study, the cement Fuji IX GP was used, and hydroxyapatite was added by substituting
the glass powder at levels of 4, 12, and 28 volume % [95]. The mean particle size of the hydroxyapatite
powder was 17 µm. Low amounts added made no significant difference to the strength, either
compressive or diametral tensile, but higher levels resulted in substantial weakening. This confirmed
the earlier findings.

Since these initial studies, there have been several other reports of the use of hydroxyapatite
powders to reinforce various commercial glass-ionomer cements [96–98]. Fluorapatite has also been
used [94], but in all cases, the addition of hydroxyapatite did not lead to reinforcement.

Other inorganic powders of reasonable particle size have been studied as possible reinforcing
fillers. These include bioactive glass [99], montmorillonite clay [100], and borax [101]. In all cases,
relatively low loadings were used, typically up to 10 weight % and often lower than that. Findings
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were consistent, with these additives causing increases in working/setting times but, unfortunately,
reductions, often quite substantial, occur in compressive strength [99–101]. None of these powders has
proven to be able to provide any reinforcement.

The question of reinforcement with larger particle inorganic powders has been complicated by
glass-ionomer brands that the manufacturers claim are reinforced by the addition of ceramic powders,
either of unspecified composition or zirconia [102,103]. These materials include “Amalgomer”
(Advanced Healthcare Ltd., Tonbridge, UK) and “Zirconomer” (Shofu, Kyoto, Japan). Claims for them
are considerable, with one group of authors describing them as “white amalgams”, a term which
is completely unacceptable. Amalgams are, by definition, alloys of mercury [104], and this sort of
inaccurate nomenclature should not be allowed to infiltrate the field of dental materials’ science.

The main issue with these materials is that there are no data to support the claim that they are
reinforced. Some papers have appeared describing their properties [63,105–107], though most are in
low-ranking journals of questionable provenance, and never reported with comparative data for control
cements. One study, which is in a reputable journal, aimed to compare the properties of amalgam and
“Amalgomer” using Hertzian indentation [102]. It showed that there were distinct differences between
the materials, with “Amalgomer” being much weaker [103]. The authors, Wang and Darvell, described
the “Amalgomer” material as an ordinary acid-base reaction GIC “but claimed to be reinforced with a
ceramic powder” [107], showing that they had at least some skepticism about the claim.

This type of material is certainly strong, for example, “Amalgomer” has been reported to have
a compressive strength of 323 MPa [63]. However, in the absence of information on the strength of
the parent cement, there is nothing to support the claim of reinforcement. These materials are held
to be suitable for use in the posterior dentition [103,105,106] but until better scientific data appear in
more prestigious scientific journals, the case for this is unproven. Certainly, what information exists is
not sufficiently compelling to alter the general conclusion that inorganic additives do not reinforce
conventional glass-ionomer cements.

8. Conclusions

There have been many attempts to improve the strength of glass-ionomer cements over the
years since they were first introduced to the dental profession in the mid-1970s. These have mainly
been aimed at conventional glass-ionomers, though there are some reports involving resin-modified
glass-ionomers. So far, very few of these approaches have proven to be successful. Good results have
been obtained with certain fibres, notably hollow glass fibres, and with particular nanoparticles at
specific loadings. In the latter case, the cement morphology is altered, with notable reductions in
porosity. There are also commercial materials that claim to be reinforced with ceramics such as zirconia
and, though these cements appear to be very strong, it is not clear that they are genuinely reinforced.

A major difficulty with work on this topic is that the literature contains a wide variety of mixing
and testing conditions [61], despite the existence of relevant International Standards [32,33]. These
standards fully specify test conditions in terms of specimen geometry, storage time, and conditions.
In this way, they aim to eliminate wide variations in test regimes and the associated uncertainty in the
results obtained; researchers really should use these defined test methods. Without this, their results
are neither completely valid nor useful to the wider research community.

So far, none of the improvements in strength with certain additives have been translated into
clinical materials, and existing commercial glass-ionomers should be used in posterior dentition with
caution, paying careful attention to individual clinical conditions.
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Abstract: The objective of this systematic review was to determine the influence of surface treatment of
glass fiber posts on bond strength to dentine. Laboratory studies were searched in MEDLINE, PubMed,
Embase, PubMed Central, Scopus, and Web of Science search engine. All authors interdependently
screened all identified articles for eligibility. The included studies were assessed for bias. Because of
the considerable heterogeneity of the studies, a meta-analysis was not possible. Twelve articles were
found eligible and included in the review. An assessment of the risk of bias in the included studies
provided a result that classified the studies as low, medium, and high risk of bias. The available
evidence indicated that the coronal region of the root canal bonded better to the glass fiber post
than apical regions. Phosphoric acid, hydrogen peroxide, and silane application enhance post’s
retentiveness. In light of the current evidence, surface treatment strategies increase the bond strength
of glass fiber post to dentine. However, recommendations for standardized testing methods and
reporting of future clinical studies are required to maintain clinically relevant information and to
understand the effects of various surface treatment of glass fiber post and their bond strength with
dentine walls of the root canal.

Keywords: glass fiber; composite post; endodontic therapy; etching; post and core technique; silane
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1. Introduction

It has been advocated that teeth become more fragile after endodontic treatments, and this
increases the failure rate of post-endodontics restorations [1] due to a loss of tooth structure, moisture,
and flexibility of the dentine [2]. Therefore, extensive tooth loss after cavity preparation represents
a real challenge in the restoration of endodontically treated teeth. Thus, in such a specific clinical
scenario, the use of intra-canal posts may be indicated to increase the retention of the core and/or of the
coronal restoration [3].

Recently, several different posts and types of core materials are in use, whereby fiber-reinforced
posts (FRC) have been used with acceptable results both in clinical practice and in research [4,5].
Due to “dentine-like” elastic modulus and exceptional esthetic properties, FRC has shown superior
performance compared to metal posts [2,6]. Moreover, the adhesive bond between FRC and resin cement
provides a short term strengthening effect, theoretically creating an endodontic “Monoblock” [7,8].
Nevertheless, bonding posts to root canal dentine can be compromised [4,9]. The limitations are usually
related to polymerization effectiveness [9], difficult in creating a water-wet substrate [10–13], reduced
number of dentinal tubules [11,14,15], deposition of cementum [10,12] and secondary dentin [13].
As bonding to root dentine is still unpredictable, it may affect the longevity and the clinical performance
of the restorations [3,16,17].

The stability of the resin-root dentine interface is also affected by the presence of the endogenous
enzymes activated during etching procedures. These are in part responsible for the hybrid layer’s
degradation and reduction of the longevity of post-endodontists restorations performed with the
use of root canal posts [18,19]. Various efforts to enhance the longevity of the interface between
root canal dentine and FRC posts have been advocated. Such strategies include adhesive treatment,
tribomechanical treatment, sandblasting, as well as a combination of these methods (Co-Jet) [20–22].

Despite the existence of some positive results in vitro [23], the treatment of the surfaces of posts is
still considered a technique-sensitive procedure, and there is a lack of long-term clinical studies.

To the best of our knowledge, there is no standard protocol for post-space treatment and FRC
surface treatment that can assure long-term performance in both clinical and in vitro scenarios [3].
The wide variety of materials available in the market, associated with the limitations of bonding to
root canal dentine, can interfere with the adhesive strategy. Therefore, it is essential to investigate the
long-term stability of the interface between fiber posts and adhesive materials to guide clinicians to
select the most appropriate materials and treatment protocols in dental practice. The present systematic
review aimed at appraising the existing literature on the effect of post-treatment on the bonding of
fiber-reinforced composite posts to root dentin.

2. Materials and Methods

This review was carried out following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement guidelines as reported previously [24]. The schematic pattern of
the protocol is shown in Figure 1.

2.1. Search Strategy

The initial review carried out with a MEDLINE/PubMed, EMBASE, CENTRAL, Scopus, and Web
of Science search with laboratory and clinical trial findings. The structured protocol was adopted
for the search and the following keywords were: (“silane” or “treatments” or “tissue conditioning”
or “dental etching” or “dental cements” or “bond strength”) and (“fiber post” or “glass fiber post”
or “post and core technique” or “fiber-reinforced post” or “endodontic post”) and (“root dentin” or
“dentin” or “tooth root” or “root canal”).

90



Materials 2020, 13, 1967
Materials 2020, 13, x FOR PEER REVIEW 3 of 13 

 

 

Figure 1. PRISMA flow diagram of the literature search and selection process. PRISMA—Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses. 

2.1. Search Strategy 

Figure 1. PRISMA flow diagram of the literature search and selection process. PRISMA—Preferred
Reporting Items for Systematic Reviews and Meta-Analyses.

2.2. Study Selection

The search of the literature was performed without any restriction on a date and was done up to
June 2019. Full texts of papers were obtained from the journals. The inclusion and exclusion criteria
for articles are presented in Table 1.

Table 1. The inclusion and exclusion criteria for articles.

Inclusion Criteria Exclusion Criteria

- In vitro studies carried out on radicular dentin of
human extracted teeth.

- Surface treatment of radicular dentin was
performed after removing the obturating material
and prior to restoring with glass fiber posts.

- Studies based on glass fiber endodontic posts.
- The push-out and pull-out test was performed to

evaluate the bond strength.

- In vivo studies and in vitro studies performed on
animal models.

- Studies testing endodontic posts other than glass fibers, i.e.,
carbon and metal posts.

- Literature not published in peer-reviewed journals.
- The grey literature, i.e., the information not reported in the

scientific journals.
- All papers in a foreign language (not in the English language),

where the full text was not available.

2.3. Study Quality Assessment

The title and abstracts of all articles identified by the electronic search were read and assessed
by two authors (S.P. and F.A.). Disagreements between the reviewers were resolved by consensus
with all the authors. The methodological quality of all selected full-text articles was assessed using
the guidelines reported previously [1,24]. The description of the parameters for quality assessment
was: randomization of teeth, use of teeth free of caries or restoration, use of materials according to
the manufacturer’s instructions, use of tooth roots with similar dimensions, endodontic treatment
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performed by the same operator, description of sample-size calculation, and blinding of the operator of
the testing machine. If the parameter was mentioned in the article, a “positive” (+) sign was assigned
to that specific parameter; if the information was not provided, the article received a “negative” (−).
The searched articles that reported one to three parameters were classified as having a high risk of bias,
four or five items as medium risk of bias, and six or seven items as low risk of bias.

After the application of the search strategy, two examiners (L.M. and M.V.) reviewed and performed
the selection by consensus to complement the database searches. References in papers were checked
and cross-matched with those from the original search. Where additional references were found to
meet the inclusion criteria, then these were included in the review. After identifying the eligible studies
in the above databases, these studies were imported into Endnote X7 software (Thompson Reuters,
Philadelphia, PA, USA) to remove duplicates.

3. Results

After the exclusion of duplicated articles, the electronic search identified 1451 articles from
EMBASE, PubMed/ Medline, Scopus, and Web of Sciences. However, 327 articles were initially selected
based on titles and abstracts, whereby 153 articles appeared as full text. The total number of papers,
which met the inclusion criteria for the review, was 12. The flow diagram (Figure 1) depicts the details
of the search strategy and Table 2 lists out surface treatment and bond strength analysis of FRC posts.

Table 2. Surface treatment strategies done on the fiber-reinforced (FRC) post.

Serial Number Pretreatment Technique BS Analysis References

1
S

PBS [22,25–27]

2 RBS [28,29]

3
AP

PBS [25,30]

4 RBS [31]

5 Pull out [32]

6
AP + S

PBS [26,27]

7 RBS [28]

8
HF + S

PBS [26,33]

9 Pull out [28]

10 AP + Alc RBS [34]

11 AP + BA (Ag/no Ag) RBS [31]

12 HF PBS [25]

13
Laser

PBS [26,30]

14 Pull out [32]

15 H2O2 Push out [21]

16 H2O2 + S PBS [27,33]

17 AE PBS [21,31]

18 AE + BA RBS [31]

19 Alc, Alc + primer RBS [34]

20 Ethanol + S RBS [29]

21 CH2Cl2 PBS [25]

BS—bond strength; PBS—push out bond strength; RBS—retentive bond strength; S—silane; AP—airborne abrasion;
Alc—alcohol; BA airborne abrasion application followed by bonding agent application; HF—hydrofluoric acid;
H2O2—hydrogen peroxide; AE—acid etching; CH2Cl2—methylene chloride.

3.1. Pre-Treatment of FRC Post Surface with Silane

Among these studies, six articles [22,25–29] evaluated the effect of surface treatment with silane on
the bond strength to dentine. Whereby, four studies [22,25–27] evaluated the push-out bond strength,
and the other two assessed the retentive bond strength [28,29]. The push-out bond strength was
evaluated in coronal, middle, and apical regions [25–27], whereas, only one study [22] reported the
mean values of all three areas together. Only two studies [25,27], compared silane with the control
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group. All studies concluded that silane alone could not enhance the bond strength of FRC post and
resin cement to dentine. Two studies [28,29] evaluated the pull-out bond strength between silane and
control groups and reported that the silane treatment of fiber posts did not prevent dislocation.

3.2. Pre-Treatment of FRC Post Surface with Air-Borne Particle Abrasion

The search data showed that alumina particles were used to treat FRC post surface [25,27,28,30,31],
whereby the used particle size was mainly 50 µm. Only one study [28] assessed pull-out bond strength
by using 30 µm particle size. In a few studies [26–28], silane was applied after air abrasion pre-treatment.

Air-borne particle treatment showed significantly lower push-out bond strength compared to the
control group in the coronal and middle levels of the root [25–27]. Nevertheless, in another study [30],
the mean results (from the three root regions), showed a higher bond strength than the control group.
Two studies performed retentive and pull-out bond strength tests [31,32] and found that air-borne
particle treatment group performed better than the control group. In one of those two studies [31],
posts received additional aging treatment followed by the bonding agent application.

3.3. Pre-Treatment of FRC Post Surface with Hydrofluoric Acid

In one study [25], push-out bond strength was evaluated in the coronal, middle, and the apical
section of the roots after treating the fiber post with hydrofluoric acid, however, found low bond
strength values when compared to control group. Other studies [26,33], reported the push-out bond
strength values of hydrofluoric acid-treated glass fibers post followed by silane application and showed
the non-significant difference in values with the control group. Nevertheless, posts treated with
hydrofluoric acid and silane followed by heat treatment showed significantly increased bond strength
in comparison to the control group [33]. Another study [28], reported low pull-out bond strength values
of hydrofluoric acid-treated glass fiber posts compared to control, silane treated, and sandblasting
with silane groups.

3.4. Pre-Treatment of FRC Post Surface with Laser

It was observed in two selected studies [26,30] that Nd:YAG laser with different pulse durations
in combination with silane increased the surface roughness, however, no significant difference was
found in push-out bond strength between the control and surface treated groups [26]. In particular, the
femtosecond laser resulted in lower bond strength when compared to control and air-borne particle
abrasion groups [30]. Another study [32] evaluated pull-out bond strength of pre-treated posts using a
1.5-, 3-, and 4.5-W Er:YAG laser and it was found that the 4.5-W laser had higher values compared to
air-abrasion and the control group (no treatment).

3.5. Pre-Treatment of FRC Post Surface with Etching Agents

In one of the selected studies [25], it is reported that etching the fiber post surface using CH2Cl2
could improve the bond strength values compared to hydrofluoric acid, air-abrasion, silane treated, and
the control group. The use of 37% phosphoric acid for the different periods increased the pull-out and
push-out bond strength of the posts bonded to root dentine compared to the control group, especially
when phosphorous acid was used for 15 s [21,31]. In one of the studies [21], push-out bond strength
was evaluated in the coronal, middle, and apical sections of roots after treating the fiber post with 37%
phosphoric acid, however, indicating low bond strength values when compared to control group.

3.6. Pre-Treatment of FRC Post Surface with Hydrogen Peroxide (H2O2)

The highest bond strength values in both push-out tests were observed after 60 s application of
H2O2 on glass fiber post in comparison to 15 s, 30 s, and the control group [21]. Pre-treatment of the
post with 20% hydrogen peroxide for 20 min before silanization resulted in higher push-out bond
strength at all of the three root regions compared to air-abrasion with silane, silane alone, and the
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control groups [27]. Likewise, treatment of glass fiber posts with 10% hydrogen peroxide for 20 min
followed by silane and additional heat treatment showed greater push-out bond strength in all regions
of the root compared to the specimens that received no heat treatment [33].

3.7. Pre-Treatment of FRC Post Surface with Alcohol

Two searched studies [29,34] evaluated the pre-treatment of post surfaces with alcohol.
One study [29] showed that the post’s surface pre-treatment with 21.75% ethanol had lower performance
compared to the post-treated with silane, however, performed better in comparison to the non-treated
control group. The other study [34] assessed the effects of post’s surfaces pre-treatment with 96%
alcohol with and without conditioning primer application. It was concluded that the alcohol group
and alcohol with primer group exhibited the least retentive forces compared to the air-abrasion group
and the combination of all three pre-treated groups.

3.8. Pre-Treatment of FRC and the Artificial Aging Process

Only one study [31], compared the effects of aging on the surface of treated specimens. Groups that
underwent phosphorous acid followed by aging showed increased bond strength values when
compared to the non-aged groups.

3.9. Risk of Bias Analysis

Five studies [21,28,29,31,34] were classified as high risk, five studies [25,26,30,32,33] were classified
as medium risk, and only two studies [22,27] were classified as low risk. The outcome of the risk
of bias analysis is presented in Figure 2. It was found that six studies [21,25,28,30,33,34] did not
mention randomization of teeth, eight studies [21,26,28,29,31–34] did not mention either experimental
procedure was performed by single operator or multiple operators. It was searched that eleven
studies [21,22,25–29,31–34] did not mention a description of sample size and two studies [26,34] did
not use control group; five studies [21,28–31] did not report about length/dimension of the root; and
six studies [21,26,29–31,34] did not report that either sample was used according to manufacturer’s
instructions or not.Materials 2020, 13, x FOR PEER REVIEW 4 of 13 
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4. Discussion

Different strategies have been adopted to enhance the bond strength between the FRC, resin
cement, and dentine, as it enables FRC to resist vertical dislodging forces. A high ratio of crosslinking
within the polymer matrix makes it unable to reactivate, and negatively affects the bonding of FRC
post assembly to dentine [32].

One of the strategies to improve the interfacial bond strength consists of the treatment of the FRC
surface before bonding. The plethora of pretreatments of the FRC surface was noted and qualitatively
analyzed in this review. Nevertheless, no consensus for surface treatment was seen that can be
universally adopted. The bond strength was mainly assessed by push-out and pull-out test methods.

Studies that did pull-out were justified as a more significant methodology to analyze bond
strength between fiber posts and root canal dentin [32]. In push-out studies, posts in three regions
of roots (coronal, medial, and apical) were tested mainly and least bond strength was observed in
the apical region [21,25–27,33]. Whereas, Finite Element Analysis (FEA) data showed homogeneous
stress distribution around the post circumference in these regions. The factors related to low bond
strength in the apical region could be inefficient removal of smear layer due to lack of accessibility of
instruments and irrigating solution, lack of flow of material in constricted space, which results in void
and bubble formation, and incomplete curing of material as the light source does not reach that region
effectively [35].

It is difficult to relate in vitro condition with actual clinical situation, whereby teeth are subjected
to compressive occlusal load along with shear and bending forces. The distribution of these loads
and forces are different on anterior and posterior teeth [22,36,37]. The authors could not find any
in vitro study in this review search where all these forces and loads were applied on endodontic posts
and restoration to simulate the more clinically relevant situation. In this review, only in vitro studies
conducted on human teeth were included because inconsistent data exist in the literature regarding
bovine teeth. It is inconclusive that bovine teeth should be considered as an appropriate substitute for
human teeth or not [38].

Many studies claimed to apply a silane agent on the post to enhance the bonding of post to
resin cement and dentine [11,39]. Its application is effortless and easy, making it a widely accepted
pre-treatment procedure among researchers. However, the effect on bond strength to dentine is
unconvincing [22,25–28,33,40], which might be due to the manual application of silane on the post
surface and formed a non-homogenous layer, subsequently led to a weak chemical bond between
silane and post [25]. Another reason could be the composition of the resin matrix of FRC posts. It is
reported that the methacrylate matrix bonds better to silane solution than epoxy resin containing
FRC as depicted in Table 3 [21,22,25,29,40]. The interface between resin cement and post was also
considered as a contributing factor for mechanical strength, where limited mechanical interlocking
was mentioned between resin cement and untreated post surface [30,31]. Surface treatments such as
air-borne abrasion, etching, laser treatment, hydrogen peroxide, etc. altered the surface topography
and increased the retention of the FRC post.

Air abrasion is a technique capable of altering the surface topography by partially removing
the matrix of the post and creating retention spaces without jeopardizing their mechanical
properties [25,26,30,31,41]. However, the reported data showed that the air-abrasion treatment showed
significantly lower push-out bond strength compared to the control group in the coronal and middle
levels of the root [25]. Nevertheless, in another study [27], a higher push-out bond strength was
observed than in the control group. Whereas, a significant reduction of bond strength was found
at the apical part when compared with the middle and coronal parts [25,27]. The pull-out bond
strength tests [28,32] concluded that air-borne abrasion performed better than the control group.
The heterogeneity in the reported results could be due to the differences in particle size, pressure, time,
and distance. Distance and time of exposure are critical for the beneficial effect of air-borne abrasion
on the FRC post [30–32,34]. Longer abrasion time damages the fibers and reduces the diameter and
compromises the fit of the post to the dentine [25–28].
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Table 3. Composition of different FRC post used in the selected invitro studies.

Serial Number Type of Post Matrix Filler References

1 Rebilda post Dimethacrylate

Glass

[25,26,32]

2 FRC post [22,33]

3 Hetco fiber post

Epoxy

[27]

4 Radix [31]

5 Dentin post ER [28,34]

6 Para post [22]

7 Glassix posts
Nordin [21]

8 DT light post Quartz [22,29,30]

Usually, single surface treatments are not capable of creating strong bond strength between
post and resin. Additional etching techniques including mechanical and chemical were rendered
to FRC post [25,27]. Micromechanical procedures roughen the post surface and provide access
to silane solution and bonding primer agents to have more intimate contact and interaction with
fibers [35,41]. Surface activation procedures for the post would be a benefit, and maybe this is one
of the reasons that sandblasting followed by silane and primer application performed better than
non-etched groups [27,28,31,34]. Other surface treatments, such as 9% hydrofluoric acid resulted in
the dissolution of resin matrix at greater depth and also extensively damaged glass fibers within the
post, therefore, reduced bond strength values were observed when compared to untreated and other
experimental groups [25,26].

Laser parameters in terms of intensity, frequency, wavelength, and ablation rate are the deciding
factors to obtain optimal bond strength and roughness values. This could be one of the reasons for
the better performance of post irradiated with 4.5-W Er:YAG laser compared to other experimental
groups [32]. However, the high power setting of laser etching can damage the fibers and produce
inconsistent surface changes [17,23,42].

Many protocols directed towards surface treatments selectively remove the superficial epoxy resin
layer but maintain the integrity of the fibers. Most commonly available etchants i.e., 37% phosphoric
acid and hydrogen peroxide can facilitate the micromechanical retention of resin cement to the post,
achieving the desired results. Two studies have recommended the application of phosphoric acid and
hydrogen peroxide for 15 s and 60 s, respectively [21,31]. Aggressive/longer etching can affect the
fiber’s integrity [21]. Prolonged use of H2O2 can jeopardize resin polymerization due to the formation
of free radicle and oxygen-rich layer, resulting in low bond strength [14,43]. A newer agent like
methylene chloride (CH2Cl2) showed enhanced interfacial bond strength between the post and the
luting agents. It removed the superficial layer of the resin matrix and exposed the fibers for better
retention results [25].

There is a considerable amount of disparity in the retention and bond strength values of
surface-treated FRC posts. This heterogeneity of observed values could be a result of not reproducibility
of a clinical scenario [28]. The thermo-cycling or aging process is one of the ways to evaluate the
bond strength of post in a simulated clinical environment [25]. The average number of thermal
cycles that would normally occur in the oral cavity ranges from 4000 to over 10,000 per year [44].
The lack of uniformity was observed in the number of cycles and the period to which specimens
were exposed [27,28,31,33,34]. Nevertheless, in a clinical scenario, FRC posts placed in the root,
surrounded by dentine and alveolar bone; therefore, they remain unaffected by the temperature
changes. It is reported that the thermo-cycling in water weakened the FRC posts and reduced their
flexural modulus [45]. This also could be one of the reasons for reduced bond strength when the post
was directly exposed or stored in water [28,31,33,34]. Other reasons for inconsistency in results among
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in vitro studies could be the storage time (24 h and 1 month) of FRC posts, resin, and dentine assembly
in distilled water, which is not the true representative of the clinical scenario [22,25–33].

The overall quality of selected in vitro studies for qualitative analysis was poor. Most studies did
not justify the sample size selection and did not mention that the endodontic treatment was carried
out by the same operator. Another factor that contributed to low evidence of available data is that
teeth were not randomly distributed into the groups. The high heterogeneity of the included studies
prevented a quantitative analysis of data. Only two studies [22,27] out of 12 had a low risk of bias
according to the used quality assessment criteria. Therefore, any general conclusions need to be drawn
cautiously. Another limitation was the language restriction placed in the search strategy. There might
be good quality in vitro studies in languages other than English which could have influenced the
outcome of this review. In addition, the effect of luting cement on bond strength which forms an
interface between post and dentine has not been included in this review. The limitation of the present
review is that the influence of the shape and design of the post was not taken into account.

Future Consideration

There is a need for good quality in vitro studies which should at least try to simulate clinical
conditions. FRC post-pre-treatment compared to other aesthetic posts like zirconia, can be evaluated in
future studies. In addition, the effect of dentine conditioning and pre-treatment procedures influencing
the bonding assembly of FRC posts can be evaluated in further reviews and research. More studies are
required to analyze the efficacy of methylene chloride and ER:YAG laser pre-treatments of FRC post.

5. Conclusions

Based on this systematic review, the following conclusions were drawn:

1. The coronal region of the root canal exhibits higher bond strength to the FRC post than
apical regions.

2. Phosphoric acid and hydrogen peroxide are the rapid chairside technique which can be used to
increase post retention.

3. Micromechanical treatment followed by silane application can result in optimum bond strength
of FRC post to resin cement and dentin.

4. Most of the studies reported that silane application to the epoxy resin-based FRC post did not
enhance the bond to dentin.

5. It is not recommended to use hydrofluoric acid to treat the FRC post, as it extensively damages
the surface topography of the post.
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Abstract: The article is aimed at analyzing the available research and comparing the properties of
bio-inductive materials in direct and indirect pulp capping procedures. The properties and clinical
performances of four calcium-silicate cements (ProRoot MTA, MTA Angelus, RetroMTA, Biodentine),
a light-cured calcium silicate-based material (TheraCal LC) and an enhanced resin-modified
glass-ionomer (ACTIVA BioACTIVE) are widely discussed. A correlation of in vitro and in vivo
data revealed that, currently, the most validated material for pulp capping procedures is still MTA.
Despite Biodentine’s superiority in relatively easier manipulation, competitive pricing and predictable
clinical outcome, more long-term clinical studies on Biodentine as a pulp capping agent are needed.
According to available research, there is also insufficient evidence to support the use of TheraCal LC
or ACTIVA BioACTIVE BASE/LINER in vital pulp therapy.

Keywords: direct pulp capping; indirect pulp capping; ProRoot MTA; MTA Angelus; retroMTA;
biodentine; theraCal LC; ACTIVA BioACTIVE; vital pulp therapy

1. Introduction

The major challenge for the modern approach in restorative dentistry is to induce the
remineralization of hypomineralized carious dentine, and therefore, protecting and preserving the
vital pulp. Traditionally, deep caries management often resulted in pulp exposure and subsequent
root canal treatment. The promotion of biologically-based treatment strategies has been advocated
for partial caries removal aimed at avoiding carious pulp exposure. Indeed, recent consensus reports
have stated that the complete or nonselective carious removal is now considered overtreatment [1].
Management strategies for the treatment of the cariously exposed pulp are also shifting with avoidance
of pulpectomy, claiming the superiority of vital pulp treatment (VPT) techniques such as pulp capping,
partial and complete pulpotomy [2]. This constant turn toward a conservative and minimally invasive
approach is strongly associated with the fact that the emphasis of the profession is also slowly shifting to
care for the senior adult segment of the population [3,4]. Under these circumstances, retaining natural
teeth is of paramount importance. All of these changes occur in a strong correlation with development
of so-called bioactive dental materials [5,6]. Broadly speaking, the bioactivity of a restorative material
usually denotes that it has a biological effect or is biologically active. This characteristic refers to the
potential to induce specific and intentional mineral attachment to the dentine substrate [7]. In terms of
restorative dentistry, bioactive material is described as “one that forms a surface layer of an apatite-like
material in the presence of an inorganic phosphate solution” [8]. Therefore, the remineralization
of demineralized dentine is the process of restoring minerals through the formation of inorganic
mineral-like matter [9].
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Six different bioactive materials have been described and compared: four calcium-silicate cements—
ProRoot MTA (Dentsply Sirona, York, PA, USA), MTA Angelus (Angelus, Londrina, Brazil), RetroMTA
(BioMTA, Seoul, Korea) and Biodentine (Septodont, Saint-Maur-des-Fossés, France); a light-cured
calcium silicate-based material TheraCal LC (Bisco, Schaumburg, IL, USA); and a resin-modified
glass-ionomer (RMGIC) with improved resilience and physical properties—ACTIVA BioACTIVE
(Pulpdent Corporation, Watertown, MA, USA) [10].

The article is aimed to review the properties of bio-inductive materials applied for direct and
indirect pulp capping and to compare their clinical performances.

2. Vital Pulp Treatment (VPT) in Deep Caries and Management of Pulp Exposures

The indirect pulp capping (IPC) procedure is generally used in deep cavity preparations, with or
without carious dentine remaining which is in close proximity to the pulp but showing no visible pulp
exposure [11,12]. According to the latest (2019) European Society of Endodontology (ESE)-approved
definitions and terminology, IPC due to removal of both soft and firm carious dentine until hard
dentine is reached, is nowadays considered aggressive, and in many cases may be acknowledged as
overtreatment [13].

One-stage selective carious-tissue removal includes the application of a biomaterial onto a dentine
barrier after either firm or soft dentine is left only on the pulpal aspect of the cavity, whilst peripheral
carious dentine is removed down to hard dentine on the same visit permanent restoration is being
placed. On the other hand, stepwise excavation involves re-entry after 6–12 months after application of a
biomaterial in an indirect, two-stage, selective carious-tissue removal technique. The first stage involves
selective carious removal to soft dentine, to an extent that facilitates proper placement of a temporary
restoration, and the second stage includes removal to firm dentine. Eventually, final placement of a
permanent restoration is performed. Tooth disinfection with NaOCl or chlorhexidine digluconate 2%
solution, as a less aggressive alternative, sterile technique, and rubber dam use, are recommended at all
times throughout the management of deep caries whether the pulp is exposed or not [13–18].

According to recent position statement of the ESE, deep caries management should focus on
avoidance of pulp exposure by the means of choosing selective one-stage carious-tissue removal or
stepwise excavation treatment, rather than redefined indirect pulp capping procedure [13].

Direct pulp capping (DPC) treatment is used when the vital asymptomatic pulp is visibly exposed
due to caries or trauma, or due to a misadventure during tooth preparation or caries removal [7].
It includes the application of a biomaterial directly onto the exposed pulp, followed by immediate
placement of a permanent restoration. An enhanced protocol should be used, including magnification,
a disinfection irrigant and preferably the application of a hydraulic calcium silicate cement, as there is
sufficient evidence to substantiate its use in VPT.

In contrast to pulp capping procedures, which does not involve any pulp tissue removal, partial
pulpotomy removes 2–3 mm of the pulp tissue at site of exposure. In practice this technique is used
for removing the superficial layer of infected tissue in case of asymptomatic carious pulp exposure
or when pulp has been exposed to the oral environment. The pulp capping procedures protects the
tissue, but may not reverse a superficial inflammatory processes; therefore, it is recommended that
2–3 mm of tissue is removed in a partial pulpotomy procedure. The question about choosing the
proper treatment arises when we take into consideration that visual analysis to distinguish between
inflamed and noninflamed pulp tissue may not be sufficiently accurate [19]. If hemostasis, as another
factor indirectly indicating state of the pulp, cannot be controlled after 5 min, further caries excavation
is necessary after exposure; in that case partial or even full pulpotomy may be preferable.

102



Materials 2020, 13, 1204

3. Materials Used in Direct and Indirect Pulp Capping

Historically, calcium hydroxide (Ca(OH)2) has been considered the gold standard. Long term
clinical observations of calcium hydroxide are incomparable to any other bioactive material, as the
first reports of successful pulpal healing using Ca(OH)2 were published between 1934 and 1941 [20].
However, it still has several drawbacks: insufficient adherence to dentinal walls, multiple tunnel
defects in the induced dentin bridges [21], poor sealing ability, dissolution over time [22] and lack of
antibacterial properties. Long-term clinical studies showed success rates with calcium hydroxide pulp
capping on carious exposures to be highly variable, generally unpredictable and often unsuccessful [23].
Indeed, calcium hydroxide no longer seems to be the best possible material of choice [24]. Due to its
high basicity, calcium hydroxide in direct contact with the pulp locally destroys a layer of pulp tissue,
and thus creates an uncontrolled necrotic zone. This necrotic layer induces an inflammatory reaction
which persists in time, or leads to formation of intra-pulpal calcifications [25]. However, it is Ca(OH)2

high solubility that is the major disadvantage of its use as a pulp capping agent. The dissolution of the
material within two years after application and the formation of defects in reparative dentin underneath
the capping material are responsible for failing to provide a permanent seal against bacterial infection.

Nowadays, calcium hydroxide is being displaced by new generations of materials which result
in more predictable clinical outcomes; namely, calcium silicate materials (CSMs) and RMGIC [26,27].
The increasingly predominant role of CSMs could be explained by their high biocompatibility, intrinsic
osteoconductive activity and ability to induce regenerative responses in the human body; namely,
dentin bridges of improved quality and enhanced sealing of the pulp capped site. Depending on the
purpose, CSMs products can be assigned into two clinically relevant groups: restorative cements used
in VPT, i.e., ProRoot MTA, MTA Angelus, RetroMTA, Biodentine and TheraCal LC, and endodontic
sealers, i.e., BioRoot RCS (Septodont, France). Differences between composition of each material are
presented in Table 1.
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3.1. Mineral Trioxide Aggregate

Mineral trioxide aggregate (MTA) is a bioactive cement pioneered by Torabinejad et al. in the early
1990s as an endodontic repair and root-end filling material [28] with favorable physical properties [29].
MTA has proven to induce mineralization beneath exposed pulp and have the potential of maintaining
pulp vitality. Hence, the indications for the use of MTA have expanded considerably from its original
use, and it has recently became a superior substitute for Ca(OH)2 in many other clinical applications,
including direct [14,15,30,31] and indirect pulp capping, perforation repairs in roots or in furcations [32]
and the apexification procedure [33–35]. The powder of MTA is a mixture of a purified Portland cement
and bismuth oxide to provide radiopacity. The main constituent phases of cement are tricalcium and
dicalcium silicate and tricalcium aluminate [36,37].

ProRoot MTA, having been available on the market for two decades, has been extensively studied
and proven to be biocompatible. However, the long setting time and also high cost have urged the
development of new types of MTA-based materials to overcome these drawbacks (Table 2). The
alternative materials must meet the advantages of the ProRoot MTA, and also be more accessible, more
cost effective and set in a shorter time. As an alternative, MTA Angelus was developed, offering the
advantage of reduced final setting time—24–83 min [38,39], down from the original 228–261 min specific
for ProRoot MTA [37,40]. Another of the recently introduced fast-setting calcium silicate cements is Retro
MTA, with a final setting time of about 12 min [39]. Although a few studies evaluated and compared the
biocompatibility of each of these products with that of Pro Root MTA, those finding are limited and not
comprehensive. Characteristics of those materials were collected and presented in Tables 1–3.
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The biocompatibility and sealing ability of MTA result from the dominant calcium ion released
from the material which reacts with phosphates in tissue fluid, inducing hydroxyapatite formation
(Table 3) [59]. Formation of this layer is a key characteristic responsible for the chemical seal between
MTA and the dentinal walls, and cannot be referred to as a genuine bonding process [60].

The first formulation of MTA was grey, but due to the reported discoloration of teeth [61], an altered
chemical composition was presented to the market (Table 1). The chemical component of iron is absent
in white MTA, although discoloration is still observed and remains one of the major drawbacks of the
material [62,63]. Tricalcium and dicalcium silicate react when mixed with water to produce calcium
silicate hydrate and calcium hydroxide (Table 1). Despite the high clinical advantages of MTA cement,
there were always some limitations which prevented clinicians from using it in on a daily basis. The major
ones being a long setting time (up to 284 min) [44,64], handling difficulties, discoloration of the remaining
tooth structure [65] and the presence of heavy metals in the powder [66]. The aforementioned properties
of MTA are listed in Tables 1 and 2.

When compared with Ca(OH)2 in a randomized clinical trial, confirmatory evidence emerged
for the superior performance of MTA as a DPC agent when evaluated in a practice-based research
network [31]. In this study, the probability of failure at 24 months was 31.5% for Ca(OH)2 and 19.7%
for MTA. A review of the few clinical assessments in 9–10-year observation revealed 92.5–97.96%
success for the teeth pulp-capped with MTA [57,58]. Clinical success rates for compared materials are
presented in Table 2.

In addition, MTA is less toxic, easier to use in pulp capping procedures and causes less pulpal
inflammation than Ca(OH)2 [67]. A histological study confirmed that the application of MTA has a
direct effect upon regeneration potential of the dental pulp and is associated with increase in TGF-β1
secretion from pulp cells (Table 3) [68]. This factor directs the progenitor cells’ migration to the
material-pulp interface and stimulates their differentiation to odontoblastic cells secreting reparative
dentin; thus it affects the quality of the induced hard barrier. Further histological study confirmed
that the formation of calcified hard tissue after pulp capping with fast-setting MTA (RetroMTA)
is not particularly the product of genuine odontoblast differentiation and lacks characteristics of
“regular dentine” [69]. These results suggest that the formation of calcified tissues may be more
appropriately regarded as a reparative process more than a genuine regeneration response. Hence,
it can be concluded that regular dentine was not regenerated, and because of the limited bioactive
potential of pulp-capping material (RetroMTA), it cannot be used in regenerative dentistry. Moreover,
in contrast to calcium hydroxide, mineral trioxide aggregate (WhiteProRoot®MTA, Dentsply Sirona,
York, PA, USA) and Biodentine (BD) exhibit favorable metabolic activity and promote the same desired
cellular response, resulting in higher clinical success rate and less tunnel defects [70]. In terms of dentin
bridge formation, based on the micro-CT imaging technique, the MTA group shows more a regular,
homogenous reparative dentin layer with uniform thickness, when compared with the Biodentine
group. These data indicate that both MTA and BD induced hard tissue barriers and that MTA induced
dentin with better characteristics (Table 3) [71]. Therefore, MTA is the material of choice in direct pulp
capping [70,72].
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Other key factors for successful pulp capping procedures are the ability of the bioactive material
to seal to the tooth structure, the bond strength between the pulp capping material and restorative
properties (Table 2). Recent studies suggest that placement of composite used with a two-step etch
and rinse adhesive (E&R) over white MTA performed significantly better than an all-in-one system in
terms of bond strength [76]. Other studies concluded that the highest bond strength was obtained when
the E&R adhesive was used after 24 h resulting in shear bond strength (SBS) of 7.3 ± 1.49 MPa [77,78].
Supplementary surface treatment protocols were investigated to reliably asses SBS after final composite
restoration (Table 3). Additional silanization (Silane, Ultradent, South Jordan, UT, USA) was recommended
after treating the surface of ProRoot MTA with 9% hydrofluoric acid (HF) for 90 s before the application of
dentin bonding agent (DBA) for higher bond strength [82]. Further research also suggested air abrasion
of MTA Angelus surface after 72 h with 50 µm Al2O3 particles to achieve higher bond strength to
the resin composite compared to specimens treated with 37% phosphoric acid (16.98 ± 4.24 MPa and
11.40 ± 3.19 MPa, respectively) [54]. Although the manufacturers of ProRoot, MTA Angelus and Retro
MTA claimed short setting times (165 min, 15 min and 1.5 min, respectively), studies showed adequate
setting only after at least 7 days to acquire proper surface properties (Tables 2 and 3) [83,84]. Additionally,
evidence exists that MTA continues to mature up to 1 year beyond the setting time with impacts on its
mechanical integrity and hence SBS values [85]. This research also puts forward the importance of leaving
MTA to mature before the application of the overlying restoration to prevent bacterial infection.

Novel Mineral Trioxide Aggregate Restorative Cements

Alternation in material characteristics has recently led to development of new generation
MTA-based cements; namely, Neo MTA Plus (Avalon Biomed Inc., Houston, TX, USA) and the
iRoot (Innovative BioCeramix Inc., Vancouver, BC, Canada) products family. Both materials share the
same clinical applications in vital pulp treatment, but only a few studies are available to assess their
use in clinical practice [89–92]. Neo MTA Plus was developed to be used in pulpotomies without the
risk of discoloration due to elimination of bismuth oxide. The radiopacifying agent was replaced by
tantalum oxide, which provides a radiopacity value of 3.76 ± 0.13 mm Al and does not exert any effect
on hydration [89,92]. What is important is that the final setting time of Neo MTA Plus was proven to
be prolonged up to 315 ± 5 min [89]. Moreover, compared to MTA Angelus, NeoMTA Plus showed
better apatite formation, higher crystallinity and higher Ca/P, but a lower CO3/PO4 ratio, which might
result in increased bioactivity [90]. Further in vivo and in vitro studies are required to substantiate
such claims.

Addressing the difficult handling of MTA, the iRoot products are available in different consistencies,
what could offer an advantage of choosing suitable one for each clinical application. Namely, iRoot BP
(IBC, Burnaby, BC, USA) is deposited on preloaded syringes, while the iRoot BP Plus is available in
jars and with a thicker consistency, and the iRoot FS was especially developed to set faster with final
setting time of 57.0 ± 2.7 min [83]. A systematic review concluded that iRoot BP and iRoot BP Plus are
biocompatible materials that enhance human dental pulp cells’ proliferation, migration, mineralization
and dentinal bridge formation in pulp capping procedures [93]. These findings coincided with those
obtained in another study, stating that iRoot BP Plus showed superiority over calcium hydroxide as a
pulpotomy agent [94].

There are only a few studies on novel CSMs, as the scientific evidence is in general focused
on materials that have been available for a longer time, such as ProRoot MTA and later Biodentine.
To determine their clinical efficacy, further studies are needed.

3.2. Biodentine

As a response to the disadvantages of MTA, a new tricalcium silicate-based cement Biodentine
(Septodont, France) was released in 2011. This comparatively new biomaterial is claimed to possess
properties similar to MTA and is currently being explored for vital pulp therapy procedures. BD was
designed as a permanent, biocompatible [95] dentin substitute that could be applied in one session
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for final composite restoration with the sandwich technique or in the whole volume of the cavity for
an observation period before the final restoration. The manufacturer indicates the setting time to be
between 9 and 12 min [96]; however, it was proven to set finally after 45 min (Table 2) [43].

BD is available in the form of a capsule containing powder composed of tricalcium silicate,
dicalcium silicate, zirconium oxide, calcium carbonate, calcium oxide and iron oxide. A single capsule
containing 0.7 g of powder is mixed for 30 s in a mixing device at a speed of 4000–4200 rpm with exactly
five drops of liquid containing calcium chloride which act as an accelerator [97]; a hydrosoluble polymer
functioning as a water reducing agent; and water (Table 1). The setting accelerator improves its handling
properties and strength and mitigates the risk of partial material loss and alteration of the interface
when compared to MTA [13,22,45]. Concerning drawbacks of the material, radiopacity is significantly
lower than MTA Angelus (Table 2) despite the presence of zirconium oxide [98]. Radiopacity also
gradually decreases with time, which causes difficulties in long-term radiographic observations.

The interactions of BD with hard and soft tissues in both the direct and indirect capping procedure
lead to a marginal sealing and provide protection to the underlying pulp by inducing tertiary dentin
synthesis and remineralization. Based on the calcium (Ca2+) and hydroxide (OH−) ion release from
material, it may be concluded that tricalcium silicate materials such as BD may be preferable for IPC
(Table 3) [99].

Marginal sealing is provided by micromechanical retention due to penetration of Biodentine
into the dentin tubules forming tag-like structures, and represents similar bond strength to dentine
compared toMTA (ProRoot MTA) [49,100]. However, those findings are inconsistent with results of
other studies suggesting that Biodentine is superior to MTA in terms of sealing ability [101–103].

When compared to MTA, improvements in BD properties, such as setting time, mechanical
qualities and initial cohesiveness, led to widened range of applications, including endodontic repair
and vital pulp therapy. On account of its advantages, BD has recently become a preferable agent for
both direct and indirect pulp capping procedures. Biodentine, compared with the previous golden
standard Ca(OH)2, is mechanically stronger, less soluble and produces a tighter seal [100].

Similarly, another study was conducted to evaluate the clinical response of pulp-dentin complex
after DPC with MTA and BD in carious teeth. Over a 6-month observation, MTA and BD showed
success rates (subjective symptoms, pulp sensibility tests and radiographic appearance) of 91.7% and
83.3%, respectively [104]. Biodentine and MTA have comparable success rates when used as direct
pulp capping or pulpotomy material in permanent mature teeth with carious exposure (Table 2). The
success rate of the VPT decreased from overall 96% after 1-year follow-up to 93.8% at the 3-year
follow-up (Biodentine—91.7% and MTA—96.0%) [105]. A randomized clinical trial was conducted to
investigate the outcome of the DPC of permanent young teeth with Biodentine; it showed no failures
after 12 months, while both calcium hydroxide and MTA had a 13.6% failure rate after the same time
period [106]. Other studies also support claims of Biodentine’s and MTA’s superiority over calcium
hydroxide in terms of success rate in pulp capping procedures [107,108]. Another study reported
that the success rate of DPC with BD is 90.9% in patients younger than 40 and 73.8% in patients 40 or
older [109]. It is worth emphasizing that patient’s age significantly influences the clinical outcome of
this vital pulp therapy and needs to be taken into consideration when choosing successful treatment.

Based on a cell/tissue culture model, it can be concluded that materials used in pulp capping
procedures directly affect the regeneration potential of the dental pulp by modulating the secretion of
factors such as TGF-β1 [68,110]. Biodentine applied directly onto pulp, induces reparative dentine
formation resulting in complete dentin bridge formation, absence of an inflammatory pulp response
and layers of well-arranged odontoblasts and odontoblast-like cells observed after 6 weeks [108].
There is ample evidence for the positive effects of BD on vital pulp cells, for stimulating tertiary dentin
formation and for early formation of reparative dentin [111]. Biodentine had a similar effect on dentin
bridge formation to MTA (Table 3) [71,112,113]. In contrast to another study [46], a clinical trial in
adults showed complete dentin bridge formation in 100% of Biodentine cases, compared to 11% and
56% in TheraCal®and ProRoot®MTA, respectively [114]. In terms of quality of induced dentin, MTA
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exceeded BD, although concerning completion of the dentin bridge, BD had better results. Therefore,
those reports are inconclusive in choosing the most reliable pulp capping material. Nevertheless, in
the later stages of differentiation and mineralization of dentin bridge, Biodentine had been observed to
have a better performance. That is attributed to a notable increase in alkaline phosphatase expression
and calcium nodule formation compared to the MTA characteristics [70]. The antibacterial properties
of BD and MTA can refer to the high alkaline pH of these materials, which has an inhibitory effect on
the growth of microorganism and causes disinfection of dentin (Table 3) [115].

Due to unsatisfactory aesthetics and physical properties of Biodentine, there is a need for an
overlying material with final restoration, usually a composite. Yet, despite the possibility of immediate
restoration placing after initial set, there is statistically significant increase in SBS when bonding with
Biodentine after a 72-h maturation period [86]. Moreover, Biodentine presents a considerably lower
SBS to composite than glassionomer cement (GI) even after a 2-week maturation period (Table 3).

Although Biodentine offers many advantages over MTA, it presented significantly lower SBS
values than MTA to restorative materials, including composite (Filtek Z250, 3M, Saint Paul, MN,
USA), compomer (Dyract XP®) and RMGI cement (Photac-Fil Quick Aplicap, 3M, Saint Paul, MN,
USA) [116]. On the other hand, another study showed clinically acceptable scores and higher SBS of
Biodentine compared to MTA when used with the methacrylate-based composite [53]. Inferior results
obtained with Biodentine might be explained by the deficient intrinsic maturation, which can take
over 2 weeks [87,88]. These results highlight the importance of leaving Biodentine and MTA to mature
before the application of the overlying restoration for better clinical outcomes.

3.3. TheraCal LC

TheraCal LC (Bisco, Schaumburg, IL, USA) was introduced in 2011 to overcome poor bonding
of CSMs to resins in final restorations. TheraCal LC is a light-cured calcium silicate-based material
designed as both a direct and indirect pulp capping material that facilitates the immediate placement
of final restoration.

A material’s ability to remineralize tooth’s structure is associated with the resin formula of
TheraCal LC that possesses calcium and hydroxide ion release properties. The bioavailability of
calcium ions released form TheraCal LC is proven to be in the concentration range for potential
stimulatory activity for dental pulp and odontoblasts, although still significantly lower than in the case
of Biodentine [117–119]. The hydration process of Theracal LC was found to be incomplete due to the
limited moisture diffusion within the material [118]. Thus, no calcium hydroxide is produced, and
less calcium ion leaching is recorded, resulting in an inferior remineralization potential compared to
Biodentine. The absence of calcium hydroxide in set TheraCal LC suggests that calcium ions released
from this material are not in the hydroxide form. Hence, it can be concluded that the presence of a resin
matrix modifies the setting mechanism and calcium ion kinetics of TheraCal LC, resulting in lower
calcium-releasing ability (Table 3) [120]. In vitro study reported that the CSMs (Biodentine, ProRoot
MTA) induced remineralization of artificially demineralized dentine at a definitely higher speed and
intensity than TheraCal LC [121].

The material seals the pulp capping site despite contact with dentinal or pulpal fluids, as its
solubility is lower than ProRoot MTA, MTA Angelus and Biodentine (Table 2) [26]. Additionally,
dentinal fluids play a crucial role in the release of calcium and hydroxide ions supporting the sealing
capacity of the induced apatite. TheraCal LC exhibited superior sealing ability and comparable
interfacial microleakage to MTA and Biodentine, showing better performance overall [122].

Lack of cytotoxicity and biocompatibility are the significant factors referring to pulp capping
agents which directly affect the clinical outcome. Based on evaluation of pulpal responses in dog
partial pulpotomy cases, complete dentin bridge was observed only in 33% of specimens [123]. It was
found that TheraCal LC produced the least favorable pulpal responses compared to both ProRoot
MTA and RetroMTA. Overall, research reported that TheraCal specimens had lower quality calcific
barrier formation, extensive inflammation and less favorable odontoblastic layer formation (Table 3).
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Those findings were attributed to the presence of acrylic monomer Bis-GMA in the material. However,
it should be noted that Bis-GMA was not detected, despite being listed in the safety data sheet provided
by the supplier [124]. Presence of resin in the pulp capping agent which may remain unpolymerized is
often associated with adverse pulpal reactions that lead to pulp toxicity and inflammation. The study
designed to investigate the consequences of adding resins to tricalcium silicates by comparative
analysis showed that TheraCal is toxic to pulp fibroblasts and has a higher inflammatory effect and a
lower bioactive potential than Biodentine [125]. Those findings coincide with another study which
reported that the reparative capacity of TheraCal LC is inferior to Biodentine [126]. TheraCal LC results
showed dentin bridge formation with mild chronic inflammation, reduced dentin bridge thickness
and a higher inflammatory score, which may be attributed to the hydration properties of TheraCal
LC (Table 3). Moreover, despite that the photopolymerization of TheraCal LC is associated with low
heat generation, it could still potentially induce adverse pulpal effects when used in pulp capping
procedures [127].

TheraCal LC exhibits higher bond strength values than Biodentine when layered with either
composite or glassionomer cement [128,129]. To enhance SBS, E&R adhesives are recommended when
placing composite restoration on TheraCal LC (Tables 2 and 3) [81].

Although sufficient bioactivity, superior handling properties and superior quality of bonding with
the final overlaying restoration could justify the use of TheraCal LC as the IPC agent, further in vitro
and in vivo studies are required. Furthermore, TheraCal cannot be recommended for DPC [125].

3.4. ACTIVA BioACTIVE

ACTIVA BioACTIVE-BASE/LINER (Pulpdent, USA) was launched in 2014 claiming the strength,
aesthetics and physical properties of composites and increased release and recharge of calcium,
phosphate and fluoride in comparison with glassionomer (GI). On the other hand, it has been proven
that the fluoride ion release of ACTIVA is lower than that of the conventional GI (Keta Molar Quick
Aplicap, 3M ESPE, Saint Paul, MN, USA) and also than that of RMGI cement (VitremerTM, 3M-ESPE,
Saint Paul, MN, USA) [130,131]. The results indicate the ACTIVA BioACTIVE does uptake fluoride and
re-release it, which could offer decreased incidence of secondary caries. At this time, the ion-releasing
ability of these materials has not been proven to protect from caries at restoration margins.

The company markets this product as a “light-cured resin-modified calcium silicate” (RMCS)
combining uncompromised attributes of both composite and GI [132]. Despite claimed bioactivity,
the manufacturer recommends the use of ACTIVA BioACTIVE products in cases without pulpal
involvement and ACTIVA BioACTIVE-BASE/LINER only in cases of IPC.

Comparing to both MTA and Biodentine, ACTIVA BioACTIVE represents a favorable setting
time with no delay placing final restoration (Table 2). The material has three setting mechanisms; it
cures with low intensity light for 20 s per layer and has both glass-ionomer (acid-base reaction) and
composite self-cure setting reactions (Table 1). The anaerobic, self-cure (best under oxygen barrier;
e.g., glycerine) setting-time is 3 min. It is also advisable to allow the material to self-cure for 15–20 s
before light curing.

The bioactive properties of ACTIVA BioACTIVE products are based on a mechanism whereby
the material responds to pH cycles and plays an active role in releasing and recharging of significant
amounts of calcium, phosphate and fluoride [131]. Some authors have suggested that ability to release
biologically active ions is more accurately termed “biointeractivity” and is a prerequisite for a material
to be bioactive [117]. These mineral components are responsible for stimulating the formation of
mineralized hard tissue. As calcium ions play a key role in the material-induced proliferation and
differentiation of human dental pulp cells, they also stimulate the formation of a connective apatite layer
and seal at the material-tooth interface. ACTIVA exhibited the potential to stimulate biomineralization
at the same level as MTA, Biodentine and TheraCal LC on the basis of releasing the same amount of Ca
and OH ions (ionic supplemented conditions) (data not shown in Table 3) [133].
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Despite the fact that ACTIVA BioACTIVE products are RMGICs, the laboratory and clinical
findings indicate that the self-adhesive ability of the material is not elucidated [52]. The aforementioned
hypothesis was confirmed in a 1-year clinical follow-up of posterior restorations made with ACTIVA
BioACTIVE Restorative, indicating a very high initial failure rate [134]. According to the manufacturer,
no additional pretreatment of the capped site is required (Table 3). Studies have reported overall higher
microleakage of cavities restored with ACTIVA BioACTIVE if no previous etching was performed nor
an adhesive applied, compared to cavities restored with resin composite [135,136]. Similar observations
were presented in the study where bond strength measurement of ACTIVA BioACTIVE Restorative
after 28 days was not possible due to loss of restorations if no pretreatment was performed or if dentine
was etched [52]. Under the conditions of this study, the conclusion can be drawn that self-adhesive
property of ACTIVA BioACTIVE products is nonexistent; thus, it exhibits an insufficient protection of
pulp in VPT (Table 3).

Considering the material’s characteristics, the application of ACTIVA BioACTIVE in direct and
indirect pulp capping might be justified. Nevertheless, to this day there is insufficient evidence and
there have been too few clinical studies to support its reliability in vital pulp therapies. Moreover,
the resin in pulp capping materials such as ACTIVA BioACTIVE BASE/LINER would presumably shift
the regeneration-inflammation balance towards the latter. As in the other light-cured tricalcium silicate,
incomplete resin photopolymerization may lead to free monomers’ release, and consequently to pulpal
toxicity [137]. However, to accurately assess ACTIVA BioACTIVE’s reparative potential or influence on
the vital pulp in pulp capping procedures, further in vitro and in vivo studies are necessary. It can be
stated that compared with calcium silicates, resin-containing materials are not fully consistent with the
spirit of DPC. On the contrary, calcium silicate materials such as Biodentine and MTA shift the balance
towards regeneration, resulting in successful clinical outcomes [138]. However, a recent in vivo study
concluded that ACTIVA BioACTIVE BASE/LINER exhibited excellent biocompatibility and healing for
rat subcutaneous tissues in comparison with CSMs (MTA-HP and iRoot BP Plus) [139]. Nevertheless,
further evidence is needed to substantiate such claims.

4. Conclusions

Development of minimally invasive biologically based therapies aimed at preservation of the pulp
vitality remains the key theme within contemporary clinical endodontics. The present findings confirm
that both MTA and Biodentine are reliable materials in the matter of inducing dentin bridge formation
while keeping a vital pulp in both direct and indirect pulp capping procedures [71,104,108,112,140].
This review also reports Biodentine’s superiority in relatively easier manipulation, lower cost and
faster setting when compared to MTA with comparable or even outstanding clinical outcomes (Table 2).
High biocompatibility and excellent bioactivity further go in favor of this dental replacement material,
although more long-term clinical studies are needed for a definitive evaluation of Biodentine as a pulp
capping agent.

Future in vitro and in vivo studies are necessary to validate the clinical importance of the
new generation of light-cured resin-modified calcium silicates; namely, TheraCal LC and ACTIVA
BioACTIVE BASE/LINER. In addition, more studies are needed to support use of these materials in
VPT other than indirect pulp capping. RMGIC’s superior handling properties, quality of bonding
with final overlaying restoration and the possibility of immediate restoration placement, might result
in more predictable treatments from both a histological and a clinical perspective. Therefore, those
materials should constitute the objects of future studies, especially in terms of cytotoxicity, quality of
induced dentin bridge and protocols for higher bond strength to tooth structure and final restoration.
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Abstract: The use of dental composites based on dimethacrylates that have quaternary ammonium
groups is a promising solution in the field of antibacterial restorative materials. This study aimed to
investigate the mechanical properties and behaviors in aqueous environments of a series of six copoly-
mers (QA:TEG) comprising 60 wt.% quaternary ammonium urethane-dimethacrylate (QAUDMA)
and 40 wt.% triethylene glycol dimethacrylate (TEGDMA); these copolymers are analogous to a com-
mon dental copolymer (BG:TEG), which comprises 60 wt.% bisphenol A glycerolate dimethacrylate
(Bis-GMA) and 40 wt.% TEGDMA. Hardness (HB), flexural strength (FS), flexural modulus (E), water
sorption (WS), and water solubility (SL) were assessed for this purpose. The pilot study of these
copolymers showed that they have high antibacterial activity and good physicochemical properties.
This paper revealed that QA:TEGs cannot replace BG:TEG due to their insufficient mechanical prop-
erties and poor behavior in water. However, the results can help to explain how QAUDMA-based
materials work, and how their composition should be manipulated to produce the best performance.
It was found that the longer the N-alkyl chain, the lower the HB, WS, and SL. The FS and E increased
with the lengthening of the N-alkyl chain from eight to ten carbon atoms. Its further extension, to
eighteen carbon atoms, caused a decrease in those parameters.

Keywords: dimethacrylate copolymers; quaternary ammonium methacrylates; urethane-dimethacrylates;
photocurable copolymers; mechanical properties; water behavior

1. Introduction

In recent years, a significant increase in the intensity of research into the development
of dental restorative materials with antibacterial properties has been observed [1,2]. This re-
sults from the fact that teeth and periodontal diseases have become a global problem in the
21st century, and new steps must be taken to keep this issue under control [3–5]. Currently,
the most commonly used dental restorative materials are dimethacrylate composites that
consist of bisphenol A glycerolate dimethacrylate (Bis-GMA) and its derivatives: urethane-
dimethacrylate monomer (UDMA), and triethylene glycol dimethacrylate (TEGDMA) [6].
Their popularity is due to their excellent functional properties, esthetics, and low price.
However, they do not protect against secondary caries and dental inflammations, because
they have negligible antibacterial activity [7,8]. Their modification with bioactive com-
pounds is perhaps the most reasonable means of giving them antibacterial properties.
This can be performed in two ways. The first approach uses the admixing of particles of
inorganic or organic compounds that have antibacterial effects [9,10]. The main advantage
of this approach is its low price. However, such free particles can leach from the com-
posite, as no covalent bonds exist between them and the matrix. This results in a shorter
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restoration lifetime and increases composite cytotoxicity. The second approach uses the
copolymerization of common dimethacrylates with methacrylate monomers containing
quaternary ammonium (QA) groups (QAMs) [11–13]. As these quaternary ammonium
groups are positively charged, they interact with negatively charged bacteria cell walls.
This causes an electric imbalance inside the bacteria cell, the leaching of cytoplasmic com-
ponents that are essential for its proper functioning, an increase in the osmotic pressure
inside the cell, and, finally, cell lysis, when the existing risk of cytotoxicity for mammalian
cell lines is intracellular in origin. Abnormalities in or damage to intracellular biochemical
processes, such as intracellular oxidative stress, oxidative DNA damage, and the induction
of intrinsic mitochondrial apoptosis, are involved in lieu of membrane disintegration or cell
lysis [14]. Covalent bonding between QAM and other dimethacrylates results in better and
more stable physicochemical, mechanical, and biocidal properties of chemically modified
composites, compared to physically modified composites [15].

First, monomethacrylates with quaternary ammonium groups (mono-QAMs) were
produced [16–22]. Composites enriched with their presence showed high antibacterial ac-
tivity against many strains of bacteria, including Streptococcus mutans, Actinomyces viscosus,
and Lactobacillus casei [17–22]. However, it was found that the mono-QAM-repeating units
reduced crosslink density in the composite matrix, which caused the deterioration of its
mechanical properties, and led to an increase in water sorption and solubility [19,20,23].

Then, dimethacrylates with quaternary ammonium groups (di-QAM) were devel-
oped [23–35]. They did not decrease copolymer crosslink density, because they have
two methacrylate groups [23]. A series of composite materials enriched with their pres-
ence showed high antibacterial activity against many strains of bacteria, such as S. mu-
tans [23–25,28–30,32,35], A. viscosus [24], Escherichia coli [25,27], Lactobacillus acidophilus [24],
Streptococcus sanguinis [24], Porphyromonas gingivalis [24], Prevotella melaninogenica [24], En-
terococcus faecalis [24], Pseudomonas aeruginosa [25], Staphylococcus aureus [24,25,27], and
Bacillus subtillis [25]. Additionally, the results of these studies showed that the antibacterial
activity of composites modified with di-QAMs depended on the number of QA groups in
the di-QAM molecule. The more QA groups, the higher the antibacterial activity. Therefore,
di-QAM monomers with two QA groups may offer a more promising alternative to those
with one QA group, because they achieve an adequate antibacterial effect in the composite
at a lower concentration [35]. However, the mechanical and physicochemical properties of
copolymers or composites modified with di-QAMs have rarely been examined.

In our previous study [26], we described the synthesis of six novel quaternary am-
monium urethane-dimethacrylates (QAUDMAs): namely, the UDMA analogues. They
consisted of the trimethylhexamethylene diisocyanate (TMDI) core and two wings. Each
wing was terminated with the methacrylate group and contained one quaternary am-
monium group substituted with the N-alkyl chain of eight (C8), ten (C10), twelve (C12),
fourteen (C14), sixteen (C16), and eighteen (C18) carbon atoms (Figure 1). Novel QAUD-
MAs show an adequate refractive index, glass transition temperature, and density; however,
due to their high viscosity, it is necessary to use a reactive diluent with these monomers for
dental applications. Therefore, in next stage, a pilot study on the characterization of the
QAUDMA-based polymers was performed for copolymers comprising 60 wt.% QAUDMA
and 40 wt.% TEGDMA (Figure 1) (QA:TEGs) [27]. The results of that study showed that
QA:TEGs were characterized by a high degree of conversion (DC), a high glass transition
temperature (Tgp), and low polymerization shrinkage (S); they also showed high antibac-
terial activity against S. aureus and E. coli, which justified the next phase of the research.
The goal of the current investigation was to enhance our knowledge of the properties of
QA:TEGs, focusing on their mechanical properties and behavior in the aqueous environ-
ment. To this end, hardness, flexural strength, the flexural modulus, water sorption, and
water solubility were determined for six QA:TEGs formulations. This type of research is
not widely available for QAM-based polymeric materials. The results of this study provide
conclusions about the influence of the QAUDMA chemical structure, and in particular the
length of the N-alkyl nitrogen substituent, on the physical and mechanical characteristics
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of their copolymers. Such knowledge has not previously been attained, and it is essential
for understanding how a dimethacrylate copolymer containing QAUDMA repeating units
works, and how it should be designed to result in the best performance.

Figure 1. The chemical structure of the QAUDMA, Bis-GMA, and TEGDMA monomers used in
this study.

2. Materials and Methods
2.1. Chemicals and Reagents

Alkyl bromides, N-methyldiethanolamine (MDEA), and methyl methacrylate (MMA) were
purchased from Acros Organics (Geel, Belgium). Bisphenol A glycerolate dimethacrylate (Bis-
GMA), camphorquinone (CQ), dibutyltin dilaurate (DBTDL), 2-dimethylaminoethyl methacrylate
(DMAEMA), phenothiazine (PTZ), triethylene glycol dimethacrylate (TEGDMA), and tetram-
ethylsilane (TMS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chloroform,
methylene chloride, potassium carbonate, and toluene were purchased from POCH S.A.
(Gliwice, Poland). Trimethylhexamethylene diisocyanate (TMDI) was purchased from
Tokyo Chemical Industry (Tokyo, Japan). All reagents were used as received.

2.2. Monomer Synthesis

QAUDMAs were synthesized in a three-stage process as described in our previous
work [26]. First, MMA was transesterificated with MDEA in the presence of a reaction
catalyst (K2CO3), a polymerization inhibitor (PTZ), and toluene. The product was isolated
from the reaction mixture by washing it with distilled water and chloroform. The crude
product was vacuum distilled. It was then N-alkylated with alkyl bromides with alkyl
chains of 8, 10, 12, 14, 16, and 18 carbon atoms. The quaternized products were subjected to
addition with TMDI in the presence of the reaction catalyst (DBTDL), the polymerization
inhibitor (PTZ), and methylene chloride. QAUDMAs were isolated from the reaction
mixture by evaporating the solvent. The NMR and FT-IR spectra of QAUDMAs are
presented in [26].
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2.3. Photopolymerization

Six 60 wt.% QAUDMA and 40 wt.% TEGDMA compositions, and one 60 wt.% Bis-
GMA and 40 wt.% TEGDMA composition serving as a reference sample (Table 1), were
photopolymerized in the presence of the 0.4 wt.% CQ and 1 wt.% DMAEMA initiating
system. Polymerizations were performed in square-shaped glass molds with dimensions
of 90 mm × 90 mm × 4 mm (length × width × thickness), and disc-like Teflon molds
with dimensions of 15 mm × 1.5 mm (diameter × thickness). A UV-VIS lamp with a
280–780 nm wavelength and 2400 mW/cm2 radiation exitance (Ultra Vitalux 300, Osram,
Munich, Germany) was used for irradiation. This curing procedure is described in detail in
our previous work [27]. The resulting casts were cut into specimens of dimensions dictated
by particular standards, and sanded clean with fine sanding paper (Figure 2).

Table 1. Compositions and structural parameters of the studied 60 wt.% QAUDMA and 40 wt.%
TEGDMA (QA:TEG) liquid monomer compositions.

Sample Name

Sample Composition Structural Properties of the Liquid Monomer
CompositionsQAUDMA TEGDMA

Number of
Carbon Atoms in the

N-alkyl Chain

Mole
Fraction

Mole
Fraction

Molecular
Weight
(g/mol)

Concentration of
Double Bonds

(mol/kg)

Degree of
Conversion 1

(%)

QA8:TEG C8 0.31 0.69 496 4.03 84.2
QA10:TEG C10 0.30 0.71 505 3.96 84.0
QA12:TEG C12 0.28 0.72 512 3.90 86.0
QA14:TEG C14 0.27 0.73 520 3.85 88.7
QA16:TEG C16 0.26 0.74 526 3.80 87.1
QA18:TEG C18 0.26 0.74 533 3.75 87.1

Bis-GMA

BG:TEG - 0.46 0.54 389 5.14 64.8
1 taken from [27].

Figure 2. Sample preparation.
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2.4. Mechanical Properties
2.4.1. Hardness

Disc-like samples of 40 mm × 4 mm (diameter × thickness) were tested for hardness
(HB) using VEB Werkstoffprűfmaschinen apparatus (Leipzig, Germany), according to the
ISO 2039-1 standard [36].

HB was calculated according to the following formula:

HB (MPa) =
Fm

0.21
(h−hr)+0.21

πdhr
, (1)

where:
Fm—the test load;
d—the diameter of the ball intender (d = 5 mm);
h—the immersion depth;
hr—the reduced depth of immersion (hr = 0.25 mm).

2.4.2. Flexural Properties

Bars of 80 mm × 10 mm × 4 mm (length × width × thickness) were tested for flexural
strength (FS) and flexural modulus (E) using a universal testing machine (Zwick Z020, Ulm,
Germany), according to ISO 178 standards [37].

