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Abstract: This article explores the properties of composite materials employed in dental fillings. A
traditional nano-hybrid composite containing nanofiller particles exceeding 82% by weight served as
a benchmark. The remaining samples were fabricated from ormocer resin, maintaining an identical
nanofiller content of 84%. In all specimens, the nanoparticles were dispersed randomly within the
matrix. This study presents findings from investigations into surface geometry, hardness, wettability,
and tribological behavior. The microscopic observations revealed that ormocer-based samples exhib-
ited greater surface roughness than those composed of the traditional composite. Hardness testing
indicated that both ceramic addition and sample preparation significantly influenced mechanical
properties. Ceramic-enhanced samples demonstrated superior hardness, surpassing the reference
composite by 30% and 43%, respectively. Contact angle measurements revealed hydrophilic char-
acteristics in the classic composite, contrasting with the hydrophobic nature of ceramic-containing
samples. Tribological evaluations revealed the superiority of the classic composite in terms of friction
coefficients and volumetric wear compared to ormocer-based materials.

Keywords: dental composites; ormocer resin; surface texture; hardness; wettability; friction; wear

1. Introduction

Modern dentistry offers a range of advanced materials capable of restoring both the
function and esthetics of teeth, such as the shape and color of damaged tissues. These solu-
tions are tailored to the individual needs and expectations of patients, and dental services
not only provide therapeutic benefits but also enhance the quality of life [1]. Materials
used for dental fillings must possess suitable mechanical, tribological, and physicochemical
properties while maintaining biocompatibility with natural tooth tissues.

When designing new dental composites, it is crucial to achieve composites with a
low coefficient of friction and minimal wear while exerting minimal influence on the
wear of opposing tooth tissues. To reduce wear and the coefficient of friction of dental
materials, the composition of the fillers used is intensively modified [2]. The latest literature
indicates a significant impact of nanoparticles on the structure and performance properties
of composites. Compared to commonly used macro- and microparticles, nanoparticles are
characterized by uniform dispersion in the resin on a nanoscale. As a result, nanocomposites
exhibit greater hardness and wear resistance. Additionally, the presence of nanoparticles
contributes to a reduction in polymerization shrinkage, a decrease in water absorption, and
an increase in the likelihood of achieving a smoother surface due to polishing [3,4].

A key aspect of designing new dental composites is achieving materials with low
friction coefficients and wear resistance, ensuring longer service life and minimal impact
on the wear of opposing tooth tissues. Dental composites should exhibit a synergistic
interaction with natural tooth tissues. To improve these properties, the composition of the
fillers used is continuously modified, with the use of nanoparticles playing an increasingly
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important role. Nanoparticles, due to their uniform distribution in the resin matrix, sig-
nificantly improve the hardness, wear resistance, and esthetic properties of composites.
This distribution, on a nanoscale, allows for the creation of a more homogeneous structure,
which reduces stress concentration and improves the strength of the material. The large
specific surface area of nanoparticles enables better bonding with the matrix, increasing
adhesion between the components of the composite. The use of nanoparticles also improves
the esthetic properties of dental composites, as they have the ability to scatter light in a
manner closer to that of natural tooth tissue. When reconstructing teeth in visible areas,
using nanocomposites allows for better color matching and translucency. Additionally, the
use of nanocomposites increases durability and reduces the risk of material degradation, as
they exhibit higher resistance to chemical agents present in the oral cavity, such as acids
and enzymes. All these aspects are crucial for the long-term success of dental treatment.
Modifying dental composite fillers by introducing nanoparticles into the polymer matrix
represents a modern approach to improving the quality and effectiveness of materials used
in dentistry [4–6].

The literature features extensive research on nanofiller-reinforced dental compos-
ites [7–11], yet the diversity of components complicates direct comparisons of their perfor-
mance characteristics.

The researchers in [12] examined how adding silica nanoparticles to ceramic–polymer
composites affected their mechanical and wear-and-tear properties. They focused on how
the type, amount, and size of the filler particles influenced the overall performance of
the composite. The researchers primarily used silica powder with particles 5 ÷ 10 µm
in diameter and a density of 2.38 g/cm3. They incorporated a nanofiller, silanized silica
R709, with particles measuring 40 nm and a density of 2.20 g/cm3. The organic component
consisted of methacrylate monomers: Bis-GMA and TEGMA. The filler constituted 55–60%
of the composite’s volume. The prepared samples were solidified using a light-activated
polymerization process.

Vickers microhardness testing revealed that adding nanofillers enhanced the com-
posite’s hardness. Samples composed entirely of micro-silica powder, with 60.7% filler,
exhibited a hardness of 58.8 kPa. However, when 15% of the filler was replaced with
nanopowder, the hardness increased to 65.5 kPa, exceeding the original hardness by over
10%. Wear-and-tear evaluations demonstrated that samples containing both micro- and
nano-silica powders, with a total filler content of 60% and 10% nanopowder, exhibited
the lowest wear. Furthermore, the friction coefficients were lowest when 10% of the filler
consisted of nanopowder. According to these authors, the addition of SiO nanopowder
has a positive impact on microhardness and tribological properties, with the best results
obtained at 10–15% volume of the composite.

In [13], the authors also investigated the tribological properties of ceramic–polymer
composites. The composites had an organic matrix comprising a mixture of Bis-GMA,
TEGDMA, and DEA-EMA resins, and a system of photoinitiators and stabilizers. The
authors introduced powdered fillers such as fluoride, nanosilica (n-SiO2), and a friction
modifier—polyethylene (PE)—into the organic matrix. The fillers underwent a silanization
process in a silane solution. This process involved depositing active silane groups onto the
surface of the filler particles in a vacuum evaporator. After homogenization, the composites
were cured in PTFE molds for 40 s. Friction tests were conducted on a specially designed
dental friction simulator—a pneumatically controlled pin-on-disc tribological tester operat-
ing in reciprocating motion under lubrication with a pH 6.8 solution, corresponding to the
pH of human saliva. The counter sample was human enamel embedded in an aluminum
frame. The results showed that both the strontium fluoride-based composite and the ytter-
bium fluoride-added composite exhibited similar friction coefficient values, with slightly
lower values recorded for the composite with added ytterbium fluoride. Simultaneously,
greater linear and volumetric wear was recorded for this material. During the study, the
authors observed that the wear of ceramic–polymer composites intended for permanent
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dental fillings depended on the type of powdered filler and was lower for a composite with
strontium fluoride.

Studies [14–21] indicate that the tribological properties of dental resin-based compos-
ites are significantly influenced by the morphology, homogeneity, and concentration of
inorganic fillers. The authors of [16] investigated the effect of hydroxyapatite (HA) parti-
cles on the tribological behavior of resin-based composites. They found that a composite
containing 0.4% by volume of filler particles exhibited optimal hardness, reduced wear,
and a lower coefficient of friction. In addition to HA particles, [17] explored the effect of
reinforcing the polymer matrix with two distinct types of ceramic particles, alumina and
silica. The authors concluded that incorporating alumina into the polymer matrix enhances
wear resistance. In turn, [18] observed that composites with organic fillers demonstrated
the lowest coefficient of friction and wear.

Recent studies have dealt with the application of nanomaterials to different medicine
areas, which has led to a new discipline known as nanomedicine. Nanotechnology has the
potential to revolutionize the field of healthcare diagnostics by improving the accuracy,
sensitivity, and speed of medical tests. Polymer nanocomposites offer new opportunities
for modern medicine to generate products for antibacterial treatment [22], tissue engineer-
ing [23], cancer therapy [24], medical imaging [25], dental applications [26], drug delivery,
etc. [27]. There are also potential uses in designing medical tools and processes for the new
generation of medical scientists.

This study comprehensively characterized the surface layer and mechanical/
physicochemical properties of materials used for dental fillings. A key aspect was eval-
uating their tribological behavior when lubricated with artificial saliva. The innovative
approach involved applying materials in single or multiple layers and conducting tests at
37 ◦C to mimic oral conditions.

2. Materials and Methods

The NHO-1 and NHO-4 test materials were made of ormocer resin. These materials
have indications for single-layer restorations up to 4 mm. They consisted of nanoscale par-
ticles and did not differ in filler content, with the filler particles being randomly dispersed
in the matrix (in all tested composites). The NH sample, on the other hand, served as a
reference material with a nano-hybrid structure containing nanoparticle fillers. Samples
were prepared according to the manufacturer’s recommendations. The characteristics of
the composite resins used are presented in Table 1.

Table 1. Test materials were prepared according to the description below.

Parameters
Materials

NH NHO-1 NHO-4

Sample Classic
composite

Bulk fill
one layer Bulk fill four layers

Type Nano-hybrid Nano-hybrid
ormocer

Nano-hybrid
ormocer

Matrix and filler Based on
silicone dioxide

Based on
silicone dioxide

Based on
silicone dioxide

Filler content (%by weight) >82 84 84

For NHO-1 and NHO-4 (VOCO, Cuxhaven, Germany), each 0.5 mm thick layer was
applied directly from the package and then condensed using dental instruments (a flat
plastic tool) for 60 s. A flat plastic tool is a basic dental instrument used for applying
and modeling fillings. It has two tips: a spatula and a ball. The spatula is suitable for
applying the material, modeling the cusps, and giving the filling its final shape. The ball
end (a ball burnisher) works perfectly when condensing the material. The first layer was
applied directly to the surface of the metal piston, and then, using an LED Translux Wave
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lamp (KULZER, Hanau, Germany) with a power of >1200 mW/cm2 and a wavelength of
440–480 nm, the first 0.5 mm thick layer was irradiated for 60 s. Subsequent portions of the
composite were applied to the already polymerized layers and irradiated again. For each
irradiation, the SoftStart function was used (this involves starting the polymerization with a
relatively low-intensity light, which gradually increases during the device’s operating cycle).
Before each use of the lamp, its power was checked using the measuring device installed
in the lamp base. Samples were produced using the composite at room temperature. The
NH material (Megadenta, Radeberg, Germany) was prepared as a single 3 mm thick layer.
It was applied in a single portion directly to the device piston and then condensed using
dental instruments for 120 s (a flat dental condenser and a ball condenser). The thickness of
a single layer was permissible by the manufacturer according to the instructions (a layer up
to 4 mm thick). Then, using an LED Translux Wave lamp with a power of >1200 mW/cm2

and a wavelength of 440–480 nm, the entire 3 mm thick layer was irradiated for 60 s.
The samples were prepared using a device (Figure 1) designed for creating individual

color guides for composite or porcelain materials. This tool enabled the production of discs
with a diameter of 12 mm and a thickness of 3 mm. Thanks to the design of this tool and
the embedded scale, it was possible to precisely measure the thickness of each individual
layer applied to create the final sample in the form of a disc.

Figure 1. A device for creating custom composite samples.

A single operator prepared the test materials and avoided using additional dental
equipment for polishing (Smile Line USA Inc., Wheat Ridge, CO, USA) after polymerization.
The final layer was condensed and smoothed with a dental flat plastic tool to achieve
smooth surfaces. The geometric structure of the surfaces before the tribological tests
was observed using a DCM8 confocal microscope (Leica, Geneva, Switzerland). Surface
topography analysis was performed based on 3D axonometric images, surface profiles,
material composition curves, and selected amplitude parameters (Sq, Sv, Sp, Ssk, and
Sku). The surface area under analysis was 0.157 mm2. The results of the experiments are
presented in Section 3.1.

To determine the mechanical properties, an ultra-nanoindentation hardness tester
(UNHT) (Anton Paar, Baden, Switzerland) and a Berkovich indenter were employed in the
instrumental indentation method. Hardness, Young’s modulus, plastic work, and elastic
work were calculated from the load–displacement curve. A constant loading and unloading
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rate of 100 mN/min, a maximum load of 50 mN, and a 5 s hold were used. The results of
these tests are presented in Section 3.2.

Wettability was assessed using an Attention Theta (Biolin Scientific, Tietäjäntie, Fin-
land) optical tensiometer and the sessile drop method. A 4 µL droplet of demineralized
water and artificial saliva solution was placed on the sample surface, and the contact angle
was immediately measured. Average angle values were determined from five sets of mea-
surements. The tests were conducted at a temperature of 23 ± 1 ◦C and 55 ± 5% humidity.
The results are presented in Section 3.3.

Tribological tests were performed using an TRB3 tribometer (Anton Paar, Baden,
Switzerland). The tests were conducted in reciprocating motion under simulated saliva
lubrication at 37 ◦C. The test parameters included a load of 1 N, frequency of 1 Hz, stroke
length of 3 mm, angle of 60◦, and 10,000 cycles of friction. A schematic of the friction
junction is presented in Figure 2. The results are presented in Section 3.4.

Figure 2. Friction pair.

The counter sample in the tested friction junctions was a 6 mm diameter ZrO2 ball
(Table 2).

Table 2. Mechanical and physicochemical properties of ZrO2 [28].

Resistance To

Vickers
Hardness,

GPa

Bending
Strength,

MPa

Thermal
Shock,

◦C

Chemical
Exposure

Thermal
Expansion
Coefficient,
×10−6/◦C

Thermal
Conductivity,

W/(m × K)

13 1000 280 good 7.7 3

The chemical composition of the lubricant is presented in Table 3.

Table 3. Chemical composition of the lubricant—artificial saliva [29].

Artifical Saliva, g/dm3

NaCl KCl CaCl2 × 2H2O NaH2PO4 ×
2H2O Na2S × 9H2O Urea

0.4 0.4 0.795 0.780 0.005 1.0
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Following tribological testing, the samples were subjected to microscopic observations.
The measurement area for each sample was 800 by 1000 µm. The study determined the
volumetric wear of the wear tracks. To complement the study, amplitude parameters within
the wear tracks were determined. The parameters were analyzed on areas of 150 by 200 µm
and compared to values outside the wear track. The results are presented in Section 3.5.

3. Results
3.1. Confocal Microscopy Results

Figures 3–5 present 3D isometric views (a), material ratio curves (b), and mean primary
profiles (c). Additionally, core roughness parameters were determined based on the material
ratio curves: Sk—core roughness depth, Spk—mean peak height above the core roughness
level, and Svk—mean valley depth below the core roughness profile (Figure 6).

Figure 3. NH—axonometric image 3D (a), material ratio curve (b), primary surface profile (c).
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Figure 4. NHO-1—axonometric image 3D (a), material ratio curve (b), primary surface profile (c).

Figure 5. NHO-4—axonometric image 3D (a), material ratio curve (b), primary surface profile (c).
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Figure 6. Core roughness parameters.

Amplitude parameters of the mean profile were determined to supplement the study.
The results are shown in Table 4.

Table 4. The parameters of surface texture.

Parameter
NH NHO-1 NHO-4

Mean Stand. Dev. Mean Stand. Dev. Mean Stand. Dev.

Sq [µm] 0.21 0.02 1.58 0.15 1.53 0.15

Sv [µm] 1.66 0.16 4.58 0.45 3.84 0.45

Sp [µm] 1.81 0.19 4.91 0.23 4.45 0.23

Ssk −0.05 0.27 0.69 0.25 0.68 0.25

Sku 4.27 0.45 2.49 0.34 2.44 0.34

Geometric surface texture analysis revealed that samples NHO-1 and NHO-4 exhibited
the most pronounced surface topography. This is evidenced by the values of the amplitude
parameters: Sq, Sv, and Sp. The positive values of the skewness parameter (Ssk) for all
tested samples indicate the presence of steep peaks with sharp crests, most notably in
samples NHO-1 and NHO-4. The kurtosis value (Sku), a measure of the peakedness of the
height distribution, is also sensitive to isolated peaks or valleys. A value close to 3 indicates
a normal height distribution—an even distribution of peaks and valleys on the surface.
Samples NHO-1 and NHO-4 exhibit such a distribution.

Analysis of the material ratio curves (Figure 6) suggests that samples NHO-1 and
NHO-4 will exhibit both the longest running-in period and the best lubrication due to the
highest values of the Svk and Spk parameters compared to the classical composite. The
values of these parameters were more than 10 times higher than the classical composite.
Additionally, for both samples, a higher friction force is expected in the initial phase of the
tribological test.

3.2. Hardness

Figure 7 shows the average values of the mechanical parameters, instrumental hard-
ness (HIT) and Young’s modulus (EIT), calculated from 10 measurement series.

8
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Figure 7. Results of mechanical tests: instrumental hardness (HIT), Young’s modulus (EIT).

The hardness testing results indicated that the reference sample (NH) exhibited the
lowest instrumental hardness of 812 MPa and a Young’s modulus of 23 GPa. These
parameters were approximately 47% and 30% lower, respectively, compared to the values
obtained for sample number 3.

Sample NH was a nano-hybrid material (possessing typical micro-hybrid properties
with the advantages of nanotechnology) with a filler content >82% by weight. As a
classic composite material without ceramic additives, it exhibited the poorest performance.
Additionally, its polymerization shrinkage coefficient was <1.9%, while for samples NHO-1
and NHO-4 it was <1.25%. Samples NHO-1 and NHO-4 were ceramic-based materials, with
both the filler and the composite matrix made of silicon dioxide. The filler volume fraction
was 84%. These properties were responsible for achieving better results. The difference
between samples NHO-1 and NHO-4 is related to the sample preparation method. Disk
NHO-4 was made of six layers, each 0.5 mm thick. In contrast, disk NHO-1 was made
from a single 3 mm thick layer that was then polymerized as a whole, unlike sample
NHO-4, where each layer was polymerized separately. Preparing the disk from multiple
layers of material reduced polymerization shrinkage and improved the material’s strength
properties [30,31].

3.3. Contact Angle

The contact angle plays a significant role in the performance of tribological systems.
Figures 8 and 9 show example images of demineralized water droplets deposited on the
surfaces of the analyzed materials, while Figure 10 presents the average values of the
recorded contact angles.

Figure 8. Examples of demineralized water droplets: (a) NH, (b) NHO-1, (c) NHO-4.
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Figure 9. Examples of artificial saliva droplets: (a) NH, (b) NHO-1, (c) NHO-4.

Figure 10. Average contact angle.

The results presented in Figure 10 indicate that the nature of the surface topography
influences the contact angle values. The lowest contact angle values for demineralized
water and artificial saliva were recorded for the reference sample NH, which had the least
developed surface, while the highest values were for sample NHO-1, which had the highest
roughness. Sample NH was characterized by good wettability and exhibited hydrophilic
properties. In the case of samples NHO-1 and NHO-4, the contact angles with demineral-
ized water were 110◦ and 109◦, respectively, indicating their hydrophobic properties.

In a clinical context, dental fillings should exhibit hydrophobic properties [32]. Within
the oral cavity, every tooth surface, as well as dental fillings used to restore tooth shape
and function, comes into contact with saliva. Dental caries is an infectious disease, and
bacteria migrate and settle on the surfaces of teeth and dental restorations. Increased hy-
drophilicity of dental materials can accelerate the degradation of bonds, thereby increasing
the likelihood of microleakage between the patient’s tissues and the composite filling. This
is particularly dangerous in areas that are poorly cleaned by the patient, such as class II and
V restorations. In such cases, the risk of secondary caries is significantly increased. With
increasing hydrophilicity of composite materials, there is an increased risk of discoloration
at the interface between the materials and the patient’s tissues, as well as on the fillings
themselves, which directly translates into a deterioration of the esthetic effect and increased
patient dissatisfaction with treatment [33–38].
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3.4. Tribological Tests

The purpose of the tribological tests was to determine the friction coefficients of the
friction pairs tested. Figure 11 shows graphs of average friction coefficients recorded during
friction with lubrication by the artificial saliva solution.

Figure 11. Friction coefficient.

Based on the results of tribological tests, it was determined that the stereometric
parameters of the surface layer have a significant impact on tribological properties. The
sample with the least developed surface, NH, exhibited the lowest friction coefficients,
while the highest values were recorded for NHO-1. These were approximately 60% higher
compared to the reference material. In the case of sample NHO-4, the recorded coefficients
of friction were approximately 10% lower compared to NHO-1. This is most likely due
to the better lubricating properties of this surface, related to the parameter Svk—i.e., the
average depth of valleys below the core profile. The interaction of two elements moving
relative to each other results in tribological wear, which largely depends on the stereometric
properties of the triboelement surfaces.

3.5. Assessment of Surface Geometric Structure of Samples

Figure 12 presents microstructural images (a) and profiles (b) of the wear tracks (red
area), Figure 13 shows photographs of the wear tracks on the balls, and Figure 14 presents
the average wear track volume determined based on five series of measurements.

The microscopic examination results indicated that the greatest wear traces were
recorded for the sample with a ceramic additive—NHO-1—and the least for the classic
composite material—NH. The volumetric wear of sample NHO-4 was approximately 30%
less compared to NHO-1 and resulted from the sample preparation method. In the case
of NHO-1, the 3 mm thick material was polymerized as a whole, while in the case of
NHO-4, each of the six layers, 0.5 mm thick, was polymerized separately, which improved
its hardness and wear resistance.
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Figure 12. Wear microstructure and profiles: (a) NH, (b) NHO-1, (c) NHO-4.
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Figure 13. Ball wear track images: (a) NH, (b) NHO-1, (c) NHO-4.

Figure 14. Volumetric wear of the samples.

4. Conclusions

The microscopic analysis showed that samples NHO-1 and NHO-4 had the most
complex surface structures. Based on their material composition curves, these samples
were predicted to exhibit the longest run-in time and best lubrication. The hardness tests
confirmed that both the ceramic additive and the layer-by-layer polymerization method
significantly improved the material’s mechanical properties. Compared to the standard
composite, NHO-1 and NHO-4 were 30% and 43% harder, respectively. Moreover, building
up the material in 0.5 mm layers provided better results than curing it in a single 3 mm block.

The results of contact angle measurements indicated the hydrophilic properties of
the classic composite, while the samples with ceramic additives were hydrophobic. From
a clinical standpoint, poorly wettable materials are more desirable, as an increased hy-
drophilicity of dental materials can accelerate bond degradation, increase the likelihood
of microleakage between the patient’s tissues and the filling, and pose a potential risk of
secondary caries development.

Based on the results of friction and wear tests, it was determined that the stereometric
parameters of the surface layer have a significant impact on tribological properties. The
classic composite exhibited the lowest friction coefficients, while the highest values were
recorded for NHO-1. For the NHO-4 sample, the recorded values were approximately
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10% lower compared to NHO-1, most likely due to the better lubricating properties of
this surface.

The microscopic observations of the wear tracks after tribological tests showed that
the classic composite—NH—exhibited the highest wear resistance. However, the material
with ceramic additives—NHO-4—showed slightly worse results. The volumetric wear of
this sample was only about 8% higher compared to NH.

The results suggest that further research is necessary to optimize polishing processes
for improved surface quality. This includes determining optimal time and tools. Addition-
ally, the influence of polishing pastes and composite wear under varying forces, temper-
atures, and coatings should be investigated to enhance the understanding of composite
behavior in clinical settings, leading to the development of more durable and esthetically
pleasing dental material.
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Abstract: The colonization of microbes and the resulting formation of biofilms on dental implants are
significant contributors to peri-implantitis and the failure of these implants. The aim of the research
was to analyze the impact of density and depth of laser texturing of the Ti-6Al-7Nb alloy surface on the
colonization of selected microorganisms and biofilm formation. Standard strains of Gram-negative
and Gram-positive bacteria and yeasts from the American Type Culture Collection—ATCC—were
used to demonstrate the ability to form single-species biofilms in vitro. The study evaluated three
types of titanium samples with different texture density and depth. The colonization and biofilm
formation abilities of the tested microorganisms were assessed. The obtained results were subjected
to statistical analysis. Among the analyzed strains, L. rhamnosus showed the highest colonization
of the tested surfaces. It was found that there is no relationship between the texture parameters
and the number of colony-forming units (CFU/mL) for C. albicans, S. mutans, and L. rhamnosus. For
the F. nucleatum strain, it was shown that the number of colony-forming bacteria is related to the
texture density.

Keywords: laser surface texturing; titanium alloys; microorganism colonization; biofilm

1. Introduction

The final stage of prosthetic treatment using implants of missing teeth involves
the proper functioning of the stomatognathic system and an aesthetic appearance [1].
Biofilm—a multi-microbial formation that consists mainly of bacteria, as well as proto-
zoa, viruses and fungi—is constantly present in the oral cavity. Biofilm contains up to
100 bacterial species [2]. It is found on hard and soft tissues of the oral cavity, as well
as on surfaces like orthodontic bands, clear aligners or dentures [3,4]. The presence of
supragingival and subgingival biofilm can be the cause of the evolution of periodontitis and
peri-implantitis—polymicrobial inflammatory diseases that cause the destruction of the
tissue supporting the tooth/implant; the inflammation of the mucous membrane around
the implant (peri-implant mucositis); and/or the inflammation of the tissues involved in
the osseointegration of the implant (peri-implantitis) [4].

Both the bone and the surrounding soft tissues (epithelium, gingival connective tissue)
are involved in the process of implant osseointegration, and the presence of opportunistic
pathogens in the biofilm on the mentioned tissues around the implants and on their surface,
including microcracks in the implant surface, disturbs this process. The consequence of
the inflammatory cascade caused by microorganisms in the biofilm is the destruction of
supporting tissues [5–7].
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A short adhesion time and intensive multiplication of microorganisms, including
opportunistic pathogens, cause the formation of a biofilm, which is a favorable environment
for the survival of microorganisms and the maintenance of infections [2]. Modern methods
of microbiological identification have allowed for the detection of the presence of some
common oral pathogens around the implants, such as Tannerella forsythia, Porphyromonas
gingivalis (P. gingivalis), Prevotella intermedia (P. intermedia) and Fusobacterium nucleatum
(F. nucleatum) [8,9].

The “early colonizers” are mainly considered to be Gram-positive aerobic
bacteria—Streptococcus spp. and Actinomyces spp., which influence the local environment
around the implant, making it suitable for “secondary colonizers” such as F. nucleatum.
This bacterium acts as a “bridge species”. Through coaggregation, it facilitates the adhesion
of “late colonizers” and periopathogens, such as P. gingivalis [10]. Studies have shown
that P. gingivalis and P. intermedia are mainly accountable for peri-implantitis among “late
colonizers” [11]. Severe peri-implantitis may be followed by the loss of the implant at
various times. In cases of both early and late implant loss, F. nucleatum and P. gingivalis
were prevalent. Implants that were lost later exhibited greater bacterial diversity and had
higher levels of Treponema, Fretibacterium, Pseudoramibacter, and Desulfobulbus. In contrast,
the microbial communities associated with implants that experienced early loss were highly
variable and did not display any significantly more abundant bacterial taxa [12].

The physicochemical properties of the surface of the implants like surface roughness,
hydrophobicity, surface free energy, and surface electrochemistry, may influence the forma-
tion of the bacterial biofilm [13]. The surface roughness, a common feature of the implant, is
one of the factors contributing to the greater colonization and formation of a multimicrobial
biofilm [14].

The surface modification of titanium biomaterials plays an important role in the success
of surgical procedures, including dental implants. The use of surface engineering methods
allows us to obtain the desired functional properties and biological functions. In the past
few years, there has been increased interest in laser processing, such as laser ablation,
laser-induced periodic surface structures—LIPSS, laser melting, direct laser interference
patterning—DLIP, and matrix-assisted pulsed evaporation—MAPLE [15]. Laser technology
is also used for surface texturing. Laser surface texturing has numerous advantages,
such as high efficiency, ease of operation, environmental friendliness, and the ability
to produce controlled and repeatable geometries [16–18]. Laser surface texturing has a
significant impact on the moisturizing properties and adhesion of bacteria, which is crucial
for biomedical applications [19,20]. An important research problem is the selection of
appropriate texture parameters, such as the shape and size of the produced dimples and
density [21].

Based on the literature review, it was determined that no detailed analysis of the
correlation between texture parameters, such as the density and depth of individual texture
elements and the adhesion of Candida albicans (C. albicans), Streptococcus mutans (S. mutans),
Lactobacillus rhamnosus (L. rhamnosus), Fusobacterium nucleatum (F. nucleatum) has been
performed. Therefore, the novelty of our research is the analysis of the relationship between
texture parameters and the adhesion of selected bacteria. The aim of this article is to
analyze the effect of selected parameters (density, depth) of the texture of the surface of the
Ti-6Al-7Nb alloy on the number of adhering microorganisms.

2. Materials and Methods
2.1. Laser Surface Texture Preparation

The samples made of Ti-6Al-7Nb titanium alloy (ChM sp. z o.o., Juchnowiec Kościelny,
Poland) were the subject of the research. The chemical composition of the alloy complied
with ISO 5832-11. Table 1 shows the chemical composition of the alloy.
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Table 1. The chemical composition of Ti-6Al-7Nb.

Fe O N C H Al Nb Ta Ti

max.
0.25%

max.
0.2%

max.
0.05%

max.
0.08%

max.
0.009% 5.5–6.5% 6.5–7.5% max.

0.5% rest

The surface roughness (Ra) of the samples was 0.06 µm. The laser surface texturing
process was carried out as described in the work by Krzywicka et al. [19]. Laser surface
texturing was performed in argon shield at 100% power, and the surface scanning was
carried out with a laser beam, with a speed of 50 mm/s. After scanning the surface twice
with a laser beam with the frequency of 80 kHz, individual textured elements with the
depth of approx. 5 µm were obtained. Depths of about 78 µm were obtained using a
frequency of 100 kHz, and the surface was scanned 35 times.

In order to determine the number of adhering microorganisms (CFU/mL), dimples
with the following density and depth were produced:

–50%, 5 µm,
–10%, 5 µm,
–10%, 78 µm.
The diameter of the dimples was approximately 200 µm. The microgeometric char-

acteristics of the texture were examined utilizing the HIROX KH-8700 digital microscope
(Hirox, Tokyo, Japan). Following the laser texturing process, the samples were immersed
in distilled water at a temperature of 55 ◦C within an ultrasonic cleaner (Ultron, Dywity,
Poland) for 10 min.

2.2. Fungal and Bacterial Cell Culture and Assessment of Different Species of Oral Microbiota
Colonization and Biofilm Formation

The following American Type Culture Collection (ATTC) strains were used in the
study: C. albicans ATCC 10231—yeast-like fungi, S. mutans ATCC 25175—Gram-positive
bacteria, L. rhamnosus GG ATCC 53103—Gram-positive bacteria, and F. nucleatum ATCC
25586—Gram-negative bacteria, which may affect biofilm formation on the surface of dental
plaque. The microorganisms were used to show the capacity to form in vitro single-species
biofilms composed of all the reference strains.

The study was conducted using sterile 6-well polystyrene titration plates (NUNC) and
the following reagents: crystal violet, 1% solution (BioMerieux, Warsaw, Poland), ethyl
alcohol 96% pure p. a., sterile phosphate-buffered saline (PBS) with calcium and magnesium
ions, pH 7.4 ± 0.2, osmolarity 270–290 mOsmol/L (BioMaxima, Lublin, Poland).

Preparation of Microorganisms for Analysis

An assessment of the number of adhering microorganisms was carried out (CFU/mL).
The prepared bacterial and fungal inocula were transferred into the wells on the 6-well plates
containing the appropriate media; the starting densities obtained were 1.5 × 107 CFU/mL
(for bacteria) and 5 × 105 CFU/mL fungi. At the same time, the titanium alloy samples were
coated with mucin—1% solution (Sigma, Lublin, Poland)—and subsequently placed on the
media with a given microorganism suspension, each in a separate well.

The samples were incubated at 35 ◦C for an hour (adhesion period) under aerobic
or anaerobic conditions, depending on the microorganism. After that time, the samples
were thoroughly rinsed with 5 mL PBS, placed in fresh sterile media, and incubated at
35 ◦C under atmospheric conditions suited to each of the microorganisms for 24 h (biofilm
formation period) and another 24 h (biofilm maturation). After each 24 h period, the
samples were rinsed with 5 mL sterile PBS and the biomaterials were placed in fresh media.
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After 48 h incubation, the samples were rinsed once more, placed in test tubes with
3 mL PBS, and shaken at 1000 rpm for 30 min. Next, 10−1 to 10−10 dilutions were made,
plated in the appropriate media, and incubated at 35 ◦C for 48 h. After incubation, the
colonies were counted (Counter Colony Scan 1200; Interscience, Fisher Scientific, Porto
Salvo, Portugal) and converted into CFU/mL. At the same time, substrate control and
microbial viability control were carried out.

2.3. Statistical Analysis

Using Dell Statistica v. 13.1 (Dell Inc., Cracow, Poland, 2016), an examination was
carried out to analyze the relationships between variables. Initially, the presence of a corre-
lation between independent variables (density, depth) and dependent variables (CFU/mL)
was investigated. Once a correlation was confirmed, a regression function was derived to
quantify the relationships. The next step involved verifying the model by checking the as-
sumptions such as the significance of linear regression, the significance of partial regression
coefficients, the absence of collinearity between independent variables, homoscedasticity,
the absence of autocorrelation of residuals, the normal distribution of residuals, and the
expected value of the random component being 0. The data were considered statistically
significant at p < 0.1.

3. Results and Discussion
3.1. The Microbial Reference Strains Representing Oral Microbiota Colonization and Biofilm Formation

The reference sample was not subjected to the laser surface texturing (Ra = 0.06 µm).
Figures 1 and 2 show the profiles of the individual texture elements.
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oral microbiota forming a biofilm on the titanium alloy samples.

Table 2. The number of CFU/mL of the microbial references strains representing oral microbiota
forming a biofilm on the titanium alloy samples.

