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Abstract: A significant part of the research and production activities is represented in the field of
bioengineering by the biomaterials used in hard tissue restorations. They are of great interest in dental
science, intending to improve technological aspects, monitoring their biological responses to the living
organisms, but also to redesign economic aspects, beginning with the choice of raw materials. In the
present work, light-curing composite biomaterials were made from a composite polymer matrix
consisting of specific concentrations of bisphenol A-glycidyl methacrylate base monomer (Bis-GMA), a
mixture of two co-monomers, triethylene glycol dimethacrylate and ethoxylated bisphenol A-
dimethacrylate (TEGDMA/BISEMA), and two alumina nanopowder concentrations (5 wt.% and 10
wt.%). These materials were mechanically tested for flexural strength and compressive strength. The
structural analysis of these materials consisted of SEM microscopy and EDX elementary mapping. In
order to extract 3D projections of sample surfaces, but also to produce indicative values of their
roughness, the SEM micrographs were processed with open-source software. In order to observe a clear
evolution of the mentioned properties, the composite biomaterials were compared with materials formed
only with the Bis-GMA/TEGDMA/BisEMA composite, and with a commercial composite resin, Filtek™
Supreme Ultra Universal Restorative, also. The findings showed an increase in the mechanical
properties of the materials manufactured concerning the concentration of nanoparticles of aluminum.
EDX analyzes confirmed the good homogeneity of nanoparticles in the polymer matrix. Mechanical
properties of the manufactured nanocomposite biomaterials were reported 28.8 % higher than the
control biomaterial. The comparison results with the commercial resin composite are encouraging.
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1. Introduction

Biomaterials are advanced materials, created to be used as a biocompatible interface with the human
body, in the form of medical devices, implants and prosthetic systems [1], without being rejected by the
human body [2-5].

The dental materials used in dentistry are varied, with different compositions, indicated depending
on the therapy to be followed. Among the most notable biomaterials are synthetic, organic or inorganic,
namely polymeric [6] and ceramic [7,8]. Of course, these two types can be combined to form composite
biomaterials.

The idea of using resins in dental implantology is at a mature stage, with good potential in making
products, such as prosthesis bases, artificial teeth, temporary prostheses, gutters, sealants, etc., due to
the satisfactory properties of abrasion resistance, light polishing, minimum shrinkage [9,10] and
compatibility with the tissues on which it aggregates [11].
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Although they do not have the strength and aesthetics of porcelain restorations, they add to the
financial aspect, being a cheap variant of a prosthesis. Examples of resins used in the dental field, both
in research and production, are epoxy [12], urethane-dimethacrylate (UDMA) [13], bisphenol Aglycidyl
methacrylate (Bis-GMA) [14], triethylene glycol dimethacrylate (TEGDMA) [15], to name a few. A
breakthrough was the discovery of composite resins [16]. Currently, on the market, there are
combinations of additive resins with inorganic matter (microparticles, nanoparticles), such as Filtek™
Supreme Ultra Universal Restorative (3M Oral Care), Vertise Flow (Kerr Corporation), Beautifil 11
(Shofu, Inc.), etc. Composite resins contain particles or hybrids of nano/microparticles in the filler that
give properties in the working phase but also superior functional characteristics [9]. The majority of
these additives are ceramics.

Ceramics are often used in dental applications and are experienced in bone tissue engineering
applications [17]. An example of a common ceramic for dental applications is alumina [18].

Polycrystalline alumina (Al2O3) has been used in biomaterials for more than 20 years [7] and is
recognized as an inert material [8]. Due to the excellent resistance of alumina to corrosion, mechanical
testing and wear, as well as good biocompatibility [19], this type of ceramic was the choice of this
paper, is used in the form of nanoparticles.

In bioengineering, the use of nanoparticles in common products has been studied for almost 30 years
[9], proving an excellent potential in covering gaps in research into new materials for dental
reconstructions. Nano-additives, in particulate form, are incorporated into composite dental resins to
provide restorative properties closely identical to a natural tooth, such as strength, appearance and
adherence, also [11].