FS and E were calculated according to the following formulas:

FS (MPa) =
3Pl
2bd2 , (2)

E (MPa) =
P1l3

4bd3δ
, (3)

where:
P1—the load at the selected point of the elastic region of the stress-strain plot;
P—the maximum load;
l—the distance between supports (l = 64 mm);
b—the sample width (b = 10 mm);
d—the sample thickness (h = 4 mm);
δ—the deflection of the sample at P1.

2.5. Water Sorption and Solubility

Disc-like samples of 15 mm × 1.5 mm (diameter × thickness) were tested for water
sorption (WS) and solubility (SL) according to ISO 4049 standards [38].

Samples dried to a constant weight (m0) were stored in distilled water for seven days
at room temperature. After that, the specimens were removed from the water, blotted dry,
and weighed (m1). The samples were then dried again to a constant weight (m2). Dryings
were performed at 100 ◦C in a conditioning oven. All weightings were performed with an
analytical balance (XP Balance, Mettler Toledo, Greifensee, Switzerland) of 0.0001 g accuracy.

WS and SL were calculated according to the following formulas:

WS (µg/mm3) =
m1 − m0

V
, (4)

SL (µg/mm3) =
m0 − m2

V
, (5)

where:
m0—the initial mass of the dried samples;
m1—the mass of the swollen samples;
m2—the mass of the dried samples after immersion in water;
V—the initial volume of the dried samples.
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2.6. Statistical Analysis

The results were expressed as an average value and a corresponding standard devia-
tion (SD) achieved for five specimens in each testing method. A non-parametric Wilcoxon
test (p = 0.05) was used to determine the statistical significance of the results. The calcu-
lations were performed using Statistica 13.1 (TIBCO Software Inc., Palo Alto, CA, USA)
software.

3. Results

A series of six copolymers consisting of 60 wt.% QAUDMA and 40 wt.% TEGDMA
(QA:TEG) was subject to an investigation that included the measurement of mechani-
cal properties and behavior in water. The copolymer of 60 wt.% Bis-GMA and 40 wt.%
TEGDMA served as a reference sample (BG:TEG). The sample names and their composi-
tions are specified in Table 1.

3.1. Mechanical Properties

The summarized results of the mechanical properties HB, FS, and E are given in
Table 2.

Table 2. Mechanical properties of the studied copolymers: hardness (HB), flexural strength (FS), and
flexural modulus (E). Lower case letters indicate statistically insignificant differences (p > 0.05) with a
column (non-parametric Wilcoxon test).

Sample Name
HB (MPa) FS (MPa) E (MPa)

Average SD Average SD Average SD

QA8:TEG 51.41 a,b 4.32 21.59 a,b 0.66 679.0 36.2
QA10:TEG 51.17 a,c 6.93 37.37 c 2.27 851.6 a 47.4
QA12:TEG 50.87 b,c 4.08 34.46 c 2.18 848.7 a 24.7
QA14:TEG 41.60 d,e 3.63 28.38 1.38 772.3 b 31.1
QA16:TEG 41.21 d,f 2.27 20.13 a 1.62 753.5 b 31.8
QA18:TEG 42.17 e,f 1.08 21.75 b 1.90 459.4 34.4

BG:TEG 107.56 5.70 51.63 6.76 2800.9 78.9

The HB values of the QA:TEGs ranged from 51.41 to 42.17 MPa. They decreased as
the length of the N-alkyl substituent increased. All of the QA:TEGs were characterized
by lower HB values than the BG:TEG reference sample (HB = 107.56 MPa). All of these
differences were statistically significant. The highest HB value was found for the QA8:TEG,
which was lower by 52% in comparison to the BG:TEG reference sample. The differences
between QA8:TEG, QA10:TEG, and QA12:TEG were statistically insignificant, as were
those between QA14:TEG, QA16:TEG, and QA18:TEG. However, the HB values of the
copolymers of the first group were statistically significantly higher, compared to the HB
values of the copolymers of the latter group.

The FS values of the QA:TEGs ranged from 37.37 to 20.13 MPa. All of the QA:TEGs
were characterized by lower FS values than the BG:TEG reference sample (FS = 51.63 MPa).
All of these differences were statistically significant. The highest FS was found for the
QA10:TEG (FS = 37.37 MPa), which was 28% lower than the BG:TEG reference sample. The
second highest FS value was found for the QA12:TEG (FS = 34.46 MPa). In comparison to
QA8:TEG (FS = 21.59 MPa), the FS values of QA10:TEG and QA12:TEG were statistically
significantly higher, by 73 and 60%, respectively. They were also statistically significantly
higher compared to the FS values of the remaining QA:TEGs. QA16:TEG was characterized
by the lowest FS value (FS = 20.13 MPa). In comparison to QA8:TEG, this value was
lower by 6%. This value was also slightly lower than the FS value of the QA18:TEG
(FS = 21.75 MPa). These differences were statistically insignificant.

The E values of the QA:TEGs ranged from 459.4 to 851.6 MPa. All of the QA:TEGs
were characterized by lower E values than the BG:TEG reference sample (E = 2800.9 MPa).
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All of these differences were statistically significant. The highest E was found for the
QA10:TEG (E = 851.6 MPa), which was 70% lower than the BG:TEG reference sample.
The second highest E was found for QA12:TEG (E = 848.9 MPa). In comparison to the
QA8:TEG (E = 679.0 MPa), the E values for QA10:TEG and QA12:TEG were statistically
significantly higher by 25%. They were also statistically significantly higher than the E
values of the remaining QA:TEGs. QA18:TEG was characterized by the lowest E value
(E = 459.4 MPa). In comparison to QA8:TEG, this value was lower by 32%. This difference
was statistically significant.

3.2. Water Sorption and Solubility

The summarized results related to water sorption (WS) and water solubility (SL) are
given in Figure 3.

Figure 3. Water sorption (a) and water solubility (b) of the studied copolymers. Lower case letters
indicate statistically insignificant differences (p > 0.05, non-parametric Wilcoxon test).

The WS values of the QA:TEGs ranged from 116.08 to 148.31 µg/mm3. All of the
QA:TEGs were characterized by higher WS values than the BG:TEG reference sample
(WS = 27.20 µg/mm3). The WS values decreased as the length of the N-alkyl substituent
increased. In addition, all of these decreases were statistically significant. The lowest WS
value was found for QA18:TEG, which was higher by 326% in comparison to the BG:TEG
reference sample.

The SL values of the QA:TEGs ranged from 12.67 to 52.39 µg/mm3. All of the
QA:TEGs were characterized by higher SL values than the BG:TEG reference sample
(SL = 3.92 µg/mm3). The SL values decreased as the length of the N-alkyl substituent
increased. In addition, all of these decreases were statistically significant. The lowest SL
value was found for QA18:TEG, which was 223% higher than that of the BG:TEG reference
sample.

4. Discussion

Dimethacrylate monomers containing quaternary ammonium groups have been rec-
ognized as compounds with high antibacterial activity. Therefore, using them to produce
novel dental composite matrices represents a potential solution for caries treatment. In
recent years, many studies of the development of new methacrylate structures containing
quaternary ammonium groups have been conducted. However, the focus of these studies
is often limited to the determination of the antimicrobial activity of the polymers.

This work is a continuation of research into the new urethane-dimethacrylate monomers
with quaternary ammonium groups and their copolymers. The results of previous works
revealed the promising physicochemical characteristics of QAUDMA monomers [26], as
well as the structural, physicochemical, and antibacterial properties of their copolymers
with TEGDMA [27]. This work was intended to enhance our knowledge of the influence of
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QAUDMAs on the mechanical properties and behaviors in water of their copolymers with
TEGDMA.

Matrices in dental composite restorative materials often consist of 60 wt.% Bis-GMA
and 40 wt.% TEGDMA, where Bis-GMA is responsible for high mechanical performance,
and TEGDMA acts as a reactive diluent. Therefore, this work aimed to verify how the
complete replacement of Bis-GMA with the new QAUDMAs would affect the copolymers’
mechanical properties and behavior in water.

4.1. Mechanical Properties

Mechanical properties are responsible for dental materials’ performance and capabili-
ties under particular stresses present in the oral environment. These mechanical properties
should be determined to assess the proper functioning and usefulness of dental materials,
as well as to evaluate the limitations that result from composition and/or curing parameters
(initiation systems, irradiation sources, etc.) [39]. Common mechanical properties that are
usually considered are hardness, stiffness, and strength.

4.1.1. Hardness

Hardness (HB) is defined as the resistance to permanent surface indentation. Adequate
HB provides dental restoration materials with suitable resistance to stresses arising from
mastication and abrasion [40].

The tested QA:TEGs were characterized by HB values lower than that of the BG:TEG
reference sample. Such a result suggests that studied QA:TEGs are characterized by
insufficient HB values; therefore, they cannot be used as matrices in dental composites.
The results for HB can be interpreted from a structural perspective. The decrease in HB
values that accompanied the increase in the length of the N-alkyl substituent did not
show a correlation with the DC, which is a structural parameter that strongly influences
poly(dimethacrylate)s’ hardness [41]. The QA:TEGs were characterized for DC in our
previous study [27] and those results are shown in Table 1. As can be seen, the QA:TEGs
had high DC values, which ranged from 84.0 to 88.7%, and the length of the N-alkyl
substituent had no visible influence. These DC values can be classified as high, as the DC
value of the BG:TEG reference sample was 64.8%. As the DC did not influence the HB, the
length of the N-alkyl substituent is probably the key factor affecting HB. The precise analysis
of hardness showed that QA8:TEG, QA10:TEG, and QA12:TEG had similar HB values.
A similar situation was observed for QA14:TEG, QA16:TEG, and QA18:TEG. However,
the HB values of the first group were higher than the HB values of the latter group. The
lengthening of the N-alkyl substituent from C8 to C12 did not cause a significant decrease
in the HB values. However, a further increase in its length caused a notable decrease in the
HB values.

4.1.2. Flexural Strength

Flexural strength (FS) is a key factor related to the durability of dental restorative
materials. Its value represents the pressure that the material can withstand before breaking.
The higher the FS value, the higher the stress that the material can withstand [42].

The tested QA:TEGs were characterized by FS values lower than that of the BG:TEG
reference sample. The initial lengthening of the N-alkyl substituent from C8 to C10 caused
a significant increase in the FS value. Its further lengthening caused a decrease in FS values.
This trend did not have any correlation with the DC values, which were high for the studied
QA:TEGs. The trend of the FS values can be explained by the strength of intermolecular
interactions between the QAUDMA repeating units in the QA:TEG. This hypothesis can
be justified by a comparison of the FS values determined for QA:TEGs with the viscosity
values of QAUDMAs, which were determined in our previous work (Figure 4) [26].

Viscosity is a common indicator of intermolecular interactions present between monomer
molecules. The higher the strength of the molecular interactions, the higher the viscosity,
and the more limited the molecular movement [43]. As can be seen in Figure 4, the viscosity
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of the QAUDMA monomers initially increased with the increase in the length of the N-
alkyl substituent from C8 to C10, and its maximum was observed for QA10:TEG. Further
lengthening resulted in a decrease in viscosity values. This confirms the hypothesis about
the dependency of FS on viscosity.

Figure 4. Flexural strength of the QA:TEG copolymers and viscosity of the QAUDMA monomers.

4.1.3. Flexural Modulus

The flexural modulus (E) is a key factor that refers to the stiffness of dental restorative
materials. Its value represents the ratio between bending stress and the strain measured in
the linear elastic region of a material.

The tested QA:TEGs were characterized by E values lower than that of the BG:TEG
reference sample. The initial lengthening of the N-alkyl substituent from C8 to C10 caused
a significant increase in the E value. Its further lengthening caused a decrease in E values.
As in the case of FS, the trend observed for the E values did not correlate with the DC
values, and is related to the strength of the intermolecular interactions between QAUDMA
units (Figure 5).

Figure 5. Flexural modulus of the QA:TEG copolymers and viscosity of the QAUDMA monomers.

4.2. Water Sorption and Solubility

Water sorption (WS) and solubility (SL) are two physicochemical factors crucial for
the proper functioning of dental restorative materials.
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4.2.1. Water Sorption

Excess water absorbed by the dental restorative material usually deteriorates its
mechanical properties and has a plasticizing effect on the matrix by decreasing its glass
transition temperature [44]. It can also lead to volumetric expansion, resulting in tooth
or restoration breakdown [45]. Therefore, the WS of dental materials should be assessed;
according to the ISO 4049 standard [38], its value cannot be greater than 40 µg/mm3.
The tested QA:TEGs were characterized by WS values greater than that given in the ISO
standard, as well as that of the BG:TEG reference sample. The percentage differences
over the value indicated in the ISO standard increased as the length of the N-alkyl chain
decreased, and ranged from 192 to 271%. Therefore, none of the six QA:TEGs could be
applied as a matrix in dental restorative materials.

The results for WS can be explained with reference to monomer chemical structures
and copolymer crosslink density.

Two quaternary ammonium groups in the QAUDMA molecule are probably the main
factor responsible for the high WS. This is due to the presence of both positively and
negatively charged ions that are prone to absorb water [31].

The QA:TEGs are characterized by lower crosslink density compared to the BG:TEG
reference sample. The concentration of methacrylate double bonds in the monomer mixture
was used as a parameter to assess the chemical crosslink density in the corresponding
copolymer. As can be seen from Table 1, those values decreased as the length of the N-alkyl
substituent increased, which means that crosslink density decreases according to the same
order. A more detailed analysis of the WS values showed that they had a high linear
correlation with the concentration of double bonds on a semi-logarithmic scale (Figure 6).

Figure 6. The correlation between the water sorption of the QA:TEG copolymers and the concentra-
tion of double bonds in the corresponding monomer compositions. The dotted line - the trendline,
the yellow points show the mean values of water sorption.

The relationship between the WS values and the concentration of double bonds is
very interesting, as the latter parameter is only diversified by the molecular weight of
the N-alkyl chain in QAUDMA. It might be suspected that the increase in the length of
the quaternary nitrogen substituent would cause the loosening of the copolymer network
structure. Consequently, water would be able to migrate into it more easily, causing an
increase in the WS. However, we observed the opposite effect. This can be explained by
the following factors. First, the previous study on QA:TEGs shows that the N-alkyl chain
takes up less space than suspected, probably due to a coiled conformation [27]. Second, as
the length of the N-alkyl chain increases, the quaternary nitrogen structural region gains
hydrophobicity. This hypothesis is confirmed by the results achieved in the previous work
pertaining to the water contact angle of QA:TEGs. It was found that the hydrophobicity
of the QA:TEGs’ surface, quantified by the water contact angle values, increased with the
increase in the length of the N-alkyl substituent [27]. Third, there is also a hypothesis in
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the literature that long N-alkyl chains can adopt specific conformations that obscure the
quaternary nitrogen atoms, reducing water affinity [46].

QA:TEGs are also physically crosslinked due to the formation of hydrogen bonds with
the hydrogen donor of the QAUDMA urethane linkages. Such hydrogen bonds could cause
a slight decrease in WS values. Comparing the WS values of the BG:TEG reference sample
to the other common dental composition containing the urethane-dimethacrylate monomer
(UDMA) (40 wt.% Bis-GMA, 40 wt.% UDMA, 20 wt.% TEGDMA, WS = 25.64 µg/mm3 [47]),
the latter’s WS value is 6% lower. The fact that QA:TEGs have much higher WS values
than the BG:TEG reference sample indicates that physical crosslinks involving urethane
hydrogen bonds were insufficient to reduce water absorption.

4.2.2. Water Solubility

Water solubility (SL) results from the presence of sol fraction [39]; this consists of
low molecular weight structures, including monomer molecules, which are not chemically
incorporated into the copolymer network. Leaching of sol fraction has an adverse effect
on the proper functioning of dental restorative materials, for the following reasons. First,
sol fraction is related to incomplete curing [48,49]. Therefore, the mechanical properties of
dental restorations might significantly differ from the theoretical level. Second, the elution
of the sol fraction may cause the appearance of voids inside the restoration, which would
weaken it mechanically [50,51]. Third, the biocompatibility of the filling is reduced. The
sol fraction usually has significant cytotoxicity, and therefore its eluting may have harmful
effects on surrounding tissues or have a negative impact on organisms [52]. Therefore,
the SL of dental materials should be assessed; according to the ISO 4049 standard [38], its
value cannot be greater than 7.5 µg/mm3. The tested QA:TEGs were characterized by SL
values greater than that given in the ISO standard, as well as that of the BG:TEG reference
sample. The percentage differences over the value indicated in the standard increased as
the length of the N-alkyl chain decreased, and ranged from 69 to 599%. Therefore, none of
the QA:TEGs could be used as a matrix in dental restorative materials. This result can be
explained with reference to monomer chemical structures and molecular weights.

Since the quaternary ammonium groups have a high affinity to water, the QAUDMA
sol fraction can easily migrate from the restoration to an aqueous environment. Detailed
analysis of the SL values shows that they have a high linear correlation with MW on a
semi-logarithmic scale (Figure 7).

Figure 7. Correlation between the water solubility of the QA:TEG copolymers and the molecular
weight of the corresponding monomer compositions. The dotted line-the trendline, the yellow points
show the mean values of water solubility.
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The MW values of the QA:TEG monomer compositions are high (Table 1). The rela-
tionship found for the SL and MW values may indicate that monomers with longer N-alkyl
substituents have more difficulty leaching into the aqueous environment, due to the larger
size of the monomer molecule. Another factor limiting sol fraction leaching can result from the
length of the N-alkyl substituent, which had diverse hydrophobicity. The longer the N-alkyl
substituent, the greater the MW, and the higher the hydrophobicity [27,53].

5. Conclusions

A series of six 60 wt.% QAUDMA and 40 wt.% TEGDMA copolymers were character-
ized for their mechanical properties and behaviors in water. All of the tested properties
depended on the N-alkyl substituent length in the QAUDMA repeating unit. Hardness de-
creased as the length of the N-alkyl chain increased. Flexural strength and modulus initially
increased as the length of the N-alkyl chain increased, up to ten carbon atoms. Its further
lengthening caused a decrease in those values. The changes in the flexural strength and
modulus were similar to the changes in the viscosity of the QAUDMA monomers, which
may be attributed to the changes in the strength of intermolecular interactions between
monomer units. Water sorption and solubility decreased as the length of the N-alkyl chain
increased. Water sorption revealed a correlation with the concentration of double bonds in
the QA:TEG monomer compositions, whereas water solubility revealed a correlation with
the molecular weight of QA:TEG monomer compositions.

The values of the mechanical properties, water sorption, and solubility obtained for
QA: TEGs indicate that their chemical composition is unsuitable for potential matrices of
dental restorative composites. As such, additional investigations into biological properties
such as cytotoxicity, or more sophisticated antimicrobial tests, are not justified for these
materials. Further research into the QAUDMA-based copolymers must be conducted to
obtain materials characterized by adequate values of all physicochemical and mechanical
properties. This study provided general insight into the influence of the N-alkyl substituent
length on hardness, flexural strength, modulus, water sorption, and solubility, which can
help to design QAUDMA-based copolymers of suitable performance.
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Abstract: The aim of this study was to evaluate the effect of modification with liquid rubber on
the adhesion to tooth tissues (enamel, dentin), wettability and ability to inhibit bacterial biofilm
formation of resin-based dental composites. Two commercial composites (Flow-Art–flow type with
60% ceramic filler and Boston–packable type with 78% ceramic filler; both from Arkona Laboratorium
Farmakologii Stomatologicznej, Nasutów, Poland) were modified by addition of 5% by weight (of
resin) of a liquid methacrylate-terminated polybutadiene. Results showed that modification of the
flow type composite significantly (p < 0.05) increased the shear bond strength values by 17% for
enamel and by 33% for dentine. Addition of liquid rubber significantly (p < 0.05) reduced also
hydrophilicity of the dental materials since the water contact angle was increased from 81–83◦ to
87–89◦. Interestingly, modified packable type material showed improved antibiofilm activity against
Steptococcus mutans and Streptococcus sanguinis (quantitative assay with crystal violet), but also cyto-
toxicity against eukaryotic cells since cell viability was reduced to 37% as proven in a direct-contact
WST-8 test. Introduction of the same modification to the flow type material significantly improved its
antibiofilm properties (biofilm reduction by approximately 6% compared to the unmodified material,
p < 0.05) without cytotoxic effects against human fibroblasts (cell viability near 100%). Thus, modified
flow type composite may be considered as a candidate to be used as restorative material since it
exhibits both nontoxicity and antibiofilm properties.

Keywords: resin composite; wettability; biofilm formation; cytotoxicity

1. Introduction

The polymer matrix of dental composites is commonly made of methacrylate resin
blends. Unfortunately, due to the brittleness of resin-based composites, they show sus-
ceptibility to fracture under the occlusal forces [1]. Most studies focus on the toughening
of dental composites by optimization of the resin mixture composition or reinforcement
modifications [2–4]. Introduction of elastomers into a matrix of the dental composites is a
promising method for their toughening and improvement of their fracture toughness [5–7].
Until recently, rubber modification of resin-based composites (RBC) remained in the realm
of the laboratory [6,8]. Our latest research has shown that modification of the composite
matrix with an acrylonitrile-free liquid rubber not only increases the fracture toughness [7],
but also ensures patient safety due to the use of materials without carcinogenic properties.
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The durability and clinical success related to the use of dental restorations highly depend on
the strength of adhesive system which provides long-lasting bonds to the hard tooth tissues
and the restorative composite. The morphological features of the cavity surface, which
are the results of the mechanical and chemical processing, are responsible for the bond
strength of the adhesive system. These microirregularities are impregnated by appropriate
(meth)acrylate or (meth)acrylamide monomers with both hydrophilic and hydrophobic
groups present in the adhesive system. Hydrophilic groups improve the wettability and
bond strength to dental hard tissues, while the hydrophobic ones allow the interaction and
co-polymerization with the restorative composite. Polymerization of the monomers results
in various forms of interpenetrating networks [9]. The presence of liquid rubber in the
composition of restoration material may potentially affects the strength of its bonding to
the adhesive system.

The cytotoxicity of the resin composites used in dentistry is primarily associated
with the release of residual monomers due to incomplete polymerization processes [10].
Over 30 different agents, some of them cytotoxic, have been isolated from cured dental
composites, including compounds such as the main monomers, comonomers, various
additives and reaction products [11]. Despite an observed increased degree of conversion
after modification of the composites with liquid rubber [7], there is still possibility of the
release of small amounts of monomers or hydrolytic degradation products. It is clear
that consequences other than strong cytotoxicity, e.g., potential carcinogenic effect or
inflammation, are also of high importance for the determination of the biological safety of
dental materials.

The BisGMA resin, which is the main component of the composites’ matrix, has po-
lar hydroxyl groups [12]. In this study, a non-polar liquid rubber [13] was used for the
modification of dental composites. Addition of non-polar component may potentially
increase the contact angle of the resultant materials, making them more hydrophobic.
Importantly, it is known that surface wettability has great impact on bacterial coloniza-
tion and subsequent biofilm formation on dental materials [14,15]. Other authors have
already demonstrated that addition of some components to the dental materials results in
increased bacterial biofilm formation, leading to the enamel demineralization [16,17] and
even gingival inflammation [18].

In our previous work, it was proven that addition of the acrylonitrile-free liquid
rubber as a toughening agent results in improved mechanical properties of the resin
composites [7]. It was hypothesized that such a chemical modification of dental materials
may also significantly change their physicochemical properties like adhesive properties and
wettability. Considering all the above mentioned important issues, the primary purpose
of this work was to determine whether applied modification of resin-based materials
may influence their adhesive, surface wettability and bacterial colonization properties.
Moreover, cytotoxicity tests were performed on eukaryotic cells to evaluate the potential
clinical usefulness of the modified composites.

2. Materials and Methods
2.1. Fabrication of Dental Composites

Two commercial composites: Flow-Art–flow type (marked as F) and Boston–packable
type (marked as B) (Arkona, Nasutów, Poland) were used as starting research materi-
als. The composites are made of the same components but characterized by different
ceramic contents. The detailed chemical composition of the matrix and reinforcement
are nor disclosed by the manufacturer. Briefly, the production of the composites was as
follows: the matrix was made of Bis-GMA, Bis-EMA, UDMA and TEGDMA dimethacry-
late resins (Sigma-Aldrich Chemicals, Munich, Germany) and it was modified with the
5 wt.% addition of a liquid methacrylate-terminated polybutadiene Hypro®2000X168LC
VTB (CAS 68649-04-7, CVC Thermoset Specialties, Moorestown, NJ, USA) having vinyl
reactive functional groups. The mixture was supplemented in each case with a photoini-
tiator (camphorquinone), co-initiator (2-dimethylaminoethyl methacrylate, DMAEMA)
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and an inhibitor (butylated hydroxytoluene, BHT) (all additives were purchased from
Sigma-Aldrich Chemicals). The composite reinforcement was a mixture of pyrogenic silica,
Ba-Al-B-Si glass and titanium dioxide added in various proportions: 60% by weight and
78% by weight in the case of flow (F) and packable (B) type of composite, respectively.
The composition and the manufacturing of the composites modified with liquid rubber
were claimed in the Polish patent application no. P.427219 [19]. Briefly, the base resins
were premixed with the liquid rubber and then the first batch of the ceramic phase was
introduced into the mixer in order to disperse the copolymer and obtain its homogeneous
distribution in the whole volume of the matrix. Subsequently, the second batch of fillers
(ceramic phase and other additives) was introduced into the mixer and the mixing process
was continued using a vacuum to remove air from the composite. All materials were cured
for 20 s in a stainless steel using led lamp (1350 mW/cm2 intensity). Curing was performed
according to ISO 4049:2019 standard [20]. All tested materials used in the research were
prepared by Arkona Laboratorium Farmakologii Stomatologicznej (Nasutów, Poland).
Modified flow (F) and packable (B) composites were marked as FM and BM, respectively.

2.2. Wettability Determination

Wettability (surface water contact angle–CA) was determined using a Krüss DSA25E
goniometer (Krüss Scientific Instruments, Hamburg, Germany) equipped with CCD camera.
Specimens for the wettability test were prepared in a form of discs (15 mm in diameter,
1 mm thick). Water contact angle was studied through the sessile drop method (1 µL of
ultrapure water droplet was dosed at 0.16 mL/min flow rate) using static contact angle
measurements [21]. The experiments were performed at room temperature (22 ◦C) after
24 h polymerization period of the composites (index “1” next to the sample symbol).
The measurements were repeated for the samples that were additionally incubated for
24 h in pure deionized water (index “2” next to the sample symbol) to assess whether
humidified oral cavity environment may influence composites’ wettability. The value of
the water contact angle, characteristic to selected surface, was obtained by averaging the
mean contact angles (in fifteen measurements performed for 3 independent samples, n = 3).
The unpaired t test and the Statistica software (TIBCO Software Inc., Palo Alto, CA, USA)
were used to determine statistically significant results between unmodified samples and
corresponding modified composites (B was compared to BM and F was compared to FM).
Samples incubated in deionized water were not compared to untreated ones (without
incubation in water).

2.3. Assessment of the Shear Bond Strength to the Tooth Tissues

The shear bond strength (SBS) was examined according to ISO 29022:2013 stan-
dard [22]. The use of the SBS methodology was applied to assess the impact of the presence
of liquid rubber in the composites on their adhesive properties.

Twenty human molars without caries were used in this study after obtaining in-
formed consent and approval of the Bioethics Committee of Medical University of Lublin
(Lublin, Poland, KE-0254/339/2016). Each tooth was recovered after testing and used four
times to obtain the required number of repetitions. In total, each material was tested ten
times (n = 10) using enamel or dentin [23]. At the same time, this approach allowed us to
maintain the randomness of using the teeth to make the results more reliable. Teeth were
sectioned by a low speed diamond saw in order to reveal appropriate tissues while con-
stantly keeping the teeth moist. Then, teeth tissues were mounted in cold-curing resin in
cylindrical polycarbonate holders, so as to expose the facial enamel or dentin. After the
specimens were mounted, their surfaces were abraded on silicon carbide abrasive paper
(P600 grit size). Immediately after the abrasive treatment of the surface, it was etched
with orthophosphoric acid for 30 s, then rinsed with a strong stream of water and dried.
Then the bonding agent was applied (Masterbond, Arkona) and cured for 10 s using a led
curing lamp of intensity 1350 mW/cm2. The Masterbond is a single bottle, etch-and-rinse
adhesive type, which combines the primer and adhesive action.
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Teflon molds with central cylindrical cavity (2.38 mm in diameter, 2 mm thick) were
used for the specimens and filled with the appropriate composite followed by polymer-
ization for 20 s. Specimens were then stored for 24 h at 37 ◦C in distilled water prior to
the testing and were then loaded in a universal testing machine (Autograph AG-X plus,
Shimadzu, Kyoto, Japan) at a constant crosshead speed of 0.5 mm/min until fracture.
The SBS was then calculated as the stress corresponding to maximum load force divided
by the area of the bonded surface. The unpaired t test and Statistica software were used to
determine statistically significant results between unmodified samples and corresponding
modified composites (B was compared to BM and F was compared to FM). Results obtained
with dentin were not compared to the results obtained with enamel.

2.4. Antibiofilm Activity
2.4.1. Bacterial Culture

Evaluation of biofilm formation on B, BM, F, FM samples was conducted using a
modified Tu et al. method [24]. Bacterial adhesion assays were performed using Strepto-
coccus mutans PCM 2502 and Streptococcus sanguinis PCM 2335 strains (the strains were
obtained from the Polish Collection of Microorganisms PCM, Institute of Immunology
and Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland) as a model of
primary colonizer in biofilm formation on dental materials. In our tests reference bacteria
species were used to minimize confounding variables. Initially, bacteria were cultured
under anaerobic conditions for 48 h at 37 ◦C on BHI agar (BioMaxima S.A., Lublin, Poland).
Each bacterial strain was diluted in BHI broth (BioMaxima S.A.) to get 1.5 × 108 CFU/mL
of bacteria for biofilm assays.

2.4.2. Seeding of the Dental Composites with Bacteria

Eighteen disc samples (three for each experiment) with a diameter of approximately
12 mm and a height of 1 mm were sterilized by immersing the specimens for 10 s in 70%
ethanol and drying at room temperature. Dry samples were rinsed twice with 200 µL of
phosphate buffered saline (PBS, Pan-Biotech, Aidenbach, Germany) and then placed in
the wells of 12-well polystyrene plates. Next, 1000 µL of BHI broth were added to each
well. Simultaneously, other plates with composite discs were filled up with 1000 µL of BHI
broth with 0.25% sucrose, which is a main sugar responsible for biofilm formation on the
dental materials. Sucrose was added to broth to determine the changes in bacterial biofilm
formation on the surface of B, BM, F, FM samples dependent on the absence or presence
of this sugar in the medium. Finally, an amount of 20 µL of bacterial inoculum (1.5 × 108

CFU/mL) was transferred to each well. In the case of mono-species biofilm tests it was
S. sanguinis or S. mutans. For mixed-species biofilm assays it was 10 µL of S. sanguinis
(1.5 × 108 CFU/mL) and 10 µL of S. mutans (1.5 × 108 CFU/mL) added together. Sterility
controls (only BHI or BHI+sucrose) and positive biofilm growth controls formed on the
polystyrene surface (BHI or BHI + sucrose with bacterial inoculum) were included in all
experiments. Plates were anaerobically incubated at 37 °C for 48 h.

2.4.3. Quantitative Biofilm Determination

Biofilm determination was performed according to the procedures described in [25,26].
After 48 h incubation of composite samples with bacterial strains, the medium was discarded
and the samples were rinsed twice with 200 µL of fresh medium to leave only bacteria attached
to abiotic surfaces. Remaining cells that were attached to the discs, were subsequently stained
for 10 min. with CV (1 mL of 0.1% crystal violet) at room temperature, what allowed to
visualize biofilm architecture. Discs were transferred to fresh wells, washed twice with 500 µL
of sterile water to remove any CV that were not bound to bacteria. Finally, discs with biofilm
were individually placed for 15 min. into tubes with 1000 µL of 20% acetic acid to allow the
dye to solubilize at room temperature and sonicated (3 min.) to disperse the biofilm. Obtained
CV/acetic acid solutions were transferred (200 µL) to a new 96-well plate to measure the optical
density (OD at 590 nm) of each sample and additionally positive and negative controls. OD
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determination (200 µL from 1000 µL of one sample) was repeated five times and the average
value was calculated. For each group of materials, a negative control (sterility disc control)
consisting of the disc sample immersed in proper broth and positive growth controls (S. mutans
or S. sanguinis or mixed S. mutans with S. sanguinis with proper broth in wells of polystyrene
plates) were included. The OD value obtained for the positive controls was considered as
equal to 100% biofilm formation. The results obtained with the experiment were checked for
statistically significant differences (p < 0.05, n = 3) compared to the positive control of biofilm
formation according to the unpaired t test (GraphPad Prism 5, Version 5.03 GraphPad Software,
Inc., San Diego, CA, USA). Moreover, biofilm formation was compared between unmodified
samples and corresponding modified composites (B was compared to BM and F was compared
to FM). Results obtained with different bacterial species were not compared to each other.

2.4.4. Qualitative Biofilm Determination by Confocal Microscopy

The aim of the experiment was to visualize the viability and possible adhesion of bac-
terial cells to the modified materials (B, BM, F, FM) or control polystyrene surface. For this
purpose, a Viability/Cytotoxicity Assay kit for Bacteria Live and Dead Cells (Biotium,
Fremont, CA, USA) was used. The kit contains dyes that stain live cells (green fluorescence
provided by DMAO dye) and dead bacteria (red fluorescence provided by EthD-III dye
and green fluorescence provided by DMAO). Based on conducted staining it was possible
to evaluate the structure and viability of the biofilm formed on the abiotic surfaces [27,28].
After 48 h of incubation with bacteria suspension (see Section 2.4.2.), the disc samples were
subjected to confocal microscopy observation. Firstly, tested discs were gently rinsed with
BHI medium (200 µL) to eliminate planktonic bacteria that were loosely attached to the
samples and to leave only the biofilm on the surfaces. Then, samples were placed in the
wells and stained using fluorescent dyes’ solution prepared in PBS (Pan-Biotech). The stain-
ing procedure was carried out according to the manufacturer instructions. After 15 min of
incubation at room temperature, bacterial biofilm on the disc surfaces was visualized using
confocal laser scanning microscope (CLSM, Olympus Fluoview equipped with FV1000,
Olympus, Tokyo, Japan). The mono-species biofilm positive controls or mixed-species
biofilm positive control were grown simultaneously on the bottom of polystyrene wells
under the same anaerobic conditions (37 ◦C for 48 h).

2.5. Cytotoxicity Evaluation
2.5.1. Eukaryotic Cell Culture

In vitro cell culture experiments were conducted with the use of normal human fi-
broblast cell line (BJ, ATCC, CRL-2522TM), which is a model cell line commonly applied
for cytotoxicity tests on new biomaterials and medical devices. The BJ cells were cultured
in EMEM medium (ATCC-LGC Standards, Teddington, UK) with the following supple-
mentation: 10% fetal bovine serum (FBS, Pan-Biotech) and penicillin-streptomycin solution
(Sigma-Aldrich Chemicals, Warsaw, Poland). The cells were maintained in an incubator at
37 ◦C (humidified atmosphere of 95%, 5% CO2, 95% air).

2.5.2. Quantitative Evaluation of Cytotoxicity

Cytotoxicity of the composites was evaluated in direct contact with the eukaryotic
cells [29]. Prior to the cell seeding, tested materials were sterilized in the same manner
as described in Section 2.4.2. Then the samples were placed in a 24-multiwell plate and
presoaked for 20 min. in the complete culture medium at 37 ◦C. Cell culture-treated glass
coverslip in the form of disc (13 mm in diameter) served as a control nontoxic material
(negative control of cytotoxicity). 5 × 104 of BJ cells were seeded on top surface of the
tested materials in 500 µL of the complete culture medium. After 48-h incubation at 37
◦C, viability of BJ cells was assessed by colorimetric WST-8 test (Sigma-Aldrich Chemicals,
Poland), which was performed according to the manufacturer protocol. The experiment
was carried out in triplicate–3 independent samples of B, BM, F, FM, and control material
were tested (n = 3). Cells cultured on the control material were considered to reveal 100%
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viability. Viability of cells grown on the tested materials was expressed in % and calculated
based on the absorbance values obtained with cells grown on the control material and
cells cultured on the tested samples. The results obtained with WST-8 assay were checked
for statistically significant differences (p < 0.05) among tested groups (all groups were
compared to each other, including control cells) using one-way ANOVA test followed by
Tukey’s multiple comparison test (GraphPad Prism 5, Version 5.03).

2.5.3. Qualitative Evaluation of Cytotoxicity

The experiment was performed in direct contact with tested materials according to
protocols described previously [30,31]. BJ fibroblasts were seeded on top surface of the
materials in the same manner as described above (Section 2.5.2.). Upon 48-h incubation,
cells grown on the top surface of the sample discs as well the cells which flawed down
and were cultured on the polystyrene around the tested materials were stained using
calcein-AM (green fluorescence of live cells) and propidium iodide (red fluorescence of
dead cells). The dyes were the components of Live/Dead Double Staining Kit (Sigma-
Aldrich Chemicals, Poland). Stained cells (their viability and morphology) were visualized
using CLSM (Olympus Fluoview equipped with FV1000).

3. Results and Discussion
3.1. Wettability Determination

Average values of water contact angle (CA) for the tested materials are presented in
Figure 1. The pairs of B-F and BM-FM samples had similar water CA values (CA < 90◦),
indicating their hydrophilic character. Modification of RBC by using liquid rubber signifi-
cantly (p < 0.05) increased the CA value from 81–83◦ to 87–89◦.
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Figure 1. The surface water contact angles determined for tested materials. Asterisks (*) point at
statistically significant differences (p < 0.05) according to the unpaired t test.

Thus, the introduced modification of dental composites slightly reduced their hy-
drophilicity. After immersion of the materials in deionized water (for 24 h), a slight increase
of water CA values was observed for all samples, however without statistical significance.
Wettability of the biomaterials’ surface may have impact on eukaryotic cells’ and bacterium
adhesion and thus biocompatibility and biofilm formation on the dental materials, respec-
tively [32–35]. Results of these studies showed that modification of RBC with liquid rubber
reduced their wettability (hydrophilicity). Moreover, humidified oral cavity may further
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reduce hydrophilicity of fabricated dental composites. The presence of the aquatic environ-
ment as well as mechanical interactions, can form–by releasing nonpolar compounds–a
thin film on the surface with strong hydrophobic properties. This thin film may provide a
strong repulsive force that prevents bacteria adhesion. Similar phenomenon was observed
by Rüttermann et al. [36].

3.2. Shear Bond Strength

Results of SBS tests are presented in Figure 2. Modification of flow type composite
(FM sample) resulted in significant increase (p < 0.05) of SBS value for both kinds of tooth
tissues. The 17% increase in the SBS value for enamel was observed, whereas SBS value for
dentine increased by over 33%. In the case of modified packable composite (BM sample),
an upward trend was observed however without statistical significance.
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Figure 2. The shear bond strength estimated for tested materials depending on type of the tooth tissue.
Asterisks (*) point at statistically significant differences (p < 0.05) according to the unpaired t test.

The test showed a significant increase in SBS value in the case of flow type dental
composite after modification with liquid rubber (FM specimen). It was assumed that
observed increase may be related to the reduced viscosity after liquid rubber modification of
resin matrix, which was demonstrated in our previous work [7]. An upward trend, however
without statistical significance, was observed for modified packable composite (BM). It
was noticed that flow type composites showed almost equal SBS values as packable ones.
In the case of flowable material a higher SBS value can be explained by better penetration
to microirregularities of the substrate surface. Moreover, improved conversion degree
obtained after the modification [7] may enhance the connection with the bonding agent.

With a similar chemical composition of the matrix, it can be expected that the SBS
value will be comparative to the matrix volume fraction in the composite. It should also
be taken into account that in the case of the packable composite, it is possible to form
porosity by closing the air bubbles. This fact will facilitate cracking according to Griffith’s
theory. However, the SBS values estimated for both packable composites (B and BM) were
almost equal to the values obtained for both flow composites (F and FM). The high SBS
value obtained for the packable composite may be the result of its higher elastic modulus
demonstrated in our previous study [7], leading to more uniform distribution of the stress
over the bonded interface.
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3.3. Antibiofim Activity

To evaluate the effects of the B, BM, F, FM materials on biofilm formation, composite
discs were added to planktonic bacteria (separately S. mutans, S. sanguinis for mono-species
biofilm assay or S. mutans with S. sanguinis for mixed-species biofilm) and incubated for
48 h. Next, crystal violet staining was used to quantitatively detect biofilm. Figure 3
clearly shows strong reduction of biofilm formation on all tested materials compared to
positive control grown on polystyrene. Flow type materials (F, FM) were more resistant
(but the results were not statistically significant) to bacterial colonization (regardless of the
species and the type of medium) than packable type composites (B, BM) having a higher
content of ceramics. Importantly, modified FM material had the most resistant surface to
biofilm adhesion among all tested samples. Considering % of positive controls (biofilm
formation = 100%), it was less than 7% of mono- or mixed-species biomass grown (both in
BHI medium and enriched with sugar) on the FM disc. The inhibition of biofilm formation
followed the trend: FM (less than 7%), F disc (less than 12.79%), BM (less than 15.01%), and
B (less than 18.9%) against the positive control.
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Figure 3. Quantification of the adhered bacteria to the B, BM, F, and FM materials compared to the
control surface (polystyrene): (a) biofilm formation on materials in BHI broth; (b) biofilm formation
on materials in BHI broth with 0.25% sucrose; results are shown as mean values ± SD from triplicate
experiments; * indicates statistically significant results (p < 0.05) compared to the control, # indicates
statistically significant results (p < 0.05) between unmodified and corresponding modified composite
(the unpaired t test).

Figure 3a,b show that addition of 0.25% sucrose to the medium increased (com-
pared to clear BHI broth) the growth of biofilm but mainly in the case of controls grown on
polystyrene (increase by 43.3% for S. mutans, 25.2% for S. sanguinis, and 25.1% for mixed
species). Slight increase in biofilm formation in the medium with sucrose was observed
also on B material (increase by 1.94% for S. sanguinis and by 0.43% for mixed species).
Importantly, in the case of both modified dental biomaterials (BM and FM), this extra sugar
did not promote biofilm formation.

Results obtained with the quantitative assay were next confirmed by biofilm determi-
nation with the use of CLSM. The CLSM images presented in Figure 4a,b show S. mutans
and S. sanguinis mono- and mixed-species biofilm on the materials surface with viable
(stained green) and dead colonies (stained yellow-red). Surface of the disc without biofilm
is visible as a non-stained area (no fluorescent signal—black color).

142



Materials 2021, 14, 1704

Materials 2021, 14, x FOR PEER REVIEW  9  of  15 
 

 

mutans and S. sanguinis mono‐ and mixed‐species biofilm on the materials surface with 

viable (stained green) and dead colonies (stained yellow‐red). Surface of the disc without 

biofilm is visible as a non‐stained area (no fluorescent signal—black color). 

 

Figure 4. Cont.

143



Materials 2021, 14, 1704
Materials 2021, 14, x FOR PEER REVIEW  10  of  15 
 

 

 

Figure 4. CLSM images of biofilm formed by S. sanguinis, S. mutans, and mixed species: S. sanguinis 

and S. mutans on B, BM, F, FM composite materials in BHI medium (a) and in BHI + 0.25% sucrose 

medium (b). Magn. 400×, scale bar = 70 μm (green fluorescence—viable cells, yellow and red 

fluorescence—dead cells). 

Figure 4. CLSM images of biofilm formed by S. sanguinis, S. mutans, and mixed species: S. sanguinis
and S. mutans on B, BM, F, FM composite materials in BHI medium (a) and in BHI + 0.25% sucrose
medium (b). Magn. 400×, scale bar = 70 µm (green fluorescence—viable cells, yellow and red
fluorescence—dead cells).

The control group demonstrated viable bacteria after 48 h of incubation in BHI and
BHI with sucrose, which formed green fluorescent colonies, proving that bacteria were
viable during the period of evaluation. Whereas dead bacteria (red colonies) and some
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small green colonies (formed by viable bacteria) were observed on the tested composite
discs. The images clearly demonstrate weaker adhesion of the bacteria to the modified
FM, BM samples as well as to the unmodified F and B discs in comparison to the control
(Figure 4a,b). However, the weakest bacteria adhesion was observed on the FM composite
that contained liquid rubber and lower content of ceramics compared to packable type
composites. Therefore the images confirmed the quantitative tests, where mono- and mixed-
species biofilms showed limited growth on FM, F, BM and B disc surfaces in comparison
with control surfaces. Importantly, the FM composite had the most resistant surface to
bacterial adhesion.

Periodontal diseases and caries are caused by oral microflora changes and are the most
common bacterial diseases occurring in the human and animal oral cavity. Almost 80% of
bacterial infections of tissue or implants are associated with biofilm formation. Despite var-
ious findings concerning the physical and biochemical parameters of the biofilm-forming
bacteria and the surface characteristics of the implant, the need for an ideal material still
exists. Within these studies the antibiofilm properties of new dental materials were tested
against caries bacteria. The effect of various types of material surfaces (B, BM, F, FM) and
sucrose additions on biofilm formation were determined.

There are contrary opinions in the available literature concerning biofilm formation
ability of main oral cavity bacteria (S. sanguinis and S. mutans) dependent on the surface
wettability of the dental materials. It was observed that S. sanguinis bacteria better adhere to
the ceramic materials compared to titanium regardless of the surface hydrophilicity [33]. In-
terestingly, some papers have described better adhesion and biofilm formation by S. mutans
on hydrophilic surfaces [37] while majority of the authors proved that S. mutans bacteria
have hydrophobic character of cell membrane and thus better adhere to the hydropho-
bic materials [32,38]. Moreover, it was observed that surface topography and chemistry
are the key factors responsible for bacterial biofilm formation, whereas wettability is the
second-rate issue [33,34].

Unfortunately, there is no clear factor enabling prediction of the probability of bac-
terial adhesion to the surface of dental materials. However, there are many features of
materials’ surface affecting the adhesion of bacteria to the implants, e.g., material chemical
composition, its specific texture and topography as well as wettability and physicochemical
properties of the surface. In fact, multiple factors are working simultaneously affecting
bacterial adhesion. According to available literature it is known that surface roughness and
character (hydrophilic or hydrophobic) of oral cavity bacteria wall–rather than material
wettability–are the major agents responsible for bacterial adhesion [34,39,40]. This is in
agreement with our results which demonstrated that samples modified with liquid rubber
disc (FM) were the most resistant to bacterial biofilm formation among all tested samples,
although the modification reduced the hydrophilic character. Thus, it is possible that
modifications of composites influenced also their surface topography providing improved
antibacterial protection. Importantly, all investigated samples had hydrophilic character,
which according to many authors limits S. mutans and S. sanguinis bacteria adhesion [33,41].
Since unmodified samples revealed slightly higher hydrophilicity compared to BM and FM
discs, it may be inferred that slightly reduced biofilm formation on modified composites
most likely resulted from their different topography compared to unmodified materials.

3.4. Evaluation of Materials’ Cytotoxicity

Direct cytotoxicity tests performed after 48-h culture of fibroblasts on the surfaces
of the materials demonstrated lack of cytotoxicity only for B (viability = 83%), F (viabil-
ity = 95%), and FM (viability = 104%) materials, whereas modification of B composite
(BM sample) resulted in a significant reduction of cell viability to 37% (Figure 5).

145



Materials 2021, 14, 1704

Materials 2021, 14, x FOR PEER REVIEW  12  of  15 
 

 

 Live/dead staining of  fibroblasts cultured directly on  the materials showed  that B 

and  BM  surfaces  were  not  favorable  to  cell  adhesion  and  growth  (Figure  6).  Only 

apoptotic (green and red fluorescence) and dead cells (red fluorescence) were found on 

the surfaces of these materials. F sample allowed attachment of small amounts of cells, 

whereas  FM  material  was  very  supportive  to  cell  adhesion  and  survival,  which  is 

consistent with WST‐8 direct cytotoxicity results (Figure 5). Importantly, there was also 

great number of apoptotic and dead cells around the BM sample, proving cytotoxicity of 

this material. Cells grown around B, F, and FM materials were viable and had  typical 

fibroblastic morphology. Thus,  in  the  case of B  and F  samples  slight  reduction  in  cell 

viability  (to  83%  and  95%,  respectively)  observed  in  quantitative  direct  contact  test 

(WST‐8) primarily  resulted  from hindered  fibroblast adhesion  to  the  surfaces of  these 

materials.   

 

Figure  5.  Cytotoxicity  of  the materials  assessed  by WST‐8  test  after  direct  48  h  contact  of  BJ 

fibroblasts with the materials (*significantly different results compared to the negative control of 

cytotoxicity,  #significantly  different  results  compared  to  the  B material,  $significantly  different 

results compared  to  the FM material, ^significantly different results compared  to  the F material, 

according to one‐way ANOVA test followed by Tukey’s multiple comparison test, p < 0.05). 

 

Figure 6. Qualitative evaluation of materials’ cytotoxicity by live/dead double staining of BJ fibroblasts cultured for 48 h 

on  the materials’ surfaces, and grown around  the samples  (viable cells—green  fluorescence, nuclei of dead cells—red 

fluorescence, apoptotic cells—green and red florescence); magn. 100×, scale bar = 150 μm. 

Within  these  studies  cytotoxicity was  assessed  in  direct  contact with  the  tested 

composites.  WST‐8  quantitative  assay  showed  that  fibroblasts  revealed  the  highest 

viability on the flow type samples (FM and F) which showed also the highest ability to 

Figure 5. Cytotoxicity of the materials assessed by WST-8 test after direct 48 h contact of BJ fibroblasts
with the materials (*significantly different results compared to the negative control of cytotoxicity,
#significantly different results compared to the B material, $significantly different results compared
to the FM material, ˆsignificantly different results compared to the F material, according to one-way
ANOVA test followed by Tukey’s multiple comparison test, p < 0.05).

Live/dead staining of fibroblasts cultured directly on the materials showed that B and
BM surfaces were not favorable to cell adhesion and growth (Figure 6). Only apoptotic
(green and red fluorescence) and dead cells (red fluorescence) were found on the surfaces
of these materials. F sample allowed attachment of small amounts of cells, whereas FM
material was very supportive to cell adhesion and survival, which is consistent with WST-8
direct cytotoxicity results (Figure 5). Importantly, there was also great number of apoptotic
and dead cells around the BM sample, proving cytotoxicity of this material. Cells grown
around B, F, and FM materials were viable and had typical fibroblastic morphology. Thus, in
the case of B and F samples slight reduction in cell viability (to 83% and 95%, respectively)
observed in quantitative direct contact test (WST-8) primarily resulted from hindered
fibroblast adhesion to the surfaces of these materials.
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Figure 6. Qualitative evaluation of materials’ cytotoxicity by live/dead double staining of BJ fibrob-
lasts cultured for 48 h on the materials’ surfaces, and grown around the samples (viable cells—green
fluorescence, nuclei of dead cells—red fluorescence, apoptotic cells—green and red florescence);
magn. 100×, scale bar = 150 µm.

Within these studies cytotoxicity was assessed in direct contact with the tested com-
posites. WST-8 quantitative assay showed that fibroblasts revealed the highest viability
on the flow type samples (FM and F) which showed also the highest ability to inhibit
biofilm formation, proving their potential in biomedical applications. Moreover, CLSM
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observation demonstrated that FM surface was the most supportive to cell adhesion and
growth among all test samples.

It is well known that hydrophilic surfaces of the biomaterials, revealing low water
CA, promote the adsorption of cell adhesion proteins (e.g., fibronectin, laminin), allow-
ing for more effective eukaryotic cell adhesion [21,35,42]. Interestingly, wettability tests
showed higher hydrophilicity of the B and F samples compared to modified BM and FM
composites. However, the B and BM samples did not allow for attachment of any BJ cell
and F composite hindered cell adhesion. Therefore, surface hydrophilicity was not the
key factor responsible for biocompatibility of fabricated composites. It should be noted
that also other features of materials’ surface influence cell adhesion, e.g., surface chem-
istry, charge or roughness, especially at nanometric scale [43,44]. All composites showed
flat and rather smooth surfaces, thus sensitive analysis such as atomic force microscopy
(AFM) should be performed to evaluate differences in nanoroughness between the samples.
Nevertheless, it may be assumed that slightly lower amount of BJ fibroblasts attached to
the F sample compared to modified FM composite most likely resulted from its smoother
surface. The only difference between B and BM composites was the presence of additional
component in BM material (5% of a liquid methacrylate-terminated polybutadiene), which
improved biocompatibility of F sample. Thus, the reason of cytotoxic effect of only BM
sample is hard to be explained without detailed analysis of surface chemical composition
with the use of ATR-FTIR or XPS, which are planned to be performed in our future studies.

4. Conclusions

Results of the studies described herein revealed that the modification of packable
type resin-based material (B) with liquid rubber reduced its hydrophilicity, improved its
antibiofilm activity against Steptococcus mutans and Streptococcus sanguinis, but made the
resultant BM material cytotoxic against eukaryotic cells. Interestingly, the introduction of
the same modification to a flow type resin-based material (F)—which had lower content of
the ceramic filler compared to the packable type–allowed us to obtain a novel dental mate-
rial (FM) with higher adhesion to the tooth tissues, reduced hydrophilicity, significantly
improved ability to inhibit bacterial biofilm formation and nontoxicity against human
fibroblasts. Based on the obtained results it may be concluded that the fabricated FM
composite can be a candidate to be used as restorative material since it exhibits nontoxicity
and possesses antibiofilm properties, which are the best among all tested composites.
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Abstract: Modifying the composition of dental restorative materials with antimicrobial agents might
induce their antibacterial potential against cariogenic bacteria, e.g., S. mutans and L. acidophilus, as well
as antifungal effect on C. albicans that are major oral pathogens. Essential oils (EOs) are widely known
for antimicrobial activity and are successfully used in dental industry. The study aimed at evaluating
antibacterial and antifungal activity of EOs and composite resin material (CR) modified with EO
against oral pathogens. Ten EOs (i.e., anise, cinnamon, citronella, clove, geranium, lavender, limette,
mint, rosemary thyme) were tested using agar diffusion method. Cinnamon and thyme EOs showed
significantly highest antibacterial activity against S. mutans and L. acidophilus among all tested EOs.
Anise and limette EOs showed no antibacterial activity against S. mutans. All tested EOs exhibited
antifungal activity against C. albicans, whereas cinnamon EO showed significantly highest and limette
EO significantly lowest activity. Next, 1, 2 or 5 µL of cinnamon EO was introduced into 2 g of CR and
microbiologically tested. The modified CR showed higher antimicrobial activity in comparison to
unmodified one. CR containing 2 µL of EO showed the best antimicrobial properties against S. mutans
and C. albicans, while CR modified with 1 µL of EO showed the best antimicrobial properties against
L. acidophilus.

Keywords: essential oils; oral pathogens; antibacterial activity; S. mutans; L. acidophilus; C. albicans;
antifungal activity

1. Introduction

Resin composites are the most commonly used dental restorative materials. They are composed
of organic matrix and inorganic filler and their properties can be modeled with addition of specific
components. The literature provides data on various modifications of dental composites and
adhesives performed to enhance their physico-chemical, mechanical and antimicrobial properties [1–5].
Antibacterial activity of monomers, such as 12-methacryloyloxydodecylpyridinium bromide (MDPB),
has been widely investigated [5]. Among antibacterial agents introduced into the composition of
dental resin materials, most commonly described in the literature are nanoparticles, such as silver,
gold, titanium dioxide, zinc oxide or calcium phosphate, as well as fluoride-containing filler and
fluoride compounds [6–12]. Essential oils (EOs) could be promising alternative to contribute to the
antimicrobial effect of resin composite materials [13,14].
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Essential oils are natural, volatile complex compounds characterized by the odor of their
corresponding aromatic plants [15]. There is no systematic chemical nomenclature for chemical
compounds found in EOs. However, the scientific names are based on their properties or prominent
sources (e.g., limonene, pinene and thymol) [16–18]. They exhibit hydrophobic nature and often lower
density in comparison to water and are generally lipophilic. Moreover, EOs are soluble in organic
solvents, but immiscible with water [19].

EOs are plant products that for decades have been used in traditional healing worldwide. EOs are
biosynthesized as secondary metabolites such as bark (cinnamon), buds (clove), flowers (jasmine,
rose, violet and lavender), fruits (star anise), herbs, leaves (thyme, eucalyptus and salvia), twigs,
wood (sandal), rhizome and roots (ginger), seeds (cardamom) and zest (citrus) [19]. EOs represent
a small fraction of plant composition (less than 5% of the vegetal dry matter) and comprise mainly
hydrocarbon terpenes (monoterpenes and sesquiterpenes) and terpenoids (isoprenoids). The chemical
components of EOs may be produced through either the methylerythritol or the mevalonate or the
shikimic acid pathway [19]. Over 100 different components in various ratios (1%–70%) can be found in
a single type of EO.

EOs exhibit different biological and pharmacological activities, such as antibacterial, antifungal,
antiviral, antimutagenic, antiprotozoal, anti-inflammatory, antidiabetic, antinociceptive, antiphlogistic
and antioxidant properties [20–30].

The combination of several EOs may lead to an additive or antagonistic effect against pathogens [31].
The enhanced antibacterial activity of EO mixture in comparison to individual products may result
from the synergic effect of EO compounds. This effect relies either on inhibiting common biological
pathway in microorganisms, suppressing the protective enzymes, or modifying the functions of the
cellular wall [32]. EOs consist of different chemical compounds which may have different antimicrobial
modes of action. Therefore, the possibility of antimicrobial resistance is minimized [17].

The mechanism of action of EOs against microorganisms has not been completely understood
so far. EOs owe the antimicrobial properties to their volatile components, including terpenoids and
phenolic compounds [33]. EO phenolic compounds are known to penetrate through the microbial
membrane (formatting pores) leading to the leakage of ions and cytoplasmatic content and finally to
cellular breakdown [17,34].

In oral hygiene and dentistry, essential oils are used as components of mouthwashes (i.e., Cool Mint,
Listerine Antiseptic, Johnson&Johnson, Skillman, NJ, USA), toothpastes, antiseptic solutions
and temporary filing materials (eugenol-based products, i.e., zinc oxide-eugenol cement) [35,36].
Incorporating essential oils into adhesive systems may contribute to the decrease in occurrence of
secondary caries due to its antimicrobial activity reported in an in vitro microcosm dental biofilm
model [14]. The main oral pathogens, Streptococcus mutans and Lactobacillus acidophilus are crucial
in caries development. S. mutans plays main role in early demineralization of dental hard tissues,
while L. acidophilus is pivotal in caries development. Various attempts has been made to enhance
antibacterial properties of dental materials, involving the addition of silver-releasing filler [6,7],
calcium fluoride [8,12] or amorphous calcium phosphate [9] into the composition of dental resin
materials or adhesives. Studies reported that incorporation of essential oil into dental composite
structure do not significantly compromise the mechanical properties [13,37], while it could improve its
antibacterial activity and thus reduce the risk of secondary caries.

Yeasts, such as Candida albicans, are found in oral cavity as structural component of dental plaque
biofilm, but more recently it has been recognized as part of cariogenic microbiota [38–41]. C. albicans is
capable of producing acids that might demineralize dental hard tissues. According to Nikawa et al. [42],
C. albicans possesses the ability to dissolve hydroxyapatite to a greater extent (approximately 20-fold)
when compared with S. mutans. Furthermore, the presence of streptococci may promote C. albicans
colonization of dental hard tissues [43]. Studies suggest symbiotic fungal-bacterial relationship
between S. mutans and C. albicans within the biofilm that prevents from killing or inhibiting each
other [44]. However, Maijala et al. [45] claimed that the role of C. albicans in cariogenic process is highly
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overestimated. Incorporating essential oils into dental materials composition seems like a promising
alternative that would allow for enhancement of antimicrobial activity of dental restorative materials.
In terms of potential anticariogenic effect, it would be favorable to investigate antimicrobial activity
of various EOs against major cariogenic pathogens, such as S. mutans, L. acidophilus and C. albicans,
in the same study, in homogeneous conditions. That would help to select the most active EOs in order
to further incorporate them into dental materials composition to enhance their clinical performance.
Thus, the primary aim of this study was to assess which of the different essential oils has the highest
antimicrobial activity against oral pathogens (S. mutans, L. acidophilus and C. albicans). Next, the most
effective essential oil would be selected to incorporate into resin material and the secondary aim of
the study was to evaluate antimicrobial activity against S. mutans, L. acidophilus and C. albicans of the
modified resin composite material.

2. Materials and Methods

This study used the following ten commercially available essential oils (dr Beta, Pollena Aroma,
Nowy Dwór Mazowiecki, Poland): anise, cinnamon, citronella, clove, geranium, lavender, limette, mint,
rosemary and thyme. The composition of tested EOs was presented in Table 1, based on data obtained
from previous studies analyzing the EOs’ composition by gas chromatography with flame-ionization
and mass spectroscopic detection (GC-FID-MS) [46–52] or data from European Pharmacopoeia [53].

Table 1. Characteristics of essential oils used in the study.

Essential Oil
(Name of EO in INCI) Composition

Star anise
(Illicium Verum Oil)

trans-anethole (86.0%–93.0%), linalool (0.2%–2.5%), estragole
(0.5%–6.0%), α-terpineol (<0.3%), cis-anethole (0.1%–0.5%),

anisaldehyde (0.1%–0.5%), foeniculin (0.1%–3.0%) [53]

Cinnamon
(Cinnamomum Zeylanicum Bark Oil)

cinnamaldehyde (76.8%), methoxycinnamaldehyde (11.7%), cinnamyl
acetate (3.2%), cumarin (1.5%), benzaldehyde (1.1%) [48,49]

Citronella
(Cymbopogon Winterianus Oil)

citronellal (36.2%), geraniol (22.4%), citronellol (14.1%), limonene (3.5%),
elemol (3.3%), citronellyl acetate (3.2%) [51]

Clove
(Eugenia Caryophyllus Oil) eugenol (85.3%), β-caryophyllene (10.6%), α-humulene (2.0%) [47,49]

Geranium
(Pelargonium Graveolens Oil)

citronellol (26.7%), geraniol (13.4%), nerol (8.7%), citronellyl formate
(7.1%), isomenthone (6.3%), linalool (5.2%), 10-epi-γ-eudesmol (4.4%),

geranyl formate (2.5%), menthone (1.6%), β-caryophyllene (1.5%),
geranyl butyrate, cis-rose oxide (1.4%), geranial (1.1%), β-baurobonene

(1.1%) [47–49,52]

Lavender
(Lavandula Angustifolia Oil)

linalool (34.1%), linalyl acetate (33.3%), lavandulil acetate (3.2%),
β-ocymene (3.2%), β-caryophyllene (2.7%), cineole (2.5%), terpinen-4-ol

(2.5%), myrecene (2.4%), α-terpineol (1.8%) [48,49]

Limette
(Citrus aurantifolia oil)

linalyl acetate (48.06%), linalool (26.88%), α-terpineol (5.74%), geranyl
acetate (3.92%), geraniol (3.05%), geranial (2.44%) [50]

Mint
(Mentha Piperita Oil)

menthol (30.0%–55.0%), menthone (14.0%–32.0%), cineole (3.5%–14.0%),
menthyl acetate (2.8%–10.0%), isomenthone (1.5%–10.0%), menthofuran

(1.0%–9.0%), limonene (1.0%–5.0%), isopulegol (<0.2%), pulegone
(<4.0%), carvone (<1.0%) [53]

Rosemary
(Rosmarinus Officinalis Oil)

1.8-cineole (46.4%), camphor (11.4%), α-pinene (11.0%), β-pinene (9.2%),
camphene (5.2%), β-caryophyllene (3.5%), borneol (3.1%), αa-terpineol

(1.8%), p-cymene (1.3%), myrecene (1.2%) [47,49]

Thyme
(Thymus Vulgaris Oil)

thymol (38.1%), p-cymene (29.1%), γ-terpinene (5.2%), linalool (3.7%),
β-Caryophyllene (3.1%), carvacrol (2.3%) [46,47,49]

Legend: INCI = International Nomenclature of Cosmetic Ingredients.
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2.1. Microbiological Studies of Essential Oils

Microbiological studies were performed on three reference strains: Streptococcus mutans ATCC
25175 (Oxoid, Basingstoke, UK), Lactobacillus acidophilus ATCC 4356 (Oxoid, Basingstoke, UK) and
Candida albicans ATTC 10231 (Biocorp, Warsaw, Poland). The colonies were stored in Microbank system
(Viabank, Medical Wire&Equipment, Corsham, UK) in the temperature of −30 ◦C until the experiment
was performed. The study protocol was described in detail in previous research paper [8].

Antimicrobial activity of essential oils was tested using agar diffusion test. After 18 h of cultivation,
the suspension has been prepared with the turbidity of the 0.5 McFarland standard and inoculated on
Mueller–Hinton II Agar medium (Becton Dickinson, Franklin Lakes, NJ, USA) for S. mutans, on RPMI
1640 + NaHCO3 + L-Glutamine + phenol red medium (Biocorp, Warsaw, Poland) for C. albicans and
media consisting of 90% IST (Oxoid, Basingstoke, UK) agar and 10% MRS (Oxoid, Basingstoke, UK)
agar adjusted to pH 6.7 for L. acidophilus.

An automatic micropipette (Proline® Plus 2–20 µL, Sartorius Biohit Liquid Handling Oy, Helsinki,
Finland) was used to apply 6 µL of tested essential oil on filter paper discs (Oxoid, Basingstoke, UK).
Chlorhexidine digluconate (CHX) aqueous solution (0.2%) served as a positive control. Filter paper
discs (6 mm in diameter) were incubated for 20 min in room temperature in order to ensure the
homogenous absorption of tested essential oil. Blank discs were used as negative control.

Next, sterile filter paper discs with tested oils, CHX and blank ones were placed directly on the
inoculated agar surface. Special care was taken to ensure uniform contact of the paper disc with
the media surface. The cultures were incubated for 18 h at temperature of 35 ◦C: for S. mutans in
CO2 enriched conditions—GENbox CO2 (bioMerieux S.A., Marcy l’Etoile, France), for L. acidophilus
in anaerobic conditions; GENbox anaer (bioMerieux S.A., Marcy l’Etoile, France), for C. albicans—in
aerobic conditions. After the removal of paper discs, the inhibition growth zones were measured
(without subtracting disc diameter). For each tested EO and CHX, twelve filter paper discs were used
to measure inhibition growth zone of every tested strain.

2.2. Microbiological Studies of Composite Resin Material Modified with Essential Oil

The chosen essential oil was introduced into flowable bulk-fill composite resin (CR) material
(SDR flow, Dentsply Sirona, Konstanz, Germany) and mixed mechanically until obtaining uniform and
homogenous consistency. The essential oils and dimetacrylate resins possess hydrophobic features
hence they can be easily mixed to obtain homogeneous material. The material was modified with the
essential oil that exhibited the highest antimicrobial activity. The concentrations of the essential oil
were chosen as follows: Group 1: 1 µL of EO in 2 g of CR; Group 2: 2 µ of EO in 2 g of CR; Group 3: 5 µL
of EO in 2 g CR.

Disc-shaped (3 mm of height and 6 mm in diameter) samples of composite resin material modified
with essential oil were performed. Each sample was light-cured with halogen lamp (Megalux Soft-start,
Mega-PHYSIC Gmbh & Co. KG, Rastatt, Germany) according to the manufacturer’s instruction
(i.e., 20 s). To evaluate antimicrobial activity against S. mutans, L. acidophilus and C. albicans of essential
oil modified composite resin (EO-CR) eluate method was used.

The samples were placed in 2.5 mL of 0.95% NaCl solution and incubated for 24 h in temperature
of 35 ◦C. Next, after removing tested samples from the eluate, serial dilutions of the tested microbial
strains were prepared (10−1, 10−2, 10−3, 10−4, 10−5 and 10−6) by the introduction of 200 µL of the strains
into 1.8 mL of eluate. Strains were incubated for 18 h.

The control group was a sample of composite resin material, not modified with essential oil,
that was incubated in the same conditions as the study groups samples.

After the incubation, to evaluate bacterial susceptibility, 100 µL of the control and 100 µL of
bacteria dilution (of each dilution) in eluate were cultivated as follows: S. mutans on MH agar
medium (Becton-Dickinson, Franklin Lakes, NJ, USA) in CO2-enriched conditions—GENbox CO2

(bioMerieux S.A., Marcy l’Etoile, France); L. acidophilus in anaerobic conditions on GENbox anaer
medium (bioMerieux S.A., Marcy l’Etoile, France), and C. albicans in aerobic conditions on RPMI
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1640 medium (Thermo Fisher Scientific, Waltham, MA, USA). The strains were incubated for 24 h in
temperature of 35 ◦C.

Upon the cultivation period, bacterial colonies in the studied samples and the control group were
counted. The experiment was repeated twelve times for each EO-CR group and for the control group.

2.3. Statistical Analysis

The descriptive analysis of numerical variables encompasses the calculation of the mean (M)
along with standard deviations (SD) values. The statistical analysis of the significance consisted of the
following: Shapiro–Wilk W test for normality; Levene’s tests for equality of variances; One-way analysis
of variance; Kruskal–Wallis equality-of-populations rank test; Post-hoc multiple comparison tests;
Zero-inflated Poisson regression with robust standard errors. A level of p < 0.05 was deemed statistically
significant. The statistical analyses of were carried out using Stata®/Special Edition, release 14.2
(StataCorp LP, College Station, TX, USA). The post-hoc statistical power was calculated using post-hoc
power analysis calculator (https://clincalc.com/stats/Power.aspx) and a statistical power of 98.56%
was found.

