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Abstract: Streptococcus mutans (S. mutans) has been
identiﬁed as a major etiologic agent of human dental
caries and forms a signiﬁcant proportion of oral streptococci in carious lesions. This study investigates the
correlation of surface properties (eﬀect of contact angle
[CA] and free surface energy) on three restorative
materials (zirconia, nickel–chromium–molybdenum alloy
and composites) used in dental prosthetics with bacterial
adhesion to S. mutans. Ten samples of each material
(zirconia, nickel–chromium–molybdenum alloy and composites) of 8 mm diameter and 2.5 mm thickness were
used. Aqueous CA measurements, free surface energy and
bacterial adhesion to the sample surfaces were performed.
Bacterial adhesion is determined by planting samples in
the blood agar cultures and using an electron microscope
(scanning electron microscopy [SEM]). The highest values
of bacterial adhesion are found in composites, followed by
the metal alloy, while the lowest values are observed in
zirconia. Measurements show that zirconia has 17 bacteria;
Ni–Cr–Mo alloy has 65, while the composite has 80
bacteria. The composites showed the highest degree of
bacterial adhesion, compared to the other investigated
materials, which correlates with the free surface energy of
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the samples (24.31 mJ/m2 for zirconia, 31.78 mJ/m2 for
Ni–Cr–Mo alloy and 48.82 mJ/m2 for the composite).
Keywords: Streptococcus mutans, bacterial adhesion,
hydrophobicity, free surface energy, SEM

1 Introduction
Dental implants and prosthodontic restorations are one
of the most routinely used treatment options for the
replacement of missing teeth [1–3]. The oral microﬂora
and its interactions with the implant substrata seem to
have a crucially impact on the long-term success or
failure of dental implants. Once the implant surfaces are
exposed to the human oral cavity, they are promptly
colonized by microorganisms [4–7].
The biological response to the dental implants or
prosthodontic restorations is determined by a number of
physical and chemical features. These features include
mechanical properties and physiochemical properties
such as chemical composition, surface energy, surface
wettability and surface topography [8].
Surface topography plays a very important role in
bacterial adhesion, such as hydrophobicity, free surface
energy, chemical composition and smoothness or roughness of surfaces. Microscopic studies of early dental plaque
formations have shown adhesion of the initial colonized
bacteria along the cracks and pits in the enamel, indicating
the inﬂuence of surface structure on bacterial adhesion [9].
The success of esthetic restorations on a long-term
basis depends on the quality and quantity of the
attached bioﬁlm. Initial attachment and subsequent
colonization of bacteria on the surface of restorative
materials is key to the pathogenesis of secondary caries
promoted in particular by S. mutans and Streptococcus
sobrinus (S. sobrinus). S. mutans has been identiﬁed as
the major etiologic agent of human dental caries and
forms a signiﬁcant proportion of oral streptococci in
carious lesions [10,11].
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The various types of materials and their speciﬁc
textures and physicochemical surface properties inﬂuence
the quantity and quality of microbial colonization [12–15].
Therefore, knowledge of bacterial adhesion and subsequent
bioﬁlm formation (multicellular structures with microbial
cells embedded in the extracellular matrix) is important for
the study of bacterial pathogenicity. The human mouth
provides a unique environment for the formation of
complex bioﬁlms; for example, it hosts more than 1,000
species of microorganisms [16]. Among several microorganisms, bacteria are a major group and are capable of forming
bioﬁlms. Thus, it is important to know the mechanisms
involved in bacterial adhesion in various materials used.
Today, in dental prosthetics, diﬀerent materials are
used, which have diﬀerent physicochemical properties
and act diﬀerently on the bacterial adhesion of S. mutans.
In nickel–chromium alloys, despite the good physical
chemical properties of the material, bioﬁlm formation on
its surface is crucial. The same problem is present in
composite resins used in dentistry; as in some complex
resins, bacterial adhesion is stimulated by the released
residual monomer [17].
This study investigates the correlation of surface
characteristics (eﬀect of contact angle [CA] and free
surface energy) on three restorative materials (zirconia,
nickel–chromium–molybdenum alloy and composites)
used in dental prosthetics with bacterial adhesion (by
means of the test specie S. mutans).