During the study of the effect of alumina nanoparticles on Bis-GMA/TEGDMA/BiSEMA properties,
the authors chose to opt for the use of two concentrations, 5 wt.% and 10 wt.%. The nano-composite
resins were compared both with each other and with a control resin (pristine) and a commercial one.

After these nanoparticles have been incorporated into the polymeric matrix, the objective of this
paper was to observe differences in the characteristics and mechanical properties of the potential dental
reconstruction material. It is accepted globally that the longevity of dental restoration depends on the
mechanical properties of the composite resins [20].

The novel aspects of the present study aim at customizing the structure of composite materials
commonly used in dentistry by introducing alumina nanoparticles, comparing the results obtained with
a representative composite material with wide use in practice, the concept of structural modifications
being in full agreement with the particularities of masticatory forces, in conjunction with the location of
the dental restoration, in order to achieve the aesthetic-functional balance.

The influence of pure alumina on the general properties of the proposed resin system, more
specifically the mechanical properties, has not yet been discussed, from the knowledge of the authors.

2. Materials and methods
2.1. Materials

All materials were used as received, without further purification. As the base monomer of the resin
matrix, bisphenol Aglycidyl methacrylate (Bis-GMA, C29H3608, molecular weight = 512 g-mol™) was
used. The co-monomers of choice were triethylene glycol dimethacrylate (TEGDMA, C14H2206,
molecular weight = 286 g-mol™) and ethoxylated bisphenol-A dimethacrylate (BisEMA, C39H4408,
molecular weight = 468 g-mol™?) and used in equal parts. To increase photopolymerization of the resins,
very low concentrations (0.2 wt.%) of camphorquinone, as a photosensitizer, and ethyl 2,4-
dimethylbenzoate, were used. These materials were purchased from Sigma Aldrich. The alumina
nanoparticles (a-Al20O3, 99.99% purity, 30 nm, MSE Supplies) were received in nanopowder form.
Filtek™ Supreme Ultra Universal Restorative (3M Oral Care) [21] was purchased as a modern
commercial biocomposite and used as a comparison to the materials produced.
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2.2. Manufacturing of biomaterials

All materials were mechanically mixed for 24 hours in an enclosure isolated from any type of light
source and stored for 48 hours at room temperature under the same conditions before being used. This
method allows the gas particles to exit the viscous solutions that have taken place during the mixing
process. Light-curing procedures were similar to all specimens with the help of a LED (light-emitting
diode) poly wave transmission curing device (Bluephase Style, Ivoclar Vivadent AG) in single exposure
for 60 s at their center.

A total of five samples were prepared for each type of analysis of the resin composite systems tested.
Using an ultrasonic bath, the samples were cleaned for 5 minutes and stored in distilled water at 37 °C
for 48 h until testing. Using a microscope slide, the pre-composition was made by light pressing into
specific moulds, the dimensions of the resulting resins varying according to the analysis. The codes for
the manufactured materials, as well as details of the composition and dimensions of nanomaterials, are
provided in Table 1.

Table 1. The obtained composite materials and the concentrations of alumina

nanoparticles added to the pre-polymerized solution for the studies of this work
Filler concentration

Material code Resin composition Filler [Wt%%]
MO Bis-GMA, TEGDMA,
BisEMA, 50:25:25
Bis-GMA, TEGDMA,
M1 BiSEMA, 50:25:25 o-Ale0z, 30 nm S
Bis-GMA, TEGDMA,
M2 BiSEMA, 50:25:25 0-Al203, 30 nm 10
20 nm silica/ 4 to 11 nm zirconia (non-
Filtek™ Supreme Ultra Bis-GMA, UDMA, agglomerated/ non-aggregated), and 795
Universal Restorative* TEGDMA, BisEMA aggregated, 20 nm silica and 4 to 11 nm '
zirconia particles

* Information reported by manufacturers

The decision to use the 50:25:25 ratios between the monomer and the two co-monomers was made
after examining the experimental analysis results of Goncalves et al [15], where they reported that the
best combination, from a mechanical point of view, is for the two co-monomers to be added to the
mixture in equal quantities, the basic monomer representing the greater part of the material.