3. Results

3.1. Antimicrobial Activity of Essential Oils (Inhibition Growth Zone)

Figure 1 shows a measurement of representative inhibition growth zone of tested EO. The inhibition
growth zones of tested microbes measured for each essential oil were presented in Figures 2–4. All tested
essential oils, with exception to anise and limette EOs, were found to possess antibacterial activity
against S. mutans (Figure 2). The diameter of the inhibition zone of S. mutans ranged from 0 mm for
anise and limette essential oils up to 40 mm for cinnamon essential oil.

The cinnamon oil showed significantly highest antibacterial activity among all ten tested essential
oils. Next, it was the thyme EO that exhibited significantly higher activity than anise, citronella, clove,
geranium, lavender, limette, mint and rosemary EOs, but significantly lower than the cinnamon EO.
Clove and lavender EOs exhibited antibacterial activity comparable to the one of 0.2% CHX. Citronella,
geranium and mint showed significantly lower activity than other EOs, with exception to anise and
limette EOs (Table A1). The latter showed the lowest antibacterial activity against S. mutans among all
EOs tested.

All tested essential oils were found to possess antibacterial activity against L. acidophilus (Figure 3).
The diameter of the inhibition zone of L. acidophilus bacteria ranged from 8 to 40 mm. Again,

significantly highest antibacterial activity among all tested essential oils showed cinnamon and thyme
EOs, followed by anise and citronella EOs. Geranium, mint EOs and CHX showed significantly higher
activity than lavender, limette and rosemary EOs, but significantly lower—than anise, cinnamon,
citronella, clove and thyme EOs (Table A2). Lavender and rosemary EOs exhibited the significantly
lowest antibacterial activity.
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All tested essential oils were found to possess antifungal activity (Figure 4). The diameter of the
inhibition zone of C. albicans ranged from 12 to 56 mm.

The significantly highest antifungal activity among all tested essential oils showed cinnamon
EO, followed by thyme EO. Clove and mint EOs showed significantly higher activity than other EOs
(with exception to cinnamon and thyme EOs). Citronella, geranium and lavender EOs exhibited
significantly lower activity than anise, cinnamon, clove, mint and thyme EOs (Table A3). CHX possessed
similar antifungal activity as citronella and lavender EOs. Limette exhibited the significantly lowest
antifungal activity among all tested EOs.

3.2. Antimicrobial Activity of Composite Resin Modified with Essential Oil

The highest antimicrobial activity against all tested pathogens showed cinnamon EO, hence it
was introduced into composite resin material. Next, the modified material was tested for antimicrobial
activity against oral pathogens, i.e., S. mutans, L. acidophilus and C. albicans.

For all tested microbes, the essential oil modified composite resins showed statistically
significant different CFU than for the control group regardless of the EO concentration (Figures 5–7).
Antimicrobial activity of EO-CRs was significantly higher than that of unmodified CR. Furthermore,
Fisher’s post-hoc test revealed, that for each tested oral pathogen, the differences in CFU between the
study groups were statistically significant.

As for S. mutans, the significantly highest antibacterial activity showed 2µL/2 g EO-CR, followed by
1 µL/2 g EO-CR and 5 µL/2 g EO-CR (p < 0.001). Whereas, for L. acidophilus the least CFU were noted
for 1 µL/2 g EO-CR, followed by 2 µL/2 g EO-CR and 5 µL/2 g EO-CR (p < 0.001).

As far as antifungal activity against C albicans was concerned, the highest activity showed 2 µL/2 g
EO-CR and the lowest 5 µL/2 g EO-CR (p < 0.001).
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Figure 7. Colony forming units (CFU) of C. albicans for essential oil modified composite resins and the
control group. *** p < 0.001 versus control.

4. Discussion

Essential oils have been used in many walks of life, including dentistry. Researchers constantly
search for new possibilities of application of effective formulas into dental products. EOs seem to
be the promising ingredients of future oral care products and dental materials used both by patients
and dentists. The present study investigated antibacterial activity of ten essential oils against three
cariogenic pathogens: S. mutans, L. acidophilus and C. albicans. Such great variety of essential oils
tested in one study seemed advantageous as the experiment was performed in the same standardized
conditions and allowed for reliable assessment and comparison of EOs’ antimicrobial properties.
As far as oral pathogens are concerned, most of the previous studies described only a few essential
oils [13,14,37,54,55] against one or two most cariogenic bacteria in one setting [56,57].

In the present study, among ten tested essential oils, the most prominent antimicrobial activity
exhibited two EOs: cinnamon and thyme. The other EO that showed both significant antibacterial
and antifungal effect was clove oil. These results confirmed other findings that EOs possessed
potent antibacterial activity and antifungal properties against oral pathogens, including cariogenic
bacteria [54,56–58]. The study used S. mutans and L. acidophilus, due to their undisputable involvement
in the carious process. The former one is responsible for the initiation of the process and the latter for
its development [59–61]. Given their proven cariogenic activity, S. mutans as well as Lactobacillus spp.,
have been used in the present study. In addition, C. albicans is considered to play a supportive role
in cariogenic process [42]. Similarly to other studies [62], current study used 0.2% chlorhexidine
digluconate aqueous solution as a positive control due to its proved antimicrobial and antifungal
activity [63,64].

The composition of EOs determines their antibacterial potential. The highest activity of EOs is
provided by thymol, eugenol and carvacrol content, followed by alcohol-containing EOs, with alcohols
such as citronellol, geraniol, linalool, menthol, terpinen-4-ol and α-terpineol. Another bioactive
group comprise of EOs that contain either ketones, e.g., camphor, carvone, menthone, or thujene or
aldehyde groups, i.e., cinnamaldehyde, as well as those with other functional groups, such as anethole
and cineole.
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Cinnamon essential oil has high percentage of aldehydes (cinnamon aldehydes), that possess
antifungal, anti-inflammatory and disinfectant qualities [65]. The effectiveness of cinnamon EO and
cinnamon aldehyde against S. mutans, S. mitis, S. salivarius, A. actinomycetemcomitans, P. gingivalis and
Fusobacterium nucleatum was reported by Zainal-Abidin et al. [66]. Other studies also confirmed
antibacterial activity of cinnamon [47,67] and clove [47,68,69] essential oils against S. mutans.
High antibacterial activity of clove EOs depends on its aromatic compound content: eugenol
(85.3%). Eugenol was reported to have antiseptic, antimicrobial, anesthetic, analgesic, antioxidant,
anti-inflammatory and cardiovascular activities [70]. In the present study, cinnamon EO showed
significantly higher antimicrobial activity than clove EO, which is consistent with other study [69].
Clove and cinnamon were found to inhibit fungal growth at a concentration of 6% [57]. The results
of the present study are consistent with other findings [71] reporting cinnamon oil to have the most
potential antibacterial properties. Another study [72] proved cinnamon essential oil to possess the
highest antibacterial activity against S. mutans among other nine oils (eucalyptol, lime, clove, mint,
vinegar, cedar and citrus grass). In addition, Arora and Kaur [73] observed the antimicrobial activity
of clove EO against C. albicans. It was confirmed by the present study, in which clove EOs exhibited
significantly higher activity against C. albicans and L. acidophilus than CHX, whereas no significant
difference between in activity of clove EO and CHX against S. mutans was found.

Thyme EO was reported to show antimicrobial activity against oral pathogens due to high
content of thymol (38.1%) and p-cymene (29.1%) [47,74]. Phenolic compound—thymol, the main
component of thyme EO—is reported to disintegrate the outer membrane of Gram-negative bacteria
and make bacterial cytoplasmic membrane more permeable to ATP [75]. Another constituent of thyme
EO—carvacrol—is proved to exhibit antibacterial potential against S. mutans and C. albicans [54,62].
Carvacrol emulsion might be also a promising alternative to NaOCl in irrigation of dental root canal
system and eradication of intracanal bacteria: E. feacalis [76]. Studies proved also a potent antimicrobial
activity of thymol against S. mutans and C. albicans [54,57], as well as against Porphyromonas gingivalis
and A. actinomycetemcomitans, which play a role in development of periodontal disease [77]. That was
confirmed by the present study. Thyme EO exhibited the significantly highest antimicrobial activity
against C. albicans and S. mutans, whereas the antibacterial activity against L. acidophilus was significantly
higher than of other EOs, but lower than that of cinnamon EO. Another study stated that clove, thyme,
cinnamon and peppermint EOs are potent antimicrobial phenols [17].

Other EOs tested in the study, such as citronella, geranium, lavender, limette, mint,
rosemary presented medium antibacterial activity that is associated with the content of citronellol
and geraniol, linalool and linalyl acetate, 1.8-cineole, camphor and α-pinene [74]. As for anise EO,
it showed no antibacterial activity against S. mutans, whereas its activity against L. acidophilus and
antifungal activity were high. Antifungal potential of this EO can be attributed to high content of
trans-anethole, which can interact with fungal plasma [78].

The positive correlation between antibacterial activity of EOs and high content of certain
components was reported only for few EOs (e.g., mint, thyme and oregano). For others (e.g., limette and
lavender), it is most likely that their antibacterial potential is the result of synergistic effect of the
components, since some of those major components exhibit higher antibacterial effect than the EO
itself [79].

The present study proved that cinnamon and thyme followed by clove EOs exhibited significantly
higher or equal antimicrobial properties against oral pathogens than CHX. These findings would be the
introduction to further investigations aiming at the incorporation of these oils into oral care products,
i.e., tooth pastes, mouth rinses. The antimicrobial potential of these EOs might be also used to enhance
the antibacterial properties of dental materials such as dental resin materials, temporary dressings,
disinfectants or root canal filling materials. Furthermore, extracting the most active components from
EOs and introducing them into dental products (e.g., restorative materials) composition might be
promising line of research. The abundance literature reported that there is great need for development
of dental materials with antibacterial properties [4,8,10,12,55,80]. The results of previous studies
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on antibacterial properties of dental materials seemed promising and suggested that introducing
antimicrobial agents into the composition of dental materials might improve their antibacterial potential
without deteriorating the physico-mechanical performance [8,12,37].

Given the highest antimicrobial activity obtained in the present study, cinnamon essential oil
was used to incorporate, in three different concentrations, into composite resin material composition.
Based on preliminary experiments performed, the tested concentration of the EO in composite resin
was established as 1, 2 or 5 µL of EO in 2 g of CR. The best antimicrobial properties against S. mutans
and C. albicans were achieved for composite resin containing this essential oil in concentration 2 µL/2 g,
whereas against L. acidophilus in concentration 1 µL/2 g. Ideally, the composite resin material would
present antimicrobial effect and possess very good mechanical properties. The addition of antibacterial
or antifungal agents should not change the mechanical performance of the resin material. The current
experiment showed that the addition of 2 µL of cinnamon essential oil into 2 g of composite material
allows for limiting microbial growth of tested oral pathogens in comparison to unmodified material.
This composition might be optimal in terms of antimicrobial properties due to mild influence on
polymerization process and enabling release of active compounds into environment.

Still, the present study has some limitations. First of all, the study used single-species model with
isolated strains of specific oral pathogens tested in in vitro conditions, without saliva involvement,
whereas oral cavity is complex environment holding variety of pathogens interacting in formation
of oral biofilm on hard dental tissues. Therefore, these findings must be confirmed in further
microbiological studies.

Next, mechanical properties of composite resins modified with essential oils should be tested if
considering such materials for clinical application. One study [13] tested mechanical properties of
composite resin material modified with cinnamon EO, such as hardness, tensile and flexural strength.
The results of the study provided inconsistent data on the proper concentration of the EO in the
CR to obtain desirable mechanical performance of the EO-CR material. However, the addition of
cinnamon EO to composite material did not adversely affect all the mechanical properties. CR material
showed significantly higher flexural strength when modified with 1 µL of cinnamon EO (in 2 g of the
material) than non-modified CR. In contrast, non-modified CR showed significantly higher hardness
(HV1) and tensile strength values in comparison to modified CR. As far as tensile strength of EO-CR
material was concerned, the addition of 2 µL of cinnamon EO (in 2 g of the material) allowed for
obtaining significantly highest results. On the contrary, the addition of high amount of EO (5 µL/2 g)
significantly deteriorated all tested mechanical properties. Still, such EO-modified bulk-fill material
could be clinically used in pediatric dentistry as a final filling in primary teeth or in permanent teeth as
a temporary filling, as a liner or in two-step bulk restorative technique in deep cavities. Furthermore,
class V cavities, with minimum occlusal loading could be restored with such composite material. Still,
long-term performance of such restorations and their aesthetic features must be evaluated.

Moreover, long term study should be performed to evaluate possible allergic reaction to essential
oil modified composite resin material as well as the cytotoxic effect of EOs released from EO-CRs.
Study showed that EOs present cytotoxic effects on living cells and the severity depends on their type
and concentration [16]. Hence, further studies should be conducted to evaluate the potential cytotoxicity
and long-term antimicrobial effect of essential oils incorporated into the dental restorative materials.

Since the present study tested only one restorative material, the results cannot be translated to
other composites resin materials due to some variation in their composition.

5. Conclusions

The study showed that all ten tested essential oils possess antibacterial activity against L. acidophilus
and antifungal activity against C. albicans. Only two essential oils, anise and limette were ineffective
towards S. mutans. Among tested essential oils, the cinnamon and thyme showed overall the highest
antibacterial and antifungal activity against oral pathogens used in the study. Composite resin
modified with cinnamon essential oil showed antimicrobial effect regardless of the EO concentration.
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Considering these preliminary results, essential oils seem promising alternative to other antibacterial
agents incorporated into resin composite and further studies should be conducted to further
evaluate the antimicrobial effect of dental composites modified with essential oils, as well as their
mechanical properties.
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50. Gniewosz, M.; Kraśniewska, K.; Kosakowska, O.; Pobiega, K.; Wolska, I. Chemical compounds and
antimicrobial activity of petitgrain (Citrus aurantium L. var. amara) essential oil. Herba Pol. 2018, 63, 18–25.
[CrossRef]
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Abstract: Antibacterial and antibiofilm properties of restorative dental materials may improve
restorative treatment outcomes. The aim of this in vitro study was to evaluate Streptococcus mutans
capability to adhere and form biofilm on the surface of three commercially available composite resins
(CRs) with different chemical compositions: GrandioSO (VOCO), Venus Diamond (VD), and Clearfil
Majesty (ES-2). Disk-shaped specimens were manufactured by light-curing the CRs through two
glass slides to maintain a perfectly standardized surface topography. Specimens were subjected
to Planktonic OD600nm, Planktonic CFU count, Planktonic MTT, Planktonic live/dead, Adherent
Bacteria CFU count, Biomass Quantification OD570nm, Adherent Bacteria MTT, Concanavalin A, and
Scanning Electron Microscope analysis. In presence of VOCO, VD, and ES2, both Planktonic CFU
count and Planktonic OD600nm were significantly reduced compared to that of control. The amount
of Adherent CFUs, biofilm Biomass, metabolic activity, and extracellular polymeric substances were
significantly reduced in VOCO, compared to those of ES2 and VD. Results demonstrated that in
presence of the same surface properties, chemical composition might significantly influence the
in vitro bacterial adhesion/proliferation on resin composites. Additional studies seem necessary to
confirm the present results.

Keywords: composite resins; Streptococcus mutans; biofilm formation; dental caries; bacterial adhesion

1. Introduction

The use of composite resin (CR)-based materials in restorative dentistry considerably
grew in recent years, mainly due to their latest improvements in mechanical properties
and esthetic features [1–4]. CRs can be successfully employed for small- and medium-
sized adhesive restorations, with direct techniques, and even when dealing with wide
restorations and extensive rehabilitations, following an indirect approach [5,6]. However,
oral cavities may present many challenges to their physical and chemical stability, mainly
due to an extremely moist environment and the frequent temperature/pH variations [7].
Acids released by acidogenic bacteria such as Streptococcus mutans, together with the
degradative attack pursued by enzymes present in saliva, can progressively compromise
the CR functional and esthetic features over time, which may even result in interfacial gaps
at the margins of restoration [8].

Many research efforts into studying the bacterial biofilm formation on composite
resins were conducted. Biofilms adhering to CRs contain microorganisms, such as strep-
tococci and lactobacilli, that can survive in a highly acidic environment [9]. The amount
of S. mutans in biofilm is particularly relevant as it plays a key role in determining its
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cariogenic potential [10]. Many studies showed that CR surface is susceptible to bacterial
adhesion, mainly in the marginal areas of restorations [11,12]. Moreover, the adhesion
phase is strongly influenced by surface characteristics such as surface roughness (Ra) and
surface free energy [13]. An Ra value below 0.2 µm is considered to have a low effect on
bacterial adhesion in vivo [14]. Thus, optimizing surface properties of dental composite
resins through an accurate finishing and polishing can contribute to restoration success by
preventing biofilm formation [15–17].

Beyond surface roughness, other parameters seem to be able to significantly affect
bacterial adhesion on composite resins. Aside from the ad hoc inclusion of antibacterial
additives, it could be interesting to better investigate if even for general composites, the
inherent CR formulation could play a relevant role in biofilm formation phases [18,19]. For
instance, there are controversial results in literature concerning the correlation between
biofilm formation and filler particle size [18,20,21]: several studies reported that micro-
hybrid composites might lead to higher bacterial adhesion than nanohybrids [22], while
other studies observed no differences [21]. Likewise, concerning the effect of the organic
matrix components on bacteria, a study by Van Landuyt et al. showed that in presence of
ethylene glycol dimethacrylate (DEGDMA), triethylene glycol dimethacrylate (TEGDMA),
or diethylene glycol dimethacrylate (EGDMA), the count of Streptococcus sanguinis and
Streptococcus sobrinus were similarly decreased compared to that of the broth control after
6 h and 9 h incubation periods, respectively, with no significant differences among the
tested monomers [23]. As well, Takahashi et al. reported no differences between the effect
of TEGDMA and DEGDMA on CFU numbers (CFU/mL) of S. sobrinus and S. sanguinis [24].
On the other hand, other results suggest that different monomers might differently affect
cell proliferation [25,26].

Based on the above-mentioned contrasting findings, the aim of the present in vitro
study was to analyze the S. mutans capability to adhere and form biofilm on the sur-
face of three commercially available CRs with different chemical compositions. The null
hypothesis was that there are no differences in terms of antibacterial and antibiofilm prop-
erties among chemically different resin composites if they show the same standardized
surface topography.

2. Materials and Methods

The list of the composite resins included in the experimental design, together with
their composition, is given in Table 1.

Table 1. Composite resins included in the study.

Group Material Manufacturer Lot Number Composition

VOCO
GrandioSO
Shade A2

(Nanohybrid)

Voco GmbH
(Cuxhaven, Germany) 1847313

89% (w/w) fillers (1 µm glass ceramic
filler, 20–40 nm silicon dioxide fillers),
Bis-GMA *, Bis-EMA *, TEGDMA *.

VD Venus DiamondShade A2
(Nanohybrid)

Kulzer GmbH
(Hanau, Germany) K010070

80–82% (w/w) fillers (5 nm–20 µm
barium aluminum fluoride glass fillers),

TCD-UA *, UDMA *, TEGDMA *.

ES-2

Clearfil Majesty ES-2
Classic

Shade A2
(Nanohybrid)

Kuraray
(Chiyoda, Tokyo, Japan) 7D008

78% (w/w) fillers (0.37 µm–1.5 µm
silanated barium glass fille,

pre-polymerized organic fillers),
Bis-GMA *, hydrophobic aromatic

dimethacrylate.

* Bis-GMA = Bisphenol A-glycidyl methacrylate; Bis-EMA = Bisphenol A-glycidyl methacrylate ethoxylated;
TEGDMA = Triethylene glycol dimethacrylate; TCD-UA = Tricyclodecane-urethane acrylate; UDMA = Urethane
Dimethacrylate.

2.1. Realization of Composite Disks

Disk-shaped specimens were prepared by positioning the uncured material in a
polyvinylsiloxane mold, with a diameter of 4 mm and a height of 2 mm, resulting in
a total surface area of 50.27 mm2. To achieve a perfectly smooth and standardized surface

170



Materials 2022, 15, 1891

topography, the samples were inserted between two glass slides and stuck with a paper
clip for 20 s to extrude the excess material. They were then light-cured for 20 s from the
upper surface and for 20 s from the lower surface, using a light-emitting-diode curing unit
(Celalux 3, VOCO, Cuxhaven, Germany) with 8 mm diameter tip and an output power of
1300 mW/cm2. All disks were washed in an ultrasonic bath and were not subjected to any
further surface treatment.

2.2. Saliva Collection

Human saliva samples were taken from healthy volunteers with age >18 years, ac-
cording to a previously described protocol. The Ethics Committee of University “G.
d’Annunzio”, Chieti–Pescara, Italy (approval code SALI, N. 19 of the 10 September 2020)
approved the collection and the use of saliva [27]. The healthy volunteers refrained from
oral hygiene for 24 h, did not have any active oral caries, periodontitis, dental care in
progress, or antibiotics therapy for at least three months prior to the beginning of the study.

Saliva was pooled, mixed, centrifuged (16.000× g for 1 h at 4 ◦C), and filtered from
microorganisms by filters with pore diameters of 0.8, 0.45, and 0.2 µm. Saliva samples were
considered sterile if no growth could be detected in both aerobic and anaerobic atmospheres
after incubation for 24–48 h at 37 ◦C [27]. Sterile saliva was collected in sterile tubes and
kept frozen until needed for the study.

2.3. Microbial Strain

Streptococcus mutans CH02, a clinical strain isolated from caries which was sourced
from the private collection of the microbiology laboratory of the University “G. d’Annunzio”,
Chieti–Pescara, was used in this experimental study [28]. The frozen (−80 ◦C) strain was
recovered in Brain Heart Infusion broth (BHI, Oxoid, Milan, Italy) overnight at 37 ◦C
under anaerobic condition. Then, the broth culture was diluted 1:10 in BHI broth (OXOID)
containing 1% (w/v) sucrose and refreshed for 2 h at 37 ◦C in a shaking thermostatic water
bath (160 rpm). Bacterial suspension was prepared using a spectrophotometer (Eppendorf,
Milan, Italy) to obtain an optical density of OD600 = 0.12, corresponding to 9 × 106 CFU/mL.
This bacterial suspension was used for the experiment.

2.4. Experimental Design

All composite disk specimens were placed in 96-well polystyrene microtiter plates and
sterilized through top and bottom surface exposure to ultraviolet UV light for 40 min [29].
Then, the sterile specimens were inoculated for 2 h in saliva at 37 ◦C in a shaking incubator
with slight agitation to form the protein pellicle layer on the surface and to provide bacterial
adhesion. Biofilms were grown on each composite disk, coated with saliva, by inoculation
of 200 µL of standardized S. mutans CH02 bacterial suspension and incubation at 37 ◦C
for 24 h under anaerobic condition, and then for another 24 h in aerobic atmosphere, in
accordance with a previous study [28].

Negative controls, consisting of noninoculated composite disks, were also prepared.
After incubation, the planktonic microbial growth was carefully removed from each well
and analyzed for:

(i). Total mass amount by measuring the planktonic optical density (OD600nm);
(ii). Planktonic CFU count of the bacterial cells (CFU/mL);
(iii). Planktonic bacterial metabolic activity by MTT assay;
(iv). Planktonic bacterial viability assay by live/dead staining.

The disks were rinsed three times with phosphate-buffered saline (PBS) to remove
unbound bacteria, and the bacterial load on each disk was assessed for:

(i). Adherent CFU count for the quantification of cultivable cells;
(ii). Adherent OD for biofilm biomass evaluation, using Hucker’s crystal violet staining

method (OD570nm);
(iii). Adherent biofilm metabolic activity by MTT assay;
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(iv). Extracellular polymeric substances (EPS) of the biofilm matrix by the Concanavalin
A assay;

(v). Biofilm morphology by SEM evaluation.

Each evaluation was performed in triplicate for three independent experiments.

2.5. Planktonic Optical Density Detection

The effects of composite disks on the growth in the biofilm supernatant was deter-
mined. The planktonic phase, coming from the S. mutans CH02 biofilm formation, was
removed from each well and transferred to wells of a new 96-well polystyrene flat-bottomed
microtiter plates to evaluate the total mass amount by determining the OD600nm with ELISA
reader (SAFAS, Munich, Germany). For the detection, the planktonic phases coming from
39 disks (10 tests and 3 negative controls for each different CR material) in triplicate, for a
total of 117 disks, were analyzed.

2.6. Planktonic CFU Count

To evaluate the ability of the different composite disks to influence the growth and
viability of S. mutans CH02, the count of CFU/mL of planktonic bacteria was determined.
The planktonic bacterial phase, removed from the wells containing the resin disks, was
vortexed, diluted, and spread on Tryptic Soy Agar (TSA) plates and incubated for 24–48 h in
anaerobic conditions at 37 ◦C. Then, the CFU/mL count was performed. For the detection,
the planktonic phases coming from 30 disks (10 for each different CR material) in triplicate,
for a total of 90 disks, were analyzed.

2.7. Planktonic MTT Assay

The planktonic growth was placed in a 96-well flat bottom microtiter plate and incu-
bated with 20 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
labeling reagent (Sigma–Aldrich Chemical Co., St. Louis, MO, USA) at concentration of
5 mg/mL for 2 h, as indicated by the manufacturer. After incubation, 100 µL of Dimethyl
Sulfoxide (DMSO, Sigma–Aldrich Chemical Co., St. Louis, MO, USA) was added at each
well and incubated for 10 min at the dark. Medium incubated with composite disks served
as negative control. The assay is based on the metabolic conversion of water soluble MTT
compound to a colored insoluble formazan derivate. Viable cells with active metabolism
convert MTT into formazan; however, dead cells lose this ability [30]. The optical density
reading was measured spectrophotometrically at 570 nm by ELISA reader (SAFAS, Munich,
Germany). For the detection, the planktonic phases coming from 39 disks (10 tests and
3 negative controls for each different CR material) in triplicate, for a total of 117 disks,
were analyzed.

2.8. Planktonic Bacterial Viability Assay

For the evaluation of planktonic cells viability, the cells were observed at fluorescent
Leica 4000 DM microscope (Leica Microsystems, Milan, Italy). The planktonic bacterial
phase was removed from each well and stained using the live/dead BacLight staining
(Invitrogen, Milan, Italy), as previously reported [31]. The microscopic observation allowed
the differentiation between live and dead cells based on the relative green and red fluores-
cence from SYTO 9 (500 nm) and propidium iodide (635 nm) staining. Ten fields of view,
randomly chosen for each disk, were examined. Ten fields of view, randomly chosen for
each planktonic phase coming from 9 disks (3 for each different CR material) in triplicate,
for a total of 27 disks, were examined.

2.9. Adherent Bacteria CFU Count

The number of adhered viable bacteria on the surface of the specimens was determined
to evaluate the ability of S. mutans to colonize the different composite disks, as previously
described [32].

172



Materials 2022, 15, 1891

Briefly, after cultivating for 48 h, the adherent viable cells were washed with PBS to
remove nonadherent cells. The disks were placed in a sterile test tube containing 1 mL
PBS. Then, each test tube was placed in a 4 kHz ultrasonic water bath (Euronda, Italy) for
4 min followed by vortex mixing for 2 min to detach the bacteria adhering to the surface
of each disk. The live/dead analysis was performed to confirm that all detached cells
were viable and disaggregated. Then, serial 10-fold dilutions were carried out, plated on
TSA plates, and incubated overnight at 37 ◦C, followed by counting of CFU/mL. For this
detection, 30 disks (10 for each different CR material) were analyzed in triplicate, for a total
of 90 disks.

2.10. Biomass Quantification by Optical Density (OD570nm)

After 48 h (biofilm formation), adherent viable biomass assessment was performed.
A crystal violet (CV) staining was used to evaluate relative biofilm biomass formed by
S. mutans CH02 on composite surfaces.

The disks were washed three times with PBS, fixed by air drying, stained with crystal
violet 0.1% (Sigma–Aldrich, Milan, Italy) for 1 min and washed with PBS. After drying,
bound CV was eluted with ethanol for reading. After 10 min, the composite disks were
removed and the biofilm formation was quantified by measuring absorbance at 570 nm
with a microplate reader (SAFAS, Munich, Germany). The absorbance of the eluted stain
is proportional to the concentration of biofilm biomass formed on the sample surface [33].
For this detection, 39 disks (10 tests and 3 negative controls for each different CR material)
were analyzed in triplicate, for a total of 117 disks.

2.11. Adherent Bacteria MTT Assay

To evaluate the metabolic activity of the biofilm formed by S. mutans CH02 on com-
posite surfaces, the disks were incubated with 100 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) labeling reagent (Sigma–Aldrich Chemical Co. St. Louis,
MO, USA) at the concentration of 5 mg/mL for 2 h, as indicated by the manufacturer. A
total of 100 µL of supernatant from each composite disk was transferred to a 96-well flat
bottom microtiter plate, and the optical density reading of formazan derivative was read
at 570 nm using an ELISA reader spectrophotometer (SAFAS, Munich, Germany). Disks
incubated with media alone served as negative control. For this detection, 39 disks (10 tests
and 3 negative controls for each different CR material) were analyzed in triplicate, for a
total of 117 disks.

2.12. Concanavalin Assay

To analyze the extracellular polymeric substances (EPS) of the biofilms matrix,
rhodamine-labeled Concanavalin A (rhodamine-conA) (Vector Laboratories, Burlingame,
CA, USA), was used for its ability to bind to d−(+)−glucose and d−(+)−mannose groups
on EPS.

The sessile bacterial population, adherent on composite disks, was washed with
1 mL of PBS twice, stained with 500 µL of the rhodamine-conA (10 µg/mL) solution, and
incubated in the dark at room temperature for 30 min. Then, the excess staining solution
was removed, and the stained specimens were rinsed with 1 mL of PBS and examined
under fluorescence Leica 4000 DM microscope (Leica Microsystems, Milan, Italy). The
fluorescence microscopy was used to obtain images using an excitation of 514 nm and an
emission wavelength of 600 ± 50 nm. For this detection, 9 disks (3 for each different CR
material) were analyzed in triplicate, for a total of 27 disks.

2.13. Scanning Electron Microscope (SEM) Analysis

After 48 h of in vitro biofilm formation, 5 specimens from each group were fixed for 1 h
in 2.5% glutaraldehyde, dehydrated in six ethanol washes (10%, 25%, 50%, 75%, and 90% for
20 min and 100% for 1 h), and then dried overnight in a bacteriological incubator at 37 ◦C.
Then, they were coated with gold (Emitech K550, Emitech Ltd., Ashford, Kent, UK) and
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observed carefully under a SEM (EVO 50 XVP LaB6, Carl Zeiss SMT Ltd., Cambridge, UK)
at 15 kV, under 500×, 1000×, and 2000× magnifications. The representative micrographs
of the biofilm on the specimens’ surface were recorded, and their descriptive analysis
was performed.

2.14. Statistical Analysis

Means and standard deviations for data collected following the quantitative exper-
iments (Planktonic OD600nm, Planktonic CFU count, Planktonic MTT, Adherent Bacteria
CFU count, Biomass Quantification by OD570nm, Adherent Bacteria MTT) were calculated
in each group. Statistical analysis was performed using SPSS for Windows version 21 (IBM
SPSS Inc, Chicago, IL, USA), by means of the analysis of variance (ANOVA) and Tukey
tests for posthoc intergroup comparisons. Homogeneity of variances and normality of the
data sets were respectively confirmed by means of Levene’s and Kolmogorov–Smirnov
tests. p-values less than 0.05 were considered significant.

3. Results

The results of the quantitative tests performed on the three composites examined in
the study are summarized in Table 2.

Table 2. Streptococcus mutans detection on three resin composites investigated.

Streptococcus Mutans CH02 VOCO VD ES2 CTRL+

Planktonic OD600nm
(SD)

0.3054 b 0.2931 b 0.3117 b 0.3978 a

(0.0567) (0.0540) (0.0532) (0.0491)

Planktonic CFU count (×105 CFU/mL)
(SD)

583.0 b 281.0 c 273.0 c 1900.0 a

(53.4) (26.4) (14.1) (353.3)

Planktonic MTT
(SD)

0.451 a 0.549 a 0.448 a 0.442 a

(0.094) (0.136) (0.085) (0.120)

Adherent Bacteria CFU count (×103 CFU)
(SD)

150.0 b 252.0 a 248.3 a

(29.4) (39.7) (47.8)

Biomass Quantification OD570nm
(SD)

0.4775 b 0.6364 b 1.6040 a

(0.1548) (0.2376) (0.2075)

Adherent Bacteria MTT
(SD)

0.003 b 0.040 b 0.035 b 0.367 a

(0.004) (0.013) (0.021) (0.274)

VOCO, VD and ES2 are the experimental groups, based on the materials described in Table 1. CTRL+ indicates
the positive control group. Same superscript letters indicate not statistically significant differences.

3.1. Planktonic Optical Density Detection

The planktonic S. mutans OD600 mean values obtained in presence of VOCO, VD, and
ES2 composite disks and control are shown in Table 2. In respect to the control, statistically
significant (p < 0.05) OD600 values were recorded in presence of all tested composite disks.
A major percentage of OD600 reduction in respect to the control was obtained in presence
of VD; instead, a slightly decreased OD600 reduction was shown in presence of VOCO and
ES2, with no statistically significant differences.

3.2. Planktonic CFU Count

As shown in Table 2, in presence of VOCO, the amount of CFU/mL was 5.8 × 107

± 5.3 × 107 with a percentage of reduction in respect to the control of 69.47%. A similar
trend was recorded in presence of VD and ES2 with 2.8 × 107 ± 2.6 × 106 CFU/mL and
2.7 × 107 ± 1.4 × 106 CFU/mL, respectively. In presence of VD and ES2, the percentage
of CFU/mL reduction in respect to the control was about 85%. All CFU/mL results were
significantly different in respect to the control (p < 0.05), and the CFU/mL obtained with
VOCO were also significantly different in respect to the CFU/mL obtained with VD and
ES2 (p < 0.05).
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3.3. Planktonic MTT Assay

The planktonic metabolic activity showed the major value obtained with VD
(0.549 ± 0.136) in respect to the VOCO (0.451 ± 0.094), ES2 (0.448 ± 0.085), and control
(0.442 ± 0.120). In general, similar metabolic activity values were obtained in presence of
all tested composite disks and control with no statistical significance (p > 0.05) (Table 2).
All recorded cells were metabolically active.

3.4. Planktonic Bacterial Viability Assay

Typical live/dead images of planktonic S. mutans cells after 48 h of incubation on
composite disks are shown in Figure 1. The live/dead images showed remarkable green
viable cells in all conditions. In fact, no difference in terms of killing action was observed
when VOCO, VD, and ES2 were compared to the control. A reduced number of cells was
recorded in presence of the composite disks, when compared to the control.
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Figure 1. Representative live/dead images of Streptococcus mutans in planktonic phase of (a) control,
(b) VOCO, (c) VD, and (d) ES2.

3.5. Adherent Bacteria CFU Count

Similar numbers of CFU/mL adherent on VD and ES2 were obtained. The lowest
CFU/mL value was recorded in presence of VOCO (1.5 × 105 ± 2.9 × 105), with statistically
significant differences in respect to VD and ES2 (Table 2) (p < 0.05).

3.6. Biomass Quantification by Optical Density (OD570nm)

The best antibiofilm biomass effect was obtained with VOCO (0.4775 ± 0.1548), with
a significant reduction in respect to ES2 (p < 0.05). A statistically significant difference
between VD and ES2 (0.6364 ± 0.2376) was also recorded (Table 2), with VD showing a
relevant increase in biomass biofilm compared to that of ES2.

3.7. Adherent Bacteria MTT Assay

Significant metabolic activity reductions were obtained in presence of all tested com-
posite disks in respect to the control (p < 0.05) (Table 2). No difference between VOCO, VD,
and ES2 disks was detected. Few cells were detected on the composite disks corresponding
to the low metabolic activity in respect to the control.
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3.8. Concanavalin Assay

The polysaccharides matrix production by S. mutans biofilms on different composites
disks are plotted in Figure 2. A major production of carbohydrates was displayed on ES2
disks in respect to the other samples (c). As shown in Figure 2a,b, in presence of VOCO
and VD a scarce EPS matrix was detected, with no significant differences.
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Figure 2. Concanavalin A assay. (a) VOCO shows a compact matrix, less than ES2, correlated with
quantification of biomass produced by Streptococcus mutans biofilm; (b) VD shows a compact matrix,
less than ES2, correlated with quantification of biomass produced by Streptococcus mutans biofilm;
and (c) ES2 shows increased production of sugars from biofilm matrix.

3.9. SEM Analysis

Representative SEM images of the S. mutans biofilm formation on the surface of the
disk-shaped specimens are shown in Figure 3a–c. After 48 h of in vitro biofilm formation,
the presence of the S. mutans cells was noted in all groups, but biofilm formation time
was not sufficient to coat entirely the surface with S. mutans cells. Large adherent aggre-
gates were observed in the ES2 group, which had the highest quantity of bacteria on its
surface (Figure 3c), whereas small aggregates were found on VD e VOCO groups, with an
apparently reduced biofilm formation (Figure 3a,b).
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Figure 3. Representative SEM images (10.00 KX) of Streptococcus mutans biofilm formed on disk-
shaped specimens from VOCO (a), VD (b), and ES2 (c) groups.

4. Discussion

In this study, the behavior of Streptococcus mutans exposed to three commercially
available, nanohybrid, dental CR-based materials, coated with human saliva, was quan-
titatively assessed through the evaluation of total microbial population, the viable count,
and the metabolic activity in planktonic and sessile growth mode. To better analyze the
potential influence of different chemical formulations on biofilm formation, all samples
were subjected to the same standardized light-curing protocol through two glass slides
and inside polyvinylsiloxane molds, to predictably achieve the smoothest surface possible
with the least amount of surface roughness. This allowed to remove the effects of a poten-
tially confounding variable, the surface topography, which is also hypothetically able to
affect biofilm adhesion [34,35]. Based on the achieved results, the null-hypothesis tested
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had to be rejected: statistically significant differences were observed when comparing the
antibacterial and antibiofilm properties of chemically different CR materials.

Focusing on Planktonic Optical Density assay, a statistically significant reduction
emerged in planktonic cells exposed to all the nanohybrid CRs, compared to that of the
control. Kim et al. showed that bis-GMA inhibited the planktonic growth of S. mutans
in media containing glucose, fructose, or mannose [36]. However, since in our research
bis-GMA was present just in two out of the three tested resins, it is possible to suppose that
the S. mutans decrease can be determined even by other monomers, or their combination.

The Planktonic Optical Density reduction was in accordance with the results of the
planktonic CFU assay, which showed for all resins a statistically significant reduced plank-
tonic CFU count compared to that of the control. Furthermore, the planktonic microbial
cell populations detected by CFU count, when studied for their viability, displayed a green
color suggesting a bacteriostatic effect for all composites. Such behavior was more relevant
for ES2 and VD supposing a major capability of S. mutans to adhere to these materials with
a reduction in planktonic counterpart, which is in line with the findings of the Adherent
Bacteria CFU count test.

Regarding the Adherent Bacteria count, a significant increase was observed for ES2
and VD compared to that of VOCO. Indeed, for VOCO, results showed a significant
anti-adhesive effect with a reduction in Adherent CFU count, biomass quantification,
and presence of EPS matrix. This material expressed the best performances compared
to that of the other composites with significance in terms of antiadhesive action and a
general reduction in biomass quantification and MTT detection. Of course, antiadhesive
and antibacterial properties should be cautiously pondered, taking into account also any
potential cytotoxicity due to the monomers included in (and released from) adhesive dental
materials [37,38]. Several in vitro studies demonstrated that the potential cytotoxicity of
the CR organic components is mainly due to the residues of free methacrylate monomers
following the phase of polymerization, which may trigger the production of prostaglandin
E2 (PGE2), the expression of cyclooxygenase 2 (COX2), and a proinflammatory activation
through the increase in interleukin-1β (IL-1β), IL-6, and nitric oxide (NO) [39,40]. The
capability of resin monomers to influence cellular physiology and adaptive cell responses
by increasing ROS production was also reported [41,42]. In this regard, a recent study
showed reduced cytotoxic and genotoxic effects for VOCO, compared to that of VD, toward
human gingival fibroblasts, somehow strengthening the clinical relevance of the present
findings [43].

A lower biomass production of biofilms and polysaccharides results in thinner biofilm
thickness, lower biofilm matrix barrier for protection, and less carbohydrate amount
accumulation. This could be clinically beneficial, as the resulting biofilm would be more
susceptible to the buffering action of saliva, fluoride ions, and antibacterial agents.

Interestingly, the MTT assay on adherent cells led to concordant results: metabolic
activity underwent a significant reduction following the exposure to all the tested compos-
ites, but it appeared relatively and slightly increased in presence of ES2 and VD, compared
to that of VOCO. As observed by Aqawi et al., the metabolic activity-related reduction in
preformed biofilm could be associated with the modification of membrane polarization [44].

As already reported by Kim et al., cells grown under bis-GMA showed significantly
increased surface hydrophobicity, which could potentially enhance the ability of S. mutans
to adhere to hydrophobic surfaces [36]. However, in the present study, both bis-GMA
free (VD)- and bis-GMA-based (ES2) composites led to a significant increase in adherent
S. mutans CFU count, compared to that of a third bis-GMA based (VOCO) material. Thus,
as already pointed out concerning the Planktonic Optical Density results, also when dealing
with the adherent CFU count, all the composite components might simultaneously interact;
thus, bis-GMA should not be seen as the only monomer able to modulate the adherent
properties of bacteria. Further studies would be needed to clarify such effects properly
and comprehensively, with respect to the complex formulation of commercial CR-based
materials. Also, the filler amount/size/shape might represent another possible factor
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influencing bacterial adherence to resin composite surface, as suggested by previous
papers [21,22,45]. VOCO had a higher proportion of filler particles than ES2. VOCO
contained approximately 89 wt% of filler particles, while ES2 contained 78 wt%. From
this point of view, the present results seem in line with Ikeda et al., who observed resin
composites with a higher filler content showing a reduced biofilm retention [20,46].

The presence of bacterial biofilm, in association with a gap at the margin between the
composite and the tooth structure, may lead to the development of secondary caries [47].
This is, in fact, one of the main reasons for restorations replacement [48]. For this reason,
the present research focused on the adhesive and biofilm-forming capabilities of S. mutans
toward CRs with different chemical compositions, as this microorganism can be isolated in
almost all carious lesions [10]. S. mutans tends to accumulate more on composites than on
enamel or other restorations [49], and its presence on tooth surfaces is usually followed by
caries after 6 to 24 months [50]. Then, the inhibition of S. mutans biofilm formation is a key
goal for preventing dental caries.

Based on the present results, VOCO showed a strong reduction in biofilm growth in
terms of CFU count, biofilm biomass, metabolic activity, and polysaccharide production
compared to those of VD and ES2. These features could indicate VOCO as a more promising
restorative material, even though it also allowed microorganism growth to a certain extent.
The limitation of this study is related to the use of a single clinical strain of S. mutans and a
static model. The interesting results herein obtained suggest carrying out further studies,
including a multispecies dynamic biofilm model, to better evaluate the susceptibility of
adhesion of microorganisms to resin-based materials.
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Abstract: Most of the dental materials available on the market are still based on traditional monomers
such as bisphenol A-glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), triethyleneg-
lycol dimethacrylate (TEGDMA), and ethoxylated bisphenol-A dimethacrylate (Bis-EMA). The
interactions that arise in the monomer mixture and the characteristics of the resulting polymer
network are the most important factors, which define the final properties of dental materials. The
use of three different monomers in proper proportions may create a strong polymer matrix. In this
paper, fourteen resin materials, based on urethane dimethacrylate with different co-monomers such
as Bis-GMA or Bis-EMA, were evaluated. TEGDMA was used as the diluting monomer. The flexural
strength (FS), diametral tensile strength (DTS), and hardness (HV) were determined. The impacts of
material composition on the water absorption and dissolution were evaluated as well. The highest
FS was 89.5 MPa, while the lowest was 69.7 MPa. The median DTS for the tested materials was
found to range from 20 to 30 MPa. The hardness of the tested materials ranged from 14 to 16 HV.
UDMA/TEGDMA matrices were characterized by the highest adsorption values. The overall results
indicated that changes in the materials’ properties are not strictly proportional to the material’s
compositional changes. The matrices showed good properties when the composite contained an
equal mixture of Bis-GMA/Bis-EMA and UDMA or the content of the UDMA monomer was higher.

Keywords: dental resins; UDMA; Bis-GMA; Bis-EMA; TEGDMA; mechanical properties; hardness;
water absorption; water dissolution

1. Introduction

One of the most important dental achievements in the last century was the intro-
duction of resin matrix composites as a restoration material [1,2]. The organic matrix is
typically based on dimethacrylate resins [3–5], while fillers primarily consist of silicon,
quartz, borosilicates, zirconium, and aluminum oxides. Inorganic components have dif-
ferent sizes, shapes, and morphologies [6,7]. In dentistry, rear restorations (class I or II
according to Black [7]) require composites that have good mechanical properties, while
frontal restorations (classes IV and V) require excellent aesthetics. Thus far, no dental com-
posite that meets all these requirements has appeared on the market [2]. Therefore, there is
great interest in identifying dental composites with improved esthetics, and antibacterial,
physical, and mechanical properties.

The most commonly used monomer in dental composites is bisphenol A-glycidyl
methacrylate resin (Bis-GMA). Due to its high viscosity, which is caused by strong inter-
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molecular interactions and the formation of hydrogen bonds between macromolecules,
low-viscosity monomers are needed to dilute the polymer matrix and obtain desirable
properties [8]. Typical diluent substances include dimethacrylate monomers such as tri-
ethylene glycol dimethacrylate (TEGDMA), ethylene glycol dimethacrylate (EGDMA),
ethylene diglycol dimethacrylate (DEGDMA), 2-hydroxyethyl methacrylate (HEMA), and
1,10-decanediol dimethacrylate (DDDMA or D3MA) [9]. Free-radical chain polymerization
of the organic phase, most commonly initiated by photo initiators or by a chemical initiator
and co-initiator, leads to the formation of a cross-linked network bound by esters, ure-
thanes, amide bonds, and van der Waals interactions [10]. Table 1 summarizes the selected
properties of popular dimethacrylate homopolymers [11,12].

Table 1. Selected properties of A-glycidyl methacrylate (Bis-GMA), triethyleneglycol dimethacrylate
(TEGDMA), urethane dimethacrylate (UDMA), and ethoxylated bisphenol-A dimethacrylate (Bis-
EMA)—the most popular monomers used in dental composites.

Monomer
Molecular

Weight
(g/mol)

Viscosity
(Pa·s)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Water
Sorption
(µg/mm3)

Solubility
(µg/mm3)

Bis-GMA 512 1200 a 72.4 b 1 b 51.2 b 9.5 b

TEGDMA 286 0.01 a 99.1 b 1.7 b 28.8 b 27.5 b

UDMA 470 23 a 133.8 b 1.8 b 42.3 b 20.4 b

Bis-EMA 540 0.9 a 87.3 b 1.1 b 21.3 b 2.1 b

a—taken from [12]; b—taken from [11].

The aim of the present study was to determine the flexural strength (FS), diametral ten-
sile strength (DTS), and hardness (HV) of polymer matrices based on urethane dimethacry-
late (UDMA) with TEGDMA, Bis-GMA, and ethoxylated bisphenol-A dimethacrylate
(Bis-EMA) as co-monomers. The dynamic water absorbency was also studied. The null
hypothesis was: there is no effect of compositional changes in more complex resin systems
on the three-point bending flexural strength (TPB), diametral tensile strength (DTS), Vickers
hardness (HV), and the dynamics of water absorbency of the materials.

2. Materials and Methods

In this study, flexural strength, diametral tensile strength, and hardness were deter-
mined. Due to teeth anatomy and the nature of jaw mechanics, loads applied at restoration
will cause various stresses, e.g., tensile and shear stresses. Therefore, it is justified to
conduct a broader evaluation of mechanical properties, which will determine the behavior
of the material under challenging mechanical conditions. Tensile loading is considered the
most appropriate. However, it is a difficult test to conduct for dental materials. Diametral
tensile strength is proposed as a substitute method. During this test (DTS) tensile, com-
pressive and shear stresses are developed. A flexural strength test is recommended by ISO
4049 [13] for all restorative materials. The hardness is easy to test and may indicate some
wear resistance of the materials [14,15]. High water absorption values may indicate that
the material will be more susceptible to hydrolytic degradation [16].

Before mechanical tests, samples were immersed in water and stored at 37 ◦C for 24 h.
Such a protocol is in accordance with ISO 4049 [13]. In order to ensure the completion of
the post-cure polymerization processes, an interval of 24 h from the preparation of samples
was used [17]. The impact of material composition on the water absorption and dissolution
was evaluated.

2.1. Materials

The monomers used in the study are described in Table 2. Fourteen different resin
mixtures were prepared according to the weight percentage of selected monomers (Table 3).
Each mixture contained camphorquinone (an initiator (CAS 10373-78-1), <1 wt.%) and
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N,N-dimethylaminoethyl methacrylate (CAS 2867-47-2). After mixing, the resins were
stored for a week prior to the study. The materials were cured for 20 s. Increments of 2 mm
in thickness were polymerized. To ensure consistent irradiance values, the light curing
units (Mini L.E.D, Satelec, France) were calibrated with a radiometer system (Digital Light
Meter 200, Rolence Enterprice Inc., Taoyuan, Taiwan).

Table 2. Monomers used in the study.

Monomer Abbreviation Manufacturer Purity Viscosity at 25 ◦C

Bis-GMA G
Esstech, Inc.,

Essington, PA,
USA

97% 718,641 cps
TEGDMA T 99.8% —

UDMA U 98.4% 9387 cps
Bis-EMA E 98.9% 911 cps

Table 3. Composition of tested matrices.

Matrix
Signature

UDMA Content
(wt.%)

TEGDMA
Content (wt.%)

Bis-EMA
Content
(wt. %)

Bis-GMA
Content (wt.%)

U/T 80/20 80 20 — —

U/T 70/30 70 30 — —

U/T 60/40 60 40 — —

U/T 50/50 50 50 — —

E/T 80/20 — 20 80 —

U/E/T
70/10/20 70 20 10 —

U/E/T
60/20/20 60 20 20 —

U/E/T
50/30/20 50 20 30 —

U/E/T
40/40/20 40 20 40 —

G/T 80/20 — 20 — 80

U/G/T
70/10/20 70 20 — 10

U/G/T
60/20/20 60 20 — 20

U/G/T
50/30/20 50 20 — 30

U/G/T
40/40/20 40 20 — 40

2.2. Flexural Strength

Flexural strength (FS) was determined using the three-point bending test (Appendix A,
Figure A1). Rectangular samples (dimensions: 2 mm × 2 mm × 25 mm) were used for the
tests. For each study group, seven samples were tested. Measurements were carried out
using a Zwick Roell Z020 universal strength machine (Zwick-Roell, Ulm, Germany). The
traverse speed was 1 mm/min. During the test, the modulus of elasticity in bending was
also determined.

2.3. Diametral Tensile Strength

The tests were performed on samples in the form of a cylinder (6 mm in diameter and
3 mm in height) (Appendix A, Figure A2). The DTS was measured on nine samples from
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each study group using a Zwick Roell Z020 universal strength machine (Zwick-Roell, Ulm,
Germany). The traverse speed was 2 mm/min. The DTS values were calculated using
Equation (1):

DTS =
2F

πdh
(MPa) (1)

F—force that caused the destruction of the sample [N],
d—diameter of the sample [mm],
h—height of the sample [mm].

2.4. Hardness

The hardness of the tested materials was measured using the Vickers method using a
Zwick ZHV2-m hardness tester (Zwick-Roell, Ulm, Germany) (Appendix A, Figure A3).
The applied load was 1000 g and the penetration time was 10 s. Nine measurements were
performed on three out of nine DTS samples for each study group.

2.5. Dynamic Absorbency

In order to determine the dynamic absorbency, the samples were prepared using a
silicone mold (15 mm in diameter and 1 mm in width). Tested materials were applied in
one layer and cured with an LED light lamp (Mini L.E.D., Acteon, Norwich, France) in
nine zones partially overlapping, in accordance with ISO 4049 recommendations [13]. Five
samples were prepared for each dental composite. The samples were weighed (RADWAG
AS 160/C/2, Poland) immediately after preparation, on 30 consecutive days, and then after
60, 90, and 120 days. The absorbency was calculated according to Equation (2):

A =
mi − m0

m0
× 100% (2)

A—the absorbency of water,
m0—the initial mass of the sample,
mi—the mass of the sample after storage in water for a specified (i) period of time.

After 120 days, the specimens were dried to a constant weight using a protocol similar
to the dissolution test from standard 4049 [13]. The weight loss (dissolution) in water was
calculated according to Equation (3), this being the absolute value:

D =

∣∣∣∣
m0 − mz

m0
× 100%

∣∣∣∣ (3)

D—the dissolution in water,
m0—the initial mass of the sample,
mz—the constant mass of the sample after drying.

2.6. Statistical Analysis

The obtained data were processed with the use of Statistica 13.1 (Statsoft, Kraków,
Poland). For statistical analysis, elements of descriptive statistics were used. The Shapiro–
Wilk test was used to confirm normality. As the data were found to be nonconsistent with
a normal distribution, the data were then analyzed using the Kruskal–Wallis test with the
multiple comparisons of mean ranks. The accepted level of significance was α = 0.05.

3. Results

The obtained results are presented in Figures 1–5 and Table 4.

3.1. Flexural Strength

The highest median value of the three-point flexural strength was 89.5 MPa (UDMA/Bis-
GMA/TEGDMA 40/40/20 wt.%), while the lowest was 69.7 MPa (Bis-EMA/TEGDMA
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80/20 wt.%) (Figure 1). These values were significantly different (Kruskal–Wallis test;
p-value = 0.0042). Based on the multiple comparisons of mean ranks for all groups,
statistically significant differences were found between UDMA/Bis-GMA/TEGDMA
40/40/20 wt.% and UDMA/TEGDMA 80/20 wt.% (p-value = 0.044215); UDMA/Bis-
GMA/TEGDMA 40/40/20 wt.% and Bis-EMA/TEGDMA 80/20 wt.% (p-value = 0.04118).
UDMA/Bis-GMA/TEGDMA 40/40/20 wt.% demonstrated a higher FS value than UDMA/
TEGDMA 80/20 wt.% or Bis-EMA/TEGDMA 80/20 wt.% did. An analysis of the median
FS depending on the matrix composition is presented in Figure 1.
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Figure 2. Box-and-whisker plot of modulus of elasticity in bending. For variables with the
same letter (a,b,c), the difference is statistically significant (p ≤ 0.05).The modulus of elasticity
in bending (FM) was also determined (Figure 2). Median FM values ranged from 1.58 GPa (Bis-
EMA/TEGDMA 80/20 wt.%) to 2.1 GPa (UDMA/Bis-GMA/TEGDMA 40/40/20 wt.%) (Figure 2).
These differences were statistically significant (Kruskal–Wallis test; p-value = 0.0000). Based
on the multiple comparisons of mean ranks for all groups, statistically significant differences
were also found between Bis-EMA/TEGDMA 80/20 wt.% and Bis-GMA/TEGDMA 80/20 wt.%
(p-value = 0.010261); Bis-EMA/TEGDMA 80/20 wt.% and UDMA/Bis-GMA/TEGDMA 50/30/20
wt.% (p-value = 0.044215); Bis-EMA/TEGDMA 80/20 wt.% and UDMA/Bis-GMA/TEGDMA
40/40/20 wt.% (p-value = 0.044215).
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In the case of Bis-EMA/TEGDMA 80/20 wt.%, the FM value was lower than those
in Bis-GMA/TEGDMA 80/20 wt.%, UDMA/Bis-GMA/TEGDMA 50/30/20 wt.%, and
UDMA/Bis-GMA/TEGDMA 40/40/20 wt.%. The analysis of the median modulus of
elasticity in bending, depending on the matrix composition, is presented in Figure 2.

3.2. Diametral Tensile Strength

Median DTS values ranged from 30.1 MPa (UDMA/Bis-EMA/TEGDMA 40/40/20
wt.%.) to 46.8 MPa (Bis-EMA/TEGDMA 80/20 wt.%.). This difference was statistically
significant (Kruskal–Wallis test; p-value = 0.0001). Based on the multiple comparisons
of mean ranks for all groups, statistically significant differences were also found be-
tween: Bis-EMA/TEGDMA 80/20 wt.%. and UDMA/Bis-EMA/TEGDMA 50/30/20 wt.%
(p-value = 0.001177); Bis-EMA/TEGDMA 80/20 wt.%. and UDMA/Bis-EMA/TEGDMA
40/40/20 wt.% (p-value = 0.000668); Bis-GMA/TEGDMA 80/20 wt.%. and UDMA/Bis-
EMA/TEGDMA 50/30/20 wt.% (p-value = 0.013824); Bis-GMA/TEGDMA 80/20 wt.%.
and UDMA/Bis-EMA/TEGDMA 40/40/20 wt.% (p-value = 0.008395).
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Bis-EMA/TEGDMA 80/20 wt.% and Bis-GMA/TEGDMA 80/20 wt.% demonstrated
higher DTS values than UDMA/Bis-EMA/TEGDMA 50/30/20 wt.% and UDMA/Bis-
EMA/TEGDMA 40/40/20 wt.% did. An analysis of the median DTS with regard to
material is presented in Figure 3.

3.3. Hardness

The highest median Vickers hardness (HV) value was 16 (-) (UDMA/TEGDMA
80/20 wt.% and UDMA/Bis-GMA/TEGDMA 70/10/20 wt.%), while the lowest was 14
(-) (UDMA/Bis-EMA/TEGDMA 70/10/20 wt.% and Bis-GMA/TEGDMA 80/20 wt.%.)
(Figure 4). These differences were statistically significant (Kruskal–Wallis test;
p-value = 0.0000). Most of the tested resin matrices had a hardness of 15. Based on the
multiple comparisons of mean ranks for all groups, statistically significant differences were
found between: UDMA/TEGDMA 80/20 wt.% vs. UDMA/Bis-EMA/TEGDMA 70/10/20
wt.% (p-value = 0.000292); UDMA/TEGDMA 80/20 wt.% vs. UDMA/Bis-EMA/TEGDMA
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60/20/20 wt.% (p-value = 0.022403); UDMA/Bis-EMA/TEGDMA 70/10/20 wt.% vs.
UDMA/Bis-GMA/TEGDMA 70/10/20 wt.% (p-value = 0.011175); UDMA/Bis-EMA/
TEGDMA 70/10/20 wt.% vs. UDMA/Bis-GMA/TEGDMA 40/40/20 wt.% (p-value =
0.014966); Bis-GMA/TEGDMA 80/20 wt.% vs. UDMA/TEGDMA 80/20 wt.% (p-value =
0.000081); Bis-GMA/TEGDMA 80/20 wt.%. vs. UDMA/Bis-GMA/TEGDMA 70/10/20
wt.% (p-value = 0.003782); Bis-GMA/TEGDMA 80/20 wt.%. vs. UDMA/Bis-GMA/TEGDMA
40/40/20 wt.% (p-value = 0.005057).
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3.4. Water Absorbency Dynamic Study

The matrices based on UDMA and TEGDMA had the highest absorbency. Bis-EMA-
TEGDMA 80/20 wt.% showed the lowest water absorbency (Figure 5, Table 4). The highest
dissolution values were observed for matrices with Bis-GMA (Table 4).
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Table 4. The mean values of the water sorption, after 120 days, and dissolution (weight loss, absolute value) of the tested
matrices with standard deviations (SD).

Sorption after
120 Days (wt.%) SD Dissolution (wt.%) SD

U/T 80/20 3.3092 0.1843 0.3465 0.1336
U/T 70/30 3.7575 0.2674 0.4832 0.0759
U/T 60/40 4.0989 0.1561 0.4488 0.0221
U/T 50/50 4.0548 0.0803 0.3997 0.0580
E/T 80/20 1.1094 0.0916 0.1646 0.0896

U/E/T 70/10/20 2.7707 0.0089 0.5118 0.0775
U/E/T 60/20/20 2.5219 0.0562 0.4014 0.0775
U/E/T 50/30/20 2.3936 0.0703 0.3160 0.1450
U/E/T 40/40/20 1.8683 0.0778 0.3243 0.0796

G/T 80/20 2.9333 0.1986 0.5991 0.0759
U/G/T 70/10/20 3.0348 0.1340 0.6208 0.1615
U/G/T 60/20/20 2.8643 0.0728 0.5860 0.0851
U/G/T 50/30/20 2.9782 0.2060 0.6064 0.1655
U/G/T 40/40/20 2.8182 0.1324 0.6192 0.0604

4. Discussion

The properties of the polymer matrix depend on its composition. The most popular
base monomer used in dental composites is Bis-GMA, with a molecular weight (MW) of
512 g/mol; the compound comprises a stiff bisphenol A core and hydroxyl groups that
are able to form strong hydrogen bonds [18]. Hence, it demonstrates a high viscosity
(1200 Pa·s) [12]. An alternative base monomer with a flexible aliphatic core, and, hence,
a lower viscosity (23 Pa·s), is UDMA (MW = 470 g/mol) [12]. It also has two urethane
links, which are able to form hydrogen bonds, but these interactions are not as strong as in
Bis-GMA. Still, this hydrogen bond, formed by the urethane proton donor group, is strong
enough to increase the mechanical properties of dental composites [19]. Due to the more
flexible nature, UDMA demonstrates a higher degree of conversion than Bis-GMA does
and a higher morphological homogeneity [19–21].

Bis-EMA has a similar structure to Bis-GMA, being based on a stiff bisphenol A core;
however, as it lacks two pendant hydroxyl groups and has longer ethoxylated linkages,
Bis-EMA (MW = 540 g/mol) is more flexible and mobile, with a lower viscosity (0.9 Pa·s)
than Bis-GMA [12]. Therefore, it demonstrates a higher overall conversion [12,22]. Finally,
TEGDMA (MW = 286 g/mol) is a flexible, low-viscosity (0.01 Pa·s) diluent monomer [12],
which is used to obtain a higher degree of conversion and filler homogenization. However,
it is characterized by a high hydrophilicity and greater susceptibility to cyclization and
polymerization shrinkage [23].

It is important to underline that the final properties result not only from the char-
acteristics of individual monomers, but above all, from the interactions that arise in the
monomer mixture and the characteristics of the resulting polymer network [24]. Recent
research has examined new monomers based on methacrylate, urethanes, or new resin
systems [19,20,25–29]. However, only a few commercial materials, such as Venus Dia-
mond (Heraeus Kulzer), Kalore (GC Corp), and SDR (Dentsply Sirona), are based on such
modified monomers [30,31]. Most of the restoration materials on the market are based on
conventional resins (Bis-GMA, TEGDMA, UDMA, and Bis-EMA) [29]. The most exten-
sively researched resins are Bis-GMA/TEGDMA and UDMA/TEGDMA and, more rarely,
Bis-EMA/TEGDMA mixtures [12,18,22,23,32–39].

The present study examined the effect of the addition of TEGDMA, Bis-GMA, and
Bis-EMA on selected properties of the matrix based on UDMA resin. The null hypothesis
can be rejected due to changes in the evaluated properties, along with the modification of
resins composition. Increasing the amount of TEGDMA monomer in the U/T mixtures
did not affect the modulus of elasticity. However, it resulted in a slight increase in the
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flexural strength (FS) value, but this was not statistically significant; this may be due to the
polymer network demonstrating a greater conversion and crosslink density [32]. Studies
have shown that the addition of TEGDMA reduces the viscosity of systems based on
Bis-GMA or UDMA, thus allowing a higher degree of conversion. However, excessively
high amounts of diluent monomer (TEGDMA) result in the deterioration of properties of
the tested matrices probably due to primary cyclization. The FS values for mixtures based
on a molar fraction of UDMA or Bis-GMA of approx. 0.7 were approximately 140 MPa for a
molar fraction of TEGDMA of approximately 0.3, but close to 110 MPa for a molar fraction
of TEGDMA of more than 0.6 [32]. Lower-viscosity resins are more likely to demonstrate
TEGDMA primary cyclization. Cyclization leads to a reduction in the effective cross-linking
density and heterogeneity in the polymer due to microgel formation [38]. Composites
based on Bis-GMA and 66% TEGDMA were characterized by high conversion values, but
lower shrinkage values than would be expected, probably due to more severe primary
cyclization. Although primary cyclization increases the conversion, it can compromise
network formation and reduce the crosslinking density [39]. It is possible to achieve a high
conversion with a relatively low TEGDMA content in UDMA-based composites (compared
to Bis-GMA), due to their lower viscosity and structure characteristics [36]. A compromise
between the degree of conversion and the desired properties (leaching and mechanical
strength) was achieved for the systems with base monomers, Bis-GMA or UDMA, with
molar fractions between 0.375 and 0.625 [32].

The addition of Bis-GMA in U/B/T mixtures was found to increase the flexural modu-
lus, which has an impact on the value of the three-point bending strength (Figures 1 and 2).
The highest median values (FS = 89.5 MPa) were observed for the UDMA/Bis-GMA/
TEGDMA 40/40/20 wt.% matrix, while the lowest FS (69.7 MPa) and FM (1.6 GPa) values
were demonstrated by the Bis-EMA/TEGDMA 80/20 wt.% matrix. The addition of UDMA
had a positive effect on the tested properties, with the resulting polymer network being
characterized by a greater stiffness and resistance to three-point bending. The addition
of Bis-GMA and UDMA in the mixtures U/G T and U/E/T, respectively, increased inter-
molecular interactions, mostly hydrogen bonding, which is considered to be one of the
most important factors influencing the strength and modulus of crosslinked dimethacrylate
systems [11,24,40]. High values of FS in mixtures containing Bis-EMA may indicate a high
conversion. This monomer is less viscous than Bis-GMA and the systems can therefore
achieve a higher degree of conversion [41]. Additionally, the introduction of UDMA to the
U/E/T mixtures resulted in the formation of a denser polymer network. UDMA resins
have a higher reactivity than Bis-EMA resins due to the greater flexibility of their molecular
structure, possible hydrogen abstraction, and chain transfer reaction mechanism [18,22].
The FS values of unfilled resins based on UDMA/TEGDMA ranged from 44 to 78 MPa,
while those of matrices based on Bis-GMA/TEGDMA were between 51 and 66 MPa [37].
The ISO 4049 demands a flexural strength of at least 80 MPa for restorative materials in
occlusion-bearing areas. Resins obtained in this study will allow the requirements of the
standard to be met after using a filler system.

The second most frequently defined mechanical property for polymeric dental ma-
terials is diametral tensile strength (DTS). This property allows the tensile strength to be
indirectly examined [42]. This value for dental composites varies from 30 to 55 MPa [43].
However, it should be emphasized that the DTS value increases with filler content. The
DTS of unfilled Bis-GMA/TEGDMA (75 wt.%/25 wt.%) resin was previously found to be
21.9 MPa [44]. The median DTS for tested materials was found to range from 20 to 30 MPa,
with the highest value being observed for the Bis-EMA/TEGDMA 80/20 wt.% matrix
(approximately 46 MPa). The DTS test assumes a negligible deformation before fracture.
Some distortions may have appeared in the tests on resin matrices as they demonstrate
greater plastic deformation than filled materials [33,45]. The materials containing Bis-EMA
and TEGDMA tended to display greater deformations. In addition, the E/T 80/20 wt.%
matrix had the lowest FM and modulus of elasticity, which suggests that it should also
have a lower DTS value. The smallest dispersion of values was observed for the U/G/T
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matrices, which may be due to the formation of a stiffer and brittle system that was more
suitable for this type of test.

Of the studied properties, hardness is one of the most sensitive to changes in the
degree of conversion [46]. This value increases with the degree of conversion [47]. In the
present study, the highest hardness value was demonstrated by the UDMA/TEGDMA
80/20 wt.% matrix (16 HV) and the lowest by the UDMA/Bis-EMA/TEGDMA 70/10/20
wt.% and Bis-GMA/TEGDMA 80/20 wt.% matrices (14 HV) (Figure 4). Previous studies
have indicated that U/T matrices have higher hardness values than U/G matrices do;
UDMA has a lower viscosity and is more flexible than Bis-GMA, which leads to a higher
conversion and denser polymer network [37]. However, like other properties of dental
resins, hardness also depends on intramolecular interactions and the polymer structure [24].
The presence of aromatic rings and urethane bonds increases hardness values [48].

When dental resins are soaked in water and oral fluids, unreacted monomers and
small oligomers are eluted, and water is absorbed by the resin matrix. The absorbed water
occupies the space between polymer chains or it is bonded with the polymer. This process
is controlled by diffusion and requires a few weeks to complete [49,50]. Our dynamic
absorbency testing showed that the fastest mass increase due to water sorption occurs
during the first month (Figure 5). The UDMA/TEGDMA mixtures showed a more rapid
increase than UDMA/Bis-EMA/TEGDMA. In addition, the highest values were observed
for the U/T and U/G/T mixtures (Table 4).