2 Materials and methods
For the purpose of studying the bacterial adhesion of
S. mutans in various dental ceramics, three various
starting materials were used: zirconium (Ceramill, Zolid
FX White, Germany), metal alloy (Kera N, Eisenbacher
Dentalwaren ED-GMBH, Germany) and composite (Sr
ADORO – Ivoclar Vivadent, Liechtenstein). Ten specimens in cylindrical shape (dimensions: 8 mm in diameter
and 2.5 mm in thickness) from all three types of starting
are used during this research. The surfaces of the
specimens were treated with standard polishing methods
as speciﬁed by the material manufacturer.
To form bioﬁlm formations for further analysis, we
used S. mutans bacteria, reference strain ATCC 35668,
which according to the manufacturer’s instructions was
developed in laboratory conditions in Petri dishes with
5% blood agar incubation of the plates at 37°C in an
incubator with microaerophilic conditions at 10% CO2 for
24 h. Bacteria obtained in culture are used to make a



1335

bacterial suspension at a concentration of 0.5 Mc
Farland. The concentration of bacteria in the suspension
is measured with the DensiCHEK Plus-bio Merieux
apparatus. The samples will then be cleaned and sterilized
in an autoclave for 30 min at 121°C. Each set of samples
(3 sets of 10 samples) will be covered with the bacterial
suspension for 15 min at 37°C; the samples were removed
from the suspension and washed with physiological
solution, then incubated in Petri dishes containing the
blood agar culture at 37°C for 48 h under microaerophilic
conditions with 10% CO2. Then, after 48 h, specimens are
prepared for scanning electron microscopy (SEM).
The CA measurements were performed on the basis
of an average of three consecutive measurements of each
sample according to a standard procedure with distilled
water droplets, ethylene glycol and glycerol. CA measurements were made using the See System E instrument with
Software 7.0, Advex Instrument. Measurements were
performed on three types of samples, and the results
were obtained by averaging three consecutive measurements of each sample according to the standard distilled
water drop procedure.
Surface-free energy (SFE) calculations are performed
according to the Owens–Wendt Regression model. For
this purpose, CA measurements were performed on the
basis of an average of three consecutive measurements
of each sample according to a standard procedure with
distilled water droplets, ethylene glycol and glycerol.
To observe the morphology of bacterial adhesion,
specimens are prepared for SEM. The samples were ﬁxed in
2% glutaraldehyde for 24 h at room temperature, washed
three times with buﬀer phosphate solution (pH 7.4) and
dehydrated through a series of sorted ethanol solutions
(20%, 40%, 60%, 80% and 100%). The samples are then
dried, coated with gold spray and scanned using an electron
microscope VEGA3 LMU coupled with energy-dispersive
X-ray spectroscopy (INCA Energy 250 Microanalysis
System). The accelerating voltage of the SE detector was
set to 20 kV.
XRPD analysis was performed on Rigaku Ultima IV
X-ray diﬀractometer equipped with D/teX high-speed
1-dimensional detector using CuKα radiation (λ =
1.54178 Å) in 2θ range from 5° to 60°. The accelerating
voltage and the current power were set to 40 kV and
40 mA, respectively.
The chemical compositions of the starting materials
as provided by the producer for all three starting
materials are shown below (Table 1).
Ethical approval: The conducted research is not related
to either human or animal use.
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Table 1: Chemical composition of starting materials
Materials

Manufacturer

Composition

Zirconium
Metal alloy
Composites

Ceramill* Zolid fx white, Germany
Kera N, Eisenbacher-Dentalwaren ED-GMBH, Germany
Sr ADORO, Ivoclare Vivadent, Liechtenstein

Y2O3 (9.15–9.55%), HfO2 (<5%), Al2O3 (<0.5), others (0.1%)
Ni (61.4%), Cr (25.9%), Mo (11%), Si (1.5%), others (<0.1%)
Uretan dimetakrilat (UDMA), (SiO2, 70%)

3 Results and discussion
3.1 XRPD analysis of the starting materials
The XRPD analysis (Figure 1a) shows the presence of
amorphous phase present in the sample, manifested
with a wide bump in the region 15–30° 2θ. This bump is
due to the amorphous silica [18,19]. Evident is the
presence of crystalline phases: quartz in the following 2θ
26.58° (d 3.35 Å), 50.10° (d 1.81 Å) and 59.70° (d 1.54 Å)
[20,21]; peaks at 30.10° (d 2.96 Å) and 34.82° (d 2.57 Å)
due to the presence of cubic zirconia. Figure 1b shows
the presence of two peaks at 43.86° (d 2.06 Å) and 50.86°
(d 1.79 Å) as a result of the Ni–Cr–Mo alloy present in the
sample. Figure 1c depicts crystalline behavior of the
sample manifested by the appearance of peaks characteristic for cubic zirconia as well as quartz peaks. The
peaks at 2θ 20.92° (d 4.24 Å) and 26.70° (d 3.34 Å) are
due to the presence of quartz, while 30.20° (d 2.95 Å),
35.06° (d 2.55 Å), 50.26° (d 1.81 Å), 59.82° (d 1.54 Å) and
62.72° (d 1.47 Å) are as a result of cubic zirconia [20–22].