Microbial Species Sample
Biofilm Size

CFU/mL log CFU/mL

C. albicans ATCC 10231 Model 0.75 × 104 ± 0.13 × 104 3.88 ± 3.11
10%, 5 µm 0.8 × 104 ± 0.15 × 104 3.90 ± 3.17

10%, 78 µm 2.0 × 104 ± 0.36 × 104 4.30 ± 3.55
50%, 5 µm 1.7 × 104 ± 0.53 × 104 4.23 ± 3.72

S. mutans ATCC 25175 Model 0.61 × 104 ± 0.23 × 104 3.78 ± 3.36
10%, 5 µm 2.50 × 104 ± 0.36 × 104 4.39 ± 3.55

10%, 78 µm 4.36 × 104 ± 1.7 × 104 4.63 ± 4.23
50%, 5 µm 3.05 × 104 ± 1.9 × 104 4.48 ± 4.28

L. rhamnosus ATCC 53103 Model 2.13 × 107 ± 1.09 × 107 7.32 ± 7.03
10%, 5 µm 4.47 × 107 ± 2.4 × 107 7.65 ± 7.38

10%, 78 µm 3.36 × 107 ± 1.25 × 107 7.53 ± 7.10
50%, 5 µm 2.77 × 107 ± 1.5 × 107 7.44 ± 7.17

F. nucleatum ATCC 25586 Model 0.27 × 106 ± 0.10 × 106 5.43± 5.00
10%, 5 µm 0.48 × 106 ± 0.19 × 106 5.68 ± 5.28

10%, 78 µm 0.56 × 106 ± 0.19 ×106 5.74 ± 5.28
50%, 5 µm 2.96 × 106 ± 0.94 × 106 6.47 ± 5.97

All analyzed strains showed the lowest adhesion to the non-textured surface. The
lowest adhesion to the Ti-6Al-7Nb surface among all analyzed strains was demonstrated
by S. mutans, and the highest was demonstrated by L. rhamnosus.
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C. albicans ATCC 10231 showed the lowest biofilm formation on the textured surface,
on which dimples of the lowest depth were created. The CFU/mL value for the sample
on the surface of which textures with a depth of 5 µm and density of 10% were created is
6.67% higher than the untextured sample. Comparing the biofilm formation on the surface
on which dimples of the same depth and different densities were created, it can be seen
that a significantly lower CFU/mL value was recorded for the lower density.

S. mutans ATCC 25175 showed the lowest biofilm formation on the textured surface
on which dimples of the lowest depth were created. The CFU/mL value for the sample
on the surface of which textures with a depth of 5 µm and density of 10% were created is
309.8% higher than the untextured sample. Compared to the surface on which dimples
of the same depth and different densities were created, it can be seen that a significantly
lower CFU/mL value was recorded for the lower density.

L. rhamnosus GG ATCC 53103 showed the lowest adhesion to the textured surface on
which dimples with a depth of 5 µm and a density of 50% were created. The CFU/mL
value for the sample on the surface of which textures with a depth of 5 µm and density
of 50% were created is 30% higher compared to the untextured sample. Comparing the
colonization and biofilm formation on the surface on which dimples of the same density
were created, it can be seen that a lower CFU/mL value was recorded for the higher depth
of the dimples.

F. nucleatum ATCC 25586 showed the lowest biofilm formation on the textured surface
on which dimples with a depth of 5 µm and a density of 10% were created. The CFU/mL
value for the sample on the surface of which textures with a depth of 5 µm and density
of 10% were created is 77.8% higher than the untextured sample. Comparing the biofilm
formation on the surface on which dimples of the same density were created, it can be seen
that a lower CFU/mL value was recorded for the lower depth of the dimples.

3.2. The Dependence of the Number of Adhering Microorganisms on Texture Geometry

It was found that there is no correlation between the texture parameters and CFU/mL
for C. albicans ATCC 10231, S. mutans ATCC 25175 and L. rhamnosus GG ATCC 53103, and
therefore no regression function can be found.

For the F. nucleatum ATCC 25586 strain, it was shown that the independent variable
density is correlated (p < 0.1) with the dependent variable CFU/mL. There is a correlation
between the studied characteristics. The standard error of the estimate for the intercept
about its value is relatively large. The coefficient of determination is 0.9; hence, the model
explains 99.9% of the variability in CFU/mL. The linear correlation coefficient R is equal
to 0.999; thus, there is an almost completely linear relationship between the dependent
variable and the independent variables. Linearity is checked with the F-test. The p-value
for this test is 0.020, which means that the regression equation is significant. The standard
error of the estimation is 56,569, which means that the predicted values of the CFU/mL
variable differ from the empirical values by an average of 56,569. The residual distribution
is assumed to be normal. The value of the d statistic is 2.5, which implies that there is
autocorrelation of the residuals. This may be due to a small number of data (3) or other
factors affecting the CFU/mL value. The random component εi has an expected value of 0.
The average value of the residuals is equal to 0. The analyses carried out show that sample
no. 3, on the surface of which dimples with a depth of 5 µm and a density of 50% were
created, has a significantly large impact on the load of the regression equation. This could
be the cause of the high standard error value.

The regression equation is:

CFU/mL = −90,000 + 6,100,000 × Density ± 51,962 (1)

This means that if the density increases by 1%, the CFU/mL value increases by 6.1 × 106.
The model verification showed that the assumptions of unbiased residuals, random

deviations and the lack of autocorrelation of residuals are not met. This could be attributed
to a limited data set (3) or other factors affecting the CFU/mL value.
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4. Discussion

The CFU/mL values were significantly different for individual bacterial strains. The
lowest adhesion to the control sample was shown by S. mutans. The studies showed
increased bacterial adhesion to the textured surface. The highest CFU/mL value for C.
albicans and S. mutans was recorded for the sample on the surface of which textures with
a depth of 78 µm and density of 10% were produced, which is 166.7% and 614.8% higher
in comparison to the non-textured sample, respectively. The highest CFU/mL value for
L. rhamnosus was recorded on the surface where the dimples with the lowest density and
depth were created, and this value was 109.9% higher than for the control sample. The
highest CFU/mL value for F. nucleatum was recorded on the surface where the dimples
with the lowest depth and highest density were created, and this value was 996.3% higher
than for the control sample. The lowest percentage increase in adhesion compared to the
control sample was shown by L. rhamnosus, which also showed the highest adhesion to
the Ti-6Al-7Nb alloy. The lowest CFU/mL value for C. albicans, S. mutans, F. nucleatum
was shown for the lowest depth of a single textural element and the lowest density. The
lowest CFU/mL value was recorded for the highest density for L. rhamnosus alone. The
mechanism of bacterial adhesion is complex. Undoubtedly, laser micromachining causes
increased roughness, and thus increases the contact surface. The diameters of all analyzed
bacteria were smaller than the distance between the dimples as well as the diameter, and the
depth of the generated textures, so it can be assumed that the generated textures promoted
bacterial migration, penetration into dimples, and biofilm formation. The most similar
results were obtained for S. mutans and C. albicans, despite these being pathogens from
different groups—a Gram-positive bacterium and a fungus, respectively. The sizes of these
pathogens also differed significantly, with C. albicans measuring 2–4 µm in diameter and
S. mutans approximately 0.5–0.75 µm in diameter [22]. The most similar sizes were found
in L. rhamnosus (from 0.8 to 1.0 µm in width) [23] and S. mutans, and both strains belong
to Gram-positive bacteria. Despite these similarities, extremely different CFU/mL values
were obtained.

The available literature reports present divergent results on the effects of laser surface
texturing on microorganism adhesion. Similar results to ours were obtained by Singh
et al. [24], Esfahanizadeh et al. [25], and Uhlmann et al. [26]. Singh et al. [24] produced
fish-scale, octagonal, and hexagonal features with varying densities of 43.4%, 55%, 74.7%,
heights of 97 µm, 102 µm, 127 µm, and a diameter/edge of pillar of 135 × 95 µm, 53 µm,
1.06 µm on the surface of the Ti-6Al-4V alloy. An average bacterial area coverage of Staphy-
lococcus aureus (S. aureus) could be approximated to 35% for untextured and to 60% for
textured. Singh et al. [24] also indicate that the size of the textures has an influence on bac-
terial adhesion. Esfahanizadeh et al. [25] report that a higher pathogen count was found on
the surface of the treated titanium (with similar microgrooves at 8 µm intervals) compared
to the untreated sample. The mean count of Aggregatibacter actinomycetemcomitans was
11.3163 and 9.6941 log CFUs/mL, with 11.3437 and 10.0831 log CFUs/mL for P. intermedia,
and 12.1176 and 10.1213 log CFUs/mL for P. gingivalis in the laser and titanium groups,
respectively. Uhlmann et al. [26] produced textures of various parameters on the surface
of the Ti-6Al-4V alloy and showed that the adhesion of S. mutans to the surface on which
the LIPSS was made, with a height of 300 nm, a microcavity width of 15 µm, a length of
30 µm, a height of 5 µm, and a microcavity length of 15 µm (rest unchanged), showed
similar results for bacterial attachment, and these values are significantly higher than for
the control sample subjected to chemical polishing. Based on the conducted research and
the results of the above-mentioned authors [24–26], the production of textures with the size
of single micrometers will promote the adhesion of various bacterial strains.

Grössner-Schreiber et al. [27] performed a Ti Grade 2 laser treatment and found no
difference in the adhesion of S. mutans and Streptococcus sanguis between polished Ti and
Ti laser. Hauser-Gerspach et al. [28] treated the surface of commercially pure titanium
using different laser energy densities (12.74 J/cm2 and 63.69 J/cm2). They showed no
differences in the adhesion of Streptococcus sanguinis and P. gingivalis bacteria between
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laser-processed and polished samples. Du et al. [29] produced the LIPSS on the Ti Grade 4
surface, which showed no statistically significant difference in OD (optical density) between
the polished surface (Escherichia coli (E. coli): 0.973; S. aureus: 0.971) and the LIPSS surface
(E. coli: 0.969; S. aureus: 0.955). It is worth emphasizing that Grössner-Schreiber et al. [27],
Hauser-Gerspach et al. [28], and Du et al. [29] do not provide the sizes of the textures
produced, so it is impossible to compare them with the results of our research and the
size of the analyzed bacteria. Many authors obtained different results and showed that
laser surface texturing reduces bacterial adhesion [30–36]. Parmar et al. [30] produced
micro-pits of various diameters (24–35 µm) and depths (4.58–78 µm) on the surface of the
Ti-6Al-4V alloy. In our studies, a depth of 78 µm was also analyzed, but with a much
larger diameter of 200 and other pathogens and alloys. The studies carried out showed a
75% decrease in the adhesion of S. aureus compared to the untreated sample. Additionally,
in the case of the textured sample, a reduction in CFU/mL by 80% was demonstrated
after 72 h, compared to a 20% reduction for the non-textured sample. Shiju et al. [31]
performed laser texturing of the Ti-6Al-4V alloy surface and produced dimples with a
depth of 2.5 µm and a diameter of 10 µm. The textures produced are significantly smaller
in size than those produced in our studies, but are still larger than the size of the bacteria
when using confocal microscopy; it was shown that S. aureus adhesion was lower on the
surface of treated samples than on untreated samples [31]. Doll et al. [32] carried out the
laser processing of titanium, on the surface of which three different types of Sharklet™-like
textures were produced (grooves with a width of 2 µm, a depth of ≥2 µm, and various
lengths from 4 µm to 16 µm, arranged in a periodic diamond-like pattern at fixed intervals
2 µm between elements), with linear grooves (2 µm wide, ≥2 µm deep and a fixed interval
of 2 µm) and grid structures (an orthogonal overlap of two structural grooves with the
same dimensions as above). The analysis showed the reduced adhesion of S. aureus on
all tested microstructures compared to smooth titanium surfaces. Based on the studies
conducted by Doll et al. [32], who also produced micrometer-sized textures, larger than the
diameter of S. aureus, it can be concluded that not only the size but also the shape of the
produced textures plays an important role in limiting bacterial adhesion. Eghbali et al. [33]
proved that the surface modification of the Ti-6Al-4V alloy at depths ranging from 0.5 to
50 µm inhibits E. coli adhesion when using a higher laser frequency of 160 kHz. However,
increasing the groove distances to over 50 µm and using a lower laser frequency of 20 kHz
decreases laser pulse overlaps, leading to enhanced cell adhesion. Chik et al. [34] produced
LIPSS (pulse duration 380 fs, power 0.11 W, wavelength 515 µm, frequency 200 kHz) on
the surface of Ti Grade 5. Laser-treated surfaces were characterized by lower bacterial
adhesion compared to polished surfaces (by >80% in the case of E. coli and >20% in the
case of S. aureus). Our experiments, as well as the studies by Chik et al. [34], showed
that individual bacterial strains adhere to a given surface to a varying extent. Zwahr
et al. [35] produced crater-like structures on the Ti Grade 4 surface (separation distance
of 50 µm), then, directly on this texture, a hole-like pattern with a 5 µm spatial period
was generated. The adhesion of E. coli bacteria was reduced by 30% compared to the
control sample. Research conducted by Zwahr et al. [35] indicated that the appropriately
selected shapes of textures, even micrometer-sized, can limit the adhesion of bacteria. Yao
et al. [36] subjected Ti to laser processing and produced a circular pattern on the surface of
the samples. The laser-treated samples exhibited lower roughness than the control disks
subjected to autoclaving treatments and were characterized by slightly less P. gingivalis
adhesion and less P. gingivalis colonization than the control samples. Yao et al. [36] did not
provide texture sizes; hence, it is impossible to compare them with our research results.

The authors [37–40] who produced textures with sizes below 1 micrometer, including
nanotextures, showed reduced bacterial adhesion. Orazi et al. [37], on the surface of the
Ti-6Al-4V alloy, using different laser operating parameters (the first treatment—the pulse
energy of 16 µJ and an overall dose of 27 J/cm2, the second treatment—the pulse energy of
32 µJ and an overall dose of 270 J/cm2), created an LIPSS with dimensions of 100–200 nm.
Based on the conducted research, it was shown that laser-treated surfaces exhibit lower
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S. aureus adhesion (2 log10 CFU) compared to the untreated surface (5 log10 CFU). Mein-
shausen et al. [38] created wavy textures on the surface of Ti Grade 4 with a spacing of
0.7 to 5 µm and a height of 100 to 800 nm, and demonstrated that laser-treated surfaces
show a lower adhesion of S. aureus bacteria compared to the control sample. Luo et al. [39]
conducted laser treatment on 99.7% pure titanium and created three types of nano-ripples
on the surface of the samples: LIPSS (400 nm), columns with overlapped LIPSS, and similar
periods with LIPSS, but with nano-ripples interrupted by shallow sinuous grooves (1 µm
pitch) vertically. It was shown that the tested textures could prevent bacterial colonization
and biofilm formation, and their antibacterial effectiveness against E. coli ranged from 43%
to 56%. Donaghy et al. [40] produced a spiky surface and decreasing peak-to-peak distance
between ripples (0.63 to 0.315 µm) on the Ti-35Nb-7Zr-6Ta surface, and showed a significant
reduction in S. aureus adhesion on the treated surface compared to the control sample.

The presented research results indicate that the laser texturing of the surface of tita-
nium alloys requires further optimization. In particular, it is necessary to take into account
the species of bacteria that form biofilms and which, as proved by the research results,
show varying adhesion to the surfaces of alloys used for implants.

5. Conclusions

Laser surface texturing has an impact on microorganism colonization and biofilm
formation. Drawing from the research carried out, it can be concluded that different
species of oral microbiota react in varying degrees to the produced textures. C. albicans,
S. mutans, F. nucleatum showed the lowest colonization and biofilm formation to the lowest
depth textures, while L. rhamnosus demonstrated the lowest depth but with different
densities—50% for L. rhamnosus. Among the analyzed strains, L. rhamnosus showed the
highest adhesion to the tested surfaces. It was found that there is no relationship between
texture parameters and the CFU/mL value for C. albicans, S. mutans and L. rhamnosus. For
the F. nucleatum strain, it was shown that the number of colony-forming bacteria is related
to the texture density.

There is a need to continue research on micro- and nanotextures of titanium surfaces
for dental implants, which minimize colonization by microorganisms and thus limit the
development of inflammatory processes around implants, promoting the proper course
of osteointegration.
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Abstract: Transferring the intraoral situation accurately to the dental laboratory is crucial for fabricat-
ing precise restorations. This study aimed to compare the dimensional accuracy of a new hydrophilic
quadrofunctional vinyl polysiloxane (VPS) and polyether (PE), in combination with different impres-
sion techniques (mono-phase single step or dual-phase single step). The reference model simulated a
partially edentulous mandible. Stainless-steel precision balls were welded to specific teeth and were
used to detect dimensional deviations. Fifteen impressions were made for each of the following four
test groups: (1) VPS mono-phase, (2) PE mono-phase, (3) VPS dual-phase, and (4) PE dual-phase.
Global accuracy was measured by deviations from the reference model, while local accuracy focused
on the trueness and precision of abutment tooth surfaces. Statistical analysis was conducted using
ANOVA (α = 0.05). All distances were underestimated, with the highest global inaccuracies for
the cross-arch distance, ranging from −82 µm to −109 µm. The abutment tooth surfaces showed
excellent local accuracy for all the materials and techniques, with crown surface trueness < 10 µm
and precision < 12 µm. Inlay surfaces had higher inaccuracies (trueness < 15 µm, precision < 26 µm).
Within the limitations of this study, all impression materials and techniques can be used to produce
models with clinically acceptable accuracy.

Keywords: accuracy; impression technique; vinyl polysiloxane; polyether

1. Introduction

The accuracy of fit of tooth-supported restorations depends on many factors during
the fabrication process, of which the accuracy of the impression and the resulting cast are
probably the most important. The basic prerequisite for accurately fitting dental restorations
is an almost error-free transfer of the intraoral situation to the dental laboratory. Today,
dentists have two basic approaches to making an impression—the conventional approach
using plastic impression materials and the digital approach using an intraoral scan.

Digital impressions are currently the focus of much scientific attention and are being
used more and more in everyday practice. Compared with conventional impressions,
digital impressions save time [1,2], increase patient comfort [1,2] and, depending on the
indication, improve accuracy. However, despite these clinical and economic benefits, there
are limitations. One limitation is that subgingival preparation margins, poorly visible
proximal contact areas, insufficient mouth opening, or anatomical features in the retromolar
space can make digital impressions difficult or even impossible. Another limitation is that
intraoral scanners are only feasible for certain indications. While superior fit has been
reported for single crowns and three-unit fixed partial dentures fabricated using digital
impressions [3], scan volumes larger than half a jaw are considered unsuitable for the
fabrication of fixed partial dentures [4–7]. Finally, for technical or physical reasons, there
is currently no straightforward way to fabricate removable partial or complete dentures
based on digital impressions alone [8,9]. Therefore, conventional impressions still play an
important role in everyday dental practice.
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Two main materials are used to take conventional impressions of teeth or implants
supporting fixed or removable dental prosthesis—polyether (PE) and vinyl polysiloxane
(VPS) [10,11].

There is no ideal material for every situation [12,13], with each material having its own
limitations. Therefore, the dental industry continues to develop improved or even novel
materials for conventional impressions. However, the suitability of these new materials
must be scientifically tested.

The aim of this study was to compare the dimensional accuracy of a novel VPS material
with improved hydrophilicity (hydrophilic quadrofunctional vinyl polysiloxane) with that
of established PE materials in combination with different impression techniques (mono-
phase single step or dual-phase single step) over short and long distances as well as their
accuracy (trueness and precision) and angular changes at the abutment tooth level. The
null hypotheses were that accuracy would not be influenced by material class, impression
technique, or impression material.

2. Materials and Methods

An edentulous mandibular arch was fabricated from steel and fitted with cobalt–
chromium teeth (Figure 1). The partially edentulous arch model simulated the conditions
for a fixed partial denture with complete crown preparations on the left first premolar (LP)
and first molar (LM) and a trihydral inlay preparation on the right second premolar (RP).
Stainless-steel precision balls (diameter = 3.175 mm; G3; shape deviation ≤ 0.08 µm; mean
roughness value Ra ≤ 0.01 µm; variation of ball diameter ≤ 0.13 µm) were welded onto
the right second molar (B1 with center P1), onto the left first molar (B2 with center P2), and
between the central incisors (B3 with center P3). The model was covered with polymethyl
methacrylate resin to simulate the attached gingiva.
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Figure 1. Occlusal view of the reference model.

Before being welded to the model base, all prepared teeth were measured with high
precision to create a digital reference dataset on the tooth level (µscan with CF4 sensor,
NanoFocus AG (Oberhausen, Germany); surface grid = 50 µm; accuracy < 1 µm). To
determine the spatial positioning of the precision balls and the prepared teeth after being
welded to the steel base, measurements were made using a coordinate measuring machine
(Mar-Vision 222, Hexagon Metrology (Wetzlar, Germany); accuracy < 1–2 µm).

A global coordinate system was defined by the centers of the precision balls (P1, P2,
and P3) as follows (Figure 2): P1 as the origin, x-axis in the direction P1P2, and the xy-plane
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defined by all three center points, with the y-axis oriented in the anterior direction. A local
coordinate system with axes parallel to those of the global coordinate system was added at
the respective center of the margin of each prepared tooth, resulting in angles of 0◦ between
the corresponding tooth axes in the reference model. The reference distances between the
center points of the precision balls and of the margins are shown in Table 1.
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Figure 2. Defined distances between center of each precision ball (turquoise dashed) and between
center points on margin level of prepared teeth (blue dotted). LM, left first molar; LP, left first
premolar; RP, right first premolar; P1, center point of precision ball 1; P2, center point of precision ball
2; P3, center point of precision ball 3.

Table 1. Reference distances between center points of precision balls and margins (margin level) as
well as between intersection points of vertical axis of local coordinate systems (z-axis) with respective
tooth surface (surface level).

Distances between Precision Balls Distances between Prepared Teeth

[mm]
P1P2 P1P3 P2P3 LPLM LMRP LPRP

Margin level Surface level Margin level Surface level Margin level Surface level
40.338 35.916 31.927 15.400 15.359 41.515 41.500 36.578 36.498

A total of 15 impressions per test group were made from the reference model (Table 2).
All impressions were removed from the model after 12 min, which is twice the clinical
setting time of the PE material and 2.4 times the setting time of the VPS material. The
extended setting time at room temperature for VPS was chosen because shrinkage effects
could still be detected 10 min (which would be twice the setting time of the material)
after mixing. Metallic rim-lock trays were used, individualized with an incisal stop and a
dorsal dam, to guarantee a minimum distance between the tray and the metallic reference
model and positional stability during setting as well as to support a seamless flow of
the impression material to the tooth row. All impressions were disinfected for 5 min
(PrintoSept-ID, Alpro Medical GmbH (St. Georgen, Germany)) and then poured with type
IV gypsum (esthetic-base gold, dentona AG (Dortmund, Germany)) no earlier than 1 h after
removal from the model. The saw-cut models were scanned using a laboratory scanner
(D2000, 3shape A/S (Kopenhagen, Denmark)) with a quality control software to generate a
digital dataset in the STL file format.

First, the position of the ball centers (given diameter d = 3.175 mm) was determined by
optimization (method of least squares; squared deviations at the triangle corner points were
weighted with proportionate surface area using MATLAB version R2020a, MathWorks
(Natick, MA, USA), and the deviations for distances defined by the ball centers, ∆P1P2,
∆P1P3, and ∆P2P3, were calculated in relation to the respective reference distances. For the
prepared teeth, each reference tooth surface, together with its local coordinate system, was
aligned separately to the scan data by means of a best-fit algorithm (Geomagic Design X;
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3D Systems (Rock Hill, SC, USA). Distance deviations (∆LMLP, ∆LMRP, and ∆LPRP) were
then assessed between the origins of the coordinate systems (margin level), located at the
center of the margin line, and between the intersection points of the vertical axes (z-axes)
of the local coordinate systems with the respective occlusal tooth surface (surface level). In
addition, angular deviations between the x-axes (∆α), the y-axes (∆β), and the z-axes (∆γ)
after individual tooth alignment were assessed.

Table 2. Test groups differing in impression material/material combination, material class, and
impression technique.

Test Group Impression Material/Material Combinations Material Class Impression Technique

VPS-MP Aquasil Ultra+ Medium Vinyl polysiloxane Mono-phase

PE-MP Impregum Penta Soft Polyether Mono-phase

VPS-DP Aquasil Ultra+ Heavy/XLV Vinyl polysiloxane Dual-phase

PE-DP Impregum Penta H Duo Soft/Garant L Duo Soft Polyether Dual-phase

Distance deviations were analyzed using both signed and unsigned values. The
accuracy of the individual surfaces of the prepared teeth within the margin line was
analyzed in terms of trueness (mean mesh deviation between reference and scan) and
precision (standard deviation of the mesh deviations along the surface). To evaluate
trueness and precision, unsigned (absolute) values were used.

All results were displayed as boxplot diagrams for descriptive analysis. In boxplots,
circles/asterixes mark mild/extreme outliers deviating more than 1.5/3.0 times the in-
terquartile range from the respective quartile value. Significant (α = 0.05) factors were
quantified using ANOVA and Tukey’s post hoc tests (SPSS 24 (Armonk, NY, USA)).

3. Results

In general, distances were underestimated independent of the test group. Mean
distance deviations between the precision ball centers were highest for the cross-arch
distance (P1P2) and ranged between −82 µm for the PE-DP group and −109 µm for the
VPS-MP group (Table 3, Figure 3). Distances between the abutment teeth (Table 3, Figure 4)
were reproduced more accurately. Mean distance deviations were not larger than −63 µm
(measured for VPS-DP) at the margin line level and −84 µm (measured for VPS-MP) at
the surface level for long distances (LMRP and LPRP). All the gypsum models showed
high accuracy independent of the impression material for the frequent clinical application
of three-unit fixed partial dentures. The mean deviations for the distance between the
respective abutment teeth (LMLP) never exceeded −18 µm (measured for PE-MP) at
the margin line level and −16 µm (measured for VPS-MP, PE-MP, and VPS-DP) at the
surface level.

Gypsum casts fabricated from PE impressions showed slightly less deviation from the
reference model than those fabricated from the VPS impression materials. The accuracy
between the VPS and the PE did not differ more than 15 µm for the mono-phase impressions
and 27 µm for the dual-phase impressions. No statistically significant influence of material
class was found for distances defined by the precision ball centers (p = 0.131), whereas
distances between the abutment teeth did have a significant effect (p = 0.001).

For the impression technique (mono-phase/dual-phase), a significant effect was found
for both distances defined by the precision ball centers and for distances between the
abutment teeth at the surface level (p ≤ 0.036) but not for distances between the abutment
teeth at the margin line level (p = 0.169).

Concerning the distances defined by the precision ball center points, multiple compar-
isons revealed no significant differences between the two mono-phase impression materials,
VPS-MP and PE-MP (p = 0.989), and the two dual-phase impression materials, VPS-DP and
PE-DP (p = 0.265). For distances between the abutment teeth at the margin line and surface
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level, a significant difference was observed between the dual-phase impression materials
(p < 0.001) but not for the mono-phase impression materials (p ≥ 0.145).

Table 3. Deviations in distances between center points of precision balls and of margins (margin
level) as well as between intersection points of vertical axis of local coordinate systems (z-axis) with
respective tooth surface (surface level).

Test group Distance Level
Distance Deviations [µm]

Mean Value Standard
Deviation Minimum Median Maximum

VPS-MP

P1P2 - −109 24 −154 −109 −60
P1P3 - −83 14 −106 −87 −64
P2P3 - −66 15 −92 −67 −39

LMLP
Margin −13 11 −32 −13 4
Surface −16 13 39 −16 5

LMRP
Margin −58 21 −109 −53 −28
Surface −84 17 −123 −82 −59

LPRP
Margin −58 23 −109 −53 −23
Surface −84 17 −114 −80 −47

PE-MP

P1P2 - −94 20 −131 −89 −65
P1P3 - −93 25 −141 −91 −50
P2P3 - −66 26 −132 −56 −42

LMLP Margin −18 14 −36 −23 6
Surface −16 16 −38 −23 17

LMRP Margin −49 12 −69 −45 −33
Surface −69 15 −96 −72 −48

LPRP Margin −48 19 −80 −42 −23
Surface −69 20 −96 −66 −37

VPS-DP

P1P2 - −91 25 −120 −97 −15
P1P3 - −80 27 −134 −82 −38
P2P3 - −56 18 −78 −58 −8

LMLP
Margin −13 11 −37 −13 7
Surface −16 14 −46 −13 4

LMRP Margin −63 28 −107 −61 −10
Surface −83 28 −125 −89 −19

LPRP Margin −59 27 −104 −58 −21
Surface −79 26 −127 −76 −45

PE-DP

P1P2 - −82 40 −161 −77 20
P1P3 - −68 36 −140 −66 19
P2P3 - −47 32 −114 −47 8

LMLP Margin −12 16 −43 −10 18
Surface −9 19 −42 −10 36

LMRP Margin −36 31 −88 −43 35
Surface −53 37 −111 −63 34

LPRP Margin −34 29 −74 −40 20
Surface −56 29 −101 −60 −5
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The mean angular deviations between the tooth axes (given by the attached local
coordinate systems) ranged between 0.8◦ and 1.2◦ for all three axes and all test groups.
Maximum angular changes never exceeded 2◦. For the most important case, angular
changes between the vertical tooth axes (z-axes), the results are given in Table 4. Once
again, excellent accuracy was observed for the three-unit fixed partial denture, with mean
angular changes of about 0.2◦ independent of the impression material. For longer distances,
the upper limit was 0.8◦.
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Table 4. Vertical angular deviations for prepared teeth.

Angular Deviation Test Group Mean Value Standard Deviation Minimum Median Maximum

[◦]

∆α

VPS-MP 1.0 0.1 0.8 1.0 1.3

PE-MP 1.0 0.2 0.7 1.0 1.8

VPS-DP 1.0 0.1 0.7 1.0 1.2

PE-DP 1.1 0.3 0.8 1.1 1.9

∆β

VPS-MP 1.1 0.1 0.9 1.1 1.2

PE-MP 1.1 0.2 1.0 1.1 1.7

VPS-DP 1.0 0.1 0.9 1.0 1.2

PE-DP 1.2 0.2 1.0 1.2 2.0

∆γ

VPS-MP 0.8 0.1 0.6 0.9 1.0

PE-MP 0.8 0.1 0.7 0.8 1.1

VPS-DP 0.8 0.1 0.7 0.8 0.9

PE-DP 0.9 0.1 0.7 0.8 1.1

The local accuracy of the gypsum master casts was comparable in all test groups
(p = 0.089, Table 5 and Figure 5). Excellent accuracy was obtained for the abutment
teeth with full crown preparations (trueness < 10 µm, precision < 12 µm), whereas inlay
preparations were more challenging and showed significantly lower accuracy (p < 0.001;
trueness < 15 µm, precision < 26 µm).

Table 5. Trueness (precision) for individual prepared teeth.

Tooth Test Group Mean Value Standard Deviation Minimum Median Maximum

[µm]

LP

VPS-MP 8 (7) 2 (2) 6 (5) 7 (6) 13 (10)

PE-MP 8 (7) 1 (2) 6 (5) 8 (7) 11 (12)

VPS-DP 9 (10) 2 (2) 7 (6) 8 (7) 14 (39)

PE-DP 7 (6) 1 (1) 6 (5) 8 (6) 9 (7)

LM

VPS-MP 10 (9) 3 (3) 5 (6) 10 (8) 17 (16)

PE-MP 9 (11) 4 (6) 5 (5) 8 (9) 16 (27)

VPS-DP 10 (9) 5 (5) 5 (5) 9 (8) 21 (26)

PE-DP 8 (9) 2 (4) 6 (5) 8 (7) 13 (20)

RP

VPS-MP 13 (23) 3 (14) 10 (13) 12 (18) 22 (56)

PE-MP 13 (24) 2 (9) 10 (13) 13 (19) 15 (40)

VPS-DP 14 (26) 2 (14) 11 (13) 14 (22) 20 (70)

PE-DP 13 (25) 2 (11) 10 (14) 13 (22) 17 (48)
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4. Discussion

The null hypothesis that accuracy would not be influenced by material class, impres-
sion technique, or impression material had to be partially rejected. The local accuracy of
the plaster master casts was not different between the groups but did differ between the
preparation designs. With respect to global accuracy, the results suggest that the deviations
in the plaster master casts generated on the basis of VPS and PE materials were, in general,
small but partially significant different.

This study involved every stage of the workflow, including disinfection of the im-
pression. Disinfection has been shown to influence the impression material’s dimensional
accuracy and the surface detail reproduction [14,15]. There is no standard method for
disinfecting dental impressions. Various alternative methods can be found in the literature,
including the following: ethylene oxide [16], autoclave [16], microwave [17], ultraviolet
radiation [18,19], immediate pour and disinfection of the cast [20,21], and chemical disin-
fection, by the spray or immersion method [22,23]. Chemical disinfection by immersion
is considered the most effective method for reducing most microorganisms. As different
impression materials have different chemical and physical properties, the manufacturer’s
recommendations for disinfection of the respective impression material in terms of du-
ration and method should be strictly adhered to [24–26]. Accordingly, this study used
a disinfectant in the manner intended by the manufacturer for the impression materials
used. Dimensional accuracy and stability of impression materials are crucial factors for
successive production of dental restorations. According to Walker et al., regardless of
the disinfection protocol (not disinfected or disinfected with two different disinfectant
solutions, in combination, with two different time intervals), no significant difference was
found for VPS in terms of dimensional accuracy [14]. For PE, a significant difference
was found between the disinfected and non-disinfected impressions. This is due to the
expansion of PE caused by the absorption of water from the disinfectant solution [14]. In
addition to the global accuracy, the local accuracy of an impression is also important. While
the surfaces of the VPS impressions showed no changes after disinfection, NaOCL (0.5%)
had a significant effect on the surface quality of PE impression, resulting in a mottled or
matte/sticky surface. If an impression is not poured directly, the long-term stability of
the impression materials is also important. VPS and PE were reported to show a signifi-
cant difference in their dimensional stability over time. This effect was observed for the
non-disinfected and disinfected impressions. However, it is important to emphasize at this
point that any changes in accuracy caused by different disinfection methods or registered
by measurements at different times have no clinically relevant influence [14,15,22,27,28].
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Nevertheless, it seemed reasonable and important to consider disinfection as an integral
step in the clinical process of model fabrication, as well as to reflect any potential impact on
model accuracy in the results of this study.

Irrespective of the impression material and impression technique, all plaster casts
were scaled down overall, and all molded structures experienced a certain degree of
lingual tilt. This further shortened the distances at the occlusal surface level compared
with distance deviations at the margin level. The direction of scale remains controversial
in the literature. Some studies have reported an enlarged scale [29], while others have
reported both enlarged and scaled-down measurements [7,30,31]. The reference situation
in the present study might have been underestimated because a plaster with less than 0.1%
expansion was used, which may not have compensated for the shrinkage of the impression
material. Since all distances were too short, a higher expansion of the plaster cast would
have improved the accuracy. To compensate the −80 µm to −100 µm deviation on the
40 mm cross-arch distance, a plaster with 0.20% to 0.25% more expansion than the one used
in our study would have been necessary. This problem cannot be completely solved in
such a simplistic manner since there will be shape deviations that cannot be compensated
for by a scaling process, but a higher expansion would have been beneficial in our study
since all the distances were underestimated.