Hydrophobicity of the monomer is one of the most important factors that allows
water sorption to be predicted. In our study, the highest values of water absorbency were
observed for U/T. The values did not change significantly within the selected formulations.
High values were also observed for mixtures with Bis-GMA. Due to the presence of
urethane linkages in UDMA, ether linkages in TEGDMA, and hydroxyl groups in Bis-GMA,
monomers have a hydrophilic nature and will more easily cause water to penetrate into the
polymer network. The smallest values of water absorbency were observed by formulations
with the Bis-EMA monomer. This monomer decreases water sorption and solubility due to
its hydrophobic character [11,51]. An additional factor that significantly affects sorption and
solubility values is the degree of conversion, and the characteristic of the polymer network.
Homogenous networks with high cross-linking densities and small levels of porosity or
microvoids have reduced solvent uptake and swelling [50,52–54]. This factor may explain
the higher sorption values for U/T matrices than for formulations with the addition of
a more hydrophilic monomer such as Bis-GMA. The higher addition of TEGDMA in
the U/T matrices could result in a more cross-linked network, which may create a more
heterogeneous polymer structure [35]. Additionally, the structure may be disturbed by the
occurrence of a cyclization process of TEGDMA monomer [18]. The more heterogeneous
the structure, the larger the spaces created between the polymer clusters (microporous),
which can accommodate a larger amount of water [35]. The high sorption values for
U/T matrices can be explained by the higher flexibility of the network in comparison
with U/B/T formulations (Figure 2). This permits the higher swelling of polymer chains
by water [35]. Solubility and sorption cause the hygroscopic expansion, plasticization,
and hydrolytic degradation of resins, thus weakening the mechanical properties over
time [16]. Therefore, knowledge of the behavior of the resin under the influence of the
aquatic environment is also a very important element in assessing its properties.

Little research has been performed into more complex resin systems. One of the
most extensive works was published in 1998 by Asmussen and Peutzfeldt, but in this
study, the resins were loaded with silanized glass filler (78 wt.%) [33]. Blends based on
TEGDMA/UDMA/Bis-GMA showed good properties, when the composite contained an
equal mixture of Bis-GMA and UDMA or the content of UDMA monomer was higher.
Flexural strength values were found to be 159 ± 18, 164 ± 18, and 167 ± 12 MPa for
composites based on TEGDMA/UDMA/Bis-GMA with monomer contents (mol%) of
30/40/30, 30/30/40, and 30/20/50, respectively. The modulus values for these materials
were 10.2 ± 0.4, 9.1 ± 1.2, and 8.0 ± 0.7 GPa, respectively. The tensile strength was
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similar for all matrices (approximately 55 MPa) [33]. Similar studies found that medium-
viscosity resin (TEGDMA/UDMA/Bis-GMA 30:33:33 wt.%) provided optimum mechanical
properties, and that the viscosity should be adjusted to achieve a balance between efficient
conversion and the best mechanical properties [34]. Another similar study based on only
five experimental groups also suggested that Bis-GMA:TEGDMA:UDMA (30:35:35 mol%)
resin showed promising properties [55].

It should be noted that this work had some limitations. A fairly wide spectrum of
tests were carried out that allowed for the exclusion of matrices, which did not meet
certain strength criteria. However, for a more complete evaluation, the viscosity of the
formulations, the degree of conversion, and the polymer network structure should be
determined. Currently selected formulations (both unfilled and filled systems) are under
evaluation using the aging protocol to assess the behavior of these materials in complex
oral environments.

5. Conclusions

Certain relationships were observed regarding the influence of individual components
on the properties of polymer matrices. However, they are not directly proportional to
the compositional changes. Matrices with compositions of UDMA/Bis-GMA/TEGDMA
70/10/20 wt.% and 40/40/20 wt.%, and UDMA/Bis-EMA/TEGDMA 40/40/20 wt.%
matrices are characterized with a good flexural strength (FS), modulus of elasticity (ME),
hardness (HV), diametral tensile strength (DTS), and satisfactory water absorption and
dissolution values. The use of three different monomers in proper proportions may create
a stronger polymer matrix. Tested formulations after filling should meet the requirements
of standard 4049 on the minimum flexural strength for restoration materials. The DTS and
hardness values were also promising.

In addition to the degree of conversion—which can be partially controlled by obtain-
ing medium-viscous systems—an important issue is secondary bonds such as hydrogen
bonding and van der Waals forces. These interactions may improve the mechanical prop-
erties by increasing the polymer network density. The addition of such monomers as
UDMA and Bis-GMA, which, due to their chemical structure, are capable of producing
such interactions, may result in the creation of a material with a higher strength.
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Abstract: Infiltration is a method of penetration with a low viscosity resin that penetrates deep
into demineralised tooth tissue and fills the intergranular spaces, hence reducing porosity. Carious
lesions initially located at the enamel–cement junction are usually found in elderly patients. Those
spots are predisposed to bacterial adhesion originating both from biofilm and from gingival pocket
bacteria. The aim of this study was to evaluate the penetration of an experimental preparation,
which has the characteristics of a dental infiltrant, enriched with an antibacterial component, into
the decalcified root cement tissues of extracted human teeth in elderly patients. An experimental
preparation with the characteristics of a dental infiltrant was prepared, applied, and polymerised on
the surface of extracted, previously decalcified human teeth. The control sample was Icon (DMG,
Hamburg, Germany). The ability of the preparations to penetrate deep into the root cement was
evaluated using scanning electron and light microscopy. The study showed that an experimental
preparation could potentially be used for treatment of early carious lesions within the tooth root
in elderly patients, among others, as it penetrates deep into demineralised tissues. More research
is needed.

Keywords: root caries; infiltration; microstomatology; dental materials; antimicrobial proper-
ties; polymers

1. Introduction

Despite extensive development ongoing in medicine, dental caries is still one of the
most common diseases of the oral cavity. As a result, demineralization and proteolytic
tissue breakdown occur. The carious process involves both tissues located in the coronal
part, such as enamel and dentin, and those located in the root part, such as root cementum
and root dentin [1–5].

Microinvasive dentistry (also known as microstomatology) is a modern concept based
on early detection of carious lesions at the molecular level. This new branch in restorative
dentistry makes it possible to stop the development of the disease quickly and to restore
the normal structure and function of tooth tissue [6–9]. In order to assess the degree of
demineralisation, diagnostic equipment characterised by a wide range of sensitivity and
high specificity was used [10–15].

One of the basic principles of microstomatology is the remineralisation of hard dental
tissues. Preparations used for that purpose contain fluoride compounds, such as sodium
fluoride, acidulated phosphate fluoride (APF), tin fluoride, and amine fluoride [16–18].
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Fluoridisation strengthens tooth enamel against the action of bacteria and acids metabolised
by them, reduces tooth hypersensitivity in the cervical region, and prevents the formation of
carious lesions in areas with previously placed fillings. However, fluoridation preparations
have disadvantages. Fluoride compounds applied to tooth surfaces are not mechanically
resistant, especially during oral hygiene procedures. These preparations are also not able to
penetrate deep into demineralised tooth tissue. Another disadvantage is the lack of ability
to inhibit the development of microorganisms on their surface, which would facilitate long-
term inhibition of carious lesion development. Moreover, allergy to any of its ingredients
is also a contraindication for the use of fluoride preparations.

Infiltration is an answer to the disadvantages of fluoride preparations—it is also a
method that does not require surgical interference in the hard tissues of the tooth. This
method comprises deep penetration into the demineralised tooth tissues, while filling
the intercrystalline spaces with low viscosity resin and reducing the tissue porosity. As a
result, the window for penetration of bacterial toxins into the hard tissues and the bacteria
producing them is closed. The result is inhibition of the decalcification process and caries
development [19,20]. An infiltrant is a substance based on polymeric resins, capable of
penetrating tissues due to capillary forces. According to Manji [21,22], dental infiltrants are
used to treat lesions on smooth vestibular and tangential surfaces at the white spot stage,
with a maximum radiological depth of up to 1/3 of the outer dentin layer. The advantages
of that method include mechanical stabilisation of demineralised tissue, permanent closure
of superficial micropores, and inhibition of the progression of lesions. In this way, we
minimise the risk of secondary caries and delay surgical intervention, while at the same time
achieving aesthetic benefits [23,24]. The use of infiltrants also reduces the risk of gingivitis
and the occurrence of tooth hypersensitivity in the cervical region [25]. The requirements
for infiltrants to be used in treatment of carious lesions include: a high surface tension,
a low density, hydrophilicity, a lack of toxicity to the host, a resistance to chemical and
mechanical effects, the ability to polymerise to a solid state, the similarity of the infiltrant
colour to that of the tooth, a lack of interaction with food and drugs, and the ability to
inhibit multiplication of microorganisms on their surface. The last feature mentioned is
very important as it reduces the risk of secondary caries. The only commercially available
preparation of such kind is Icon (DMG, Hamburg, Germany), launched in 2009. It is used for
the treatment of early enamel caries lesions located on the vestibular and proximal surfaces.
However, this preparation does not meet all the requirements for infiltrants, as it does not
have a component responsible for bacteriostaticity [25]. This fact prompted the authors
of the study to undertake research towards the synthesis of an experimental preparation
enriched with the missing component. The developed experimental preparation was
enriched with a PMMAn-MTZ monomer, which has adhesive properties. Metronidazole
acts on Gram-negative anaerobic microorganisms and Gram-positive anaerobic bacteria
(organisms living under anaerobic or low oxygen conditions). Synthesis of PMMAn with
metronidazole provides a component that potentially inhibits microbial proliferation on
the surface of the hard tooth tissue. PMMAn and metronidazole are linked by an ester
bond, which is hydrolysed when exposed to water (saliva). In this way, metronidazole can
interact with the experimental preparation to inhibit bacterial growth on the tooth surface
continuously [26]. According to the instructions of the manufacturer, the commercial
preparation Icon is mainly used for caries within the enamel; therefore, in the opinion of
the authors of this study, the potential of infiltrants is not fully exploited. An attempt was
made to apply the synthesised infiltrant to the surface of decalcified root cement.

Root cement is the mineralized hard tissue of the tooth that covers the outer surface of
the tooth root. Thickness of root cement is locally variable, being thickest in the apical region
(150–200 micrometres) and thinnest in the cervical region (20–50 micrometres) [27,28].

Carious lesions initially located at the enamel–cement junction are usually found
in older patients [29,30]. As life expectancy increases, there is no apparent correlation
with the number of retained healthy teeth [27]. Modern dentistry faces the challenge
of improving oral health. With age, there is an increase in the number of general co-
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morbidities and medications taken by patients, as well as reduced manual dexterity [31].
All these factors contribute to the development of root caries. In the population, we also
observed generalized senile periodontal atrophy, characterized by bone loss of the alveolar
process and the alveolar part of the mandible, as well as gingival recession.

As a result, the clinical crowns of the teeth are elongated, while the roots and cemen-
tum are exposed [32]. The root surface exposed to the oral environment is much more
sensitive to mechanical and chemical destruction than the highly mineralised enamel. This
process is initially asymptomatic, manifesting itself as a small brown demarcated lesion
(grade 1 according to Billings) below a well-mineralised surface layer [33]. Demineral-
isation of the root cement is similar to that observed in enamel (destruction of apatite
crystals occurs subsurface, before bacterial penetration) [29]. Some differences are also
apparent in caries of enamel and root cement. Demineralisation in root cement starts
much faster than in enamel, already at the plaque pH of 6–6.5 [34]. In addition, the root
surface contains less fluoride than the superficial layer of enamel, which is related to its
lower exposure to fluoride contained in saliva and preparations used to maintain oral
hygiene [35]. Bacterial invasion occurs at an earlier stage of root caries than in case of
enamel caries. The accumulation of bacteria at the cemento–dentin interface causes rapid
decomposition of collagen fibres. The presence of traumatic nodes in the oral cavity is not
without significance in the formation of decalcifications in the cervical region in case of
elderly patients. Bite loads acting eccentrically to the long axis of the tooth cause a loss of
connection between hydroxyapatite crystals, which subsequently leads to their disruption
and the formation of tissue loss in the cervical region [36]. An oral environment rich in
carious bacteria and poor in saliva adversely affects the structure of the exposed cement,
leading to the formation of carious defects.

There are few reports in the available literature on the use of infiltrants enriched with
an antibacterial component [37]. The authors of the study focused on the potential attempt
to apply infiltrants on the surface of the root cement in order to achieve the intended
therapeutic effect that is minimally invasive for the hard tissues of the tooth.

The aim of this study was to assess the potential degree of penetration of the experi-
mental preparation valuate, which reached deep into the decalcified root cement tissues
of extracted human teeth, with the characteristics of a dental infiltrant enriched with an
antibacterial component in adult patients, including the elderly.

This study is a pioneering and pilot study in this field. The authors based their work
on the assessment of the degree of penetration of the experimental preparation based on
the SEM observations.

2. Materials and Methods

The material for the study included 12 extracted human teeth of adult patients: molars
and premolars removed for prosthetic and periodontitis, with naturally exposed root cement
to a depth of 6 mm, i.e., the limit above which the treatment of choice is invasive, surgical
treatment. The teeth with a preserved anatomical crown and root were included in the study,
whereas the teeth with a loss of root cement during extraction were excluded. The teeth were
kept in a prepared 0.5% chloramine solution until the start of the study. Before the beginning
of the study, the teeth were cleaned of sediment and calculus, as well as hard and soft tissue
debris with use of dental curettes (LM-Instruments, Parainem, Finland). The teeth were then
polished with SuperPolish paste (Kerr Dental, Bioggio, Italy), with an RDA of 9.8 and without
fluoride, with an Opti Shine toothbrush (Kerr, Bioggio, Italy) using 2000 r/min. The teeth
were rinsed three times with distilled water and left for 24 h.

2.1. Demineralization of Tooth Root Cement

A solution was prepared to demineralise the hard tissues of the tooth, the composition
of which is shown in Table 1 [25,38].
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Table 1. Composition of the solution for demineralization of hard tooth tissues.

Component Molar Concentration Quantity

CaCl2*2H2O 3 mM 0.441 g

KH2PO4 3 mM 0.408 g

CH3COOH 50 mM 2.88 mL

MHDP 6 µM 1.416 × 10−3 g

The teeth were divided into two groups. Then, 1 L of demineralisation solution was
poured into one container in which 6 teeth (the test group) were placed. pH = 6.2 of the
solution was then determined using acetic acid and potassium hydroxide, depending on
the fluctuation of the pH value [39]. The container was placed in an incubator at 37 ◦C
for a period of 5 weeks. The conditions in the incubator mimicked the conditions in the
oral cavity to initiate the process of initial caries formation. During the entire 5-week
period, the pH was measured daily using a CP 411 pH-meter (Elmetron, Gliwice, Poland),
with adjustments of high pH values with acetic acid and low pH values with potassium
hydroxide to maintain a constant level of pH = 6. The remaining 6 teeth, which constituted
the control group, were kept in distilled water. After 5 weeks, the teeth of both the test and
control groups were rinsed three times with distilled water and thoroughly dried.

2.2. Preparation of the Experimental Solution

In cooperation with the Department of Organic Chemistry, Bioorganic Chemistry and
Biotechnology of the Silesian University of Technology (Gliwice, Poland), an experimental
solution was prepared, which consisted of the components listed in Table 2 [40].

Table 2. Composition and percentage content of the experimental solution.

Component Quantity (g) Content (%)

TEGDMA 3.75 75

HEMA 1.25 25

PMMAn-MTZ 1 0.05 1 *

DMAEMA 2 0.05 1 *

CQ 3 0.025 0.5 *
* ratio to total mass of monomers; TEGDMA (triethylene glycol dimethacrylate, Fluka, Buchs, Switzerland); HEMA
(2-hydroxyethyl methacrylate, Acros, New Jersey, USA); 1 PMMAn (2-(7-methyl-1,6-dioxo-2,5-dioxa-7-octenyl)
trimellitic anhydride); MTZ (metronidazole, Acros, New Jersey, USA); 2 DMAEMA (N,N-dimethylaminoethyl
methacrylate, Merck, Darmstadt, Germany); 3 CQ (camphorquinone, Aldrich, St. Louis, Mo, USA).

An experimental solution with the characteristics of a dental infiltrant was prepared
with a mass of 5 g, and it was placed in a dark bottle and mixed thoroughly. DMAEMA in
the preparation is the component responsible for polymerisation. PMMAn was enriched
with metronidazole to obtain the antimicrobial component. In order to facilitate observation
under the microscope and to be able to assess the penetration of the preparations into the
dental hard tissue, a dye called eosin (WarChem, Warsaw, Poland) (0.25 mL) was added to
both experimental and Icon preparations, as shown in Figure 1.
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Figure 1. Observation of change in colour of the polymerised experimental preparation (a) before the
addition of eosin and (b) after the addition of eosin, as well as of Icon solution (c) before the addition
of eosin and (d) after the addition of eosin.

2.3. Tooth Infiltration Procedure

Two zones were delineated on the surface of both decalcified teeth (study group) and
non-decalcified teeth (control group). Each zone was marked with colour varnish on the
surfaces of tooth crowns. The blue zone marked teeth infiltrated with the Icon prepara-
tion containing eosin, and the red zone marked teeth infiltrated with the experimental
preparation with eosin, as shown in Figure 2.
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Figure 2. (a) Graphically marked tooth zones and areas for microscopic observation; (b) a photo of a
resin-embedded tooth imaged with a stereoscopic microscope. The red side shows the zone with the
applied experimental preparation, and the blue side shows the tooth with the applied commercial
preparation Icon.

Both preparations were applied according to the instructions for use supplied with
the commercial preparation.

During polymerisation, a C01-C Premium Plus wireless LED polymerisation lamp
(Premium Plus International Limited, Bournemouth, UK) was used, emitting light in the
wavelength range of 440–480 nm. The full mode was used for the study, with the radiation
power of 1200 mW/cm2.

2.4. Preparation of Samples for Microscopic Analysis

The teeth were cut along the long axis, perpendicularly to the traced zones. Tooth
surfaces were polished with R100 felt discs (Stoddard, London, UK) at 4000 r/min with
SeptoDiamond fluoride-free diamond paste (Septodont, Warsaw, Poland). The teeth were
then cold-fused in the Metalogis Opti-Mix two-component methylmethacrylate-based
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resin, (Metalogis s.c., Warsaw, Poland). They were then cut longitudinally, using a Buehler
precision cutter (Buehler Holding A.G., Uzwil, Switzerland), after which the cross-sections
were made. The cross-sectional surfaces were sanded with waterproof sandpaper of
decreasing gradations: P320, P500, P800, and P1000 Metalogis DEMPAX (Metalogis s.c,
Warsaw, Poland); and then polished with Struers DP Suspension diamond slurries: 9 µm,
3 µm, 1 µm, 0.25 µm (Struers A/S, Ballerup, Denmark).

2.5. Microscope Observations

Observations of longitudinal sections of teeth were made with a Hitachi S-3400N
scanning electron microscope (Hitachi Ltd., Tokyo, Japan) and with an Olympus GX71
light microscope (Olympus, Tokyo, Japan) at 50× magnification.

3. Results

The first stage of microscope observation was to determine the anatomical structures
visible in the Hitachi S-34000N scanning electron microscope, which are shown in Figure 3.
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Figure 3. A photograph showing anatomical tooth structures.

With the use of a scanning microscope, the thickness of root cement in the cervical
region was determined to be 7.47 µm, as shown in Figure 4. It was also possible to see the
expansion of root cement, with an increasing thickness to 55.6 µm towards the root apex,
as shown in Figure 5.
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Figure 4. Scanning electron microscope image showing the thickness of root cement in the
cervical region.
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Figure 5. Scanning electron microscope image showing the thickness of root cement below the
cervical region, in the apical direction.
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The second stage of microscopic observation was to analyse the degree of penetration
of the experimental preparation and the Icon preparation. Both the resin-embedded teeth
of the study group and the control group were observed under an Olympus GX71 light
microscope (Tokyo, Japan) at 50× magnification. The results of the observations are shown
in Figures 6 and 7.
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Figure 6. Visible penetration of the experimental preparation in the cervical area of a tooth. The
arrows indicate the direction of penetration.

The light microscope observations revealed penetration of both the experimental
preparation and the commercial preparation Icon deep into the decalcified hard tissue in
the area of the root. The study showed that both preparations penetrated not only the
decalcified root cement but that it also reached the root dentine.

Observation under a light microscope made it possible to assess the degree of penetra-
tion of the experimental preparation and the commercial preparation Icon in decalcified
teeth. In both cases, penetration of the infiltrant into root cement is a desirable phenomenon,
as these preparations should be able to penetrate demineralised tooth root tissues.
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4. Discussion

Contemporary dentistry is faced with a challenge to maintain oral health by preserving
as much healthy tooth tissue as possible, to treat caries and periodontal disease early,
and to improve the function of the masticatory apparatus in elderly patients. Based on
US statistical data from 2020, it is estimated that the group of people aged 65 and over
constitutes 17% of the population [41]. Statistical data of European countries, e.g., Poland,
also show that the group of people aged 65 and over is steadily growing. The participation
of this age group in the total population (old age index) in 2020 was 18.6%, compared
to 1990, when it was 10% [42]. Konopka et al. in their study noted that, in recent years,
as life expectancy increases in the studied age groups of the population, the number of
retained dentition increases [43]. While considering the aging process of the population,
it should be noted that geriatric dentistry will constitute a significant percentage of cases
covered by prevention and treatment. With age, a number of physiological changes occur,
which in case of the dentition are usually atrophic in nature. In many cases, the dental or
periodontal age of a patient does not correspond to their biological age. The coexistence
of systemic diseases, the deterioration of oral hygiene associated with reduced manual
dexterity and poorer vision, as well as past or active periodontal diseases significantly
increase the likelihood of developing dental root caries [44,45]. There are also a number of
other behavioural and sociodemographic factors that contribute to the occurrence of root
caries [46]. Moreover, it is important to mention that, with age, the salivary glands become
fibrotic and fatty, which causes a reduction in saliva secretion in the oral cavity and the
development of caries [47]. Senile bone atrophy of the maxillary alveolar process and the
alveolar part of the mandible together with gingival recession affects apparent elongation
of the clinical crowns and exposure of root cement. Barczak et al. in their study estimated
that the incidence of periodontal disease in the elderly occurs in 98–100% of patients [27].
Katz RV et al., while evaluating teeth with recessions, proved that as many as one in nine
cases had root caries (11.4%) [32]. Moreover, Slavkin noted that more than 50% of the
people in the age group of 65 and older had a diagnosis of root caries [48]. Hellyer et al.
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determined that the majority of active root carious lesions were located within 1 mm of
the gingival margin, while inactive lesions were located above or 1 mm from the gingival
margin [49]. It should be mentioned that not only elderly patients but also adolescents
who undergo orthodontic treatment, especially with brackets located in the cervical region
of teeth and at the same time on a high-sugar diet, are at risk of caries in the cervical region
and in the root cement [47].

Until recently, the treatment of primary carious lesions was based on two basic
mechanisms: prophylactic and curative, i.e., the use of an appropriate diet and fluo-
ride prophylaxis—the effect of exogenous fluoride compounds (tooth brushing, rubbing),
as well as the action of endogenous compounds (their oral intake). These measures were
applied before any signs of tooth decay occurred, in order to prevent demineralization, or
after a white spot was observed. Scribante et al., in their study, confirmed the correctness
of enamel remineralization with hydroxyapatite and sodium fluoride, which was also after
teeth whitening [50]. The exogenous use of fluoride compounds is aimed at remineraliza-
tion and is therefore a form of treatment. The gap between preventive and interventional
(“surgical”) treatment has been bridged by micro-invasive dentistry with its promising
treatment of early carious lesions, based on the infiltration technique [8].

Most studies involving the process of root tissue infiltration have assessed the degree
of microhardness. Zhou et al., in their study, evaluated the effect of infiltration on root
caries induced by Streptococcus mutans biofilm. The researchers demonstrated that the
microhardness of the tooth surface and resistance to caries increased significantly after the
application of Icon infiltrant [51]. Yazkan and Gurdogan et al. in their study confirmed that
the application of Icon infiltrant increased the microhardness of the enamel surface [52,53].
Additionally, Gurdogan et al. in their study found that Icon increased surface roughness,
when compared to the control group [53]. Zhou et al. also noted that Icon resin causes an
increase in surface roughness compared to a decalcified surface without application of the
infiltrant. That research may suggest that Icon resin application tends to increase plaque
accumulation on the tooth surface at the application site [51]. M-Skucha Nowak et al. in
their previous study pointed out that the commercial preparation Icon does not meet one
of the main characteristics of a dental infiltrant, namely, it does not have a component
responsible for bacteriostaticity [54]. In previous studies, the authors demonstrated that
the inclusion of metronidazole in the experimental formulation allows for targeted activity
against both anaerobic and oxygen-deficient organisms. The PMMAn—MTZ component
demonstrates strong antimicrobial activity against Bacteroides, Fusobacterium, Eubacterium,
Clostridium, Peptococcus, Peptostreptococcus, and protozoa [26]. Both the authors and a
researcher, Zhang, assessed that the inclusion of an antibacterial component in the compo-
sition of a dental infiltrant could potentially inhibit the development of caries at the site
of application [26,55]. Clinically, this is of great importance because the exposed surface
of root cement provides a site of plaque retention. The authors, in their previous study,
also demonstrated that an experimental formulation with a PMMAn-MTZ component at
the 2-fold dilution applied to an early carious lesion in close proximity to the gingival
mucosa showed similar cytotoxicity to the commercial formulation Icon after 24 h, while,
at the 4-fold dilution, the experimental formulation showed less cytotoxicity than Icon,
suggesting that application of the experimental formulation does not require isolation of
the treatment field [26]. Neres et al. focused on the abrasion resistance of Icon on the
enamel surface by subjecting it to 10,000 brushing cycles, proving that when the application
of the preparation is performed according to the manufacturer’s recommendations in the
form of two layers of infiltrant, the preparation will not be abraded [56]. These results
allow us to conclude that the application of infiltrants to the exposed root surface subjected
to regular hygienic procedures will allow the preparation to persist and protect against the
development of caries.

Numerous researchers have infiltrated the enamel surface. Skucha-Nowak et al., while
applying the experimental preparation on the enamel surface, proved that the preparation
penetrates the pores to a depth of 30–40 µm. The study obtained values similar to those
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described by Subramaniam et al. [25,57]. The authors of the present study attempted
to evaluate the ability of the experimental preparation to penetrate deep into the root
cement. By evaluating the degree of penetration of the experimental preparation and the
commercial preparation Icon in decalcified teeth, the degree of penetration in both groups
was observed, which is a desirable phenomenon, as these preparations should penetrate the
demineralised tissues of the root. The phenomenon of infiltration shows that preparation
reaches into pores or cavities on the tooth surface. The literature reports that infiltration
to a depth of 60 µm is sufficient to prevent demineralisation of enamel tissues [58]. It is
known that, depending on the type of tooth, thickness of the enamel can vary from 2.6 mm
on the chewing surface to 2.4 mm in molars and premolars, respectively. The thinnest layer
was found in the cervical region of the tooth root and was 0.1 mm. In comparison, the
thickness of root cement was 150–200 micrometres in the periapical region, while, in the
cervical region, it was about 20–50 micrometres. Based on these values, it can be estimated
that it is sufficient for the infiltrant to penetrate to a depth of 2.3% of enamel thickness. The
authors of this study performed a pioneering study based on a subjective exclusion in the
SEM image. In the future, the use of X-ray microtomography (µ-CT) will allow clinicians
to accurately analyse the depth of penetration of the experimental preparation into hard
tissues [59,60]. This method can provide valuable information in a non-invasive manner,
without cutting the samples. These studies need to be continued in order to thoroughly
assess the penetration of the experimental preparation based on a statistical study. The
results obtained in the study allow for a preliminary assessment that resin infiltration can
be used not only on the enamel surface but also within the root. Conservative treatment of
elderly patients should be carefully planned. Routine diagnostics combined with treatment
of early carious lesions on the root surface may hinder caries progression, resulting in
improved oral health by preserving the maximum number of teeth in that group of patients.

The obtained microscopic results showed that infiltrants not only penetrate decalcified
root cement but also penetrate the surface area of root dentine.

5. Conclusions

The pioneering, preliminary study based on microscopic viewing has proven that
the experimental preparation and the features of a dental infiltrate enriched with an
antimicrobial component in the form of metronidazole can potentially be used to treat
early carious lesions within the tooth root. This study proved that it penetrates into
demineralized tissues. There is a need to continue research.
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Abstract: Microinvasive dentistry is based on the treatment of early carious lesions with the use of
dental infiltrants. The commercially available Icon dental infiltrant does not contain any bacteriostatic
component. An experimental preparation enriched with the missing component was synthesised.
The aim of this study was to evaluate the cytotoxicity of the experimental preparation. Mouse
fibroblasts of the L-929 lineage were used for the in vitro study. Cell morphology and viability were
assessed. In the cytotoxicity analysis, it was shown that the experimental preparation (42.8 ± 10.3)
after 24 h at two-fold dilution showed similar cytotoxicity to Icon (42.7 ± 8.8) (p > 0.05), while at four-
fold dilution experimental preparation (46.7 ± 3.1), it was less toxic than Icon (34.2 ± 3.1) (p < 0.05).
The experimental preparation has the potential to provide an alternative to the Icon commercial
preparation. Further research is needed to evaluate the cytotoxicity of the experimental preparation
over a longer period of time.

Keywords: dental materials; polymers; antimicrobial properties; infiltrants; metronidazole

1. Introduction

Microinvasive dentistry (also called microdentistry) is a modern preventive and thera-
peutic concept based on an attempt to preserve as much as possible of the patient’s healthy
tissues and to postpone the onset of invasive (surgical) treatment, that is mechanical re-
moval of carious lesions, in favour of therapeutic (biological) treatment—remineralisation
of carious lesions along with modification of the oral cavity environment [1–7]. Currently,
the development of technology is moving towards the application of stem cells in numer-
ous fields of medicine. The repair and regeneration of tissue structures can provide an
alternative to current treatment protocols. However, there are still no studies showing the
reconstruction of enamel tissues and root cement with the participation of stem cells. Due
to this fact, non-invasive treatment of early carious lesions on the surfaces of tooth tissues
can be treated with the use of dental infiltrants [8]. This trend in conservative dentistry
makes it possible to stop the progression of a disease at an early stage and to restore the
normal structure and function of dental tissues.

A dental infiltrant is a substance based on low-viscosity polymer resins, capable of
deep penetration of demineralised tooth tissues and of filling the inter-crystalline spaces
of hard tissues. That process reduces porosity of the decalcified tissues. As a result, the
carious spot becomes inaccessible for cariogenic bacteria and their toxins. The result of
this process is a halt in the progression of caries’ development. Icon (DMG, Hamburg,
Germany) is an example of a commercially available dental infiltrant preparation, which
was launched in 2009. It is intended for treatment of carious lesions located on smooth and
tangential tooth surfaces [9–13]. Icon is recommended for use in early-stage carious lesions
to a maximum depth of D1 (Manji radiographic classification of lesion depth) [13,14].
In order to be referred to as a dental infiltrant, the preparation should feature low density,
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high surface tension, hydrophilicity, no toxic effects on the organism, bacteriostaticity,
no interaction with food and drugs, ability to polymerise to a solid state, resistance to
chemical and mechanical agents and have good aesthetics after polymerisation [9]. The
advantages of the Icon commercial preparation include the ability to polymerise to a solid
state, resistance to chemical and mechanical agents and its ability to mimic the tooth
colour. Low viscosity and wetting angle, and high surface tension and hydrophilicity allow
infiltrants to penetrate pores of decalcified enamel. However, the said preparation is not
without its drawbacks. Icon does not contain a component responsible for inhibiting the
multiplication of microorganisms on the tooth surface. The bacteriostatic nature of the drug
is defined as the effect of the preparation on bacteria by inhibiting their proliferation and
preventing the massive breakdown of bacterial cells with the release of antigens (including
endotoxins) [15].

The fact that the commercial preparation Icon does not have an ingredient responsible
for bacteriostaticity in its composition led the authors to undertake research towards the
synthesis of an experimental preparation enriched with the missing component. The de-
veloped experimental preparation was enriched with PMMAn-MTZ monomer, which has
adhesive properties. The action of metronidazole targets anaerobic and oxygen-deficient
organisms. This chemotherapeutic agent is active against protozoa and, at the same time,
displays antibacterial activity (against bacteria of the following genera: Bacteroides, Fusobac-
terium, Eubacterium, Clostridium, Peptococcus, Peptostreptococcus, among others). Metron-
idazole enters the cells as a prodrug, then it is converted into a short-term nitroso radical.
The chemotherapeutic agent in this form is cytotoxic and acts by inhibiting DNA synthesis
and damaging it through oxidation reactions. That process results in DNA strand breaks,
which leads to degradation and death of the cell [16]. The synthesis of PMMAn with
metronidazole provides a component that potentially inhibits microbial proliferation on
the surface of dental hard tissue. PMMAn and metronidazole are linked by an ester bond,
which is hydrolysed when exposed to water (saliva). In this way, metronidazole can inhibit
bacterial growth on the tooth surface in a continuous manner.

One of the basic tests of new materials and therapeutic preparations which are to be
used in medicine in the future is to determine the cytotoxic activity of a given substance.
Determination of cytotoxicity is the basis for the assessment of the action of the drug and
whether its influence on the human body is safe or not. Literature studies show that the
development of molecular research enables a better understanding of the aetiology of
diseases, complementing clinical practice. The use of profile gene expression can facili-
tate and replace classical techniques of cytotoxicity analysis. This method can provide
much more information than classical methods [17]. Among the available methods for
assessing the cytotoxicity of the tested preparations, there are tests that allow direct or
indirect measurement of various parameters related to the physiology of cells, against
which the activity of a given material is tested, including integrity of the cell membrane,
proliferation, activity of cellular metabolic enzymes, as well as the amount of protein or
genetic material [18]. There are numerous tests, for example, the test to assess the activity of
the lactate dehydrogenase (LDH—lactate dehydrogenase test), the test based on the uptake
of neutral red by lysosomes (NR—neutral red test), the test to demonstrate the presence of
the lysosomal enzyme N-acetyl-beta-D-glucosaminidase in culture centrum (NAG test),
the test determining the number of cells using sulforhodamine (SRB—sulforhodamine test)
and one of the most commonly used tests—the MTT test (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide test)—using the activity of cellular metabolic enzymes [19].
This method allows to estimate the percentage of living cells in cultures contacted with
the tested preparation or its extract by measuring mitochondrial dehydrogenase activity,
thus making it possible to determine the cytotoxicity of the tested preparation. Based
on the recommendations of EN ISO 10993-5 standard: “Biological evaluation of medical
devices—Part 5: In vitro cytotoxicity testing”, a reduction in the viability of cells contacted
with test preparation extracts greater than 30%, when compared to a control cell culture, is
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considered to have a cytotoxic effect. To obtain a complete cytotoxicity profile for a given
substance, tests are performed with different concentrations/dilutions of test extracts [20].

A small sample of literature reports on the subject of cytotoxicity in the area of
infiltrants prompted the authors to undertake research in this field [21].

The main aim of our study is to assess the morphology and viability of cells of the
model line of mouse fibroblasts (L-929) contacted with extracts of preparations with the
characteristics of a dental infiltrant (experimental and commercial preparation).

The first null hypothesis is that the developed experimental preparation with the
addition of metronidazole has all the properties of a dental infiltrant. The second null
hypothesis is that the developed formulation after 24 h at 2-fold dilution and 4-fold dilution
shows at least the same cytotoxicity as the commercial preparation of Icon.

2. Results

Comparing the mean viability of L-929 cells (%) after 24 h of incubation with a 2-fold
dilution of the extracts of the tested preparations, it was found that there was no statistically
significant difference (p > 0.05) between the experimental preparation (42.8 ± 10.3) and the
Icon commercial preparation (42.7 ± 7.8), as shown in Table 1.

Table 1. Comparison of the mean viability of L-929 cells (%) after 24 h of incubation with a 2-fold
and 4-fold dilution of the extract of the experimental preparation and the Icon preparation.

Mean Viability of Cell (%)

Preparation 2-Fold Dilution 4-Fold Dilution

Experimental preparation 42.8 ± 10.3 46.7 ± 3.1 * p < 0.05

Icon 42.7 ± 7.8 34.2 ± 3.1 * p < 0.05

* p > 0.05 * p < 0.05
* statistical significance.

Comparing the mean viability of L-929 cells (%) after 24 h of incubation with a 4-fold
dilution of the extracts of the tested preparations, it was found that the obtained values
were statistically significantly different (p < 0.05) between the experimental preparation
(46.7 ± 3.1) and the Icon commercial preparation (34.2 ± 3.1), as shown in Table 1 and
graphically depicted in Figure 1.

In the next part of the statistical analysis, the mean cell viability of line L-929 (%)
after 24 h of incubation with the tested extracts was compared according to the dilution
multiplicity of the extracts of the tested preparations. The mean cell viability (%) for each
preparation is statistically significantly different in relation to the dilution multiplicity. The
experimental preparation in 2-fold dilution (42.8 ± 10.3) and in 4-fold dilution (46.7 ± 3.1)
are statistically different (p < 0.05). The Icon preparation in 2-fold dilution (42.7 ± 7.8) and
in 4-fold dilution (34.2 ± 3.1) are statistically different (p < 0.05). That data is shown in
Table 1.

The obtained extracts of the tested preparations and the evaluation of L-929 cell
viability by MTT assay are shown in Figure 2. Visible intensity of staining after the addition
of DMSO is directly proportional to the cell viability.

During microscopic observations, images of L-9329 cells obtained for the experimental
preparation were evaluated according to EN ISO 10993-5 standard and compared with
control cultures of adhered L-929 cells, as shown in Figure 3.
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Figure 3. (a) L-929 line cells after 24 h incubation with a 2-fold diluted 24 h extract of the experi-
mental preparation, (b) L-929 line cells after 24 h incubation with a 2-fold diluted 24 h extract of the
experimental preparation after MTT assay, (c) L-929 cells after 24 h incubation with 2-fold diluted 24 h
Icon extract, (d) L-929 cells after 24 h incubation with 2-fold diluted 24 h Icon extract after MTT test.
(e) Control culture of adhered L-929 cells, (f) control culture of adhered L-929 cells after MTT test.

3. Discussion

Microinvasive dentistry presents an innovative model for the treatment of early
carious lesions. It is used in numerous branches of dentistry, including in the field of
conservative dentistry, dental prosthetics and orthodontics. In the field of prosthetics,
thanks to the use of milled and moulded mock-ups, tissue preparation for permanent
restorations enables the preservation of more healthy tooth tissues, and in the area of
conservative dentistry and orthodontics, e.g., after orthodontic treatment, in areas located
in the vicinity of orthodontic brackets, where plaque has been deposited for a long time and
tissue demineralisation occurs [22–24]. Mattousch et al. showed in an in vivo study that
white spots formed after orthodontic treatment have a limited capacity for spontaneous
remineralisation after removal of braces [25]. Infiltration of carious lesions effectively
reduces the progression of lesions not only on smooth tooth surfaces but also in the
interdental area. Aesthetics is an important aspect of modern dentistry, and infiltration
allows for minimally interventional treatment of lesions while maintaining the continuity
of the patient’s own tissues, which definitely has a positive effect on the final result in
terms of aesthetics of the treated area. Studies available in the literature have shown
that not only Icon infiltrant, but also the composite sealers Opiguard (Kerr, Orange, CA,
USA) and PermaSeal (Ultradent, South Jordan, UT, USA) applied on the surface of early
carious lesions proved to be able to infiltrate and, moreover, showed similar improvements
in terms of aesthetics, and the colour stability of the infiltrated white spots lasted for at
least 2 months [26,27]. That issue was also addressed by Paris et al. and Yuan et al., who
found that colour change and masking of early carious lesions can be achieved with use of
infiltrants whose RI (refractive index) is close to that of enamel [28,29].

Schmidlin et al. proved in an in vitro study that an infiltrant alone does not prevent
enamel demineralisation because it does not have an antimicrobial component [30]. Ad-
ditionally, Skucha-Nowak et al. observed that the Icon commercial preparation does not
have a component that would confer bacteriostatic properties to dental infiltrants, affecting
the inhibition of microbial proliferation on the tooth surface [31]. This fact prompted the
authors to undertake research in this field.
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Metronidazole is a highly active agent with a wide range of action against Gram-
negative anaerobic bacteria, as well as Gram-positive anaerobic bacteria [32]. This agent
is used, among others, in periodontal practice to reduce anaerobic microflora in pockets
of over 5 mm depth. Topical use of metronidazole is beneficial due to its ability to release
antimicrobials in concentrations high enough to affect pathogens, even in subgingival
biofilms, yet far less than those administered systemically, which prevents a build-up of
resistance [33]. Mombelli et al. observed a beneficial clinical and microbiological effect after
topical application combined with ornidazole and thymidazole [34]. Other researchers
report that topical metronidazole is not fully safe, as there are no studies on adverse effects
during long-term metronidazole use [35]. On the other hand, in the study by Kida et al., the
release of metronidazole from hydrogel dental dressings follows first-order kinetics, where
the reaction rate is proportional to the substrate concentration and its value decreases
with time [36]. In their study, Skucha-Nowak et al. demonstrated that the inclusion of a
metronidazole component in the composition of an experimental preparation does not
affect the process of polymerisation of a preparation by light. They proved that work with a
preparation enriched with a bacteriostatic component does not differ in quality from work
with a commercially available preparation, Icon [9]. A similar study was performed by
Collares et al., who synthesised a preparation with the characteristics of a dental infiltrant
by adding polyhexamethylene guanidine hydrochloride (PHMGH) in the amounts of 0.5
and 1 wt%, which is responsible for antibacterial activity against Streptococcus mutans and
progression of carious lesions. Its mechanism of action is related to electrostatic interaction.
The addition of PHMGH reduced the growth and adhesion of carious bacteria on the
surface of resin at both tested concentrations, without affecting the physical properties
of this material, i.e., conversion rate, wetting angle or surface free energy. However, the
researchers did not evaluate the cytotoxic effect of the synthesised formulation, therefore
making it impossible to assess its use in vivo and to compare the effect of the applied
antimicrobial component on the cells in relation to our antimicrobial component, metron-
idazole [21]. Zhang et al. synthesised a dental adhesive with an antibacterial component
containing dimethylaminododecyl methacrylate (DMADDM), affecting Streptococcus mu-
tans, Streptococcus gordoni and Streptococcus sanguis [37]. In the present study, the authors
used an antibacterial component containing metronidazole, which shows broad-spectrum
antibacterial activity against Bacteroides, Fusobacterium, Eubacterium, Clostridium, Peptococcus,
Peptostreptococcus and protozoa. The supragingival plaque is mainly formed by Gram-
positive streptococci, including Streptococcus mutans, Streptococcus salivarius, Streptococcus
mitis or Lactobacillus, while the subgingival plaque is mainly dominated by Gram-negative
anaerobic bacteria, such as Fusobacterium nucleatum and Porphyromonas gingivalis [38]. The
groups of Fu et al. and Wu et al. also studied the influence of the antimicrobial component
in the composition of composite resins. According to the researchers, the use of nano-MgO
shows a broad antibacterial spectrum against fungi (Candida albicans), viruses and bacteria
(Staphylococcus aureus, Enterococcus faecalis, Escherichia coli) [39]. The use of an antimicrobial
component in the composition of an experimental preparation used for infiltration in our
study may potentially inhibit the development of caries in the place where it was applied.

The rapid development of technology means that more and more new preparations
for use in dentistry are created.

Mechanical properties are among the key factors when selecting a dental material for
use by a dentist.

Chieruzzi et al. undertook an assessment of the mechanical properties of glass-
ionomer materials. They also enriched their study with the assessment of the antibacterial
effect of a glass-ionomer preparation enriched with the following ingredients: nanohydrox-
yapatite (Sealent, Miromed Srl, Milano, Italy), ciprofloxacin antibiotic (Ciproxin, Bayer SpA,
Milano, Italy) and MDA—zinc L-carnosine (Hepilor, Azienda Farmaceutica Italiana, Ascoli
Piceno, Italy) [40]. Khosravani also undertook an evaluation of the mechanical properties
of composite materials. In his research, he showed that a greater number of cracks and
roughness may result in increased adhesion of bacteria [41].
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Modern dentistry mainly uses light-curing composite materials to fill hard tissue
defects. These materials include monomers, initiators, retarders and photo-stabilisers,
which may potentially cause cytotoxic effects. Most dental composites are based on bis-
GMA and TEGDMA. The TEGDMA monomer is used to increase the conversion of vinyl
groups during polymerisation. However, an increase in polymerisation shrinkage occurs
during the process, causing stress in the composite, which weakens the seal between it
and the tooth structure [42]. While evaluating the properties of experimental formulations,
other researchers have shown that the addition of hydrophobic monomers and solvents
to TEGDMA mixtures does not improve the depth of penetration of the caries-affected
enamel surface. However, it affects the degree of conversion and the modulus of elastic-
ity [43]. Inamitsu et al. observed that HEMA monomer and TEGDMA inhibit osteoclast
differentiation [44]. Additionally, other researchers have shown that TEGDMA decreases
the differentiation capacity of odontoclasts in pulp cells and the differentiation rate of
odontoclasts increases proportionally to the amount of TEGDMA monomer [45]. Yoshii
in his study demonstrated that bis-GMA is the most cytotoxic compound, followed by
UDMA, TEGDMA and finally MMP [46]. The literature describes the possibility of reducing
the cytotoxic effect of complex materials by diluting the substance during its penetration
through biological in vitro barriers [43]. Moreover, the present research proved that a 4-fold
dilution used immediately after the application of the experimental preparation reduces
the cytotoxic effect. The results available in the literature have shown that resin-based
materials can adversely affect oral tissues, because the release of residual resin monomers
can occur up to several hours after application, as a result of incomplete polymerisation.
Monomers released from resin-based materials can enter the surrounding tissues, especially
when these materials are used in close proximity to gingival mucosa, exerting adverse
effects and inducing apoptosis of various types of periodontal cells [47]. The cytotoxicity
of infiltrants was studied by Golz et al., who noted that although Icon resin infiltration
is a microinvasive technique, it can affect pulp inflammation, as HEMA and TEGDMA,
due to their lipophilic nature, have the ability to penetrate the lipid layer of the cell, and
in vivo models have demonstrated their presence in the dental pulp. Golz et al. also
observed that reduction of the curing time of resin-based composites increases the index of
cell apoptosis. In the present study, the experimental preparation with an antimicrobial
component in the form of metronidazole also contains HEMA, TEGDMA and CQ in its
composition [48]. Our results may suggest that in order to reduce the cytotoxic effect of the
experimental preparation on the surrounding soft tissues, it is important to rinse the oral
cavity thoroughly with water after its application.

Many practicing dentists pay special attention to the way the preparation is used. This
has the effect of interacting with the surrounding tissues in the oral cavity. The contact
of the preparation with oral fluids and the lack of the need to isolate the application site
makes the procedure much easier for the dentist.

On the basis of their own research, the authors concluded that the developed experimen-
tal preparation with metronidazole can be potentially used as a dental infiltrant in dentistry.

The authors also proved that the experimental preparation is characterised by a similar
cytotoxicity after 24 h and 2-fold dilution as the commercial preparation Icon, while at
4-fold dilution, it is statistically significantly lower.

The influence of the daily activities performed by the patient in the oral cavity is also
important. A question may be asked as to how daily hygienic procedures, such as tooth
brushing, the influence of food consumption as the years go on and time may influence the
degree of cytotoxicity of the experimental preparation.

Further research should be conducted.

4. Materials and Methods
4.1. Experimental Preparation

An experimental preparation with the characteristics of a dental infiltrant, enriched
with a component responsible for bacteriostaticity (metronidazoles), was used in the study,
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as shown in Table 2 [11]. The experimental preparation formed the research group. A freely
available Icon commercial preparation was used in the control group [7].

Table 2. Composition and percentage content of the experimental preparation.

Component Quantity (g) Content (%)

TEGDMA 3.75 75

HEMA 1.25 25

PMMAn-MTZ * 0.05 1 *

DMAEMA * 0.05 1 *

CQ * 0.025 0.5 *
* Ratio to total mass of monomers. TEGDMA (triethylene glycol dimethacrylate, Fluka, Buchs, Switzerland); HEMA
(2-hydroxyethyl methacrylate, Acros, Belgium, NJ, USA); PMMAn (2-(7-methyl-1,6-dioxo-2,5-dioxa-7-octenyl)
trimellitic anhydride); MTZ (metronidazole, Acros, New Jersey, NJ, USA); DMAEMA * (N,N-dimethylaminoethyl
methacrylate, Merck, Darmstadt, Germany); CQ * (camphorquinone, Aldrich, St. Louis, MO, USA).

4.2. Polymerisation of Preparations

A wireless LED polymerisation lamp C01-C Premium Plus (Premium Plus Interna-
tional Limited, Bournemouth, UK) was used for the polymerisation process. It emits light
with a wavelength between 440 and 480 nm. The length of the optical fibre cable is 8 mm.
Full mode with a radiation power of 1200 mW/cm2 was used for the study (Figure 4).

4.3. Obtaining Extracts of the Tested Preparations

A 10 µL volume of the test preparation was dispensed to the bottom of a 96-well
microtiter plate. The test preparations were polymerised, and the microtiter plate was
sterilised. Subsequently, 200 µL of RPMI 1640 medium with 10% FBS was dispensed into
the wells with the polymerised preparations to obtain extracts of the tested preparations.
The culture medium was also placed in the wells without polymerised preparations in
order to obtain the medium for further studies, after the 24 h incubation, in the conditions
corresponding to those in which extracts of the tested preparations were made. After 24 h
of incubation at 37 ◦C in an atmosphere containing 5% of CO2 at 100% relative humidity,
both extracts and the culture medium used in the next stage of the study to assess cell
viability L-929 were ready (Figure 4).

4.4. Evaluation of Cytotoxicity of the Tested Preparation Extracts

Cytotoxicity assessment of the test formulations was performed according to the rec-
ommendations of the EN ISO 10993-5 standard, with the use of mouse fibroblast line L-929
(NCTC clone 929) purchased from the American Type Culture Collection (Manassas, VA,
USA). The L-929 cell line (ATCC, catalogue number CCL-1) consisted of mouse subcuta-
neous connective tissue fibroblasts of the C3H/An strain. Under in vitro culture conditions,
they were directly contacted with extracts of the test preparations and cell morphology
was successively assessed by microscopy, while cell viability was tested with the MTT
assay. RPMI 1640 medium with 10% addition of heat-inactivated foetal bovine serum
(FBS), penicillin (100 IU/mL) and streptomycin (100 µg/mL) were used to culture L-929
cells (mouse subcutaneous connective tissue fibroblasts). The culture was performed in
25 cm2 polystyrene adherent cell culture bottles (Nunc EasYFlasksTM NunclonTMDelta by
Nunc A/S, Roskilde, Denmark). The cells were continuously cultured in an MCO-17 AIC
incubator by Sanyo (Osaka, Japan), which provided stable culture conditions (temperature
37 ◦C, atmosphere containing 5% CO2 at 100% relative humidity). The cells were passaged
at intervals of 2–3 days. A suspension with a final density of 1 × 105 cells/mL of medium
was used for experimental studies. The density of the cell suspension was assessed by
microscopy using a Bürker chamber. The cells of the model line L-929 (mouse fibroblasts)
under in vitro culture conditions were contacted with previously obtained 24 h extracts of
the tested preparations diluted with a 2-fold or 4-fold ratio in the culture medium. The

218



Materials 2021, 14, 2442

test was conducted with the Norm PN-EN ISO 10993-5, in conditions corresponding to
the conditions of the oral cavity. After 24 h of incubation, cell morphology (microscopic
method) and cell viability (MTT assay) were evaluated [20].

The stages of the laboratory procedure are presented graphically in Figure 4.
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4.4.1. Microscopic Observations

An Olympus IX51 inverted fluorescence microscope with a video track with an im-
age recording camera (OLYMPUS, Tokyo, Japan) was used for microscopic observations.
During microscopic observation of cells, a magnification of 200 times was used.
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4.4.2. Viability Assessment of L-929 Cells Contacted with Extracts of the Tested Preparations

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide test (MTT assay
test), conducted by measuring mitochondrial dehydrogenase activity, allowed to assess
the percentage of viable cells in cultures contacted with the test extract, thus determining
the cytotoxicity of the test preparation. A 200 µL volume of each suspension of the L-
929 line cells at a density of 1 × 105 cells/mL in the RPMI 1640 medium with 10% FBS
(i.e., 20,000 cells/well) was dispensed into the wells of a 96-well microplate. After 24 h of
incubation at 37 ◦C in the atmosphere containing 5% CO2 at 100% relative humidity, the
supernatant was removed, and 200 µL of the 24 h extract of the specific test preparation,
diluted two or four times in the culture medium or the medium with adhered cells after
24 h of incubation, conducted in parallel with obtaining the extracts, were added to the
wells, respectively. Control cultures consisted of cells contacted with fresh culture medium.

After 24 h of incubation at 37 ◦C in an atmosphere containing 5% CO2 at 100% relative
humidity, the viability of L-929 cells was assessed by the MTT assay. For this purpose, a
MTT solution with a final concentration of 1.1 mM in the culture medium was dispensed
into each well after the culture medium had been removed. After 3 h of incubation at 37 ◦C
in a CO2-free atmosphere and at constant relative humidity, the filtrate was removed, and
200 µL of each DMSO was added to the test and control cultures to extract MTT formazan.
After 20 min, 150 µL of solution was collected from each well and its absorbance was
determined at 550 nm using an Eon automated plate reader (BioTek Instruments, Winooski,
VT, USA). The intensity of the purple colour of the solution was directly proportional to
the amount of formazan formed and thus the number of living cells.

Cell viability, expressed in %, was calculated using the following formula:

Cell viability (%) = Ab/Ak × 100%

Ab—absorbance of the test sample,
Ak—absorbance of the control sample.

4.5. Statistical Analysis

The viability of L-929 cells after 24 h of in vitro incubation with 2-fold (or 4-fold)
diluted extracts of the experimental preparation and the Icon preparation were examined
with the use of statistical analysis methods. At the beginning of the statistical analysis,
basic measures of descriptive statistics, i.e., mean, median, minimum, maximum, standard
deviation, coefficient of variation, skewness and kurtosis, were calculated. The part of
the statistical analysis concerning the significance of the differences began with checking
the normality of feature distributions in the tested samples using the Shapiro–Wilk test.
Subsequently, the following statistical tests were applied: test of equality of variances
(Levene’s test), test of equality of feature distributions for two independent samples (Mann–
Whitney U test, Kruskal–Wallis H test), test of equality of feature means for two dependent
samples (t-test for two dependent samples) and test of equality of feature means for two
independent samples (t-test for two independent samples). All hypotheses were verified at
the significance level of 0.05. Statistical software was used in the statistical analyses.

5. Conclusions

The experimental preparation has the potential to provide an alternative to the Icon
commercial preparation.

Further research should be conducted to evaluate the cytotoxicity of the experimental
preparation over a longer period of time.
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5. Berczyński, P.; Gmerek, A.; Buczkowska-Radlińska, J. Remineralizing methods in early caries lesions—Review of the literature.

Pom. J. Life Sci. 2015, 61, 68–72. [CrossRef]
6. Perkowska, M. Contemporary opinions regarding dental caries treatment—Review of literature. Nowa Stomatol. 2010, 2, 78–81.
7. Skucha-Nowak, M.; Nowa-Wachol, A.; Skaba, D.; Wachol, K.; Korytkowska-Wałach, A. Use of ytterbium trifluoride in the field of

microinvasive dentistry—An in vitro preliminary study. Coatings 2020, 10, 915. [CrossRef]
8. Cappare, P.; Tete, G.; Sberna, M.T.; Panine-Bordignon, P. The Emerging Role of Stem Cells in Regenerative Dentistry. Curr. Gene Ther.

2020, 20, 259–268. [CrossRef]
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cytotoksyczności ksenobiotyków. Farm. Pol. 2009, 65, 395–402.

20. European Norm PN-EN ISO 10993-5:2009 Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity (ISO
10993-5:2009); ISO (the International Organization for Standardization): Warsaw, Poland, 2009.

221



Materials 2021, 14, 2442

21. Collares, F.M.; Garcia, I.M.; Bohns, F.R.; Melo, M.A.; Branco Leitune, V.C. Guanidine hydrochloride polymer additive to undertake
ultraconservative resin infiltrant against Streptococcus Mutans. Eur. Polym. J. 2020, 133, 109746. [CrossRef]

22. Kraus, A.; Becker, K.; Chrapla, K. Literature demineralization in patients treated with fived orthodontic appliances. Ortod. W Prakt.
2013, 2, 40–43.

23. Meilnik-Błaszczak, M. Incipient demineralization lesions-causes, signs and therapeutic approach. Nowa Stomatol. 2016, 21, 74–78.
24. Cattoni, F.; Tete, G.; Calloni, A.M.; Manazza, F.; Gastaldi, G.; Cappare, P. Milled versus moulded mock-ups based on the

superimposition of 3D meshes from digital oral impressions: A comparative in vitro study in the aesthetic area. BMC Oral. Health
2019, 19, 230. [CrossRef] [PubMed]

25. Mattousch, T.J.; Van der Veen, M.H.; Zenter, A. Caries lesions after orthodontic treatment followed by quantitative light-induced
fluorescence: A 2-year follow-up. Eur. J. Orthod 2007, 29, 294–298. [CrossRef] [PubMed]

26. Tamer, G.T. The Esthetic Outcome and the Infiltration Capacity of Three Resin Composite Sealers Compared to ICON (DMG,
America). Ph.D. Thesis, University of Iowa, Iowa City, IA, USA, 2018.

27. Prasa, K.L.; Penta, P.K.; Ramya, K.M. Spectrophotometric evaluation of white spot lesion treatment using novel resin infiltration
material (ICON). J. Conserv. Dent. 2018, 21, 531–535.

28. Paris, S.; Schwendicke, F.; Seddig, S.; Muller, W.D.; Dorfer, C.; Meyer-Lueckel, H. Micro-hardness and mineral loss of enamel
lesions after infiltration with various resins: Influence of infiltrant composition and application frequency in vitro. J. Dent. 2013,
41, 543–548. [CrossRef]

29. Yuan, H.; Li, J.; Chen, L.; Cheng, L.; Cannon, R.D.; Mei, L. Esthetic comparison of white-spot lesion treatment modalities using
spectrometry and fluorescence. Angle Orthod. 2014, 84, 343–349. [CrossRef] [PubMed]

30. Schmidlin, P.R.; Sener, B.; Attin, T.; Wiegand, A. Protection of sound enamel and artificial enamel lesions against demineralisation:
Caries infiltrant versus adhesive. J. Dent. 2012, 40, 851–856. [CrossRef]

31. Skucha-Nowak, M.; Mertas, A.; Tanasiewicz, M. Using an Electron Scanning Microscope to Assess the Penetrating Abilities of an
Experimental Preparation with Features of a Dental infiltrant: Preliminary Study. Adv. Clin. Exp. Med. 2016, 25, 1293–1301. [CrossRef]

32. Lofmark, S.; Edlund, C.; Nord, C.E. Metronidazole Is Still the Drug of Choice for Treatment of Anaerobic Infections.
Clin. Infect. Dis. 2010, 50, 16–23. [CrossRef] [PubMed]

33. Toskic-Radojicic, M.; Nonkovic, Z.; Loncar, I.; Varjacic, M. Effects of topical application of metronidazole—Containing mucoadhe-
sive lipogel in periodontal pockets. Vojn. Pregl. 2005, 62, 565–568. [CrossRef]

34. Mombelli, A.; Samaranayake, L.P. Topical and systemic antibiotics in the management of periodontal diseases. Int. Dent. J. 2004,
54, 3–14. [CrossRef]
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Abstract: Yeast-like fungi such as Candida albicans (C. albicans) are the primary pathogenic microor-
ganism in the oral cavity of denture wearers. The research available so far, conducted according to a
protocol based on the exposure of specimens to a C. albicans suspension and their cutting with water
cooling, shows that hard polymethyl methacrylate (PMMA) prosthetic materials are not only surface
colonized, but also penetrated by microorganisms in a short time. This justifies the hypothesis that
exposure to a suspension of the C. albicans strain causes the changes in mechanical properties due to
surface colonization and/or penetration of the samples. In the current study, the chosen mechanical
properties (flexural strength, flexural modulus, tensile strength, impact strength, ball indentation
hardness, and surface Vickers hardness at 300 g load) of the PMMA denture base material Vertex RS
(Vertex-Dental, The Netherlands) exposed for 30, 60, and 90 days to a suspension of C. albicans were
investigated. The potential penetration of yeast was examined on the fractured surfaces (interior of
specimens) to eliminate the risk of the contamination of samples during cutting. There was no influ-
ence on the flexural strength, flexural modulus, tensile strength, impact strength, or ball indentation
hardness, but a significant decrease in surface hardness was registered. Microscopic observations
did not confirm the penetration of C. albicans. On the surface, blastospores and pseudohyphae were
observed in crystallized structures and in traces after grinding, which indicates that in clinical condi-
tions, it is not penetration but the deterioration of surface quality, which may lead to the formation of
microareas that are difficult to disinfect, causing rapid recolonization.

Keywords: Candida albicans; dentures; mechanical properties; colonization; penetration;
polymethyl methacrylate

1. Introduction

The functioning of polymethyl methacrylate (PMMA) prosthetic materials in the con-
text of the presence of pathogenic microorganisms in the oral cavity, especially Candida
yeast strains, is one of the most serious clinical problems. It concerns both the colonization
of the tissues under the denture and the properties of the dental materials. The relationship
between the pathogenic microflora of the oral cavity and the appearance of stomatitis is
well-known [1–3], however, this problem has a much wider context, since the relationship
between oral microorganisms and diseases of the lungs, cardiovascular system (including
heart), kidneys, and the digestive system has been proven [4,5]. Pathogenic microorgan-
ism colonized prostheses are believed to adversely affect the general health of treated
patients [6]. This is facilitated by the fact that the microorganisms present in the dentures
are both aspirated and swallowed with saliva or chewed food.

It should be emphasized that maintaining the hygiene of dentures and mucosa is a
challenge due to the conditions in the oral cavity with 100% humidity, a reduced pH value,
increased temperature, no possibility of self-cleaning of the mucosa under the prosthesis by
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saliva, reduced access of oxygen, and a significant probability of mucosa injury due to hard
denture plates [2,7]. Consequently, yeast-like fungi, especially Candida albicans (C. albicans),
which are a part of the commensal oral microflora in many healthy individuals, for denture
wearers, can rapidly become pathogenic and are isolated much more frequently, at least
in 50% of patients [1,8], but when stomatitis occurs, the percentage exceeds 90% [9,10].
As a result, the research on denture base materials in terms of their colonization by mi-
croorganisms and finding effective methods to counteract this colonization are among the
most important in the area. Despite many attempts to provide materials with antifungal
properties and the use of cleaning agents, this problem has not been solved due to its
negative influence on the mechanical and/or aesthetic properties of the materials [7,11–17],
and the limited antimicrobial effectiveness of cleaning agents [18] associated with rapid
recolonization (several minutes) after cleaning [19].

Many studies suggest that not only is the surface of the material colonized, but
C. albicans can penetrate the commonly used acrylic resin [20]. Bulad’a et al. [21] found it
inside hard acrylic samples cut with a microtome of C. albicans blastopores. Krishnamurthy
et al. [22] obtained similar results with a comparable methodology, however, blastopores
and hyphae were found inside the material. These studies indicate the probability that the
colonization and penetration of materials by C. albicans may contribute, especially in the
long-term, to the gradual loss of mechanical properties. This seems particularly probable
if we take into account that in the above-mentioned studies, the number of cells present
inside the samples was counted in the thousands on each of the analyzed planes, and
the presence of C. albicans inside the materials was demonstrated after a short time [23].
However, this problem has not been investigated thus far. The purpose of the present work
was to investigate the influence of exposure to C. albicans suspension on the mechanical
properties of the polymethyl methacrylate denture base material and to verify previous
reports on the penetration of C. albicans into the material. Our hypothesis was that exposure
to a suspension of C. albicans strain causes changes in the mechanical properties due to
surface colonization and/or penetration of the samples.

2. Materials and Methods
2.1. Materials and Sample Preparation
2.1.1. Sample Preparation

A transparent (color no. 4) heat-cured acrylic denture base resin Vertex Rapid Simpli-
fied (Vertex-Dental, Soesterberg, The Netherlands) was used and all samples were prepared
with the standard flasking technique used in prosthetic dentistry, similar to the one de-
scribed in a previous work [7]. First, the molds were prepared in dental flasks. The wax
models of the sample types were flooded with dental stone (type IV gypsum, Zhermack,
Badia Polesine, Italy) to prepare the first part of the mold. After the gypsum set, the
mold was placed in the first part of the flask and mounted using model plaster (Stodent II,
Zhermack, Badia Polesine, Italy). After setting the model, the plaster separation medium
(Divosep, Vertex Dental, Soesterberg, The Netherlands) was applied with a brush. When
its setting was finished, the second part of the flask was mounted, dental stone was poured
to about 1/4 of its volume; after it set, the flask was filled with model plaster and finally
closed with a cover. After model plaster setting, the wax models were removed by smelting
and the surfaces of both parts of the mold were covered with separate media (Divosep,
Vertex Dental, Soesterberg, The Netherlands). The samples were polymerized according to
the manufacturer’s instructions.

After the whole process, the samples were taken out of the mold and their quality
was controlled: if bubbles, discontinuities, or other defects occurred, the sample was
discarded. The excess material was cut with a scalpel and the samples were individually
wet ground for standardization (Labo-Pol25, Struers, Willich, Germany) with P500-grit
abrasive paper (tensile strength, ball hardness, impact strength, and flexural strength) or
for surface hardness tests with P500, P800, P1200-grit (Struers, Willich, Germany) and
finely with 6 µm diamond paste (Struers, Willich, Germany). After the finishing process,
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all samples were thoroughly rinsed in distilled water and conditioned in distilled water at
37 ± 1 ◦C for 48 h to remove most of the residual monomer [24,25].

2.1.2. Incubation in the Suspension of Candida albicans

Plasma sterilized samples were incubated for 30, 60, and 90 days in Sabouraud liquid
medium (bioMérieux, Craponne, France) diluted five times with PBS (control samples—
CO) at 37 ◦C and in a suspension of the reference strain C. albicans ATCC 10231 in liquid
Sabouraud medium diluted 5-flod with a 0.9% NaCl solution, the final density of the strain
suspension was 3 × 106 CFU/mL (test samples—CA) at 37 ◦C. The control medium and
the C. albicans suspension in the medium were changed twice a week.

After the end of each of the incubation times, the samples were removed with tweezers
and lightly rinsed with a 4% glutaraldehyde solution in 0.9% NaCl solution, and then placed
in the solution as above for 2 h. After this time, the samples were tested.

2.2. Methods
2.2.1. Tensile Strength Test

For dumbbell-shaped tensile strength tests, samples of type 5B specified by EN ISO
527-2 and 1.5-mm thick specimens were mounted with polymeric tweezers in the jaws of a
universal testing machine (Zwick Z020, Zwick GmbH & Com, Ulm, Germany). For each of
the experiment conditions, 10 samples were tested. The speed was 5 mm/min [26]. The
tensile strength was calculated according to the following equation:

Ts =
Fmax

A
(1)

where Ts is the ultimate tensile strength (MPa); Fmax is the force at rupture (N); A is the
initial cross-sectional area (mm2).

After testing, the fractured samples were carefully removed in a Petri dish with
polymeric tweezers (they were caught near the place of attachment in the jaw) and the
parts were placed with a distance that prevents their contact.

2.2.2. Flexural Properties

A three-point bending test based on the ISO 20795-1:2013-07 standard [27] with differ-
ences resulting from the aim of the experiment (specimens were tested after exposition). For
each of the experimental conditions, 10 specimens measuring 65 mm × 10 mm × 3.3 mm
were prepared. The distance between the supports was 50 mm, and the crosshead speed
was 5 mm/min. The flexural strength and the flexural modulus were calculated according
to the equations.

FS =
3Fl
2bh2 (2)

E =
F1l3

4bh3d
(3)

where FS is the flexural strength (MPa); E is the flexural modulus (GPa); l is the distance
between the supports (mm); b and h are the width and height (mm); F is the maximal force
(N); F1 is the load at a chosen point at the elastic region of the stress–strain plot (kN); and d
is the deflection at F1 (mm).

During the test, the samples were secured at their ends, protruding over the supports
in such a way that they did not fall down at the moment of fracture, and after the test,
they were carefully placed on Petri dishes at a distance that prevented contact. If for any
reason a broken specimen fell, or another risk of the contamination of the fractured surface
occurred, it was removed from further tests.

2.2.3. Charpy Impact Strength

The Charpy impact strength test was based on the ISO 179-1:2010 standard [28] with
differences resulting from the aim of the experiment. For each experimental conditions,
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10 unnotched samples measuring 50 mm × 6 mm × 4 mm after incubation were placed
horizontally on supports (the distance between them was 40 mm) and the test was per-
formed on a pendulum impact tester (HIT 25P, Zwick GmbH & Com, Ulm, Germany) and
a pendulum with an energy of 1 J was used. The impact strength was calculated according
to the following equation:

acU =
E

b × d
× 103 (4)

where acU is the impact strength; E is the energy absorbed by breaking the test specimen (J);
b and d are the width and thickness of the specimen, respectively (mm).

2.2.4. Surface Vickers Hardness

For the tests, samples were made with dimensions of 10 × 10 mm and a thickness
of 3.0 mm. All samples were made during the same polymerization series to ensure that
the results were not affected by this process. Hardness was measured using a Future-
Tech FM-700 microhardness tester (Future-Tech Corp, Tokyo, Japan) at a load of 300 g
and loading time of 15 s five times for each sample at randomly selected locations with a
minimum distance of 2 mm between indentations, and the means of individual specimens
were averaged [16,29] on 15 samples per group. The Vickers hardness was calculated
automatically by a hardness tester based on the average length of the diagonal left by
the indenter.