2.3. Experimental procedures

The materials were characterized using advanced analysis methods from a structural, chemical and
mechanical point of view. A scanning electron microscopy SEM was used to analyze surface structures
(Vega-3, Tescan). X-ray scattering (EDX) coupled with the SEM microscope was used to analyze the
elemental mapping of the key elements.

3D projections (30x30 pm) were created to better understand the topography of composite materials
based on SEM surface images, which better highlight the differences in roughness [22]. These
projections were possible with the ImageJ open-source software (Interactive 3D Surface Plot plug-in)
which uses grey differences of the SEM images. Additionally, it was possible to determine exact
roughness values with the aid of this software, but with the SurfCharJ plug-in. This is a good
characterization method, at least when it's not possible to access an AFM equipment. Several SEM
microscopes with software already equipped with this projection option [23] are available as well.

Using a Universal Instron test machine, the mechanical properties of the manufactured composite
and nanocomposite resins were measured using 1SO 604 [24] and 1SO 4049 [25] standards. Compression
tests were conducted on specimens using a cylindrical split Teflon mold with a diameter of 4 mm and a
height of 8 mm. Compression was applied at 0.25 mm-min cross-head speed with a load of 50 kN until
material failure, extracting compressive strength [MPa] data from the test instrument's specialized
software. A three-point bending test was used to determine the flexural strength [MPa], with a crosshead
speed of 0.5 mm-mint and a span between supports of 6 mm, until sample failure. The samples were
manufactured using a different Teflon mould with a rectangular shape measuring 2 mm in height, 2 mm
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in width and 25 mm in length. After removing any remaining flash, the polymerized samples were stored
in distilled water as discussed.

3. Results and discussions

In the scanning electron microscopy of the composites produced, as seen in Figure 1, the surface of
the materials showed a homogeneous texture. In the case of nanocomposite resins modified by the
blending of alumina nanoparticles, the presence of nodules is quite apparent, especially at higher
concentrations. This is a visual indicator of the presence of nanoparticles in the polymer matrix.

In the case of the Filtek™ Supreme Ultra composite, the highest number of nanoparticles is visible
on the surface. This is due to the fact that this material has the highest concentration of nanoparticles
among all the composite resins studied, fact is proven by SEM images (Figure 1, Supreme Ultra) and by
EDX mapping (Figure 3, Si element, (Supreme Ultra) and Zr element (Supreme Ultra)).

Supreme Ultra

- -

Figure 1. Scanning electron micrographs of the surfaces
of the studied composite samples (magnification 1500x)

Visually, when analyzing the 3D images of the studied composites, it is shown a clear difference
between samples. Commonly, all composites are passed through a finishing process to be in a polished
state before characterization. Here, a direct study of roughness is not convenient, but mostly to
demonstrate that all materials have similar luster [26]. Also, a lower roughness indicates a lower risk of
bacterial accumulation inside the valleys of the materials [6].

Because the samples were not polished, the roughness analysis was significant from a contraction
stress point of view of the resins at the time of polymerization [14]. Since nanoparticles do not have this
attribute, resin monomers can shrink around them, resulting in nanoparticles being distinguished on
composite surfaces, as observed in Figure 2. In the case of the control sample (MO, without
nanoparticles), the roughness has the lowest value (Table 2), which is also rational since the contraction
is uniform over the entire surface of the sample. In the case of Al.Os-modified bioresins (M1 and M2),
a higher concentration of nanoparticles can result in greater roughness values, achieving values
comparable to those of commercial nanocomposite resins.
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Supreme Ultra .