Additionally, the results show that impression accuracy depends on the impression
technique, with lower deviations when using the dual-phase technique. This is in contrast
to the findings of previous studies. Johnson et al. reported better accuracy with the
mono-phase technique than with the dual-phase technique [32], and an earlier study on
the same reference model showed that regular-setting polyether impressions performed
better with the mono-phase technique than those with the dual-phase technique [33].
Nevertheless, the results are in line with the expectation that the dual-phase technique has
greater dimensional stability. Dimensional deviations should be lower with the dual-phase
technique because the filler content is higher in the highly viscous phase.

With regard to local accuracy of the impressions/plaster casts, both trueness and
precision were excellent, independent of the material class, impression technique, and
impression material. However, the full-crown preparations deviated significantly less
than the inlay-preparations, indicating that accurate impressions/plaster casts of inlay
preparations are more challenging than those for full-crown-preparations. This might
be because of the accessibility of an inlay cavity during the scanning process is much
worse than that of a full-crown preparation when digitizing the plaster cast or the more
challenging situation during impression-making and pouring of the plaster-casts. However,
in general, the observed accuracy of the tested impression materials/techniques is in the
range of that which has been demonstrated in previous studies [31,33].

Both impression material class and impression technique are suitable for taking highly
accurate impressions of single crowns, fixed partial dentures, inlays, or a complete dental
arch. Accuracy differs only slightly between impression materials, so it is reasonable to
assume that other factors determine which impression material should be used in a daily
routine. This decision may be influenced by economic factors (price, shelf life, storability),
patient-related factors (taste, demolding force), physical properties (tear strength, compati-
bility with astringents or disinfectants, tolerance towards moisture), biological properties
(toxicity), and handling differences. Seen in this way, the almost five times higher tear
strength of the VPS-DP compared to the PE-DP, in combination with the two to three times
easier removal of a VPS impression compared to a PE impression due to less adhesion to the
tooth hard substances, might represent a noticeable advantage [13,14]. Impression materials
with clinical approval were used in this study. The probability of the impression materials
used triggering an allergic or toxic reaction is therefore low. Nevertheless, the literature
attributes a certain cytotoxic potential to impression materials [34]. Roberta et al. were
able to show that PE drastically reduces cell proliferation in comparison with VPS. At the
same time, however, no difference was found between the two materials in terms of their
cytotoxicity [35]. A cytotoxic effect was found even after a short exposure time of 10 min
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of the human gingival fibroblast cells to various impression materials. Dentists should
therefore select an impression material with low cytotoxicity and the shortest possible
setting time and ensure that all impression residues are removed from the oral cavity [36].

As digital impressions cannot currently be used for all indications, it seems reasonable
to continue the development of new impression materials and the further development and
enhancement of existing impression materials [4–9,37]. The focus should be on conventional
impression materials that set quickly or whose setting behavior can be controlled by the
clinician.

There are some limitations to this study. This was an in vitro study looking at one
partially edentulous situation with prepared and unprepared metal teeth, so the results
may not apply to other dental situations. Future studies should be conducted on additional
models of different partially edentulous situations.

That being said, metal teeth do not have uncharacteristically higher demolding forces
compared with natural teeth [38]. It can be stated that the material properties of the metal
reference teeth in relation to the demolding forces are comparable to the properties of
natural teeth.

Another limitation is that the workflow in this study represents a best-case scenario.
The impression tray was fixed and completely immobile during the setting of the impression
material, so the clinically relevant influences of patient movements or changes in the
position of the impression tray on accuracy were not observed. In addition, the effects of
moisture or saliva, sulcus fluid, and blood could not be investigated in vitro.

Moreover, the number of samples is limited. However, 15 samples seem to be a
sufficient sample size. In a previous study using an identical model and an identical
evaluation strategy, significant differences were found with an even smaller (n = 10) or a
similar number of samples (n = 16) [33,38].

5. Conclusions

Within the limitations of this study, the following conclusions were drawn:

1. VPS and PE impression materials have adequate accuracy for all clinical applications.
2. The dual-phase impression technique may give a more accurate impression.
3. Short distances are displayed more accurately than long distances regardless of the

impression material.
4. Inlay preparations are less accurate than full crown preparations, regardless of the

impression material used.
5. The choice of impression material and impression technique lies with the treating

clinician and is not only dependent on the accuracy of the impression material.
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Abstract: Background: Using endodontic sealers with long-term antimicrobial properties can increase
the success of endodontic treatment. This study aimed to assess the antimicrobial activity over time
of two calcium silicate (CS)-based sealers, AH Plus Bioceramic and BioRoot RCS, and to compare
them with an epoxy resin-based sealer, AH Plus Jet, against mature polymicrobial biofilms grown
on human radicular dentin. Methods: The antimicrobial activity of the sealers was tested using a
direct contact test after 1 and 6 weeks of contact with the biofilms. Cell viability was determined by
the adenosine triphosphate (ATP) method and flow cytometry (FC). The results of the ATP test were
analyzed using an ANOVA with Welch’s correction, followed by the Games–Howell test. The number
of cells with damaged membranes obtained by FC in each period was compared by means of an
ANOVA and Duncan’s test. For the comparison between times, a Student’s t-test was used. Results:
Globally, after a week of contact, the epoxy resin-based sealer obtained the best results. However, at
6 weeks, the two CSs showed the highest antimicrobial efficacy, with a significant increase in this
activity over time. Conclusions: Calcium silicate-based sealers exert long-term antimicrobial activity
against endodontic biofilms.

Keywords: AH Plus Jet; AH Plus Bioceramic; biofilms; BioRoot RCS; long-term antimicrobial activity

1. Introduction

The aim of endodontic treatment is the prevention and healing of apical periodonti-
tis [1,2]. Using biocompatible filling materials that additionally have antimicrobial prop-
erties may be beneficial for endodontic treatment. A bioactive endodontic sealer that
hermetically fills the root canal and potentially inhibits the growth of any residual bacteria
is desirable [3].

AH Plus® Jet [AH, Dentsply Sirona, Ballaigues, Switzerland] is an epoxy resin-based
endodontic sealer that is widely used due to its good physicochemical characteristics,
long-term dimensional stability, good adhesion to dentin, fluidity, and biocompatibility [4].
However, its bioactivity and osteogenic potential are limited [5]. Although it has demon-
strated some antimicrobial properties, the antiseptic capacity is limited after setting [6]. In
addition, mutagenicity, cytotoxicity, inflammatory responses, and hydrophobicity have
been reported [7].

Calcium silicate (CS)-based sealers have been gaining popularity, given their bioactiv-
ity and biocompatibility [8]. The main components of these materials are calcium silicate,
monocalcium phosphate, calcium hydroxide, zirconium oxide, fillers, and thickeners [3,7].
Calcium silicate sealers are hydraulic, and their setting is conditioned by the presence
of humidity [9]. Antimicrobial and biomineralization properties are exerted during the
setting process through an increasing pH and a release of ions from the material [3,9]. How-
ever, these properties can vary greatly depending on the additives in each formulation [8],
potentially influencing its indications and clinical application. The first to be marketed
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were powder–liquid formulations that required manual mixing. More recently, premixed
ready-to-use CS formulations have a setting reaction that depends on the moisture existing
in the dentinal tubules [9]. Some are still in the early stages of development, requiring more
clinical and laboratory studies for their clinical recommendation [7].

BioRoot™ RCS [BR, Septodont, Saint-Maur-des-Fossés, France] is supplied in pow-
der and liquid form. In addition to having good physical properties [10], it has demon-
strated low cytotoxicity, inducing the secretion of osteogenic and angiogenic growth fac-
tors, and high immunomodulatory properties, which means that it can contribute to
the in vivo healing and regeneration process of periapical lesions [11]. It has generally
shown antimicrobial capacity in vitro against planktonic bacteria [3] and mono-species
biofilms [4,12,13]. Few laboratory studies have evaluated its antimicrobial activity against
multispecies biofilms [14,15].

Marketed in 2021, AH Plus® Bioceramic [AHBC, Dentsply Sirona, Ballaigues, Switzer-
land] is a premixed CS that contains tricalcium silicate, but in a lower percentage than
existing ones [16]. The manufacturer claims that it features rapid setting, high wear resis-
tance, and radiopacity; it is safe and biocompatible and does not discolor the tooth. Owing
to its recent commercialization, its physical and biological properties are currently being
compared with those of other CSs [17–19].

To date, one study has evaluated its antimicrobial activity against planktonic cultures
of E. faecalis [18], with its antibiofilm activity remaining unknown. Therefore, the present
experimental study aimed to evaluate and compare the antimicrobial efficacy over time
of two endodontic CSs, AHBC and BR, and an epoxy resin-based sealer, AH, against
polymicrobial biofilms formed on dentin.

2. Materials and Methods

The protocol of this in vitro study was approved by the Ethics Committee of the
University of Granada, Spain (N◦ 1076 CEIH/2020). Informed consent was obtained from
all patients prior to the collection of microbiological samples or extracted teeth.

The antimicrobial activity of the sealers over time (1 and 6 weeks) was evaluated using
a modified direct contact test (DCT) [20] against polymicrobial biofilms on root dentin
(n = 12/group/time). The viability of microorganisms after the DCT was quantified
by means of the adenosine triphosphate (ATP) assay and flow cytometry (FC)
(n = 10/group/time) [20]. Images obtained by confocal laser scanning microscopy (CLSM)
served as an in situ visualization of the residual biofilm in dentin (n = 2/group/time).

The study groups were (1) AH Plus Jet (AH), (2) AH Plus Bioceramic (AHBC),
(3) Bioroot RCS (BR), and (4) a positive control (without exposure to any material). Twelve
material samples per group and evaluation period (1 and 6 weeks) were prepared. The
chemical composition of the sealers and handling instructions, specified by the manufac-
turer, are summarized in Table 1.

2.1. Preparation of Dentin Samples

One hundred and twelve sterile specimens of human radicular dentin (4× 4× 0.7 mm)
from the root coronal third of 56 single-rooted non-carious teeth, extracted for orthodontic
reasons, were utilized as substrate for forming biofilms, as previously reported [21]. Briefly,
the dentin samples were standardized by cutting with an Accuton-50 machine (Struers,
Copenhagen, Denmark), and discarding the middle and apical thirds of the root and the
dental crown to obtain a dentin cylinder of the root coronal third. Then, they were sectioned
following the root canal lumen, each giving two halves. The root cement was removed by
polishing to a flat surface, and the inner face was polished with 150, 220, 500, and 800-grit
silicon carbide paper (Figure 1).
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Table 1. Endodontic sealers.

Material
(Lot Number) Composition Manipulation

AH Plus Jet (AH)
(Dentsply Sirona, Ballaigues,
Switzerland)
(2304000347)

Paste A: bisphenol-A epoxy resin (25–50%), epoxy resin
bisphenol-F (2.5–10%), calcium tungstate, zirconium
oxide, silica, iron oxide pigments
Paste B: N,N′-dibenzyl-5-oxanonandiamine-1,9
(10–25%), amantadine (2.5–10%), calcium tungstate,
zirconium oxide, silica, silicone oil

Dual self-mixing
syringe

AH Plus Bioceramic (AHBC)
(Dentsply Sirona, Ballaigues,
Switzerland)
(KI221118)

Zirconium dioxide (50–75%), tricalcium silicate (5–15%),
dimethyl sulfoxide (10–30%), lithium carbonate (<0.5%),
thickening agent (<6%)

Pre-mixed single
syringe

Bioroot RCS (BR)
(Septodont,
Saint-Maur-des-Fossés, France)
(B29755)

Powder: tricalcium silicate (25–50%), zirconium oxide
(25–50%), povidone
Liquid: water, calcium chloride, water-soluble polymer

Powder–liquid:
1 tablespoon of powder and

5 drops of liquid mixed for 60 s
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Figure 1. Root dentin sample preparation procedure.

To eliminate the smear layer formed during preparation, the samples were immersed
in 17% ethylene diamine tetracetic acid (EDTA, DIRECTA AB, Stockholm, Sweden) for
5 min and then washed with saline solution. Subsequently, each of the two halves obtained
was randomly assigned to the different study groups. They were then autoclaved and
incubated in Trypticase Soy Broth [TSB (Scharlau Chemie SA, Barcelona, Spain)] at 37 ◦C
for 24 h to verify the absence of contamination.

2.2. Infection of Dentin Substrates

Microbiological samples were obtained clinically from root canals of necrotic teeth from
three volunteer patients following a previous methodology [20] and served as inoculum
for dentin infection and biofilm formation. The rubber dam and the tooth were disinfected
with 3% H2O2 and 2.5% NaOCl, which was inactivated with 5% sodium thiosulfate. Pulp
chamber access was gained using a sterile round bur, and the chamber was disinfected as
previously described. The root canal was filled with sterile saline solution, taking care not
to allow it to overflow; a sterile #15 K file (Dentsply Sirona, Ballaigues, Switzerland) was
introduced 1 mm short of the apical foramen, and a gentle filing motion was carried out for
30 s before removal. Then, 3 sterile paper points were inserted into the root canal and left
inside for 1 min to absorb the fluid. Both files and paper points were placed in microtubes
with Tris-EDTA buffer and frozen at −20 ◦C until use.

For dentin infection, the samples were mixed in TSB and incubated for 24 h at 37 ◦C
in anaerobiosis. Afterward, the cell density was adjusted in a spectrophotometer to a
concentration of approximately 3.0 × 107 colony-forming units per milliliter in TSB. Dentin
samples were infected in 24-well plates (Corning™, Fisher Scientific, Madrid, Spain) and
inoculated with 200 µL of the microbial suspension described above and 1.8 mL of sterile
TSB. Sterile dentin blocks were immersed in the inoculated wells and incubated at 37 ◦C in
an anaerobic atmosphere for 3 weeks on a rocking table. The TSB medium was refreshed
once a week to ensure the growth of the biofilms. Two dentin samples in each group
were analyzed by CSLM to confirm biofilm growth. A negative control group (n = 4)
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was incubated only with TSB as a sterility control and processed the same way as the
other groups.

2.3. Antimicrobial Activity Test (DCT)

To evaluate the antimicrobial activity of the materials (Figure 2), against polymicrobial
biofilms, the dentin samples with the biofilms formed were put in direct contact with the
materials. Under aseptic conditions, equal amounts of each sealer were dispensed in the
bottom of the customized molds (1cm Ø × 3mm height). To standardize the volume of
sealer in the mold, an area of 1 mm was delimited from its bottom, red dashed line in
Figure 2a), and coated with each sealer. Sealers were handled following the manufacturer’s
instructions. The materials inside their molds were then introduced into the wells of a
24-well microtiter plate and stored for 24 h in an incubator at 100% humidity for setting.
Next, they were sterilized with ultraviolet light, and 200 µL of sterile TSB was added to
each mold.
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Finally, the dentin blocks with the biofilm formed were placed in direct contact with
the materials and incubated for 1 or 6 weeks at 37 ◦C under anaerobic conditions. Every
three days, 100 µL of TSB was added to the molds to prevent desiccation.

After each contact time, 10 dentin blocks (group/time) were separated, placed in
microtubes with 200 µL of TSB, stirred for 10 s, and then sonicated on a water-table
sonicator (model 5510E-MT; Branson, Danbury, CT, USA) for 10 min to ensure recovery
of biofilms. The remaining 2 dentin samples per group were observed under CSLM. For
the control group, the same procedure was followed, except that there was no exposure to
any material.

2.4. Microbial Viability

The cell viability of the recovered bacterial suspensions was evaluated by means of
ATP and flow cytometry (FC) [22,23]. The ATP levels contained in the suspension of the
recovered biofilms were evaluated with the BacTiter-Glo cell viability assay kit (BacTiter-
Glo; Promega, Madison, WI, USA). For this end, 100 µL of the bacterial suspension was
added to 100 µL of reagent in a 96-well opaque plate (Greiner, Monroe, NC, USA), followed
by incubation at room temperature for 5 min. The luminescence produced was estimated
using a luminometer (GloMax™ E6521, Promega, Madison, WI, USA) and expressed as an
absolute value of relative light units (RLUs) in each group with respect to the control.

For FC, 100 µL of the microbial suspension was labeled using the LIVE/DEAD cell
viability kit (BacLight™; Invitrogen, Eugene, OR, USA) to estimate the integrity of the
cytoplasmic membrane. The kit includes two fluorescent nucleic acid dyes with different
potentials to penetrate cells. SYTO 9 is a green dye that identifies microorganisms with
intact and damaged membranes. Propidium iodide (IP) is a red stain that penetrates only
cells with damaged membranes. After staining the microbial suspension with 100 µL of the
fluorochromes, the tube was positioned in the FACS Canto II flow cytometer (BD Bioscience,
San Jose, CA, USA), and the results were evaluated with the cytometer software (FACSDiva
Version 6.1.3., Becton, Dickinson, San Jose, CA, USA). This provided a graph of two-
dimensional dots showing the different cell populations within the microbiological sample,
which had damaged membranes (considered dead) or undamaged ones (considered viable).
Side and forward scatter gates were recognized to exclude debris. In all cases, 30,000 events
were evaluated. The results were expressed as an absolute value of damaged/dead cells
per milliliter.

For CSLM analysis, dentin specimens were stained with Syto 9/PI (LIVE/DEAD, Ba-
cLight; Invitrogen, Eugene, OR, USA) for 15 min [20], rinsed with saline solution, mounted
on a 60 l-Dish (Ibidi, Martinsried, Germany) with mounting oil (BacLight™, Invitrogen),
and then observed utilizing an inverted confocal laser scanning microscope (Leica TCS-SP5
II, Leica Microsystems, Mannheim, Germany). Microscopic confocal volumes (stacks) from
random areas were acquired from each sample using the 40 × oil lens, a 1 µm stepsize, and
a format of 512 × 512 pixels.

2.5. Statistical Analysis

In previous statistical analyses, the normality of the data was estimated using the
Shapiro–Wilk test, and the equality of variances was estimated with the Levene test. When
the data followed a normal distribution and the variances were equal, an ANOVA test
and a post hoc Duncan’s test were used to show clusters. An ANOVA was performed
with Welch’s correction, followed by the Games–Howell test when the variances were
not equal. In such cases, a Student’s t-test was applied to compare times. Statistical
analysis was conducted using SPSS v23.0 (IBM Corp, Armonk, NY, USA). In all instances, a
p-value < 0.05 was considered significant.
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3. Results

The results obtained with the ATP test are shown in Table 2. At one week, all sealers
except AHBC significantly reduced RLUs with respect to the control (p < 0.001). The best
results were obtained with AH, followed by BR. After 6 weeks of contact with the biofilms,
all sealers obtained a significant decrease in RLUs compared to the control. The behavior of
the SC-based sealers evaluated indicated a significant increase in antimicrobial activity over
time. The antimicrobial activity of AH increased only slightly from 1 to 6 weeks. Similar
findings using FC are shown in Table 3. The microscopic images obtained with CSLM are,
moreover, consistent with the results obtained in the feasibility tests (Figure 3).
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Figure 3. Representative CSLM microphotographs of 3-week biofilms after the direct contact test
with the sealers of the different study groups/evaluation time. Syto-9 stained nucleic acid and
emitted green fluorescence (considered as live cells), whereas damaged cells were stained by PI (red
fluorescence for dead bacteria). The images were consistent with the results obtained in the microbial
viability tests.

Table 2. Antimicrobial activity of endodontic sealers against polymicrobial biofilms determined by
the ATP test. Mean (DE) (n = 10/group/time).

Group ATP Test
Relative Light Units (RLUs)

1 Week 6 Weeks Comparison
p-Value **

AH Plus Jet 42,931.2 (11,093.5) a,1 38,245.7 (11,429.3) a,2 0.023

AH Plus BC 201,947.8 (49,986.7) b,d,1 23,395.7 (7108.9) b,2 <0.001

BioRoot RCS 142,614.2 (49,986.1) c,1 20,216.5 (5455.3) b,2 <0.001

Control 228,075.5 (71,556.6) d,1 133,743.3 (21,459.7) c,2

Comparison
p-value * <0.001 <0.001

* Global comparison determined via an ANOVA with Welch’s correction. Read vertically, the same letters in
superscript show no significant differences determined by the Games–Howell test. ** A two-to-two comparison of
1- and 6-week RLUs. Read horizontally, the same numbers show no significant differences determined by the
Student’s t-test.
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Table 3. Antimicrobial activity of endodontic sealers against polymicrobial biofilms determined by
flow cytometry. Mean (SD) n = 10/group/time.

Group Cells with Damaged Membrane/mL

1 Week 6 Weeks Comparison
p-Value **

AH Plus Jet 12,115 (4939) a,1 8557.6 (2950.3) a,d,1 0.066

AH Plus BC 4540.4 (1955.9) b,d,1 13,878.1 (3287.7) b,2 <0.001

BioRoot RCS 15,544.1 (1793) c,1 19,288.0 (903.3) c,2 <0.001

Control 6281 (2582.6) d 8266.5 (2416.1) d

Comparison
p-value * <0.001 <0.001

* Global comparison determined by an ANOVA. Read vertically, the same letters in superscript show no significant
differences determined by Duncan’s test. ** A two-to-two comparison of absolute values of cells with a damaged
membrane at 1 and 6 weeks. Read horizontally, the same numbers show no significant differences determined by
the Student’s t-test.

4. Discussion

An ideal endodontic sealer should possess long-term antibacterial ability to reduce
the residual bacterial load and prevent or limit microbial growth in the pulp space [3,6].
Because of its recent introduction, the antibiofilm properties of AHBC are still unknown. In
turn, BR’s efficacy against polymicrobial biofilms has been poorly evaluated [14,15]. AH
was selected as a control.

To the best of our knowledge, this is the first study evaluating the long-term an-
timicrobial efficacy of AHBC and BR using a clinical endodontic polymicrobial biofilm
growth model for 3 weeks [24] and human dentin. A follow-up of antimicrobial effi-
cacy was performed for up to 6 weeks, whereas most research has focused on short-term
evaluation [5,13].

To determine antimicrobial activity, a modified direct contact test was employed [20].
This approach is quantitative and reproducible and enables easy standardization; it sim-
ulates the contact between the microorganisms of the biofilm growing in the dentin and
the applied materials [8]. Microbial viability was evaluated using two reproducible and
quantitative approaches that have high sensitivity and specificity [23]. Since ATP is the
primary energy molecule in all living cells, its quantification provides an estimate of the
viable microbial population in a sample. The CF provides multiparametric information
about individual cells within a heterogeneous population, permitting the discrimination
of microbes having damaged versus unharmed membranes [23]. In addition, these tech-
niques make it possible to discriminate the population of viable but non-cultivable cells
that traditional cultures cannot detect [20]. CLSM also makes available a three-dimensional
in situ image of the proportion of viable and non-viable bacteria without disturbing the
cells attached to the substrate [24].

In the present study, after 7 days of contact with the biofilms, AH showed lower values
of microbial viability according to the ATP test (Table 2), with a decrease in the values of
RLUs at 6 weeks. Similar values were obtained with FC, showing only a 3.5% increase in
dead cells over time (Table 3). The short-term efficacy of AH may be due to the bactericidal
effect of formaldehyde released in small amounts during the setting process or to the toxicity
of non-polymerized components [6]. These findings are consistent with those of previous
investigations indicating that this sealer does not maintain its antimicrobial activity in the
long term [3,6,25]. CSLM images confirmed these findings, with a predominance of cells
stained with SYTO 9 in both time periods.

AHBC showed the opposite behavior. This sealer exerted very limited antimicrobial
activity at one week, giving the same cell viability as the control group according to
both evaluation methods. However, its efficacy over time increased significantly, with a
reduction in RLUs of 82% and an increase in cells with damaged membranes (by FC) of
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around 68% compared to the control at 6 weeks of evaluation. Only one recent research
study reports that this sealer could eradicate planktonic E. faecalis within 24 h [18], which
are results that do not match those obtained in the present study, given the low activity of
AHBC in the short term.

Overall, BR showed the best performance over time. After 7 days, a 37% decrease
in RLUs was obtained, which increased to 85% in the last evaluation period, a significant
difference between the two evaluated times. Likewise, FC indicated an increase in cells with
damaged membranes of around 133% as the observation time increased, with significant
differences from the rest of the groups (Table 3). This indicates that BR exerts short-term
antimicrobial efficacy that is not lost in the long term. Images obtained by microscopy
confirmed these findings. While there was a predominance of cells labeled by SYTO 9 at
7 days and by IP at 6 weeks for AHBC, a greater proportion of cells stained by IP was seen
for BR in both time periods evaluated.

The results obtained with CS-based sealers could be related to increased alkalinizing
conditions during hydration [13,26]. In the presence of water, calcium silicates form a
hydrated calcium silicate gel (CSH, CaO SiO H2O), which leads to the formation of cal-
cium hydroxide (Ca(OH)2) [8,9]. The dissociation of Ca(OH)2 releases calcium (Ca2+) and
hydroxyl ions (OH−), raising the pH. Nonetheless, although an alkaline pH in the microen-
vironment plays an important role in inhibiting bacterial viability, a significant correlation
has been reported between the release of free Ca2+ and Si4+ ions and the antibacterial effect
of SCs [27]. The released ions can cause bacterial membrane depolarization by binding
Ca2+ and Si4+ ions to negatively charged bacterial membrane receptors, resulting in cell
lysis [20,27].

The differences observed in this study between the two CSs evaluated over time
may be due to their different compositions and the way they are dispensed, directly
influencing their mode of hydration, hence the results obtained [8,13]. BR is a material
that has a higher amount of CS in its composition than AHBC; and because it is mixed
with water, hydration is always guaranteed regardless of the presence of fluids in the
environment [13]. The sustained alkalinization of the medium over long periods and its
capacity to release high concentrations of Ca2+ [4,10,15] leads to lower bacterial viability
in the short [12,13] and long term [4], as demonstrated in the present study. On the other
hand, it has been suggested that materials using the single-component presentation set in
contact with ambient liquids are less antimicrobial than materials mixed with water [13].
AHBC is a ready-to-use sealer, and its setting reaction begins as soon as it obtains enough
humidity; therefore, its hydration could have been delayed with respect to BR [11,16]. It
also contained a lower percentage of SC in its composition (5–15%) and demonstrated
a lower release of Ca2+ over time [19]. All these factors may contribute to a poor effect
in the short term. The long-term effects of AHBC could be attributed to its composition.
This includes dimethyl sulfoxide (DMSO) (10–30%), an organic solvent that has shown
analgesic, anti-inflammatory, and antimicrobial properties [27]. Even at low concentrations,
DMSO is not inert, and in some contexts, it shows antibacterial properties, generating
changes in cellular processes [28], so its presence in the environment where the sealer is
located could affect bacterial viability. Accordingly, the release of DMSO over time might
contribute to its antibacterial efficacy. The fact that AHBC includes zirconium dioxide
(ZrO2) (50–75%) as a radiopacifier [19] also deserves mention. ZrO2 nanoparticles have
demonstrated antibacterial properties against oral [29] and other bacteria [30] by attracting
the negatively charged cell wall against positively charged Zr ions. It has been reported
recently that the AHBC sealer is highly soluble [16,18,19,31], which is attributed to the
lower percentage of tricalcium silicate cement present in the sealer. This could strongly
promote the release of DMSO and Zr from the sealer.

Still, the results cannot necessarily be extrapolated to the clinical situation, which
is acknowledged as a limitation. Future studies, including ex vivo and in vivo research,
should continue evaluating the antimicrobial and cytotoxic properties of bioceramics
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over time, as in vitro conditions do not fully represent the complexity or variability of a
clinical situation.

5. Conclusions

Under the experimental conditions of this study, in the short term, AH Plus Jet and
BioRoot RCS showed antimicrobial efficacy. BioRoot RCS and AH Plus BC obtained the
best antibiofilm activity over time.
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Abstract: This study aims to evaluate and compare the mechanical resistance, fatigue behavior and
fracture behavior of different CAD/CAM materials for implant crowns. Eighty-eight implant crowns
cemented-screwed with four sample groups: two monolithic G1 Zirconia (control) and G3 composite
and two bi-layered G2 customized zirconia/composite and G4 prefabricated zirconia/composite. All
static and dynamic mechanical tests were conducted at 37 ◦C under wet conditions. The fractographic
evaluation of deformed and/or fractured samples was evaluated via electron microscopy. Statistical
analysis was conducted using Wallis tests, which were performed depending on the variables, with
a confidence interval of 95%, (p < 0.05). The Maximum Fracture Strength values displayed by the
four groups of samples showed no statistically significant differences. The crown–abutment material
combination influenced the failure mode of the restoration, transitioning from a fatigue fracture type
located at the abutment–analog connection for monolithic materials (G1 and G3) to a brittle fracture
located in the crown for bi-layered materials (G2 and G4). The use of layered crown materials with
functional gradients appears to protect the crown/abutment connection area by partially absorbing
the applied mechanical loads. This prevents catastrophic mechanical failures, avoiding long chairside
time to solve these kinds of complications.

Keywords: ceramic-reinforced resin-composite blocks; monolithic dental crown; layered dental
crown; zirconia insert; dental fatigue

1. Introduction

The absence of the periodontal ligament in the implant–prosthesis–bone set can fre-
quently generate mechanical complications in implant prostheses. This occurs due to the
mechanical overload caused by the lack of cushioning [1], especially in the unitary crowns
of male molars [2,3]. The most frequent mechanical complications are the loosening of
the fixation screw or the transepithelial abutment [4,5] and the fracture or delamination
(chipping) of the esthetic coating material of the restoration [6].
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The mechanical properties of the ceramic-reinforced resin composite with a dispersed
filler microstructure (DFM) included in the new classification of ceramic materials [7],
have considerably improved due to new industrial polymerization methods (atmospheric
pressure and high temperature) [8,9], which replace intraoral photopolymerization [10]. A
reduced monomer release and an increase in flexural strength, hardness, tenacity and even
density of these materials have been observed [11–14]. The great stability achieved in resin-
composite blocks (RCBs) allows excellent reproducibility by machining [15,16] and causes
less wear on the opposing enamel compared to glass-matrix ceramics [17–20]. All these
characteristics, together with the low flexural modulus, allow RCBs to achieve a cushioning
effect on implant restorations by transmitting less stress to the prosthetic attachment and
implant, which favors bone response [21–25]. On the other hand, when the implant–
prosthesis–bone complex exceeds the limits of physiological adaptation, it produces bone
overload, which, in turn, triggers osteoclastic activity and bone resorption [26–28]. This
sometimes results in traumatic failure, diverging from infectious failure or bacterial peri-
implantitis [29].

Marginal bone preservation is influenced by multiple factors, such as implant design,
crown material, prosthetic abutment, connection and disconnection of the prosthetic abut-
ment and the type of surgery performed. The correct selection of the restorative material, as
well as the prosthetic abutment, is one of the keys to success in implant prosthesis [30–32].
Given that the masticatory force into the crown is then transmitted to the maxillary or
mandibular bone through the prosthesis and implant [33], the use of resilient materials
that function as a shock absorber to the implant–prosthesis set could help reduce stress
and pressure on the bone [34]. It may reduce prosthetic complications derived from the
overload received in the crown [35]. Currently, the prefabricated titanium abutment with a
mesostructured zirconia to mask the grayish color of titanium has become the prosthetic
abutment of choice for restorations on implants, given its excellent mechanical and esthetic
properties as well as its biocompatibility with the tissues [36–38].

Functional gradient materials (FGMs) are a new concept in materials engineering [39],
where both the material composition and structure gradually change. Their sole purpose is
to dissipate or absorb stress or mechanical load.

FGMs have been used in several investigations in the dental field [40–42]. In this
process, both the material composition and the structure gradually change throughout the
volume, resulting in changes in the material’s properties, chemical composition, physical
state and geometric configuration. This has allowed us to explore optimal designs of
bio-inspired or bio-mimetic materials in which different layers of materials achieve greater
stress reduction and distribution. The best example is the human tooth, which consists of
two main layers: enamel and dentin. The outer layer allows it to maintain its shape and
resist fracture and wear upon loading. This quality is due to a variation of the transfor-
mation in its microstructure and chemical composition. Starting from the outermost layer,
four well-differentiated histological layers are recognized until reaching the dentin–enamel
junction (DEJ) [43,44]. This interface plays a crucial role in the fatigue resistance of the
natural tooth, given the reliable connection between the different layers of the tooth [45,46].
This study is the first one in the field and is unique because it combines different materials
perfectly bonded to produce a functional gradient implant crown, trying to emulate the
natural tooth structure.

The reproducibility of the resin composite by machining and the feasibility of polishing
or intraoral adjustment allow great control of the occlusion. Moreover, the favorable
cutting properties lead to considerable savings in production time and reduce wear on
manufacturing instruments, such as motors and diamond milling cutters; in contrast,
materials with a ceramic matrix, when machined, often result in lower-quality margins
and edges [16]. A layered design with an individualized zirconia mesostructure implies
additional production costs, as the mesostructure must be designed and milled separately
from an additional block and then requires an additional cementation to the resin composite
crown. As a solution, a new resin-composite block design with an industrially bonded
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zirconia insert is proposed (Figure 1). The industrially manufactured insert, which is
a component of the resin block, enables the masking of the metal’s colors and ensures
an optimal fit tolerance to the titanium base. In addition, it can be used for chair-side
restorations on implants, as it can be machined within 12–14 min and does not require
thermal processing.
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Figure 1. Experimental setup: (a) resin composite experimental block with prefabricated zirconia
insert and (b) implant crown cemented over Ti-base and screwed on the implant analog.

The design of the new experimental block is composed of two materials commonly
used today: resin composite with filler content of VOL % 51.5 and zirconia. These two mate-
rials are industrially bonded to ensure optimal and consistent tolerances. From a mechanical
and an esthetic point of view, the experimental crown could be an effective prosthetic solu-
tion with the combination of prefabricated zirconia insert and resin-composite block [35,47].
Furthermore, it is easy to polish and repair in the mouth. Additionally, due to its low
production cost, it could be affordable for most patients.

This study aims to evaluate the mechanical resistance of the resin-composite blocks for
implant crowns under different scenarios. We will compare fracture behavior and failure
mode with the control group monolithic zirconia, one of the most common materials for
single-unit implant crowns under static and dynamic loads.

The study’s main hypothesis suggests the presence of statistically significant differ-
ences in both maximum static strength and fatigue limit among the materials evaluated.
However, the null hypothesis in this study proposes the absence of statistically signif-
icant disparities in these properties, regardless of the material’s characteristics and the
component’s geometry.