2.2.5. Ball Hardness

For the tests, samples were made with dimensions of 30 × 40 mm and a thickness
of 5.0 mm. All samples were produced during the same polymerization series to ensure
that the results were not affected by this process. The ball indentation hardness (H) was
determined according to the ISO 2039-1 standard [30] on a Zwick 3106 hardness tester
(Zwick GmbH & Com, Ulm, Germany) for samples after a particular incubation time.
During the test, a steel ball with a diameter of 5 mm was indented into the material under
a load of 358 N for 30 s. During the measurements, the indentation of the depth of the
ball was measured, and the ball hardness (H) using the surface of the impression was
automatically calculated in N/mm2. Three samples were made for each condition, and five
measurements were made in each of them at randomly selected places with a minimum
distance of 10 mm between indentations to calculate the mean hardness value.

2.2.6. Microscopic Evaluation—Colonization and Penetration Evaluation

Scanning electron microscopy (SEM) with a Zeiss SUPRA 35 (Zeiss, Oberkochen, Ger-
many) and an OLYMPUS IX 51 (Olympus, Tokyo, Japan) inverted fluorescence microscope
was used for qualitative evaluation to confirm the presence of C. albicans on the surfaces
and inside the specimens (the potential penetration was evaluated on fractured surfaces—
interior of specimens). During the SEM investigations, we randomly chose five halves of
the fractured specimens after the tensile strength and flexural strength tests were investi-
gated (a total of 10 halves of the specimens for each exposition condition). Observations
were performed at accelerating voltages of 15 kV, and all samples were gold sputtered [7].
The samples (five for each condition) for fluorescence microscopy were carefully rinsed in
PBS, then 1–2 drops of Calcofluor White Stain (Sigma-Aldrich, St. Louis, MO, USA) were
placed on the microscopic glass, the investigated surface was placed in it, and after 1–2 min
of incubation, it was observed at room temperature under UV light using an inverted
fluorescence microscope. Fungal organisms appear fluorescent bright green to blue because
the Calcofluor White Stain is a non-specific fluorochrome that binds with the cellulose and
chitin contained in the cell walls of fungi and other organisms.

2.2.7. Statistical Analysis

Statistical analysis of the results was conducted using the PQStat ver. Software 1.6.6.204
(PQStat Software, Poznań, Poland). The results of the mechanical properties tests were car-
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ried out with one-way ANOVA with F* correction (Brown–Forsythe) when the assumption
of the equality of variances was not met (α = 0.05). The distributions of the residuals were
tested with the Shapiro–Wilk test, and the equality of variances was tested with the Levene
test (α = 0.05). Tukey HSD post hoc tests were used (α = 0.05).

3. Results
3.1. Mechanical Properties

The results of the tensile strength tests are presented in Figure 1a. There were no
statistically significant changes in tensile strength after exposure to the control medium
and the C. albicans suspension, but also in comparison to the baseline (24 h H2O) (p = 0.3245
and p = 0.2949, respectively). Furthermore, the tensile strength values did not differ in their
statistical significance (p > 0.05) for particular times after exposure to the control medium
and the suspension of C. albicans.
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Figure 1. The mean values of the tensile strength (a) and impact strength (b) with the standard
deviations after exposure to the control medium and the C. albicans suspension.

The results of the impact strength tests are presented in Figure 1b. There were no
statistically significant changes in the impact strength after exposure to the control medium
and the suspension of C. albicans, but also in comparison to the 24 h H2O (p = 0.6457 and
p = 0.6233, respectively). Furthermore, the impact strength values did not differ in their
statistical significance (p > 0.05) for the exposure times after exposure to the control medium
and the C. albicans suspension.

The results of the flexural strength tests are presented in Figure 2a. There were no
statistically significant changes in flexural strength after exposure to the control medium
and the C. albicans suspension, but also in comparison to the baseline (24 h H2O) (p = 0.607
and p = 0.7516, respectively). Furthermore, the flexural strength values did not differ in their
statistical significance (p > 0.05) for particular exposure times after exposure to the control
medium and the C. albicans suspension. The results of the flexural modulus are presented
in Figure 2b. There were no statistically significant changes in the flexural strength after
exposure to the control medium and to the C. albicans suspension, but also in comparison to
the baseline (24 h H2O) (p = 0.6146 and p = 0.1848, respectively). Furthermore, the values of
the flexural modulus did not differ in their statistical significance (p > 0.05) for individual
exposure times after exposure to the control medium and the C. albicans suspension.
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The results of the ball indentation hardness tests are presented in Figure 3a. There
were statistically significant changes in the hardness after exposure to the control medium
(p = 0.0033) and the suspension of C. albicans (p = 0.0006), however, the results of the post
hoc test (Table 1) showed that statistically significant differences were observed only in
comparison to the initial hardness value (24 h H2O). The ball hardness values did not differ
in their statistical significance for individual exposure times after exposure to the control
medium and the C. albicans suspension.

Materials 2022, 15, 3841 6 of 16 
 

 

in comparison to the baseline (24 h H2O) (p = 0.6146 and p = 0.1848, respectively). Further-
more, the values of the flexural modulus did not differ in their statistical significance (p > 
0.05) for individual exposure times after exposure to the control medium and the C. albi-
cans suspension.  

  
(a) (b) 

Figure 2. The values of the mean flexural strength (a) and flexural modulus (b) with the standard 
deviations after exposure to the control medium and the C. albicans suspension. 

The results of the ball indentation hardness tests are presented in Figure 3a. There 
were statistically significant changes in the hardness after exposure to the control medium 
(p = 0.0033) and the suspension of C. albicans (p = 0.0006), however, the results of the post 
hoc test (Table 1) showed that statistically significant differences were observed only in 
comparison to the initial hardness value (24 h H2O). The ball hardness values did not dif-
fer in their statistical significance for individual exposure times after exposure to the con-
trol medium and the C. albicans suspension. 

  
(a) (b) 

Figure 3. The mean ball hardness (a) and Vickers hardness (b) values with the standard deviations 
after exposure to the control medium and the C. albicans suspension. 
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The results of the Vickers hardness tests are presented in Figure 3b. There were
statistically significant changes in the hardness after exposure to the control medium
(p = 0.0001) and the C. albicans suspension (p < 0.0001). The results of the post hoc test
(Table 2) showed that statistically significant differences were observed for the control
conditions after 90 days of exposure compared to the results after all other periods including
the starting point (increase in hardness). After exposure to the C. albicans suspension,
successive reduction (also in comparison to starting point) in the hardness (statistically
significant differences) with the prolonging of time was registered. The Vickers surface
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hardness values after exposure to the control medium and the C. albicans suspension did
not differ in their statistical significance only after 30 days of exposure, but after 60 and
90 days, the differences for the individual exposure times were statistically significant.

Table 1. The results of the Tukey HSD post hoc tests (columns) and the Student t-tests (rows) for the
ball hardness.

Exposure Time Control Medium C. albicans

24 h H2O A A
30 days B; a B; a
60 days B; a B; a
90 days B; a B; a

The same uppercase letters (A–B) for each column and the lowercase letters for each row did not show significantly
different results at the level of p < 0.05.

Table 2. The results of the Tukey’s HSD post hoc tests (columns) and t-student tests (rows) for the
Vickers hardness.

Exposure Time Control Medium C. albicans

24 h H2O A A
30 days A; a A,B; a
60 days A; a B,C; b
90 days B; a C; b

The same uppercase letters (A–C) for each column and the lowercase letters (a–c) for each row did not show
significantly different results at the level of p < 0.05.

3.2. Microscopic Evaluation of Surfaces and Fractures

Representative SEM microphotographs that show the surfaces of the control samples
are presented in Figure 4. Parallel traces resulting from the grinding of samples with
abrasive paper were covered largely with structures related to crystallization in the control
medium. With increasing exposure time, a tendency to increase the accumulation of
crystalized structures was observed, however, even after 90 days, there were still some
microareas where they were hardly present.
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(a) and 90 days of exposure in the control medium (b,c).

After incubation in the C. albicans suspension, the presence of a microorganism on the
surface of the samples was confirmed by SEM and fluorescence microscope observations
(Figures 5 and 6). Numerous blastospores as well as pseudohyphae were observed after
all incubation times, but the hyphae form was found episodically only after 90 days.
Colonies composed of blastospores were the most common, differing in their number and
also containing pseudohyphae. There was no obvious trend showing an increase in the
number of cells in individual colonies related to an increase in the incubation time. This
number usually ranged from a few to over a dozen, and only sporadically more, but there
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were no colonies characterized by cell numbers visibly exceeding the ones presented in
Figures 5 and 6. The SEM observations showed that colonies were formed in crystallized
structures and much less frequently inside the scratches after grinding (e.g., Figure 5a,
yellow arrow).
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in the C. albicans suspension obtained by SEM (a) and fluorescence microscopy (b,c), yellow arrow—
exemplary colony inside the scratch.

For both the control and the samples exposed to C. albicans, no signs of surface
deterioration (e.g., cracks) were observed.

In Figure 7, exemplar fractures of the PMMA samples after flexural strength tests are
shown. They were examined to assess the potential penetration of C. albicans. All fractures
(after exposure to the control medium and the C. albicans suspension) were characterized
by a similar morphology. Typical areas representing the brittle fracture mode (compact
and smooth surface fields) and an intermediate (brittle to ductile) fracture mode (a jagged
and rough appearance) were observed. Cells of C. albicans were not found in any of the
fractures after 30 days of exposure. After 60 days, one of the fractures analyzed showed
the presence of three single blastospores and one colony consisting of two cells (Figure 7b)
at a distance of approximately 60–100 µm from the sample surface. In another fracture,
two single blastospores were found approximately 200 µm from the sample surface. No
blastospores or other forms of C. albicans were found in the remaining fractures. In some
areas, small particles were visible, which were contaminants after the samples (indicated
by a yellow arrow). In the case of samples after 90 days of exposure, one of the fractures
analyzed showed the presence of five single blastospores and one colony consisting of
two cells at a distance of approximately 400 µm from the sample surface (Figure 7c,d).
Blastospores or other forms of C. albicans were not found in the remaining failures. In
some areas, only single particles were visible from which contaminants were breaking
the samples.
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4. Discussion

The research carried out thus far indicates that hard acrylic materials may be colonized
and penetrated by pathogenic yeasts [21,22]. In these studies, samples of the materials were
exposed to a suspension for six weeks, sectioned, and the interior of samples was exam-
ined during microscopy observations. Bulad et al. [21] found more than a half thousand
blastospores at the deepest level, but a hyphae form was not observed. Krishnamurthy
et al. [22] used the same hard acrylic, and an analogous sample preparation method ob-
served blastospores and hyphae forms. These results may suggest that, in the long-term,
this phenomenon may have an impact on the mechanical properties, which to a large
extent determine the clinical usefulness of materials. In this study, the effect of the presence
of the C. albicans suspension on hardness, flexural strength, tensile strength, and impact
strength was investigated. The Vickers hardness test, due to the applied load and depth
of the indentation marks, values should be considered as surface hardness [31,32], while
the ball indentation hardness was used to check for possible changes in the macroscale.
Flexural strength is considered as a fundamental property of prosthetic materials, which is
particularly important when atrophy processes of the alveolar ridges lead to the creation of
irregular shapes of the denture bearing area, resulting in uneven support of the prosthe-
ses [33,34]. The values of the flexural modulus affect the effectiveness of chewing [35] and
the impact strength determines the resistance to dynamic loads (e.g., prosthesis fall) [7].

The conducted experiments did not show statistically significant changes in the flex-
ural strength, flexural modulus, tensile strength, and impact strength, and the values
obtained were similar to those reported in other studies for this material [36,37]. The
results after exposure to the control medium confirm that changes in the basic strength
properties may be insignificant in the case of the materials currently used [38], despite the
fact that many previous studies have pointed to a period of even a several dozen days to
a significant reduction in these properties [39,40]. The lack of changes in the properties
mentioned could also be related to the use of an experimental medium other than distilled
water (water is more destructive to acrylates compared to, e.g., artificial saliva) [38,41],
and/or conditioning the samples in water prior to the experiment.

Significant hardness changes have been observed after exposure to both the suspension
of the control medium and C. albicans. In the case of the hardness measured by the ball
indentation method, a decrease in hardness was recorded after the first 30 days of the
experiment, which should be associated with the plasticization of the material [42,43]
caused by the penetration of water molecules between the polymer chains, that weaken
their interactions [44,45]. The changes measured by the ball indentation method were
approximately 5% and did not translate into changes in the other mechanical properties,
probably due to their relatively small influence on the changes in the yield point [46].
For the Vickers hardness, the changes were statistically significant during the 90 day
experiment, but the directions of the changes were divergent; in the case of conditioning in
the liquid substrate solution, an increase in hardness was recorded, while in the presence of
the C. albicans suspension, the hardness decreased. With the applied load and the obtained
hardness values, the depth of the indentations was ~25 µm, so only the hardness of the
material surface was tested. Taking into account that the SEM investigations showed that
the surface of the samples after exposure to the control medium showed an increasing
tendency to crystallize the components of the medium with time, it can be assumed that
their presence caused an increase in the hardness. In the presence of C. albicans, the
structures formed as a result of crystallization were also visible, but a gradual decrease
in the average hardness values was recorded. This process was probably related to the
changes taking place in the microenvironment containing C. albicans. The liquid Sabouraud
medium contains glucose from which C. albicans (like other yeasts) is capable of producing,
for example, ethanol [47–50], which has a strong plasticizing effect on acrylates [44,51].
Furthermore, it has been shown that C. albicans in cultures containing glucose causes a
significant decrease in the pH value, even from 7.5 to 3.2 in 48 h [52,53]. The reduction
in the pH value in human saliva, with the addition of glucose, is caused by products
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of glycolysis such as acetic acid, pyruvic acid, and lactic acid [53]. A similar trend of
lowering the pH value in the presence of C. albicans was also observed in the Sabouraud
medium [54]. These data seem to be particularly important in the considered context
because Miranda et al. [55] suggested that acid ingredients in liquids with lowered pH
values may react with the ester groups of acrylates and lead to the creation of alcohol and
carboxylic acid in materials, which further contributes to the accelerated degradation in
the polymer properties. Therefore, the products generated during yeast metabolism could
have contributed to changes in the properties of the experimental medium, which, in turn,
caused the degradation to the surface of the PMMA samples. Due to the low intensity of
the process, these changes occurred only at a slight depth in the material; therefore, the
hardness test using the ball indentation method (and other mechanical properties) did not
show these changes. However, the recorded decrease in hardness, although small in terms
of value, should be considered as significant from a clinical point of view, because many
works have emphasized the correlation of surface hardness with the tribological wear of
materials [56], which is particularly important in the context of dental materials and the
penetration of abrasive wear products into the body during the act of swallowing saliva.

The microscopic evaluation of the surface confirmed the presence of blastospores
and the pseudohyphae of C. albicans, but the occurrence of hyphae was episodic. On the
surfaces of the fractured samples (interior of the material), only the presence of up to a few
blastospores on three fractures was observed. It can be assumed that their presence was
related to accidental contamination related to the movement of the samples immediately
after their destruction on the testing machine, rather than the penetration of C. albicans into
the material. The premise in this regard may be the rare presence of other contaminations
(Figure 7, yellow arrows). It should also be noted that the number of C. albicans cells was
incomparably smaller than that reported in studies carried out in cut samples [21,22]. It
should be noted that in the works cited, the sections studied were analyzed after cutting
the samples in a water environment (diamond disc/microtome). However, there is no
information on how (or if at all) the methodology was checked in terms of whether it was
possible to transfer C. albicans into the material during the cutting process. In the current
study, after the fracture on the testing machine, the samples were not touched in any way
on the investigated surfaces, so the only possibility of contamination occurred directly
after the break. Therefore, it seems that the possibility of a false positive result has been
minimized to a greater extent. Another factor that could influence the results obtained
was the composition of the medium in which the samples were incubated. In our study,
the Sabouraud substrate was used, similar to the investigations on the colonization and
penetration of C. albicans into prosthetic materials conducted by Burns et al. [57]. They
observed the same morphological forms of C. albicans as in the current work, but the
presence of microorganisms inside the cut samples of different types of materials was
registered. In other works using a hard acrylic material [21,23], the presence of the hyphae
form was confirmed, but the experimental media based on artificial saliva were used. The
authors of these works do not provide the compositions of the saliva used or any of the
other parameters such as the initial pH. Therefore, it is not known what the influence of
these features could have been on the results of the observations, taking into account the
fact that the filamentation process is favored by, for example, a pH at the level of 8, while
inhibiting the hyphae growth and promoting the growth of blastospores, is favored by an
acidic or neutral environment with a pH of ~4–7 such as that used in the current research or
the work by Burns. However, considering that Burns et al. (based on Sabouraud medium)
and the two other indicated works (based on artificial saliva) confirmed the penetration
in cut samples regardless of the reported forms of C. albicans, it can be assumed that the
medium used was not determinative for the results from the aspect of penetration. It should
be noted that the works [21,22] did not discuss how the C. albicans cells penetrated the
materials. Krishnamurthy et al. [22] linked the presence of a large number of blastospores
in the interior with its potential porosity resulting from polymerization. However, such a
reason seems unlikely considering that SEM studies [58,59] have proven that pores formed
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during crosslinking have sizes up to a few dozen nanometers, so are several dozen to one
hundred times smaller than the size of blastospores, and are closed pores, so no direct
migration between them is possible. At the same time, the observed tendency for the
presence of C. albicans colonies/cells in the crystallized structures or traces after grinding
is maintained, according to reports indicating that increased roughness may promote an
increased degree of surface colonization [60]. This indicates that problems with the removal
of microorganisms from prosthetic materials over time and their rapid recolonization after
disinfection [19,61] may not be caused by the penetration of C. albicans into materials, but by
the formation of surface microcracks or screeches due to daily use including cleaning or the
impact of thermal cycles [62–64], which may be difficult to disinfect with cleaning agents.
This supposition is supported not only by the currently obtained results, but also by the
in vivo investigations by Taylor et al. [65], in which the interior of the prosthetic materials
was not penetrated. These results suggest that the problem of the potential penetration of
C. albicans into dental materials is still a challenge that requires further, intensified research.

5. Conclusions

The presence of the suspension of C. albicans did not affect the PMMA properties
of the denture material such as the flexural strength, flexural modulus, tensile strength
impact strength, or the ball indentation hardness. A decrease in the surface hardness was
observed during the experiment, which could have been caused by the presence of yeast
metabolism products, which could have caused plasticization and/or surface degradation
by lowering the pH of the experimental suspension and the reactions of an acid liquid
with the ester groups of acrylates. Only a few blastospores of C. albicans that occurred
in a small part of the fractures analyzed were recorded. Considering their number and
other indications resulting from the analysis of the SEM images, it should be concluded
that their presence was not the result of C. albicans penetration into the material, but the
result of accidental contamination during the mechanical properties tests. Therefore, the
investigation did not confirm the penetration of C. albicans into the materials. The presence
of blastospores and the pseudohyphae of C. albicans on the surface, mainly in crystallized
structures and traces after grinding, indicates that under clinical conditions, deterioration
of the surface quality while using dentures may be an important factor that is conducive
to the colonization of materials by microorganisms. This probably led to the formation
of difficult to disinfect microareas, which can be a cause of the clinically registered rapid
recolonization of dentures by yeasts. The limitation was that the exposure time was not
related to the actual oral conditions, but only to the specific laboratory conditions used
during the study. Under clinical conditions, there are many additional factors that could
influence the results, and these factors should be considered in future tests. The creation
of biofilm may be especially important in this context. In the presented work, as in our
previous experiments in the field, a biofilm was not formed despite a long exposure time,
which may be related to the use of a diluted substrate, so in the future, similar experiments
with biofilm formation should be carried out.
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Abstract: Poly(methyl methacrylate) (PMMA), widely used in dentistry, is unfortunately a suitable
substrate for Candida (C.) albicans colonization and biofilm formation. The key step for biofilm
formation is C. albicans ability to transit from yeast to hypha (filamentation). Since oleic acid (OA),
a natural compound, prevents filamentation, we modified PMMA with OA aiming the antifungal
PMMA_OA materials. Physico-chemical properties of the novel PMMA_OA composites obtained
by incorporation of 3%, 6%, 9%, and 12% OA into PMMA were characterized by Fourier-transform
infrared spectroscopy and water contact angle measurement. To test antifungal activity, PMMA_OA
composites were incubated with C. albicans and the metabolic activity of both biofilm and planktonic
cells was measured with a XTT test, 0 and 6 days after composites preparation. The effect of OA on
C. albicans morphology was observed after 24 h and 48 h incubation in agar loaded with 0.0125% and
0.4% OA. The results show that increase of OA significantly decreased water contact angle. Metabolic
activity of both biofilm and planktonic cells were significantly decreased in the both time points.
Therefore, modification of PMMA with OA is a promising strategy to reduce C. albicans biofilm
formation on denture.

Keywords: oleic acid; PMMA; C. albicans; filamentation; biofilm; antimicrobial surface

1. Introduction

Candida species cause oral candidiasis, the most common fungal infection in the oral
cavity, with a high incidence among diabetic, cancer, oral-prosthetic, and immunosup-
pressed patients and patients on long-term treatment with antibiotic and corticosteroid
therapy [1–3]. Especially in the oral cavity of the denture wearer, Candida easily colonizes
the inner surface of the denture, which is typically made of poly(methyl methacrylate)
(PMMA) [4]. This frequently used material is hydrophobic and has a relatively rough
surface, facilitating the Candida biofilm accumulation [5,6]. However, when Candida is in
the form of biofilm, it is difficult to treat and remove it since the fungus is encased in an
extracellular matrix which protects it from penetration of the antimicrobial agents [7–10].
Thus, the formed Candida biofilm on a denture surface acts as a source of infection, continu-
ously reinfecting oral mucosa, [11,12] leading to the development of Candida-associated
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denture stomatitis (CADS) [13–18]. Among Candida spp., Candida albicans is the most often
isolated species that cause infection. However, C. albicans biofilm formed is difficult to treat
with antifungal drugs. In fact, such treatment is usually unsuccessful due to the persistence
of the infection, as a consequence of the biofilm formed on the denture surface, but also
due to the fact that the resistance of C. albicans within the biofilm [19].

Hence, novel strategies are required to control biofilm formation by pathogens. An
alternative approach can be a modification of the current denture materials with antimi-
crobial compounds, which could prevent C. albicans adhesion or biofilm formation on the
denture surface such as chlorhexidine, fluconazole, amphotericin B, nystatin, or silver
nanoparticles [13,14,17,18,20]. C. albicans is often resistant to conventional antimicrobial
therapy, which compromises using antimicrobial drugs as fillers. The limiting factor in
the use of silver nanoparticles is their cytotoxicity, and their possible releasing from the
denture due to the pressure during mastication [21,22]. Therefore, as an antimicrobial
agents could be considered molecules which are naturally abundant, such as plant-derived
ones. Research showed that incorporation of undecylenic acid, natural compound into
PMMA provide antifungal properties of modified PMMA. However, undecylenic acid
can be cytotoxic for human cells, in concentration which will completely inhibit biofilm
formation on the denture [23]. Interestingly, naturally occurring oleic acid (OA) has been
recently reported for its antifungal activity [21,22].

Importantly, OA prevents C.albicans transition from yeast to hyphal form [21,22],
a crucial step in biofilm formation and invasion of biomaterial.

To date, there has been no reporting carried out on the usage of OA in treating
Candida infection especially associated with wearing denture., Furthermore, OA has not
been yet used for surface modification of dental materials and there has no reported its
cytotoxicity neither antimicrobial resistance. In order to overcome this challenge, and
keeping in mind that OA inhibits the transition of C. albicans yeast to hyphal form and
consequently biofilm formation, we proposed to incorporate OA into PMMA in order
to obtain a surface that will reduce C. albicans biofilm formation. In this study, we have
incorporated different amounts of OA into the PMMA matrix, with the aim of developing
an antibiofilm composite material. The goal was to create material with OA molecule
on the surface of modified PMMA, where OA preserves antifungal properties. Since
OA is an unsaturated fatty acid, insoluble in water, it is a challenge to incorporate OA
in polymers and create a composite in such way that OA still preserves its antifungal
properties. Therefore, we studied the physicochemical properties of the composite’s surface,
characterized by Fourier- transform infrared spectroscopy (FTIR) and by measuring the
water contact angle. Moreover, antimicrobial properties of the PMMA_OA composites
were studied with the XTT test by measuring the percentage of metabolically active biofilm
(attached to the surface) and planktonic (free-floating) C. albicans cells. To better understand
how OA affects C. albicans, we studied the effect of OA on the morphology and growth of
C. albicans cells in embedded conditions.

2. Materials and Methods
2.1. Sample Preparation

PMMA-OA composites were made by physical incorporation of suitable amounts
of OA into a mixture of cold polymerized acrylic resin-PMMA and MMA (Triplex Cold,
Ivoclar Vivadent, Liechtenstein), in a ratio 13 g PMMA with 10 mL MMA, according to
the manufacture instruction [4]. Samples of composites containing 0, 3, 6, 9, and 12 wt%
OA were made as solid discs (Ø 20 mm) in Teflon molds for all experiments except for
the 2,3-bis(2methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium
hydroxide (XTT) test. For the XTT test, composites with 0, 3, 6, 9, and 12wt% OA were
made in 24-well tissue culture plates (Falcon 353047). Before the experiment, composites
were sterilized under a UV-C lamp for 15 min.

240



Materials 2022, 15, 3750

2.2. Physico-Chemicals Characterization of PMMA_OA
2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Chemical characterization of the surface of the PMMA_OA, PMMA, and OA, was
carried out by Fourier- Transform Infrared Spectroscopy, FTIR (Spectrum One spectrometer
(series: 69288, Perkin Elmer, Schwerzenbach, Switzerland). All spectra were recorded from
4000–400 cm−1, with 64 scans.

2.2.2. Contact Angle Measurements

The surface wettability of the PMMA_OA composites was tested by sessile drop
method by contact angle device (EasyDrop Standard, Krüss, Hamburg, Germany, equipped
with a monochrome interline CCD camera) using 20 µL of distilled water at room tem-
perature 21 ± 1 ◦C. Water was dropped on the PMMA_OA composites’ surface using a
microliter syringe (Hamilton Typ 1750 TLL). The results were given as an average value of
a minimum 3 measurements and ±standard deviation (SD).

2.3. Antifungal Characterization of Composites

Candida Strain and Culture Conditions.
This study used C. albicans ATCC90028 reference strain, obtained from the Ameri-

can Type Culture Collection (ATCC, Manassas, VA, USA); the stock was kept at –80 ◦C;
the culture was maintained in Sabouraud 4% Glucose Agar (SGA; Sigma-Aldrich 84088,
St. Louis, MO, USA).

2.3.1. Biofilm Formation on PMMA_OA Composites

C. albicans biofilm were formed on the PMMA_OA composites with modification of
the previously described method [24–28]. 400 µL of the standardized inoculum 106 cell/mL
in RPMI medium was added over the composites placed in the 24-well tissue culture
plates, previously sterilized under a UV C lamp for 15 min. Plates were covered with a lid,
sealed with parafilm, and incubated at 37 ◦C for 24 h–period of biofilm formation. After
incubation, 200 µL of C. albicans suspension in RPMI medium incubated with PMMA_OA
composites (biofilm supernatant) were transferred to the new 24-well tissue culture plates.
The rest of the suspension was discarded, and composites in 24 well plate were left to dry
before XTT assay.

2.3.2. XTT Test on PMMA_OA Composites and in Biofilm Supernatant

XTT test was performed to quantify the metabolic activity of C. albicans biofilm on the
composites as well as metabolic activity of planktonic C. albicans cells in medium incubated
for 24 h with composites in two time intervals: at the same day and 6 days after composites’
preparation (T0 and T6, respectively). Briefly, XTT is prepared as a saturated solution at
0.5 g L−1 in sterile PBS (Dulbecco’s Phosphate Buffered Saline (DPBS • 1000)). Menadione
was added to achieve a final menadione concentration of 1 µM in XTT solution before the
experiment. Further, 200 µL of XTT/menadione was added on the PMMA_OA composite
placed in the well of 24 well plates, as well as in 200 µL of medium transferred into new well
plate. Plates were wrapped in aluminum foil to prevent light penetration and incubated at
37 ◦C for 3 h. After incubation, 100 µL XTT-menadione solution was transferred into new
96- well tissue culture plates. Changes in color intensity were measured with a micro plate
reader (TECAN Infinite M200, Tecan, Männedorf, Switzerland) at 490 nm.

2.4. Antifungal Susceptibility Test
2.4.1. Determination of Minimal Inhibitory Concentration (MIC)

The standard agar dilution method was modified to determine the lowest concentra-
tion of OA, which inhibits C. albicans growth [29]. Different concentrations of OA ranged
from 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4% were dispersed into 40 mL of Yeast Peptone Dextrose
(YPD) agar in 50-mL Polypropylene flat tube. Per 1 mL of so-obtained agar containing a
corresponding concentration of OA was added to a well of 24 well plate (4 wells per concen-
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tration). Control included agar without OA. After agar was solidified, 300 µL 106 cell/mL
C. albicans was added to its surface, and well plates were incubated at 37 ◦C for 24 h. After
incubation, 100 µL of C. albicans suspension was transferred into new 96- well tissue culture
plates and optical density was measured at 600 nm.

2.4.2. Embedded Filamentation Test (EFT)

In parallel with MIC, the effect of OA on the morphological appearance of C. albicans
was tested in the embedded condition in agar. 50 µL 106 cell/mL C. albicans were added in
5 mL of YPD agar containing the lowest and the highest concentration from the previous
test (0.0125 wt% and 0.4 wt% of OA), in 50-mL Polystyrene Conical Tube (Sarstedt 352073).
This suspension, mixed by inverting tube up and down, slowly and carefully to avoid
making bubbles, was poured into the Petri dishes (Ø 30 mm). Plates were incubated at 37 ◦C
for 24 h and 48 h. The morphological appearance of C. albicans species through the agar
matrix was examined under an optical microscope (Nikon Eclipse Ti-E inverted microscope,
Nikon Instruments Europe BV, Amsterdam, The Netherlands) after 24 h and 48 h.

2.4.3. Statistic

Data obtained from the contact angle measurement, XTT assay, and cytotoxicity test
were given as means ± SD. The significance of differences between more than two groups
was analyzed with ANOVA followed by a post hoc Tukey’s test. Pearson’s correlation
coefficient (r) was used to analyze associations between continuous variables.

3. Results
3.1. Physico-Chemicals Characterization
3.1.1. FTIR (Chemical Characterization of Composite Surface)

FTIR was performed on the composite-discs (PMMA_OA) with different OA concen-
trations as well as on the native materials (PMMA and OA) (Figure 1). In the spectrum
of pure PMMA, bands at 2985 cm−1 and 2964 cm−1 can be attributed to the –C-H bond
stretching vibrations of the –CH3 and –CH2—groups, respectively [30]. The characteristic
PMMA band corresponding to the stretching vibrations of the ester group appears at
1727 cm−1 (C=O) [31–33]. The bands observed in the PMMA spectra at 1437 cm−1 are
assigned to the bending vibration of the C-H bond in (CH3) and the stretching of the
ester group at 1147 cm−1 (C-O-C). The absorption band at 1243 cm−1 is due to the C-O-C
stretching vibration. The bands at 1388 cm−1 and 754 cm−1 are due to vibration of the α

methyl group. Characteristic absorption vibrations of PMMA can be observed at 1065 cm−1,
987 cm−1, 843 cm−1.
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In the spectrum of native OA, the sharp bands at 2920 cm−1 and 2850 cm−1 can be
assigned to C-H stretching in asymmetric and symmetric, respectively, of OA. Moreover,
weak absorption bands at 3000 cm−1 may be attributed to =CH [34]. The bands that
are related to the C=O and C–O stretch of COOH groups are found at 1710 cm−1 and
1285 cm−1, respectively [35–37].

The O-H in-plane and out-of-plane bands appeared at 1450 cm−1 and 930 cm−1, respec-
tively. However, with the addition of OA in the PMMA, the peak at 930 cm−1 disappears.

Vibration peaks of –CH group of OA in region 2920 cm−1 and 2850 cm−1 overlaps
with vibration of –CH group of PMMA spectra in the same region, but shifting of this
group is noticed in the spectra of PMMA_OA composites and the peaks are more and more
sharp with the increase of OA concentration between 2850 cm−1 and 2920 cm−1. Since all
of the characteristic peaks of OA are visible in the composites, it can be concluded that OA
is present in its native form on the surface of the composite. Also, the interactions between
OA and PMMA are physical without new chemical bonding between functional groups of
OA and PMMA.

3.1.2. Water Contact Angle Measurement

Water contact angle on PMMA_OA composite-discs decreased from 67.6◦ for PMMA
to 33.8◦ for PMMA_OA composites with 12% OA (Figure 2). Even for the composites with
the lowest OA concentration, 3% OA in PMMA, the water contact angle was significantly
decreased to 46.3◦ (p < 0.01), compared to 67.6◦ (0% OA in PMMA).
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The results showed that water contact angle decreased with the increase of OA con-
centration, indicating that OA changes the surface properties of PMMA in hydrophilic
PMMA_OA composites.

3.2. Antifungal Characterization
3.2.1. Antifungal Characterization of PMMA_OA Composites with XTT Test

The metabolic activity of both planktonic and biofilm C. albicans cells incubated with
PMMA_OA composites compared to the metabolic activity of planktonic and biofilm
cells in the control group (incubated with PMMA without OA) is given in Figure 3. In
PMMA_OA composites, a biofilm formation was statistically and significantly decreased
even at the lowest OA concentration, (3% OA in PMMA), compared to metabolically active
biofilm cells on PMMA. Typically, the percentage of metabolically active biofilm cells was
25.80% on composites with 3% OA. The test was performed in the two different time points
(T0 and T6) to study the antifungal surface properties of PMMA_OA composites with
time. Moreover, on the composites with 3% OA, antifungal activity was lower (46.58%
metabolically active biofilm C. albicans cells) in the T6 time point than in the T0 time interval

243



Materials 2022, 15, 3750

(25.80%). Biofilm formation in T6 decreased on all PMMA_OA composites with ≥6% OA
having less than 15% of the metabolically active C. albicans cells compared to that on PMMA
in T6. In the T0 time point, at the highest OA concentrations of 9% and 12% OA in PMMA,
the percentage of metabolically active planktonic C. albicans cells was 21.36% and 15.46%,
respectively. In the T6 time point, metabolic activity was higher compared to T0, with ~50%
metabolically active planktonic C. albicans cells.
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Figure 3. Metabolic activity of C. albicans cells on the surface of composites with 0, 3, 6, 9, and
12 wt% of oleic acid (OA) in Poly(Methyl Methacrylate), (a) in biofilm and (b) in the medium
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3.2.2. Antifungal Susceptibility Test

In order to test the effect of OA on C. albicans growth and morphology, the following
two tests were employed:

Determination of Minimal Inhibitory Concentration (MIC)

The susceptibilities of planktonic C. albicans cells to OA were examined by measuring
of optical density of C. albicans suspension on the agar surface containing different OA
concentrations. The results show that OA did not inhibit C. albicans growth (Figure 4).
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Embedded Filamentation Test (EFT)

This test was carried out to study if OA affects a C. albicans cells morphology when
embedded in YPD agar and incubated for 24 h and 48 h at 37 ◦C. The OA concentrations in
agar were chosen according to the previous test (i.e., the highest concentration in this test
corresponds to the highest concentration in the previous test, 0.4% OA). The morphology
of C. albicans was assessed under an optical microscope. In embedded condition in YPD
agar without OA, after 24 h incubation, C. albicans cells formed spindle-shaped colonies,
including mainly the yeast cells, while rare hyphae and/or pseudohyphae could be ob-
served peripheral on the colony, as it has been reported previously [23,38,39]. After 48 h of
incubation, C. albicans cells formed the spindle-shaped yeast colonies with the formation
of numerous hyphal branches and lateral yeasts derived from the colonies, which was in
agreement with the previous study [23]. However, in agar with both tested OA concentra-
tions, there was no hyphal formation neither after 24 h nor 48 h of incubation (Figure 5).
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Figure 5. Optical micrographs of the C. albicans cells after 24 h (a,b,c) and 48 h (d,e,f) of incubation,
embedded in agar without oleic acid (OA), (control, 0% OA, (a,d)), with 0.0125% OA (b,e) and
0.4% OA (c,f). Arrows mark spindle-shaped colonies with sporadic hyphae and/or pseudohyphae
on the margins and lateral yeasts after 48 h incubation.

4. Discussion

The widespread application of PMMA in dentistry has driven biomaterial research to
overcome challenges related to biofilm formation on medical devices made from PMMA,
such as dentures [40]. PMMA dentures are that it is a suitable substrate for C. albicans
adhesion and biofilm formation on dentures due to its hydrophobic nature and rough
surface texture [19]. Moreover, it is challenging to treat C. albicans when it forms a biofilm
due to its increasing resistance to conventional antifungal drugs.

Different approaches have been proposed to prevent C. albicans adhesion and biofilm
formation on dentures by making them antifungal. This can be achieved by incorpo-
rating an antifungal compound such as chlorhexidine, fluconazole, amphotericin B, or
nystatin into denture PMMA [13,14,17,18,20]. However, increased tolerance and resistance
of Candida spp. to used antifungal drugs compromise successful treatment [7,25,41,42].
Thus, the advantages of using plant-derived compounds as therapeutic agents include
fewer adverse effects, lower chances of antimicrobial resistance, and better efficiency in
controlling biofilm-related infections [21].

In this context, the present study examined the inhibitory potential of OA incorporated
into PMMA matrix on C. albicans biofilm formation on the surface of composites. Results
showed that antibiofilm surface properties of PMMA_OA were due to the presence of
OA on its surface (confirmed with FTIR analysis) and its inhibitory effect on C. albicans
filamentation, a key step in biofilm formation.

The goal of this study were to analyze how OA affects surface properties of PMMA and
how PMMA_OA composites surface will affect further C.albicans attachment and biofilm
formation. OA is an unsaturated fatty acid insoluble in water. OA has a hydrophilic, polar
head and a hydrophobic tail. OA’s polar carboxyl (COOH) group is soluble, while the tail
is insoluble in water. The possible reason for changing of PMMA_OA surface properties

245



Materials 2022, 15, 3750

in hydrophilic one could be the orientation of OA molecule in the matrix, wherein the
polar head would be orientated on the surface while the tail would be orientated out of
the surface [23,43]. However, according to Garland et al. vapor-deposited OA on both
polar (silica) and nonpolar (polystyrene) substrates resulted in the hydrophobic surface at
high coverages of OA which suggests that the hydrocarbon chain on the OA molecule is
facing away from the surface [43]. Hence, the challenge was to test if hydrophilic surface of
PMMA_OA composites affects further C. albicans attachment and biofilm formation.

It has been reported that hydrophilic surfaces reduce fungal adhesion and the conse-
quent biofilm formation to polymeric biomaterials [19,40,44]. In this regard, the correlation
between the water contact angle of the PMMA_OA and the percentage of metabolically
active biofilm cells attached to the composite surface was determined [44]. We showed a
positive correlation (r = 0.987) between the value of water contact angle and the percentage
of metabolically active biofilm cells on PMMA_OA composites. It means that the addition
of OA into PMMA affects the changes of wetting properties of the surface (in hydrophilic
one) and significantly decreases the percentage of metabolically active biofilm cells in all
samples of PMMA modified with all tested OA concentrations. Therefore, the decreased
biofilm formation on the PMMA_OA composite surface could be a consequence of the
combined action of the antibiofilm surface properties of the PMMA_OA and the increase in
surface hydrophilicity.

Furthermore, we showed that PMMA_OA composites decrease metabolic activity
of planktonic cells, suggesting that OA may be released from composites and influences
planktonic cells as well.

In contrast to our study that incorporation of OA into PMMA affects metabolic activity
of both biofilm and planktonic cells, Muthamil et al. have recently reported the non-
fungicidal effect of OA against Candida spp. by XTT assay. According to their study,
incubation of Candida in spider broth in the presence of OA (at different concentrations 5,
10, 20, 40, 80, 160 and 320 µg mL−1), resulted in a thinner biofilm formed on glass slides
with reduced biomass and architecture of mature biofilm compared to the controls (in the
absence of OA) [21].

Therefore, to understand the mode of action of OA when it is not being incorporated
into PMMA, we studied the effect of OA on the growth and morphology of C. albicans
cells in agar. In our study, OA was not dissolved in any non-aqueous solvent to avoid the
possible influence of non-aqueous solvents on C. albicans, but it has been dispersed in agar.
Thus, we studied the effect of, pure” OA on C. albicans cells after incubation on an agar
surface containing different OA concentrations. Results showed that OA did not inhibit
C. albicans growth, which was in agreement with Muthamil et al. (2020) [21]. However,
Lee et al. (2020) have reported that OA inhibits the growth of C. albicans, but at higher
concentration, such as >500 µg mL−1 [22].

In this study, the filamentation test showed that even the highest OA concentration,
previously tested for MIC (0.4%), did not inhibit C. albicans growth, but it prevented
hyphae formation (filamentation) after 24 h and 48 h of incubation. Similarly to reports
of proved antibiofilm effects of some fatty acid at concentrations lower of their MICs,
suppression of C. albicans biofilm formation occurs by inhibiting hyphal growth and cell
aggregation [22]. Additionally, it has been shown that OA treatment could significantly
reduce the extracellular polymeric (EPS) matrix’s carbohydrates, lipids, and eDNA content
of the EPS matrix [21], which protects biofilm cells from the host immune system and the
antifungal agents. Given that OA changes the ergosterol content of Candida spp., it qualifies
it as a more potent drug than standard antifungal agents [21].

Within the limitations of this in vitro study, the first results of here developed PMMA_OA
composites focusing on its physico-chemicals characterization and antifungal properties
have been reported. However, the morphological analyses of the samples with SEM should
be performed in future research to provide more information how OA incorporation into
PMMA affect surface properties of PMMA_OA composites. Furthermore, OA is non-toxic
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compound [45,46] and a potential of PMMA_OA composites for biomedical applications
could be considered.

5. Conclusions

This study demonstrates, for the first time, incorporation of OA into PMMA and
development of PMMA_OA composites with antibiofilm surface properties. This new
PMMA_OA composite with ≥3% OA significantly reduces metabolic activity of biofilm
cells even six days after PMMA_OA preparation. Moreover, OA present on the composites
surface, results in increased hydrophilic surface properties of this developed composites.
This study confirmed that OA prevents filamentation and, consequently, the early stage
of C. albicans biofilm formation on PMMA_OA composites surface. Since OA is naturally
occurring non-toxic molecule and has no antimicrobial resistance, it could be a promising
agent for modifying dental material such as denture and preventing the Candida associated
denture stomatitits. Within the limitations of this study, it can be concluded that PMMA_OA
may be used as a dental polymer to reline inner surface of denture having the potential
to prevent and to treat Candida associated infection in denture wearers. For this purpose.
further research is required to evaluate additional biological and mechanical parameters of
PMMA_OA for clinical applications.
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Abstract: Colonization of polymeric dental prosthetic materials by yeast-like fungi and the association
of these microorganisms with complications occurring during prosthetic treatment are important
clinical problems. In previously presented research, submicron inorganic particles of silver sodium
hydrogen zirconium phosphate (S–P) were introduced into poly(methyl methacrylate) (PMMA)
denture base material which allowed for obtaining the antimicrobial effect during a 90 day experiment.
The aim of the present study was to investigate the flexural strength, impact strength, hardness, wear
resistance, sorption, and solubility during three months of storage in distilled water. With increasing
S–P concentration after 2 days of conditioning in distilled water, reduced values of flexural strength
(107–72 MPa), impact strength (18.4–5.5 MPa) as well as enhanced solubility (0.95–1.49 µg/mm3)
were registered, but they were at acceptable levels, and the sorption was stable. Favorable changes
included increased hardness (198–238 MPa), flexural modulus (2.9–3.3 GPa), and decreased volume
loss during wear test (2.9–0.2 mm3). The percentage changes of the analyzed properties during the
90 days of storage in distilled water were similar for all materials.

Keywords: polymethyl methacrylate; denture; antibacterial properties; silver; mechanical properties;
sorption; solubility; wear resistance

1. Introduction

In the United States, only 34% of adults aged 40–64 have retained all of their permanent teeth, and
nearly 19% of patients aged 65 and over suffer from edentulism [1]. Similarly, 16.3% of Indians and
almost 22% of Mexicans aged 50 and above are edentulous [2]. These data show how common the
problem of missing teeth is in modern society, regardless of race or region of the world. Many patients
are users of conventional removable dentures, mainly made of polymethyl methacrylate (PMMA)
due to the fact that they allow for obtaining products at an affordable price, in comparison to, for
example, implant-fixed dentures [3]. In addition, they are characterized by acceptable quality in terms
of improving oral function, enhancing phonetics, facilitating social engagement, and aesthetics [4].

Colonization of polymeric dental prosthetic materials by Candida species and the association of
these microorganisms with complications, such as denture stomatitis occurring during prosthetic
treatment, is an important clinical problem which has been widely described in the literature [5–7].
Fungi and bacteria occurring in the mouth are the sources of many ailments and systemic diseases
including heart, circulatory system, kidney, stomach or esophagus problems [8,9]; therefore, poor

251



Materials 2019, 12, 4146

microbiological status of dentures can contribute to the deterioration of overall health [10]. Humid
microenvironment under prostheses and decreased possibilities of mucosal self-cleaning by saliva
promote growth of microorganisms [6,11], and only a few dozen minutes after cleaning, the denture
surface begins to be re-colonized by bacteria and fungi [12,13].

In order to reduce the indicated problems, various strategies are proposed. Antifungal drugs,
such as nystatin or amphotericin B, can eliminate pathogenic microorganisms from the surface of
tissues [14] and have also been added experimentally to PMMA material [15]. However, Candida
albicans show increasing resistance during treatment of oral fungal infections [16].

Numerous studies have proved the varied effectiveness of removing microorganisms from the
surface of prosthetic materials, for example, by using chlorhexidine gluconate, guanidine solution,
peroxides, irradiation microwaves, or buy brushing with toothpaste, but these methods result in the
loss of various functional properties, including increased roughness [17–22], which can facilitate the
recolonization of prosthetic materials [23]. It should be emphasized that there are studies questioning
the possibility of fully effective removal of microorganisms from the denture using mechanical or
chemical cleaning methods [24], suggesting the possibility of penetration of C. albicans into the interior
of acrylic materials [25–27] which indicates limited disinfection possibilities. Due to the problems
associated with colonization by Candida species, investigations related with the development of
new materials are being conducted in two directions: the introduction of additional monomers
with antimicrobial properties and the manufacturing of composites by introducing the fillers with
antimicrobial properties [28]. Such materials would be characterized by both increased resistance
to microbial colonization and support for the treatment of, for example, Candida-infected mucosa.
Antimicrobial efficacy in vitro has been confirmed so far in laboratory experiments conducted with
PMMA denture base materials modified with numerous metal and metal oxides nanoparticles such
as ZrO2 [29], TiO2 [30,31], ZnO [32], platinum [33], silver [34,35] or silver microparticles [36]. Silver
nanoparticles have particularly strong antimicrobial properties; however, studies have simultaneously
shown that the introduction of this type of additive to prosthetic materials causes an intense brown
color of PMMA resin due to the plasmon effect [35] which is unacceptable for aesthetic reasons.
Despite these problems, materials containing silver are still considered an attractive antimicrobial
additive; therefore, in the previously presented research, it was proposed to introduce submicron
inorganic particles of silver sodium hydrogen zirconium phosphate (S–P) as an antimicrobial additive
to PMMA [37]. This white filler does not cause the initial dark coloring of modified materials.

In the published first part of our investigations, the morphology and antimicrobial properties
of the developed composites were investigated [37]. Most of the experimental materials presented
efficacy against C. albicans, even when samples were stored in distilled water for a three-month
period. However, the morphologies of the composites were not homogenous. This indicated a risk of
unfavorable changes in physicochemical properties.

Appropriate mechanical properties and their stability are particularly important for the functioning
of complete and partial dentures. Denture-based materials must show strength, ensuring long-term
functioning of the prosthesis loaded with functional and parafunctional masticatory forces [38]. Even
68% of the mentioned types of prostheses are damaged during the first few years after manufacturing
which clearly shows the scale of this clinical problem and the importance of mechanical properties [39].
The denture fracture may result from flexural forces due to, for example, the improper fabrication,
poor fit or lack of balanced occlusion [40]. Moreover, most PMMA partial or complete dentures are
removable; thus, their resistance to shock-induced fractures, represented by impact strength, is no
less important due to the possibility of their falling or being damaged during the action of violent
forces caused by other events [41]. Between 39.5% and 56% of fractures occur as a result of the fall
of dentures [41,42]. Other material properties that affect the durability of PMMA dentures are their
hardness and wear resistance which determine the surface conditions of prosthetic materials [43,44].
The significance of the abovementioned properties is demonstrated by a significant number of studies
on their changes in the context of various aspects of the functioning of materials such as the use of
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cleaning agents or the consumption of hot/cold foods and drinks (thermocycling) [22,45]. Considering
that these materials function in an environment with 100% humidity, their behavior under these
conditions is equally important, not only in the context of mechanical/tribological properties, but
also due to the fact of water absorption and release of material components into the environment.
Therefore, the aim of this paper was to investigate the effect of the introduction of S–P on the mechanical
properties, wear resistance, and the sorption and solubility of the modified PMMA denture base
material during three months of storage in distilled water. Our hypothesis was that composites filled
with silver sodium hydrogen zirconium phosphate would show physicochemical properties relevant
to the application being considered.

2. Materials and Methods

2.1. Material and Sample Preparation

2.1.1. Material Preparation

The method of the composites’ preparation was described in a previously published work [37].
The PMMA heat-cured denture base resin, Meliodent Heat Cure (Heraeus Kulzer, Hanau, Germany),
was used as a matrix and silver sodium hydrogen zirconium phosphate (Milliken Chemical, Spartanburg,
SC, USA) as filler. To exclude sedimentation during material storage, the filler was added only to the
pre-polymerized “powder” component of the “powder–liquid” system. The components were mixed
using a planetary ball mill (Pulverisette 5, Fritsch, Idar–Oberstein, Germany) with 50 ZrO2 balls with a
diameter of 10 mm. A milling time of 5 min with a frequency of rotation of 400 rpm was used. The mass
of modified components (PMMA with S-P) obtained during one milling process was from 10–10.4 g).
During the materials’ preparation, we used the AS 110/C/2 analytic scale (Radwag, Radom, Poland)
with a measurement accuracy of 0.1 mg, but the real mass of the S–P mixed with PMMA powder was
determined by the possibility of manual dosing, and the error did not exceed 0.01%. Moreover, the
concentrations of S–P in liquid, listed in Table 1, are only theoretical. Dosing of the liquid component
was possible with an accuracy of one drop (0.01–0.015 g), so the error mainly depended on the mass of
the used liquid necessary for the particular samples’ preparation in flasks and was not higher than
0.05%. However, during cross-linking, many necessary activities must be performed (mixing, packing
into flask, etc.) and some mass of the monomer evaporates and, in fact, those considerations have
only limited practical value. The list of the obtained materials with filler concentrations is presented in
Table 1. It should be noted that the filler was mixed with PMMA powder, but after polymerization
of the samples, the filler was present in areas of materials formed during polymerization from the
“liquid” component (mainly methyl methacrylate). Samples were polymerized in accordance with the
instructions of the resin manufacturer.

Table 1. Mass concentrations of the antimicrobial filler in relation to the individual components of the
“powder–liquid” system.

Material Code Concentration of Filler after
Milling with Powder, %

Concentration of Filler in the
Weight of The Liquid, %

A0 (Control) 0 0
A1 0.25 0.7
A2 0.5 1.3
A3 1 2.6
A4 2 5.1
A5 4 9.9
A6 8 18.6
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2.1.2. Sample Preparation

The samples for most tests (i.e., flexural properties, impact strength, hardness, wear resistance)
were prepared using a standard flasking technique used in dental prosthetics to maintain the typical
polymerization conditions provided by the manufacturer of the PMMA resin. The most important
stages of the procedure are related with mold preparation and are shown in Figure 1. First, the
prepared models of the samples were filled with dental stone (gypsum type III, Stodent III, Zhermack,
Badia Polesine, Italy) (Figure 1a–b) to create the mold. After setting of the dental stone, the mold
was trimmed to obtain the required external dimension, determined by the internal dimensions of
the flask (Figure 1c). Next, each mold was placed in the first part of flask and mounted using model
plaster (gypsum type II, Stodent II, Zhermack, Badia Polesine, Italy) (Figure 1d). After setting, the
dental plaster separating medium (Isofix 2000, Renfert GmbH, Hilzingen, Germany) was applied.
Next, the second part of the flask was mounted and dental stone was poured to about 1/3 of its
height. After setting, the dental plaster was used to fill the flask and flask was closed with a cover.
After setting of the dental plaster, the models of the samples were removed and the molds (Figure 1e)
were covered with separating media (Izolit SL, Chema-Elektromet, Rzeszów, Poland) before PMMA
material and composite packing (Figure 1f). The samples of all materials were cured in accordance
with the instructions of the manufacturer of the used resin.
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Figure 1. The stages of mold manufacturing for sample preparation: models of the samples before
(a) and after (b) filling with dental stone; mold with models of samples (c); mold mounted in the first
part of flask (d); ready mold in the flask (e), and “packing” of the material during the curing process (f).

After curing, the samples were taken out of the mold, the excess of material was cut off, and
the specimens were then wet-ground (Labo-Pol25, Struers, Willich, Germany) with P220 and, finally,
P500-grit abrasive paper and thoroughly rinsed in water. Samples were divided into five groups
(storing conditions), and one sample per group was prepared from one powder + liquid mixture.
The groups of samples were stored in distilled water at 37 ± 1 ◦C for 2 days ± 2 h, 7 days ± 2 h,
30 days ± 2 h, 60 days ± 2 h, and 90 days ± 2 h. Potential detailed procedures for sample preparation
and sample dimensions for specific tests are provided in the descriptions of the test methods.

Samples for sorption and solubility tests were cured in stainless steel molds in accordance with
the ISO standard [46]. The use of this technique was justified by the restrictive requirements of the
sample dimensions and sample purity (elimination of separating medium and gypsum). A 23 µm
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thick polyester film (DuPont Teijin Films, Chester, USA) was used as a spacer to prevent sticking of
parts of molds/adhesion of materials during the curing process [46].

2.2. Methods

2.2.1. Flexural Properties

A three-point bending test was carried out using a universal testing machine (Zwick Z020, Zwick
GmbH & Com, Ulm, Germany) based on the ISO 20795-1:2013-07 standard [46] with some modifications,
i.e., additional storing times in the water were used. Specimens measuring 65 mm × 10 mm × 3.3 mm
were prepared using a method described in Section 2.1.2. Twenty-five samples were prepared from
each material. After conditioning, the specimen was removed from the water, placed on supports, and
the test was performed at a cross-head speed of 5 mm/min. The distance between the supports was
50 mm. Flexural strength and flexural modulus were calculated according to the equations:

σ =
3Fl

2bh2 (1)

E =
F1l3

4bh3d
(2)

where σ is the flexural strength (MPa); E is the flexural modulus (GPa); l is the distance among the
supports (mm); b and h are the specimen’s width and height (mm); F is the maximal force (N); F1 is
the load at a chosen point at the elastic region of the stress–strain plot (kN); and d is the deflection at
F1 (mm).

2.2.2. Impact Strength

The Charpy impact strength test was conducted in accordance with the ISO 179-1:2010 standard [47]
on a pendulum impact tester (HIT 25, Zwick GmbH & Com, Ulm, Germany). The unnotched specimens
measuring 80 mm × 10 mm × 4 mm were prepared as described in Section 2.1.2, and, after conditioning,
the specimen was removed from water, placed on supports, and the test was performed. The distance
among the supports was 62 mm. The following formula was applied to calculate impact strength:

acU =
E

b× d
× 103 (3)

where acU is the energy absorbed by breaking the test specimen (J); b and d are the width and thickness
of the specimen, respectively (mm).

2.2.3. Fracture Analysis

Scanning electron microscopy, on a Zeiss SUPRA 35 (Zeiss, Oberkochen, Germany), was used
to characterize the fractures of the samples broken by the impact and the three-point bending tests.
All specimens were sputtered with gold before observations. Compact and smooth surface fields
present brittle fracture modes, while a rough and jagged appearance presents intermediate (brittle
to ductile) fracture modes [48,49]. Particular attention was paid to the impact of filler presence
and aggregation on the appearance of fractures. If the fragments of fractured specimens could be
repositioned at the fractured line presenting a smooth surface, the fractures were classified as brittle.
Conversely, those presenting plastic deformation, exhibiting rough and jagged surfaces, were recorded
as ductile [12]. Observations were performed at accelerating voltages from 5 to 10 kV.

2.2.4. Hardness

The ball indentation hardness (H) was determined according to the ISO 2039-1 standard [50] on the
Zwick 3106 hardness tester (Zwick GmbH & Com, Ulm, Germany). The specimens measuring 65 mm
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× 65 mm × 4 mm were prepared as described in Section 2.1.2. Four samples for each material/storing
time were prepared, and three indentations were made on each sample. A steel ball, 5 mm in diameter,
was indented into the materials. A test load of 358 N was applied for 30 seconds. The ball indentation
hardness (H) was calculated according to the following equation:

H = Fm ×
( 0.21

h−0.25+0.21 )

πdhr
(4)

where, H is the ball indentation hardness (MPa); h is the depth of impression after correcting for the
deformation of the frame (mm); d is the diameter of the ball indenter (mm); Fm is the test load on the
indenter (N).

2.2.5. Wear Resistance

The samples for tribological tests measuring 30 mm × 30 mm × 10 mm were prepared as
described in 2.1.2. The experiment was performed on a CSM Tribometer (CSM Instruments, Peseux,
Switzerland) using the "ball on disc" method based on the methodology presented in the standards
ASTM G99-95A [51] and ISO/TS 14569-2:2001 [52]. During wear testing the specimens were subjected
to rotational motion and were kept in permanent contact with the spherical antagonist – a Al2O3

ball, 6 mm in diameter (Gewa, Zabrze, Poland). The experiment was conducted in distilled water at
37 ± 1 ◦C. The normal force applied by weight was 10 N, the relative sliding velocity was kept constant
at 10 mm/s, the diameter at which the track was made was 4 mm, the total sliding distance was 100 m.
After tests for each sample the profile of the cross-sectional area of wear track was measured at 6 points
spaced about 60◦ apart (TalyProfile Lite, Tylor-Hubson, Leicester, U K) the mean area of profile was
determined and finally the volume loss (mm3) was calculated. Scanning electron microscopy, on a
Zeiss SUPRA 35 (Zeiss, Oberkochen, Germany), was used to characterize traces left after wear tests.
Observations were performed at accelerating voltages 5 kV.

2.2.6. Sorption and Solubility

Sorption and solubility were tested using the method presented in the ISO standard [46]. Five test
samples of each material, measuring 50 mm in diameter and 0.5 mm in thickness, were cured in stainless
steel molds. The samples were dried inside desiccators with freshly dried silica gel at 37 ± 1 ◦C and
weighed daily (Analytic Scale AS/X, Radwag, Radom, Poland) until changes in mass were no higher
than 0.2 mg (mass recorded as m1). The thickness and diameter of the samples were measured with a
digital caliper with an accuracy of 0.01 mm. Samples were placed in distilled water at 37 ± 1 ◦C for
7 days and weighed after storing (mass m2). After that, the drying process, as described above, was
repeated, and the stable mass was denoted as m3. Sorption and solubility were calculated using the
following equations:

wsp =
m2 − m3

V
(5)

wsl =
m1 − m3

V
(6)

where wsp is the sorption, wsl is the solubility, ml is the initial mass of the dried sample (µg); m2 is
the mass after storing (µg), m3 is the mass after the second drying (µg), and V is the volume of the
sample, (mm3).

2.2.7. Statistical Analyses

Statistical analysis of the results was performed with the use of the Statistica 13.1 software (TIBCO
Software Inc., Palo Alto, CA, USA). The distributions of the residuals were tested with the Shapiro–Wilk
test, and the equality of variances was tested with Bartlett test. When the distribution of the residuals
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was normal and the variances were equal, the one-way or two-way ANOVA with Tukey’s HSD post-hoc
tests were used (α = 0.05), otherwise the non-parametric Kruskal–Wallis test (α = 0.05) was used.

3. Results

3.1. Flexural Properties

The mean flexural strength values are presented in Figure 2. The S–P concentration significantly
decreased the flexural strength values of the composites (Table 2). The mean values after 2 days of
conditioning in distilled water were 107.2 MPa for the A0 material and 72.4 MPa for the A6 composite
(a reduction of 32%). Storing time also had a significant influence (p < 0.0001) on the hardness values.
The mean values decreased after 90 days and were 96.9 MPa for A0 and 62.6 MPa for A6. For all
materials, similar reductions in the flexural strength values were noted (from 9% to 12%).
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Table 2. The results of one-way ANOVA and Tukey’s HSD post-hoc tests for flexural strength. *

Material Code

Storing Time /Days

2 7 30 60 90

(p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001)

A0 (p = 0.0076) A; a A; a A; a,b A; a,b A; b
A1 (p = 0.0066) A; a A,B; a A,B; a,b A,B; a,b A; b
A2 (p = 0.0062) A,B; a B,C; a,b B,C; a,b B,C; b A,B; b
A3 (p = 0.0459) B,C; a C,D; a,b C,D; a,b C,D; a,b B,C; b
A4 (p = 0.0427) C,D; a D,E; a,b D,E; a,b D,E; a,b C,D; b
A5 (p = 0.0342) D,E; a E,F; a,b E,F; a,b E,F; a,b D; b
A6 (p = 0.0084) E; a F; a F; a,b F; a,b E; b

* The different uppercase letters (A–F) for each column and lowercase letters (a–b) for each row show significantly
different results at the p < 0.05 level.

The flexural modulus (Figure 3) increased with increasing S–P concentration; however, the changes
were statistically significant (Table 3) only for three longer storing times. The highest increase in
flexural modulus values between A0 and A6 materials was 0.5 GPa (after 90 days). The storing time
had no statistically significant influence (p > 0.05) on the flexural modulus values, but they were
noticeably reduced from 0.18 GPa to 0.35 GPa.
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Table 3. The results of one-way ANOVA and Tukey’s HSD post-hoc tests for flexural modulus.*

Material Code

Storing Time /Days

2 7 30 60 90

(p = 0.2185) (p = 0.1563) (p = 0.0447) (p = 0.0237) (p = 0.0076)

A0 (p = 0.0848) - - A A A
A1 (p = 0.1101) - - A,B A,B A,B
A2 (p = 0.1662) - - A,B A,B A,B
A3 (p = 0.3100) - - A,B,C A,B,C B,C
A4 (p = 0.6143) - - A,B,C B,C B,C,D
A5 (p = 0.6612) - - B,C C C
A6 (p = 0.5290) - - C C D

* The different uppercase letters (A–D) for each column show significantly different results at the p < 0.05 level.

The SEM observations of fractures showed that the morphology of the deformed regions changed
with increasing S–P concentration. For the control material (Figure 4a), areas representing a brittle
fracture mode (i.e., smooth and compact surface) and an intermediate form of fracture (i.e., jagged
and rough appearance) were observed. For the obtained composites, a brittle fracture mode (smooth
surface) was clearly visible in the central part of the fractures, but near the lower and upper edge of the
samples, there were characteristic areas showing the presence of spherical shapes determined by the
shape of PMMA pre-polymerized particles of the “powder” component (Figure 4b–e), the examples of
which are indicated by black and white arrows. The area of this type of morphology increased with
the increasing concentration of the filler (please compare Figure 4b,d). In Figure 4f, it is shown the
presence in spherical structures of a large number of cubic filler particles and the spaces formed after
pulling out S–P particles from the matrix.
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Figure 4. Representative SEM images presenting the fracture surfaces of flexural test specimens. Control
(A0) (a). composites with antimicrobial filler concentrations of 1% (b,c) and 4% (d–f). Black arrows
indicate the areas determined by the shape of poly(methyl methacrylate) (PMMA) pre-polymerized
spheres; white arrows indicate the spherical niches remaining after them.

3.2. Impact Strength

The mean impact strength values are presented in Figure 5. The S–P concentration significantly
decreased the impact strength values of the composites (Table 4). The mean values after 2 days of
conditioning in distilled water were 18.4 kJ/mm2 for A0 material and 5.6 kJ/mm2 for A6 composite (a
reduction of 70%). Storing in distilled water also caused a reduction of mean values of impact strength,
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and, for four out of six materials, it was statistically significant (p < 0.05). After 90 days, the reduction
was 17% for control material, whereas for the A6 composite, it was 42%.
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Table 4. The results of one-way ANOVA and Tukey’s HSD post-hoc tests for impact strength. *

Material Code

Storing Time /Days

2 7 30 60 90

(p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001)

A0 (p = 0.1882) A A A A A
A1 (p = 0.0084) B; a B; a,b B; a,b B; a,b B; b
A2 (p = 0.1760) B B,C C B B
A3 (p = 0.0017) C,D; a C,D; a C; a C; a,b C,D; b
A4 (p = 0.0017) D; a D; a C,D; a,b C,D; b D; b
A5 (p < 0.0001) D; a D; b D; b C,D; b D; b
A6 (p < 0.0001) D; a D; a D; b D; b D; b

* The different uppercase letters (A–D) for each column and lowercase letters (a–b) for each row show significantly
different results at the p < 0.05 level.

The SEM observations (Figure 6) of impact fractures showed that the morphology where a rough
and jagged appearance presents an intermediate fracture mode (brittle to ductile) was, in general,
similar for all materials. However, the areas showing the presence of spherical shapes, determined by
the shape of PMMA pre-polymerized particles (Figure 6b) were present, and their number increased
with the increasing concentration of the filler. In comparison to the morphologies of fracture after
flexural tests, these structures were observed much less frequently for the same filler concentrations,
and the tendency to create areas of this type near the upper/lower surface of the samples was not
clearly demonstrated.
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Figure 6. Representative SEM images presenting the fracture surfaces of impact strength test specimens.
Control (A0) (a). Composites with an antimicrobial filler concentration of 4% (b). Black arrows indicate
the areas determined by the shape of PMMA pre-polymerized spheres; white arrows indicate the
spherical niches remaining after them.

3.3. Hardness

The mean hardness values are presented in Figure 7. The hardness values significantly (Table 5)
increased with the antimicrobial filler concentration. The mean hardness values after 2 days of
conditioning in distilled water were 192 N/mm2 for A0 and 232 N/mm2 for A6 composite. Storing time
also had a significant influence (p < 0.0001) on the hardness values. The hardness values decreased
with storing time. After 90 days, the mean values for the A0 and A6 materials were 177 N/mm2 and
211 N/mm2, respectively. The reduction of hardness values was from 9% to 12%; thus, it was similar
for all materials.
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Table 5. The results of one-way ANOVA and Tukey’s HSD post-hoc tests for ball indentation hardness. *

Material Code

Storing Time /Days

2 7 30 60 90

(p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001)

A0 (p < 0.0001) A; a A; b A; b A; c A; c
A1 (p < 0.0001) A,B; a B; a A,B; a A,B; b A,B; b
A2 (p < 0.0001) B,C; a B,C; a B,C; a,b B,C; b,c B,C; c
A3 (p < 0.0001) B,C; a C,D; a C,D; a,b C,D; b,c C,D; c
A4 (p < 0.0001) C,D; a C,D; a C,D; a,b D,E; b,c D; c
A5 (p < 0.0001) C,D; a D,E; a D,E; a,b E; b,c D,E; c
A6 (p < 0.0001) D; a E; a,b E; b E; c E; c

* The different uppercase letters (A–E) for each column and lowercase letters (a–c) for each row show significantly
different results at the p < 0.05 level.

3.4. Wear Resistance

The mean values of volume loss after wear tests are presented in Figure 8. For higher S–P
concentrations, significantly decreased volume losses were recorded (Table 6), and increased storing
time caused a significant increase of volume loss values (p < 0.05). The mean values after 2 days of
conditioning in distilled water were 2.98 mm3 for the A0 material and 0.15 mm3 for the A6 composite
(a reduction of 95%). After 90 days, volume losses were 5.6 mm3 for A0 and 0.35 mm3 for the
A6 composite.

The representative SEM images of the traces left after the wear test showed that the intensity
of the occurrence of wear mechanisms was associated with the mass concentration of the S–P and
the conditioning time. The dominant feature was abrasive wear as a result of plowing. There were
numerous scratches and micro-craters parallel to the direction of counter-sample movement on the
surface of the traces, and their number and depth decreased with the increase of the filler content
(Figure 9a–d). For the materials from A0 to A3, the areas of surface delamination were noted. On the
wear traces for materials from A0 to A4, the areas indicating plastic deformation and fatigue wear
mechanism were observed. For samples of the A5 composite stored up to 30 days, only uniform
abrasion was observed with slight surface scratches in the direction of the movements of the antagonist
which indicated the appearance of plowing (Figure 9e). A similar situation was observed for the A6
composite (all storing times). For the A5 composites conditioned from 60 to 90 days, traces of fatigue
wear and microcracks were observed over the entire surface of the wear track (Figure 9f).
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Table 6. The results of one-way ANOVA and Tukey’s HSD post-hoc tests for volume loss. *

Material Code

Storing Time /Days

2 7 30 60 90

(p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001) (p < 0.0001)

A0 (p < 0.0425) A; a,b A; a,b A; a A; b A; c
A1 (p < 0.0001) B; a B; b B; b B; b B; c
A2 (p < 0.0001) C; a C; a C; a B; b B; c
A3 (p < 0.0001) C,D; a D; a C,D; b C; c C; c
A4 (p < 0.0001) D,E; a D; a,b D; b C; b C; c
A5 (p < 0.0001) D,E; a D; a E; a C; b C; b
A6 (p < 0.0001) E; a D; b E; b C; c C; c

* The different uppercase letters (A–E) for each column and lowercase letters (a–c) for each row show significantly
different results at the p < 0.05 level.
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3.5. Sorption and Solubility

There were no statistically significant differences between mean sorption values (p = 0.9248),
presented in Figure 10a, which fell within the range of 23.20 µg/mm3 (A4) to 24.49 µg/mm3 (A6).
The obtained values for all samples of each tested material were below the maximum limit of 32 µg/mm3

allowed by the ISO standard [46].Materials 2019, 12, x FOR PEER REVIEW 14 of 23 
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The solubility values (Figure 10b) increased with increasing S–P concentration (p < 0.0001); however,
the changes were not statistically significant (p > 0.05) for materials from A2 to A6. Excluding one
sample of A6 composite, all the obtained sorption values were below the maximum limit of 1.6 µg/mm3,
so all materials were within the limit [46].