Table 2: CA of zirconium, metal alloy and composite
Specimen

CA (°)

Zirconium
Metal alloy (Ni–Cr–Mo alloy)
Composite

90.34
86.41
87.59

3.2 CAs and free surface energy
Table 2 shows the results of the CA for the three tested
samples (zirconium, alloy and composite). Based on the
CA measurements, the following is observed: the highest
CA is observed with zirconium sample. The CA of the
metal alloy is characterized by a CA lower by 4.35% than
the zirconium sample, while the CA of the composite
material is characterized by an even lower angle by
3.04%. This observed diﬀerence is not statistically
signiﬁcant. Therefore, based on the measurements
made, the following can be concluded: based on the
CA measurements, it can be concluded that the most
hydrophobic characteristics are the samples with ordinal
numbers: 1, 3 and 2.
Table 3 shows the results of the SFE of three tested
samples subject of this in vitro study. The data obtained
from the SFE according to the OWR model show highly
signiﬁcant diﬀerences among the diﬀerent materials.
From the measurements of the SFE, it can be concluded
that the highest values show the samples in ordinal
numbers: 3, 2 and 1. These results, especially the CA for
the composite, are most likely due to the amorphous
matter present in the sample (Figure 1a).

Table 3: SFE of zirconium, metal alloy and composite

Figure 1: XRPD of a – composite (Q – quartz, Z – zirconia), b – alloy
(A – Ni–Cr–Mo alloy) and c – zirconium (Q – quartz, Z – zirconia).

Specimen

SFE according to
OWR model [mJ/m2]

Zirconium
Metal alloy (Ni–Cr–Mo alloy)
Composite

24.31
31.78
48.82
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Figure 2: SEM micrographs of a – zirconia composite, b – metal alloy, c – composite.

3.3 SEM analysis

4 Conclusions

The SEM micrographs of the surfaces of zirconium, metal
alloy and the composite are shown in Figure 2. Based on
the provided results, it is observed that the surfaces of all
three materials are remarkably diﬀerent. The composite
seems to be with the smoothest surface, while zirconia
has a rigid surface topography.
While surface morphology plays a crucial role in
the process of bacterial adhesions; in this study, the
opposite is observed. Although the rigidness of the
surface of zirconia is clearly observable compared to the
other two, yet the average number of bacteria is
observed to be signiﬁcantly higher in the composite
material. Table 4 shows the results obtained based on
the number of bacteria developed in all three specimens.
It is evident that the number of bacteria in metal alloys is
around 3.8 times higher than zirconia, while this number
is around 4.5 times higher in the composite material.

This in vitro study evaluated the bacterial adhesion of S.
mutans to zirconia, nickel–chromium–molybdenum alloys and composite materials. The obtained results show
diﬀerent values of CA, free surface energy and bacterial
adhesion for all three materials. No correlation was
found between CA and bacterial adhesion, whereas SFE
correlated with bacterial adhesion, so that with increasing free surface energy, the bacterial adhesion of S.
mutans increased. The analysis of the susceptibility of
the selected dental materials to the adhesion of microorganisms as part of this study showed that the
composite material is more susceptible to the adhesion
of microorganisms. The hydrophobicity of the surfaces
shows no association with bacterial adhesion in the test
materials, whereas the free surface energy is correlated
with the bacterial adhesion of S. mutans. Diﬀerences in
the adhesion of microorganisms to the surface zirconia
vs composite were statistically signiﬁcant. Based on the
above-mentioned results, it can be concluded that
zirconia as dental ceramics has the lowest values for
the presence of bacteria, followed by nickel–chromium–molybdenum alloy, while the highest values are
found in the composites.

Table 4: Number of bacteria in diﬀerent specimens (zirconium,
metal alloy and composite)
Specimen

Number of bacteria

Zirconium
Metal alloy (Ni–Cr–Mo alloy)
Composite

17
65
80
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