2. Materials and Methods
2.1. Materials

Eighty-eight ASTRA EV implant analogs (Dentsply Sirona, Charlotte, NC, USA) with a
diameter of XL 5.4 mm (Ref 25547 and LOT 456009) were prepared with the corresponding
CEREC Ti-base (CEREC/inLab Ref 6586338 and LOT B200003054), onto which a crown of
each group (n = 22) was previously cemented. The sample groups were designated as G1
(control group) and G3, which comprised monolithic crowns, whereas the sample groups
G2 and G4 comprised layered crowns with customized or prefabricated mesostructured
zirconia (Figure 2).

51



Materials 2024, 17, 3815Materials 2024, 17, x FOR PEER REVIEW 4 of 23 
 

 

 
Figure 2. Different study groups and X-rays of samples tested: monolithic zirconia (G1-MZ), mon-
olithic composite (G3-MC), layered customized composite (G2-LCC) and layered prefabricated 
composite (G4 LPC). 

2.2. Sample Preparation 
All samples were prepared and treated according to ISO 14801:2016 [48]. The prepa-

ration of the samples to be mechanically tested in this study was carried out in two con-
secutive and well-differentiated sequential stages. The first stage involved embedding the 
ASTRA EV implant analogs in a bone-like resin, followed by the second stage of fabricat-
ing and assembling the different crowns by cementation. 

Before performing any static and dynamic mechanical testing, all titanium analogs 
were inserted into a bone-like polymeric resin to provide stable support, as well as to 
mimic oral conditions. Analog samples were embedded into a polymeric resin (Mecaprex 
MA2+, PRESI SAS, Eybens, France), leaving the implant 3 ± 0.1 mm above the implant 
nominal bone level determined by the implant manufacturer. All samples were embed-
ded, resulting in a total set of 88 samples for the study. The resin discs with the embedded 
implants were subjected to rectifying operations, thus ensuring parallelism between the 
upper and lower faces. 

The second phase of sample preparation included the fabrication of four distinct 
crown groups, along with their final embedment into the analog, which had been previ-
ously fixed in a resin-like bone material during the preceding stage. The Ti-base was 
scanned with a Dentsply Sirona Ineos X5 extraoral scanner (Dentsply Sirona, Charlotte, 
NC, USA) using the corresponding “L” scan-body for the Ti-base. Once scanned, a crown 
was designed using the InLab CAD 19 software (Dentsply Sirona, Charlotte, NC, USA). 
An STL model of the monolithic crown groups G1-MZ and G3-MC and the layered crown 
groups G2-LCC and G4-LPC was obtained. The material’s characteristics are described in 
Table 1. 

The single blocks for crowns of the G1-MZ, G2-LCC and G4-LPC groups were milled 
using the MCXL, a 4-axis milling machine (Dentsply Sirona, Charlotte, NC, USA), serial 
no. 106352, using the wet strategy and diamond burs. For the crowns of G3-MC, a 5-axis 
Imes icore 350 PRO milling machine (Imes Icore GmbH, Eiterfeld, Germany) was used. In 
addition, the Brilliant Crios Disc (Coltene Whaledent, Altstätten, Switzerland) was used 

Figure 2. Different study groups and X-rays of samples tested: monolithic zirconia (G1-MZ), mono-
lithic composite (G3-MC), layered customized composite (G2-LCC) and layered prefabricated com-
posite (G4 LPC).

2.2. Sample Preparation

All samples were prepared and treated according to ISO 14801:2016 [48]. The prepara-
tion of the samples to be mechanically tested in this study was carried out in two consecutive
and well-differentiated sequential stages. The first stage involved embedding the ASTRA
EV implant analogs in a bone-like resin, followed by the second stage of fabricating and
assembling the different crowns by cementation.

Before performing any static and dynamic mechanical testing, all titanium analogs
were inserted into a bone-like polymeric resin to provide stable support, as well as to mimic
oral conditions. Analog samples were embedded into a polymeric resin (Mecaprex MA2+,
PRESI SAS, Eybens, France), leaving the implant 3 ± 0.1 mm above the implant nominal
bone level determined by the implant manufacturer. All samples were embedded, resulting
in a total set of 88 samples for the study. The resin discs with the embedded implants
were subjected to rectifying operations, thus ensuring parallelism between the upper and
lower faces.

The second phase of sample preparation included the fabrication of four distinct crown
groups, along with their final embedment into the analog, which had been previously fixed
in a resin-like bone material during the preceding stage. The Ti-base was scanned with a
Dentsply Sirona Ineos X5 extraoral scanner (Dentsply Sirona, Charlotte, NC, USA) using
the corresponding “L” scan-body for the Ti-base. Once scanned, a crown was designed
using the InLab CAD 19 software (Dentsply Sirona, Charlotte, NC, USA). An STL model of
the monolithic crown groups G1-MZ and G3-MC and the layered crown groups G2-LCC
and G4-LPC was obtained. The material’s characteristics are described in Table 1.
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Table 1. General table of the material properties for each study sample group.

Materials Manufacturers Composition Flexural
Strength

Fracture
Toughness

Modulus of
Elasticity

Zirconia crown:
CEREC Zirconia meso

L A2
LOT 2017484418

Dentsply Sirona® Yttria stabilized zirconia >900 MPa 7.1 MPa1/2 210 GPa

Composite crown:
BRILLIANT Crios Disc
A2 LT H18 LOT J52869

Coltene®

Barium glass < 1.0 µm,
amorphous silica

SiO2 < 20 nm, cross
linked methacrylic

matrix and inorganic
pigments

198 MPa 2.0 MPa m0.5 10.3 GPa

Customized meso
structure:

inCoris ZI meso F2 L
LOT 3314000426

Dentsply Sirona® Dentsply Sirona® >900 MPa 5.8 MPa1/2 210 GPa

Zirconia insert Coltene® Yttria stabilized zirconia
(3 mol% Y2O3) 500–1000 MPa 5.8–10.5 MPa

m0.5 210 GPa

TiBase
CEREC/inLab AT EV

4,8 GH 1 “L”
LOT B200003054

Dentsply Sirona® Ti6Al4V, medical grade
5, ASTM 136 n.a n.a 105–117 GPa

Implant Replica
EV 5.4

LOT 456009
Dentsply Sirona® Ti6Al4V Grade 5

ASTM F136 n.a n.a 105–117 GPa

Cement:
Solocem®

LOT J64901
Coltene®

UDMA, TEGDMA,
HEMA Methacrylate,

zinc oxide, dental glass,
MDP and 4-MET (A)

monomers

120 MPa n.a 7.2 GPa

Bonding:
OneCoat 7 Universal®

LOT J69945
Coltene®

Methacrylates including
10-MDP photoinitiators,

ethanol, water
n.a n.a n.a

The single blocks for crowns of the G1-MZ, G2-LCC and G4-LPC groups were milled
using the MCXL, a 4-axis milling machine (Dentsply Sirona, Charlotte, NC, USA), serial
no. 106352, using the wet strategy and diamond burs. For the crowns of G3-MC, a 5-axis
Imes icore 350 PRO milling machine (Imes Icore GmbH, Eiterfeld, Germany) was used. In
addition, the Brilliant Crios Disc (Coltene Whaledent, Altstätten, Switzerland) was used
and a CAM Mill Box software v5 SMART(CIM Systems s.r.l., Milan, Italy). Then, all the
crowns were carefully separated from the blocks and discs using a cutting disk. Once the
supports were polished, the zirconia crowns from G1 and the customized mesostructured
from G2 were dried in a pre-drying oven (Imes Icore) for 15 min to remove the moisture
from the wet milling. Subsequently, they were sintered in the corresponding program of
the DEKEMA sintering furnace model AUSTROMAT 674 (DEKEMA Dental-Keramiköfen
GmbH, Freilassing, Germany).

Before cementing all the crowns, the Ti-bases were attached to the implant analogs
according to the manufacturer recommendations using a torque wrench with 25 Ncm,
and then they were cemented over a Ti-base and finally, the crown holes were filled with
Teflon tape and light-cure composite Brilliant EverGlow A2/B2 and One coat 7 Universal
(Coltene Whaledent, Altstätten, Switzerland) as bonding. Lastly, the composite fillings were
polished using silicon polishers DIATECH Shape guard (Coltene Whaledent, Altstätten,
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Switzerland). The surface treatment during the cementation of the different crown samples
is described in Table 2.

Table 2. Descriptive table of the surface treatments used for sample adhesion.

Surface Pre-Treatment
Group G1 G2 G3 G4

Ti-base Sand-blasting 2.5 bar, Al2O3, particles, 50 µm

Monolithic zirconia crown
Sand-blasting, 1 bar,

Al2O3 particles,
50 µm,

Composite crown Sand-blasting, 2 bar, Al2O3 particles, 50 µm,

Zirconia mesostructure
Sand-blasting, 1 bar,

Al2O3 particles,
50 µm,

Zirconia insert
Sand-blasting, 1 bar,

Al2O3 particles,
50 µm,

Primer/Cement OneCoat 7 universal and Solocem by Coltene®

2.3. Observation by Field Emission Scanning Electron Microscope

Scanning Electron Microscopy (SEM) enables the surface-level and comprehensive
evaluation of components and samples by acquiring high-resolution images using the
interactions generated between an incident electron beam and the surface under analysis.
A Field Emission Scanning Electron Microscope (FSEM) model JSM-7001F Scanning Mi-
croscope (JSM 7100, JEOL Ltd., Akishima, Japan) was used for fractographic evaluation of
deformed and/or fractured specimens, operating at a potential of 20 kV and an approx-
imate working distance ranging from 9 to 11 mm. This equipment is equipped with an
Energy-Dispersive X-ray Spectroscopy (EDS) analysis probe, Oxford Xmax20 model, which
allows for the identification of chemical composition by acquiring the characteristic X-ray
emission of each chemical element.

Coating ceramic samples for SEM observation is essential to improve conductivity,
prevent charge accumulation, protect the sample, and obtain higher quality and resolution
images, enabling a more precise and detailed analysis of the properties and characteristics
of this type of material. Once the samples had been fractured through fatigue testing,
the fragments were positioned on pin-shaped holders to undergo a coating process us-
ing PVD-Sputtering techniques, specifically the LEICA EM ACE600 equipment (LEICA
MICROSYSTEMS, Wetzlar, Germany). Using this equipment, a PVD-Sputtered Pt-Au
conductive coating was applied to the samples prior to the SEM observation; this coating
had an average thickness ranging from 5 to 10 nm.

2.4. Determination of the Maximum Compression Strength

A universal MTS model BIONIX-370 servo-hydraulic mechanical testing machine
(MTS Bionix 370, Minneapolis, MN, USA) was used for the determination of the maximum
compressive strength using a 2.5 kN load cell controlled by Telstar II software (Telstar, MTS
System Corp., Eden Prairie, MN, USA). A total of 20 uniaxial static compression tests were
carried out, divided into 5 tests for each of the 4 study sample groups to be evaluated. All
static and dynamic mechanical tests were conducted at (37 ± 1) ◦C, fixing the specimen in
the testing machine with a 30◦ angle of inclination and under wet conditions using Hank’s
salt solution as a liquid medium. All the analyses were carried out under the same test
conditions. The implants were held with the same and unique clamping device, consisting
of a clamping jaw made of stainless steel, which supports the resin block in which each
implant has previously been encasted (Figure 3). The compressive load was applied at a
constant displacement rate of 1 mm/min on the loading device (cap) until system failure.
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Figure 3. Image of the dental implant system embedded in the resin ready for testing.

All samples were prepared following ISO-14801:2017. According to the standard,
the bone anchoring part of the sample must be fixed in a fixed anchoring device that
must hold the sample at a distance of 3.0 ± 0.1 mm apically from the nominal bone level
determined by the manufacturer (Figure 4); in this case, the company Astra implants
by Detsply Sirona. This distance is internationally accepted as the average level of bone
resorption after dental implant implantation. The ISO-14801:2017 standard also specifies
the existence of a constant distance of 11.0 ± 0.1 mm from the implant support level to the
center of the hemispherical free end. This distance must be measured parallel to the central
longitudinal axis of the implant body, and it is counted from the surface of the resin to the
center of the hemispherical dome.

Materials 2024, 17, x FOR PEER REVIEW 7 of 23 
 

 

each implant has previously been encasted (Figure 3). The compressive load was applied 
at a constant displacement rate of 1 mm/min on the loading device (cap) until system fail-
ure. 

All samples were prepared following ISO-14801:2017. According to the standard, the 
bone anchoring part of the sample must be fixed in a fixed anchoring device that must 
hold the sample at a distance of 3.0 ± 0.1 mm apically from the nominal bone level deter-
mined by the manufacturer (Figure 4); in this case, the company Astra implants by Detsply 
Sirona. This distance is internationally accepted as the average level of bone resorption 
after dental implant implantation. The ISO-14801:2017 standard also specifies the exist-
ence of a constant distance of 11.0 ± 0.1 mm from the implant support level to the center 
of the hemispherical free end. This distance must be measured parallel to the central lon-
gitudinal axis of the implant body, and it is counted from the surface of the resin to the 
center of the hemispherical dome. 

 
Figure 3. Image of the dental implant system embedded in the resin ready for testing. 

 
Figure 4. Schematic diagram of an embedded sample. 

2.5. Determination of S-N Curve 
Dental implant fracture is a critical concern in prosthetic dentistry. Cyclic loads ex-

perienced during mastication can potentially lead to structural failures, compromising the 
longevity and functionality of dental implants. Hence, it is crucial to evaluate the re-
sistance of implants under varying cyclic load conditions to ensure their reliability and 
durability. The ISO14801 standard provides guidelines for testing the fatigue strength of 
dental implants, offering a standardized approach for assessing their performance. After 
conducting static compression-to-fracture tests, fatigue tests were carried out at various 
percentages of the previously obtained maximum breaking load. This allowed determin-
ing the number of cycles before fracture at each load level (n ≤ 4), starting from an initial 
load of 80% according to ISO 14801 of the load to failure in a static test carried out with 
the same test geometry. Following this guideline, the implants were submitted to a sinus-
oidal compression–compression fatigue test at a frequency of 2 Hz and a stress variation 
of 10%. 

Figure 4. Schematic diagram of an embedded sample.

2.5. Determination of S-N Curve

Dental implant fracture is a critical concern in prosthetic dentistry. Cyclic loads
experienced during mastication can potentially lead to structural failures, compromising
the longevity and functionality of dental implants. Hence, it is crucial to evaluate the
resistance of implants under varying cyclic load conditions to ensure their reliability and
durability. The ISO14801 standard provides guidelines for testing the fatigue strength of
dental implants, offering a standardized approach for assessing their performance. After
conducting static compression-to-fracture tests, fatigue tests were carried out at various
percentages of the previously obtained maximum breaking load. This allowed determining
the number of cycles before fracture at each load level (n ≤ 4), starting from an initial load
of 80% according to ISO 14801 of the load to failure in a static test carried out with the
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same test geometry. Following this guideline, the implants were submitted to a sinusoidal
compression–compression fatigue test at a frequency of 2 Hz and a stress variation of 10%.

The total number of cycles applied to each sample was fixed at 2 × 106, also defined
as run-outs for fatigue tests performed in liquid immersion according to the ISO standard.
Implants that survived this number of cycles were considered to have passed the test
successfully. The force of the impact was performed on the distal cuspid of the implant-
supported restoration for all groups of samples. Implants that endured this number of
cycles were considered to have passed the test successfully. The fatigue test was run in
liquid immersion using Hank’s salt solution (Sigma Aldrich, St. Louis, MO, USA) as a
liquid medium.

2.6. Characterization of Hardness and Fracture Toughness

The determination of hardness was analyzed by using a Vickers EMCO-Test micro-
hardness tester (EMCO-TEST Prüfmaschinen Gmbh, Kuchl, Austria) equipped with a
Vickers indenter, which consists of a diamond pyramid with a base angle of 136◦. The
standard used for the determination of the hardness of the materials under study was
ASTM E384-17 [49].

The hardness measurements were carried out under a constant load of 5 kg applied
for 15 s, making a total of three measurements for each of the four materials studied. The
Vickers hardness number (VHN) (GPa) was obtained and compared. The Vickers hardness
number (VHN) in GPa has been expressed following Equation (1). VHN as a function of
the applied load (F) in N and the average of the diagonals of the indentation (d) in µm. The
constant value, 1854.4, was obtained from the calculation of the contact area.

VHN1854.4 × P
d2 (1)

The estimation of fracture toughness KIc [49–54] was achieved through the measure-
ment of crack length nucleated at the corners of the residual imprint, utilizing indentation
fracture toughness, following research by Niihara et al. [55]. Sample preparation was
necessary to produce a polished cross-section for each pillar (Figure 5).
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The fracture toughness KIc [50] is a crucial mechanical parameter in brittle mate-
rials that quantifies their ability to resist crack propagation. The estimation of fracture
toughness can be achieved through the measurement of crack length nucleated at the
corners of the residual imprint, utilizing a technique known as indentation microfracture.
Various mathematical formulations have been suggested to determine KIc, contingent
upon the tip indenter geometry and crack morphology (such as radial, half a penny, or
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Palmqvist). Among these, the expression most commonly employed for radial cracks is
Equation (2) [51]:

KIC = a
(

E
H

)1/2

×
(

P
C3/2

)
(2)

where a is a (dimensionless) empirical constant depending on the indenter geometry
(a = 0016 for pyramidal tips), P (in mN) is the peak indentation load, and C (in mm) is the
length of the radial cracks. For Palmqvist cracks, the following Equation (3) applies [52]:

KIC =
( a

l

)1/2

×
(

E
H

)2/3

×
(

P
C3/2

)
(3)

where xv is 0.016 for a Berkovich tip indenter, a (mm) is the length from the center of
the imprint until one of the corners, and l (mm) is the crack length. The applicability of
the different expressions for indentation microfracture tests performed with Berkovich
indenters has been extensively discussed in [53,54].

2.7. Statistical Analysis

Statistical analysis has been carried out using the statistical software Minitab® 16.2.1
(Minitab Inc., State College, PA, USA). Parametric ANOVA or a non-parametric test with
Kruskal–Wallis was performed, depending on the variables, with a confidence interval of
95% and considered statistically different when p < 0.05. Maximum compression strength
results are set out as mean ± standard deviation.

All data were analyzed, beginning with a normal distribution test to determine if the
data followed a normal distribution. If the values followed a normal distribution (p > 0.05)
and two independent data groups were compared, the statistical study was conducted
using the parametric t-test. If the values followed a normal distribution (p > 0.05) and three
or more independent data groups were compared, the statistical study was conducted
using the ANOVA test. In both studies, the initial hypothesis assumed that all means
were equal. To accept this initial hypothesis as true, the probability was set within a 95%
confidence interval, meaning the probability of it not being true was only 5%. Therefore,
when the probability is less than 0.05, it indicates that the hypothesis is not met and that
the means are not equal. Thus, if p < 0.05, the means are different, indicating statistically
significant differences.

If the values did not follow a normal distribution (p < 0.05) and two independent data
groups were compared, the study was conducted using the non-parametric Mann–Whitney
test. If the values did not follow a normal distribution (p < 0.05) and three or more inde-
pendent data groups were compared, the study was conducted using the non-parametric
Kruskal–Wallis test. Therefore, when the Mann–Whitney and Kruskal–Wallis probability
is p < 0.05, there are statistically significant differences between the variables and the
factors analyzed.

3. Results
3.1. Uniaxial Flex-Compression Resistance

To obtain average values of the static compression strength for all tested implant
sample groups, it is necessary to determine the starting point for the different levels of load
required to create an S/N curve. In order to do this, compression tests were conducted
on five different samples (n = 5) per sample group (Table 3). The comparative analysis of
the maximum static fracture strength values suggested slightly higher maximum strength
values in groups G3 and G1 in comparison to groups G4 and G2, respectively (Figure 6a).
However, the statistical analysis of maximum fracture force results of the four sample
groups did not reveal the presence of statistically significant differences (p = 0.213).
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Table 3. General table of maximum compressive force and elongation at break values determined by
static compression.

Properties/Group of Samples N◦ G1 G1 G3 G4

Fmax, N

1 1706.10 1699.50 1720.10 1572.20
2 1578.60 1397.70 1717.10 1701.40
3 1737.10 1439.70 1818.10 1487.40
4 1565.00 1696.50 1523.00 1549.60
5 1546.10 1317.60 1577.60 1457.10

X 1626.58 1510.20 1671.18 1553.54
D. Std 88.19 176.96 119.17 94.74

Elongation at break, mm

1 1.25 0.95 1.32 0.67
2 1.29 0.60 1.23 0.88
3 1.17 1.06 1.28 1.16
4 1.26 1.40 1.50 1.07
5 1.31 0.94 1.35 0.80

X 1.26 0.99 1.34 0.92
D. Std 0.05 0.29 0.10 0.20

 
 

 

 
Materials 2024, 17, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/materials 

 

(a)  

(b)  
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Figure 6. Comparative graphs of Fmax (a) and displacement to break (b).

Moreover, the comparative analysis of displacement at break proposed higher displace-
ment values in groups G3 and G1 compared to groups G2 and G4, respectively (Figure 6b).
Furthermore, the analysis conducted on the displacement-to-fracture outcomes within the
four groups unveiled the existence of statistically significant disparities in displacement
(p = 0.005). There were statistically significant differences from displacement-to-fracture
between the G3 and G4 sample groups (p = 0.006) but not between G1 and G2 (p = 0.71).
The four study groups showed different modes of fracture. They were characterized by a
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deformation of the neck of the analog and a fracture of the fixation screw in groups G1 and
G3, and crown fracture in groups G2 and G4 (Figure 7).
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Figure 7. Photographic images of the fracture modes under static uniaxial compression.

The images in Figure 7 show the different modes of fracture exhibited by the analyzed
samples of the four study groups. They are characterized by a crown fracture in groups G2
and G4, a deformation of the neck of the analog and the fracture of the fixation screw in
groups G1 and G3.

3.2. Uniaxial Cyclic Fatigue Test

The S-N graphics obtained from the tests showed similar decreasing tendencies for all
the groups (Figure 8). Moreover, the fatigue limit obtained was very similar for groups G2
and G4, whereas the G1 group showed the highest fatigue limit. Table 4 summarizes the
fatigue limit (FL) for all sample groups.
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Table 4. Comparative table of fatigue limit values (FL) obtained for all groups of samples tested.

Property/Group of Samples G1 G2 G3 G4

FL, N 813 755 668 777

Moreover, Table 5 indicates the loads supported by each group sample and shows up
to eight different fracture modes, from T1 through T8, with the eighth being run out of the
samples. Likewise, Figure 9 is the illustrative image of these fracture modes on the samples.
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Table 5. Maximum and minimum loads supported by each group sample illustrating up to 8 distinct
fracture modes.

Group of Samples % Fmax Fmax (N) Fmin (N) N◦ Cycles to Break Failure Mode

G1

80 1301 130 16,314 T2

80 1301 130 30,475 T4

70 1139 114 105,522 T6

70 1139 114 75,315 T5

60 976 98 470,741 T7

60 976 98 805,596 T8

50 813 81 2,000,000 Run out

50 813 81 2,000,000 Run out
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Table 5. Cont.

Group of Samples % Fmax Fmax (N) Fmin (N) N◦ Cycles to Break Failure Mode

G2

80 1208 121 16,028 T5

80 1208 121 16,930 T5

70 1057 106 109,106 T5

70 1057 106 148,110 T6

60 906 91 1,631,627 T5

60 906 91 273,531 T6

50 755 76 2,000,000 Run out

50 755 76 2,000,000 Run out

G3

80 1337 134 3797 T5

80 1337 134 9108 T6

60 1003 100 43,309 T5

60 1003 100 140,250 T6

50 836 84 1,197,943 T5

50 836 84 1,864,478 T6

40 668 67 2,000,000 Run out

40 668 67 2,000,000 Run out

G4

80 1243 124 1724 T1

80 1243 124 1396 T5

70 1087 109 2063 T3

70 1087 109 4518 T2

60 932 93 265,460 T1

60 932 93 328,837 T4

50 777 78 2,000,000 Run out

50 777 78 2,000,000 Run out

Where: T1: (Partial fracture of the crown), T2: (Partial fracture of the crown and fracture of screw, with deformation
of both implant and abutment), T3: (Total fracture of the crown, without deformation of either the implant or the
abutment), T4: (Total fracture of the crown, with deformation of both implant and abutment), T5: (Fracture of
the screw, with deformation of both implant and abutment), T6: (Fracture of the screw, with deformation of the
abutment and partial fracture of the implant), T7: (Fracture of the screw, with deformation of the abutment and
total fracture of the implant).

A comparative analysis of the failure modes observed in this study has also revealed
discrepancies among the different groups of samples evaluated. The implants in groups
G2 and G3 exhibited very similar fracture behaviors, characterized by the same types of
fracture modes at equivalent percentages of applied cyclic load. However, the G1 and G4
groups of samples not only displayed variations in fracture modes between each other but
also demonstrated distinct fracture behaviors compared to the remaining groups, along
with a greater variability of fracture modes.

Figure 10 illustrates the fracture sections of fractured crowns pertaining to sample
groups G2 and G4. A fractographic indicated a localized fracture initiation site at the
crown’s uppermost region, presumably at the point of interaction with the load application
clamp. Both samples exhibited crack formation on the external surface.

The fracture surface of sample G2 displayed superior material adherence. In contrast,
the fracture surface of sample G4 exhibited interfacial cracks and areas with inadequate
adherence, suggesting the existence of air bubbles between the material and the zirconia
insert surface.
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Scanning Electron Microscopy (SEM) images of non-fractured crowns subjected to
fatigue tests for sample groups G1 (images a and b) and G3 (images c and d) are presented
in Figure 11, respectively.
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Detailed fractographic analysis of both specimens at higher magnifications (images b
and d) shows a minimal contact area between the clamp and crown with no evidence of
fissures, cracks, delamination or material detachment in the crown.

The mechanical load applied to the top of the samples would have been efficiently
transmitted to the crown/analog connection area without causing any adverse effects on
the crown material beyond minor wear marks due to relative sliding between the clamp
and crown at the contact point.

As shown in Figure 12, there was a significant level of plastic deformation experienced
in the crown/abutment connection area (a and c), which transitioned from a spherical
geometry to a completely oval shape. The components tested exhibited fracture along the
loading direction and underwent significant levels of deformation in the same direction.
Three fracture regions were identified (d): Region I, the initial nucleation crack zone, above
the uppermost yellow striped line; Region II, the stable fatigue crack growth zone, between
the yellow striped lines; and Region III, the catastrophic overload fracture zone, below the
lower yellow striped line.
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The observation of Region II (d) revealed the presence of two characteristic aspects
indicative of fatigue fracture processes: striations and secondary cracking. Striations
appeared as cyclic fatigue loading patterns in the form of thin parallel lines (e), while
secondary cracking manifested as arrays of parallel microcracks perpendicular to the main
direction of fracture propagation. In the ultimate failure in Region III (f), the fracture
became unstable, leading to an “overload fracture” characterized by significant plastic
deformation and “dimple” micro-cavity formation on the fracture surface.

Figure 12 depicts the fractured sections of group G3, highlighting the same three
fracture regions on the fracture surface (d), delineated by yellow dashed lines. Region I
was located on the outer surface of the screw in the zone submitted to bending and tensile
stresses. In addition, it exhibited a limited number of crack initiation points indicated by
blue arrows (d). These initiation points were situated on the smooth outer surface of the
screw near the body–head connection zone, specifically within the thread valley. Region
II exhibited the largest fracture surface area among the three regions, in addition to the
presence of typical fracture advancement beach marks: (c) indicated by white lines and
typical secondary crack striations and (e) indicated by yellow arrows.

In Region II (Figure 13), beach marks were observed, and their positions are perpendic-
ular to the path of fracture advancement, which helps locate the point of fracture initiation.
The secondary cracks seemed to propagate in the same preferential direction perpendicular
to both the fracture advancement direction and beach marks (e), gradually reducing the
resistant section of the screw. Region III, situated in the lower section of the micrograph (d),
displayed notable plastic deformation from mechanical overloading, leading to the forma-
tion of “dimple” micro-cavities (f). This rougher region featured granular morphology and
numerous dimples characteristic of microvoid coalescence.

The indentation tests on the zirconia regions resulted in “small” imprints with a diam-
eter of approximately 82 µm, while the same tests on the composite regions produced much
larger imprints with a diameter of 355 µm (Figure 14). Contrarily, no cracks were observed
in the composite regions at the corners of the imprints that prevented the determination of
fracture toughness in these areas.

As shown in Table 6, the zirconia regions exhibited the standard hardness and fracture
toughness values for dental zirconia ceramic grades, while the composite regions displayed
lower hardness values.

Table 6. Summary of HV5 hardness and KIC fracture toughness characterization.

Sample Groups Region HV5 (GPa) KIC (MPa·m1/2)

G1 Zirconia 13.7 ± 0.3 5.0 ± 0.3

G2
Zirconia (internal region) 13.6 ± 0.2 4.6 ± 0.4

Composite (external region) 0.7 ± 0.1 -

G3 Composite 0.7 ± 0.1 -

G4
Zirconia (internal region) 13.8 ± 0.3 4.6 ± 0.4

Composite (external region) 0.7 ± 0.1 -
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4. Discussion

The main objective was to evaluate the mechanical behavior of the different combina-
tions of materials among the samples and see how it affects the failure mode under static
and dynamic loading.

Since the beginning of dental implantology history, the lack of cushioning on the
ankylosis of implants has been a great concern and represents a big challenge for industrial
manufacturers. The first attempt was the IMZ implant with the intra-mobile element (IME)
as its implant system, which was very popular in the 1980s [56]; another different prototype
was presented in 2014 [57]. New developments in CAD/CAM materials, especially resin-
based blocks, appeared on the market in the same decade. In 2012, the global manufacture
of dental materials (3M ESPE, Seefeld, Germany) launched a new CAD/CAM restorative
material: Lava Ultimate, based on Magne et al. [24] which was the first study that combined
stiff ceramic and the resilient composite block. Despite the promising results of this
combination of materials in emulating the Cushing effect of the periodontal ligament, the
results from one clinical trial presented a higher failure rate, approximately 80% [58]. Two
in vitro studies by Krejci et al. [59] and Lohbauer et al. [60] explained the reasons for the
failures by demonstrating the high stress concentration at the bonding interface in between
composite/zirconia and the reasons for debonding.

Thus, combining resilient composite on top of the implant crown with a low module
of elasticity (around 10–15 Gpa of resin-composite blocks) and stiff ceramic with a high
module of elasticity (210 Gpa of zirconia) on the base of the implant crown and bonded
to the Ti-base abutment needs adequate bonding to work accordingly with the materials.
Hence, in 2015, the same manufacturer withdrew the indication for implant and dental
crowns, given the lack of a bonding strategy. Later, in 2016, a new resin block was launched
in the dental market along with a new bonding strategy: Brilliant Crios and One Coat
7 Universal (Coltene Whaledent, Altstätten, Switzerland). The effectiveness of the new
bonding protocol was confirmed by Reymus et al. [61] and Emsermann et al. [62], showing
the disadvantages of using silane over resin-composite blocks and the benefits of monomers
containing MDP.

Currently, the use of resin-composite blocks for implant crowns is well accepted
because of the damping effect, considering the high occlusal forces of around 900 N required
for molar areas [63–65]. Given the lack of evidence, it is unknown which is the best scenario
for this material: either the monolithic bonded directly to the Ti-base (G3) or combined
with mesostructured zirconia (G2 and G4), as proposed by Magne et al. [24]. According to
our results, both scenarios—monolithic G2 or layered G3 and G4—demonstrated fracture
strength in comparison to zirconia monolithic ceramic crowns G1, with no statistically
significant differences in Fmax.

The key point of this study was focused on the damping effect and the failure mode
of the material combination crown–abutment. This influenced the failure mode of the
restoration, transitioning from a fatigue fracture type located at the abutment–analog
connection for monolithic materials (G1 and G3) to a brittle fracture located in the crown
for bi-layered materials (G2 and G4). This coincides with the research carried out by
Elsayed et al. [35], where they demonstrated favorable failures, and Taha et al. [34], who
concluded that with less rigid crown materials, a stiff substructure might be able to preserve
their force absorption behavior.

This study was conducted to simulate the chewing function using cyclic loading and
the humidity of the oral cavity conditions to ensure their reliability and durability. We
also used prefabricated blocks and original Ti-base abutments with a conical abutment
connection [66–68] to achieve the ideal tolerance, cement space and a proper bonding
strategy between the Ti-base and the different layers of the implant crowns under study.
Thus, to achieve the damping effect in resin implant restorations with a low module of
elasticity, it is necessary to have support from a stiff material, such as a substructure or
mesostructure, in contact with the titanium base, as demonstrated by Südbeck et al. [69].
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Furthermore, a reliable bonding interface among the different materials is essential, as
confirmed by Rosentritt et al. [23].

The main hypothesis of this study was validated twice through the experimental
findings, as significant differences had been observed among the four assessed materials
within implant–abutment–screw assemblies, both in terms of maximum fracture strength
and fatigue limit values. Consequently, the null hypothesis was rejected due to the dis-
cernment of significant differences among the sample groups, as proved by the results
of analyses of fracture resistance, fatigue survival, and fracture mode. This makes them
potentially suitable as an alternative for restoring single implants, even in the posterior
area of the mouth. The fatigue limits of the four tested groups have been determined, with
the resistance arranged in the following decreasing order: G1 > G4 > G2 > G3.

Future research works are expected to focus on increasing the fracture and fatigue
resistance of these bi-layered crowns through a geometric overhaul of the internal ceramic
insert. This dual objective aims to amplify load-absorption capacity and refine internal load
distribution, thereby concurrently reducing potential stress concentration effects.

The main limitations of the study are, among others, the use of implant replicas instead
of real implants, the use of implant crowns with bigger prosthetic height and testing the
wear of the implant composite block. Those aspects should be laboratory and clinically
tested to evaluate the long-term performance of these restorations in the future scope of
current work.

5. Conclusions

From the results obtained from both static and dynamic mechanical tests, the use of
monolithic crowns would entail the direct and complete transmission of applied mechanical
loads to the crown/abutment connection area, leading to progressive deformation of the
abutment neck and eventual fatigue fracture of the connection screw. On the other hand,
the use of bi-laminar crowns appears to protect the crown/abutment connection area by
partially absorbing the applied mechanical loads, preventing deformation and fracture of
the connection area at the expense of facing the final partial or total fracture of the crown.