4. Discussion

The paper presents the results of the second stage of research on the influence of S–P introduction
as an antimicrobial filler on the properties of PMMA denture base material. In the previously published
part [37], the antimicrobial properties were confirmed via three-month in vitro experiments; thus,
further tests were needed to investigate the other properties of the obtained composites related to
their application. Additionally, S–P has also been investigated in our other works as an additive into
silicone soft lining material [53] and direct restorative photopolymerizable resin-based composites [54],
where only a slight influence of the filler on some physicochemical properties was noted. However,
for the currently tested composites, the matrix and the method of introducing the filler into it were
different which determined the inhomogeneous morphology of polymerized composites related with
the used components (PMMA pre-polymerized particles) [37]. This could affect the physicochemical
properties, thus investigations were conducted.

During most tests (excluding sorption and solubility), the conditioning of the samples for 90 days
was conducted. The period of the samples’ storing was based on the literature. Although studies
involving tests of mechanical properties of materials aged in clinical conditions are rare, it is proven
that the use of dentures in the oral cavity by patients for a period of 2 to 10 years is the cause of the
deterioration of acrylate materials’ hardness [55]. However, the dynamics of this process under clinical
conditions was not tracked, because it requires obtaining the samples and conducting material tests
at specific time intervals. This is one of the reasons why laboratory tests are performed much more
frequently in this regard. These tests are usually conducted for 60 to 120 days, and the results have

264



Materials 2019, 12, 4146

shown that mechanical properties of denture polymers reach equilibrium after up to 4 months [56],
but most often for modern materials, this period does not exceed 60 days [57,58]. For this reason, the
duration of the experiment in this study was limited to 90 days, and, after 60 days, no statistically
significant changes in the mechanical properties of the materials were found, although insignificant
changes were still visible.

During conditioning, the choice of medium may also influence the results. Typical media used are
water and artificial saliva; however, using water is recommended by the ISO 20795-1:2013-07 standard
for testing the mechanical properties of denture base materials [46]. Moreover, investigations indicate
that when distilled water is used, the values of mechanical properties are lower and liquid absorption is
higher than after storing in artificial saliva, even if these differences are not statistically significant [58,59].
This shows that using distilled water in these types of experiments was a rational choice, because
water has, at least, the same degrading effect in comparison to artificial saliva. In addition, the use of
water is justified in the first stages of research for practical reasons, because it allows creating very
repetitive conditions. However, it should be noted that both mentioned liquids (i.e., water and artificial
saliva) do not fully reflect real conditions, because salivary enzymes may also be the cause of polymer
degradation and, as a consequence, lead to a reduction in surface hardness or wear resistance [60].
Moreover, Miranda et al. [61] suggested that liquids with lowered pH values (higher acidity) may
influence the polymeric matrix of the resin by reacting with ester groups from acrylates which can
create molecules of alcohol and carboxylic acid. This may lower the pH value inside the resin matrix
and accelerate the degradation of the materials which should also be considered in the context of the
use of dental prostheses.

The flexural strength and modulus using three-point bending tests are mechanical properties
with limits that are specified by the ISO 20795-1:2013-07 standard for denture base materials, and
they are related with the behavior of materials under clinical conditions. The PMMA resins during
service in the mouth are subject to flexural fatigue as the denture base undergoes repeated masticatory
loading [62]; thus, the high flexural strength is considered essential to denture durability, especially
when gradual and irregular alveolar absorption processes cause tissue-borne dentures to be unevenly
supported [63,64] but also when a perfect fit of a denture to the well-developed convex residual ridges
occurs, because the denture is lifted at the non-working-side [65,66]. Flexural modulus influences
denture stiffness. Their lower values are favorable in increasing the absorbed energy before fracture
of the denture base, but a higher flexural modulus is recognized as clinically advantageous [67].
Partial dentures made of materials with a lower modulus of elasticity are more easily deformed during
chewing and, as a result of which, locally higher loads can be transferred to the mucosa under the
prosthesis [68]. Therefore, the use of materials with a lower flexural modulus may be the reason for
increased pain associated with the increase in mobility of the dentures and their worse stabilization
which can be the cause of the recorded decrease in chewing efficiency [69]. The increase in the
antimicrobial filler mass concentration resulted in reduced flexural strength but, on the other hand,
caused an increase in flexural modulus values. For all composites, the obtained values were higher
than the indicated minimum (flexural strength −65 MPa, flexural modulus −2 GPa). Moreover, the
registered flexural strength and modulus values for commercially available hot polymerized prosthetic
PMMA resins ranged from 60 to 120 MPa [48,70–73], so it is the range analogous to that obtained for all
the considered experimental composites. The flexural modulus values for heat-cured acrylic denture
base resins reported in literature ranged from 2.1 to 3.1 GPa [48,74] which means that the analyzed
materials are comparable in this respect with the best commercially available resins. The decrease in
flexural strength and modulus values during conditioning in distilled water is a typical process noted
for acrylates and related to the interaction of the liquid with the polymer matrix [75,76]. This is usually
linked with the plasticizing effect exerted by water molecules penetrating into the materials [48], and
this process is partially reversible [77]; however, other changes related to the release of components
into the environment and the degradation of acrylates due to the hydrolysis are irreversible [78].
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The percentage of reduction was the same regardless of filler content which indicates that this process
was not determined by the filler content but by the properties of the polymer matrix.

Another important mechanical property of prosthetic materials is their impact strength which
represents the resistance of materials to dynamic loads occurring in practice, e.g., during a prosthesis’
fall. The amount of energy absorbed by materials before they are fractured is evaluated using the Charpy
or Izod tests. The values recorded with each of these two methods differed for the same materials;
however, good correlations among them have been found [79,80]. In this study, the Charpy method
was used with the un-notched specimens, because the notching processes is time consuming, criticized
for creating stresses in the PMMA specimens, and leads to problems with reproducibility [48,81].
A significant reduction in impact strength was obtained with increasing filler concentration. The
impact values obtained for the A0 material were similar or higher than those recorded for PMMA
denture base materials tested using an analogous methodology [48]. Impact strength decreased with
conditioning time which corresponds well to the other results [82].

This reduction of flexural and impact strength values was related to the obtained inhomogeneous
morphology and presence of aggregation, described in the previously published paper focused on
antimicrobial properties and their stability [37]. The strong tendency of the inorganic submicron
or nanofillers to aggregate is typical and related with their large surface area that provides high
surface energy [83]. This problem may lead to decreased chemical interaction between the particles
and the polymeric matrix [84]. The inhomogeneities in materials act as structural defects causing
stress concentrations and strength reduction [85,86]. This corresponds well with the results of SEM
observations (Figures 4 and 6) which showed the changes of morphologies of fractured samples and
more brittle behavior of the composites. Observed areas showing the presence of spherical shapes,
determined by the shape of PMMA pre-polymerized particles of the “powder” component, indicated
a significant local reduction in material strength as a consequence of filler aggregations, leading to
uprooting of these particles from the cured material and probably accelerated fracture of samples.
A similar decrease in the mechanical properties along with the increase in mass concentrations of fillers
has been noted after the introduction of particles, e.g., ZrO2, nanodiamonds, Al2O3, hydroxyapatite,
titanium oxide, ground fillers of natural origin or even glass fibers [83,87–89]. On the other hand,
potential reinforcement in many cases can be achieved by using the synergistic effect of various
additives (e.g., different particles, glass meshes, and glass fibers) [90].

Hardness is another important mechanical property of denture base materials. There are several
methods for testing the hardness of polymer materials, but, frequently, the experiments conducted
with denture base materials use Vickers microhardness test [91,92]. However, in this study, the ball
indentation hardness test was used because of the morphology of materials determined by the used
powder–liquid system. If one considers that the mass of the used monomer is about 27% of the mass of
components, it becomes obvious that only part of the surface of the samples shows the presence of S–P
particles. Moreover, the size of the used pre-polymerized PMMA particles was similar or larger than
the expected size of indentation left during the Vickers microhardness test, so the risk of indentation
on unmodified areas of materials can be assumed. For this reason, it was considered that making
larger-sized indentations would provide more representative results. The increase in hardness after
the introduction of the antimicrobial inorganic filler into the material was consistent with the results
of other works, where a similar effect was reported as a result of the addition of metal oxides, mica,
and glass particles [71,83,84,93]. A reduction in hardness during 90 days of storing was expected
because water, like many other liquids, acts as a solvent to the acrylates which has been described as
the plasticizing effect [94]. Water molecules penetrate into the material which leads to the separation of
polymer chains, because molecules do not form basic chemical bonds with it but only occupy spaces
and reduce interactions among chains such as secondary bonding and entanglements [95]. This process
is typical, and a reduction in hardness values for acrylates or acrylate-based composites is frequently
reported [95–98].
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Higher hardness values are usually correlated with wear resistance [83,99,100]. However, for
inhomogeneous materials, selective damage during wear may occur, so the hardness measurements
are not sufficient to determine how the material will behave in this respect. The wear resistance
of acrylate-based materials is usually considered in the context of using denture teeth [101–103] or
restorative composites [104–106]. However, denture base materials should also present sufficient
abrasion resistance to avoid wear by food, abrasive denture cleansers [76] or other functional forces
created, for example, by the tongue [107,108]. The introduction of inorganic filler allowed to reduce
abrasion with increasing S–P concentration, even by 95%, and allowed to gradually change the intensity
of the occurrence of scratches, areas of surface delamination, areas indicating plastic deformation and
fatigue wear mechanism. For samples of A5 composite stored up to 30 days, only uniform abrasion
was observed with slight surface scratches in the direction of the movements of the antagonist. These
changes are beneficial because they lead to a reduced risk of abrasion products such as polymer
particles or fillers getting into the body, for example, with saliva or foods. Interestingly, this problem
and its potential long-term consequences for patients’ health have not yet been studied. The reduction
in the number and size of scratches, craters, and other damage that occurs on the surface of materials
during abrasion is also important due to the fact that they are potential areas where increased adherence
of yeast-like fungi to the surface of materials can occur [21,23,109].

After seven days of storing in distilled water, all experimental materials showed values of sorption
and solubility below the maximum limit of 32 µg/mm3 and 1.6 µg/mm3, respectively, allowed by
the EN ISO 20795-1:2013-07 standard. Convergent results for PMMA denture base materials were
obtained in other works for commercial and experimental materials [110–113]. Furthermore, Ergun et
al. [85] reported a two-fold increase in sorption and more than three-fold increase in solubility with
increasing concentration of zirconium oxide nanoparticles introduced to PMMA denture base resin.
The penetration of water or aqueous solutions into the material also has an impact on its properties,
because acrylates can undergo slow degradation due to the fact of hydrolysis as well as enzymatic
reactions [78] which affects cytotoxicity and tribological and mechanical properties [114,115]. In this
background, the lack of differences in the materials’ sorption values is favorable. The low solubility value
is particularly important, because the leaching of residuals of monomers and other additives used in
prosthetic materials, as well as their penetration into the organism, are considered unfavorable [116,117].
In this context, the enhanced solubility justifies future research with complimentary techniques to
understand the release of specific ions and chemical compounds from the materials. Research using
techniques such as ICP-OES (optical emission spectrometry in inductively coupled plasma) or ICP-MS
(inductively coupled plasma mass spectrometry) may provide answers to questions related to the release
of, for example, silver or zirconium ions from composites containing S–P [118–120]. Chromatography
techniques can be used to determine the release of compounds such as the residual monomer or
dibenzoyl peroxide [121–123]. These investigations can be considered for selected composites together
with analyses for other materials filled with S–P and based on different matrixes [53,54].

To sum up, on the basis of previously published and current laboratory studies, it should be
stated that promising compilations of different properties were obtained for materials from A4 to A6.
Those composites showed a strong effect against C. albicans, over 90 days of in vitro investigation, and
acceptable physicochemical properties. However, the disadvantages of introducing these concentrations
of S–P were a significant reduction of flexural strength and impact strength which was caused by the
presence of structured defects and the more brittle behavior of tested composites. The reduction in
impact strength was particularly negative. The increase in solubility recorded for these materials was
also unfavorable. Determining its exact causes requires further research. Increased wear resistance,
elimination of surface delamination, plastic deformation, and fatigue wear mechanisms observed
during wear tests were favorable and can partially prevent entering abrasion products into the
organism. Changes in hardness were also beneficial, because they indicated increased resistance to
plastic deformation under localized mechanical loads. For materials with lower filler concentrations
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(A1–A3), changes in physicochemical properties were smaller, but they were not outweighed by other
benefits, because the antimicrobial effect was short-lived.

5. Conclusions

Within the limits of this study, it can be concluded that the experimental composites showed a
satisfactory combination of physicochemical properties. With increasing S–P concentration after 2
day conditioning in distilled water, reduced values of flexural strength (from 107 to 72 MPa), impact
strength (from 18.4 to 5.5 MPa) as well as enhanced solubility (from 0.95 to 1.49 µg/mm3) were reported.
These changes were unfavorable, but the recorded values were at acceptable levels and also within the
context of the requirements of the ISO 20795-1:2013 standard. Favorable changes included increased
hardness (from 198 to 238 MPa), flexural modulus (from 2.9 to 3.3 GPa), and decreased volume loss
during wear test (from 2.9 to 0.2 mm3). The sorption values were stable. The percentage changes of the
analyzed properties during storage in distilled water were similar for all materials. Cytotoxic tests
need to be performed in future experiments as well as long-term studies on the release of ions and
other components, such as MMA monomer or dibenzoyl peroxide, from the materials.
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Abstract: Contemporary thermoplastic monomer-free prosthetic materials are widely used nowadays,
and there are a great variety available on the market. These materials are of interest in terms of the
improvement of the quality features of the removable dentures. The aim of this study is to establish
how minimal changes in the laboratory protocol of polyamide prosthetic base materials influence
the surface texture. Two polyamide materials intended for the fabrication of removable dentures
bases were used—Perflex Biosens (BS) and VertexTM ThermoSens (TS). A total number of 20 coin-
shaped samples were prepared. They were injected under two different modes—regular, as provided
by the manufacturer, and modified, proposed by the authors of this study. Scanning electronic
microscopy (SEM) under four magnifications—×1000, ×3000, ×5000, and ×10,000—was conducted.
With minimal alterations to the melting temperature (5 ◦C) and the pressure (0.5 Bar), in Biosens, no
changes in terms of surface improvement were found, whereas in ThermoSens, the surface roughness
of the material significantly changed in terms of roughness reduction. By modifying the technological
mode during injection molding, a smoother surface was achieved in one of the studied materials.

Keywords: thermoplastic materials; laboratory protocol; dentures; texture; roughness

1. Introduction

The quality and efficiency of prosthetic treatments depend on the properties of the base
prosthetic materials. It is often the case that with removable dentures, complications occur,
e.g., denture stomatitis, caused by microflora with various degrees of virulence. Dental
prostheses are potential sites of adsorption and colonization of various microorganisms.
One of the conditions determining the degree of bacterial adhesion and colonization
resistance is the surface structure of the base material.

Denture surface can be affected by various mechanisms. Such mechanisms may
include aging and wear and tear [1]. Professional hygienic and cleaning procedures,
as well as the instruments used during these procedures, increase the roughness of the
material and the risk of future bacterial or fungal contamination [2]. Substantial changes
in the surface morphology, increased hydrophilicity and higher optical density of the
adhered microorganisms are observed when various chemical agents are used for denture
cleaning [3].

Studying at a molecular level the correlation between the surface of the restorative
material and the microorganisms in the oral cavity, G. Allias concluded that a conditio sine
qua non for micro-floral contamination is related to the material’s texture and depends
on the surface tension [4]. The higher the surface tension, the higher the probability for
pathogenic microbial contamination is. The surface tension of a given material depends
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on the material’s technology and processing algorithm, as well as the inclusion of other
materials over the prosthetic material’s surface that alter the surface tension [5].

The most common pathogen causing denture stomatitis is C. albicans [6]. C. albicans,
as a conditionally pathogenic species, can asymptomatically colonize both the surfaces of
the denture and the mucosa [7]. Al-Dwairi emphasized the significance of Candida spp.
isolated from the fingertips of removable denture wearers as a source of re-infection of the
oral cavity [8]. L. Gendreau identified the spread of denture stomatitis in approximately
70% of the removable denture wearers, and the frequency is higher in elder patients of the
female gender [9].

Conventional acrylic resin exhibits highly hydrophilic properties and solubility [10],
as well as heterogeneity of the surface texture, further causing internal and surface tension
and the formation of cavities where microorganisms infiltrate and propagate. This leads
to the disturbance of the micro-biocenosis in the oral cavity, inflammation of the mucosa
beneath the denture and the development of denture stomatitis of various etiologies [11].

Nowadays, a great variety of prosthetic materials are available on the market. How-
ever, the issue of their interaction with the oral microflora, as well as how the microflora
affects these materials, is still understudied. Therefore, the correlation between the mi-
crofloral adhesion to the various prosthetic materials and their texture remains a topical
question, as does the search for solutions for the improvement of the microstructure and
degree of roughness of these materials.

Contemporary thermoplastic monomer-free prosthetic materials are of interest in
terms of the improvement of the quality features of removable dentures. However, they
are still not sufficiently explored regarding their microbial contamination and colonization.
Reliable information can be obtained by performing microbiological and high-magnification
microscopic studies in parallel. This would allow for exploring the structures at a nano level.
The purpose of this study is to establish how minor alterations in the laboratory protocol of
polyamide prosthetic base materials influence the surface texture of these materials.

2. Materials and Methods
2.1. Materials and Samples

In this study, two polyamide materials intended for the fabrication of removable
dentures were used—Perflex Biosens (BS) and VertexTM ThermoSens (TS). A total number
of 20 coin-shaped samples were prepared with a diameter of 5 mm and 1 mm thickness
(Figure 1).
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2.2. Methods
2.2.1. Technological Mode

The samples were injected under two different modes—regular, as provided by the
manufacturer (Table 1), and modified, proposed by the authors of this study (Table 2). Ten
samples of the two tested materials were injected under the regular technological mode,
and the other ten samples, five of each material, were injected under a modified mode.

Table 1. Materials, technological parameters, and manufacturer.

Material Type Time Temperature Pressure System Manufacturer

Perflex Biosens
(BS)

Polyamide (MSDS: no
declaration) 18 min 300 ◦C 8–9 Bar Thermopress 400 Perflex, Israel

VertexTM
ThermoSens (TS)

Polyamide (MSDS: no
declaration) 18 min 290 ◦C 6 Bar Vertex Thermoject 22 Vertex Dental B.V.,

The Netherlands

Table 2. Materials, modified technological parameters, and manufacturer.

Material Type Time Temperature Pressure System Manufacturer

Perflex Biosens
(BS)

Polyamide (MSDS: no
declaration) 18 min 305 ◦C 9.5 Bar Thermopress 400 Perflex, Israel

VertexTM
ThermoSens (TS)

Polyamide (MSDS: no
declaration) 18 min 295 ◦C 6.5 Bar Vertex Thermoject 22 Vertex Dental B.V.,

The Netherlands

2.2.2. Scanning Electronic Microscopy (SEM)

The test samples from the two polyamide materials, under the two different technolog-
ical modes, were plated in 24-carat gold powder (Figure 2) and were scanned using SEM in
four different magnifications: ×1000, ×3000, ×5000, and ×10,000.
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2.2.3. Microbiological Evaluation

Microbiological evaluation of mucosal and denture surface samples was performed.
Samples were collected by swabbing and transported to the laboratory of microbiology
within the same day. Swabs were cultured on Sabouraud-dextrose agar (SDA) and incu-
bated for up to 48 h at 30 ◦C. Colony identification was performed by using matrix-assisted
laser desorption time-of-flight mass spectrometry (MALDI-TOF MS, Vitek MS, bioMerieux,
Craponne, France). Samples were stained with Löffler methylene blue and observed using
×100 immersion oil microscopy.
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3. Results
3.1. Samples under Regular Technological Mode

The investigation with SEM methods of the samples injected under the regular techno-
logical mode showed different types of defects and numerous spots of unevenness on the
surface of both materials under all magnifications. (Figures 3a,b and 4a,b).
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3.1.1. Samples Made of Biosens

On the surface of the BS test samples, holes, openings, deep grooves, caverns, and
some areas of a rough surface resembling orange peel can be observed. In the ×5000
magnification photo, the dimensions of these surface defects can be measured, and they
vary a lot. Portions of the surface display a mica-like texture.

3.1.2. Samples Made of Thermosens

On the TS surface, expressed unevenness with openings, grooves, caverns and a
mica-like surface can be observed, along with some bulging formations and deep and
undermined areas, and at some points surface destruction can be observed. In the ×5000
magnification photo, it can be observed that these defects form undermined and predilec-
tion zones for the retention of different microorganisms.
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3.2. Samples under Modified Technological Mode
3.2.1. Samples Made of Biosens

Observations of the surface of BS samples prepared under the modified technological
mode do not show any significant differences in the defects compared to the test samples
injected under optimal fabrication parameters. Under ×1000 magnification, slight smooth-
ing of the texture is observed; however, the mica-like surface remains unchanged, and the
presence of openings and canals is clearly visible (Figure 5a,b). A magnification of ×5000
reveals that these openings grow into deep caverns more than 20 microns in size.
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3.2.2. Samples Made of Thermosens

Observations of the surface of TS test samples prepared under the modified techno-
logical mode show significant differences in the surface characteristics compared to the
test samples injected under the optimal technological mode. Under ×1000 magnification,
smoothening of the texture is observed, where shallow grooves and unevenness with a
bubble-like shape can be seen; the structure is slightly wavy (Figure 6a,b). Under a magnifi-
cation of ×5000, the surface is orange peel-textured; however, the uneven areas and deep
defects do not exceed 1–3 microns. It should be noted that the refinement of the surface
texture of this material is a direct result of the technological mode modification, but the
effect on the mechanical properties has yet not been investigated.

Materials 2022, 15, 6633 5 of 10 
 

 

  
(a) (b) 

Figure 5. (a) BS under magnification ×1000. (b) BS under magnification ×5000. 

3.2.2. Samples Made of Thermosens 
Observations of the surface of TS test samples prepared under the modified techno-

logical mode show significant differences in the surface characteristics compared to the 
test samples injected under the optimal technological mode. Under ×1000 magnification, 
smoothening of the texture is observed, where shallow grooves and unevenness with a 
bubble-like shape can be seen; the structure is slightly wavy (Figure 6a,b). Under a mag-
nification of ×5000, the surface is orange peel-textured; however, the uneven areas and 
deep defects do not exceed 1–3 microns. It should be noted that the refinement of the sur-
face texture of this material is a direct result of the technological mode modification, but 
the effect on the mechanical properties has yet not been investigated. 

  
(a) (b) 

Figure 6. (a) TS under magnification ×1000. (b) TS under magnification ×5000. 

Although the form of the defects is too complex to be measured precisely, some di-
mensions are given in the following table (Table 3). 

Table 3. Materials, mode, and dimensions of the defects. 

Material 
Mode

Sample No.1 
Length/Width 

(Microns) 

Sample No.2 
Length/Width 

(Microns) 

Sample No.3 
Length/Width 

(Microns) 

Sample No.4 
Length/Width 

(Microns) 

Sample No.5 
Length/Width 

(Microns) 

Mean Value 
Length/Width 

(Microns) 

Thermosens 

Regular 
mode 15/18 12/12 20/14 15/12 16/15 15.6/14.2 

Modified 
mode 1/1 1.5/1 3/1 1.2/1 1/1 1.54/1 

Biosens 

Regular 
mode 

20/25 23/21 15/14 21/20 28/25 21.4/21 

Modified 
mode 

12/10 14/10 15/15 10/10 12/10 12.6/11 

Figure 6. (a) TS under magnification ×1000. (b) TS under magnification ×5000.

279



Materials 2022, 15, 6633

Although the form of the defects is too complex to be measured precisely, some
dimensions are given in the following table (Table 3).

Table 3. Materials, mode, and dimensions of the defects.

Material

Mode

Sample No.1
Length/Width

(Microns)

Sample No.2
Length/Width

(Microns)

Sample No.3
Length/Width

(Microns)

Sample No.4
Length/Width

(Microns)

Sample No.5
Length/Width

(Microns)

Mean Value
Length/Width

(Microns)

Thermosens
Regular mode 15/18 12/12 20/14 15/12 16/15 15.6/14.2
Modified mode 1/1 1.5/1 3/1 1.2/1 1/1 1.54/1

Biosens
Regular mode 20/25 23/21 15/14 21/20 28/25 21.4/21
Modified mode 12/10 14/10 15/15 10/10 12/10 12.6/11

Ten patients were included in this pilot study. Five Thermosens dentures and five
Biosens dentures were created. The patients were examined during regular (every
two weeks) follow-ups. Two of them (one male, 72 years old and one female patient,
69 years old) showed clinical symptoms of denture stomatitis (Figure 7).
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The symptoms started at the end of the sixth week for the female patient and at the
beginning of the tenth week for the male patient. Neither of them suffered any general disease
(except high blood pressure for the male patient and osteoporosis for the female patient). Both
were treated with dentures made from Thermosens (under regular laboratory mode).

After culturing of the samples on Sabouraud-dextrose agar (SDA), the present colonies
were subsequently identified by MALDI-TOF MS as Candida albicans. (Figure 10a,b).
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Figure 10. (a) SDA agar. Fungal growth on 3 (sample taken from the palate) and 4 (sample taken
from the denture). No fungal growth observed on the negative control (n. c.). 2—sample from the
vibrating line area, 5—sample from tuber maxillae sin., 6—sample from tuber maxillae dex. (b) Fungi,
methylene blue stain, ×100 immersion oil microscopy.

4. Discussion

The oral cavity is a habitat for microorganisms in large quantities and numerous
varieties—pathogens, conditional pathogens, and saprophytes. The coarse and rough sur-
face of dental prosthesis, the retention of food, and the constant humidity and temperature
present suitable conditions for microbial contamination, colonization and propagation.

The surface characteristics of thermoplastic polymers exhibit numerous defects and
a high level of roughness [12] that allow for the microbial colonization of their surface.
Thermoplastic materials are challenging in terms of mechanical processing, making it
difficult to produce a smooth and glossy surface [13]. The lack of this smoothness represents
the optimal conditions [14] for the adhesion of microbial cells [15]. Although polyamide
materials are characterized by a high level of mechanical properties, a modification [16]
of the technological parameters [17,18] of their injection could be attempted to achieve an
optimal texture. This modified surface needs to be resistant to impacts that would increase
roughness [19,20] or deteriorate the quality of the material [20,21].
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Surface modification could be a possible approach to identify surfaces that possess
anti-biofilm properties [22]. The injection mode is precise and too short in duration, yet it
depends on conditions and factors that could be manipulated, and the injection molding
devices allow for it.

Attempting to improve the polyamide materials’ surface characteristics so that a
surface with better anti-microbial [23] and bacterial attack inhibition effects is obtained,
as well as a reduction in microbial activity [24–30], the authors altered some of the factors
in the injection molding process. These factors and conditions are interdependent and
mutually affecting.

With minimal alteration of the melting temperature (5 ◦C) and the pressure (0.5 Bar),
no changes in terms of surface improvement were found in Biosens. What led us to apply
variation of the temperature was the expectation that this would result in more even and
more thorough melting of the material inside the machine tumbler. On the other hand,
with a rise in temperature, the melt flow speed in the sprues changes as well, leading to a
quicker filling of the mold, preventing uneven cooling of the material.

With minimal alteration to both the temperature (5 ◦C) and the pressure (0.5 Bar) in
ThermoSens, the surface roughness of the material is significantly changed [31] in terms
of roughness reduction [32]. This positive change in the surface texture is likely to result
in: an improvement [33] in the mechanical strength and physical properties, a lack of
microflora [34] or minimal changes [21], as well as a reduction in the conditions for colony
formation [35,36]. To ascertain the presence or absence of such changes, further studies
are necessary, including not only in vitro, but in vivo tests as well. A few volunteers are
planned to be examined, treated with dentures manufactured using the modified laboratory
protocol in a future study.

Ayaz et al. stated that striving for improvements in the texture of injection-molded
materials is based on the fact that surface imperfection affects the adhesion and colonization
of pathogenic microorganisms. Biofilm accumulation is the main factor in the etiology of
denture stomatitis, emerging due to surface irregularities [37].

Verran and Maryan [38], Quirynen et al. [39], and Radford et al. [40] reported that
dental materials on polyamide bases are rougher than PMMA materials. This statement
is in agreement with Yunus et al. [41], Ucar et al. [42], and Kurkcuoglu et al. [43]. In their
studies, they found a direct correlation between the surface roughness and adhesion of
microorganisms. These findings correspond with some previous investigations of the
authors of this article.

Kohli and Bhatia stated that the hydrophilic behavior of polyamide materials is due
to the amide groups in their polymeric chain. Nylon, being hygroscopic, swells when
immersed in a humid medium, increasing its irregularities [44].

Some substances, including saliva, alcohol, and acids produced by bacteria, may affect
the structure and surface features of the restorations [45]. Arslan et al. assumed that
material aging increases roughness and hydrophilicity [46]. Atalaya et al., in their study,
declared that a smoother surface guarantees higher hydrophobicity and lower surface
tension [47]. Liebermann et al. concluded that increased temperature and pressure of
injection may change the polarity of the molecules, and that this can consequently cause
alterations in the surface structure and wetting [48].

It is assumed that raised temperature leads to better and more even melting of the
material, while increasing pressure leads to quicker and more uniform filling-up of the
mold and therefore to its more uniform cooling down, both on the surface and internally.
Both factors can reduce the cooling-induced tension on the surface and within the mold,
and finally, this can cause the smoothing of the surface texture of the injected material.

5. Conclusions

By modifying the technological mode during injection molding, a smoother surface
was achieved in one of the studied materials, and this variation could affect other factors
and conditions during the process. Further studies should be conducted to find out whether
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such changes in the laboratory protocol affect the mechanical properties of these materials,
and if so, in what range.
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Abstract: Fiber reinforced composites (FRCs) are metal free materials that have many applications
in dentistry. In clinical orthodontics, they are used as retainers after active treatment in order to
avoid relapse. However, although the modulus of the elasticity of FRCs is low, the rigidity of the
material in the form of a relatively thick retainer with a surface cover of a flowable resin composite is
known to have higher structural rigidity than stainless steel splints. The aim of the present study is to
measure load and bending stress of stainless steel wires, as well as flowable resin composite covered
and spot-bonded FRC retainer materials after tooth brushing. These materials were tested with a
three point bending test for three different conditions: no brushing, 26 min of brushing, and 60 min
of brushing. SEM images were taken before and after different times of tooth brushing. Results
showed that stainless steel was not significantly affected by tooth brushing. On the other hand, a
significant reduction of values at maximum load at fracture was reported for both FRC groups, and
uncovered FRCs were most affected. Concerning maximum bending stress, no significant reduction
by pretreatment conditions was reported for the materials tested. SEM images showed no evident
wear for stainless steel. Flowable resin composite covered FRCs showed some signs of composite
wear, whereas spot-bonded FRCs, i.e., without the surface cover of a flowable resin composite,
showed signs of wear on the FRC and exposed glass fibers from the FRC’s polymer matrix. Because
of the significant changes of the reduction of maximum load values and the wear for spot-bonded
FRCs, this technique needs further in vitro and in vivo tests before it can be performed routinely in
clinical practice.

Keywords: FRC; bonding; technique; fiber; reinforced; composite; spot; mechanical; deflection;
orthodontics; brushing; wear; retainer; splint; load

1. Introduction

During the last years, fiber reinforced composites (FRCs) have been proposed for many clinical
applications because they are easy to customize and manipulate, and they showed high improvements
in properties if compared to unreinforced resins [1,2].

FRCs, if compared with other materials, have a high strength/weight and stiffness/weight ratio [3].
The most common fibers used in dentistry are glass fibers because of their low extensibility, high tensile
strength, and aesthetic and optical qualities [4,5]. In dentistry, these materials are used for various
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purposes: fixed dental prostheses, fillings and core-built ups, removable devices, root canal anchoring
systems, periodontal and trauma splints, orthodontic frameworks, and retainers [6–13].

Retention is an important phase of orthodontic treatment, especially because without any type
of retention there is a tendency for the teeth to relapse [14]. Fixed retainers are the most common
retention systems as they have a number of advantages. First of all, they provide better aesthetics,
additional patient cooperation is not needed, and they are suitable for lifelong retention [4]. In the last
10 years, multi-stranded wires were the most popular type of retention in regards to bonded fixed
retainers. At the same, time resin fiberglass bondings were introduced as an aesthetic alternative and
they are widely used. Nowadays, there are many different types of retainers, removable and fixed, and
it is unclear which ones are the best and for how long they should be used.

To our knowledge, there are no studies in literature about the prevalence of different bonding
techniques, and each clinician uses the one that is more suitable according to its experience. There
are only studies about the survival of different splinting techniques [9,15]. An extensive study of the
literature suggests that there are significant variations in the results describing the effectiveness, cost
factors, survival times, oral hygiene status, and regimen of various orthodontic retention appliances [16].

FRC retainers are composed of glass fibers, thermoplastic polymer, and light-cured resin matrix
for the reinforcement of the dental polymer. [17,18]. Continuous unidirectional FRCs which are used in
dental applications have a flexural modulus of 17 GPa and are influenced by absorption of water and
volume fraction of fibers in the composite [19,20]. When glass FRC is used as an orthodontic retainer,
the cross-sectional diameter of the retainer increases and this increases shear stresses within the FRC,
as well as structural rigidity of the retainer. Some studies demonstrated that, if compared with metallic
wires, FRC splints present high deflection values, showing mean indicative stiffness about 30 and 40 N
under deflections of 1 and 2 mm with the average span length and cross-sectional dimension of an
orthodontic retainer [21,22]. These values are higher than those for metallic wires, which are thinner in
cross-sectional diameter. A high stiffness is useful in prosthodontics but is less desirable for splints and
retainers as it can be in contrast with physiological tooth movement increasing the ankylosis risk, even
if this concern has been tested in a single in vivo study, using an animal model [23]. Other studies
demonstrated that the rigidity of a FRC splint is magnified by the FRC application technique [24,25].

In fact, following the manufacturer’s instructions, the composite covers the entire surface of the
retainer. On the contrary, metallic splints are manufactured with a spot-bonding technique, thus
allowing the wire to be covered with a composite only on the tooth surface, while the wire is left
exposed in interproximal areas. The application of the spot bonding technique to FRCs implies a
significant decrease in the rigidity of the framework if compared with a conventional full-bonded
technique [24]. However, in this case, the fiber is exposed to the oral environment, thus leading to
a higher wear risk, especially when the patient is eating or brushing their teeth. Wear is defined as
the progressive loss of substance. It depends on the material type and geometry, on the interactions
(stresses and forces), and on the environmental conditions (temperature, chemistry) [26].

Previous authors demonstrated that, increasing the number of brushing cycles, the abrasion
of composite resins increased in a linear way [27]. There are no studies evaluating force levels of
FRCs bonded with a spot technique simulating a different tooth brushing entity. Tooth brushing
affects mechanical properties and wear of restorative materials. Authors evaluated its effects on a
composite and we can suppose that FRC materials could probably also be affected, even if there is a
lack of studies on this topic. The rationale of the present study was to test different FRC coverages for
different variables.

The rationale of the present report is based on previous studies that demonstrated that FRC
retainers have a higher rigidity if compared to metal splints and that this feature is less desirable.
Previous studies also demonstrated that retainers made of FRCs without composite coverage have
values of rigidity more similar to values of metal retainers, and this is a positive feature [21,22,24,25].
Finally brushing interferes with all restorative materials previously tested changing their mechanical
properties [27]. Therefore, the data presented have the aim to test mechanical properties, maximum
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load and maximum bending stress, of covered and uncovered FRC, compare them to stainless steel, and
evaluate eventual changing after tooth brushing. Additionally, their aim is to visually observe surfaces.

The purpose of this study was to evaluate mechanical properties (maximum bending stress and
maximum load) and surface wear (SEM analysis) of metallic and FRC splints after various amounts of
electrical tooth brushing, comparing the effects of tooth brushing on different kinds of materials. The
null hypothesis of the present report was that no significant differences were reported in mechanical
properties and wear among various materials tested.

2. Materials and Methods

In the present report, flat metallic splints (Straight 8 Lingual Retainer Wire 6′ length.
DB Orthodontics, Silsden, United Kingdom), FRCs (Everstick ORTHO, StickTech, Turku, Finland)
with composite coverage, and FRCs (Everstick ORTHO, StickTech, Turku, Finland) without composite
coverage were tested. The fiber reinforced composite that was tested in the present study was
a unidirectional FRC reinforced with silanized-treated glass fibers. This fiber-reinforced retainer
contained 1000 silanized glass fibers plunged in a monomer-polymer gel matrix. With these materials,
72 specimens were prepared, 24 for each group. All specimens were cut with scissors to a size of
20 mm and handled accordingly to the manufacturer’s guidelines.

Metal Specimens Were Cut

Covered FRCs specimens were cut, covered with resin (Everstick Resin, GC America, Alsip, IL,
USA), and subsequently light cured by hand using a halogen lamp (D-Light Pro, GC Europe, Leuven,
Belgium) with a 1400 mW/cm2 wave length range of 430–480 nm for 40 s. Subsequently, the specimens
were covered with a flowable particulate filler composite by hand (G-aenial Universal Injectable A2,
GC America, Alsip, IL, USA) and light cured with the same halogen unit for 40 s [28]. The light tip
of the curing unit was kept in 3 mm distance from the materials during light curing. Non-covered
FRC specimens were prepared with the same technique without final flow composite coverage. All
specimens were than stored in an incubator at 37 degrees Celsius for 24 h.

For each group (metal, covered FRC, non-covered FRC) 8 specimens were not brushed, 8 were
subjected to electronic brushing for 26 min, and 8 were subjected to electronic brushing for 60 min.
Brushed specimens were fixed at their edges on a laboratory glass (Figure 1) and brushed with an
electric toothbrush (Oral B PRO 670 with Oral B Crossaction brush heads, Procter & Gamble, Cincinnati,
USA) using a 124 RDA toothpaste (MaxWhite-white crystals, Colgate-Palmolive, New York, NY, USA).Materials 2020, 13, 1028 4 of 13 
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The brushing set up was performed following a previous study [29]. Our aim was to attain
contact between brush heads and specimens, which were posed on laboratory glasses and fixed by
their extremity. Toothpaste was put on toothbrushes and toothbrushes were activated by pressing the
start button. The chronometer was used in order to respect the time point.

Retainer material grouping was divided as follows:

(1) Flat Metal—Not brushed;
(2) Flat Metal—26 min brushed;
(3) Flat Metal—60 min brushed;
(4) Covered FRC—Not brushed;
(5) Covered FRC—26 min brushed;
(6) Covered FRC—60 min brushed;
(7) Non-covered FRC—Not brushed;
(8) Non-covered FRC—26 min brushed;
(9) Non-covered FRC—60 min brushed.

The retainer materials were subsequently evaluated with a three-point bending test (Figure 2).
The span length was 14 mm, and the crosshead speed was 1 mm/min [30]. A universal testing machine
(Lloyd LRX; Lloyd Instruments, Fareham, UK) was used to apply the load on the middle of the
specimens tested. The middle point of the machine was moved using a computer-controlled stepper
motor, the force was recorded by electronic sensors, and the position of the middle point of the machine
was associated with the passive position. The flexural strength values were recorded with the Nexygen
MT software (Lloyd Instruments) [31].Materials 2020, 13, 1028 5 of 13 
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Table 1. Descriptive statistics of the different groups at maximum load (N). 
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Figure 2. Three point bending test. (A) Metal wire, (B) fiber reinforced composite (FRC) full coverage,
(C) FRC no coverage.

Maximum load (N) and maximum bending stress (MPa) were measured for each group [32].
Using a scanning electron microscope (JEOL 5500, JEOL Ltd., Tokyo, Japan), microphotographs for
all the materials tested were taken with a magnification of 35×, 100×, and 250×. In order to use the
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scanning electron microscope, specimens were first submitted to sputter coating (BAL-TEC SCD050
Sputter Coater, Capovani Brothers Inc., New York, NY, USA).

Statistical analysis was performed with a computer software (R®version 3.1.3, R Development
Core Team, R Foundation for Statistical Computing, Wien, Austria). For all groups, descriptive statistics,
including mean, standard deviation, median, minimum, and maximum values, were calculated. The
Kolmogorov–Smirnov test assessed normality of distributions. Analysis of variance (ANOVA) and
post-hoc Tukey tests were used for inferential statistics. Significance was predetermined at p < 0.05 for
all statistical tests.

3. Results

The descriptive statistics for the maximum load evaluation values are listed in Table 1. Significant
differences among various groups (p < 0.05) were demonstrated. The post-hoc Tukey test showed that
the lowest values (p < 0.05) were reported with stainless steel wires (Groups 1, 2, and 3). The highest
forces (p < 0.05) were demonstrated in FRCs bonded with a conventional covered technique (Groups 4,
5, and 6). When the experimental non-covered technique was tested (Groups 7, 8, and 9), intermediate
measures were reported (Figure 3), with significantly higher values than the metal groups (p < 0.001)
and significantly lower values than the covered groups (p < 0.001).

Table 1. Descriptive statistics of the different groups at maximum load (N).

Group Material Coverage Brushing Mean St Dev Min Mdn Max Significance *

1 SS no no 2.98 0.91 2.23 2.38 4.17 A
2 SS no 26 min 2.91 0.21 2.40 2.99 3.00 A
3 SS no 60 min 3.02 0.08 2.90 3.08 3.08 A
4 FRC full no 40.82 11.13 26.58 40.15 60.30 B
5 FRC full 26 min 34.20 9.67 23.17 32.14 48.07 C
6 FRC full 60 min 32.84 5.99 24.30 32.46 40.91 C
7 FRC no no 10.89 2.49 8.85 9.57 15.22 E
8 FRC no 26 min 10.90 2.26 7.24 11.22 14.19 E
9 FRC no 60 min 7.97 2.54 5.54 7.43 12.59 F

* Means with the same letters are not significantly different (p > 0.05).
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Figure 3. Graphical representation of maximum load values (Mean and SD) of the various conditions
(metal, covered FRC, and non-covered FRC) after different brushing times (no brushing, 26 min of
brushing, and 60 min of brushing).
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No difference was reported (p > 0.05) between not-brushed and brushed stainless steel groups
(Groups 1–3). Conventional covered FRC groups (Groups 4–6) showed decreased values after 26 min
of brushing (p < 0.05), and no differences between 26 and 60 min of brushing (p > 0.05). On the other
hand, non-covered FRCs (Groups 7–9) showed a reduction only after 60 min of brushing (p < 0.05).

Maximum bending stress results (Table 2) showed significant differences among the various
groups tested (p < 0.05). Post-hoc analysis showed that the highest values (p < 0.05) were reported
with stainless steel wires (Groups 1–3). Significantly lower values (p < 0.05) were reported for FRCs
bonded with both conventional (Groups 4–6) and experimental (Groups 7–9) techniques (Figure 4)
that showed no significant differences between them (p > 0.05). No significant difference was reported
(p > 0.05) between not-brushed and brushed groups for all the three different conditions tested, even if
there was a decrease of maximum bending stress values after tooth brushing in the FRCs groups.

Table 2. Descriptive statistics (MPa) of the maximum bending stress of the different groups.

Group Material Coverage Brushing Mean St Dev Min Mdn Max Significance *

1 SS no no 748.61 21.14 712.33 750.36 777.77 A
2 SS no 26 min 766.88 157.10 546.00 784.00 967.00 A
3 SS no 60 min 764.26 139.16 578.72 759.55 957.00 A
4 FRC full no 409.35 89.70 275.07 392.21 571.71 B
5 FRC full 26 min 377.65 151.78 219.73 315.24 626.15 B
6 FRC full 60 min 348.25 82.53 225.39 343.33 442.79 B
7 FRC no no 381.03 139.23 205.57 337.30 612.25 B
8 FRC no 26 min 363.61 143.04 208.41 318.67 588.38 B
9 FRC no 60 min 263.32 85.64 181.18 245.61 454.61 B

* Means with the same letters are not significantly different (p > 0.05).
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Figure 4. Graphical representation of maximum bending stress (Mean and SD) of the various conditions
(metal, covered FRC, and non-covered FRC) after different brushing times (no brushing, 26 min of
brushing, and 60 min of brushing).

4. Discussion

The null hypothesis of the present investigation was rejected: significant differences were reported
among various groups. In this report, three different materials, which are used in orthodontic splints,
were tested for different times of tooth brushing: stainless steel, FRC covered with a composite (used in
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the FRC covered conventional technique), and non-covered FRC (used in the experimental uncovered
spot-bonding FRC technique) [24,25].

Rigidity (or bending stress) and maximum load are characteristics used to evaluate the longevity
of retainers [21,22]. The load value in N with the predetermined magnitude of deflection was used as a
descriptive value of the retainer´s rigidity. The highest values of maximum load were reported for
FRC covered specimens (conventional technique), and these results confirm previous studies [21,22,29]
which demonstrated the higher rigidity of fully covered FRC frameworks if compared to the metal
ones. Uncovered FRCs showed lower values, as reported in previous studies [24,25]. The results of
the present report are in agreement with previous investigations, showing that maximum load of
uncovered FRC presented intermediate values between the conventional full covered FRC technique
and metal splints.

Nowadays, there is only one in vitro study about the tooth brushing effect on these materials [30].
The previous study was made on Frasaco models splinted with different techniques in order to simulate
a canine-to-canine splint. Mechanical (load at 0.1 mm deflection and at maximum load) and surface
properties were tested. An experimental FRC spot bonding technique and metal splint technique
seemed to have similar mechanical properties.

However, tooth brushing is a daily routine for every patient, which is why further studies are
needed before a clinical use of the experimental FRC technique. In the present report the same materials
of the previous study were tested before and after different times of tooth brushing with a three point
bending test (evaluating mechanical properties, such as maximum load and maximum bending stress)
and with SEM microphotographs.

Plaque is a predisposing factor to caries and periodontal disease, and dental hygiene is extremely
important for oral health [33] as a soiled acidic environment could damage enamel [34], dentin [35],
restorative materials [36], and prosthodontic frameworks [37]. In our research, a rotating oscillating
electrical device was used, as rotation oscillation powered brushes significantly reduce plaque. The
mechanical tooth brushing movement can lead to surface wear [38].

In dentistry, there are different kinds of wear: attrition, abrasion, and chemical wear. Concerning
abrasive wear, material is scraped off the surface and this variable represents an important mechanism
into oral environment [39,40]. Occlusal wear only concerns contact surfaces while tooth brushing
abrasion can affect any exposed surface [41]. The abrasive composites wear was the subject of many
studies and it is influenced by different factors, such as the size, shape, and the amount of filler, the
resin matrix, and the bonding between the two phases [26]. In addition, the abrasive surface has an
important role: its hardness is directly linked with the abrasion amount [42].

In the present test, the toothbrush used for all specimens was the Oral B PRO 670 toothbrush,
Oral B crossaction brush heads (Procter & Gamble, Cincinnati, OH, USA). It was used in combination
with a toothpaste (MaxWhite-white crystals, Colgate-Palmolive, New York, NY, USA) with a RDA
(Relative Dentin Abrasion) of 124. Our aim was to analyze how mechanical properties and surface
wear of different materials change with the same abrasive. Further studies can be made by testing
the abrasion of different brands of toothbrushes and toothpastes, evaluating if their different abrasive
power will produce different effects in mechanical properties and surface wear of FRC splints.

As previous authors reported on in vitro brushing test [29], the present test was performed as a
result of a simulated six-month long tooth brushing period, supposing that patients brush their teeth
everyday with an average of twice a day during 6 months. An average brushing time of 2 min for each
time was considered, two times per day. Next, the result was divided by 28, the expected number
of teeth, in order to find the mean brushing time of each single tooth. The result was 26 min, thus
specimens were experimentally brushed for this amount of time. Moreover, in the present report, the
same times of tooth brushing were applied. Six months (26 min of simulated continuous brushing)
and 14 months (60 min of simulated continuous brushing) were tested.

Additionally, the three point bending test was conducted after the specimens were stored in an
incubator at 37 degrees Celsius for 24 h. It would be interesting to perform further tests after subjecting
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the glass reinforced composite into artificial saliva, in order to ascertain if oral lubrification could
influence surface wear.

In the present report, mechanical properties were evaluated with a three point bending test,
no cyclical loading test was performed. A bending test would relate more directly to orthodontic
retention and relapse with a cyclical loading test, so further studies would be welcomed in order to test
this additional variable.

Stainless steel is the most common material used for orthodontic retainers, and it is well accepted
by patients [43–45]. Only one in vitro study [29] tested orthodontic stainless steel wires after tooth
brushing, showing no significant differences in mechanical properties over time. No three point
bending tests were performed after tooth brushing.

In this report stainless steel specimens were tested before tooth brushing, after 26 min, and
after 60 min of tooth brushing: no significant difference was shown both for maximum load and for
maximum bending stress. Conversely, a significant reduction of maximum load values was reported in
a previous study [29], but the reduction of values after tooth brushing were due to the wear composite
used to fix the wires. Therefore, tooth brushing does not damage metal wires.

Concerning FRC with coverage, after tooth brushing, a significant decrease of maximum load
values was reported after 26 min. After 60 min of tooth brushing, no significant difference was reported.
Instead, for the maximum bending stress at maximum load, there was no significant reduction of
values after tooth brushing. A previous report tested maximum load of conventional FRCs after 26 min
of brushing, showing no significant differences. The variability of the results is probably due to the
different investigation methods (Frasaco models and three point bending tests).

In the present study, FRC without coverage after tooth brushing presented a significant decrease
of maximum load values after 60 min, but no significant decrease between 0 and 26 min. No significant
reduction of maximum bending stress was reported before and after tooth brushing.

Concerning the differences between metal and FRCs behavior, they seem to be ascribed to the
intrinsic differences of the two materials tested and to their different responses into a three point
bending test. Concerning maximum bending stress, stainless steel wires showed no differences after
brushing. On the other hand, both FRC groups showed a decrease in mean values, but the decrease
was not significant. Further tests should be conducted in the future analyzing FRC maximum bending
stress behavior after longer brushing times in order to determine if the decrease will be significant with
more brushing time.

Pictures of all specimens with a magnification of 35× (Figure 5), 100× (Figure 6), and 250×
(Figure 7) were taken with a scanning electron microscope. SEM images provided a qualitative, not
quantitative, evaluation, which is a limitation of the test. However, SEM images showed visual signs
of wear. No visual signs of wear were reported on stainless steel specimens, both after twenty-six
minutes and one hour of tooth brushing. Common signs of composite wear were reported on FRC
covered with a composite, similar to those reported in other studies [29,46–48]. These scratches are
more evident after one hour of tooth brushing than after 26 min of tooth brushing. Remarkable signs
of wear were reported on FRC left uncovered, and higher after 60 min with disarranged and broken
fibers. All dental materials are subject to wear. Wear can reduce the resistance of the material, change
its mechanical and aesthetic properties, and lead to bacterial adhesion [46,47].

Results on FRCs without coverage after 26 min of tooth brushing are in agreement with a previous
study in which microphotographs were taken with a magnification of 35× and 100× [29]. No studies
have been conducted on the FRC surface after 1-h tooth brushing, thus no direct comparison can be
made on wear sign results. Before a clinical use of this experimental spot-bonded FRC technique,
further in vitro and in vivo tests are needed to evaluate other variables of fibers left uncovered, such as
bonding efficiency, duration, and bacterial adhesion.
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Figure 5. SEM pictures of various conditions tested at 35× magnification. (A) Flat metallic wire
not brushed, (B) flat metallic wire brushed for 26 min, (C) flat metallic wire brushed for 60 min,
(D) full-bonded FRC not brushed, (E) full-bonded FRC brushed for 26 min, (F) full-bonded FRC brushed
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Figure 7. SEM pictures of various conditions tested at 250× magnification. (A) Flat metallic wire
not brushed (B) flat metallic wire brushed for 26 min, (C) flat metallic wire brushed for 60 min,
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Limitations of the present study are related to the materials used. In fact, only some materials
have been taken into consideration, even if other FRC materials are nowadays present on the market
with different shapes, sizes, and diameters of fibers. Different geometries of materials tested could
influence results. Moreover, our in vitro study cannot completely simulate real clinical conditions.
In fact, even though many in vitro studies have been conducted, the main limitation of a FRC clinical
use is that research is still lacking regarding long-term clinical performance [49]. As wear, delamination
and fracture of FRC devices have been reported [48]. In order to confirm the results of the present
investigation, which is a pilot study, randomized controlled clinical trials would be welcomed.

5. Conclusions

The present study demonstrated that after tooth brushing no mechanical differences were reported
for metal specimens, while a reduction of maximum load values was reported for all FRC specimens.
SEM images showed that after tooth brushing metal specimens were not visually affected, while signs
of wear were reported for all FRC groups, especially for specimens not covered with a composite.
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Abstract: The objective of the present study was to evaluate the one-year clinical performance
of lithium disilicate (LD) and zirconium dioxide (ZrO2) class II inlay restorations. Thirty healthy
individuals who met the inclusion criteria were enrolled for the study. The patients were randomly
divided into two study groups (n = 15): LD (IPS e.max press) and ZrO2 (Dentcare Zirconia). In
the ZrO2 group, the internal surfaces of the inlays were sandblasted and silanized with Monobond
N (Ivoclar, Leichsteistein, Germany). In the LD group, the internal surfaces of the inlays were
etched with 5% hydrofluoric acid. The ceramic inlays were cemented with self-cure resin cement
(Multilink N). Clinical examinations were performed using modified United State Public Health
Codes and Criteria (USPHS) after 2 weeks, 4 weeks, 6 months and 1 year. The one-year survival
rate was evaluated. In total, one failure was observed in the ZrO2 group. The survival probability
after 1 year for the ZrO2 inlays was 93%, and for the LD inlays was 100%, which was statistically
insignificant. The differences between both groups for most USPHS criteria (except for colour match)
were statistically insignificant. Within the imitations of the present study, the lithium disilicate- and
zirconia dioxide-based inlays exhibited comparable clinical performances. However, the colour and
translucency match was superior for the lithium disilicate restorations.

Keywords: CAD-CAM; inlay; lithium disilicate; zirconium dioxide

1. Introduction

The prevalence of dental caries is estimated by the WHO to be over 90% [1]. The
extension of caries is the prime dominance factor in choice of reconstruction method.
Currently, composite restorations, crowns, inlays or onlays are recommended to reconstruct
extensive class II MOD cavities [2]. However, in these cases, the establishment of occlusal
anatomy, proximal contact and the contour, finishing and polishing of indirect restorations
are far superior to direct reconstructions [3].

Ceramic and zirconium dioxide-based reconstructions provide enhanced strength and
aesthetics [3,4]. Both materials offer the opportunity to maintain the tooth structure while
providing the mechanical benefits of modern adhesive technology. Lithium disilicate (LD)
glass ceramic is excellent for highly aesthetic restorations providing good mechanical prop-
erties. LD ceramic, the strongest and the toughest of the glass-ceramics available, exhibits
moderate flexural strength (360–440 MPa) [5] and fracture toughness (2.5–3 MPa m1/2) [6],
yet provides excellent translucency and shade matching properties [7,8].

On the other hand, zirconium oxide (ZrO2) is largely used due to its favourable
mechanical properties and good fracture resistance. The biocompatibility, optical properties
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and translucency of ZrO2 make it an alternative to porcelain-fused-to-metal restorations [3].
Additionally, ZrO2 is the strongest and most robust of all dental ceramics with a flexural
strength of 800–1200 MPa and fracture toughness of 6–8 MPa m1/2 [4]. Therefore, it meets
the mechanical requirements for high-stress bearing posterior restoration. Unfortunately,
the limited translucency and poor adhesion to tooth structure, due to its inert and non-polar
nature, are major disadvantages [9,10].

The survival rate of ceramic restorations has been largely investigated [8,11–16].
However, due to a lack of clinical studies, there is a great need to evaluate LD and ZrO2
inlays in in vivo studies. Therefore, the objective of the present study was to evaluate and
compare the one-year clinical performance of LD and ZrO2 inlay restorations. The null
hypothesis was that there is no difference in the survival rate and quality between LD inlay
and ZrO2 inlay restorations.

2. Materials and Methods
2.1. Study Design

This research protocol and design was approved by the Institutional ethical committee
(Ref. No/DMR/IMS.SH/SOA/180035). Thirty healthy individuals who met the inclusion
criteria were enrolled for the study (Table 1) [16]. The patients were randomly divided
into two groups (n = 15) with online software www.randomizer.org (first accessed on 28
May 2018) (Urbaniak, G. C., & Plous, S. 2013, Research Randomizer, Version 4.0, Computer
software). The cavity distribution within the study groups is presented in Table 2. The
distribution of the tooth and cavity type was not significant at p < 0.05.

Table 1. Inclusion and exclusion criteria of patients.

Inclusion Criteria Exclusion Criteria

class II cavities in permanent teeth severe systematic diseases and allergies
isthmus size of the treated cavities at least half

of the severe salivary gland dysfunction

intercuspal distance severe periodontal problems
no clinical signs and symptoms of pulp and

periapical pathology poor plaque control

at least one neighbouring tooth parafunctional habits like bruxism or clenching
in occlusion to antagonistic teeth restricted mouth opening

good oral hygiene history of orthodontic treatment

over 18 years old preparations extending below the gingiva
margin and close to the pulp

willing to participate in the study initial defects, i.e., discoloured pits and fissures
and caries restricted to enamel only

Table 2. The Class II mesio-occlusal (MO) and occluso-distal (DO) cavity distribution within
study groups.

Tooth Type Type of Class II Cavity LD ZrO2

Premolars
MO 4 5
OD 3 2

Molars
MO 4 4
OD 4 4

-Total no of teeth 30 15 15

2.2. Tooth Preparation

After administering the local anaesthetic (Indoco, Warren Lignox with Adrenaline,
Mumbai, India), class II cavities were prepared using a high-speed handpiece with inlay
diamond points (Coltene Diatech Inlay & Crown preparation kit 11312, Altstätten, Switzer-
land) under a constant, copious water supply. The isthmus width was established at a
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minimum of 2.5 mm, the pulpal floor depth amounted up to at least 1.5–2.0 mm, the axial
wall depth was up to 1.5 mm, the internal line angles were rounded and the divergence
angle of the cavity was approximately 10◦–15◦ with no bevel (Figure 1a). The enamel
margins were refined using an enamel hatchet hand instrument (Hu-Friedy Mfg. Chicago,
IL, USA).
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Figure 1. (a) The inlay preparation; lower molar, class IIOD cavity; (b) Try-in of the inlay; (c) Lithium
disilicate inlay in situ.

2.3. Impressions

Gingival retraction was achieved with gel (Racegel, Septodont Saint Maur des Fosses,
France) applied for 2 min.

2.3.1. Zirconium Oxide (ZrO2) Group

In the zirconium oxide (ZrO2) group, teeth were digitally scanned with an intraoral
scanner (CEREC Omnicam scanner; Dentsply Sirona, Bensheim, Germany), followed by
conversion to a 3-dimensional (3D) virtual model (CEREC AC software 4.3; Dentsply
Sirona, Charlotte, NC, USA). An irreversible hydrocolloid impression (Alginate, Zelgan
Plus, Dentsply, Gurgaon, India) for the antagonist arch was taken and disinfected with
0.5% sodium hypochlorite solution. Antagonist impression casts were immediately poured
with dental stone type IV (Durone, Dentsply, Petropolis, RJ, Brazil). The impressions scans
and antagonist cast were sent to the laboratory for fabrication of the inlays.

2.3.2. Lithium Disilicate (LD) Group

In the lithium disilicate (LD) glass ceramic group, full arch impressions (the two-step
putty wash technique) with elastomeric putty impression material (Silagum-Putty, DMG,
Germany) and light body impression material (Silagum-Light, DMG, Hamburg, Germany)
using stock trays (GDC Dentulous Perforated Impression Trays, Hoshiarpur, Punjab, India)
were taken. The impressions were disinfected for 10 min in glutaraldehyde (2%) solution
and rinsed with water for 15 s. The antagonist arch impressions were taken and disinfected
as described for the ZrO2 group. The impression and antagonist cast were sent to the
laboratory for fabrication of the inlays.

2.4. Shade Selection, Occlusion Registration and Temporalization

For both groups, shades were selected from the Classical Vita shade guide (VITA
Zahnfabrik, Germany) [17]. Occlusion registration was performed using bite registration
wax (Denar® Bite Registration Wax, Whip Mix Corp, Louisville, KY, USA). Patients were
temporized with Orafil LC (Prevest, Brahmana, Jammu, India) until the delivery of the
final inlay for one week.

2.5. Fabrication of Inlay
2.5.1. ZrO2 Group

The master cast models were poured using type IV dental stone (Elite stone, Zhermack,
Badia Polesine (RO), Italy). The inlay design and finish line marking were planned with
CEREC AC 4.3 (Dentsply Sirona, Charlotte, NC, USA) software. The marginal discrepancy
was set at 0.0 mm, and the margin thickness was at 0.2 mm. The simulated die spacer was
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programmed at 30 µm, starting 1.0 mm away from the margin [18]. This was followed
by an assessment of the master cast model physically and virtually. The inlays were
fabricated from monolithic zirconia (DentCare Zirconia, Weiland Zenostar, Ivoclar Vivadent,
Pforzheim, Germany) in CORiTec 250i milling unit (imes-icore dental solutions, Eiterfeld,
Germany).

The milled discs were manually separated from the zirconia blanks and sintered using
Austromat µSiC furnace (Dekema, Freilassing, Germany) for 9 h at 1450 ◦C. Then, the
inlays were glazed by applying Ivoclar glazing paste e-max (Ivoclar Vivadent, Liechtenstein,
Germany), with the thickness ranging between 20 and 50 µm, and fired in a furnace (Ivoclar
P310 furnace, Liechtenstein, Germany). The restorations were then mirror-finished with
diamond-impregnated silicone instruments (Brasseler, Savannah, GA, USA) and polishing
pastes (Perfect Polish, Henry Schein, Melville, NY, USA). Finally, the occlusion and proximal
contacts were checked and adjusted on the master cast model using stereomicroscope 5×
magnification (Labomed CZM6, Labo America Inc., Houston, TX, USA).

2.5.2. LD Group

Master casts were poured using type IV stone gypsum (Elite stone, Zhermack, Badia
Polesine (RO) Italy). The inlay wax patterns were fabricated and invested in a phosphate
bonded investment, IPS PressVEST Speed (Ivoclar Vivadent, Schaan, Leichsteistein, Ger-
many). The restorations were fabricated from lithium disilicate ingots (IPS e.max Press,
Ivoclar Vivadent, Schaan, Leichsteistein, Germany) in a press furnace EP600 (Ivoclar Vi-
vadent, Schaan, Leichsteistein, Germany) at 920 ◦C at 600 kPa pressure following the
manufacturer’s recommendations with the lost-wax technique (spacer of 60 mm).

Glazing (IPS e.max Ceram Glaze Liquid, Ivoclar Vivadent, Schaan, Leichsteistein,
Germany) firing was performed in a P200 furnace (Ivoclar Vivadent, Schaan, Leichsteistein,
Germany). The restorations were adjusted with water cooled diamond rotary instru-
ments (Set 4562, Brasseler GmbH, Savannah, GA, Germany). The internal surface of the
restorations was sandblasted with 50-mm aluminium oxide particles at a pressure of 6 Bar
(Opiblast, Buffalo Dental Mfg., Inc. Syosset, NY, USA). An initial assessment of the inlays
on the master model with stereomicroscope (Labomed CZM6, Labo America Inc., Fremont,
CA, USA) at 5× magnification was performed.

2.6. Clinical Try-In and Luting Procedure

The temporary restorations were removed using a probe. The inlays were carefully
tried in under the split rubber dam isolation technique (Figure 1b). With the aid of Optra-
Stick (Ivoclar, Vivadent, Lienchtenstein, Germany), the inlays were handled and securely
positioned within the cavity, and the fit was evaluated. Next, the interproximal contacts
and colour were examined. The tooth was cleaned with a slurry of ultrafine pumice and
water and then air dried before luting.

In the ZrO2 group, the internal surfaces of the inlays were sandblasted with aluminium
oxide particles. The surface was then silanized with Monobond N (Ivoclar, Leichsteistein,
Germany). While, in the LD group, the internal surfaces of the inlays were etched with
5% hydrofluoric acid (IPS Ceramic Kit, Ivoclar, Leichsteistein, Germany) for 20 s, cleaned
with water and dried. Self-etch adhesive luting cement (Multilink N-system, Ivoclar,
Leichsteistein, Germany) was used according to the manufacturer’s recommendations. The
restoration was then seated with slight pressure.

The excess resin cement was light cured (Mectron, Starlight P, Mectron Pvt Ltd.,
Karnataka, India) for 1–2 s for smooth excess removal (Figure 1c). Subsequently, additional
light-curing for 20 s per surface was performed. Margins of luted restorations were refined
using fine round tapered diamond burs (MANI Diamond Burs, CR series, Takanezawa
factory, Shioya, Tochigi, Japan) and rubber points (Brasseler, Savannah, GA, USA) under
water cooling. After removal of the rubber dam, the occlusal contacts were checked, and
interferences were removed. Next, final finishing and polishing was performed.
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The bitewing and intraoral periapical radiograph (IOPA) of the cemented inlays in
both groups were taken to assess the immediate post-op marginal adaptation.

2.7. Evaluation

The overall survival probability of the restorations in the LD and ZrO2 groups after 1
year was evaluated. Direct intraoral clinical examination was carried out by two calibrated
examiners independent of the investigation (Cohen’s Kappa 0.76). The double-blind evalu-
ation was performed. The restorations were clinically observed under 20× magnification
(Seiler, Mitron Instrument Revelation, St. Louis, MO, USA).

The quality of the restorations was evaluated according to modified USPHS criteria
(United State Public Health Codes and Criteria) (Table 3) [15]. Immediate occlusal evalua-
tion was carried out after bonding. The minor adjustments then considered necessary were
performed. The tightness of the interproximal contact was verified using metal strips of
50 µm (Shimstock-Folie, Coltene, Altstätten, Switzerland) placed between the inlay and
the adjacent tooth. At 2 weeks, 4 weeks, 6 months and 1 year, follow up evaluations were
performed [15]. If any difference was found between both examiners, a third calibrated
examiner (Cohen’s Kappa 0.76) established the final decision.

Table 3. The post-operative review assessment codes and criteria-USPHS criteria.

Assessment Criteria Parameters

(1) Occlusal and interproximal contact
(A) Normal
(B) Heavy
(C) Light
(D) Open

(2) Anatomic form

(A) Continuous with existing anatomy
(B) Discontinuous with existing anatomy, but not sufficient to expose

dentine/base exposed
(C) Dentine/base exposed

(3) Marginal adaptation

(A) Closely adapted no evidence of a catch or crevice at any point
(B) Visible evidence of a crevice. Fine probe will not penetrate

(C) Visible evidence of a crevice. Fine probe will penetrate
(D) Evidence of a positive step when probe drawn from tooth to restoration

(4) Surface roughness (A) Smooth
(B) Slightly pitted

(5) Colour Match (A) Matches colour and translucency of adjacent tooth structure.
(B) Mismatch in colour and translucency is within the acceptable range

(6) Sensitivity

(A) None
(B) Mild but bearable

(C) Uncomfortable
(D) Very painful data

(7) Overall survival probability
of restorations after one year (A) In percentage

2.8. Statistical Analysis

Statistical analysis was performed using IBM SPSS statistics 24.0, SPSS (South Asia
PVT LTD., www.spss.co.in, India, accessed on 27 December 2019). Comparison of the mean
age by group was carried out following independent sample t-test. The categorical variable
of gender was tabulated using a frequency procedure. The chi-square test was used to
assess the association of groups, the association of anatomic deformity at follow-up visits
with restorative materials in groups and the failure and the survival rate of restorations. A
p value less than 0.05 was considered significant.

3. Results

The survival probability in the ZrO2 group amounted up to 93%, while in the LD
group, this was 100%. The difference between groups was statically insignificant (Table 4).
One restoration debonded completely in the ZrO2 group (class II MO, molar) just before the

303



Materials 2021, 14, 3102

completion of one year of service.This restoration exhibited flaws (open/absent occlusal
and proximal contacts, discontinuous with the existing anatomy, evidence of a positive
step at margin, slightly pitted surface, and mild postoperative sensitivity) during all follow
up-periods (2, 4 weeks and 6 months) (Tables 5–10, marked with *)

Table 4. The survival probability in the study groups.

Study Group
Survival Probability

No. %

LD 15 100.0
ZrO2 14 93.0
Total 29 96.0

Chi- square and p value χ2 = 5.9032; p = 0.522

In the ZrO2 group, the mean patient age amounted up to 36.27 ± 9.48 years, while
in the LD group, this was 36.93 ± 8.65 years, and there was an insignificant difference
between these values (p = 0.842). In both groups, the male to female ratio of 60% and 40%
was found to be absolute matching (p = 1.0000).