Figure 2. 3D representation based on the SEM surfaces of materials

EDX mapping is a good way to determine the homogeneity of the filler in a polymeric matrix [17].
All the composites showed a very good dispersion of nanoparticles in the material, as can be seen in
Figure 3. For a large number of reasons, this aspect is very significant, particularly when the composite
is under mechanical stress. In a filler-polymer chain bond, the formation of a good stress transfer can

lead to higher mechanical resistance, and good homogeneity of the filler leads to a more uniform stress
distribution.

Figure 3. SEM-EDX maps for the Al
element of the surface of composite
g _ k! _ _ _ materials containing 5 wt.% and
Siclement iSupreare Liira) g Al clemeat (M5 wt.% ALO,) 10 wt.% Al>O3 nanoparticles, and maps
R ' L P, for Si and Zr elements of the surface of
Filtek™ Supreme Ultra composite
material. Magnification 1500x

Lr element {(Supreme Lltra) Al element (42, 10 wi % AlD,)

The means and standard deviations of the compressive test are shown in Table 2. It is seen that the
compressive strength increases with the addition of nanoparticles into the composite resin, resulting in
an increase of 28.8 percent compared to the control material. Flexural strength is consistent with the
same trend, but with lower values. Mechanical control of nanocomposite resins is strongly related to the
polymer chain-nanomaterial bond [27], which results in more uniform stress distribution and will
minimize the occurrence of stress concentration, clearly leading to significant mechanical properties
optimization of the resulting composites. Also, the uniform dispersions of the nanomaterials in the resin
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matrix enhanced the mechanical properties. Although for this study the amount of alumina nanoparticles
was not high, mechanical properties were significantly improved.

The logic for which the compressive strength is higher than the flexural strength is that the
nanoparticles are pressed on top of each other, pushing the stress more efficiently between them and the
polymer chains. In the case of flexural stresses, nanoparticles move away from each other leading to the
moment when defects appear that gradually cause the material to collapse. A higher number of
nanoparticles will produce stronger polymer chains, leading to delays in the appearance of microcracks,
confirming that materials with high filler content have more favorable mechanical properties.

Table 2. Mechanical tests and surface roughness analysis of materials.

. Ra: roughness Rq: roughness root mean
Material Compressive Strength Flexural Strength arithmeti(?al mean | squa?re deviation*
[MPa] [MPa] deviation*
eviation
MO 234.803 + 11.209 100.177 + 13.584 6.651 +1.213 8.897 £ 0.975
M1 268.874 + 15.667 116.769 + 9.006 13.193 £ 2.478 16.896 + 3.098
M2 312.935 +19.051 140.698 + 22.121 15.071 £2.122 19.438 + 3.617
Filtek™ Supreme
Ultra Universal 343.967 £19.643 159.281 + 18.136 13.627 + 3.032 19.768 + 2.581
Restorative*

*units are expressed in pixel intensity

Filtek™ composites have a better response to mechanical tests due to the more complex nano-hybrid
silica and zirconia system, mainly based on a wide range of nanoscale dimensions. The higher
discrepancy between the various types of nanoparticles and the monomer chains increases further the
polymer strength [6].

4. Conclusions

Under the conditions of this study, between the two alumina concentrations, it can be concluded that
increasing the concentration of nano-particles, up to 10 wt.%, is a better contributor to overall
mechanical properties. Based on experimental learning from the commercial dental biorensin, Filtek™
Supreme Ultra Universal Restorative, the choice of nanoparticle size could represent an important factor
in the bioresin manufacture, which can represent further investigations in the case of alumina effect on
the mechanical properties of resins.

In the study of dental restoration materials, and not only chemical, physical and biological aspects,
the mechanical behavior of these materials is also, to say the least, very important. Understanding the
limits of composite or nanocomposite resin from a mechanical point of view, it is crucial to determine
the period of active service.

The biocomposite materials obtained have good potential for their use in dental restoration work.
However, research is needed to continue in order to observe the effects of these materials in different
biological environments, in vitro and in vivo.
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