The maximum fracture strength values obtained in this study greatly surpass the
previously reported maximum beat occlusal forces, with mean Fmax values ranging from
1510.20 ± 176.96 N to 1671.18 ± 119.17 N, corresponding to the sample groups G2 and G3,
respectively. Additionally, in a comparative context, the fatigue limit (LF) values obtained
in this study, ranging between 668 N and 813 N, would be of a comparable magnitude,
potentially indicative of infinite fatigue life resistance without failure.

Both monolithic and bi-laminar designs are approved for dental crown use, even in high-
stress molar regions. Bi-laminar crowns, however, seem to safeguard the crown/abutment
junction by absorbing mechanical loads, averting excessive deformation and implant
fracture. This enables the crown repair of post-partial or full fractures without the need for
implant removal.

In future studies, efforts are expected to improve the fracture and fatigue resistance of
these bi-laminar crowns by geometrically redesigning the inner ceramic insert to enhance
load distribution and reduce potential stress concentration.

6. Patents

The authors, Dr. Nicolas Gutierrez R. and Dr. Ralf Böhner (RIP), declare the rights as in-
ventors of the “DENTAL BLANK WITH AN INSERT” by the European patent # 17175940.0-
1126 on 19 September 2018 and US patent # 11.633,267 B2 in 25 April 2023.
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Abstract: The surface modification of dental implants plays an important role in establishing a suc-
cessful interaction of the implant with the surrounding tissue, as the bioactivity and osseointegration
properties are strongly dependent on the physicochemical properties of the implant surface. A surface
coating with bioactive molecules that stimulate the formation of a mineral calcium phosphate (CaP)
layer has a positive effect on the bone bonding process, as biomineralization is crucial for improving
the osseointegration process and rapid bone ingrowth. In this work, the spontaneous deposition of
calcium phosphate on the titanium surface covered with chemically stable and covalently bound
alendronate molecules was investigated using an integrated experimental and theoretical approach.
The initial nucleation of CaP was investigated using quantum chemical calculations at the density
functional theory (DFT) level. Negative Gibbs free energies show a spontaneous nucleation of CaP
on the biomolecule-covered titanium oxide surface. The deposition of calcium and phosphate ions on
the alendronate-modified titanium oxide surface is governed by Ca2+–phosphonate (-PO3H) inter-
actions and supported by hydrogen bonding between the phosphate group of CaP and the amino
group of the alendronate molecule. The morphological and structural properties of CaP deposit
were investigated using scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray
diffraction and attenuated total reflectance Fourier transform infrared spectroscopy. This integrated
experimental–theoretical study highlights the spontaneous formation of CaP on the alendronate-
coated titanium surface, confirming the bioactivity ability of the alendronate coating. The results
provide valuable guidance for the promising forthcoming advancements in the development of
biomaterials and surface modification of dental implants.

Keywords: titanium dental implant; alendronate coating; calcium phosphate CaP; bioactivity; DFT
quantum chemical calculations

1. Introduction

Titanium-based materials are the most commonly used for the manufacture of medical
implants [1–5], mainly due to their suitable mechanical properties [6]. In addition, titanium
and most of its alloys have shown excellent tissue compatibility [7]. However, these
materials have been shown to be highly bioinert due to poor contact with the living
body upon implantation [8,9]. Since the effectiveness of the osseointegration process with
the surrounding tissue depends on the interactions that occur at the outermost surface
layer with few atomic distances, the titanium surface has been specifically modified to
improve integration with the surrounding tissue and minimize the risks associated with the
release of metal ions into the body. Among a number of established approaches to surface
modification (functionalization) [10], the formation of a biocompatible and bioactive layer
that irreversibly adheres to the surface has attracted particular attention [11–14].
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Organophosphorus compounds such as phosphonates have proven to be effective agents
for the functionalization of titanium surfaces by forming homogeneous self-assembled mono-
layers. In particular, alendronate, a nitrogen-containing bisphosphonate, exhibits good
coating properties on titanium surfaces [15–17], and the effect of immobilizing alendronate
on the titanium surface to stimulate new bone formation and improve bone-implant in-
tegration after implantation has been widely reported [17–20]. On the titanium surface,
alendronate molecules are covalently bound to the TiO2 layer via phosphonate groups
(-PO3H) [15]. At the same time, those unbound phosphonate groups (-PO3H), together with
the amine groups (-NH2) and hydroxyl groups (-OH) of the alendronate molecules, remain
free and can participate in the chemical reactions during new bone growth. These reactions
include the spontaneous precipitation of different calcium phosphate phases (CaP), in-
cluding hydroxyapatite (HAp), a naturally occurring form of calcium phosphate that is an
essential component for the formation of new bone matrix. The CaP deposit has an impor-
tant role in initial cell attachment since it can adsorb proteins from the surrounding tissue,
promoting cell adhesion and the recruitment of osteogenic cells to the implant surface and
facilitating the new bone mineralization process [21–24]. As known from the literature, the
chemical precipitation and nucleation of calcium phosphate (CaP) are strongly influenced
by self-assembled monolayers carrying different functional groups [25–28]. Specifically,
different monolayers with phosphonate (-PO3H), amino (-NH2) or hydroxyl (-OH) groups
were investigated [29–35], and they were found to promote the mineralization process and
affect the texture of the CaP deposit. These results sparked our interest in investigating
the potential of alendronate coating as a promoter of CaP formation in the contents of the
enhanced bioactivity of the underlying titanium.

In our previous publications, the mechanism of the formation of the alendronate coat-
ing on the titanium surface and its chemical stability when exposed to artificial saliva was
reported in detail [15,16]. Since the alendronate-modified titanium surface has been shown
to exhibit good chemical stability, which is the basic prerequisite for its biocompatibility, it
was of great importance to investigate bioactivity as an essential property for successful
osseointegration. In this study, the bioactivity potential of the alendronate coating was
monitored via the spontaneous formation of CaP deposits on the alendronate-coated ti-
tanium surface. To the best of our knowledge, a combined experimental and theoretical
approach was used for the first time to fully elucidate the formation of CaP. Quantum
chemical DFT calculations provided insights into the interactions of the calcium and phos-
phate ions with alendronate molecules on the titanium surface in the early phase of the
CaP nucleation process. The results indicated spontaneous CaP formation, which was
confirmed experimentally using scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD) and attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR). The phase analysis of the CaP deposit con-
firmed the mixture of the phases, beta-tricalcium phosphate (β-TCP) and calcium-deficient
HAp, having beneficial properties from an application point of view.

2. Materials and Methods
2.1. Quantum Chemical Calculations

Density functional theory (DFT) quantum chemical calculations have been carried out,
employing the M06 functional developed by Truhlar’s group [36–38]. The 6-31+G(d,p) +
LANL2DZ basis set was utilized for geometry optimization. Pople’s 6-31+G(d,p) double-ξ
basis set was chosen for the H, C, O, N, Ca, and P atoms, and the LANL2DZ basis set
was chosen for the transition metal (Ti) atoms [39]. The vibrational frequency analysis
under the harmonic oscillator approximation was used to verify all calculated structures
to be true minima on the potential energy surface. In addition, the thermal correction
to the Gibbs free energy was derived from the same vibrational analysis. To refine the
energy, a highly flexible 6-311++G(2df,2pd) basis set was utilized for H, C, O, N, Ca and P
atoms, while the same LANL2DZ ECP-type basis set was used for the titanium atoms. The
polarizable continuum solvation model SMD (solvation model based on density) [40] was
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used to model the solvation effects. The solvent water is represented by a dielectric constant
of ε = 78.3553. To account for the specific interaction of the metal cation with the water
solvent, the first solvation shell [41], represented by a specific number of water molecules
coordinating the calcium ion, is explicitly included in the quantum chemical region, and
the remaining bulk solvent is approximated by a polarizable continuum, leading to the
cluster continuum method [42]. All calculations were performed with the program package
Gaussian 09 (revision D.01) [43].

The topological analysis of the charge density distribution was performed through means
of Bader’s quantum theory of atoms in molecules (QTAIM) [44] using the AIMALL [45] program
package (version 17.01.25) and utilizing the SMD/M06/6-31+G(d,p) + LANL2DZ wave
function obtained from the optimization.

The Gibbs free energy of the interactions, ∆G*INT, was calculated according to the
formula ∆G*INT = G*AB − G*A − G*B, where G*AB is the total free energy of the resulting
AB structure and G*A and G*B are the total free energies of the associating units A and B,
respectively. A detailed description of the computational modeling can be found in the
Supplementary Materials.

2.2. Materials, Chemicals and Solutions

The substrates whose surfaces were functionalized were the titanium discs (Ti, 99.9%,
φ = 12 mm, thickness 1.5 mm, Alfa Aesar®, Karlsruhe, Germany).

The following chemicals were used as received: sodium alendronate trihydrate (≥97%,
Merck Sharp & Dohme, Rahway, NJ, USA), acetone (p.a., Gram-Mol, Zagreb, Croatia) and
absolute ethanol (p.a., Gram-Mol, Zagreb, Croatia).

The powder of sodium alendronate trihydrate was dissolved in Milli-Q® water (Milli-
pore, Merck, Darmstadt, Germany) via ultrasonic stirring for 10 min to obtain a 10 mmol
dm−3 solution. The phosphate-buffered solution (10.0530 g Na2HPO4·7H2O + 1.9501 g
NaH2PO4·2H2O were dissolved in 0.5 dm3 water; pH = 7.4) was used to prepare an oxide
layer on the Ti substrate. The Fusayama artificial saliva, prepared via dissolving 0.4 g
NaCl, 0.4 g KCl, 0.6 g CaCl2·2H2O, 0.58 g Na2HPO4·2H2O and 1 g urea in 1 dm3 water [46],
was used as a model solution to monitor spontaneous CaP formation. All solutions were
prepared with Milli-Q® water.

2.3. Functionalisation of the Titanium Samples

The titanium sample covered using electrochemically formed oxide film coated with
alendronate (Ti/oxide/alendronate) was prepared.

Prior to modification, the surface of Ti samples was abraded with 240, 500 and 600 grit
SiC emery paper, ultrasonically cleaned with absolute ethanol, acetone and Mili-Q® water
and dried with nitrogen (99.999%, Messer®, Bad Soden, Germany). To create the oxide
layer on the Ti surface (Ti/oxide), a potential of 2.5 V vs. Ag|AgCl, 3.0 mol dm−3 KCl
was applied to the Ti in a phosphate-buffered solution for 5 h. The oxide layer formation
was performed on the Ti disc, which was placed in a Teflon holder so that an area of 1 cm2

was exposed to the electrolyte. The measurement was performed in a three-electrode cell
with the Ti as the working electrode, the Ag|AgCl, 3.0 mol dm−3 KCl (E = 0.210 V vs.
standard hydrogen electrode, SHE) as the reference and the graphite rod as the counter
electrode using the Autolab 128N potentiostat/galvanostat (Metrohm Autolab BV, Utrecht,
The Netherlands) controlled using Nova 2.1.6® software (Metrohm Autolab BV, Utrecht,
The Netherlands). The Ti/oxide samples were then rinsed and dried with nitrogen. Func-
tionalization with an alendronate layer was performed on the Ti sample with oxide layer
(Ti/oxide), according to the following procedure. The Ti/oxide samples were immersed in
the prepared alendronate solution at 22 ± 1 ◦C for 24 h. The functionalized samples were
then dried at 70 ◦C for 7 h to ensure the chemical stability of the coating [47]. Samples were
then rinsed with Milli-Q® water and absolute ethanol and dried in a nitrogen stream.
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2.4. Spontaneous Formation of Calcium Phosphates (CaP) on the Titanium Samples

To investigate potential bioactivity of the Ti/oxide/alendronate sample, samples were
immersed in the Fusayama artificial saliva (pH 6.8) at 22 ± 2 ◦C for a period of 100 days.
After this period, white deposits were visible on the surface of the sample, which was
characterized in more detail.

2.5. Characterisation of the Titanium Samples

The phase composition of the samples was recorded in the 2θ range between 10◦ and
90◦, and 45 kV and 40 mA on the Empyrean powder X-ray diffractometer (PXRD) (Malvern
Pananalytical B.V., Almelo, The Netherlands) with CuKα radiation (0.1542 mm).

Morphology and elemental analysis was performed using the field emission scanning
electron microscope (FE-SEM, model JSM-7000F, Jeol Ltd., Tokyo, Japan) in conjunction with
the energy dispersive X-ray analyzer EDS/INCA 350, (Oxfore Instruments, High Wycombe,
UK). Micrographs were recorded at 5 kV accelerating voltage and 10 mm working distance.
The EDS analysis was performed with an accelerating voltage of 10 kV, a working distance
of 10 mm, acquisition time of 180 s and a dead time of 16%.

The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
measured with the IRTracer-100 spectrometer (Shimadzu, Kyoto, Japan) during 45 cycles in
the range of 4000 to 450 cm−1 with a scan resolution of 4 cm−1.

The results shown in this study are the average of three measurements.

3. Results and Discussion
3.1. The Mechanism of Interaction of Calcium and Phosphate Ions with Ti/Oxide/Alendronate

To gain insight into the possible interactions between calcium and phosphate ions
present in body fluids with Ti/oxide/alendronate at the molecular level, a detailed theoret-
ical study using quantum chemical DFT calculations was performed. The interaction of
calcium and phosphate ions with the alendronate-coated surface was analyzed in terms of
the interaction pattern and interaction energy. Herein, the aim of the theoretical simulations
was not to investigate the entire nucleation route for calcium phosphate, but rather the
initial stage of the aggregation of calcium and phosphate ions at the alendronate coating.
The hydrogen phosphate anion HPO4

2− was considered for the simulation as it is the
main phosphate species present in the solution at pH = 6.5. Also, it is important to point
out that the ion association process between Ca2+ and HPO4

2− occurs immediately at the
beginning of the deposition process, forming a CaHPO4 ion pair which interacts with
alendronate coating.

Since the TiO2 layer is present on the titanium surface, the TiO2 nanocluster was
selected for the simulation of the metal oxide layer. For the sake of computational ef-
ficiency, the (TiO2)10 nanocluster used by Qu and Kroes [48] was selected to serve for
cluster modeling.

Previously reported results for the alendronate–coated titanium surface [15] showed
that it is most likely the result of two energetically competing structures, one in which the
alendronate molecule is bound to the TiO2 surface via both the amine and phosphonate
groups, while in the other the alendronate molecule is bound only via the phosphonate
group, with the former being slightly more favorable by 3.48 kcal mol−1. Therefore, to
model the (TiO2)10-alendronate-CaP structure, both (TiO2)10–alendronate structures are
taken into account.

In the case of the more stable (TiO2)10–alendronate structure, the formation of the CaP
deposit can be initiated by the following two structures. In one, (TiO2)10–alendronate–CaP–
I (Figure 1a), which is more favorable, the calcium ion binds to the two phosphonate groups
of the alendronate molecule, releasing the Gibbs free energy of ∆G*INT = −31.14 kcal mol−1.
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The interaction between the phosphonate groups and the calcium ion is achieved by two
strong coordinate P–O–Ca bonds (dCa···O = 2.517 Å and 2.511 Å; ECa···O = −6.84 kcal mol−1

and −6.86 kcal mol−1; Figure 1a), where a free electron pair from the oxygen atom of the
phosphonate group of the alendronate molecule is involved in the binding with the calcium
ion. In addition, the HPO4

2− ion binds to the calcium ion via Ca–O bonds (dCa···O = 2.810 Å
and 2.488 Å; ECa···O = −3.61 kcal mol−1 and −8.14 kcal mol−1; Figure 1a) in bidentate
fashion, and is aligned in the upper part of the (TiO2)10–alendronate–CaP–I structure. The
formed Ca–O bonds are attributed to an ionic interaction type according to ∇2ρ(rc) > 0 and
H(rc) > 0 from the topological analysis of the electronic density distribution. In addition,
two water molecules are found in the first coordination shell of the Ca2+ ion.

When the formation of CaP is accomplished via the phosphate group of the CaHPO4
ion pair, the considerably less stable structure ((TiO2)10–alendronate–CaP–II) with
∆G*INT = −9.29 kcal mol−1 is obtained (Figure 1b). In this structure, the phosphate group
binds to the alendronate molecule at the phosphonate site via two strong hydrogen O···H–
O bonds (dO···H = 1.653 Å and 1.953 Å; EO···H = −11.51 kcal mol−1 and −6.29 kcal mol−1;
Figure 1b). The remaining two oxygen atoms of the phosphate group coordinate the cal-
cium in a bidentate manner (dCa···O = 2.516 Å and 2.569 Å; ECa···O = −7.61 kcal mol−1 and
−6.61 kcal mol−1; Figure 1b). The critical point of the formed Ca–O bonds was character-
ized by positive values of the electron density Laplacian, ∇2ρ(rc) > 0, and by a positive
value of the electron energy density, H(rc) > 0, which assigns the Ca–O bonds to an ionic
interaction type.

The calculated Gibbs free energies of the interactions for the (TiO2)10–alendronate–
CaP structures selected above point to the spontaneous formation (∆G*INT < 0) for both
structures. However, the binding is found to be much more exergonic in the case of
(TiO2)10–alendronate–CaP–I (Figure 1a), leading to the conclusion that CaP deposition
on the alendronate coatings occurs mainly through the calcium (CaHPO4)–phosphonate
(alendronate) interactions.
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For the thermodynamically less stable but highly competitive (TiO2)10–alendronate
structure, two modes of binding of calcium and phosphate ions to alendronate molecule
are also obtained (Figure 2). In the one, thermodynamically more stable structure, the
calcium and phosphate ions interact with the alendronate molecule via the calcium ion,
which binds to two oxygen atoms of the phosphonate group of the alendronate molecule
((TiO2)10–alendronate–CaP–III, dCa···O = 2.478 Å and 2.450 Å; ECa···O = −7.50 kcal mol−1

and −8.11 kcal mol−1; Figure 2a). The phosphate ion binds to the calcium ion via two
oxygen atoms with dCa···O = 2.507 Å and 2.663 Å and ECa···O = −7.79 kcal mol−1 and
−5.19 kcal mol−1, respectively (Figure 2a). The additional interaction of the phosphate
ion with the amino group is established through the strong O···H–N hydrogen bond
(dO···H = 2.192 Å; EO···H = −4.00 kcal mol−1; Figure 2a). It can be considered, according to
the QTAIM analysis, as a partially ionic and partially covalent interaction in accordance
with the positive value of Laplacian, ∇2ρ(rc) > 0, and the negative value of the electron
energy density, H(rc) < 0, at the bond critical point. The Gibbs free energy of interaction for
the structure under consideration is calculated as ∆G*INT = −34.65 kcal mol−1.
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Figure 2. The most stable structures predicted using DFT calculations: (a) (TiO2)10–alendronate–CaP–
III and (b) (TiO2)10–alendronate–CaP–IV. The bond lengths are given in Å, the bond energies are given
in kcal mol−1. Ti—light gray, O—red, C—gray, N—blue, P—orange, H—white, Ca—yellow-green.

In the alternative structure, (TiO2)10–alendronate–CaP–IV (Figure 2b), the binding of
the CaP ion pair via the phosphate group, leads to a less stable structure with a Gibbs free
interaction energy of−11.75 kcal mol−1. In this structure, the phosphate ion of the CaHPO4
ion pair interacts with the phosphonate group of the alendronate molecule, resulting in an
anchoring hydrogen O···H–O bond with a corresponding bond length of 1.533 Å and an
energy of EO···H = −17.73 kcal mol−1. The phosphate group coordinates the calcium ion
through two bonds with a corresponding bond length of dCa···O = 2.559 Å and 2.794 Å and

76



Materials 2024, 17, 2703

energies of ECa···O = −6.57 kcal mol−1 and −3.59 kcal mol−1, respectively (Figure 2b). It is
worth mentioning that no interaction of the CaP ion pair with the NH2 group of alendronate
molecule was found.

In summary, the deposition of calcium and phosphate ions on the alendronate modified
titanium oxide surface is governed by Ca2+–phosphonate interaction. It is supported
by the hydrogen bond between the phosphate group of CaP and the amino group of
the alendronate molecule, as found in the structure (TiO2)10–alendronate–CaP–III. Those
interactions ensure a thermodynamically strong favorable binding pattern with a released
Gibbs free interaction energy of ∆G*INT = −34.65 kcal mol−1.

To put the above results in perspective, the DFT calculations of the interactions of bare
TiO2 clusters with calcium phosphate ions were carried out. The most stable structure for
each of the considered binding modes (analogous to the previous ones with alendronate
coating) were determined and demonstrated in Figure 3.
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Figure 3. The most stable structures predicted using DFT calculations: (a) (TiO2)10–CaP–I and
(b) (TiO2)10–CaP–II. The bond lengths are given in Å, the bond energies are given in kcal mol−1.
Ti—light gray, O—red, C—gray, P—orange, H—white, Ca—yellow-green.

As can be seen from the DFT results, the binding established through the interac-
tion of the phosphate ion of CaP (∆G*INT = −20.26 kcal mol−1; Figure 3b) with the
TiO2 surface is more exergonic than the binding achieved through the Ca2+ – O(TiO2)10
(∆G*INT = −5.28 kcal mol−1; Figure 3a) interactions. However, compared to the most favor-
able binding of calcium phosphate ions to the alendronate modified titanium oxide surface,
it appeared significantly less exergonic (∆(∆G*INT) = 14.39 kcal mol−1). These findings
clearly indicate the positive effects of alendronate coating on the formation of CaP which is
fully in line with the experimental observations.

3.2. Experimental Evidence for the Spontaneous Formation of Calcium Phosphates (CaP) on the
Ti/oxide/Alendronate Surface

Since the DFT results clearly showed that the spontaneous formation of CaP on the
alendronate-modified Ti/oxide surface is possible, experimental evidence was obtained
using SEM, EDS, ATR-FTIR and XRD techniques. The prepared Ti/oxide/alendronate sam-
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ples were immersed for 100 days in Fusayama artificial saliva solution as simulated body
fluid to test alendronate coating’s bioactivity on the basis of monitoring the spontaneous
CaP deposit formation.

Morphology, Chemical and Phase Analysis of Ti/Oxide/Alendronate Samples after
100 Days Immersion in Artificial Saliva

SEM measurements were performed to gain insight into the morphology of the
Ti/oxide/alendronate sample before and after immersion in the artificial saliva for 100 days.
The results are shown in Figure 4. The inhomogeneous-layered structure is evident for the
Ti/oxide/alendronate surface (Figure 4a), as a consequence of the presence of electrochemi-
cally prepared oxide film on the Ti surface. It is well-known that the alendronate coating
has no significant effect on the morphology due to its low thickness (one monolayer) [47].
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Figure 4. The FE-SEM images of Ti/oxide/alendronate (a) before and (b–d) after immersion in
artificial saliva. The images were taken at (a,b) 5000×, (c) 10,000× and (d) 33,000× magnification.
The chemical composition of the Ti/oxide/alendronate sample (e) before and (f) after immersion in
artificial saliva.
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The immersion of the sample in the artificial saliva over a period of 100 days changed
the morphology of the Ti/oxide/alendronate surface significantly and resulted in the
spontaneous formation of agglomerates over almost the entire surface (Figure 4b,c). A
deeper look into the spontaneously formed deposit (Figure 4d) revealed a flower agglomer-
ate consisting of nanoneedles. The morphology obtained is one of the possible forms of
CaP structures such as nanosheets, microrods, and microplates, which are influenced by
the precipitation conditions (temperature, pH, reactants and their concentrations) [49,50].
Nanoneedles are also observed under similar pH conditions [50–52].

To check the chemical composition of the Ti/oxide/alendronate sample before and
after immersion in artificial saliva, the samples were analyzed using EDS. The results are
shown in Table 1 and Figure 4e,f, and indicate that the alendronate coating (Na and P were
detected) was present over the oxide layer on the titanium before immersion in artificial
saliva. As can be seen after 100 days of immersion, the elements Na, Ca, P and Cl were
detected on the surface of the sample, whereby the amount of the element P increased
significantly and the other elements Ca and Cl were incorporated into the structure of the
deposit (Table 1). The Ca/P atomic ratio is 1.51 and may indicate the presence of calcium-
deficient hydroxyapatite (CDHAp) [53]. Furthermore, due to the presence of the elements
Cl and Na, it can be concluded that the apatite formed is biocompatible, closely resembling
the natural bone composition, which could have a positive effect on bone metabolism [54].

Table 1. Chemical composition of the Ti/oxide/alendronate sample before and after the immersion
in artificial saliva (the average of three measurements).

Element, at. %
Sample Ti K C K O K Na K P K Ca K Cl K

Before immersion 40.76 12.18 45.16 0.99 0.91 / /
After immersion 1.41 16.68 54.22 0.49 10.41 15.74 1.05

It should be emphasized that atmospheric carbon contamination is possible, which
could influence the EDS results. The prompt gamma-ray activation analysis (PGAA)
can be useful for the accurate determination of elemental composition, as shown by
A. Nespoli et al. [55].

The surface characterization (composition) of Ti/oxide/alendronate samples before
and after immersion was performed using ATR-FTIR (Figure 5). Prior to sample immersion,
weak bands around 1000 cm–1 are visible characteristics for the P–O and P=O bands
present in the alendronate molecule [16,56,57]. On the other hand, after immersion bands
were detected in the spectral range from 900 to 1100 cm–1, typical for the symmetric and
asymmetric P–O stretching modes in the phosphate group [58–60]. The noticeable strong
bands are indicative of phosphate layer deposits; i.e., dominant ν3 PO4

3– absorption bands
in the range 1080–1000 cm–1 (P–O asymmetric stretching vibrations), the ν1 PO4

3– band
at 961 cm–1 (P–O symmetric stretching vibrations) and the bending mode bands (O–P–O
vibrations) in range from 560 to 630 cm–1 [58–60]. The visible band at 1645 cm–1 is assigned
to the ν2 bending mode of adsorbed water associated with the hydroxyapatite phase [58],
accompanied with bands at 3456 and 3344 cm–1 typical for the hydroxyl stretching present
in hydroxyapatite [59].

Additionally, the bands at 1464, 862 and 774 cm–1 are attributed to the ν1 CO3
2– band

(asymmetric stretching mode of carbonate group), the ν2 CO3
2– band (symmetric stretching

mode of carbonate group) and the ν4 CO3
2– band (asymmetric stretching mode of carbonate

group) and point to the carbonate content present in the calcium phosphate deposit [58,59],
which is due to the atmospheric conditions during spontaneous deposition. Carbonate
ions replace hydroxyl or phosphate ions in the hydroxyapatite coating, resulting in the
formation of calcium-deficient hydroxyapatite with a decreased Ca/P ratio in comparison
to the Ca/P ratio of hydroxyapatite [21]. This was the case for the deposit investigated, with
the Ca/P ratio of 1.51. Hence, the results obtained are in accordance with the SEM/EDS
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results discussed previously in this section. The detected carbonate content should not be
considered detrimental or unwanted since it allows for a closer resemblance to the natural
bone composition [22,61].
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Figure 5. The ATR-FTIR of Ti/oxide/alendronate before and after immersion in artificial saliva:
(a) wide range spectra and (b) P–O bands in the fingerprint region of the spectra.

The obtained ATR-FTIR spectra confirm the spontaneous formation of a calcium
phosphate deposit on the Ti/oxide/alendronate sample during immersion in the artificial
saliva solution, corroborating the enhanced bioactivity of the titanium implant material
upon alendronate coating formation.

The phase analysis of the samples before and after immersion in artificial saliva
solution was performed using XRD and the results are shown in Figure 6. Figure 6a shows
the XRD data for the Ti/oxide/alendronate before immersion in artificial saliva solution.
The comparison of the experimental data with the reference card for titanium (JCPDS
#00-044-1294) [62] clearly shows the dominance of the titanium substrate as a single phase.
Since the electrochemically formed oxide layer is obviously very thin, the oxide phase was
not detected in the XRD pattern.

The XRD pattern of the Ti/oxide/alendronate sample after immersion in artificial
saliva solution contains characteristic peaks for hydroxyapatite (HAp, JCPDS # 00-009-
0432) [53] and beta-tricalcium phosphate (β-TCP, JCPDS # 00-009-0169) [21,63], (Figure 6b,c).
The peaks of the titanium substrate are also visible. The results are in accordance with the
ATR-FTIR results. The experimental conditions (artificial saliva with a pH of 6.5, room
temperature and 100 days immersion) lead to the formation of a mixture of β-TCP and
HAp in the form of floral deposits of nanoneedles. The result is consistent with the EDS
results, where the Ca/P ratio also indicates the formation of HAp, i.e., calcium-deficient
HAp. The formed mixture of HAp and β-TCP can be very useful from an application point
of view, as this combination is an important material for tissue engineering and a process
of bone formation [64].

In summary, the formation of calcium-deficient hydroxyapatite was spontaneously
induced on the titanium covered with electrochemically prepared oxide film and was
subsequently modified by the alendronate coating, as was validated using XRD, EDS and
ATR-FTIR characterization methods. Spontaneous formation points to the bioactivity of
the alendronate coating, resulting in the development of a calcium phosphate phase with
beneficial properties. Since, the presence of hydroxyapatite plays a crucial role in various
phases of new bone growth, including cell adhesion, the bone formation phase, also serving
as a scaffold for new bone deposition, the mineralization phase and bone remodeling, its
presence facilitates and is the essential for the successful implant integration [21–24].
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4. Conclusions

In this study, the spontaneous calcium phosphate deposition onto an alendronate
modified TiO2 surface was investigated both in silico by means of DFT quantum chemical
calculations and in vitro by a simple immersion procedure in artificial saliva.

The DFT results showed that the molecular interactions between the alendronate–
coated Ti/oxide surface and the calcium and phosphate ions were spontaneous according to
the calculated negative Gibbs free interaction energy. It has been shown that the deposition
of calcium and phosphate ions on the alendronate-modified titanium surface is determined
by the interaction of Ca2+ with the phosphonate group (-PO3H) of the alendronate molecule
and is strongly supported by the O···H–N hydrogen bonding between the phosphate
(HPO4

2−) and the amino group (-NH2) of the alendronate molecule. The formation of the
most stable (TiO2)10–alendronate–CaP structure proves to be a highly exergonic process
with a calculated Gibbs free interaction energy of ∆G*INT = −34.65 kcal mol−1.
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The results of scanning electron microscopy, energy dispersive X-ray spectroscopy and
attenuated total reflectance Fourier transform infrared spectroscopy confirmed spontaneous
calcium phosphate deposition on the Ti/oxide/alendronate surface after 100 days of
exposure of the sample to artificial saliva. The spontaneously formed deposit is a mixture
of two phases, beta-tricalcium phosphate and calcium-deficient hydroxyapatite, according
to the X-ray diffraction phase analysis. The presence of trace elements (Na, Cl) and
carbonate ions in the hydroxyapatite structure, detected using energy dispersive X-ray
spectroscopy and attenuated total reflectance Fourier transform infrared spectroscopy,
indicates the biological hydroxyapatite, which is also confirmed by the Ca/P ratio of 1.51
(energy dispersive X-ray spectroscopy).

These results indicate the potential bioactivity of functionalized titanium and provide
fundamental information useful for the development of dental implants with improved
osseointegrity. For further clinical testing, biological studies in a medium similar to the
complex oral environment followed by in vivo studies are required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17112703/s1, Computational modeling, Figure S1: Optimized
structures of the selected systems (bond distances in Å, bond energies in kcal mol−1), Table S1:
Formation of CaP layer. Standard state (1M) free energies of interaction ∆rG*INT computed by
using the SMD solvation model at the M06/6-311++G(2df,2pd) + LANL2DZ// M06/6-31+G(d,p) +
LANL2DZ level of theory (in kcal mol−1), Table S2: Total electronic energy, ETot

soln, obtained at the
SMD/M06/6-311++G(2df,2pd) + LANL2DZ//SMD/M06/6-31+G(d,p) + LANL2DZ level of theory,
thermal correction to the Gibbs free energy, ∆G*VRT,soln, obtained at the SMD/M06/6-31+G(d,p) +
LANL2DZ level of theory, and total free energy, G*X, (G*X = ETot

soln + ∆G*VRT,soln) in water media of
the investigated species (all energies in hartree), Table S3: Bond lengths (d), energies (E) and QTAIM
properties of the selected bonds in the investigated systems, Cartesian coordinates of the calculated
systems. Refs. [65–75] are cited in the Supplementary Materials.
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Abstract: The topography and chemical composition modification of titanium (Ti) implants play
a decisive role in improving biocompatibility and bioactivity, accelerating osseointegration, and,
thus, determining clinical success. In spite of the development of surface modification strategies,
bacterial contamination is a common cause of failure. The use of systemic antibiotic therapy does
not guarantee action at the contaminated site. In this work, we proposed a surface treatment
for Ti implants that aim to improve their osseointegration and reduce bacterial colonization in
surgery sites due to the local release of antibiotic. The Ti discs were hydrothermally treated with
3M NaOH solution to form a nanostructured layer of titanate on the Ti surface. Metronidazole was
impregnated on these nanostructured surfaces to enable its local release. The samples were coated
with poly(vinyl alcohol)—PVA films with different thickness to evaluate a possible control of drug
release. Gamma irradiation was used to crosslink the polymer chains to achieve hydrogel layer
formation and to sterilize the samples. The samples were characterized by XRD, SEM, FTIR, contact
angle measurements, “in vitro” bioactivity, and drug release analysis. The alkaline hydrothermal
treatment successfully produced intertwined, web-like nanostructures on the Ti surface, providing
wettability and bioactivity to the Ti samples (Ti + TTNT samples). Metronidazole was successfully
loaded and released from the Ti + TTNT samples coated or not with PVA. Although the polymeric film
acted as a physical barrier to drug delivery, all groups reached the minimum inhibitory concentration
for anaerobic bacteria. Thus, the surface modification method presented is a potential approach to
improve the osseointegration of Ti implants and to associate local drug delivery with dental implants,
preventing early infections and bone failure.