Occlusal evaluation was carried out after bonding. Any necessary adjustments were
performed, and the majority were minor. The ZrO2 group exhibited 80% normal occlusal
and interproximal contact, while in LD group, this was 66.7% at all follow-up periods of
2 weeks, 4 weeks, 6 months and 1 year. However, 6.7% cases in ZrO2 showed open contact
at all follow-up visits after 2 weeks, 4 weeks, 6 months and 1 year. The difference between
groups was statically insignificant at all follow-up visits (Table 5).

Table 5. Occlusal and proximal contact in study groups.

Follow-Up
Periods

Occlusal and
Proximal Contact

Group (χ2 = 4.612, p = 0.242)

LD ZrO2 Total

No. % No. % No. %

2 weeks Normal 10 66.7 12 80.0 22 73.3
4 weeks Heavy 3 20.0 0 0 3 10.0

6 months Light 2 13.3 2 13.3 4 13.3
1 year Open/Absent 0 0 1 * 6.7 1 3.3

* One inlay was lost just before completion of the 1-year evaluation.

There was no significant difference between the anatomical form in both groups for
the anatomy of inlays (Table 6). The ZrO2 group remained continuous only in 73.3% cases,
whereas 100% of the restorations in the LD group exhibited proper anatomic form.

Table 6. The anatomic form in the study groups.

Follow-Up
Periods

Anatomic Form

Group (χ2 = 4.615, p = 0.032)

LD ZrO2 Total

No. % No % No. %

2 weeks Continuous with the existing anatomy 15 100.0 11 73.3 26 86.7

4 weeks
6 months

1 year

Discontinuous with the existing anatomy
but not sufficient enough to expose

dentin/base
0 0 4 * 26.7 4 13.3

* One inlay was lost just before completion of the 1-year evaluation.

In the ZrO2 group, 73.3% of cases exhibited closely adapted margins at the 2- and 4-
week follow-ups. This percentage decreased to 66.7% after 6 months to 1 year. Whereas, in
the LD group, 80% of restorations were closely adapted. However, the difference between
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groups was statically insignificant at all follow-up visits (Table 7). In the ZrO2 group,
four restorations (26.7%) had a visible crevice; however, the sharp point of a probe (point
diameter 0.5 mm, GDC Exs6XL, India) could not penetrate it. Moreover, one restoration
had evidence of a step when the probe was drawn from the tooth for the restoration.

Table 7. The marginal adaptation in study groups.

Follow-Up
Periods

Marginal Adaptation
Group (χ2 = 1.043; p = 0.593)

LD ZrO2 Total

No. % No % No. %

2 weeks
4 weeks

Closely adapted. No evidence of a catch or crevice at
any point 12 80.0 11.0 73.3 26.0 86.7

Visible evidence of a crevice. Fine probe will not penetrate 3 20.0 3.0 20.0 6.0 20.0
Visible evidence of a crevice. Fine probe will penetrate 0 0 0 0 0 0

Evidence of a positive step when probe drawn from tooth
to restoration 0 0 1.0 6.7 1.0 3.3

6 months
1 year

Closely adapted. No evidence of a catch or crevice at
any point 12 80.0 10.0 66.7 22.0 73.3

Visible evidence of a crevice. Fine probe will not penetrate 3 20.0 4.0 26.7 7.0 23.3
Visible evidence of a crevice. Fine probe will penetrate 0 0 0 0 0 0

Evidence of a positive step when probe drawn from tooth
to restoration 0 0 1.0 * 6.7 1 3.3

* One inlay was lost just before completion of the 1-year evaluation.

In the LD group, all restorations exhibited a smooth surface at all time intervals. In
the ZrO2 group, this feature was observed for 93.3% of cases after 2 weeks, 4 weeks and 6
months. However, after 1 year, this value decreased to 80%. In contrast, in the LD group,
only three restorations (20%) exhibited visible evidence of a crevice, but a sharp pointed
probe was not able to penetrate even after one-year of follow-up. The difference between
groups was statically insignificant at all follow-up visits (Table 8).

Table 8. The surface roughness in the study groups.

Follow-Up
Periods

Surface Roughness
Group (χ2 =1.034; p = 0.309)

LD ZrO2 Total

No. % No % No. %

2 weeks
4 weeks

6 months

Smooth 15 100 14 93.3 29 96.7
Slightly pitted 0 0 1 6.7 1 3.3
Deeply pitted 0 0 0 0 0 0

Surface fractured 0 0 0 0 0 0

1 year

Smooth 15 100 12 80 27 90
Slightly pitted 0 0 1 * 6.7 1 3.3
Deeply pitted 0 0 0 0 0 0

Surface fractured 0 0 2 13.3 2 6.7

* One inlay was lost just before completion of the 1-year evaluation.

In the LD group, all restorations exhibited proper colour and translucency match,
while in the ZrO2 group only 26.7% matched the colour of the tooth being restored. The
difference between groups was statistically significant post-immediate placement of the
restoration at all follow-up visits (Table 9).

305



Materials 2021, 14, 3102

Table 9. The colour match in the study groups.

Immediate Colour Match

Groups (χ2 = 17.368, p = 0.000)

LD ZrO2 Total

No. % No. % No. %

Matches colour and translucency of
adjacent tooth structure 15 100 4 26.7 19 63.3

Mismatch in colour and translucency 0 0 11 73.3 11 36.7

Post-cementation of three restorations (20%) in group ZrO2 patients experienced
mild, but bearable sensitivity at all follow-up time periods up to one year. However, the
difference between groups was statically insignificant at all follow-up visits (Table 10).

Table 10. The occurrence of sensitivity in the study.

Follow-Up Sensitivity
Groups (χ2 = 3.33, p = 0.068)

LD ZrO2 Total

No. % No. % No. %

2 weeks None 15 100 12 80 27 90
4 weeks Mild but bearable 0 0 3 * 20 3 10

6 months Uncomfortable 0 0 0 0 0 0
1 year Very painful 0 0 0 0 0 0

* One inlay was lost just before completion of the 1-year evaluation.

4. Discussion

In this investigation, the null hypothesis was accepted. There was no difference
between the clinical performance of the CAD-CAM zirconia dioxide and lithium disilicate
inlays. It is worth emphasizing that this is the first clinical study on posterior indirect
inlays comparing two different ceramic materials with a one-year follow-up.

It was evident that, due to the debonding of one restoration in the clinical scenario
in group ZrO2, this group showed a slightly lower survival rate than did the LD restora-
tions (93% and 100%, respectively) although this finding was not statistically significant.
The present results are in agreement with other studies that evaluated partial coverage
restorations and crowns [19]. The high survival probability of the restorations in the LD
group could be a result of micromechanical and chemical bonds to the etched silica [20–26].
Consequently, micromechanical interlocking between the rough surface of the restoration
and resin-based cement is created, which enhances the bond strength [27].

In addition, chemical bonds can be increased by silanization of the restoration bonding
surface. Silane forms strong siloxane linkages between the restoration and resin interface [4].
The silane agent used in the present study was Monobond N (Monobond N, Ivoclar Vi-
vadent Schaan, Liechtenstein, Germany), which is composed of three different functional
monomers, namely silane methacrylate, phosphoric methacrylate and sulphide methacry-
late [4,28]. However, in the ZrO2 group, one restoration (7%) debonded due to adhesive
failure within two months. The remnants of the adhesive cement were located on the tooth
surface. The adhesive procedure (Monobond N) of the CAD-CAM inlays did not result in
a chemical bond to the ZrO2 restoration [29].

The traditional silanization is not effective in the case of restorations lacking a glass
phase [30]. On the contrary, it was proven that the addition of MDP (methacryloyloxydcyl
dihydrogen phosphate) to silane or to primer enhanced the bond strength of resin materials
to zirconium oxide-based restorations [31–34]. MDP is a monomer derived from the
reaction of methacrylic acid with phosphoric acid or carboxylic acid. It creates chemical
(P = O, OH = Zr) or ionic bonds with ZrO2 [35].

Another possible reason for the debonding of two ZrO2 restorations could be due to the
poor adhesion of this cement system (Multilink N, Ivoclar Vivadent Schaan, Liechtenstein)
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to dentine. The resin system either led to partial demineralization of the dentine substrate
or to incomplete polymerization of the adhesive and cement, resulting in premature
degradation of the interface [27,29,33,35–41]. The survival rates for all-ceramic restorations
were found to be over 90% after 10 years of service [42].

In the present study, the ZrO2 (80%) and LD (66.7%) restorations exhibited and
maintained normal occlusal and interproximal contacts at all follow-up periods up to one
year. No statistical difference was observed. A similar outcome was seen in another study
where there was no significant difference between LD and ZrO2 full-coverage crowns
regarding the marginal, axial and occlusal fit [43]. Open proximal contact can contribute
to, for instance, the formation of periodontal pockets, gingival inflammation, or proximal
caries [44]. This can occur due to imperfections in impressions (traditional or digital),
during fabrication (firing or sintering) of the ceramics or through wear at the interproximal
surface [45].

The anatomical form in both the ZrO2 (73.3%) and LD (100%) groups remained
continuous. The present study also evaluated the marginal adaptation of the restorations.
Only 66.7% of restorations in the ZrO2 group and 80% in the LD group exhibited close
marginal adaptation with no evidence of a catch or crevice up to the one-year follow-up.
These findings are supported by several studies [45–56]. The most probable reason for
visible crevices (26.7% after 1 year) in the ZrO2 group could be that ceramic veneering and
layering on zirconia copings may result in an increased marginal gap compared with press
techniques [56–58].

The marginal fit is one of the factors influencing possible restoration failure due to
secondary caries and retention loss [59]. The marginal discrepancies can be observed due to
the dissolution of luting cement, polymerization shrinkage of cement, occlusal load, type of
finish line and margin placement (supra-gingival, sub-gingival or crestal gingival margin),
salivary pH and brushing technique [60]. Moreover, the marginal gap can accumulate
bacterial plaque and consequently result in carious lesions [57].

The clinical acceptable marginal discrepancy between prosthodontic restoration and
the prepared tooth surface is approximately 50–120 µm [61–64]. However, minor marginal
discrepancies in an indirect restoration may be compensated by the dual cure resin com-
posite luting system [65]. The present study used conventional impressions in the LD
group and digital ones in the ZrO2 group according to the recommendations of other
studies [42,66,67]. The internal fit of restorations was proven to be comparable for both
impression techniques [67].

In the LD group, all cases presented a smooth surface up to one year. This finding is
in consensus with similar clinical studies and laboratory studies that evaluated the surface
smoothness of all ceramic restorations [2,12,15,16,42,48,66,68–72]. In the ZrO2 group, 13.3%
inlays exhibited surface fracture/chipping of the veneering ceramic after one year. These
results are supported by similar studies that evaluated the clinical chipping of porcelain
from zirconium dioxide substructures [19,73]. The crack formation and propagation occurs
when the tensile strength within the ceramic exceeds the tensile strength of the veneering
ceramic [68].

The tensile strength of the ceramic is the sum of the external and residual stresses.
Without any load applied, residual stress persists, which can cause immediate or delayed
ceramic cracks. On the contrary, external stress is formed within the structure by externally
applied loads that occur during function and mastication [42,69]. Moreover, LD ceramic
has an extended microcrystal structure (3–6 µm), which provides a strong bond with tooth
structure after cementation [3–6,49]. This structure perfectly distributes forces due to the
increased surface area of the crack and the interlocking microstructure of the ceramic.
The crack propagation is described as an intragranular process and is characterised by a
meandering line. Thus, the spread of a crack through this material is stopped by lithium
disilicate crystals, providing a substantial increase in the bending strength and fracture
toughness [70].
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In the present study, all the LD group cases matched the colour and translucency,
whereas in the ZrO2 group, the matches amounted to up to 26.3% of cases. The clinical
evaluation of the surface and colour of the LD crowns (Empress 2) after 14 years was
found to be in the range of excellence [64,71,72,74–76]. The perfect aesthetics outcome of
LD restorations were in accordance with several other studies [8,12,15,16,19,61,63,70,71].
The reasons for the high aesthetics of LD restorations are polyvalent ions in the glass
that provide the desired colour, the even distribution of glass ceramics with leucite and
lithium-disilicate-reinforced crystals in the single-phase equipment and the elimination of
pigment defects in the microstructure [67].

Moreover, the similar light refraction index between glass ceramics with leucite and
lithium-disilicate-reinforced crystals leads to high translucency [49]. However, in some
cases, the complex optical characteristics of tooth colour makes it difficult to achieve a close
shade match of an artificial restoration to the natural tooth structure [25]. On the contrary,
ZrO2 is white in colour and opaque. In the ZrO2 group, all restorations were performed
with single blocks of the same colour and opacity, which may have hampered the ability to
mimic a natural appearance.

Therefore, this procedure does not always provide an optimal aesthetic integration,
and consequently a veneering material should be applied [72]. In the present study, a glaze
was applied to increase the gloss of the restorations, and tints were used to mimic the pits
and fissures. The glaze resulted in a darker appearance of some restorations at the baseline
recall, but the glaze was mostly lost after 1 year. A decrease in the translucency of some
restorations was observed.

Additional reasons for a poor colour match could be the repeated firing of all ceramic
zirconia cores and the thickness of the dentine porcelain [73,76]. Certain metal oxides are
not colour stable after they are subjected to firing temperatures due to pigment breakdown
of surface colorants [25,28,30]. Additionally, visual shade selection could contribute to
the colour mismatch. However, several studies found no difference between visual and
instrumental shade selection techniques [42,68–70,72].

In this study, all patients in the LD group and 80% in the ZrO2 group did not report
post-operative sensitivity at all follow-up periods. However, there was no significant
difference in sensitivity between the two groups in the follow-up period. Postoperative sen-
sitivity has been attributed to several factors, including trauma due to dentin preparation,
dentin etching, bacterial penetration of the pulp, occlusal discrepancies, the extent of cavity
preparation, type of bonding, luting procedure and polymerization shrinkage [76,77]. A
relatively low post-operative sensitivity rate was observed. A possible reason could be the
mild-etching potential of the self-etch adhesive luting cement (Multilink N), which did not
cause over-etching and created a uniform hybrid layer. These findings are in agreement
with several studies showing a low or lack of post-operative sensitivity for restorations
luted using a self-etch mode [19,72–75,78,79].

There are several in vitro and clinical studies comparing fixed prosthesis, including ce-
ramic restorations, using different parameters [27,28,30,34,36–41,45,55,61,80]. Several clini-
cal studies used USPHS criteria for tooth-coloured restorations in posterior teeth [15,66,78].
Therefore, this method was used to assess zirconia dioxide and lithium disilicate inlay
restorations in the present study.

A low number of restorations was investigated in this study, and thus evaluations
on larger study groups are needed. Moreover, only two ceramic materials and one adhe-
sive agent and cement were used. Similar studies embracing more materials should be
conducted in the future. There is a need to prolong the follow-up period to investigate
both techniques in long-term studies. Additionally, the investigation was performed at one
university, and thus more multicentre studies should be carried out; private dental offices
should be also included to provide a wider perspective.
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5. Conclusions

Within the imitations of the present study, the lithium disilicate- and zirconia dioxide-
based inlays exhibited comparable clinical performance. However, the colour and translu-
cency match was superior for the lithium disilicate restorations.
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25. Łapińska, B.; Sokołowski, J.; Klimek, L.; Łukomska-Szymańska, M. Ocena zmian struktury i składu chemicznego ceramiki
dwukrzemianu litu trawionej kwasem fluorowodorowym po zanieczyszczeniu śliną i zastosowaniu różnych metod oczyszczania
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Abstract: Prosthetic materials must exhibit adequate resistance to the oral environment. The aim of this
paper was to study the resistance of selected cements used for cementing restorations (Breeze—composite,
Adhesor Carbofine—zinc-polycarboxylate and IHDENT–Giz type II—glass-ionomer) against ethanol,
soda and green tea solutions. The highest values of hardness and DTS (diametral tensile strength) were
obtained by composite cement (HV = 15–31, DTS = 34–45 MPa). Ethanol solution had the greatest
impact on the hardness value of composite cement, and soda solution on zinc-polycarboxylate cement.
No significant differences were noted in the DTS values of composite cements after immersion in solvents;
however, the DTS value of zinc-polycarboxylate cement increased after prolonged immersion time in
ethanol and the DTS of glass-ionomer cement (IHDENT Giz type II) clearly decreased after submersion in
soda solutions. Variation in pH across the range of 6 (tea) to 9 (soda solution) had a low impact on the
properties of dental cements. Extended exposure to solvents appears to worsen the properties of cements.

Keywords: dental cements; ethanol; water; resistance; DTS; Vickers hardness

1. Introduction

Dental cements have a wide range of applications in modern dentistry. They are used for luting,
fixation and cementation, i.e., luting inlays crowns, bridges, veneers on the prepared tooth. They
protect pulp from heat (“thermal insulation”) and from chemical irritation (liners and bases), they also
stimulate secondary dentin formation and act as temporary filling material.

The rehabilitation of the stomatognathic system is a very important aspect for patients with partial
edentulism. Prosthetic restorations used during treatment often restore lost function of chewing,
improve aesthetics and speech [1]. Dental cements constitute an important element during prosthetic
treatment. These materials are designed to bond the restoration to the natural teeth of the patient or
metallic core. Cements affect the retention of a restoration and protect the exposed dentin against
many mechanical, chemical, thermal and bacterial factors. Success of the treatment depends on the
proper selection of material used to bond the restoration. As there is currently no ideal cement that can
meet all the requirements in terms of mechanical and biological properties, it is important to make an
appropriate individual selection for each patient based on the properties of the materials [2–4].

Nowadays, prosthetic restoration can be performed using composite, zinc-polycarboxylate,
glass-ionomer, glass-ionomer reinforced with resin, zinc-phosphate and oxide-zinc-eugenol cements and
compomers [5]. Of these, composite cements show the best mechanical properties: Their diametral tensile
strength (DTS) ranges from 30 to 60 MPa (zinc phosphate cements approximately 10 MPa, polycarboxylate
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cements approximately 10 MPa, glass-ionomer cements greater than 15 MPa) and compressive strength
from 140 to 200 MPa (zinc phosphate cements approximately 50 MPa, polycarboxylate cements greater
than 60 MPa, glass-ionomer cements approximately 100 MPa) [6,7]. These materials consist of an organic
matrix and powdered ceramics, e.g., aluminum-boron-bar glass or silanized silica. The filler constitutes
from 30% to 80% of the volume of the material, and the size of their particles is from 0.04 to 5.0 µm.
The organic phase (matrix) consists of resins such as bisphenol A glycol dimethacrylate (bis-GMA),
urethane dimethacrylate (UDMA), hydroxyethyl methacrylate (HEMA), 4-methacryloxyethyl trimellitic
anhydride (4-META). Most resin cements contain bis-GMA. Some materials have replaced bis-GMA
partially or entirely with bis-EMA resin (ethoxylated bisphenol-A dimethacrylate) or UDMA to reduce
their viscosity, eliminating the need for large quantities of diluents such as TEGDMA (triethylene glycol
dimethacrylate) and DEGMA (di(ethylene glycol) dimethacrylate) monomers [4,8,9].

Zinc-polycarboxylate cements have been in use for over 30 years and are considered to be the
safest cements due to their high biocompatibility. They are available in powder and liquid forms.
The powder consists of zinc and magnesium oxide previously subjected to sintering and grinding;
it also sometimes contains tin fluoride, which influences the setting time. The liquid form is usually
based on a 40% aqueous solution of polyacrylic acid; however, cements can also be made with distilled
water, the powder contains oxides particles coated with polyacrylic acid (15–18%). Mixing the powder
with the liquid induces formation of complexes called chelates. The reactions occur between metal
ions (zinc, calcium) and carboxylic groups derived from polyacrylic acid (liquid) [2,10,11].

Zinc-polycarboxylate cements not only offer very favorable biocompatible properties, but they
also are characterized by good adhesion to dentine. Unfortunately, such cements also demonstrate
poor mechanical properties, such as low compressive strength (67–91 MPa) and high solubility; in
addition, due to their plasticity after curing, they are also not viable for cementation of restorations
exposed to high short-circuit forces or those with large spans. Zinc-polycarboxylate cements also
show low resistance to erosion in an acidic environment, which is a contraindication to use in patients
struggling with reflux disease or consuming large amounts of acidic or carbonated drinks [12].

Glass-ionomer cements (GIC) are also available as powders and liquids. The powder consists of
calcium-aluminum-fluorosilicate glass. The fluid is an aqueous solution of polyacrylic acid, maleic
acid, tartaric acid and itaconic acid [13,14]. The glass-ionomer cements are cured through acid-base
reactions comprising a three-step process of dissolving, gelling and hardening. Reactions occur between
polyacids (polyanions) and glass (metal cations and fluoride anions) which leads to the formation of
a gel matrix. The main advantage of glass ionomer cements is their ability to release fluoride ions,
which has a remineralizing effect and prevents the development of caries. They bind physically and
chemically with enamel and dentin [13]. Among other properties, they are also distinguished by
adequate tensile and compression strength: The compressive strength of glass-ionomer cements is
above 130 MPa and this value is sufficient to resist the masticatory forces in the posterior teeth [15].
They also have a similar coefficient of thermal expansion to dentine [15,16]. Glass-ionomer cements
are characterized by high sensitivity to both moisture and dehydration. In all binding steps, they
have high solubility in water, which can lead to modification of their mechanical properties. However,
such materials are also characterized by low initial pH, which can lead to pulp hypersensitivity [3,17].
The above-mentioned cements seem to be most often used in today’s dental prosthetics, hence their
resistance to selected solvents are significant.

Prosthetic cements must be resistant to wide variations in the oral fluid environment, which
is influenced by a range of factors including food, drinks and smoking. The aim of the work is to
examine the resistance of selected cements used for cementing prosthetic restorations (composite,
zinc-polycarboxylate and glass-ionomer) to solvents (75% ethanol, soda solution, green tea) and
variations in pH = 5–9.

The following research hypothesis is stated at work: Solvents with different pH (across the range
of 6 (tea) to 9 (soda solution)) has an impact on the properties of dental cements.
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2. Materials and Methods

Three different cements were selected for the tests: Breeze, Adhesor Carbofine and IHADENTA
Giz typ II. Selected cements are a representative example of luting cements (resin, glass-ionomer and
zinc-polycarboxylate). Table 1 contains information on tested materials.

Table 1. The composition of tested materials.

Manufacturer Material Type Composition Preparation and Curing

Jeneric Pentron
(Orange, CA, USA) Breeze Self-adhesive resin

cement

Bisphenol A glycol dimethacrylate
(bis-GMA), urethane dimethacrylate
(UDMA), triethylene glycol
dimethacrylate (TEGDMA),
hydroxyethyl methacrylate
(HEMA), 4-methacryloxyethyl
trimellitic anhydride (4-MET),
silanized barium glass, silica, BiOCl,
curing system

Mixing: Self-mixing syringe,
curing: Polymerized using a 3M
ESPE EliparTM S10 diode lamp
on the top and bottom surface of
the sample as recommended by
the manufacturer for 20 s

SpofaDental (Jičín,
Czech Republic) Adhesor Carbofine Zinc-polycarboxylate

cement

Powder: Zinc oxide, magnesium
oxide, aluminum oxide, boric acid,
liquid: Acrylic acid, maleic
anhydride, distilled water

Mixing: 1:1 (power:liquid)
mixing ratio recommended by
manufacturer; curing: 7 min
self-curing in plastic zip bag

Ihde Dental AG
(Gommiswald,
Switzerland)

Glass-ionomer
cement (Ihdent®

GIZ® fil Typ II)

Glass ionomer
cement

Aluminum-fluoride-silicate powder,
iron oxide, polyacrylic acid

Mixing: 1.8–2.2 g of powder per
1 g of liquid (mixing ratio
recommended by manufacturer);
curing: 5–8 min self-curing in
plastic zip bag

Fifty samples of each cement were made according to the manufacturer’s instructions (Table 1).
All samples were shaped as cylinders with a diameter of 6 mm and a height of 3 mm. The material was
cured according to manufacturer’s instructions (Table 1) and the samples were placed in a container
with distilled water for a period of seven days.

After seven days, control tests (hardness and DTS) were conducted. Five samples were put in
separate containers that contained various substances:

• Solution of baking soda (2.5%);
• Solution of water and ethanol (75%);
• Green tea.

Most foods have a pH close to neutral or acidic. In order to widen the pH range, a 2.5% solution of
baking soda was included. Baking soda (sodium bicarbonate) produces OH− ions during hydrolysis,
which can accelerate the hydrolysis of dental materials.

Samples were immersed in the solutions for 1, 7 and 30 days. The pH values of the solutions
were measured using litmus paper and a pH meter (CPI-505, Elmetron, Zabrze, Polska). The obtained
results are presented in Table 2.

Table 2. The results obtained during the pH measurement of the solutions.

Solution pH (Litmus Paper) pH (pH-Meter)

Green tea 5–6 6

Ethanol:water (75%) 7 8

Soda solution (2.5%) 9 9

The hardness of Breeze and Adhesor Carbofine cements were measured using the Vickers method.
The Zwick ZHV2-m hardness tester (Zwick-Roell, Ulm, Germany) was used for the tests. The applied
load was 1000 g and the penetration time was 10 s. Eleven measurements were performed on three out
of five samples from container for each material at specific time intervals (1, 7 and 30 days).

For testing the diametral tensile strength (DTS), a Zwick Roell Z020 universal strength machine
(Germany) was used. The traverse speed was 2 mm/min. The measurement was made on five samples
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from each material at specific time intervals (1, 7 and 30 days) making a total of 15 samples. The DTS
values were calculated using the Formula (1):

DTS =
2F
πdh

(MPa) (1)

F—Compressive force, which caused the destruction of the sample (N)
d—Diameter of the sample (mm)
h—Height of the sample (mm).
For statistical calculations, Statistica v. 13.1 (Statsoft, Kraków, Poland) was used. The normality of

the distribution of data was confirmed using the Shapiro—Wilk test; depending on the result, either
parametric (F-test) or non-parametric (Kruskal—Wallis test) tests were used for statistical analysis
(alpha = 0.05). Equality of variance was tested with Levene’s test.

3. Results and Discussion

The composite cements, viz. Breeze and Adhesor Carbofine, were found to have a higher hardness
than the zinc-polycarboxylate cement (Figures 1 and 2). DTS results indicate that Breeze has the highest
strength (Figures 3–5). Cements modificated with resin matrix demonstrate better properties than
traditional cements and tend to be more popular [18]. The research hypothesis was not rejected. But it
should be emphaticized that immersion in solutions of pH 6 (tea)–9 (soda solution) has little impact on
the properties of the dental cements. The impact depends on the material and solution composition.
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Figure 1. Box and whiskers plot of Vickers hardness of samples. Values were obtained for samples 
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Figure 1. Box and whiskers plot of Vickers hardness of samples. Values were obtained for samples
made of Breeze cement treated with ethanol (75%), green tea and baking soda (2.5%) solutions after
one, seven or 30 days and samples immersed for seven days in distilled water as control. Statistically
significant differences were detected between: (a) Control group vs. 30 days in ethanol solution,
(b) 1 day in ethanol vs. 30 days in ethanol solution, (c) 30 days in ethanol solution vs. 1 day in tea
solution, 7 day in tea solution, 1 day in soda solution, 7 day in soda solution, 30 days in soda solution.
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Figure 3. Box and whiskers plot of diametral tensile strength (DTS). Values were obtained for samples 
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Figure 2. Box and whiskers plot of Vickers hardness. Values were obtained for samples made of
Adhesor Carbonfine cement treated with ethanol (75%), green tea and baking soda (2.5%) solutions after
one, seven or 30 days and samples immersed for seven days in distilled water as control. Statistically
significant differences were detected between: (a) Control group vs. 30 days in soda solution, (b) 1 day
in tea solution vs. 7 days in ethanol solution, (c) 7 days in soda solution vs. 1 day in ethanol solution,
7 days in ethanol solution, 30 days in ethanol solution, (d) 30 days in soda solution vs. 1 day in ethanol
solution, 7 days in ethanol solution, 30 days in ethanol solution, 7 days in tea solution.
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Figure 3. Box and whiskers plot of diametral tensile strength (DTS). Values were obtained for samples
made of Breeze cement treated with ethanol (75%), green tea and baking soda (2.5%) solutions after
one, seven or 30 days and samples immersed for seven days in distilled water as control. Statistically
significant differences were detected between: (a) 1 day in tea solution vs. 30 days in ethanol solution.
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Figure 5. Box and whiskers plot of diametral tensile strength (DTS). Values were obtained for samples 
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Figure 4. Box and whiskers plot of diametral tensile strength (DTS). Values were obtained for samples
made of Adhesor Carbonfine cement treated with ethanol (75%), green tea and baking soda (2.5%)
solutions after one, seven or 30 days and samples immersed for seven days in distilled water as control.
Statistically significant differences were detected between: (a) 7 days in ethanol solution vs. 30 days in
soda solution, 7 days in tea solution, (b) 30 days in tea solution vs. 30 days in soda solution, 7 days in
tea solution.
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Figure 5. Box and whiskers plot of diametral tensile strength (DTS). Values were obtained for samples
made of IHDENT Giz typ II cement treated with ethanol (75%), green tea and baking soda (2.5%)
solutions after one, seven or 30 days and samples immersed for seven days in distilled water as control.
Significant statistical differences were detected between: (a) 30 days in ethanol solution vs. 30 days in
soda solution.

318



Materials 2019, 12, 2464

The hardness of the composite cement (Breeze) (Figure 1) stored in ethanol solution was found to
decrease with time. This tendency is also seen for soda and tea solutions, but no statistically significant
difference was found between the two. Significant differences were found between:

- Control group vs. 30 days in ethanol solution (p = 0.0006);
- 1 day in ethanol vs. 30 days in ethanol solution (p = 0.0008);
- 30 days in ethanol solution vs. 1 day in tea solution (p = 0.0000), 7 day in tea solution (p = 0.0017),

1 day in soda solution (p = 0.0000), 7 day in soda solution (p = 0.0006), 30 days in soda solution
(p = 0.0459).

Although no studies have so far examined the effect of aging in various solvents on the properties
of resin cements, Breeze has a similar structure and composition to that of a dental composite
with a resin matrix. In contrast to conventional dental resin, cements are most often characterized
by the addition of a chemical catalyst, which allows for the dual polymerization of the material.
In addition, fluoride can be added as an anticaries agent, and is used to be competitive with GICs.
To simplify the cementation procedure, self-adhesive resin cements consisting of adhesive monomers
were designed [19]. The fracture toughness values of various dental composites are known to decrease
after aging in ethanol solution for six months [20]. Ageing of dental composites in ethanol solution
resulted in the elution of residual, unreacted monomers, filler/matrix interfacial failure, and reduction
of the mechanical properties [20–28]. This can be explained by the structure and properties of the resin
matrix. Some dental resins, such as Bis-GMA and HEMA, absorb a significant proportion of ethanol
and water molecules thanks to their hydrophilic properties. Ethanol is considered to be good solvent
of dental composites: Ethanol and the dimethacrylate resins used in these materials have similar Hoy’s
solubility parameters (26.1 and 19.2–23.6 (J/cm3)

1
2 respectively) [29,30]. Hence, when immersed in

ethanol, Breeze swells, resulting in lower moduli of elasticity and strength [31].
The hardness of zinc-polycarboxylate cement (Adhesor Carbofine) was found to decrease with

duration of immersion in soda solution (Figure 2). No similar relationship was noticed for the soda or
tea solutions.

Statistical analysis of hardness results allowed to show significant statistical differences between:

- Control group vs. 30 days in soda solution (p = 0.0163),
- 1 day in tea solution vs. 7 days in ethanol solution (p = 0.0021),
- 7 days in soda solution vs. 1 day in ethanol solution (p = 0.0167), 7 days in ethanol solution

(p = 0.0000), 30 days in ethanol solution (p = 0.0108),
- 30 days in soda solution vs. 1 day in ethanol solution (p = 0.0022), 7 days in ethanol solution

(p = 0.0000), 30 days in ethanol solution (p = 0.0013), 7 day in tea solution (p = 0.0336).

Adhesor Cabofine belongs to the group of zinc-polycarboxylate cements whose curing reaction
consists of the formation of a complex binding between metal ions (zinc, calcium) and carboxylic groups
derived from polyacrylic acid. The hardness of zinc-polycarboxylate cements has been found to increase
after 35 days in distilled water [32]. This has been attributed to the presence of a solid polycarboxylic
phase around the oxides (e.g., zinc oxide) responsible for curing. In addition, glass-ionomer cements
and zinc-polycarboxylate cements have been found to be the most soluble of various tested cements [33].
As a result of solubility and sorption, margin integrity tends to reduce, resulting in improved surface
properties and aesthetics. Water sorption adversely affects bending strength and hardness [33].

Dental cements were found demonstrate greater solubility with duration of immersion in the test
solutions, at all tested pH values (pH 3, 7 and 9) [34]. However, for the Adhesor Carbofine cement
samples in the present study, no great differences in solubility were observed for samples treated
with tea and ethanol solution. Interestingly, a clear downward trend in the value of HV hardness
was observed when the cement was immersed in soda solution. These findings can be explained by
the fact that the cement contains zinc, magnesium and aluminum oxides, which are higher in the
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electrochemical series than sodium. Sodium, as a more active element, displaces the less active metal
from the salt compound.

Few studies examine the strength properties of prosthetic cements; nevertheless, the most common
methods used are the three-point bending and compression tests. The three-point bending test is very
important to assess the suitability of materials. It is recognized by the International Organization
for Standardization (ISO) as a valid strength test of composite materials [35]. However, it should be
noted that sample preparation is difficult and may result in heterogeneous results being obtained
for the degree of polymerization. Additionally, real dental restorations are several times smaller and
this method is “clinically” unfounded. Furthermore, the tensile strength values of dental materials
have greater clinical value than compressive strength, because many clinical failures are due to tensile
forces [36]. Composite cements have been found to demonstrate higher DTS values (44 MPa) than zinc
phosphate cements [37], with similar results being obtained in other studies (e.g., Li and White [6].,
Kim et al. [38]). Sokolowski et al. [7] obtained similar result for a composite cement, i.e., Breeze.

Although it is difficult to compare our findings with those of previous studies, assuming that resin
cements consist of similar components as dental composites, it would be reasonable to assume that the
two sets of materials have similar strength properties. The DTS values for composite materials for
fillings are usually in the range of 30–55 MPa [39–41]. Although some variation was observed between
the mean DTS values of the Breeze cement, it is within the limits of measurement error (Figure 3).
Significant differences in hardness were found between:

- 1 day in tea solution vs. 30 days in ethanol solution (p = 0.0321).

The mean DTS value of Adhesor Carbofine cement increased with duration of immersion in
ethanol solution (Figure 4). The DTS values of the samples immersed in the tea and soda solutions are
very similar and no differences were found. Significant differences in hardness were found between:

- 7 days in ethanol solution vs. 30 days in soda solution (p = 0.0439), 7 days in tea solution (0.0439).
- 30 days in tea solution vs. 30 days in soda solution (p = 0.0348), 7 days in tea solution (0.0348).

No information is available in the literature regarding the DTS of zinc-polycarboxylic cement
(Adhesor Carbofine). However, literature findings indicate that the compressive strength of this
material and of other tested zinc-polycarboxylate cements increased after 30 days in water. The reaction
between the metal ions with the polyacrylic acid reaches stabilization after one day; therefore, some
changes of the mechanical properties can be deduced after this time. This observation may be explained
by the presence of the unreacted phase (solid polycarboxylate phase around the zinc oxide or other
metal oxides), which can further react, causing hardening over time [32]. Our findings indicate that the
DTS values of the samples contained in the ethanol solution increase according to time of immersion.
The setting time of cement is believed to be stabilized and extended by the addition of alcohol to the
fluid of zinc-polycarboxylic cements.

The highest DTS values of glass ionomer cement (IHDENT Giz type II) were observed for samples
treated with ethanol solution after seven or 30 days. The lowest recorded values were for samples
immersed in soda solution (Figure 5). Significant differences in hardness were found between:

- 30 days in ethanol solution vs. 30 days in soda solution (p = 0.0093).

It should be emphasized that the mechanical strength of glass ionomer cements depends on the
water balance during the curing process. This process is based on acid-base reaction in which an
acid reacts with the salts present in the powder; the process causes the release of metal ions and the
formation and precipitation of polyolefin salts [42]. The initial curing is followed by a maturation
process, which takes place more slowly. It was observed to be disturbed by the presence of soda
solution [43]. As with the Adhesor Carbofine cement, the presence of sodium can cause changes in
ionic reactions by displacing less active metals from the salt compound. Large changes were observed
in the appearance of samples, which delaminated and crumbled after exposure to soda (Figure 6).
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The DTS results for this material are characterized by low values, in other studies values for GIC are
higher (>20 MPa), however, in these studies GIC for temporary fillings was tested [44]. It is know that
the highest strength were obtained by the restorative glass-ionomers in comparison to luting type [45].
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4. Conclusions

1. The immersion in solvents (tea, ethanol and baking soda solutions) have influence on the
diametral tensile strength and the hardness of analyzed cements. The impact depends on the material
and solution composition.

2. Of the tested cements, composite cement obtained the highest hardness and diametral tensile
strength values.

3. Ethanol affects studied composite cement and causes its diametral tensile strength and hardness
to deteriorate in time.

4. Baking soda solution affects the properties of zinc-polycarboxylate. The prolongation of aging
time results in a significant reduction in the hardness of the cement.

5. Baking soda solution influences glass-ionomer properties. Glass-ionomer samples immersed in
a baking soda solution after seven and 30 days showed changes in appearance and DTS value.
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415–424. [CrossRef]

8. Christensen, G.J. Why Use Resin Cements? J. Am. Dent. Assoc. 2010, 141, 204–206. [CrossRef] [PubMed]
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2014, 4, 28–32.

15. Pereira, L.C.; Nunes, M.C.P.; Dibb, R.G.P.; Powers, J.M.; Roulet, J.F.; Navarro, M.F.D.L. Mechanical Properties
and Bond Strength of Glass-Ionomer Cements. J. Adhes. Dent. 2002, 4, 73–80. [PubMed]

16. Lohbauer, U. Dental Glass Ionomer Cements as Permanent Filling Materials?—Properties, Limitations and
Future Trends. Materials 2010, 3, 76–96. [CrossRef]
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Abstract: (1) In recent years, there has been a significant increase in the availability of denture
adhesives for stabilizing removable dentures. The aim of the present study was to assess the
cytotoxicity of three denture adhesives on human fibroblasts. (2) Methods: Three denture adhesives
were analyzed. Fibroblast cultures were established for the study and control groups in order to assess
the incidence of necrosis and to evaluate the microscopic intracellular alterations induced. Following
incubation with (study groups) or without adhesives (control group), trypan blue dye exclusion assay
was used to determine the number of viable and/or dead cells. Microscopic specimens were stained
with haematoxylin and eosin, scanned, digitally processed and then analyzed by a histopathologist.
(3) Results: All three denture adhesives analyzed demonstrated various toxic effects in vitro on
human fibroblast: quantitative evaluation—45.87–61.13% reduction of cell viability (p = 0.0001) and
slight to moderate cytotoxicity in qualitative evaluation. (4) Conclusions: Denture adhesive creams
demonstrated a toxic effect on human fibroblasts in vitro in quantitative and qualitative evaluation.
In vivo observations are needed to find out if denture adhesives present a cytotoxic effect in patients.

Keywords: dentures; denture adhesives; human fibroblasts; cytotoxicity

1. Introduction

Epidemiological data indicate a continuous increase in the number of edentulous
patients. It has been attributed to elongation of global average life expectancy [1–3].
Prosthetic rehabilitation of edentulous patients is difficult and requires knowledge and
experience, both from dentists and dental technicians. Despite considerable advances
in the field of prosthodontics, conventional complete dentures are still the most popular
prosthetic restorations in edentulous patients [4]. Significant bone resorption following
teeth extractions deteriorates the clinical conditions for satisfactory denture retention and
stability; retention and stability clearly decrease after several years [5,6]. Efforts have been
made to develop a material for dental prostheses with the best functional properties [7].
Retention of dentures can be improved by using denture adhesives or relining dentures.
Properly used denture adhesives can improve the retention and stability of prosthetic
restorations and prevent food residue accumulation under the denture [6,8–12].
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In recent years, there has been a significant increase in the availability of adhesives
for stabilizing removable dentures. The study of Okazaki et al. showed that 19% of
denture wearers use denture adhesives [13]. Most denture adhesives contain non-toxic
polymers of carboxymethyl cellulose [14]. All creams that improve the stability of den-
tures also contain swelling agents, such as karaya gum, Arabic gum, tragacanth gum,
gelatin, pectin, methylcellulose, hydroxyethylcellulose, synthetic polyethylene polymers
and others. Another group of ingredients are antibacterial and antifungal agents: sodium
borate, hexachlorophene and polyhydroxybenzoate [15,16]. Adhesives are thus compound
products; their use exerts not only a local effect on the oral mucosa, but also may influence
the general health [17–19]. Ingredients of adhesives (e.g., formaldehyde) may produce
allergenic and cytotoxic effects [20–22]. Another negative feature of denture adhesives is
their low pH (5.5 on average), which is capable of dissolving enamel hydroxyapatites in the
remaining dentition [23]. Denture adhesives are often used for an extended time period,
which causes excessive pressure on the denture base and consequently its progressive
wear. This may be a potential factor causing pathologies of the soft tissues [24]. In the
leaflets for adhesive creams, manufacturers recommend that they be applied pointwise by
squeezing out strips a few millimeters long from the tube. However, patients usually do not
follow these recommendations and use too much of these materials. Considering all these
problems associated with the use of denture adhesives, especially of formaldehyde content,
there is a justified need for testing their cytotoxicity, irrespective of the data provided by
their manufacturers.

Fibroblasts, the main group of connective tissue cells, are a heterogeneous group of
cells, which, despite numerous similarities in structure and function, are characterized by
significant differentiation depending on the anatomical location of the connective tissue,
but those in the face and oral cavity are derived from the neural crest. There are also
differences in fibroblasts isolated from healthy tissue and granulation tissue [25–31]. An
important feature depending on the source of fibroblasts used in experimental studies is
the rate of proliferation. Tooth pulp as an immature gelatinous tissue is rich in fibroblasts
capable of rapid multiplication.

The aim of the present study was to evaluate the cytotoxicity of three denture adhesives
on human fibroblasts and to compare the effect of the analyzed products.

2. Materials and Methods
2.1. Harvesting Fibroblasts

Fibroblasts were harvested from the pulp of 15 healthy (non-pathologically damaged)
teeth extracted for orthodontic indications. All the patients involved were informed about
the research project and signed an informed consent form according to guidelines from
the Declaration of Helsinki. The study was approved by the Bioethics Committee of
Pomeranian Medical University in Szczecin (Decision Reference No. KB-0012/05/13).
Immediately after tooth extraction (up to 10 min) the pulp chamber was opened using a
ball-shaped diamond drill in an air turbine head with water cooling. The pulp was removed
using sterile root canal broaches and immediately suspended in Roswell Park Memorial
Institute (RPMI) 1640 Medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
20% fetal bovine serum (FBS; Sigma-Aldrich).

2.2. Fibroblast Cultures

The extracted dental pulp was homogenized and the fibroblast cultures were estab-
lished in tissue culture flasks (Sarstedt Inc., Newton, MA, USA). Cells were cultured in
RPMI 1640 Medium supplemented with 20% FBS (Biological Industries, Beit-Haemek,
Izrael) in an incubator under standard conditions (48 h, 37 ◦C, CO2 5%, relative humidity
99.6%). Fibroblast cultures for the study and control groups were prepared in the Labora-
tory of Cell and Tissue Culture, Department of Genetics and Pathomorphology, Pomeranian
Medical University in Szczecin. The culture of fibroblasts from tooth no. 1 presented abnor-
mal growth of cells, probably caused by incorrect handling of biological material (pulp)
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before placing it in the transport medium. Thus, the number of cultures was 14, and each
culture was supplemented with tested denture adhesives.

2.3. Quantitative Evaluation

Three denture adhesives, commercially available in Poland, were tested. Their manu-
factures and compositions are presented in Table 1. It is visible that two of the adhesives
tested (COREGA Extra Strong and PROTEFIX) do not contain zinc salts opposite to the
other one (BLEND-A-DENT Plus). The composition of COREGA Extra Strong and PROTE-
FIX is very similar but not identical.

Table 1. Denture adhesives tested.

Denture Adhesive Manufacturer Composition

COREGA Extra
Strong

GlaxoSmithKline, Consumer
Healthcare SA. Stafford Miller
(Ireland) Limited, Clochreane,
Youghal Road, Dungarvan, Co.

Waterford, Ireland

calcium/sodium PVM/MA copolymer, petrolatum,
cellulose gum (carboxymethyl cellulose), paraffinum

liquidum, propylparaben, aroma, Cl
45430 (erythrosine)

PROTEFIX
Queisser Pharma GmbH&Co. KG,

Schleswiger Straße, Flensburg,
Germany

calcium/sodium PVM/MA copolymer,
carboxymethyl Cellulose, paraffinum, petrolatum,

silicon dioxide, menthol, azorubine, methyl
benzoate

BLEND-A-DENT Plus
Procter & Gamble GmbH, Sulzbacher

Straße, Schwalbach am Taunus,
Germany

calcium/zinc PVM/MA copolymer, paraffinum
liquidum, petrolatum, cellulose gum

(carboxymethyl cellulose), silica, CI 15985 (Yellow 6),
menthyl lactate, aroma, CI 45410 (phloxin B),

sodium saccharin, limonene, cinnamal, eugenol

The assay was conducted according to the following procedure: 0.5 mL of each tested
adhesive was placed in a Petri dish with 3 mL RPMI 1640 Medium supplemented with
20% FBS to obtain a solution. The Petri dishes were then placed in an incubator and kept
for 5 days under standard culture conditions. After 5 days the solution was transferred
to 96-well tissue culture plates (Sarstedt Inc., Newton, MA, USA). Each denture adhesive
was placed into 3 wells (study groups), and one well was filled with a pure medium
(as a negative control) to be used as the control group (K). Cultures of fibroblasts were
established in media prepared this way by placing about 100,000 cells from the first passage.
Culture plates were moved to the incubator set at standard parameters and incubated for
72 h. After this time, trypan blue dye exclusion assay was used to determine the number of
viable and/or dead cells. Trypan blue is a ~960 Daltons molecule, which is cell membrane
impermeable and therefore only enters cells with compromised membranes. Upon entry
into the cell, trypan blue binds to intracellular proteins thereby rendering the cells a bluish
color. The trypan blue exclusion assay allows for a direct identification and enumeration
of live (unstained) and dead (blue) cells in a given population. For that the cell culture
was stained with 0.4% Trypan Blue solution (Sigma-Aldrich, St. Louis, MI, USA). Then,
viable and necrotic fibroblasts were counted using an Axiovert 25 inverted transmitted
light microscope (Carl-Zeiss, Jena, Germany) and a glass hemocytometer. Trypan blue
was added to an Eppendorf tube with 100 µL of cells 400 µL 0.4% (final concentration
0.32%). Using a pipette, 100 µL of trypan blue-treated cell suspension was applied to the
hemocytometer. Viable (unstained) and necrotic (blue stained) cells were counted in all
16 squares under the microscope with a 100× magnification. Cell counting was performed
3 times for each well. Counting was carried out by the same person, unfamiliar with the
tested materials. The results from all wells for a given adhesive were summed up and
averaged. For the control culture, counting of viable and necrotic cells was carried out in
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the same way, using a glass hemocytometer, but the cells were taken from three different
places of the well. The results were also summed up and averaged.

In order to assess the incidence of necrosis after in vitro cell culture, an AI (apoptotic
index) according to Prieto was used [32]. It is calculated by dividing the percentage of
apoptotic cells by the total percentage of cells in the sample. In the present study the index
was modified by using it to calculate the percentage of necrotic cells.

The results were subjected to statistical analysis. Statistical analysis was performed
using STATA 11 software. All continuous variables were verified for distribution normality
using a Shapiro-Wilk test. Statistical significance of differences between two groups was
analyzed using a Mann-Whitney test. To investigate the relationship between two variables
a chi2 Pearson test and Spearman’s rank correlation test were used. The level of statistical
significance was set at α = 0.05. The risk of cell necrosis was expressed as an odds ratio
(OR) at 95% confidence interval (CI). Differences were considered significant if the level of
significance was α = 0.05.

2.4. Qualitative Evaluation

In parallel, fibroblasts from dental pulp were cultured in order to assess the micro-
scopic changes induced in the cells and to prepare microscope slides of cells damaged
by the tested adhesives. Microscope slides were placed on Petri dishes with fibroblasts
from the first passage cultured in a mixture of RPMI 1640 Medium, 20% FBS and different
denture adhesives. These were the study groups. The same procedure was followed to
establish the control group (K), which was a fibroblast culture in pure RPMI 1640 Medium.
The cultures were placed in an incubator and kept for 72 h under standard conditions. After
incubation the fibroblasts attached to the slides were stained with haematoxylin (Haema-
toxylin, Fluka, Switzerland) and eosin (Eosin Yellowish, Loba Chemie, Mumbai, India)
in a standard procedure (HE). Prepared microscopic slides were assessed using a light
standard laboratory microscope (Olympus BX 43, Olympus Corporation, Tokyo, Japan)
with magnification of 100× and 200×. Then, the slides were scanned using an Aperio
CS2 pathology scanner (Leica Microsystems, Wetzlar, Germany) to take a photograph at a
magnification of 100× and 200×. The histopathologist did now know the materials were
being assessed.

2.5. Determination of Cytotoxicity

The cytotoxic effect was evaluated quantitatively and qualitatively according to INTER-
NATIONAL STANDARD ISO 10993-5:2009(E) [33]. According to this standard, reduction
of cell viability by more than 30% is considered a cytotoxic effect. Qualitative morpholog-
ical grading of cytotoxicity is based on assessing of general morphology, vacuolization,
detachment, cell lysis and membrane integrity and expressed on a five-point scale.

Comparison of the necrotic effect of the adhesives on fibroblasts made it possible
to divide the creams into three classes and identify products which induced the low-
est (CLASS 1), moderate (CLASS 2) or the highest (CLASS 3) number of necrotic cells.
CLASS 1 included all cases of the tested cream in which the number of necrotic cells was
lower than that of both samples of the other two materials. CLASS 3 included all the
cases of the tested cream in which the number of necrotic cells was higher than that of the
samples of other materials. If the number of necrotic cells in the sample with the tested
material was smaller than in the sample with the second material and at the same time
higher than in the sample with the third material, it was classified as CLASS 2.

3. Results
3.1. Qantitative Evaluation of Cytotoxic Effect

Table 2 presents descriptive statistics for the value of necrotic fibroblasts in the study
and control groups expressed in %. For all tested materials, a significantly higher percentage
of necrotic cells was found compared to the control cultures (p < 0.0001). The highest
percentage of necrotic cells was observed in culture supplemented with COREGA Extra
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Strong. Although COREGA Extra Strong and PROTEFIX have a similar composition, their
necrotic effect on pulp fibroblast is different. Quantitative evaluation showed a reduction
of cell viability from 45.87% to 61.13%, which means that all tested materials induce a
cytotoxic effect on fibroblasts. In control groups the reduction of viability was 4.56–6.16%.

Table 2. Descriptive statistic for the value of necrotic fibroblasts and differences between study and
control groups analyzed using Mann-Whitney test.

Group Necrotic Cells %
p

Mean SD Min. Max. Q25 Median Q75

PROTEFIX 52.70 7.89 40.44 64.18 45.58 54.21 60.65
<0.0001

K 5.10 2.65 2.59 10.68 3.00 4.41 5.83

COREGA Extra Strong 61.13 4.02 54.99 69.30 58.89 60.11 63.39
<0.0001

K 6.16 2.82 3.06 10.58 4.00 4.95 9.44

BLENDA-A-DENT Plus 45.87 5.58 36.44 56.76 42.19 45.07 48.82
<0.0001

K 4.56 1.69 2.42 7.80 3.58 4.00 5.90

The percentage of necrotic cells caused by tested adhesives was different. All differ-
ences were statistically significant; the levels of differences are presented in Table 3.

Table 3. Significance levels of differences between percentages of necrotic cells in Mann-Whitney test.

Compared Adhesives p

PROTEFIX vs. COREGA Extra Strong 0.0058

PROTEFIX vs. BLENDA-A-DENT Plus 0.0274

COREGA Extra Strong vs. BLENDA-A-DENT Plus <0.0001

The modified apoptotic index for BLEND-A DENT Plus was 45.87, for PROTEFIX it
was 52.70 and for COREGA Extra Strong it was 61.13.

The risk of detecting necrotic cells for all tested adhesives are presented in Table 4. In
each case we assessed the risk of detecting necrotic cells in the study group for each dental
adhesive compared to the control group. Results were expressed as the odds ratio (OR)
with a 95% confidence interval (95% CI) at significance level p. The analysis revealed a
higher risk for OR > 0, lower risk for OR < 0 and no risk for OR = 0. With regard to the
control group the highest risk of detecting necrotic cells was for COREGA Extra Strong and
the lowest for BLEND-A-DENT Plus.

Table 4. Risk of detecting of necrotic cells in study groups versus control groups.

Necrotic Cells OR 95% CI p

BLEND-A-DENT Plus vs. K 17.19 17.12 17.27 <0.0001

PROTEFIX vs. K 19.44 19.35 19.52 <0.0001

COREGA Extra Strong vs. K 23.16 23.07 23.26 <0.0001
OR (odds ratio)—relative risk; 95% CI—95% confidence interval; p—significance level.

Table 5 presents a comparison of odds ratio for detecting necrotic cells between adhe-
sives. The risk of detecting necrotic cells was 1.74 times higher for COREGA Extra Strong
than for BLEND-A-DENT Plus and 1.38 times higher than for PROTEFIX. Comparing
PROTEFIX and BLEND-A-DENT Plus, the risk was 1.26 times higher for the first adhesive.
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Table 5. Risk of detecting of necrotic cells for different adhesives.

Necrotic Cells OR 95% CI p

COREGA Extra Strong vs. BLEND-A-DENT Plus 1.74 1.73 1.75 <0.0001
COREGA Extra Strong vs. PROTEFIX 1.38 1.38 1.39 <0.0001
PROTEFIX vs. BLEND-A-DENT Plus 1.26 1.25 1.26 <0.0001

The classification of adhesives tested is presented in Table 6. For BLEND-A-DENT Plus
in 11 cases the number of necrotic cells was lower than for PROTEFIX and COREGA Extra
Strong, and only in 1 case the number of necrotic cells was higher than in PROTEFIX and
COREGA Extra Strong. For PROTEFIX, in 3 cases the number of necrotic cells was lower
than in COREGA Extra Strong and BLENDA-A-DENT Plus, and in 3 cases the number
of necrotic cells was higher than for both the other adhesives. For COREGA Extra Strong,
there was no case in which the number of necrotic cells was lower than in PROTEFIX and
BLEND-A-DENT Plus, and in 10 cases the number of necrotic cells was higher than for
both the other adhesives. CLASS 2 means that the tested adhesive compared with the one
product induced more necrotic cells and compared to the second, less. In this classification
BLEND-A-DENT has the highest number of cases in CLASS 1, which means the lowest
cytotoxic effect, and COREGA Extra Strong has the highest number of cases in CLASS 3,
which means the highest cytotoxic effect.

Table 6. Classification of denture adhesives BLEND-A-DENT Plus, PROTEFIX and COREGA Extra
Strong for their cytotoxic effect.

Adhesive
Number of Classified Cases

CLASS 1 CLASS 2 CLASS 3 Total

BLEND-A-DENT Plus 11 2 1 14
78.57% 14.29% 7.14%

PROTEFIX 3 8 3 14
21.43% 57.14% 21.43%

COREGA Extra Strong 0 4 10 14
0.00% 28.57% 71.43%

Total 14 14 14

Table 7 presents the values of the chi2 Pearson test and Spearman’s rank correlation
test for (r) compared pairs of adhesives.

Table 7. Statistics for comparisons between adhesives.

Adhesive chi2 df p r t p

BLEND-A-DENT Plus vs. COREGA Extra Strong 19.03 2 <0.0001 −0.81 6.939 <0.0001
PROTEFIX vs. COREGA Extra Strong 8.10 2 0.0174 0.54 3.244 0.0032
BLEND-A-DENT Plus vs. PROTEFIX 9.17 2 0.0102 −0.53 3.226 0.0038

3.2. Qualitative Evaluation of Cytotoxic Effect

Analysis of the histopathologic image indicated a small number of degenerative
changes in fibroblasts cultured with BLEND-A-DENT Plus. Observation of fibroblasts
cultured with COREGA Extra Strong showed the highest diversity of damage and a higher
severity of cell damage. In fibroblasts cultured with PROTEFIX signs of cell damage were
moderate. The histopathologic images of control cells culture and cells cultured with the
tested materials are presented in Figures 1–8.
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Figure 8. Image of cells cultured on medium with COREGA Extra Strong; 200× magnification.

Figures 1 and 2 show the histopathologic images of control cells culture (K) at 100× and
200× magnifications. It is a homogeneous population of proliferating spindle-shaped
fibroblasts with tapering ends of the cells; there is no cell lysis and no reduction of cell
growth. Oval nuclei can be in the central part of the cell with distinct ruby nucleoli. Intense
cytoplasmic staining indicates active protein synthesis. Numerous visible shape changes
occurred during mitosis. This image represents grade 0 (no reactivity) in qualitative
morphological grading of cytotoxicity according to INTERNATIONAL STANDARD ISO
10993-5:2009(E).

Figures 3 and 4 show the histopathologic images of cells cultured with BLEND-A-
DENT. No more than 20% of cells show changes in morphology. Spindle-shaped cells have
obvious morphological features of damage. The pale cytoplasm is weakly stained, the
cells lose their spindle shape, and the cell margins are blurred. Fibroblasts have different
morphology, some with nuclei clearly displaced to one of the ends of the cell. Damaged
fibroblasts are malformed and show different cytoplasm eosinophilicity. The number of
cells is markedly reduced compared to the control culture. Cellular debris (fragments of
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disintegrated cells) is seen in the background of the image. This image corresponds to
grade 1 (slight reactivity) of qualitative morphological grading of cytotoxicity.

Figures 5 and 6 show the histopathologic images of cells cultured with PROTEFIX.
The changes in morphology are visible in 30% of cells, which do not have a typical spindle
shape, and the cell margins are uneven and jagged. Nuclei are absent in some cells, others
have pale nuclei without nuclear membrane (cariolysis), which reflects leakage of their
contents into the cytoplasm. Cellular debris (fragments of disintegrated cells) is seen in
the background of the image. These features indicate necrosis of fibroblasts. This means
grade 2 (mild reactivity) cytotoxicity.

Figures 7 and 8 show the histopathologic images of cells cultured with COREGA Extra
Strong. Fibroblasts demonstrate morphological features of acute damage. All cells are
markedly malformed due to loss of cell membrane. There is a lack of integrity between cells.
Nuclei are absent in most of the damaged fibroblast, others present with a disintegrating
nucleus. Cytoplasm is excessively eosinophilic. Cellular debris (fragments of disintegrated
cells) is seen in the background of the image. The changes are observed in more than 70%
of cells, therefore, it can be concluded grade 3 (moderate reactivity) cytotoxicity exists.

4. Discussion

The presented study analyzed the biocompatibility of three denture adhesives. The
cytotoxicity of the adhesives was assessed in an assay with fibroblasts extracted from
mature permanent human teeth, a model reflecting the effect of denture adhesives on
fibroblasts from oral tissues. Mesenchymal-derived connective tissues including heart,
lung, gastrointestinal tract and muscle contain fibroblasts that fulfill specialized func-
tions [25–30]. Differences in gene expression have been demonstrated between dermal
and nondermal fibroblasts, and fibroblasts derived from different anatomical sites have
differing developmental origins, including the neural crest, lateral plate mesoderm and
dermatomyotome [31]. Some studies on fibroblasts from different anatomical sites found
marked topographic differences in expression of genes related to growth and differentiation,
ECM production, cell migration, lipid metabolism and various genodermatoses, which are
molecularly regulated [27,34], but the reaction on toxic materials is similar, regardless of the
place of origin. There are a lot of studies that have evaluated the effect of dental materials
not having contact with gingiva on gingival fibroblasts [35–39]. Thus, an assumption was
made that all fibroblasts from oral tissues follow the same metabolic traits, and for the
experiment, dental pulp fibroblasts were used.

After a predefined culture time the rates of viable and necrotic cells were estimated.
For all assays using cultured cells as a model system, it is valuable to know how many live
and dead cells are present during or after the end of the experiment. Commonly used direct
methods of estimating dead cells take advantage of the loss of membrane integrity and
the ability of indicator molecules to partition into a compartment, which is not achievable
if the cell membrane is intact. The selective staining of dead cells with trypan blue and
microscopic examination is one of the most frequently used routine methods to determine
the cell number and percent viability in a population of cells. Viable cells have a clear
cytoplasm, whereas dead cells have a blue cytoplasm. All tested adhesives demonstrated a
significantly higher amount/percentage of necrotic fibroblasts compared to controls, which
testifies to their cytotoxic effect. The adhesives differed regarding their cytotoxic potential.
The weakest negative effect was found for BLEND-A-DENT Plus, and the strongest for
COREGA Extra Strong. PROTEFIX demonstrated a moderately toxic effect on cell cultures.

There is a limited number of reports on the cytotoxicity of denture adhesives. Papers
published concern COREGA Extra Strong and PROTEFIX [18–20]. However, we found
no studies investigating the effects of BLEND-A-DENT Plus. Results reported by other
researchers seem to be consistent with those presented in our paper, despite the use of
different types of tests evaluating cell viability. Depending on the method used, the
toxicity of the tested adhesives was defined as mild to moderate. Ekstrand et al. [40]
reported that in addition to the lysis of cultured cells, samples showed microbial growth
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despite the addition of antibiotics to growth media, indicating microbial contamination
of denture adhesives. Other researchers [18] reported that denture adhesives, including
PROTEFIX, showed significantly stronger cytotoxicity compared to the controls in the MTT
assay (colorimetric assay for assessing cell metabolic activity) and in the flow cytometric
apoptosis assay. Yamada et al. studied the cytotoxicity of six denture adhesives in direct
and indirect human epidermal keratinocyte cells and human oral fibroblasts cultures [41].
They observed the cytotoxicity of all tested materials in both cell culture systems and
suggested patients should be careful regarding overuse of denture adhesives in terms of
amount and duration.

On the other hand, Al et al. [42] found no cytotoxic effect of PROTEFIX on murine
fibroblasts in the MTT assay. The inconsistency of the results may be attributed to
different species (human and murine) used in the abovementioned studies. Similarly,
de Gomes et al. [22] also used MTT assay and cultures of L929 fibroblasts on agar gels
containing denture adhesives, including COREGA, and demonstrated its low cytotoxicity.
Chen et al. [21] defined the cytotoxic effect of PROTEFIX as mild or moderate, depend-
ing on the used culture medium. López-García et al. evaluated the viability of gingival
fibroblasts in the presence of six different denture adhesives using MTT assay [43]. Two
of them were equivalent to products evaluated in the present study. Poligrip Flavour
Free (GlaxoSmithKline, Consumer Healthcare SA. Stafford-Miller Ireland Ltd., Waterford,
Ireland) is an equivalent of COREGA Extra Strong, and Fixodent Pro Plus Duo Protection
(Procter & Gamble Portugal S.A., Qta da fonte, Ed. Álvares Cabral, 2774-527, Paço de Arcos,
Portugal) is an equivalent of BLEND-A-DENT Plus. They found that denture adhesive
containing zinc (Fixodent Pro Plus Duo Protection) could be responsible for the decrease of
cell viability and aberrant cell morphology as well as induction of apoptosis and cell death.
Our study provided contrary results; the necrosis induced by zinc containing BLEND-
A-DENT Plus was lower than that induced by zinc-free PROTEFIX and COREGA Extra
Strong. The differences between our observations and those made by López-García et al.
seem interesting, but require further research, since other components in denture adhesives
might be responsible for cell apoptosis. After all, zinc has been used for a very long time as
a therapeutic agent in skin and wound care. Rembe at al. showed relevant pro-proliferative,
antimicrobial and tendential anti-apoptotic properties of zinc derivatives in an in vitro
study [44].

Results obtained from laboratory cultures and viability evaluation of cells are sup-
ported by findings from microscopic analysis of morphological changes. Pathomorpho-
logical assessment suggests a lower degree of damage to the morphology of fibroblasts
in samples with BLEND-A-DENT Plus—grade 1 cytotoxicity with slight reactivity—and
the highest in samples with COREGA Extra Strong—grade 3 cytotoxicity with moderate
reactivity. The authors found no publications describing the results of similar studies.

This study demonstrated differences in the cytotoxic effect of three denture adhesives
on fibroblasts. This may be caused by potentially toxic ingredients. Researchers have
attributed this effect to different ingredients [20,21]: formaldehyde is associated with cy-
totoxic and allergenic effects, whereas karaya gum reduces pH below the critical value
for enamel [23]. A similar potential has also been reported for antibacterial and antifun-
gal compounds of adhesive creams [15,16]. It is difficult to identify any specific factor
responsible for the adverse effects reported because detailed information regarding the
composition and concentration of individual ingredients of adhesives is rarely provided
by manufacturers.

The composition of three analyzed denture adhesives is similar but not identical. The
most important difference refers to the preservatives. Perhaps the different cytotoxic effect
on pulp fibroblasts may be due to the content of different preservatives. Research has shown
that propylparaben exerts a cytotoxic effect on human fibroblasts in vitro [45]. It serves as
an antifungal and an antimicrobial agent. Corega Extra Strong containing propylparaben
demonstrated in this study the strongest toxicity. Protefix contains methyl benzoate, a
substance that kills or slows the growth of microorganisms, including bacteria, viruses,

335



Materials 2022, 15, 1583

fungi and protozoans. Methyl benzoate seems to be less cytotoxic than propylparaben, but
the authors did not find any relevant comparative study. In an in vitro study Bunch et al.
found that methyl benzoate made cells less viable, but they grew well compared to the
control [46]. Thus, the cytotoxic effect was considered as minimal. The manufacturer of
BLEND-A-DENT Plus does not provide any preservative, and this adhesive demonstrated
the lowest cytotoxic effect compared to the other two tested materials. Perhaps the cause of
the cytotoxicity is not the zinc content, but the preservatives. This requires clarification in
further research.

In 2010 the European Union Scientific Committee on Consumer Safety stated that the
use of butylparaben and propylparaben as preservatives in finished cosmetic products may
be considered safe to the consumer, as long as the sum of their individual concentrations
does not exceed 0.19% [47].

It is clear that many other materials or drugs may have an effect on the oral mucosa,
either directly or indirectly through biofilm formation [48]. Further research in the field of
the cytotoxic effects of various dental materials could be focused on stem cells, which can
be isolated from oral tissues and contribute to their regeneration [49]. Another important
issue for future research could be the effects of lasers used in dentistry on oral cells, since
laser therapy has gained an important role in contemporary dental therapy [50,51].

Possible limitations of the present study may be associated with its in vitro design,
duration and concentration. In vitro studies carried on various cell types (human epidermal
keratinocyte cells, human oral fibroblasts cultures, gingival fibroblasts) have shown the
cytotoxic effect of adhesive creams, as shown by the results of this study. It can be suspected
that the use of denture adhesives may cause cellular damage in human fibroblasts in vivo
resulting in adverse health effects. The manufacturers’ recommendations regarding the
amount of the product used are intended to prevent exceeding the permissible doses of
any ingredients. However, the observations show that patients use too much of denture
adhesives and for an extended time period, which may have undesirable effects.

Thus, dentists should advise patients not to overuse denture adhesives, both in terms
of product quantity applied and using time. We also suggest that the use of these products
should be limited only to cases where the denture does not show proper retention and only
in exceptional situations. After all, there is a need for in vivo studies in this field.

5. Conclusions

All the three adhesive creams analyzed, PROTEFIX, COREGA Extra Strong and
BLEND-A-DENT Plus, demonstrated slight to moderate toxic effects on human fibroblasts
in in vitro quantitative and qualitative evaluation. The strongest toxicity was demonstrated
by COREGA Extra Strong and the weakest by BLEND-A-DENT Plus. In vivo observations
are needed to find out if denture adhesives cause a cytotoxic effect in patients.
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Abstract: Polylactide (PLA) and polycaprolactone (PCL) are biodegradable and bioabsorbable ther-
moplastic polymers considered as promising materials for oral applications. However, any abiotic
surface used, especially in areas naturally colonized by microorganisms, provides a favorable in-
terface for microbial growth and biofilm development. In this study, we investigated the biofilm
formation of C. krusei and S. mutans on the surface of PLA and PCL immersed in the artificial saliva.
Using microscopic (AFM, CLSM) observations and spectrometric measurements, we assessed the
mass and topography of biofilm that developed on PLA and PCL surfaces. Incubated up to 56 days
in specially prepared saliva and microorganisms medium, solid polymer samples were examined for
surface properties (wettability, roughness, elastic modulus of the surface layer), structure (molecular
weight, crystallinity), and mechanical properties (hardness, tensile strength). It has been shown that
biofilm, especially S. mutans, promotes polymer degradation. Our findings indicate the need for
additional antimicrobial strategies for the effective oral applications of PLA and PCL.