Keywords: titanium; hydrothermal treatment; surface modification; local drug delivery system;
osseointegration

1. Introduction

Titanium implants are a safe and predictable alternative for rehabilitation treatments in
dental surgeries, and their success is related to osseointegration. Titanium is considered the
material of choice for the manufacture of implants due to its mechanical properties, chemical
stability, and biocompatibility [1,2]. Surface treatments such as alkaline hydrothermal treat-
ment have been developed and improved to modify and optimize the physical–chemical
properties of the surface, such as roughness, topography, wettability, and its composition,
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influencing cellular events during the healing process [3,4]. Such treatment enables the
growing of a layer of titanate nanostructures on the Ti surface, increasing its roughness,
and consequently its surface area, and hydrophilicity, favoring protein adsorption and cell
adhesion and proliferation [4]. The morphology of nanostructures is directly dependent on
the experimental conditions used for hydrothermal treatment.

Infections associated with the surgical procedures during dental implantation are
one of the causes of osseointegration failure, leading to its loss [5]. Such infections can
be caused by contamination of bacteria that already exist at the surgical site, especially in
patients with pre-existing periodontal disease [6]. The most critical moment regarding early
loss induced by infection is when the implant comes into contact with human cells and
local microorganisms in the initial moments after its installation [7]. Prophylactic antibiotic
therapy has been proposed to decrease bacterial levels at the site to be instrumented.
The pre-established biofilm restricts the diffusion of molecules and bacterial sensitivity
to antibiotics, meaning that the systemic prophylactic antibiotic therapy will not have
the desired effectiveness [8]. Therefore, it is desirable to develop strategies with a local
antibiotics release approach as an alternative to systemic oral antimicrobial therapy [9].
The use of biodegradable material in combination with titanium implants as a local drug
delivery system is an interesting approach.

Hydrogels have gained considerable attention in recent years for their unique
physical–chemical properties, which are similar to those of living tissues and include
high water content, soft and rubbery consistency, and low interfacial tension with water or
biological fluids [10]. These materials can be defined as a 3D network formed from physical
or chemical crosslinked hydrophilic polymers. They can swell in contact with water or
biological fluids without losing their structural integrity [11]. Poly(vinyl alcohol)—PVA
is a biodegradable, non-toxic, water-soluble, and hydrogel-forming polymer [12]. Due to
its particular properties, such as chemical versatility, great biocompatibility to different
cell lines, and high swelling capacity, PVA hydrogel has been recognized as potential
biomaterial for various pharmaceuticals and biomedical applications, including as a matrix
for drug delivery systems and as scaffolds for bone tissue engineering. Furthermore, PVA
can only be solubilized in pure water, without needing any acid or alkaline solution, which
could be a potential risk for cells [13,14].

Metronidazole is an antibacterial compound belonging to the class of imidazoles, a
subgroup of nitroimidazoles, which acts against a wide variety of microorganisms [15].
It is clinically effective in the treatment of periodontitis and peri-implantitis caused by
anaerobic bacteria [16]. It presents a good therapeutic response, but its high toxicity after
continuous systemic doses can, for example, manifest gastrointestinal disorders, dizziness,
and headaches, among others, often causing the patient to discontinue treatment [15]. Thus,
the local delivery of metronidazole could reduce the systemic toxicity of the antibiotic and
increase its efficiency even with lower doses.

In the present work, we propose a surface treatment methodology to titanium im-
plants aiming to provide antimicrobial properties by the local release of metronidazole
and the improvement of the osseointegration capacity obtained by the incorporation of
nanostructures on the titanium surface. The proposed system consists of a Grade 4 Ti
sample functionalized with a nanostructured titanate layer produced by hydrothermal
treatment, impregnated with metronidazole and coated with PVA hydrogel to control
antibiotic release. Grade 4 Ti has been the industry standard for dental implants for years
due to its high strength and low malleability. The great advantage of surface modification
is that the external layers of the materials can be modified without affecting its volumetric
characteristics, such as mechanical properties. In other words, it is possible to change
biomaterial–cell interaction without changing physical and chemical bulk properties.
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2. Materials and Methods
2.1. Preparation of Titanate Nanostructured Coating

Grade 4 Ti circular cross-section bars (Titanews Industria e Comercio de Titanio LTDA,
Barueri, Brazil) were used in the alkaline hydrothermal treatment as a surface substrate for
the growth of the titanate layer. Before treatment, the Ti bars were cut in a cutting machine
(ISOMET 4000 model, Buehler), forming discs 12 mm in diameter and 2 mm in thickness,
which were mechanically polished with abrasive silicon carbide sandpaper of different
grades (220, 400, 600, and 1500) using a metallographic polisher/sander machine (Aropol
2V—Arotec, Cotia, Brazil), followed by ultrasonic cleaning for 10 min with acetone, ethanol,
and distilled water, sequentially. The alkaline hydrothermal treatment was carried out in
a high-pressure reactor (BR-500–Berghof, Eningen, Germany) under 3M NaOH solution
at 150 ◦C for 6 h. After the synthesis reaction, the samples were washed by immersion in
distilled water four times for 10 min, as will be described below.

2.2. Loading of Metronidazole in Nanostructures

Metronidazole (MNZ) (0.5% (m/v) metronidazole injection solution, Fresenius Kabi
Brasil Ltd. (Mount Kuring-gai, NSW, Australia) was added to the coated Ti discs to interact
with the nanostructures and to compose the drug delivery system. The MNZ concentration
was selected based on the Minimum Inhibitory Concentration to eliminate anaerobic
bacteria, on the concentration range that could avoid cytotoxicity, and on the minimum
concentration that could be read by a UV-Vis spectrophotometer. Firstly, a 25 µL-drop of
MNZ was pipetted on to the discs and allowed to dry at room temperature. After drying,
another drop was added. This procedure was repeated eight times until 22.2 µg/mL of
MNZ had been deposited. In the case of systems with a thicker layer of PVA coating, it
was necessary to deposit a higher volume of MNZ (33.3 µg/mL) in order to maintain the
released amount of MNZ within the range of the sensitivity of the method.

2.3. Polymeric Coating of Nanostructured Samples

Poly(vinyl alcohol) (PVA) (Mw 85.000–124.000 g/mol, degree of hydrolysis > 99%,
Sigma–Aldrich, Saint Louis, MO, USA) was used to coat the MNZ-loaded samples in order
to control the drug release. Two different groups were produced by this procedure for
comparative purposes, a group with one layer and a group with six layers of polymeric
coating. For the production of one PVA layer, the PVA was dissolved in distilled water
at 90 ± 2 ◦C for 4 h under magnetic stirring to obtain 10% (m/v) PVA aqueous solution.
Then, the solution was cooled under stirring to 50 ◦C, and 0.2 mL of PVA solution was
pipetted onto the samples. The spin coating technique was performed at a rotational speed
of 400 rpm for 10 s, followed by a rotational speed of 4000 rpm for 60 s, to ensure even
coverage. In the case of the group with six layers, this procedure was repeated six times.
After the coating procedure, all the samples were left in a ventilated oven for 20 h at 50 ◦C.

2.4. Crosslinking of Polymeric Coating

In order to crosslink the polymeric films, the PVA-coated samples (TTNT + MNZ + 1PVA,
TTNT + MNZ + 6PVA groups) were irradiated with gamma rays of Cobalt-60 at a dose of
25 KGy. By using this procedure, the samples could be sterilized concomitantly with PVA
chain crosslinking [17]. The experimental groups were named as shown in Table 1.

Table 1. Experimental groups.

Groups Description

TTNT Titanate nanostructures on Ti disc surface via hydrothermal synthesis
TTNT + MNZ Titanate nanostructures on Ti disc surface via hydrothermal synthesis + Metronidazole

TTNT + MNZ + 1PVA Titanate nanostructures on Ti disc surface via hydrothermal synthesis + Metronidazole + 1 layer of irradiated PVA film
TTNT + MNZ + 6PVA Titanate nanostructures on Ti disc surface via hydrothermal synthesis + Metronidazole + 6 layers of irradiated PVA film
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2.5. Microstructural Characterization

After hydrothermal treatment, the samples were analyzed by Grazing Incidence X-ray diffrac-
tion (GIXRD) and Scanning Electron Microscopy (SEM). The GIXRD (X’pert PRO/PANalytical,
Malvern, UK) patterns were collected using CuKα radiation (λ = 1.5418 Å) and the incidence
angle of the beam in relation to the samples’ surface of 1◦. The surface morphology of
the samples was examined by SEM using a Versa 3D microscope (Thermo Fisher, He-
lios/Thermo Fisher, Waltham, MA, USA) operating at an accelerating voltage of 20 kV. The
samples were gold-coated prior to the analysis. The chemical bonds of the samples were
analyzed by a FTIR spectrometer (Nicolet 6700, Thermo Scientific, Waltham, MA, USA)
equipped with an ATR (Attenuated Total Reflection) accessory and using a resolution
of 4 cm−1 in the region of 4000–650 cm−1, with an average of 32 scans. The signal of
the obtained spectra was processed with the Origin Pro version 9.1 software using the
Savitzky–Golay algorithm (five smoothing points) and normalized to [0, 1].

2.6. Apatite Deposition—“In Vitro” Bioactivity Assay

The samples were soaked in simulated body fluid (SBF) to assess their bioactivity by
examining the formation of calcium phosphate crystals on the surface. SBF was prepared
according to Kokubo’s formulation, and the bioactivity test was performed in accordance
with ISO/FDIS 23317 (Implants for surgery—In vitro evaluation for apatite-forming ability
of implant materials). The alkaline hydrothermally treated Ti samples and the untreated Ti
(control sample) were soaked in SBF at pH = 7.4 and a constant temperature of 36.5 ◦C [18]
for 14 days. After the soaking period, the samples were gently washed with distilled water
and dried in a desiccator at room temperature. The formation of calcium phosphate crystals
after the soaking period was investigated by means of SEM (Vega/Tescan operating at an
acceleration voltage of 20 kV) and GIXRD (X’pert PRO/PANalytical, Malvern, UK). The
samples were gold-coated prior to SEM analysis.

2.7. “In Vitro” Cytotoxicity Assay

To evaluate the influence of the hydrothermal treatment on the samples, a standard-
ized cytocompatibility assay was performed (ISO 10993-5:2009—Biological evaluation of
medical devices—Part 5: Tests for in vitro cytotoxicity). The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed with MG-63 cells (human
fibroblast from osteosarcoma, Code 0173, Cell Bank of Rio de Janeiro, Brazil).

Ti and Ti + TTNT discs were separately soaked in no supplemented DMEM for
24 h to produce the extracts. Concomitantly, cells were seeded in a 96-well plate at
a density of 2 × 104 cells/well and incubated in 200 µL of high-glucose Dulbecco’s
modified Eagle’s medium GlutaMAX (hgDMEM) supplemented with 10% v/v of fetal
bovine serum (FBS), penicillin (100 U·mL−1)/streptomycin (100 µg·mL−1) (all Gibco
Biosciences, Waltham, MA, USA), and 2.5µg·mL−1 amphotericin B (Sigma–Aldrich,
Saint Louis, MO, USA)—XPAN mediun—at 37 ◦C, in an atmosphere of 5% CO2. After
overnight incubation (approximately 24 h), the EXPAN medium was replaced by the
extracts, and the cells were incubated for a further 24 h. Latex extract was used as the
positive control and polystyrene extract as the negative control. At the end of the incubation,
the extracts were replaced by 100 µL of fresh EXPAN medium and 15 µL of 5 mg/mL
MTT solution and incubated for 3.5 h. The MTT reaction was stopped by removing the
MTT/EXPAN and adding 100 µL of dimethyl sulfoxide (DMSO) and stirring for 5 min.
The absorbance of formazan solubilized in each well was read with a Synergy 2 microplate
reader (BioTek, Winooski, VT, USA) at a wavelength of 550 nm. The measured absorbance
of the samples was then normalized to the absorbance of the control cells, which had not
received the extract.

2.8. “In Vitro” Drug Release

The release of metronidazole from the samples was investigated for 14 days by im-
mersion in 45 mL of phosphate-buffered saline (PBS, pH 7.4, composition: 8.0 g NaCl,
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1.1 g Na2HPO4, 0.2 g KCl, 0.2 g KH2PO4) at 37 ◦C and a rotational speed of 100 rpm.
Measurement of the initial release was performed after 20 min of immersion, followed by 1,
1.8, 24, 48, 96, 168, 216, 264, and 336 h. At each interval, 4 mL of PBS was withdrawn, and
the same fresh amount was replaced. In order to disregard the effects of this dilution, the
following mathematical correction was made:

Correction Factor = (
45

45 − 4
)

n−1

where n is the sequential number of the sample, 45 is the volume in milliliters of the PBS
solution, and 4 is the volume in milliliters of the removed aliquot. To perform the correction,
the volume of antibiotic release measured in the spectrophotometry was multiplied by this
factor [19].

The amount of drug released was measured by Ultraviolet/Visible Spectroscopy
(UV/Vis) equipment (mod. SP-220, Biospectro, Curitiba, Brazil). To determine the concen-
trations of the metronidazole in the collected solution, a standard curve of absorbance at
wavelength 320 nm versus known concentrations was used.

The surface of samples before and after the drug release experiment was analyzed by
SEM (Vega/Tescan, Brno, Czech Republic) microscope operating at an acceleration voltage
of 15 kV in low vacuum mode).

2.9. Statistical Analysis

The MNZ release data were analyzed using a commercially available statistical pro-
gram (SigmaPlot for Windows version 11.0). Data are reported as mean ± standard
deviation. If the difference was determined to be significant after the analysis of variance,
pairwise comparisons were performed using a Holm–Sidak post-hoc test, and p < 0.05 was
considered statistically significant. The experiment was performed in triplicate with all
readings for each point of the release.

3. Results and Discussion
3.1. Titanate Nanostructured Coating

The speed and quality of osseointegration are directly linked to the surface roughness
and chemical composition created in the titanium. Surface treatments such as alkaline
hydrothermal modifies the topography of titanium on a nanoscale [20] to generate a surface
that accommodates host cells, promoting an environment conducive to cell growth and
enhancing the osseointegration process [21]. Besides that, the presence of Na+ ions on
the titanate surface plays an important role in the formation of apatite and therefore its
bioactivity [22,23]. The alkaline hydrothermal treatment consists of submerging the sample
in an alkaline solution under certain conditions of high temperature, pressure, and time to
form a titanate layer with nanoscale architecture [20]. The topography resulting from this
process is determined by the combination of these parameters, being attractive due to its
simplicity, cost-effectiveness, and potential for large-scale manufacturing [20,24].

Figure 1 shows a comparison of SEM images from the top view of the Ti surface before
and after alkaline hydrothermal treatment under the proposed conditions (3M NaOH,
150 ◦C, 6 h). The hydrothermal synthesis condition chosen was based on a work by
this group to be published, in which the bioactivity of different microstructures was
evaluated. The Ti surface before hydrothermal treatment shows parallel grooves produced
by polishing without any specific nanoscale topography (Figure 1a). On the other hand,
the sample surface after treatment (Figure 1b,c) presented a microstructure composed by
the intertwining of nanofibers approximately 83 nm in diameter, giving rise to micropores
about 500 nm in size. This web-like morphology resembles that of the extracellular matrix
of bone tissue, which can stimulate cell adhesion, proliferation, and differentiation.
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Figure 1. Top-view SEM image of Ti surface before (a) and after (b) alkaline hydrothermal treatment,
and alkaline hydrothermal treatment at higher magnification (c).

Bone healing around an implant begins through cellular communication. Bone mar-
row mesenchymal cells interact with the implant surface, and surface properties, such
as morphology, wettability, and mechanical and chemical properties, influence this pro-
cess. Thus, the implant must function as a bioactive and biocompatible scaffold, with
osteogenic characteristics that enable the migration, adhesion, and proliferation of cells of
the osteogenic lineage [25]. The presence of a nanoscale framework that allows vascular
proliferation and the passage of signaling molecules induces a desired cellular response,
since interactions between cells and biomaterials occur at the nanoscale. Titanium surfaces
hydrothermally treated with sodium hydroxide produce a nanoporous architecture that
promotes appropriate cellular interaction with the surface, promoting the osteoblastic
lineage [21].
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The formation of a titanate layer was also confirmed by Grazing Incidence X-ray
Diffraction (GIXRD). This is a surface sensitive technique that utilizes a small incident angle
X-ray beam, which is very useful for analyzing the crystalline microstructure of thin films.
Figure 2 shows the GIXRD pattern of the resulting nanostructured film, revealing typical
diffraction peaks (attenuated and broadened by the nanoscale and anisotropic morphology)
of layered sodium trititanate, Na2Ti3O7 (at 2θ = 9.6◦, 24.5◦, 28.7◦, and 48.4◦). The strong
broad peak at 2θ = 9.6◦ can be attributed to the interlayer distance [26]. The peaks at
2θ = 35.2◦, 38.6◦, 40.3◦, 53.2◦, 63.1◦, and 70.8 ◦ correspond to the Ti substrate.
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3.2. “In Vitro” Bioactivity Assay

When an artificial material is implanted in a living body, it can be considered a
bioactive material if it is able to connect to the living bone through a thin layer rich
in calcium and phosphorus (apatite layer) without a distinct boundary. According to
ISO/FDIS 23317 Standard, the formation of a bone-like apatite layer can be “in vitro”
reproduced when a material is immersed in an acellular and protein-free simulated body
fluid (SBF) with ion concentrations nearly equal to those of human blood plasma. Thus,
under this condition, the formation of an apatite layer on the material surface is indicative
of its in vivo bone-bonding ability.

Figure 3 shows SEM images of the surface of Ti discs with (TTNT) and without hy-
drothermal treatment after 14 days of incubation in SBF solution (pH 7.4, 37 ◦C). The
uniform layer of the flake-like apatite crystals can only be identified covering the sodium
titanate structure (Figure 3b). The apatite formation capacity of Ti discs submitted to hy-
drothermal treatment can be explained by the exchange of titanate Na+ ions with H3O+ ions
in the SBF solution to form a Ti–OH bond on the surface. In response, the surface becomes
negatively charged, reacting with the calcium ions present in the SBF. These Ca+ ions
are accumulated, making the surface positively charged and reacting with the negatively
charged phosphate ions, which causes an increase in the rate of apatite nucleation [22,23].

Figure 4 shows the GIXRD diffractograms of hydrothermally treated (TTNT) Ti before
and after immersion in SBF. The typical peaks of apatite at 2θ = 26◦ and 2θ = 32◦ (ICSD
9-432) were observed, and the TTNT peaks are not visible in the diffractogram of TTNT
after immersion in SBF, confirming the formation of apatite’s uniform layer on the TTNT
surface, thus indicating that hydrothermal treatment provides bioactivity to Ti samples.
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Figure 3. SEM images of samples’ surface after 14 days of bioactivity assaycomparing polished Ti
without (a) and with alkaline hydrothermal treatment (b).

Figure 4. Diffractograms of Ti hydrothermally treated surface before and after immersion in SBF for
14 days.

3.3. Surface Wettability

Wettability influences the cascade of biological events that initiates osseointegration [27].
A hydrophilic surface results in closer contact between the titanium surface and the blood
clot and cells by means of the increased availability of serum proteins with binding energy.
The increase in the cell adhesion capacity by these proteins improves the adherence of
the fibrin network and its retention to the surfaces of implants, as they mediate cell adhe-
sion, followed by the cascade of coagulation and migration of undifferentiated cells and
osteoblastic precursors [25,27].

Figure 5 presents images of a water droplet obtained during the contact angle mea-
surements to evaluate the modification of surface wettability due to the surface treatment
of Ti discs. In this context, the experimental group TTNT + MNZ + 1PVA was subjected to
the analysis of the contact angle (Figure 5c) to monitor the change in wettability suffered
after the deposition of the PVA layer when compared to the Ti pure samples (Figure 5a)
and the Ti samples after hydrothermal treatment (TTNT, Figure 5c).
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Figure 5. Contact angle measurements (blue lines indicate the angles). Images of a water droplet on
the surface of (a) pure Ti surface, (b) Ti disc after alkaline hydrothermal treatment (TTNT), (c) Ti disc
after addition of metronidazole (MNZ) and a layer of PVA (TTNT + MNZ + 1PVA).

The contact angle of the water drop on the surface of the pure titanium samples
presented the highest value (θc = 46◦), indicating the less hydrophilic character of these
samples. After the hydrothermal treatment, the water droplet spread out on the TTNT
surface, indicating superhydrophilic behavior (θc = 0◦). This could be explained considering
the increase in the surface area and the formation of pores due to the presence of the
titanate layer, so the decrease in contact angle may be related to the drop absorption by
capillarity. Additionally, although PVA molecules present a hydrophilic character, the
contact angle value increased a little after MNZ addition and PVA coating. However, the
TTNT + MNZ + 1PVA samples also presented a highly hydrophilic character with θc = 22◦.
This fact could be explained by the smoothing of surface roughness by coating with the
PVA layer, which probably hindered the water absorption by capillarity through the TTNT
nanostructures. The hydrophilicity of the drug delivery system after PVA deposition for
osseointegration purposes is important and indicates that this coated device could play a
positive and significant role in the early stages of osseointegration.

3.4. “In Vitro” Metronidazole Release Evaluation

For osseointegration to occur, four stages are required: hemostasis, an inflammatory
phase, a proliferative phase, and a remodeling phase. These must occur in a coordinated
and organized manner [28,29], resulting in impeccable healing. The misalignment of this
healing can occur in the initial inflammatory phase, which begins about 10 min after the
implant is installed, creating a toxic environment. Host defense systems are activated at this
stage by nonspecific molecules of bacterial origin. Polymorphonuclear leukocytes (PMN)
and macrophages, and a group of glycoproteins that form membrane-perforating channels
(perforins), which damage bacterial cells, are activated [30]. Therefore, the abundance of
bacteria, as is the case with patients with active periodontal disease, for example, prolongs
and amplifies the cellular immune response. PMNs kill bacteria through reactive radicals
(oxygen species and hydroxylated groups, chlorine radicals and hypochlorite) that are also
toxic to the host’s cells and to the healthy tissue around the wound. Thus, a fulminant
neutrophil response can induce the loss of healthy surrounding tissues [30].

To limit the inflammatory phase, antibacterial measures are needed, such as antibiotic
therapy and local disinfection. The local and controlled release of the drug directly from the
surface of the implant could act to combat bacteria, preventing their adhesion, exacerbating
the inflammatory process, and failing the osseointegration process. To propose a release
restriction the use of PVA with different numbers of layers was suggested to compare the
release in different systems.

Figure 6 shows the evolution with time of the cumulative release of metronidazole
from TTNT + MNZ samples with and without PVA coating during their immersion in PBS
(pH 7.4, 37 ◦C). Table 2 shows the accumulated percentage of MNZ released during the
first 48 h.
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Table 2. Percentage of MNZ released in each measurement during the assay and statistical difference
(different upper-case letters within a column indicate significant differences among experimental
groups, different lowercase letters within a row indicate significant differences among time).

% of MNZ Released 20 Min 60 Min 110 Min 24 h 48 h

TTNT + MNZ 45.7 cA 61.5 bA 69.3 aA 69.9 aA 69.6 aA

TTNT + MNZ + 1PVA 14.9 bB 25.0 aB 26.9 aB 28.4 aB 29.3 aB

TTNT + MNZ + 6PVA 4.66 aC 6.01 aC 6.72 aC 7.01 aC 7.02 aC

For all groups, the total amount of MNZ was not released in the medium. The max-
imum release of the drug was 70%, observed for the TTNT + MNZ group. This can be
justified by a possible interaction between sodium titanate and metronidazole, which would
prevent these molecules from being released by diffusion during the test, a suggestion that
was confirmed by FTIR analyses. The samples coated with PVA, TTNT + MNZ + 1PVA
and the TTNT + MNZ + 6PVA group presented a significant reduction in the total percent-
age of MNZ released, at about 27% and 6%, respectively. For these groups, besides the
titanate–metronidazole interaction, PVA coating acted as a physical barrier, limiting the
amount of MNZ released.

The hypothesis that there is no difference among group means was rejected by Two
Way Repeated Measures ANOVA (One Factor Repetition) that assumed a statistically signif-
icant interaction between MNZ released by each experimental group and time (p ≤ 0.001).
In Table 2, a statistical treatment with all pairwise multiple comparison procedures (Holm-
Sidak method) with overall significance level = 0.05 was carried out to observe, in a more
reliable way, the difference between the release times, comparing the different groups.
According to the data, the TTNT + MNZ + 6PVA group reached its release constant in just
20 min, which could be justified by the efficiency of a physical barrier formed by the six
layers of PVA deposited on the surface. The TTNT + MNZ + 1PVA group had its constant
release in 60 min, while the TTNT + MNZ sample continued to release until 110 min. These
results imply that drug release profiles can be designed according to the thickness of the
PVA coating.

Although the PVA coating did not promote a gradual and prolonged release of MNZ,
as expected, the metronidazole concentrations released for all groups (1.6–15.5 µg/mL)
were higher than the Minimum Inhibitory Concentration (MIC) of this drug for anaerobic
bacteria. MIC is the lowest antibiotic concentration required for inhibiting the growth
of a specific microorganism. Previous studies [31] reported the MIC of metronidazole
to eliminate anaerobic bacteria without distinction as 0.06 to 32 µg/mL. Moreover, as
discussed before, the local delivery of MNZ in an immediate regime could reduce early
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implant complication by removing the bacterial contamination of the surgical site and, thus,
avoiding disturbance in the initial inflammatory phase of wound healing, which begins
10 min after the implantation.

3.5. Chemical Composition Evaluation after “In Vitro” Metronidazole Release Analysis

The samples were analyzed by FTIR before and after the drug release experiment. For
a better interpretation of the FTIR spectra of the groups with MNZ, the FTIR spectra of
nanostructured Ti samples after alkaline hydrothermal treatment (TTNT) and pure PVA
film, shown in Figures 7 and 8 respectively, were previously analyzed.
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Figure 7. FTIR spectra of Ti sample after alkaline hydrothermal treatment (TTNT).

Figure 8. FTIR spectra of a PVA film produced by casting technique and irradiated with gamma rays
at 25 KGy.
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In the spectrum of the TTNT sample (Figure 7), a broad band between 3000 and
3500 cm−1 is observed, which can be attributed to fundamental stretching vibrations in
different hydroxyl groups O-H (free or linked) [2,32,33]. This may be due to the absorption
of water from the atmosphere [33] and the formation of the Ti-OH bond. The band at
1630 cm−1 can be attributed to bending vibrations in -OH [32,33] and can indicate water
absorption in the titanate when exposed to the atmosphere [2]. The set of overlapping
bands in the 800 to 400 cm−1 range may be related to the Ti-O and Ti-O-Ti groups [32].

PVA gamma-irradiated film was used as a reference in identifying the characteristic
absorption bands of the TTNT + MNZ-coated samples. The FTIR spectrum of PVA film
(Figure 8) shows the following bands and their respective vibration modes: 3280 cm−1,
hydroxyl group stretching vibration; 2930 cm−1 and 2851 cm−1, C–H stretching vibration in
CH2 groups [34,35]; 1649 cm−1 and 1559 cm−1, C=O stretching vibration and C=C stretch-
ing vibration, respectively, of the non-hydrolyzed acetate groups [35]; 1414 cm−1, C–H wag-
ging vibration in CH2 groups [34,35]; 1329 cm−1, (CH+OH) bending vibration; 1238 cm−1,
C–C stretching vibration; 1088 cm−1, C–O stretching vibration; 918 cm−1, CH2 stretching
vibration; 833 cm−1, C–C stretching vibration [35] and C–H out-of-plane vibration.

The band observed at 1142 cm−1 is associated with the stretching of the C–O–C bond
and can be an indicator of polymer crosslinking due to gamma irradiation [17]. According
to the findings of Zainuddin et al. [36], it can be suggested that alkoxy radicals were
formed in the PVA chains (~CH2–CHO•–CH2~) when radiation reached the polymer.
Then, these radicals underwent further transformations, leading to the formation of C–O–C
bindings between mers within the same chain or between those of different chains. These
crosslinking reactions in PVA during radiolysis formed a three-dimensional network of
the hydrogel without the need of a chemical crosslinking agent, which could have induced
cytotoxicity to the system.

Figure 9 shows the FTIR spectra of the samples loaded with MNZ. The TTNT + MNZ
spectrum is very similar to that of the samples after hydrothermal treatment (Figure 7),
excepted by the presence of the absorption bands characteristic of MNZ, confirming the
impregnation of MNZ in the titanate nanostructures. These MNZ bands were assigned to:
anti-symmetric N-O and symmetrical elongation associated with the NO2 group (1533 cm−1

and 1371 cm−1, respectively); elongation N = O (1475 cm−1); elongation C-O (1267 cm−1);
elongation C-N (1081 cm−1); OH stretching (3214 cm−1) [37,38]. A band at 877 cm−1 is also
detected, which can be related both to the elongation of C-NO2, characteristic of MNZ, and
to the elongation of Ti-O, characteristic of titanate nanostructures.

Meanwhile, absorption bands of MNZ or of titanate were not detected in the FTIR
spectra of the samples coated with PVA (TTNT + MNZ + 1PVA and TTNT + MNZ + 6PVA),
which suggested that the MNZ molecules and titanate nanostructure were completely cov-
ered by PVA films, corroborating the contact angle analysis. Although the spectrometer’s
chamber was well purged by nitrogen, traces of gaseous carbon dioxide can be observed
in some spectra. The double band at 2350 cm−1 presented in these spectra is assigned to
asymmetric stretching modes of CO2 [39].

Figure 10 shows the FTIR spectra of samples after 14 days of immersion in PBS solution
at 37 ◦C. In all spectra, a large band centered at about 3250 cm−1 (-OH stretching) and a
band at 1637 cm−1 (H-O-H bending) can be visualized, although their intensity is higher in
TTNT + MNZ + 6PVA. These can be related to the –OH group stretching vibration of PVA
and also to the absorption of water from PBS solution. Characteristic bands of PVA are
clearly visualized in TTNT + MNZ + 6PVA, while no characteristic vibration band of MNZ
was identified. This could indicate the presence of the coating layer even after 14 days of
immersion. As proposed before, probably a thick PVA coating acted as a strong physical
barrier and obstructed the release of the drug.

97



Materials 2023, 16, 2755

Figure 9. FTIR spectra of TTNT samples loaded with metronidazole: (a) TTNT + MNZ,
(b) TTNT + MNZ + 1PVA and (c) TTNT + MNZ + 6PVA.

Figure 10. FTIR spectra of TTNT samples loaded with metronidazole, (a) TTNT + MNZ, and coated
with PVA, (b) TTNT + MNZ + 1PVA and (c) TTNT + MNZ + 6PVA, after 14 days of immersion in PBS
solution at 37 ◦C.

The spectra of TTNT + MNZ and TTNT + MNZ + 1PVA after MNZ release (Figure 10a,b)
are very similar to that of pure TTNT (Figure 7), except for the presence of a small band at
1538 cm−1 that can be assigned to N-O antisymmetric stretching in the MNZ molecules.
In the TTNT + MNZ spectrum, a shift in the band observed at 874 cm−1 (due to Ti-O
stretching) to a lower wavenumber (835 cm−1), and consequently to lower energy, may be
attributed to the formation of an intermolecular interaction between TTNT and MNZ in an
aqueous environment. This shifted band was also observed in the TTNT + MNZ + 1PVA
spectrum as a small shoulder (circled in Figure 10b). This interaction can explain the
partial release of MNZ molecules from these systems, as proposed in item 3.3. The intense
band at 1088 cm−1 related to C–O stretching vibration in the PVA molecules was not
present in the TTNT + MNZ + 1PVA spectra. It can be inferred that this layer of PVA in

98



Materials 2023, 16, 2755

TTNT + MNZ + 1PVA degraded in the PBS solution at least in the sample region analyzed
by FTIR.

To confirm this assumption, SEM was used to analyze the surface of the TTNT + MNZ + 1PVA
group, before and after the “in vitro” metronidazole release assay (Figure 11). An SEM
image of the TTNT + MNZ + 1PVA group before the release test (Figure 11a) shows a
homogeneous coating of PVA on the entire surface. The titanate nanostructure was not
visualized due to the polymeric coating. The images after the MNZ release test (Figure 11b,c)
reveal regions where the PVA coating has been degraded. In these regions, it is possible to
observe tears in the polymeric coating and the morphology of the nanostructured film under
the coating having kept intact. This partial degradation of the PVA film is in accordance
with the FTIR results. Although PVA is soluble in water solution, most of its molecules
remain insoluble due to crosslinking, forming a hydrogel. Thus, the much higher content
of MNZ released by TTNT + MNZ + 1PVA when compared to the system with six layers of
PVA may be attributed to the erosion of the coating.
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Although the thickness of the film affects its water uptake, a parallel between PVA
cast film and the PVA layer of TTNT + MNZ + 1PVA can be drawn. In order to estimate the
water absorption capacity of the PVA layer on the Ti surface, a PVA hydrogel was produced
by the casting technique with 0.2 mm in thickness and irradiated with a dose of 25 KGy of
gamma rays. This film showed a maximum absorption of 135% after 1 h of immersion in
PBS pH 7.4 and reached an equilibrium swollen degree (the stage in which the hydration
forces are in equilibrium with crosslinking elastic forces) of 120% after approximately 24 h.
Based on this, the release of metronidazole from the TTNT + MNZ + 1PVA system may
be related not only to the degradation of the coating, but also to the swelling of the PVA
layer due to fluid absorption (a swelling-induced mechanism), since the period of the
achievement of MNZ constant release (Figure 6, Table 2) was coincident with the point of
the maximum absorption of the PVA film.

The biological fluid uptake by systems coated with PVA provides a hydrated environ-
ment that could facilitate the distribution of the antibiotic throughout the wound surgery
site and contribute to wound healing at an early stage.

3.6. “In Vitro” Cytotoxicity

Considering the methodology for preparing the samples, the most critical step that
could bring any damage to human cells is the hydrothermal surface treatment due to
the alkaline solution used for this having the possibility of residual sodium. Moreover,
although titanium implants are considered safe, with a high success rate in medical and
dental applications, there are some reported cases of titanium toxicity related to corrosion,
wear particle or ion release, and allergic reaction [40]. On the other hand, it can be inferred
that the amount of MNZ used in our study would be safe to cells, since the exposure
of human gingival fibroblasts to a dosage less than 50 µg/mL of MNZ up to 96 h did
not induce the cytotoxicity effect [41]. In regard to PVA film, a previous study of the
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group using the same grade of PVA and employing the same methodology to produce
hydrogels [17] showed that the samples were non-toxic to fibroblast cells. The irradiation
method used to produce the PVA hydrogel layers leaves no residue or toxic materials in it.
Furthermore, it uses only water as solvent, with no acid or toxic solvents.

In this context, the cytotoxicity of Ti and Ti + TTNT discs was assessed by evaluating
human osteosarcoma MG63 cells’ response to samples after being cultured for 24 h with
the extracts of the discs. The MTT colorimetric assay was employed for this proposal. This
assay measures the ability of viable cells to reduce a tetrazolium salt (MTT) to formazan,
a process that produces a purple color that can be measured spectrophotometrically. If
the cells are healthy and viable, they will be able to reduce the MTT and produce a strong
purple color. However, if the cells are damaged or dying, they will not be able to reduce
the MTT and the color will be weaker or absent.

According to Figure 12, cells cultured in extracts of the Ti and Ti + TTNT discs showed
viability near the negative control (polystyrene), with no significant difference between
them. These results indicate that there was no significant alteration in mitochondrial
metabolic activity of cell population in the presence of the Ti and Ti + TTNT extracts,
i.e., pure Ti and titanate nanostructured coating do not deliver toxic residues to the super-
natant, even after 24 h soaking in a medium culture. This data is important for evaluating
the safety of the biomaterial and for making decisions about its potential use in medical
and dental applications.

Figure 12. Cytotoxicity of Ti and TTNT discs extracts measured by MTT assay. + control (latex):
indicates toxicity and—control (polystyrene): indicates the absence of toxicity. The results are
expressed as mean ± standard deviation (SD) of six measurements for each group (n = 6).

4. Conclusions

In summary, alkaline hydrothermal treatment successfully produced intertwined
nanostructures like a web on the titanium surface, in addition to good wettability and
high bioactivity. With the aim of creating a local drug release device, the proposed surface
modification strategy is simple, economical, and promising, since:

(1) It did not change the surface treatment and consequently the properties of the material;
(2) All groups reached the minimum inhibitory concentration described in the literature

to help fight anaerobic bacteria with probably no cytoxicity effect;
(3) All groups allowed the immediate delivery of metronidazole, which could reduce

implant complications during the early wound healing processes;
(4) Although TTNT + MNZ showed a higher percentage of antibiotic release within the

studied groups, the PVA coating may absorb body fluids and water that provide
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distribution of MNZ throughout the wound surgery site, besides contributing to the
hydration of the implant site, facilitating wound healing;

(5) The design with one layer of PVA (TTNT + MNZ + 1PVA) was shown to be the best
option, since it can combine the water absorption capacity of the PVA-coated regions
with the higher bioactivity of the titanate nanostructure exposed in the degraded
regions of the coating. Nevertheless, the effect of the crosslinking degree of PVA on
the kinetic release of metronidazole should be better investigated.

The present study serves as proof that this method of surface modification can be a new
alternative to the administration of systemic drugs, combining local antibiotic therapy with
a surface treatment with proven efficacy. This delivery device could become a powerful
approach to improve the integration of the titanium implant with the bone in dental applica-
tions, preventing early infections and bone failure. These results encourage further studies
to evaluate the biological effectiveness of the proposed surface modification methodology.
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Abstract: Titanium currently has a well-established position as the gold standard for manufacturing
dental implants; however, it is not free of flaws. Mentions of possible soft-tissue discoloration,
corrosion, and possible allergic reactions have led to the development of zirconia dental implants.
Various techniques for the surface modification of titanium have been applied to increase titanium
implants’ ability to osseointegrate. Similarly, to achieve the best possible results, zirconia dental
implants have also had their surface modified to promote proper healing and satisfactory long-term
results. Despite zirconium oxide being a ceramic material, not simply a metal, there have been
mentions of it being susceptible to corrosion too. In this article, we aim to review the literature
available on zirconia implants, the available techniques for the surface modification of zirconia, and
the effects of these techniques on zirconia’s biological properties. Zirconia’s biocompatibility and
ability to osseointegrate appears unquestionably good. Despite some of its mechanical properties
being, factually, inferior to those of titanium, the benefits seem to outweigh the drawbacks. Zirconia
implants show very good success rates in clinical research. This is partially due to available methods
of surface treatment, including nanotopography alterations, which allow for improved wettability,
bone-to-implant contact, and osteointegration in general.

Keywords: dental; implants; zirconia; surface; modifications; corrosion

1. Introduction

In the past few decades, the extensive use of and extensive research on titanium
implants has resulted in them being perceived as the gold standard in oral implantology.
Currently, it can be agreed that their overall osseointegration rate is very high, above
95% [1].

Despite the obvious advantages, titanium and its alloys as dental implant materials
have some drawbacks, which include possible discolorations of peri-implant soft tissues,
leading to esthetic problems; possible hypersensitivity; and/or allergic reactions [1]. Follow-
ing titanium corrosion, titanium compounds and ions have been found in the peri-implant
tissues of patients who developed peri-implantitis [2]. It is argued that such compounds
may contribute to osseointegration failure. Some authors even report an accumulation of
titanium compounds in regional lymph nodes, lungs, and bones after the placement of tita-
nium plasma-sprayed implants [3]. In the case of implants made not of pure titanium but
of alloys like Grade 5 titanium (Ti6Al4V), corrosion could potentially result in vanadium
compounds migrating to the peri-implant tissues as well as titanium. A meta-analysis by
Chun-Teh Lee et al. has shown that even 30.7% implants develop peri-implant mucositis
after placement [3,4].
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Those drawbacks have prompted researchers to develop a new material. The first
ceramic dental implants date back to as early as 1968, when alumina (Al2O3) implants
were developed [5]. Several implant systems were developed later, in the seventies and
eighties, including the Cerasand, Pfeilstift, Bonit, and Tubingen implants. However, their
poor biomechanical properties often led to fractures when loaded extra-axially [6]. At the
beginning of the 1990s, a new ceramic material, yttrium oxide–partially stabilized zirconia
(YPSZ), was introduced to dentistry [7]. Zirconia is a crystalline oxide of zirconium [8].
Zirconia as a mineral was discovered in 1892. Stabilized zirconia was developed in 1929 [9].
It holds good mechanical, optical, and biological properties [10]. Zirconia’s fracture resis-
tance and bending strength are significantly higher than those of Al2O3, allowing zirconia
implants to withstand occlusal forces [11]. This makes zirconia the material of choice for
the fabrication of ceramic dental implants.

While reviewing the available literature, one can find information concerning zirconia
implants’ properties (often in comparison to conventional titanium dental implants), dif-
ferent methods of obtaining zirconia implants, and possible surface modifications, as well
as the effects of these variables on an implant’s clinical effects. In this article, we authors
aim to summarize the available information and present the current trends concerning
zirconia dental implants, focusing in particular on the possible effects of surface treatment
of zirconia on the performance of zirconia dental implants.

2. Properties of Zirconia as an Implant Material

As was mentioned in the introduction, one of the main concerns regarding titanium as
a dental implant material is the possible discoloration following gingival recessions around
dental implants. As authors of this review, we believe that in most cases, such esthetic
problems can be avoided or solved through the careful choice of surgical techniques in each
particular clinical case. For example, proper 3D implant position and soft-tissue thickness
can prevent titanium from causing visible discolorations [12,13]. Moreover, anodization, a
process often applied to modify titanium implants’ surface characteristics, can also be used
to change an implant’s color, which can also be helpful for avoiding grayish discoloration
visible in peri-implant soft tissues [14].

Nonetheless, as zirconia (ZrO2), introduced to dental implantology in 2005, is a tooth-
colored material, it can significantly enhance the patient’s esthetic outcome, which could,
in case of complications, reduce the need for additional surgical procedures. Zirconia tends
not to be visible as much as titanium through thin soft tissues [15,16].

Similarly to titanium, zirconium oxide shows high biocompatibility and osteoconduc-
tivity. The bone-to-implant contact values and osseointegration rates are similar for zirconia
and titanium dental implants. While titanium has been criticized for the possible corrosion
and release of titanium particles and ions into the peri-implant tissues, this does not seem
to be a problem in the case of zirconia implants, which show excellent resistance to corro-
sion and thus cause less irritation. Titanium compounds can promote local inflammatory
reactions and possibly account for the lack of osseointegration [3,17].

The polymorphic zirconia structure is present in three different crystal forms: mono-
clinic, tetragonal, and cubic. At room temperature, zirconia acquires a monoclinic structure,
which changes into tetragonal at 1170 ◦C and into cubic at 2370 ◦C. The tetragonal structure
has superior fracture toughness and flexural strength thanks to the martensitic toughening
mechanism [6]. The tetragonal and cubic phases are unstable at room temperature and
disintegrate while cooling. It is, nonetheless, possible to stabilize zirconia in its cubic phase
by adding CaO, MgO, and Y2O3 (yttria), resulting in a material called partially stabilized
zirconia (PSZ). This combines all three phases. Tetragonal zirconia polycrystals (TZP) can
be obtained by adding Y2O3 at room temperature. Yttria-stabilized TZP (Y-TZP) have
low porosity, high density, significant bending and compression strengths, high fracture
toughness, and high fatigue resistance, and their form is suitable for medical applications.
On top of their favorable mechanical properties, they also promote the proliferation of
osteogenic cells during osseointegration. The mechanical characteristics that are measured
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to assess an implant’s strength are, for example, tensile strength, bending strength, Young’s
modulus, Vickers hardness, and fracture toughness. A review by Takao Hanawa states
that the bending strength is 1100 MPa for Y-TZP, 400 MPa for commercially pure (Grade
2) titanium, and 950 MPa for a Ti-6Al-4V alloy. The Young’s modulus values are 210, 100
and 110 GPa, respectively. Vickers Hardness measures 1200, 150–170 and 270–320 HV,
respectively. The fracture toughness of Y-TZP is 6–8 MPa/m2. This is significantly lower
than that of Grade 2 titanium (66 MPa/m2) and Ti-6Al-4V alloy material (50 MPa/m2).
Tensile strength cannot be measured for naturally brittle materials like ceramics. Bending
strength is satisfactory for all of the aforementioned materials. The fracture toughness
of Y-TZP is significantly lower than that of titanium. As zirconia abutments are usually
screwed in with titanium retentive screws, this leads to zirconia abutments fracturing
before the abutment screw. It is, however, worth noting that Y-TZP’ fracture toughness is
still significantly higher than that of Al2O3 (3.1–5.5 MPa/m2). Young’s modulus is impor-
tant, as there is no periodontal ligament between the implant and bone. High values of
Young’s modulus make it impossible for a material to absorb occlusal forces, which are
then conducted directly to alveolar bone. A large Young’s modulus makes it difficult to
fasten prosthetic abutment screws. Therefore, a problem with fixation can be encountered
when employing Y-TZP by screwing [9,18,19].

Mechanical characteristics are important as they correlate directly to implant failures
caused by possible fractures. Zirconia implants are often considered inferior to titanium
ones for fear of them fracturing and requiring removal. A systematic review and meta-
analysis by Bethke et al. concluded that despite some studies showing very promising
results for two-piece zirconia implants, one-piece implants are in general more fracture-
resistant. Moreover, implants made of alumina-toughened zirconia have been shown to be
more fracture-resistant than implants made from Y-TZP [20].

Regarding osteoconductivity, it has been suggested that zirconia implants might
display favorable properties compared to titanium implants. Various studies have been
conducted and it has been, in fact, confirmed that zirconia as a material is osteoconductive.
No clear advantage has, however, been documented over titanium surfaces [3,11].

Zirconia can however be associated with less biofilm formation than titanium, which
might further decrease the risk of peri-implantitis [21]. This fact is associated with the
lower surface energy and surface wettability of zirconia [22]. It has also been proven
that early-formed (3-day-old) biofilms show greater accumulation on titanium rather than
zirconia implants, while 14-day-old biofilms were comparable [21]. Rough or hydrophobic
surfaces can, in general, increase bacterial adhesion, which suggests that different surface
treatments (described in further parts of this article) of dental implants can influence biofilm
formation. This appears to be true regardless of the material used. The same applies for the
implant’s design—its macrostructure also affects bacterial colonization [21,23,24].

3. Manufacturing Zirconia Dental Implants

The vast majority of zirconia-based dental implants are produced utilizing subtractive
manufacturing methods, such as machining and milling; however, progressive processes
like additive manufacturing are more promising for the future, alongside the development
of digital dentistry, which gives a green light to the further progression of perfecting and
polishing CAD/CAM individual zirconia implant solutions [25].

Regarding traditional subtractive manufacturing methods for zirconia implants, one
can list the following techniques: dry pressing (uniaxial compaction), cold isostatic pressing,
and hot isostatic pressing.

The predominant goal of these techniques is to decrease the volumetric percentage of
void spaces in the block of material to the lowest possible amount during the compaction
process. These empty fragments, called pores, tend to act in contradiction to the desirable
physical properties of zirconia ceramics, decreasing its hardness and stiffness [26].

The first technique—uniaxial compaction—is based on hydraulic compression of
the zirconia powder into a semi-finished product, which is called a blank. A lack of
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consistency and homogeneity leads to variable and unpredictable mechanical properties.
Uniaxially pressed 3Y-TZP blanks, because of their properties, can be used successfully in
manufacturing single-point prosthetic solutions, like dental crowns; however, their usage
in manufacturing bridges has its limitations. The greatest asset of dry pressing is the low
costs of its machinery and operation in comparison to other methods. Considering the
previously mentioned characteristics, dry pressing is widely used as a preliminary stage,
prior to introducing isostatic pressing as a final stage of manufacturing the product, hence
eliminating the heterogeneities in the material [26].

In the cold isostatic pressing (CIP) method, a high-pressure liquid container is utilized
to compress ceramic powder that is embodied inside a pliable form. CIP produces more
homogenic and higher-density zirconia blanks compared to uniaxial compaction, which
leads to the production of mechanically more durable blanks and enables a simplified
and additionally efficient sintering process of the zirconia [27]. On the other hand, final
products of the CIP method lack precision; thus, extra milling is required afterwards in
order to produce more refined shapes, which causes material wastage [28].

The general idea of hot isostatic pressing (HIP) is quite akin to the concept of the
cold isostatic pressing method; however, a main difference between these two processes
is that HIP makes use of hot gasses (with temperatures ranging from 1300 ◦C to 1600 ◦C),
like argon, compressed under high pressure, instead of the liquid utilized in CIP. Final
products of the HIP method tend to be sintered, and thus they do not need any additional,
complementary procedures. While costly in use, the HIP method fabricates product of
the highest toughness of all three methods; that is why milling is required to achieve a
desired shape afterwards. In conclusion, the hot isostatic pressing method is said to be
the most costly technique when it comes to producing zirconia blanks because of its high
running costs and increased cycle times. Nevertheless, different approaches have been
explored by manufacturers with the aim of simplifying the whole process and refining the
cycle parameters and cycle times, thus reducing the overall cost and enabling it to be more
accessible for an average patient [28,29].

A constantly growing novelty in the field of manufacturing processes for zirconia
oxide implants is exploiting CAD/CAM (Computer-Aided Design/Computer-Aided Man-
ufacturing) methods. This is seen as a prospective changing factor in the near future for
dental ceramics. These procedures are classified as a subtractive manufacturing technology,
which allows a dental technician to digitally prepare a virtual project using a computer and
then transfer this information to a milling machine for producing an implant from a blank.
This technology possesses numerous advantages over a classic, analog approach. It dimin-
ishes possible occurrences of human error throughout the process, thus making it more
predictable. The final product is of superior quality and precision, and also takes less time
to manufacture. CAD/CAM technology, relying on digitally computed predictions, takes
into consideration material shrinkage while sintering, which allows for better marginal
adaptation of zirconia suprastructures. On the other hand, one of the very few disadvan-
tages to this technology is its high cost; however, with constant technological development,
it will eventually become within the reach of technicians, doctors, and patents [26,30].

Recent studies and developments in the field of CAD/CAM production processes for
zirconia implants have resulted in the appearance of root-analog implant systems. They
allow for the immediate implantation of an implant, mimicking the shape of an extracted
tooth. An alternative way of acquiring the desired shape is the copy milling process [31].

Another intriguing branch being developed and researched involves employing ad-
ditive manufacturing methods for producing zirconia oxide (3Y-TZP and ATZ) implant
solutions. Currently, two technologies can be used for this procedure—direct light process-
ing and laser-based stereolithography. New ways and opportunities open for manufacturers
with these methods since they let them create implants of complex surface topography,
thus improving the implant’s osteoinductive properties, while simultaneously eliminating
the risk of impairing the implant’s surface through post-processes like sandblasting or
acid-etching. This, being one of potential benefits of additive manufacturing, improves
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the firmness and endurance of zirconia oxide implants, casting a bright light for future
development and research in the field of additive-manufactured ceramic solutions [32].

4. Surface Modifications

Many different factors affecting the results of implantation have been extensively
studied and described in the scientific literature. These may include patient-specific med-
ical conditions, medication, and biological characteristics such as the width, height, and
thickness of the peri-implant-attached gingiva, bone mineral density, and vitamin D lev-
els [33–36].

Other factors influencing osseointegration can be related directly to implant design
and surface treatment. These include topography, roughness, and wettability [37].

The implant’s topography has been proven to affect the osseointegration process
though the means of primary stability, sealing, and marginal bone level maintenance. These
finding have led manufacturers to continuous changes over the years. Surface topography
can be divided into three levels: macrotopography (on a scale ranging from 10 µm to mm),
microtopography (1–10 µm), and nanotopography (1–100 nm). Macrotopography is known
to affect implant stability, while microtopography can influence bone-to-implant contact,
the pace of osseointegration, and the extent of adhesion between mineralized bone and
the implant surface. Nanotopography is believed to affect protein adsorption and cell
adhesion [37,38]. Different types of surface-modifying methods, such as UV light exposure,
heat treatment, and reactive plasma treatment, can change the surface’s wettability, thus
promoting the process of cell migration along the implant’s surface, and consequently
shortening the osseointegration period to about a month [39].

Surface roughness has been shown to affect bone-to-implant contact, healing rates,
and osteogenic responses. According to a classification created in 2009, one can distinguish
smooth (machined) surfaces when the average roughness over a measurement area (Sa)
is less than 0.5 µm, minimally rough surfaces when the Sa ranges from 0.5 to 1 µm,
moderately rough surfaces when the Sa is 1–2 µm, and rough surfaces when the Sa is
≥2 µm [38]. Later, many studies aimed to discover the possible responses of bone and
soft tissues to varying levels of implant roughness. It has been shown that fibroblasts
displayed enhanced proliferation and spread on smooth surfaces [40,41]. Regarding bone
cells’ behavior, it is currently agreeable that a moderately rough surface (Sa 1–2 µm) is ideal
for achieving the best osteogenic effect [42–45]. Some researchers have suggested that such
surfaces may promote bacterial colonization and peri-implantitis [46]. Further studies have,
however, shown no evidence of an increased risk of peri-implantitis for moderately rough
surfaces [45].

Surface wettability is believed to affect the adhesion of macromolecules to surfaces,
the interaction of hard and soft tissues with the surfaces, biofilm formation, and clinical
osseointegration rates. Surfaces can be, in general, divided into two groups according
to wettability: hydrophilic and hydrophobic. Wettability is assessed by measuring the
contact angle (CA) between a solid surface and a liquid when they meet. The lower the
CA, the higher the wettability of a surface. In general, surfaces characterized by CA values
higher and lower than 90◦ are considered hydrophobic and hydrophilic, respectively. The
existing literature concerning wettability is relatively scarce; nonetheless, it is believed that
wettability may promote tissue healing and modulate cellular adhesion levels [37,47,48].

Many processes have been tested to make titanium and zirconia implants’ surfaces
promote osseointegration as much as possible. The surface modifications of titanium
implants are more numerous, as they have been in use for a significantly longer time
than zirconia implants. Surface treatment options only applicable to titanium include
anodizing, hydroxylation, and plasma oxidation. Anodization results in a TiO2 layer being
deposited onto the implant’s surface, which, in turn, enhances gingival fibroblast deposition,
adhesion, and proliferation; improves osteoblast adhesion; and provides favorable bone-
to-implant contact and success rates. Hydroxylation leads to an increase in hydrophilicity
and osseointegration rates through the means of bone-to-implant contact, increased bone
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density, enhanced cell attachment, and osteoblast differentiation. Plasma oxidation has been
shown to lead to an increase in removal torque and bone-to-implant contact. Some surface
modification techniques, however, have also been applied to zirconia implants. These
processes can be of a physical or chemical nature and include machining, acid-etching,
sandblasting, laser modification, coating, and UV treatment [15].

Currently, a strong emphasis is put on improving and developing zirconia implant
surfaces as well, especially making them additionally rough and operative. It is possible
to successfully enhance cellular responses, and thus the cells’ function and reaction to
the implant surface, by utilizing chemical, physical, and thermomechanical means [39].
Machine treatment of zirconia surfaces results in an average roughness around 0.96 µm.
Machined zirconia implants display similar values of bone-to-implant contact to those
of titanium implants, at 33.74–84.17% and 31.8–87.95%, respectively. Machined zirconia
surfaces have shown a significant decrease in biofilm thickness compared to machined
titanium. The osteoblast proliferation on machined titanium, however, is significantly
better than that on machined zirconia. The early generation of implants used before the
1990s mostly had machined surfaces. As was mentioned earlier, a more solid bone fixation
can be achieved with higher levels of surface roughness, namely above 0.96 µm. For
this reason, further surface modification methods have been developed to increase the
roughness, bone-to implant contact, and osseointegration rates [15,49].

Sandblasting and acid-etching were originally used on titanium implants to increase
the surface area for osseointegration, and the resulting surface was called an SLA (sand-
blasted, large-grit, acid-etched) titanium surface (Figure 1). Similar processes can be used
in the case of zirconia implants [50,51]. One study by Aifang Han et al. compared the char-
acteristics of zirconia surfaces treated with grit-blasting with 110 µm silica-coated alumina
particles (group GB), zirconia surfaces etched with 40% hydrofluoric acid for 25 min at
100 ◦C (group HF), zirconia surfaces that were grit-blasted as well as etched (group GBHP),
and untreated zirconia (group C). The results showed that etching zirconia results in a
desirable roughness regardless of whether it has been grit-blasted (Ra = 1.47 ± 0.04 µm for
group HF and Ra = 1.49 ± 0.05 µm for group GBHF). The surface roughness in group GB
measured 0.56 ± 0.05 µm, which is not satisfactory for implant purposes. Acid-etching
was also shown to increase wettability. Moreover, contrary to the SLA titanium surface,
acid-etching the zirconia vastly prohibited S. sanguis and P. gingivalis biofilm maturation,
regardless of whether the surface had been grit-blasted or not [15,52]. In a systematic
review by Gul et al., one-piece zirconia dental implants were shown to have promising
5-year clinical outcomes (95–98, 4% survival rates) regardless of their varying lengths and
diameters. In the same study, acid-etching showed significantly better clinical outcomes
compared to other surface designs [6]. Another study has shown that blasting zirconia
with larger-sized (250 µm) particles resulted in even further enhancement of osteoblast
cell adhesion in vitro [15,52,53]. It has been argued that grit-blasting Y-TZP can induce
compressive stress concentration, which can lead to improvements in the zirconia’s me-
chanical properties. It has also been shown that grit-blasting Y-TZP causes an increase in
flexural strength. Unfortunately, grit-blasting can cause deep micro-cracks, which worsen
zirconia’s strength to an extent that cannot be compensated by the compression. Real
clinical conditions are resembled by high-static-load and fatigue tests, which cause zirconia
with micro-cracks to fail. It has been described that the changes caused by grit-blasting
may increase the risk of future implant fractures. Surface treatment is only one of the many
reasons that may contribute to zirconia implant fractures. Nonetheless, the fear of fractures
is undoubtedly one of the reasons for zirconia still being a less popular choice than titanium,
which is characterized by a 20–30-times-higher fracture toughness for Grade 4 titanium.
The formation of micro-cracks can be diminished by using soft and round particles for
blasting. Regarding acid-etching, high concentrations of acids and a too-long process
duration can damage the zirconia’s structure and decrease its flexural strength [54–56].
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Figure 1. An example of an implant utilizing an SLA titanium surface [Dentium Superline 2, Dentium,
Suwon, Republic of Korea].

Anodizing does play a role in modifying zirconia implant structures as well as titanium
ones. In vitro studies have shown a significant increase in bone mineralization factors near
anodized implants in comparison to control groups. A study conducted on rats by de la
Hoz et al. showed that ZrO anodized at 60 Voltz is able to promote a significant increase in
cancellous bone volume, trabecular thickness, and trabecular number, and a decrease in
trabecular separation [39].

The next approach for modifying zirconia surfaces involves the use of lasers. Various
types of lasers and various methods have been tested to improve zirconia surfaces for
implantological needs. For example, fabricating micro-structures on zirconia with a wave-
length of 1064 nm, a repetition rate of 20 kHz, an average power of 18 W, a pulse duration
of 50 ns, and a fluence of 14.5 J/cm2 leads to an increase in the surface free energy, which
leads directly to an increase in wettability [48]. In vivo animal studies have concluded
that modifying zirconia implants with pulses of a hundred femtoseconds, wavelengths
of 795 nm, and 10 nJ energy with a repetition rate of 80 MHz could account for bone-to-
implant contact and crestal resorption rates that are comparable to those of SLA titanium
implants at one and three months [57]. Another animal study has shown that using fiber
laser irradiation could increase the surface roughness and lead to greater bone-to-implant
contact and removal torque in comparison to machined implants. Phosphatase activity,
osteocalcin expression, cell proliferation, and calcification are among the processes that
benefit from the laser modification of zirconia surfaces [58]. Most of the changes are, how-
ever, associated with the creation of microgrooves and surface structures, resulting in a
change in roughness [15]. It is worth noting that aside from the above-mentioned surface
modification methods, lasers can also be used in treating peri-implantitis. The parameters,
however, need to be chosen carefully so as not to cause overheating of the peri-implant
tissues [59].

The surface properties of zirconium oxide can also be, similarly to those of titanium,
altered by applying various coatings. Regarding zirconia, these may include silica, magne-
sium, nitrogen, carbon, hydroxyapatite, calcium phosphate, and dopamine, all of which
have been described as able to improve zirconia’s biological properties [54]. More coat-
ing types are still being developed, not only for titanium and zirconia implants but also
for prosthetic abutments. Among the researched possibilities, chitosan emerges as an
interesting option due to its hemostatic and antimicrobial properties, and good biocompati-
bility [60]. Here, it is worth noting that some commercially available implants are made of
a titanium core and coated with a thin ceramic layer. The idea behind this is to determine
the mechanical properties of titanium and the benefits of zirconia, while also preventing
titanium’s corrosion. An example of such surface technology is the Cerid® ceramic coating
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on MyPlant Bio implants (Figure 2). In that particular case, the zirconium oxide coating
is 4–7 µm thick. A comparison of different implant surfaces as visible under different
magnifications through a scanning electron microscope can be seen in Figure 3.
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Silica coatings can reduce bacterial adhesion to zirconia surfaces. Microstructured
bioactive silica coatings can also assist in fibrin network formation and cell growth, and
improve soft-tissue adherence. Magnesium can favor osteoblast proliferation, while the
addition of nitrogen and carbon improves biological and mechanical properties of zirco-
nia. A layer of nitrogen-doped hydrogenated amorphous carbon causes an increase in
hydrophilicity and reduces bacterial adhesion. Some studies have tested coatings made of
functionalized, multi-walled carbon nanotubes, which were shown to increase roughness,
wettability, and cell adhesion. Hydroxyapatite, being of a similar mineral composition
to bone, shows bioactive properties enhancing osseointegration, and leads to the forma-
tion of greater volumes of new bone. Calcium phosphate coating itself is too unstable
to provide sufficient boding to the substrate. Because of this, studies have used trical-
cium phosphate-reinforced hydroxyapatite coatings, which displayed bioresorbable and
osteoconductive properties. Polydopamine as a coating has antimicrobial properties and
facilitates protein adsorption and fibroblast adherence; therefore, it is very promising for
improving soft-tissue integration around zirconia abutments. Graphene coatings have been
shown to improve zirconia mechanical properties, leading to decreased wear and reduced
occurrence of microfractures [54,61]. Nanoporous tantalum coatings can be fabricated
by using tantalum nanotubes—recent studies have shown that they are able to improve
osteoblasts’ differentiation and proliferation processes, thus enhancing osteointegration.
Moreover, ZrO2/TaNS surfaces promote protein adsorption and hydrophilicity [62].

UV treatment of zirconia leads to electron excitation, which increases the surface free
energy and hence also the wettability of zirconia. The available literature shows that treating
zirconia with UV light for 12 or 15 min improves osteoblast attachment, proliferation, and
differentiation. It also causes an increase in the osseointegration speed, bone volume, and
bone-to-implant contact [15,54].

5. Discussion

We believe that the relatively scarce use of zirconia implants, when compared to tita-
nium implants, can be associated with the early mentions of possible fractures. The majority
of research papers focusing on zirconia implants’ survival rates have been conducted on
one-piece implants. Currently, one-piece implants are hardly used, regardless of the mate-
rial they are made of. One-piece zirconia implants pioneered the way for zirconia implants
overall and displayed rather good clinical results, but had some significant limitations.
Two-piece implants allow for the use of screw-retained restorations, which allow reinter-
vention if necessary and are not associated with the risk of cement residues remaining in
the peri-implant tissues. Moreover, they allow for the use of different prosthetic abutment
designs (angulations) and more predictable reconstructive surgeries, if necessary.

There are, however, some aspects that we authors find relevant when considering early
two-piece zirconia implants too. First of all, the first two-piece zirconia implants were used
together with titanium prosthetic abutments. As was mentioned earlier in this text, the
differences in their material properties may have led to some of the technical complications
occurring—screwing titanium into a zirconia implant would cause some tensions that
titanium could withstand thanks to it being more plastic and able to adapt its shape, while
the same forces could cause the zirconia to fracture. Currently, zirconia implants are usually
paired with zirconia abutments, so the differences appear to be less relevant. Nonetheless,
the abutment is still connected using a titanium screw—more research is needed to confirm
whether such a solution is suitable for long-term restorations. The position of the European
Association of Osseointegration on this matter is that there is evidence of similar results
for one-piece zirconia implants compared to titanium implants for the fixed replacement
of one to three missing teeth. In contrast, currently available clinical data evaluating two-
piece zirconia implants with an adhesively bonded implant–abutment interface suggest an
inferior outcome. Data evaluating the clinical applicability of screw-retained solutions, even
if revealing sufficient fracture resistance in laboratory investigations, are still missing [63].
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It is worth noting here that, to omit the problems emerging as results of the high
Young’s modulus of Y-TZP, a company named Patent has created a system of two-piece
tissue-level zirconia implants with fiberglass abutments cemented adhesively into the
implants. The abutments can be customized to any desired shape using a high-speed hand-
piece before a crown is fabricated and cemented onto the abutment. Such a solution aims
to attenuate masticatory forces transferred from the crown to the implant and minimize
the risk of implant fracture. Using a cemented restoration instead of a screw-retained one
minimizes the occurrence of possible problems associated with the use of metal screws.
Such implants restored with all-ceramic single crowns have demonstrated no fractures,
stable soft-tissue levels, and a survival rate of 94.1% in a 9-year follow-up [64]. Studies
show that this method can also be applied successfully to perform immediate implantations
and immediate loading [65,66].

Regardless of all of the aspects mentioned above, recent research on two-piece zirconia
implants’ clinical performance shows very good results. A meta-analysis by Roehling
et al. estimated that zirconia dental implants after 5 years of observation displayed a mean
survival rate of 97.2%, marginal bone loss of 1.1 mm, and a probing depth of 3 mm. This is
a strong evidence that zirconia implants are a reliable treatment option [67]. Similarly to
titanium, zirconia shows better clinical results when proper surface treatment techniques
are applied [64,65]. A systematic review and meta-analysis by Padhye et al. concluded
that there was no statistically significant difference between zirconia and titanium implant
survival at 12 months, while the pink esthetic score was higher for zirconia. Zirconia
implants have shown to present a lower inflammation rate compared to titanium implants
due to lower bacterial attachment [68]. It is, however, worth noting that longer observations
are needed to confirm zirconia implants’ good outcomes. Research papers comparing
zirconia and titanium implants still appear to be limited.

The causes for peri-implantitis are similar for titanium and zirconia dental implants.
The methods of treating peri-implantitis, however, differ. As zirconia has different mechani-
cal properties, mechanical debridement cannot be applied to zirconia implants that develop
peri-implantitis. Er:YAG laser therapy is the most promising option in these cases [69].

Research has shown that microbial corrosion is not more intensive for TiZr or zirco-
nia in comparison to commercially pure titanium implants [70]. The effect of different
mouthwash solutions, fluoride ions, or chlorhexidine on titanium aging and corrosion
have been mentioned and it is a known fact that corroded titanium surfaces can promote
bacterial colonization, reduce the ability of host cells to attach and proliferate, and impair
regeneration procedures overall [71,72]. Oral bacteria are also known to play a crucial role
in the corrosion of dental implants [73]. This corrosion appears important as it correlates
with the occurrence of peri-implantitis. It has been shown that fluorides and toothpaste
abrasives together can affect the topography and roughness of titanium, which further
increases bacterial adhesion [74]. Moreover, the presence of fluoride ions damages the
protective layer made of titanium oxide. This further promotes corrosion and enhances the
release of titanium compounds [75]. High concentrations of fluoride ions in oral cavities
lead to the formation of hydrofluoric acid (HF), which strongly promotes the corrosion of ti-
tanium [76]. Increased levels of dissolved titanium are associated with peri-implantitis [77].
Relatively low concentrations of titanium ions show cytotoxic effects on epithelial cells
and cause increased monocyte migration and increased inflammation of peri-implant tis-
sues [78,79]. Ti also stimulates osteoclastogenesis directly and indirectly through the release
of inflammatory cytokines (Il-6, IL-1β, TNFα), and increases the activity of osteoclasts. The
inflammatory reaction spreads into areas not in direct contact with the titanium [80,81].
Despite signs that zirconia implants can also corrode and that zirconium was in fact found
in oral mucosa in gingival tissues, the literature discussing zirconia implants’ corrosion
is relatively scarce [82]. Similarly, the literature concerning different factors that could
potentially affect zirconia’s corrosion is almost non-existent. Some studies do, in fact,
describe the mechanisms of zirconia’s wear: stress corrosion and chemical degradation.
Stress corrosion is the slow transformation of surface particles to the monoclinic phase over
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time, while chemical degradation is a chemisorption of OH− from water at the surface of
zirconia grains to form Y(OH)3. As was written in the aforementioned study by Thomas
et al., the oral cavity is an aqueous, electrochemical environment susceptible to various
changes in pH, which can promote the corrosion of zirconia [83].