Keywords: biomaterial; polymer; microbial degradation; biofilm; artificial saliva; mucins

1. Introduction

Polylactide (PLA) and polycaprolactone (PCL) are commonly used biodegradable
and bioabsorbable aliphatic polyesters in a variety of biomedical applications [1–4]. Re-
cently, PLA and PCL have been considered as promising materials in oral and pharyngeal
appliances, including for 3D printed dentures [5,6], drug-enriched denture coatings [7],
pharyngeal and laryngeal implants [8,9], and mucosal drug carriers [10]. Specific conditions
for biofilm formation on the abiotic surfaces in the semi-open oral environment can create
susceptibility to infection and reduce the reliability of polymeric medical devices. This
study looks into the processes occurring on the polymer–biofilm interface.

In vivo, the degradation of PLA and PCL is dominated by non-enzymatic mechanisms,
mainly hydrolysis, during which polymer absorbs water and their chains break down into
smaller pieces over time [11]. This process leads to polymer erosion and alters their structure
and properties, including the deterioration of mechanical strength [12]. PLA and PCL
degradation kinetics depend on the polymer and environmental factors. In general, PLA
degrades faster than PCL, and in the blends of these polymers, the proportions can regulate
the degradation time [13]. Due to the chirality of the lactide molecule in two optically active
forms (L-lactide and D-lactide), PLA can polymerize in various forms, such as poly (L-
lactide) (PLLA), poly (D-lactide) (PDLA), poly (D, L-lactide) (PDLLA), and mesopolylactide.
Of these, PLLA and PDLLA are mainly used for biomedical applications. Depending on
the D-isomer content of PLA, fully crystalline PLLA degrades slower than amorphous
PDLLA [14]. Large samples of these polymers (with dimensions of a few millimeters)
decompose faster than small samples (films or microparticles) due to the autocatalytic
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hydrolysis inside the polymer [15]. The higher the initial degree of crystallinity and the
crystallite size, the faster the degradation progresses [16]. Other material-related factors,
including fillers and porosity, have been extensively discussed in the literature [17–19].

The three main environmental-related degradation factors of the oral cavity are tem-
perature, pH, and the diversity of the microflora. Lyu et al. [19,20] discuss the influence
of the first two on the degradation rate. Our previous in vitro studies on PLA and PCL
degradation in model oral cavity conditions [20] showed a significant increase in the degra-
dation rate of these polymers at 42 ◦C compared to 37 ◦C and no impact of pH level. We
also considered the aspects of saliva and its influence on the degradation rate, pointing out
its significant impact on biofilm formation [21–23].

The problem of material degradation in the oral cavity microbiological environment is
rarely addressed, although there are many indications that the presence of biofilm may con-
tribute to faster biomaterials degradation [24,25]. In some cases, the hydrolytic degradation
of PLA and PCL can be enzymatically catalyzed with the participation of microorgan-
isms. For PLA, these include actinomycetes, such as Amycolatopsis [26], Saccharothrix [27],
Kibdelosporangium [28], Actinomadura [29], Laceyella [30], and Pseudonocardia [31] which are
involved in degradation mediated by proteases; bacteria, such as Bacillus [32], Geobacillus [33],
Paenibacillus [34], Stenotrophomonas [35], Pseudomonas [36], and the types of enzymes they
produce—lipases and esterases; and fungi, such as cutinase-producing Aspergillus [37] and
Cryptococcus [38], protease-producing Tritirachium [39], and Trichoderma [40], for which the
type of enzyme affecting degradation has not been identified. The enzymatic degradation
of PCL is involved in bacteria (mainly Pseudomonas and Lactobacillus [41–45]) and fungi
(mainly Aspergillus, Candida, Mucor, Rhizopus, and Thermomyces) lipases [41,46–50].

We designed a set of experiments in which polylactide and polycaprolactone were
incubated in the specially prepared artificial saliva in the presence of common oral mi-
croorganisms, such as Streptococcus mutans and Candida krusei. We assessed the biofilm
development on these polymers’ surfaces and its influence on material properties.

2. Materials and Methods
2.1. Polymer Samples

PLA (3001D, content of D isomers ~ 1.6%, Mn ~ 90,000 g/mol, NatureWorks, Min-
netonka, MN, USA) and PCL granules (Mn ~ 45,000 g/mol, Sigma-Aldrich, Burlington,
MA, USA) were dried for approximately 3 h at 45 ◦C. Polymer specimens were made by
injection molding on a BS60 device (Borche, Kanton, P.R.C.). After that, molded specimens
with dimensions of 30 mm × 5 mm × 4 mm, were pre-conditioned in the air at room
temperature for 24 h.

2.2. Artificial Saliva

Artificial saliva (AS) was prepared based on a Phosphate-buffered saline (PBS) in
which porcine gastric mucin (M1778, Sigma-Aldrich, Saint Louis, MO, USA) at a concen-
tration of 10 g/L and xanthan gum (G1253, Sigma-Aldrich, Saint Louis, MO, USA) at a
concentration of 4 g/L were dissolved.

2.3. Incubation Conditions

The prepared polymer samples were incubated in the 6-well polystyrene plates in
the mixture of AS and the cell culture medium (Lysogeny broth and brain heart infusion)
(1:1 volume). The research used two microbial strains: the fungus Candida krusei ATCC
6258 and the bacteria Streptococcus mutans ATCC 35668 (Biomaxima, Poland). Incubation
was carried out at 37 ◦C for 56 days. The medium was changed every 48 h (the biofilm from
the surface of the samples was not removed, the samples were only rinsed in PBS). Control
samples were incubated in the medium. Polymer tests were carried out after 24 and 72 h
and after 28 and 56 days of incubation.
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2.4. Biofilm Characterization on the Surface of the Polymer

The crystal violet (CV) method was used to determine the biofilm mass on the surface
of polymers. In the first step, the polymers in the plates were washed with PBS to remove
planktonic bacteria and 0.1% CV solution made in water was added to each well. After
15 minutes of incubation at room temperature (RT), the dye was rinsed with deionized water,
and then 70% ethanol solution was added to dissolve the CV. Next, a microplate reader
(Varioskan LUX, Thermo Fisher Scientific, Waltham, MA, USA) measured the absorbance
at a wavelength λ = 570 nm. In each measurement cycle, 3 samples were tested (n = 3). The
obtained test results represent mean values ± SD. Additionally, biofilm morphology was
characterized by scanning laser confocal microscopy (CLSM). The samples were observed
immediately after being removed from the incubation containers and rinsed with water. A
laser scans of the surface topography were performed on the area of 128 × 128 micrometers
with an accuracy of 0.01 micrometers on the z-axis.

2.5. AFM Biofilm Topography and Surface Layer Stiffness

Using atomic force microscopy, imaging of the biofilm structure and measurements
of the surface layer stiffness was performed. Measurement needles with an elasticity
constant of 0.37 N/m (AppNano NITRA-TALL-V-G) were used in the research. Both to
obtain topographic images and measurements of the surface layer stiffness modulus, the
Quantitative Imaging mode was used, based on measurements of probe insertion force
curves (at a constant speed of 300 µm/s) at each measurement point. Topographic maps
covered an area of 25 µm × 25 µm with a resolution of 128 × 128 pixels. The stiffness
modulus maps covered an area of 10 µm × 10 µm with a resolution of 8 × 8 pixels. The
Hertz–Sneddon model was used to calculate the elastic modulus E from the force curves.

2.6. Contact Angle

An Ossila Contact Angle Goniometer (Ossila, Sheffield, UK) equipped with a digital
camera and a leveling table was used to measure the surface contact angle. On the dry
surface of the polymers, with the aid of a micropipette, 25 µL of deionized water was
placed and the drop image on the surface was recorded for 5 s. The image was analyzed
with the included software with a drop edge detection function. In each measurement
cycle, 5 polymer samples (n = 5) were tested. The obtained test results represent mean
values ± standard deviation (SD). Statistically significant differences were determined at
p < 0.05 (Student’s t-test).

2.7. Polymer Mass Loss

The weight loss of the incubated PLA and PCL was determined by a gravimetric
method using a laboratory balance (Mettler Toledo, Columbus, OH, USA) with an accuracy
of 0.01 mg. After removing from the containers, the samples were rinsed several times in
water and ethanol and dried in a moisture analyzer at 37 ◦C for 24 h, and then the weight
of the dry sample (md) was measured. The weight loss was determined by Formula (1), in
which m0 is the initial mass of the sample.

Mass loss =
m0 − md

m0
× 100% (1)

2.8. Hardness and Tensile Strength

The hardness of PLA and PCL was determined using a Shore durometer (type D)
(Zwick Roell, Ulm, Germany) following the ASTM D2240 standard. Each time, 5 polymer
samples were tested, and 6 measurements were made for each of them. The tensile strength
Rm was determined using the Zwick/Roell Z010 testing machine (Zwick Roell, Ulm,
Germany) using the ISO 527 standard. The highest force obtained during the static tensile
test (Fm) related to the initial cross-section of the specimen (A0) was used for the calculations.
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Five polymer samples were tested. The results presented in the paper represent mean
values ± SD.

2.9. Molecular Weight of Polymers Surface Layer

The average viscosity molecular weight Mη of polymers (assumed in the work as the
molecular weight) was estimated based on measurements of the intrinsic viscosity [η] of
PLA or PCL solutions (with a concentration of 0.001 g/mL) in chloroform using a capillary
viscometer with an automatic viscosity measurement system (iVisc Capillary Viscometer,
Lauda-Brinkmann LP, Delran, NJ, USA; Ubbelohde capillary constant c = 0.003 mm2/s2).
The solutions were prepared by dissolving precisely cut fragments of polymer samples
(50 ± 1 µm thick) (using a rotating microtome (Struers, Ballerup, Denmark)) in chloroform.
The molecular weight was determined based on the Mark–Houwink Equation (2), in which
K and a are constants determined for the appropriate polymer-solvent system at a given
temperature (for PLA–chloroform at 25 ◦C: K = 6.06 × 10−2 g/cm3, a = 0.64 [51]; for
PCL–chloroform at 30 ◦C: K = 1.298 × 10−2 g/cm3, a = 0.828 [52]).

[η] = KMa
η (2)

In each measurement cycle, 3 polymer solutions were tested, with each viscosity test
being repeated 3 times. The results represent mean values ± SD (n = 9).

2.10. Differential Scanning Calorimetry Measurements

Polymer samples were tested by Differential Scanning Calorimetry using a DSC
Discovery device (TA Instruments, New Castle, DE, USA) in a heat–cool–heat mode in the
range from 0 to 200 ◦C for PLA and from −80 to 80 ◦C for PCL with 5◦/min heating/cooling
rate. The results analyzed in the study concern the second course of heating the sample (the
first heating was carried out to remove the thermal history of the sample). As in the case of
the molecular weight tests, the measurements were carried out on precisely cut fragments
of polylactide and polycaprolactone samples (50 ± 1 µm thick). In each measurement
cycle, 5 polymer samples (n = 5) were tested. On this basis, the TRIOS program obtained
several data, such as glass transition temperature, cold crystallization temperature, cold
crystallization enthalpy ∆Hcc, melting point Tm, and melting enthalpy ∆Hm. Crystallinity
Xc was determined based on Equation (3):

Xc =
∆Hm − ∆Hcc

∆H100
m

(3)

where ∆Hm
100 is the melting enthalpy of 100% crystalline PLA/PCL (93.7 J/g for PLA and

135.3 J/g for PCL).
The obtained results of thermal properties tests show mean values ± SD. Statistically

significant differences were determined at p < 0.05 (Student’s t-test).

3. Results

The collected data describing the development of C. krusei, S. mutans, and C. krusei + S. mutans
biofilms on the PLA and PCL surfaces are summarized in Figure 1. Figure 1a shows the
AFM surface topography of biofilm on PLA after 72 h incubation. At this stage of biofilm
development, individual cells can be distinguished—large and oval C. krusei, small and
round S. mutans, and the structure of a mixed biofilm, where C. krusei cells are surrounded
by S. mutans cells. Figure 1b shows the CLSM surface topography of C. krusei + S. mutans
biofilm on PLA after 72 h and 56 days of incubation. The clusters of fungal cells surrounded
by bacterial cells evolved into a more homogeneous structure. Figure 1c shows how the
coverage of the polymer surface by the biofilm increased for the first 72 hours. After that
time, C. krusei biofilm covered less than 20% of the surface, S. mutans nearly 40%, and
C. krusei + S. mutans nearly 90%. Figure 1d shows the biofilm mass development (linearly
correlated with the optical density of the CV dyed biofilm) after 24 and 72 h on the surface
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of PLA and PCL. The results of spectrophotometric studies are consistent with the CLSM
and indicate that mixed biofilm C. krusei + S. mutans develops the most. After 56 days of
incubation, the highest biofilm mass was observed for S. mutans (Figure 1e).
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polymer caused by changes in its chemical structure. Several tests were performed to ver-
ify this hypothesis. 

Figure 1. Biofilm (C. krusei, S. mutans, or C. krusei + S. mutans) on the surface of the tested polymers:
(a) AFM topography of individual types of biofilm on the surface of PLA after 72 h; (b) CLSM
topography of the C. krusei + S. mutans biofilm on the PLA surface after 72 h and 56 days; (c) biofilm
development on the PLA surface during the first 72 h (based on CLSM); (d) biofilm development
on the surface of PLA or PCL during the first 72 h (based on the optical density of the biofilm mass
stained with CV); (e) biofilm development on the surface of PLA or PCL for 56 days (as measured by
the optical density of the biofilm mass stained with CV). Results mean ± SD (n = 3). (*) p < 0.05.

We believe that the biofilm on the surface of PLA or PCL may contribute to the
surface layer degradation that is associated with a reduction in the physical properties of
a polymer caused by changes in its chemical structure. Several tests were performed to
verify this hypothesis.
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After removing the biofilm from the tested polymers, no visual changes were noticed
between the samples incubated in artificial saliva with and without the microorganisms.
However, we observe some changes in the properties of the surface layer. The results of the
contact angle measurements presented in Figure 2 show that the incubation of polymers for
56 days significantly increases the hydrophilic properties of the surfaces of both PLA and
PCL. In the AS, the contact angle of PLA decreased from 55◦ to 42◦. Biofilm has intensified
this phenomenon and the contact angle after 56 days dropped to 38◦ in C. krusei, to 30◦ in
S. mutans, and 35◦ in C. krusei + S. mutans. A similar trend was observed for PCL, in which
the contact angle after incubation in AS decreased from 59◦ to 50◦, while in the presence of
C. krusei microorganisms it dropped to 47◦, in S. mutans to 37◦, and in C. krusei + S. mutans
up to 40◦.
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microorganisms: (a) water droplets on the surface of the tested polymers; (b) contact angle at the
surface of the PLA; (c) contact angle at the surface of the PCL. Results mean ± SD (n = 3). (*) p < 0.05.

The topography and mechanical properties of the surface layer also changed after
incubation in a biological environment (Figure 3). PLA roughness measurements showed
a slight increase in the Ra parameter (the arithmetic average of profile height deviations
from the mean line) for samples in the C. krusei and C. krusei + S. mutans environment as
compared to non-incubated samples (Control) (Figure 3a). The profilometric analysis of the
PCL surface showed a significant decrease in the Ra value after incubation in AS and the
presence of microorganisms (Figure 3b). The results of mechanical properties of the PLA
surface layer show that as a result of hydrolytic degradation in AS, the elastic modulus
of the surface layer decreased by nearly 45% (E = 514 MPa) compared to non-incubated
PLA (E = 937 MPa). The interaction of PLA with the biological environment significantly
(p < 0.05) changed the elastic modulus of the polymer surface layer (Figure 3c). In the
presence of C. krusei biofilm, the elastic modulus of PLA decreased by 83% (E = 88 MPa) in
samples incubated in AS and by over 90% in non-incubated samples. In the presence of
S. mutans biofilm (E = 45 MPa) and a mixed biofilm of C. krusei + S. mutans (E = 42 MPa),
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the elastic modulus decreased by more than 91% compared to AS and by more than 95%
compared to non-incubated samples. In the case of PCL (Figure 3d), statistically significant
(p < 0.05) differences in the elastic modulus were observed after contact with S. mutans
biofilm (E = 195 MPa), where the E modulus decreased by 63% compared to PCL incubated
in AS (E = 531 MPa). It is worth emphasizing that in the mixed biofilm environment there
was no decrease in the elastic modulus of the PCL surface layer as was the case with PLA.
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Figure 3. Surface properties of PLA and PCL after incubation: (a,b) roughness before and after
incubation expressed by the Ra parameter for PLA and PCL, respectively; (c,d) surface elasticity
modulus before and after incubation for PLA and PCL, respectively. Results mean ± SD (n = 3).
(*) p < 0.05.

In Figure 4a,b we show the mass loss during incubation of PLA and PCL, respectively.
For PLA in the AS, after 56 days the mass loss was 0.61% but is much higher in the biofilm—
in the presence of C. krusei the mass loss after 56 days was 0.81%, and in the presence of
S. mutans bacteria 0.95%, and the presence of mixed biofilm 0.83%. For PCL in AS, after
56 days of incubation, the mass loss was about 0.5% and no significant changes were
observed in the biofilm environment.
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Polymer erosion is caused by the reduction of polymer molecular weight. In this study,
we used the viscosity molecular weight Mη (Figure 4c,d). The initial value of Mη(0) at time
“0” for PLA was 166,000 g/mol, while for PCL was 58,000 g/mol (for comparison, the values
determined by the manufacturer using chromatographic methods are Mn ~ 90,000 g/mol
for PLA and Mn ~ 45,000 g/mol for PCL). Changes in the molecular weight of the polymers
during incubation are shown as the ratio of the molecular weight over time Mη(t) to the
initial molecular weight Mη(0). The ratio Mη(t)/Mη(0) decreases exponentially over time
for PLA and PCL in all tested conditions, which was illustrated by fitting the exponential
function Mη(t)/Mη(0) = e-λ’t with the parameter λ’ (expressed in units of 1/day) as the degra-
dation rate (Figure 4c,d) (discussed in more detail in [12]). For PLA samples incubated in the
AS, the value of λ’ was 1.98 × 10−3. In the C. krusei biofilm, it was 5.64 × 10−3; in S. mutans,
7.63 × 10−3; and in the mixed biofilm, 7.07 × 10−3. For PCL in AS, the parameter λ’ was
1.56 × 10−3; in C. krusei, 3.42 × 10−3; in S. mutans, 3.78 × 10−3; and w C. krusei + S. mutans,
3.24 × 10−3. It can be clearly stated that the presence of microorganisms on the surface of
PLA during incubation in the artificial saliva significantly increases the degradation rate of
the surface layer, with the highest degradation rate observed in the presence of S. mutans.
The presence of microorganisms also increases the rate of PCL degradation.

The results of differential scanning calorimetry (DSC) analyses of the tested PLA
and PCL polymers are presented in Figure 5. Figure 5a,b shows the DSC curves of the
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second heating for PLA and PCL, respectively. For the PLA control (not incubated), the
glass transition temperature was ~55 ◦C, the cold crystallization temperature was 101 ◦C,
the cold crystallization enthalpy was ~31 J/g, and the melting point was 168 ◦C, while
the fusion enthalpy was ~43 J/g. After 56 days in AS, the glass transition temperature
decreased to ~54 ◦C, the cold crystallization temperature decreased to ~91 ◦C, the cold
crystallization enthalpy decreased to ~12 J/g, and the melting point to ~165 ◦C, while the
melting enthalpy remained at a similar level ~43 J/g. The presence of microorganisms
changed the cold crystallization enthalpy, while other properties, including the fusion
enthalpy, did not change significantly. Thus, the influence of environmental conditions on
the properties of polymers is most evident in the change of the crystallinity, which for PLA
is the difference between the fusion enthalpy and the cold crystallization enthalpy related
to the fusion enthalpy of fully crystalline PLA equal to 93.7 J/g (Figure 5c). The degree
of crystallinity of non-incubated PLA was 12%, while after 56 days of incubation in AS it
increased almost threefold (to ~33%). The presence of microorganisms in the artificial saliva
during the incubation of PLA samples significantly (p < 0.05) increases their crystallinity
to ~59% for C. krusei, ~56% for S. mutans, and ~57.5% for the mixed biofilm. From the
DSC curves of the second PCL heating (Figure 5b), two parameters were determined—the
melting point and the melting enthalpy. For the control, the melting temperature was
~56 ◦C and melting enthalpy ~56 J/g. Incubation in the environment of artificial saliva
and microorganisms has little effect on the value of the melting enthalpy, so the changes in
crystallinity are not significant (Figure 5d).
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The biofilm degradation of PLA and PCL, resulting in the erosion, decrease in molecu-
lar weight, and change of crystallinity, may cause a deterioration of polymer mechanical
properties. Figure 6a shows the changes in PLA hardness during incubation. The initial
PLA hardness was 68 ShD, and an increase in hardness of 71 ShD was observed during
incubation in AS. After 56 days in C. krusei, the hardness did not change, in S. mutans
and mixed biofilm, it dropped slightly to 67 ShD. Figure 6b shows the changes in PCL
hardness during incubation. The initial hardness of PCL was 51 ShD, similar to PLA, and
incubation in AS resulted in a slight increase in hardness (to 53 ShD). During incubation in
the biofilm, an increase in hardness was observed after 28 days and a return to the initial
value. Figure 6c shows the changes in PLA tensile strength during incubation. Incubation in
AS resulted in a drop in tensile strength from 65 to about 63 MPa. The presence of microor-
ganisms negatively affected the tensile strength, which fell below 62 MPa. Figure 6d shows
the changes in the tensile strength of PCL during incubation. In AS, an initial increase in
strength of about 1 MPa from 18.5 MPa was observed, followed by a decrease to 19 MPa.
The presence of microorganisms did not change the strength of PCL. Overall, no significant
reduction in the strength of the tested polymers was observed.
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4. Discussion

All surfaces in the oral cavity, including implanted biomaterials, are covered with
the salivary pellicle—a layer of a viscoelastic gel composed of saliva components, such
as mucins MUC5B and MUC7, proline-rich proteins (gPRP, aPRP, bPRP), amylase, cys-
tatin, statherin, histatin, and immunoglobulins (IgA, IgM). The thickness of the acquired
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pellicle ranges from 300 nm to even over 1000 nm [23,53]. This layer acts as an interface
between the microbiological environment and tissues or biomaterials surfaces. Our previ-
ous studies [20] have shown that the incubation of polymers in artificial saliva based on
porcine gastric mucins results in the adsorption of a layer with similar physicochemical
properties (height, elastic modulus, pH response) to the natural acquired pellicle. This
better reflects the physiological conditions in the oral cavity and allows a more accurate
assessment of the processes on the biomaterial surface, especially the biofilm development
and material degradation.

The processes of microbial adhesion to the acquired pellicle, the co-adhesion of mi-
crobes to microbes on the surface, and co-aggregation in the suspension are responsible
for the biofilm formation in the oral cavity [54]. Intercellular interactions are specific in
the oral environment and most species of microorganisms closely coexist with at least
one other species. This study assessed the development of C. krusei and S. mutans biofilms
as a model of bacterial and fungal strains that co-exist in the oral cavity. Both microorgan-
isms cause oral diseases, and the development of their biofilms is a common challenge
for dentists. S. mutans is the predominant caries pathogenic species and its main virulence
characteristics are organic acid production and biofilm formation [55]. C. krusei belongs
to the Candida, and together with C. albicans, C. glabrata and C. tropicalis are responsible
for the development of oral candidiasis. It is commonly found in saliva and areas such
as periodontal pockets, root canals, mucosal surfaces, and enamel as well as orthodontic
appliances and dentures. Candida spp. actively participate in cariogenic biofilms through
synergistic interaction with S. mutans. Their ability to secrete a large amount of extracellular
matrix, combined with a large surface area of hyphal networks, supports the growth of
pathogenic mixed communities. In addition, C. krusei has been implicated in periodontal
disease, endodontic infections, and denture stomatitis [56].

In the initial stages, the mixed biofilm of both studied microorganisms developed
better than single species biofilms, which indicates the possible cooperation of C. krusei and
S. mutans. After 56 days of incubation, S. mutans biofilm developed the most. Streptococci,
in particular S. mutans, belong to the group of early colonizers in the oral cavity and attach
to the surface by recognizing molecule receptors, such as statherin, proline-rich proteins,
salivary α-amylase, agglutinin, and mucins. Bamford et al. [57] showed that streptococci
can increase the production of hyphae in Candida, which increases their adhesion to the
surface and increases the survival rate of the biofilm. In later stages, the better development
of S. mutans may be associated with the aciduricity of mature S. mutans biofilms, which, by
secreting large amounts of organic acids, lower the pH and, due to evolutionary pressure,
outcompete other microorganisms in the oral cavity [58].

The presence of mucins change the conditions for the development of such a biofilm—
they reduce the virulence of pathogenic Candida, responsible for many types of infec-
tions [59]. The mechanism of mucin interaction takes place at the expression level of genes
responsible for the development of morphological features, enabling attachment to the
surface of host cells and the surface of biomaterials. Mucins also inhibit the growth of
hyphae that penetrate the colonized surfaces and promote the development of biofilm [60].
The relationship of the saliva, and mucin in particular, with the microbial environment
seems to be very close. The use of a saliva substitute in the biomimetics of the oral cavity, in
particular the biofilm development, is a new approach to biomaterial degradation studies.

Biofilm significantly changes the surface properties of PLA and PCL, which has
far-reaching consequences. The observed reduction of hydrophobicity as a result of degra-
dation may have an impact on the further colonization of microorganisms. The general
biofilm formation trends differ depending on the site (the application of the biomaterial) in
the oral cavity [23]. In the subgingival areas, less biofilm is formed on hydrophobic than
hydrophilic surfaces. However, such a tendency is not observed in hydrophobic supragin-
gival areas, where the biofilm can be detached more easily by shear forces. It should be
borne in mind that the presence of saliva molecules may change the surface properties of
these biomaterials. Saliva molecules adsorb better to hydrophobic surfaces [61]; therefore,
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due to the degradation of polymeric biomaterials, the layers of mucins and other molecules
may be less stable and more susceptible to shear forces. On the other hand, glycosylated
mucin chain fragments may change the surface character to a more hydrophilic. However,
these processes have not been fully understood so far.

In this study, the increase in the roughness of PLA samples incubated in the presence
of C. krusei and a decrease in the presence of S. mutans bacteria was observed. The presence
of microorganisms on the surface of PCL reduced the surface roughness. The surface
topography of biomaterials is one of the key factors in microbial adhesion and biofilm
development. The increase in surface roughness associated with the larger contact surface
increases microbial adhesion, especially in the initial stage of biofilm development, and
reduces its susceptibility to oral shear forces [62,63]. However, it should be kept in mind
that the surface topography may change due to the adsorption of saliva molecules. In
addition, the saliva molecules and exopolysaccharides (formed in situ by the enzymatic
reactions induced by microorganisms) can locally create zones of increased adhesion and
increase the virulence of bacteria, such as S. mutans [64].

We have also shown that the presence of microorganisms, such as C. krusei or S. mutans,
reduces the elastic modulus of the surface layer both PLA and PCL. Polylactide is more
susceptible to microbial degradation, in particular against S. mutans. The deterioration of
the substrate’s mechanical properties at the nanoscale has mechanobiological consequences
for further biofilm development. Studies have shown that the adhesion of microorganisms,
such as E. coli or Lactococcus lactis, decreases with increasing substrate stiffness [65]. In
addition, a decrease in substrate stiffness may increase the size of the microorganisms and
their antibiotic susceptibility [66]. Thus, the degradation of PLA and PCL in the oral cavity
may be associated with the susceptibility to biofilm development. Hypothetically, biofilm,
especially fungal biofilm, may cause it to grow into the partially degraded polymer surface
and cause chronic oral infections.

During 56 days of incubation, the mass loss of PLA and PCL did not exceed 1%. A
greater mass loss and greater susceptibility to microbial degradation were observed for
PLA. The cause of PLA erosion in the presence of S. mutans may be esterases and acid
metabolic products, which may contribute to the catalysis of the PLA hydrolysis reaction.
The erosion of PLA in the presence of esterases and other enzymes, such as lipase or
proteinase K, has been investigated previously [67]. For PCL, however, no effect of these
microorganisms/enzymes on weight loss was observed. Typically, the process of microbial
degradation of PLA or PCL follows a similar route for most enzymes. In the first phase of
microbial degradation of aliphatic polyesters, microorganisms secrete depolymerases, the
production of which requires stimulation by enzymatic inducers, such as elastin, gelatine,
certain proteins, or amino acids. Subsequently, the depolymerases interact with the ester
bonds, resulting in the breakdown of the polymer chains into smaller segments of oligo-
and monomers, which then penetrate through the cell membranes of the microorganisms
into their interior, where they are broken down to carbon dioxide, water, or methane by
intracellular enzymes [68].

It has been shown that the ratio of molecular weight during degradation to initial
molecular weight decreases exponentially for both PLA and PCL. The shortening of poly-
mer chains is the basic effect of degradation and affects all changes in the structure and
properties of these materials. We have shown that the degradation rate of PCL is lower than
that of PLA and biofilm contributes to an increase in degradation rate. These changes were
much greater in PLA than in PCL. The presence of C. krusei biofilm nearly 3-fold increased
the λ’ value for PLA and more than 2-fold for PCL. A similar effect was observed for PCL
in S. mutans and mixed biofilm. The presence of S. mutans on the surface of PLA, both in
the form of a single-species biofilm and along with C. krusei, turned out to be a significant
catalyst for the degradation processes of the surface layer, increasing the λ’ parameter over
3.5 times. So far, the processes of microbial degradation of PLA or PCL in the presence of
Candida or Streptococcus has not been observed.
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DSC studies show that the degradation of PLA and PCL leads to changes in the
crystal structure, and the presence of biofilm on the surface accelerates these processes.
This is influenced by two effects, the first one concerns the faster hydrolysis processes
in amorphous rather than crystalline regions, and the second is the reorganization of
the structure due to hydrolysis. In the presented studies, due to the low mass loss, the
second mechanism has greater importance. Hydrolysis shortening the polymer chains
facilitates the recrystallization of amorphous regions, resulting in the formation of regions
with an ordered structure. When the molecular weight of the polymer drops below the
solubility limit and the polymer mass begins to drop rapidly, the spaces between the
chains increases, the ability to recrystallize decreases, and the first mechanism becomes
more important. Degradation kinetics significantly depends on the relative amount of
the amorphous phase. In subsequent degradation steps, the degree of crystallinity may
decrease as the recrystallization process ceases.

Over the observed period of 56 days, for both PLA and PCL, no decrease in hardness
or tensile strength was noted. This means that both the water absorption and the structural
changes due to the decrease in molecular weight and the erosion of the polymer did not
affect these basic properties during this period.

5. Conclusions

This work concerned the interaction processes at the polymer (PLA, PCL)–biofilm
interface under simulated oral conditions. The key observation of the conducted research
is the phenomenon of faster decomposition of the surface layer of polymers in the presence
of microorganisms, which may lead to further unfavorable consequences, especially the
increased colonization of microorganisms and the development of biofilm. We have sum-
marized the processes of biofilm interaction with the surface of biodegradable polymers
in Figure 7.
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12. Laycock, B.; Nikolić, M.; Colwell, J.M.; Gauthier, E.; Halley, P.; Bottle, S.; George, G. Lifetime prediction of biodegradable polymers.
Prog. Polym. Sci. 2017, 71, 144–189. [CrossRef]

13. Middleton, J.C.; Tipton, A.J. Synthetic biodegradable polymers as orthopedic devices. Biomaterials 2000, 21, 2335–2346. [CrossRef]
14. Tsuji, H. Poly(lactide) Stereocomplexes: Formation, Structure, Properties, Degradation, and Applications. Macromol. Biosci. 2005,

5, 569–597. [CrossRef]
15. Grizzi, I.; Garreau, H.; Li, S.; Vert, M. Hydrolytic degradation of devices based on poly(dl-lactic acid) size-dependence. Biomaterials

1995, 16, 305–311. [CrossRef]
16. Tsuji, H.; Ikada, Y. Properties and morphology of poly(l-lactide) 4. Effects of structural parameters on long-term hydrolysis of

poly(l-lactide) in phosphate-buffered solution. Polym. Degrad. Stab. 2000, 67, 179–189. [CrossRef]
17. Elsawy, M.A.; Kim, K.-H.; Park, J.-W.; Deep, A. Hydrolytic degradation of polylactic acid (PLA) and its composites. Renew. Sustain.

Energy Rev. 2017, 79, 1346–1352. [CrossRef]
18. Bartnikowski, M.; Dargaville, T.R.; Ivanovski, S.; Hutmacher, D.W. Degradation mechanisms of polycaprolactone in the context of

chemistry, geometry and environment. Prog. Polym. Sci. 2019, 96, 1–20. [CrossRef]
19. Oksiuta, Z.; Jalbrzykowski, M.; Mystkowska, J.; Romanczuk, E.; Osiecki, T. Mechanical and Thermal Properties of Polylactide

(PLA) Composites Modified with Mg, Fe, and Polyethylene (PE) Additives. Polymers 2020, 12, 2939. [CrossRef] [PubMed]
20. Łysik, D.; Mystkowska, J.; Markiewicz, G.; Deptuła, P.; Bucki, R. The Influence of Mucin-Based Artificial Saliva on Properties of

Polycaprolactone and Polylactide. Polymers 2019, 11, 1880. [CrossRef]
21. Marsh, P.D.; Do, T.; Beighton, D.; Devine, D.A. Influence of saliva on the oral microbiota. Periodontology 2000 2015, 70, 80–92.

[CrossRef] [PubMed]

352



Materials 2022, 15, 7061

22. Werlang, C.; Cárcarmo-Oyarce, G.; Ribbeck, K. Engineering mucus to study and influence the microbiome. Nat. Rev. Mater. 2019,
4, 134–145. [CrossRef]

23. Gibbins, H.L.; Yakubov, G.E.; Proctor, G.B.; Wilson, S.; Carpenter, G.H. What interactions drive the salivary mucosal pellicle
formation? Colloids Surf. B Biointerfaces 2014, 120, 184–192. [CrossRef]

24. Mystkowska, J.; Niemirowicz-Laskowska, K.; Łysik, D.; Tokajuk, G.; Dąbrowski, J.R.; Bucki, R. The Role of Oral Cavity Biofilm on
Metallic Biomaterial Surface Destruction–Corrosion and Friction Aspects. Int. J. Mol. Sci. 2018, 19, 743. [CrossRef] [PubMed]

25. Bettencourt, A.F.; Neves, C.B.; de Almeida, M.S.; Pinheiro, L.M.; e Oliveira, S.A.; Lopes, L.P.; Castro, M.F. Biodegradation of
acrylic based resins: A review. Dent. Mater. 2010, 26, e171–e180. [CrossRef] [PubMed]

26. Pranamuda, H.; Tsuchii, A.; Tokiwa, Y. Poly (L-Lactide)-Degrading Enzyme Produced by Amycolatopsis Sp. Macromol. Biosci.
2001, 1, 25–29. [CrossRef]

27. Jarerat, A.; Tokiwa, Y. Poly(L-lactide) degradation by Saccharothrix waywayandensis. Biotechnol. Lett. 2003, 25, 401–404.
[CrossRef]

28. Jarerat, A.; Tokiwa, Y.; Tanaka, H. Poly(l-lactide) degradation by Kibdelosporangium aridum. Biotechnol. Lett. 2003, 25, 2035–2038.
[CrossRef]

29. Sukkhum, S.; Tokuyama, S.; Kitpreechavanich, V. Development of fermentation process for PLA-degrading enzyme production
by a new thermophilic Actinomadura sp. T16-1. Biotechnol. Bioprocess Eng. 2009, 14, 302–306. [CrossRef]

30. Hanphakphoom, S.; Maneewong, N.; Sukkhum, S.; Tokuyama, S.; Kitpreechavanich, V. Characterization of poly(L-lactide)-
degrading enzyme produced by thermophilic filamentous bacteria Laceyella sacchari LP175. J. Gen. Appl. Microbiol. 2014,
60, 13–22. [CrossRef]

31. Konkit, M.; Jarerat, A.; Khanongnuch, C.; Lumyong, S.; Pathom-Aree, W. Poly(Lactide) Degradation by Pseudonocardia Alni
AS4.1531t. Chiang Mai J. Sci. 2012, 39, 128–132.

32. Tomita, K.; Kuroki, Y.; Nagai, K. Isolation of thermophiles degrading poly(l-lactic acid). J. Biosci. Bioeng. 1999, 87, 752–755.
[CrossRef]

33. Tomita, K.; Nakajima, T.; Kikuchi, Y.; Miwa, N. Degradation of poly(l-lactic acid) by a newly isolated thermophile. Polym. Degrad.
Stab. 2004, 84, 433–438. [CrossRef]

34. Akutsu-Shigeno, Y.; Teeraphatpornchai, T.; Teamtisong, K.; Nomura, N.; Uchiyama, H.; Nakahara, T.; Nakajima-Kambe, T.
Cloning and Sequencing of a Poly( dl -Lactic Acid) Depolymerase Gene from Paenibacillus amylolyticus Strain TB-13 and Its
Functional Expression in Escherichia coli. Appl. Environ. Microbiol. 2003, 69, 2498–2504. [CrossRef]

35. Jeon, H.J.; Kim, M.N. Biodegradation of poly(l-lactide) (PLA) exposed to UV irradiation by a mesophilic bacterium. Int. Biodeterior.
Biodegradation 2013, 85, 289–293. [CrossRef]

36. Liang, T.-W.; Jen, S.-N.; Nguyen, A.D.; Wang, S.-L. Application of Chitinous Materials in Production and Purification of a
Poly(l-lactic acid) Depolymerase from Pseudomonas tamsuii TKU015. Polymers 2016, 8, 98. [CrossRef]

37. Maeda, H.; Yamagata, Y.; Abe, K.; Hasegawa, F.; Machida, M.; Ishioka, R.; Gomi, K.; Nakajima, T. Purification and characterization
of a biodegradable plastic-degrading enzyme from Aspergillus oryzae. Appl. Microbiol. Biotechnol. 2005, 67, 778–788. [CrossRef]

38. Masaki, K.; Kamini, N.R.; Ikeda, H.; Iefuji, H. Cutinase-Like Enzyme from the Yeast Cryptococcus sp. Strain S-2 Hydrolyzes
Polylactic Acid and Other Biodegradable Plastics. Appl. Environ. Microbiol. 2005, 71, 7548–7550. [CrossRef]

39. Jarerat, A.; Tokiwa, Y. Degradation of Poly(L-Lactide) by a Fungus. Macromol. Biosci. 2001, 1, 136–140. [CrossRef]
40. Lipsa, R.; Tudorachi, N.; Darie-Nita, R.N.; Oprică, L.; Vasile, C.; Chiriac, A. Biodegradation of poly(lactic acid) and some of its

based systems with Trichoderma viride. Int. J. Biol. Macromol. 2016, 88, 515–526. [CrossRef]
41. Gan, Z.; Liang, Q.; Zhang, J.; Jing, X. Enzymatic degradation of poly(ε-caprolactone) film in phosphate buffer solution containing

lipases. Polym. Degrad. Stab. 1997, 56, 209–213. [CrossRef]
42. Chen, D.R.; Bei, J.Z.; Wang, S.G. Polycaprolactone microparticles and their biodegradation. Polym. Degrad. Stab. 2000, 67, 455–459.

[CrossRef]
43. Ashton, J.; Mertz, J.; Harper, J.; Slepian, M.; Mills, J.; McGrath, D.; Geest, J.V. Polymeric endoaortic paving: Mechanical, thermo-

forming, and degradation properties of polycaprolactone/polyurethane blends for cardiovascular applications. Acta Biomater.
2011, 7, 287–294. [CrossRef]

44. Castilla-Cortázar, I.; Más-Estellés, J.; Meseguer-Dueñas, J.M.; Ivirico, J.E.; Marí, B.; Vidaurre, A. Hydrolytic and enzymatic
degradation of a poly(ε-caprolactone) network. Polym. Degrad. Stab. 2012, 97, 1241–1248. [CrossRef]

45. Khan, I.; Dutta, J.R.; Ganesan, R. Lactobacillus sps. lipase mediated poly (ε-caprolactone) degradation. Int. J. Biol. Macromol. 2017,
95, 126–131. [CrossRef] [PubMed]

46. Sivalingam, G.; Chattopadhyay, S.; Madras, G. Enzymatic degradation of poly (ε-caprolactone), poly (vinyl acetate) and their
blends by lipases. Chem. Eng. Sci. 2003, 58, 2911–2919. [CrossRef]

47. Sivalingam, G.; Chattopadhyay, S.; Madras, G. Solvent effects on the lipase catalyzed biodegradation of poly (ε-caprolactone) in
solution. Polym. Degrad. Stab. 2003, 79, 413–418. [CrossRef]

48. Ebata, H.; Toshima, K.; Matsumura, S. Lipase-Catalyzed Transformation of Poly(ε-caprolactone) into Cyclic Dicaprolactone.
Biomacromolecules 2000, 1, 511–514. [CrossRef]

49. Yang, L.; Li, J.; Jin, Y.; Li, M.; Gu, Z. In vitro enzymatic degradation of the cross-linked poly(ε-caprolactone) implants. Polym. Degrad.
Stab. 2015, 112, 10–19. [CrossRef]

353



Materials 2022, 15, 7061

50. Sivalingam, G.; Vijayalakshmi, S.P.; Madras, G. Enzymatic and Thermal Degradation of Poly(ε-caprolactone), Poly(d,l-lactide),
and Their Blends. Ind. Eng. Chem. Res. 2004, 43, 7702–7709. [CrossRef]

51. Rak, J.; Ford, J.L.; Rostron, C.; Walters, V. The preparation and characterization of poly(D,L-lactic acid) for use as a biodegradable
drug carrier. Pharm. Acta Helv. 1985, 60, 162–169. [PubMed]

52. Kouparitsas, I.K.; Mele, E.; Ronca, S. Synthesis and Electrospinning of Polycaprolactone from an Aluminium-Based Catalyst:
Influence of the Ancillary Ligand and Initiators on Catalytic Efficiency and Fibre Structure. Polymers 2019, 11, 677. [CrossRef]
[PubMed]

53. Amaechi, B.; Higham, S.; Edgar, W.; Milosevic, A. Thickness of acquired salivary pellicle as a determinant of the sites of dental
erosion. J. Dent. Res. 1999, 78, 1821–1828. [CrossRef]

54. Bowen, W.H.; Burne, R.A.; Wu, H.; Koo, H. Oral Biofilms: Pathogens, Matrix, and Polymicrobial Interactions in Microenviron-
ments. Trends Microbiol. 2018, 26, 229–242. [CrossRef] [PubMed]

55. Scharnow, A.M.; Solinski, A.E.; Wuest, W.M. Targeting S. mutans biofilms: A perspective on preventing dental caries. MedChem-
Comm 2019, 10, 1057–1067. [CrossRef]

56. O’Donnell, L.E.; Millhouse, E.; Sherry, L.; Kean, R.; Malcolm, J.; Nile, C.J.; Ramage, G. Polymicrobial Candida biofilms: Friends
and foe in the oral cavity. FEMS Yeast Res. 2015, 15, fov077. [CrossRef]

57. Bamford, C.V.; D’Mello, A.; Nobbs, A.H.; Dutton, L.C.; Vickerman, M.M.; Jenkinson, H.F. Streptococcus gordonii Modulates
Candida albicans Biofilm Formation through Intergeneric Communication. Infect. Immun. 2009, 77, 3696–3704. [CrossRef]

58. Matsui, R.; Cvitkovitch, D. Acid tolerance mechanisms utilized by Streptococcus mutans. Futur. Microbiol. 2010, 5, 403–417.
[CrossRef]

59. Kavanaugh, N.L.; Zhang, A.Q.; Nobile, C.; Johnson, A.D.; Ribbeck, K. Mucins Suppress Virulence Traits of Candida albicans.
mBio 2014, 5, e01911. [CrossRef]

60. Arevalo, A.V.; Nobile, C.J. Interactions of microorganisms with host mucins: A focus on Candida albicans. FEMS Microbiol. Rev.
2020, 44, 645–654. [CrossRef]

61. Bansil, R.; Turner, B.S. The biology of mucus: Composition, synthesis and organization. Adv. Drug Deliv. Rev. 2018, 124, 3–15.
[CrossRef] [PubMed]

62. Anselme, K.; Davidson, P.; Popa, A.M.; Giazzon, M.; Liley, M.; Ploux, L. The interaction of cells and bacteria with surfaces
structured at the nanometre scale. Acta Biomater. 2010, 6, 3824–3846. [CrossRef] [PubMed]

63. Hao, Y.; Huang, X.; Zhou, X.; Li, M.; Ren, B.; Peng, X.; Cheng, L. Influence of Dental Prosthesis and Restorative Materials Interface
on Oral Biofilms. Int. J. Mol. Sci. 2018, 19, 3157. [CrossRef] [PubMed]

64. Bowen, W.H.; Koo, H. Biology of Streptococcus mutans-Derived Glucosyltransferases: Role in Extracellular Matrix Formation of
Cariogenic Biofilms. Caries Res. 2011, 45, 69–86. [CrossRef]

65. Saha, N.; Monge, C.; Dulong, V.; Picart, C.; Glinel, K. Influence of Polyelectrolyte Film Stiffness on Bacterial Growth. Biomacro-
molecules 2013, 14, 520–528. [CrossRef] [PubMed]

66. Song, F.; Ren, D. Stiffness of Cross-Linked Poly(Dimethylsiloxane) Affects Bacterial Adhesion and Antibiotic Susceptibility of
Attached Cells. Langmuir 2014, 30, 10354–10362. [CrossRef]
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Abstract: Zirconium doped calcium phosphate-based bioglasses are the most prominent
bioactive materials for bone and dental repair and regeneration implants. In the present study,
a 8ZnO–22Na2O–(24 − x)CaO–46P2O5–xZrO2 (0.1 ≤ x ≤ 0.7, all are in mol%) bioglass system was
synthesized by the conventional melt-quenching process at 1100 ◦C. The glass-forming ability and
thermal stability of the glasses were determined by measuring the glass transition temperature (Tg),
crystallization temperature (Tc), and melting temperature (Tm), using differential thermal analysis
(DTA). The biological activity of the prepared samples was identified by analyzing X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy-energy
dispersive spectra (SEM-EDS), before and after immersion in simulated body fluid (SBF) for various
intervals of 0, 1 and 5 days, along with the magnitude of pH and the degradation of glasses also
evaluated. The obtained results revealed that the glass-forming ability and thermal stability of glasses
increased with the increase in zirconia mol%. The XRD, FTIR, and SEM-EDS data confirmed a
thin hydroxyapatite (HAp) layer over the sample surface after incubation in SBF for 1 and 5 days.
Furthermore, the development of layer found to be increased with the increase of incubation time.
The degradation of the glasses in SBF increased with incubation time and decreased gradually with
the increase content of ZrO2 mol% in the host glass matrix. A sudden rise in initial pH values of
residual SBF for 1 day owing to ion leaching and increase of Ca2+ and PO4

3− ions and then decreased.
These findings confirmed the suitability of choosing material for bone-related applications.

Keywords: P2O5-bioglass; zirconia; melt-quenching; SBF; hydroxyapatite; in vitro bioactivity

1. Introduction

Bioactive glasses are the widely used surface reactive inorganic biomaterials in engineering,
essentially for the repair and regeneration of damaged soft and hard bone tissues [1–4]. 45S5 bioglass
is the well-known and widely used bioactive glass developed by Professor Larry Hench and his
co-workers in 1969 [5]; comprised of inorganic oxides (viz., SiO2, Na2O, CaO, and P2O5) in a specific
molar ratios and has exhibited thriving biological properties such as in vitro bioactivity, osteostimulative
and osteoconductive properties. These special qualities made the bioglass a biocompatible and
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bioresorbable material in comparison to the natural bone. Various types of melt-derived bioactive
glasses (SiO2, B2O3, P2O5 etc.) have been developed and tested because of their capability to interact
with living bone tissues [3,6]. Out of all these glasses, phosphate-based glasses have many advantages,
due to solubility, high biocompatibility and low melting temperature etc., which made them suitable
to be used as biomaterials [7]. The strong glass former P2O5 contributes in the glass network, as PO4

structural units [6,8,9] are due to covalent bonding by the bridging oxygens. This bioglass material
upon immersion in the simulated body fluid (SBF) solution shows a state where the ionic and pH
conditions perfectly simulate with human blood plasma [7]. The ability to form rich calcium phosphate
hydroxyapatite (HAp) layer on the surface of the bioglass samples when it comes into contact with
the SBF confirms the in vitro bioactivity. The main disadvantage of the phosphate-based glasses
is their poor mechanical strength, which limits the applications in implant development related
to hard tissue replacement. This can be resolved by incorporating suitable transition metal ions,
such as TiO2, MgO, ZnO, CuO, Fe2O3, etc., to phosphate glass network in appropriate amounts.
The first generations of biomaterials are directly related to the bone and tissue engineering by the
implantation of ZrO2 and TiO2-based materials [9–11]. The first research paper on zirconia was
published by Helmer and Driskel in 1969 and mentioned that ZrO2 can be used as a biomaterial [12].
ZrO2 is one of the common trace elements present in the human body, and thus its inclusion in the
bioglass could be exploited for stimulating bioactivity. Both the biological activity and the mechanical
properties can improve with the incorporation of ZrO2 to the phosphate glass network. The phosphate
glass structure is mainly strengthened by forming of Zr–O–P covalent bonds due to the entering of
ZrO6 octahedra structural units of zirconia [13,14]. Most of the available research reports related
to zirconia mixed silica based bioactive glasses revealed the gradual decrease in their biological
activity with the increase of ZrO2 concentration. However, considerably limited work is available on
ZrO2 contain phosphate based bioglasses and glass ceramics [15]. Zirconia mixed porous calcium
titanium phosphate glass ceramic system was fabricated by V. K. Marghussian et al. and studied
the effect of zirconia on chemical durability and mechanical strength, which are observed to be
improved [15]. V. Rajendran et al., synthesized P2O5–Na2O–CaO–ZrO2 glasses with the addition of
ZrO2 up to 1.0 mol% by replacing the Na2O and observed that considerable high bioactivity along with
improved mechanical strength at 0.75 mol% of ZrO2 out of other concentrations [16]. Caiyun Zheng
et al. prepared 60CaO–30P2O5–3TiO2–xZrO2–(7−x)Na2O (x = 0, 1, 3) glass ceramics and studied the
influence of ZrO2 on mechanical and bioactive properties, and found that the toughening of the system
with 1 mol% of ZrO2 added has no adverse effect on the bioactivity [17]. Contrary to earlier reports,
we have considered that silica free zinc calcium phosphate glasses mixed with small quantities of
ZrO2 might improve the structural and bioactivity suitable for tissue engineering implant applications.
Moreover, the result of ZrO2 on structural and biological properties of the P2O5 glasses is not yet
revealed completely. Therefore, ZrO2 doped bioactive glass system was prepared and analyzed to
probe some light on structural and biological properties, by performing some experiments, such as
XRD, FTIR, and SEM-EDS, etc., pre- and post-soaked in SBF, and monitoring the degradation and pH
variation of the bioactive materials suitable for bone regeneration applications.

In this present study, we have developed the novel ZnO–Na2O–CaO–P2O5 bioglass system by
doping less than 1 mol% of ZrO2, and explored the properties (thermal and structural) that stimulate
the deposition of HAp layer over the glass surface.

2. Materials and Methods

2.1. Preparation of Bioglass Materials

The bioglass composition is given in Table 1. The ZrO2 mixed calcium phosphate glasses were
synthesized by taking high purity (99.9%) P2O5, ZnO, CaO, Na2O and ZrO2 chemical compounds
from Sigma-Aldrich (St. Louis, MO, USA) by the melt-quenching method. The details of the
glass composition chosen for the present study and their corresponding codes are given in Table 1.
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The appropriate proportions of the chemicals (20 g batches) were homogeneously mixed in an agate
mortar and melted in platinum crucibles at the temperature 1000 ◦C for 2 h. During melting, in order
to ensure homogeneity, the melt was stirred for every half hour. The obtained melt was casted into
pre-heated graphite molds and then shifted the glasses in an annealing chamber maintained at 250 ◦C;
the annealing was carried out for 2 h and subsequently cooled at the rate of 1 ◦C/min to the room
temperature, to make the samples free from the internal cracks, residual stress etc. The obtained
samples were ground and well-polished to the final dimension of 1.5 cm × 1.5 cm × 0.2 cm.

Table 1. The Nominal bioactive glass (mol%) composition.

Glass Code ZnO Na2O CaO P2O5 ZrO2

Z.1 8.0 22.0 23.9 46.0 0.1
Z.3 8.0 22.0 23.7 46.0 0.3
Z.5 8.0 22.0 23.5 46.0 0.5
Z.7 8.0 22.0 23.3 46.0 0.7

2.2. Thermal Analysis

Thermal characterization was carried out on the glass powder by heating from room temperature
to 1100 ◦C under Argon atmosphere, with a heating rate of 10 ◦C/min, using a standard NETZ5CH-STA
2500 (NETZSCH, Selb, Germany) Regulus thermal analysis system. A 20 mg of glass powder in an
alumina pan is used for heating, with identical alumina pan as reference material. The obtained DTA
patterns are used to identify the Tg, Tc, Tm, and other thermal parameters, such as thermal stability
(∆T) and Hruby’s criterion (KH). The difference between Tc and Tg representing the thermal stability
(∆T) and the ration between Tc − Tg and Tm − Tc gives Hruby’s criterion (KH) of the glass system [18]:

∆T = Tc− Tg (1)

KH =
Tc− Tg
Tm− Tc

(2)

2.3. Bioactivity Assessment

The SBF is arranged in a polyethylene vessel by mixing appropriate quantities of analar grade
reagents of NaCl, KCl, NaHCO3, MgCl2, 6H2O, CaCl2 and KH2PO4 (99.95%, Sigma-Aldrich) to
distilled water with continuous stirring. The solution is buffered to pH 7.4 by adding Tris-buffer
and hydrochloric acid is kept at 278 K for 48 h to trace the presence of any precipitates, the process
recommended by Kokubo and Takadama [7]. After confirming the lack of precipitate, the obtained
solution was used for in vitro studies. It was ensured that the ratios of concentration (mM) of different
ions in the prepared solution were like those of human blood plasma (Table 2). In vitro bioactivity
studies were performed (so as to achieve HAp layer formation on the surface of the samples) by
immersing each sample (0.10g of glass powder) separately in 50 mL of SBF at 37 ◦C [19]. The weight
loss measurements and the pH of the solution were performed after different incubation periods (viz. 0,
1 and 5 days).

Table 2. The concentration of various ions in the simulated body fluid (SBF) solution.

Ion Type Na+ K+ Mg2+ Ca2+ Cl− HCO3− HPO42− SO4−

Concentration (mM) 142.0 5.0 1.5 2.5 148.8 4.2 1.0 0.5
Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

2.4. Powder XRD

The structural phases of the glasses were analyzed by PANalytical X’pert Powder (Malvern

Panalytical Ltd., Malvern, UK), using Cu-Kα as a radiation (λ = 1.540598
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were recorded diffraction angle range 2θ = 10–80◦. Using the International Center for Diffraction Data
cards (ISO 9001:2015 certified by DEKRA) were preferred to identify the crystal phases corresponding
to each diffraction peak observed in the XRD pattern.

2.5. Fourier Transform Infrared Spectroscopy Analysis

The FTIR (model: S100, PerkinElmer, Shelton, CT, USA) transmittance spectra of the samples were
recorded (for understanding the internal structural variations of the glass network) in the wavenumber
range of 4000–400 cm−1. The mixture of 1 mg of glass powder and 300 mg of Potassium bromide
powders was used to make pellets prepared under vacuum pressure.

2.6. SEM-EDS Micrographs

The surface morphology and microstructure of the bioglass samples were analyzed with the
help of Scanning electron microscopy of VEGA 3 LMU, TESCAN (Brno, Czech Republic), pre- and
post-immersion in SBF. The elemental analysis of the glass samples was estimated by Energy dispersive
X-ray analyzer connected to SEM. In order to get clear images, the samples should be electroconductive;
for this, the samples were coated with a thin gold layer.

2.7. Degradation Behavior

The dissolution behavior of the glasses immersed in SBF (pH 7.4 at 37.5 ◦C) was measured by a
weight loss process. Initially, the powder samples were weighed pre immersion and then immersed for
different days (0, 1 and 5) in SBF solution. Next, the glasses were removed from the solution and dried
at 80 ◦C, and again measure the weight of each sample to determine the weight loss by the following:

Weight loss =
Wo−Wt

Wo
× 100% (3)

where Wo is pre-immersion weight and Wt is post-immersion weight.

2.8. pH Evaluation

The pH values of the residual SBF were measured (so as to have the information on dissolution
behavior of the bioactive glass) pre-and post-immersion of the samples, containing different contents of
ZnO for different intervals of time by a pH meter (ORION pH 7000). The pH meter (Thermo Scientific,
Beverly, MA, USA) pre-calibrated to 4.01, 7.00, and 9.20 was used for these measurements.

3. Results and Discussion

3.1. Thermal Properties

The traces of differential thermal analyses (DTA) are shown in Figures 1 and 2, and the
corresponding temperature values Tg, Tc, and Tm of ZrO2 doped glass samples are tabulated in
Table 3. The values of glass transition temperature (Tg) from 262.21 (± 1.11) ◦C to 301.15 (± 1.25) ◦C,
crystallization temperature (Tc) from 335.67 ◦C to 386.32 ◦C, and melting temperature (Tm) from
672.67 ◦C to 697.49 ◦C increased with ZrO2 mol% (from 0.1 to 0.7). The increase in Tg values with an
increase of zirconia is due to an increase in the average crosslink density through non-bridging oxygen
ions (NBO) and the number of bonds per unit volume. In addition, an increase in Tg can also be due to
the increasing aggregation effect of ZrO2 on the glass network and slow mobility of large Zr4+ ions,
which lead to more rigidity of the glass network. The exothermic Tc and endothermic Tm peaks are
also increased gradually with the addition of ZrO2 (of Zr4+ ions (0.72 A ◦)) [15]. Furthermore, it is
found to raise the viscosity of glass with a gradual increase of zirconia content due to the decrement of
NBO’s and/or high ionic field strength [1,3,11].

In the current ZrO2 doped glasses, the glass transition temperature (Tg) and stability (∆T (◦C))
values increased from 262.21 ± 1.11 to 301.15 ± 1.25 and from 73.46 ± 0.45 ◦C to 85.16 ± 0.35 ◦C
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respectively, whereas the Hruby criterion (KH) increased from 0.22 to 0.27 with the content of ZrO2,
which undoubtedly designates the high stability and the good glass-forming tendency of as-prepared
glasses. The obtained results confirm the structural modification and thermal stability of the zirconia
incorporated bioactive glasses.

Table 3. Thermal properties of the ZrO2 containing bioglasses.

Sample Code Tg (◦C) Tc (◦C) Tm (◦C) ∆T (◦C) KH

Z.1 262.21 (± 1.11) 335.67 672.67 73.46 (± 0.45) 0.22
Z.3 271.10 (± 1.30) 349.21 686.92 78.10 (± 0.38) 0.23
Z.5 280.40 (± 1.24) 362.87 691.84 82.47 (± 0.43) 0.25
Z.7 301.15 (± 1.25) 386.32 697.49 85.16 (± 0.35) 0.27
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3.2. XRD Analysis

Figure 3 illustrates the X-ray diffractograms of ZrO2 mixed phosphate glasses immersed in SBF in
0, 1 and 5 days of intervals recorded at the diffraction angle (2θ) in between 10–80◦. Before immersion,
the samples do not show any sharp crystalline peaks, which indicate the non-crystalline nature of the
samples [8] shown in Figure 3a. After immersion, the same samples exhibited prominent crystalline
peaks; this indicates the formation of hydroxyapatite layer (HAp: Ca10(PO4)6(OH)2) on the surface
of the glass samples, due to ion leaching from glass to SBF and vice versa. The intensity reflections
at (1 0 0), (0 2 1), (2 0 0), (0 0 2), (2 1 1), (2 0 3), (5 0 0), and (2 1 5), in accordance with (h k l) values,
are represented formation of the hydroxyapatite layer on the glass surface samples. These intensity
reflections of HAp from XRD patterns were indexed using JCPDS card No: 72-1243. After soaking
for 1 day (Figure 3b), the presence of intense diffraction peaks at 31.74◦ (2 1 1) and 45.32◦ (2 0 3)
in the XRD diffractograms indicates the growth of crystalline calcium phosphate hydroxide [18,19].
With the increasing immersion time (1 day to 5 days), additional peaks are appearing laterally with
the noticeable intense peaks existing during 1 day of incubation. This is predicted due to penetration
of Ca2+ ions into PO4

3− glass network leading to the formation of a crystalline HAp layer on glass
surface [3,10]. Moreover, it is clearly noticed that the peak intensities are increased with the incubation
time and decreased with the concentration of ZrO2, due to the dissolution kinetics of the glass in SBF
solution. This deposition of thin HAp layer over the glasses soaked in physiological fluid can be directly
correlated to their capacity to generate effective chemical bonds with natural bone tissues [20,21].
The attained results from XRD on bioactivity of as prepared bioglasses are also confirmed further by
FTIR and SEM studies.
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3.3. FTIR Spectroscopic Analysis

Figure 4 demonstrates the infrared transmission spectrum of zirconia doped phosphate samples
pre and post immersion in SBF, and the assignment of various bands presented in Table 4. The FTIR
spectra of before soaked samples (Figure 4a) are shown in the characteristic phosphate bands located at
506 cm−1, 752 cm−1, 978 cm−1, 1642 cm−1, 2382 cm−1 and 3464 cm−1. The band at around 506 cm−1 is
attributed to the bending vibrations (PO4

3−) of O–P–O [15,16,22] The absorption bands at 752 cm−1 and
978 cm−1 are due to the (P–O–P) symmetric stretching vibrations of phosphate group [10,23]. The peak
observed at 1642 cm−1 is assigned due to the stretching vibrations of P–O–H groups (water molecule) [9].
A minor peak at around 2382 cm−1 is due to CO3

2− and HCO3
− groups [23,24] and a wide intense

band at 3464 cm−1 is ascribed to the symmetric stretching of O–H groups [9].
After immersion of 1 day and 5 days (Figure 4b,c) in SBF, the spectra showed the presence of

additional bands (phosphate structural group) 557 cm−1, 736–738 cm−1, 916–918 cm−1, 1126–1143 cm−1,
1263 cm−1, 1652 cm−1, 1543 cm−1, 2998 cm−1, 3198 cm−1, 3414 cm−1, 3553 cm−1, along with the bands
before incubation in SBF. After immersion, the band at 555-557 cm−1 represents the HAp typical
bond (PO3

4) of a phosphate group and due to the hydroxyapatite crystallization [25]. The medium
bands 736–738 cm−1 (P–O–P) can be assigned to the pyrophosphate (P2O7)4− group and the bands at
around 916–918 cm−1 are corresponding to the P–O–P stretching vibrations [26]. The strong bands
appearing at 1126–1143 cm−1 are attributed to the PO2 symmetric stretching vibration, which is related
to the calcium phosphate surface layer. The lower band at 1263 cm−1 is assigned to P=O stretching
vibrations/anti-symmetrical vibrations of PO2

– groups. The 1414 cm−1 band is –OH hydroxyl carbonate
group, while the band noticed at 1543 cm−1 band is the deformation of –OH groups [22,25,27].
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Table 4. Assignments of various bands from FTIR spectra of the bioglasses.

Wavenumber (cm−1) Assignments References
0 day 1 day 5 days

506 555 557
~506 PO4

3− O–P–O bending vibrations/P–O amorphous [15,16,22]

~555–557 HAp (PO3
4) [25]

752 736 738 ~752 P–O–P symmetric stretching
~736–738 P–O–P pyrophosphate (P2O7)4− group

[10,23]
[26]

978 916 918 ~978cm−1 P–O–P stretching vibrations
~916–918 P–O–P stretching vibrations

[10,23]
[26]

- 1126 1143 PO2 symmetric stretching vibration [22,25,27]

- 1265 - PO2
− asymmetric group /P=O stretching vibration [22,25,27]

- - 1410 –OH, hydroxyl carbonate group [22,25,27]

- - 1543 –OH groups [22,25,27]

1642 1650 - ~1642–1650 cm−1 stretching vibrations of P-O-H group [9,28]

2382 - - P–O–H group /CO3
2− and HCO3

− groups [23,24]

- 2998 - C–H stretching vibrations [22,29,30]

- - 3198 C–H [22,29,30]

3464 3414 3553
~3414–3464 H–O–H bond /CO3

2− and HCO3− [9,25,29]

~3553 O–H symmetric stretching [25,29]

362



Materials 2020, 13, 4058

The bands appearing between 1642–1650 cm−1 are due to stretching vibrations of P–O–H
group [28] and the bands around 3414–3464 cm−1 and 3553 cm−1 are ascribed to the O–H
symmetric stretching [25,29]. The band at 2382 cm−1 is assigned to the O–H stretching vibrations
of hydrogen-bonded H–O–H groups on the surfaces of the sample. Very small peaks could also
be observed at 2998 cm−1 and 3198 cm−1 due to stretching vibrations in C–H groups [22,29,30].
The entrance of PO3

2–, CO3
2− and OH groups present in the FTIR spectra of the glasses confirmed the

growth of the thin crystalline HCA layer. It was also observed that the intensities of the absorption peaks
increased with an increase of soaking time, as well as the zirconia inclusion in the glass network [15,31].
Moreover, obtain results correlated with the XRD results. Furthermore, the formation of the HAp layer
was confirmed by the SEM-EDS results.

3.4. SEM-EDS Analysis

Figure 5 displays the surface morphology of bioglasses pre- and post-immersion in SBF by
SEM-EDS analysis. The micrographs reveal the precipitation over the samples after incubation,
indicating the formation of the hydroxyapatite (HAp) layer. Morphologies of the Z.5% (Figure 5a)
glass sample before incubation (0-day) in SBF visualize the plane surface by SEM and existence of
minimal elements P, Ca, Zn, Na, Zr and O of the glass by EDS, clearly indicating their amorphous
nature and lack of any precipitation formation of the samples [6]. After 1 day and 5 days of immersion
in SBF, the bioglass surface shows changes in surface morphology (cotton-like structures) and creates
the appearance of additional elements (P, Ca, Zn, Na, Zr, O, Cl, K, Mg) besides the authentic glass
compositional elements, indicating the deposition of apatite layer and therefore, it can be concluded
that the prepared bioglass samples are bioactive. After 1 day, as observed in Figure 5b, the SEM images
exhibited small concentrations of precipitation, as the crystalline nature of the apatite layer is identified
from XRD analysis. SEM images also have been taken for samples after 5 days of immersion, where the
apatite layer on the glass sample surfaces are noticed to be fully covered, and the dense HAp layer
(and also from EDS Ca-P ratios data) has been developed (~39 microns thick) [32]. In addition, there is
an increment in the Ca and P intensity peaks from EDS after immersion in SBF. The obtained Ca/P
ratios of the synthesized glasses are changing from 1.45–1.68 and are very near to human bone Ca/P
ratios [12,33]. This is mainly because of Ca2+, Na+ and phosphate ions releasing from glass surface to
SBF solution and transfer of ions from solution to the glass surface. Moreover, it leads to the easy super
saturation of Ca2+ and PO4

3− ions on the surface of glasses and is favorable for HAp to nucleate and
grow [7]. These obtained results are in good agreement with the above mentioned XRD and FTIR data.

3.5. pH Measurement and Weight Loss Studies

From Figure 6, it can be noticed that the pH values are increased for after immersion in the SBF
solution for 1 day suddenly, while after, there is a gradual reduction of the pH values for five days of
immersion time. The initial raise of pH values of the residual SBF (during the immersion from 0 to three
days) is due to the release of alkali/alkaline ions (viz., Na+, or Ca2+) and even the migration of zirconium
species into the SBF that causes the increase of the basicity of SBF. The detected pH reduction in the SBF
with the rise in the soaking period is owing to the formation of more concentrated phosphoric acid in
SBF and might be the transfer of alkaline Ca2+ ions from SBF to the surface of the sample (to form HAp
layer) [34]. Moreover, it is observed that the pH of the residual SBF decreases slightly with the increase
in content of ZrO2 and obeys the same trend as that of degradation. Figure 7 illustrates the weight loss
of glass samples upon SBF treatment for different time intervals (1 day and 5 days). With an increase in
the immersion time, the gradual degradation of glass samples also increased. Therefore, the accurate
dissolution rate of Z.1 to Z.7 glass samples’ increments is based on the Ca2+ and PO4

3− ions from
samples, due to their dissolution in the SBF solution. As we can see, the weight loss of each bioglass
increased along with the immersion time, but decreases slightly by adding of ZrO2 up to 0.7 mol%
in the phosphate glass matrix and resemble earlier reported literature [35,36]. The slight decrease
in the rate of degradation along with increasing ZrO2 content is observed, which is mainly because
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of highly established cross-linked dense structures and a reduction of the degradation of the glass.
This result implies a strengthening network with the addition of ZrO2 to phosphate glasses [37,38].
These considerable changes occurred in pH, and the weight loss of as-developed bioglasses is necessary
for the development of bone-like apatite.
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4. Conclusions

ZrO2 doped calcium phosphate bioactive glasses were successfully synthesized through the
melt-quenching technique. Thermal parameters such as glass stability (∆T) and Hruby criterion
(KH) values increase with the content of zirconia, which describes the high stability and the good
glass-forming tendency of as-prepared glasses. The formation of the hydroxyapatite layer was
confirmed by structural studies by means of XRD, FTIR, and SEM. The ratio of Ca and P from EDS
is around 1.67, which is almost equal to bone composition and the ability to produce bone-like
apatite structures on the surface. The changes that occurred in pH and weight loss of bioglasses with
immersion time and zirconia content are desirable for the formation of bone-like apatite. In vitro
studies revealed that the ZrO2 incorporated phosphate glasses exhibit high bioactivity relevant for
bone tissue engineering applications.
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