Oral hygiene products can contain various chemicals, whose effects on the corrosion of
zirconia are not yet known. Taking this and all of the above into consideration, we authors
of this narrative review believe that further research needs to be conducted on zirconia
corrosion, especially in response to different concentrations of substances applied in daily
oral hygiene.

6. Conclusions

Zirconia implants in general seem to present satisfactory mechanical properties, un-
doubtedly sufficient for clinical use. While some of their properties may cause difficulties,
available solutions allow clinicians to provide successful treatment. Their osseointegration
ability and biocompatibility are equally good or even superior to those of titanium implants.
Many research papers suggest that superior esthetic outcomes, especially in the anterior
region, can be achieved by using zirconia implants rather than titanium. Nonetheless, the
available observations on zirconia implants are relatively scarce and more research needs
to be conducted.
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Abstract: Bioabsorbable materials have a wide range of applications, such as scaffolds for regener-
ative medicine and cell transplantation therapy and carriers for drug delivery systems. Therefore,
although many researchers are conducting their research and development, few of them have been
used in clinical practice. In addition, existing bioabsorbable materials cannot bind to the body’s
tissues. If bioabsorbable materials with an adhesive ability to biological tissues can be made, they
can ensure the mixture remains fixed to the affected area when mixed with artificial bone or other
materials. In addition, if the filling material in the bone defect is soft and uncured, resorption is rapid,
which is advantageous for bone regeneration. In this paper, the development and process of a new
bioabsorbable material “Phosphorylated pullulan” and its capability as a bone replacement material
were demonstrated. Phosphorylated pullulan, which was developed based on the tooth adhesion
theory, is the only bioabsorbable material able to adhere to bone and teeth. The phosphorylated pul-
lulan and β-TCP mixture is a non-hardening putty. It is useful as a new resorbable bone replacement
material with an adhesive ability for bone defects around implants.

Keywords: phosphorylated pullulan; bioabsorbable polymers; artificial bone; bio-adhesion

1. Introduction

Autogenous bone has the highest bone regenerative capacity among bone replacement
materials for treating bone defects [1]. Autogenous bone contains many components impor-
tant for bone formation, such as calcium phosphate, collagen, bone morphogenetic proteins
(BMPs), and cells associated with bone formation. However, the amount of autogenous
bone that can be harvested is limited, so artificial bone made of calcium phosphate is
widely used as an alternative material because it has inorganic components and a crystal
structure similar to natural bone [2,3]. However, the ability of this material to regenerate
bone is inferior to that of autogenous bone. Also, in dental clinical practice, granule-type
artificial bone with a particle diameter of several hundred µm is used. The resorption of
artificial bone to replace natural bone occurs more rapidly with fine particles than with
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larger granules, resulting in the faster healing of bone defects. However, fine particles in-
duce inflammation [4]. In addition, when they enter blood vessels, they may move into the
bloodstream and accumulate in the body’s organs. Thus, granular artificial bones currently
on the market have a particle diameter of several hundred µm to several mm because they
have been developed based on products that have obtained regulatory approval.

Nonetheless, new medical technology cannot advance by merely following prede-
cessors. Different approaches from existing products are required to develop materials
with novel functions. For this purpose, a collaboration with different fields is essential.
Therefore, we used a strategy to develop bioabsorbable polymers that adhere to bone based
on basic research on tooth adhesion. Here, we describe a novel bone replacement material
with bone-adhesive properties and enhanced resorbability in the body.

2. Current Artificial Bone

There are various types of artificial bones made of calcium phosphate, such as granules,
blocks, and hardened pastes. Granular artificial bones are the most common in dental
clinical practice. Block-type artificial bone is intended to maintain its shape but could be
slow to be absorbed in the body. Hardened pastes should be slightly resorbed because
areas in contact with blood are insufficiently hardened, but the hardened body is basically
nonabsorbable. Initially, non-absorbable hydroxyapatite was used for granular artificial
bone. However, as the demand for resorption and bone replacement increased for artificial
bone, β-tricalcium·phosphate (β-TCP) granules were introduced into clinical practice as an
absorbable artificial bone. Subsequently, artificial bones that consisted mainly of apatite
carbonate—the same inorganic component of natural bone [5]—and octacalcium phosphate
(OCP), a precursor of apatite carbonate [6,7], were developed.

2.1. Hydroxyapatite

Hydroxyapatite (Ca10(PO4)6(OH)) has a composition similar to that of bone. Therefore,
it is highly biocompatible and can adhere directly to bone tissue during bone formation
when used as a bone replacement material [8]. Nevertheless, simply synthesized hydrox-
yapatite does not contain trace elements such as Na+ and Mg2+, which are found in real
bone. Over the past few decades, many researchers have demonstrated that adding various
ionic substituents to synthetic hydroxyapatite can produce a mineral composition similar
to that of natural bone tissue [9–12]. Furthermore, synthetic hydroxyapatite cannot repro-
duce the porosity that distinguishes it from natural bone. Synthesized hydroxyapatite is
characterized by very slow or no absorption, due to a high Ca/P rate and crystallinity [13].
A limitation of using hydroxyapatite as a bone replacement material is its low mechanical
strength and fragility. Nanotechnology is an important solution to this fragility. Reduc-
ing the size of the crystalline grain of hydroxyapatite to a smaller or nano-sized one can
decrease internal pores and defects. Moreover, material plasticity can be improved by
increasing the number of grain boundaries [14]. Zhao et al. successfully improved carbon
nanofiber-reinforced hydroxyapatite by reducing the size of the hydroxyapatite grain using
spark plasma sintering [15]. Zeng et al. also reduced the grain size of hydroxyapatite and
improved its mechanical properties by creating hydroxyapatite using a two-step sintering
process in the digital light processing of 3D printing technology [16].

2.2. β-Tricalcium Phosphate (β-TCP)

β-TCP (β-Ca3(PO4)2) has been widely used as a bone replacement material for more than
30 years [17,18]. It has good osteoconductivity due to its porosity, which promotes vascular
fiber growth and osteogenic cell adhesion [13,19]. β-TCP also has low immunogenicity in the
body and high biosafety [13]. As described earlier, it possesses excellent properties as a bone
replacement material. In their study of dog alveolar bone, Nakajima et al. found that the bone
regenerative potential of β-TCP was comparable with that of freeze-dried heterologous bone,
autogenous bone, demineralized freeze-dried bone, and inorganic bovine bone [20]. Galois
et al. considered the use of β-TCP an optimal choice for moderate bone defects [18]. β-TCP
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is considered to be absorbed by osteoclasts, and its Ca/P rate is lower than that of hydrox-
yapatite, resulting in faster degradation and absorption in the body than hydroxyapatite [21].
However, its absorption rate is said to be unpredictable [22]. Furthermore, the interconnected
porous structures of β-TCP can improve vascularization; however, the mechanical strength is
reduced [23], thereby limiting applications and sites of use [17]. Recent studies have attempted
to improve the mechanical strength of β-TCP using liquid phase sintering to increase the density
of the material [24,25].

2.3. Carbonate Apatite

Carbonate apatite is the inorganic composition of bone, and the material was devel-
oped based on the idea that a material with a composition similar to that of bone would be
best suited for use as a bone replacement material. Nevertheless, it was initially difficult
to develop carbonate apatite because it pyrolyzes and therefore cannot be sintered. When
calcium carbonate blocks are immersed in a phosphate solution, carbonate apatite precip-
itates on the block surface. This reaction progresses over time, transforming the entire
block into carbonate apatite [5]. Using this technique, carbonate apatite can be produced
in a clinically usable form. Carbonate apatite dissolves in the weak acid produced in
the osteoclast Howship’s lacuna, similar to bone, and is absorbed faster than hydroxyap-
atite [26]. Clinical trials have shown that carbonate apatite is an effective bone substitute
in human sinus lifts [27]. Carbonate apatite also possesses an excellent bone-conducting
ability. It has been reported that carbonate apatite has better bone formation around it in
beagle dogs than hydroxyapatite and possesses a superior osteoconductive ability [28].
This superior osteoconductivity is due to intercellular signaling from osteoclasts. In other
words, osteoclasts that absorb carbonate apatite release liquid factors known as clastokines
that activate osteoblasts [29]. Hydroxyapatite is not absorbed or is absorbed slowly, causing
this phenomenon to rarely occur. Moreover, osteoblasts are activated in carbonate apatite
through information transfer between the material and the cells. When bone marrow cells
are seeded on the surface of carbonate apatite and analyzed for differentiation markers
to osteoblasts, they show higher values than those on the hydroxyapatite surface [30]. In
recent years, carbonate apatite has been verified to be more porous in order to improve its
osteogenic potential [31].

2.4. Octacalcium Phosphate (OCP)

OCP (Ca8H2(PO4)6-5H2O) was suggested as a precursor for hydroxyapatite formation
from an aqueous solution [6] and for apatite crystal formation during mineralization [7].
OCP is composed of a repetitive apatite layer, similar to that in Ca-deficient hydroxyapatite,
and a hydrated layer containing large amounts of water molecules, such as dicalcium
phosphate dihydrate (DCPD) [7]. It was anticipated that OCP could be used as a bone
replacement material because of its potential to function as a precursor phase, as observed
in the formation of OCP before hydroxyapatite deposition in bone collagen matrices in
natural bone [32]. When implanted in the mouse calvaria, OCP demonstrated earlier
bone formation than hydroxyapatite and Ca-deficient hydroxyapatite. Furthermore, bone
apatite crystals are bonded by OCP crystals during bone formation [33]. The degradation
of OCP might be primarily caused by the phagocytosis of osteoclasts because OCP induces
osteoclast formation in an in vitro coculture system of osteoblasts and osteoclast precursor
cells [34]. The degradation rate of OCP is faster than that of hydroxyapatite and tricalcium
phosphate [35]. Based on these characteristics of OCP, a human clinical trial was conducted
using a mixture of OCP and collagen, which demonstrated effective results in cases of
sinus floor elevation in the 1st and 2nd stages, socket preservation, cyst, and alveolar cleft
procedures [36]. Various forms of OCP, including granules [37] and blocks [38], and various
additives, such as biodegradable polymers [36,39,40] and ions [41,42], are now considered
to improve the effectiveness of OCP.
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3. Problems and Solutions of Existing Artificial Bone

These artificial bones made of calcium phosphate are osteoconductive [43], as men-
tioned above. Bone regeneration occurs around granules with a size of several µm before
they are resorbed, and the artificial bone remains in the bone. Therefore, it is suggested
that even β-TCP, carbonate apatite, and OCP also take a long time to be completely ab-
sorbed and replaced by natural bone in the human body. The larger the particle size of the
resorbable artificial bone, the longer it takes for its resorption and replacement by natural
bone in the human body. This may help reduce bone resorption but is a major problem for
controlling infection because the implanted material that remains in the body increases
the risk of infection (Figure 1). For example—as is evident in catheter infections—it is
challenging to control infection when an implanted artificial material is exposed to the
outside of the body and becomes infected. The same happens to artificial bones. When the
infection on artificial bones cannot be controlled, they must be removed by curettage.
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Figure 1. Differences between autogenous bone and artificial bone in terms of bone formation and
resorption patterns. Red arrows show the direction of bone regeneration.

Furthermore, granular artificial bones are difficult to handle. Mixing with saline or
blood improves handling but only slightly. The size of bone defects in dentistry is smaller
than in orthopedics, and the particle size of the granular artificial bone used in dentistry
is also smaller. Besides the oral cavity being a site of easy infection, osteogenesis of the
alveolar ridge requires placing a granular artificial bone to fit the defect, which increases
the procedure’s difficulty. In addition, a smaller granular artificial bone results in greater
risks of dispersal, migration, and leakage through the incision.

4. Necessity of Bioabsorbable Polymers that Adhere to Calcium Phosphate

A bioabsorbable material that can adhere to bone and artificial bone components is desir-
able because it would allow the artificial bone to be easily placed in a bone defect by mixing
the artificial bone with it and making it patty-like. In addition to the improved handling due
to enhanced formability and adhesion to the bone surface, the stronger sealing of the natural
bone–artificial bone interface is expected to improve the treatment outcome. Furthermore, if the
material that adheres to calcium phosphate can maintain its gel state in the body, and if fine
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powdered artificial bone can be used, it leads to the development of new artificial bone able to
be quickly absorbed and replaced with natural bone. The rapid resorption of bone replacement
materials and their substitution with natural bone is ideal for reducing the risk of infection.

5. Problems with Existing Bioabsorbable Polymers

For the above reasons, the development of absorbable polymers that can adhere to
calcium phosphate, which is an inorganic component of bone and is used as artificial
bone, has been long awaited. If such materials are available, innovative materials that
contribute to implant therapy, such as putty-like artificial bones with short-term resorption
and replacement by mixing a bioabsorbable polymer and calcium phosphate fine powder,
are expected to be developed. However, materials that can be absorbed and replaced
with tissue in the body are challenging to put to practical use. Collagen, hyaluronic acid,
polyglycolic acid, and polylactic acid are still widely used as absorbable polymers that can
be implanted in the body, but none of them can adhere to bone or tooth.

6. Development of Non-Animal-Derived Bioabsorbable Polymers

Phosphorylated pullulan was developed to solve problems with the above existing
artificial bones. The raw material, pullulan, is a natural polysaccharide produced by fer-
mentation with black yeast; it has water-soluble properties among polysaccharides and can
be processed into powder and film. Pullulan has been used in the food industry for many
years and was introduced as a non-gelatin capsule material in pharmaceuticals because its
firm had excellent gas barrier properties when bovine spongiform encephalopathy became
a major problem in Japan [44].

We hypothesized that introducing numerous phosphate groups into pullulan would
yield a bioabsorbable material that adheres to bone (Table 1).

Table 1. Comparison of bioabsorbable polymers.

Natural Bioabsorbable Polymer Synthetic Bioabsorbable Polymer
New

Bioabsorbable
Polymer

Collagen Hyaluronic Acid Polyglycolic Acid Polylactic Acid Phosphorylated
Pullulan

Biocompatibility Good Good Cause inflammation
during degradation

Cause inflammation
during degradation Good

Adhesion Poor Adhesion
to wet tissue Poor Poor Good

Gamma
sterilization Poor Poor Poor Poor Good

Manufacturing
Method Animal-derived Animal-derived Synthesis Synthesis Non-animal-

derived

7. Design Concept of Phosphorylated Pullulan

Mechanical mating between the adherend and the material and chemical bonding
at the interface are important factors when considering adhesive materials. Mechanical
mating is considered to affect the adhesive strength in tooth bonding, whereas chemical
bonding contributes to bond durability [45]. It is also a concept agreed upon by all those
involved in adhesive bonding that adhesive materials need to have adequate wettability
to achieve a high adhesive strength. Pullulan is easily soluble in water, and the viscosity
of a pullulan aqueous solution is very low among polysaccharides. Using pullulan as a
backbone reduces viscosity, compared to other polysaccharides, leading to the creation of a
bioabsorbable polymer with adequate wettability.

Phosphorylated pullulan was created based on the tooth adhesion theory, using
pullulan as a backbone. In the dental field, the progress of tooth adhesion is particularly
remarkable. It is well known that adhesive techniques and materials are applied to most
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current dental treatments, such as aesthetic restorations, including resin fillings, posts and
cores, crown restorations, orthodontics, fixing mobile teeth, and bonding fractured teeth.
Many dental adhesives have been developed and applied in clinical practice with repeated
improvements and development. Nowadays, two types of adhesives (glass ionomer cement
and resin cement) are commonly used in dental treatment.

Glass ionomer cement is cured by an acid-base reaction between polycarboxylic acid
and the cations leached from aluminosilicate glass and can chemically bond well to un-
treated enamel and dentin. Thus, glass ionomer cements have the ability to chemically
bond to the tooth [46]. Compared to resin-based tooth-bonding systems, glass ionomer
cement can be used even in areas with insufficient moisture protection, which is thought to
be largely due to the characteristics of polycarboxylic acid (the main component). Polycar-
boxylic acid has many carboxy groups that chemically bond to teeth. In addition, many of
these carboxyl groups are considered to make glass ionomer cements somewhat hydrophilic
and not as hydrophobic as resin-based tooth-bonding systems.

Furthermore, we previously compared three adhesive monomers: 4-methacryloxyethyl
trimellitic acid (4-MET), 2-methacryloxyethyl phenyl hydrogen phosphate (phenyl-P), and
10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) and found that 10-MDP had
the best chemical bonding ability [47]. Since this report, the effectiveness of the divalent
phosphate group has become clear, and 10-MDP has been used in various tooth-bonding
systems. These results of basic research on tooth adhesion [48–52] allowed for the devel-
opment of phosphorylated pullulan, based on the idea of “introducing a large number of
phosphate groups into a polysaccharide with high water solubility” (Figure 2).
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8. Efficacy of Phosphorylated Pullulan as a Bone Replacement Material

Phosphorylated pullulan has been applied in various ways, due to its characteristics, such
as a coating agent for implants [53–56] and as a direct pulp-capping material [57–59]. Takahata
et al. [60] and Morimoto et al. [61] reported the efficacy of phosphorylated pullulan as a bone
replacement material (Table 2).

Takahata et al. [60] implanted a mixture of phosphorylated pullulan and β-TCP in
the medullary cavity of a mouse femur, a rabbit ulnar, and a porcine vertebral body
bone and evaluated bone formation. A histological evaluation of the medullary cavity
of a mouse femur revealed that only phosphorylated pullulan remained 2 weeks after
implantation. Five weeks after implantation, bone marrow replacement was observed
in the group implanted with only phosphorylated pullulan, and bone formation was
observed in the group implanted with a mixture of pullulan phosphate and β-TCP. After
8 weeks, additional new bone was observed in the group implanted with a mixture of
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phosphorylated pullulan and β-TCP, but no bone formation was observed in the group
implanted with only phosphorylated pullulan. The effects of Biopex-R and a mixture of
phosphorylated pullulan and β-TCP in the rabbit ulnar were compared. Eight weeks after
implantation, a micro-CT showed that Biopex-R separated from the existing bone in the
group implanted with only Biopex-R, but the bone defect was completely amended in the
group implanted with a mixture of phosphorylated pullulan and β-TCP. Histologically, the
type of this bone formation is classified as endochondral ossification. On the other hand, the
formation of new bone in the porcine vertebral body bone in the group with no treatment
for the defect and the group implanted with Biopex-R was not confirmed by micro-CT, even
after 8 weeks. By contrast, a mixture of phosphorylated pullulan and β-TCP implanted
in the bone defect of the porcine vertebral body bone resulted in new bone formation at 8
weeks. Histologically, only fibrotic changes were observed in the untreated group, even at
8 weeks. However, in the group implanted with a mixture of phosphorylated pullulan and
β-TCP, the new bone began to form at 4 weeks, and trabecular bone formation began at 8
weeks. Based on this, Takahata et al. concluded that phosphorylated pullulan alone cannot
induce bone formation, but when used together with β-TCP, it promotes bone remodeling.

Table 2. Application development of phosphorylated pullulan.

Clinical Application Study Materials and Methods Note

Dental implant

Cardoso et al.
(2014) [53]

Titanium plates treated with phosphorylated
pullulan were implanted in the rabbit tibia.

The bone fraction in areas 100 µm remote from
the implant surface was higher than in the water

treatment.

Cardoso et al.
(2017) [54]

Phosphorylated pullulan-coated implants were
implanted in the pig skull bone.

The titanium implant surface with
phosphorylated pullulan could improve the
mineralization of the implant–bone interface.

Cardoso et al.
(2017) [55]

Titanium implant treated with phosphorylated
pullulan were implanted in the pig parietal bone.

The peri-implant bone formation and
bone-to-implant contact were improved,

compared to the water-treated group.

Nagamoto et al.
(2024) [56]

Cell culture on a titanium disk coated with
phosphorylated pullulan.

Cell proliferation and calcification were
improved by coating with
phosphorylated pullulan.

Pulp-capping material

Pedano et al.
(2018) [57]

Preparing the hydraulic calcium-silicate cement
including phosphorylated pullulan and

culturing human dental pulp cells using eluates
from this cement.

The eluate of this cement stimulated the
proliferation, migration, and odontogenic
differentiation of human dental pulp cells.

Pedano et al.
(2020) [58]

An injectable phosphopullulan-based
calcium-silicate cement was used for the

pulp-capping material ex vivo and in vivo.

This cement stimulated the formation of fibrous
tissue and mineralized foci ex vivo and

promoted the inflammatory reaction and
regeneration of the pulp–tissue interface.

Islam et al.
(2024) [59]

Calcium hydroxide including phosphorylate
pullulan was applied to rat first molar cavities.

Calcium hydroxide including phosphorylate
pullulan could have the potential to minimize

pulpal inflammation and to promote
mineralized tissue formation.

Bone replacement
material

Takahata et al.
(2015) [60]

A mixture of phosphorylated pullulan and
β-TCP was implanted in the medullary cavity of

a mouse femur, a rabbit ulnar, and porcine
vertebral body bone.

Phosphorylated pullulan and β-TCP promoted
bone remodeling when phosphorylated pullulan

and β-TCP were used together.

Morimoto et al.
(2023) [61]

A mixture of phosphorylated pullulan and
β-TCP was implanted in rats with a tibia

bone defect.

Phosphorylated pullulan mixed with β-TCP
exhibited osteoblast anchorage and

osteoconductive ability as a scaffold material and
might induce calcification by retaining calcium

Morimoto et al. [61] implanted a mixture of phosphorylated pullulan and β-TCP in
rats with a tibia bone defect, analyzed the bone regeneration process histologically and
microstructurally, and reported that phosphorylated pullulan may have osteoconductive
and calcification retention properties. These authors created a cylindrical bone defect with
a diameter of 2.0 mm in the tibia of 10-week-old rats, and two materials, namely β-TCP
(mean granule diameter = 100–250 µm) and a mixture of pullulan phosphate and β-TCP
(4:6, w/w), were implanted in the animals and compared. A group with the bone defect
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but without an implant was used as the control. In the control group, a large amount of
new bone was observed in the bone defect after 1 week, but these new bones decreased
4 weeks after implantation. By contrast, in the β-TCP implantation group, β-TCP granules
were surrounded by numerous fibroblast-like cells 1 week after implantation; then, new
bone was formed at 2 to 4 weeks, using β-TCP as a scaffold. This new bone remained
in the bone defect 4 weeks after implantation. In the group implanted with a mixture of
phosphorylated pullulan and β-TCP, numerous fibroblast-like cells were observed around
phosphorylated pullulan and β-TCP 1 week after implantation, and new bone was observed
on the phosphorylated pullulan and β-TCP granules after 2 weeks (Figures 3 and 4).
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Figure 3. Micro-CT images and histological images after the implantation of β-TCP or β-TCP and
phosphorylated pullulan in rats with a tibia bone defect. (A–C): Micro-CT images of the control group.
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(D–F): Histological images of the control group. (G–I): Micro-CT images of the β-TCP implantation group.
(J–L): Histological images of theβ-TCP implantation group. (M–O): Micro-CT images of the group implanted
with a mixture of phosphorylated pullulan and β-TCP. (P–R): Histological images of the group implanted
with a mixture of phosphorylated pullulan and β-TCP. *: β-TCP. Bar, (A–C,G–I,M–O): 1 mm, (D–F): 400 µm,
(J–L,P–R): 300 µm. (Morimoto et al. Frontiers in Bioengineering and Biotechnology, 2023, 11 [61]).
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Figure 4. High-magnification histological images after the implantation of β-TCP or β-TCP and phos-
phorylated pullulan in rats with a tibia bone defect. (A–C): Control group. (D–F): β-TCP implantation
group. (G–I): Group implanted with a mixture of phosphorylated pullulan and β-TCP. tb: trabecular bone,
TCP: β-TCP, PPL: phosphorylated pullulan. Bar: 30 µm (Morimoto et al. Frontiers in Bioengineering and
Biotechnology, 2023, 11 [61]).

126



Materials 2024, 17, 3671

Osteoblast lineage cells and bone formation at the bone regeneration site were evalu-
ated by immunohistochemistry for alkaline phosphatase (ALP) (Figure 5A–F), PHOSPHO1
(Figure 5G–L), and osteopontin (Figure 5M–R). In the control group (without implan-
tation), numerous ALP-positive osteoblast lineage cells (osteoblasts and preosteoblasts)
were present on the surface of new bone during all postoperative periods. Moreover,
PHOSPHO1-positive reactions—expressed on osteoblasts responsible for matrix vesicular
calcification—were also observed on the bone surface. In the β-TCP implantation group,
ALP-positive osteoblast lineage cells and PHOSPHO1-positive osteoblasts were found
on the surface of new bone and on β-TCP granules. Thereafter, ALP-positive osteoblast
lineage cells were more widespread on the surface of new bone than PHOSPHO1-positive
osteoblasts. In the group implanted with a mixture of phosphorylated pullulan and β-TCP,
ALP-positive osteoblast lineage cells and PHOSPHO1-positive osteoblasts were located not
only on the surfaces of β-TCP and new bone but also on phosphorylated pullulan. Inter-
estingly, osteopontin, a bone matrix protein able to bind to crystalline calcium, was found
on the surfaces of β-TCP and phosphorylated pullulan, suggesting that phosphorylated
pullulan may function as a scaffold material for osteoblast fixation. In addition, an analysis
using strain-derived osteoblasts (MC3T3-E1 cells) suggested that phosphorylated pullulan
did not have a direct effect on osteoblast differentiation or function.
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Figure 5. Immunohistochemical staining images of ALP, PHOSPHO1, and osteopontin. (A–F): ALP,
(G–L): PHOSPHO1, (M–R): osteopontin. tb: trabecular bone, TCP: β-TCP, PPL: phosphorylated
pullulan, Arrow: immunohistochemical reaction of PPL surface, Bar: 30 µm (Morimoto et al. Frontiers
in Bioengineering and Biotechnology, 2023, 11, partially modified [61]).

On the other hand, bone resorption was evaluated by osteoclast distribution us-
ing tartrate-resistant acid phosphatase (TRAP) staining. Osteoclasts were most abun-
dant 2 weeks after implantation in all groups and then decreased. In the control group,
TRAP-positive osteoclasts were located on the surface of the new bone, whereas in the
β-TCP implantation group, they were located not only on the new bone but also on
β-TCP. In the group implanted with a mixture of phosphorylated pullulan and β-TCP, the
TRAP-positive osteoclasts were mainly located on the surface of the new bone, but some
osteoclasts were also localized on the surface of phosphorylated pullulan.

In addition, Morimoto et al. evaluated calcification related to phosphorylated pullulan
using the elemental mapping of calcium and phosphorus using an electron probe micro-
analyzer. Calcium and phosphorus were not detected in the phosphorylated pullulan
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1 week after implantation, but 2 to 4 weeks after implantation, calcium and phosphorus
deposits were observed on the phosphorylated pullulan surface and the surrounding new
bone. Although the X-ray fluorescence intensity of phosphorus on phosphorylated pullulan
2 and 4 weeks after implantation did not differ, the X-ray fluorescence intensity of calcium
increased over time (Figure 6). These results suggested that calcium might accumulate
in phosphorylated pullulan and the surrounding new bone over time. Microstructural
analysis revealed the formation of numerous calcite spheres and needle-like calcified crystal
masses on the surface of pullulan phosphate (Figure 7), suggesting that phosphorylated
pullulan may have an affinity for crystalline calcium and may promote calcification.
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Figure 6. Results of the electron probe micro-analyzer measurement after the implantation of β-TCP
and phosphorylated pullulan in rats with a tibia bone defect. The composition (COMPO) images
of the bone defect region at 1, 2, and 4 weeks after the implantation of β-TCP and phosphorylated
pullulan are illustrated. (A–C) The electron probe micro-analyzes images of Ca (D–F) and P (J–L) are
shown in (D–F) and (J–L). The intensities of X-ray fluorescence from Ca (G–I) and P (M–O) on the
arrow in (A–C) are displayed in (G–I) and (M–O). In 2 and 4 weeks after implantation, calcium and
phosphorus deposits were observed on the phosphorylated pullulan surface and surrounding new
bone (E,F,K,L). PPL: phosphorylated pullulan, TCP: β-TCP, *: trabecular bone Bar, (A–F,J–L): 50 µm
(Morimoto et al. Frontiers in Bioengineering and Biotechnology, 2023, 11 [61]).
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Figure 7. Von Kossa-stained images and transmission electron microscope images after the implanta-
tion of β-TCP and phosphorylated pullulan in rats with a tibia bone defect. (A): the low magnified
image of von Cossa, (B,C): the high magnified image on the frame part in (A), arrow shows os-
teoblasts, (D): the low magnified TEM image, (E): the high magnified image on the frame part in
(D), arrow shows calcified nodules, (F,G): the high magnified image from (E), arrow shows fine
needle-like mineral crystals, PPL: phosphorylated pullulan, BM: bone matrix, ob: osteoblast Bar,
(A): 50 µm, (B,C): 10 µm, (D): 3 µm, (E): 1 µm, (F): 0.3 µm, (G): 0.2 µm. (Morimoto et al. Frontiers in
Bioengineering and Biotechnology, 2023, 11 [61]).
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Based on these results, Morimoto et al. speculated that phosphorylated pullulan
mixed with β-TCP exhibited osteoblast anchorage and osteoconductive ability as a scaffold
material and might induce calcification by retaining calcium.

9. Application of Phosphorylated Pullulan to Areas Other than Hard Tissue

Phosphorylated pullulan is promoted for practical use in fields other than hard tissue.
The submucosal injection material used for the endoscopic resection of gastric and other
cancers is one of them. Satomi et al. confirmed that submucosal injection material-based
phosphorylated pullulan could demonstrate a tissue elevation volume and duration com-
parable to existing submucosal injection materials using pigs and has high operability [62].
From these characteristics, the submucosal injection material containing phosphorylated
pullulan as a key component has been approved under the Pharmaceutical Affairs Law in
Japan and is marketed as “enRise”.

10. Conclusions

Phosphorylated pullulan is an unprecedented bioabsorbable material with bone ad-
hesion properties developed based on experience in basic research on dental adhesive
materials. It also can assist with bone formation. From these characteristics, phosphory-
lated pullulan is expected to be a novel bone replacement material. Currently, clinical trials
of this material will begin in 2024 as a Class IV medical device, which is defined by the
Japanese Act on Securing Quality, Efficacy, and Safety of Products Including Pharmaceuti-
cals and Medical Devices. In addition to bone, phosphorylated pullulan is also expected to
be used as a scaffold for the regeneration of various organs, as a carrier for drug delivery
systems, and in a wide range of applications as a bioabsorbable material able to replace
collagen and hyaluronic acid.
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Abstract: This systematic review investigates the efficacy of using connective tissue grafting (CTG)
versus an acellular dermal matrix (ADM) for soft tissue management in immediate implant placement
(IIP). The study focuses on comparing the soft tissue thickness (STT) and keratinized tissue width
(KTW) changes post-implantation. Adhering to the PRISMA guidelines, a comprehensive literature
search was conducted, targeting randomized clinical trials and cohort studies involving soft tissue
grafting in conjunction with IIP. Data extraction and analysis focused on STT and KTW measurements
from baseline to follow-up intervals of at least 6 months. The statistical analyses included the weighted
mean differences and heterogeneity assessments among the studies. The meta-analysis revealed
no significant difference in the STT gain between CTG and ADM at 12 months, with the weighted
mean differences favoring the control group but lacking statistical significance (CTG: 0.46 ± 0.53 mm,
p = 0.338; ADM: 0.33 ± 0.44 mm, p = 0.459). The heterogeneity was high among the studies, with
discrepancies notably influenced by individual study variations. Similarly, the changes in KTW
were not significantly different between the two grafting materials. Conclusions: Both CTG and
ADM are viable options for soft tissue management in IIP, with no significant difference in efficacy
regarding the soft tissue thickness and keratinized tissue width outcomes. Future research should aim
to minimize the heterogeneity and explore the long-term effects to better inform clinical decisions.

Keywords: immediate implant; soft tissue augmentation; acellular dermal matrix; connective tissue;
single tooth; soft tissue thickness

1. Introduction

Achieving optimal aesthetic outcomes in implant dentistry, particularly in the anterior
region, remains a paramount goal for both clinicians and patients. Immediate implant
placement (IIP) following tooth extraction has gained considerable attention due to its
potential advantages in reducing the treatment time and preserving the peri-implant
tissue [1–4].

Obtaining successful outcomes in the aesthetic zone demands meticulous planning,
precise execution by clinicians with clinical experience and expertise, and the strategic
management of soft tissue contours and biotypes. The restoration of missing teeth in
the anterior maxilla demands not only osseointegration, but also the establishment of
harmonious gingival contours that mimic natural dentition. Achieving and maintaining a
stable soft tissue architecture around the implant is pivotal in creating a lifelike appearance
and ensuring long-term aesthetic success [1–4].

A tooth extraction results in a series of changes occurring in the alveolar bone, which
includes a bone remodeling phase. In the initial phase, due to the loss of the periodontal
ligament and loss of the bundle bone, the lingual and buccal plate post-extraction undergo
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a series of changes that includes horizontal and vertical changes. In the anterior sector, this
can compromise the aesthetics of the patient, especially if the extraction procedure was not
atraumatic [5,6].

As a result of the volumetric changes, management to avoid unfavorable results has
to be carried out [6].

Funato et al. describes and classifies the four scenarios in which immediate implants
can be considered. However, he explains that extraction sockets with four walls show better
aesthetic predictability [7]. On the other hand, Buser et al. describes protocols according to
the time of placement, with the type 1 protocol involving immediate implant placement (IIP)
directly into the alveolar socket via flapless implant placement with osseous augmentation
and a connective tissue graft (CTG) or allograft, being a predictable approach [8].

Following the work of Chu et al., the classification of the different types of sockets
has been used as a tool to aid clinicians in carrying out surgical interventions with several
protocols known to fill the gap [9].

It is not only the management of hard tissue that must be considered in immediate
implant therapy, but also that of soft tissue. This is due to the risk of deterioration in the
soft tissue in the follow-up period; horizontal ridge deficiency, which results in the loss of
the mid-facial contour; soft tissue recessions; and shine-through discoloration, leading to
aesthetic compromises [10–12].

Considering the series of changes following a tooth extraction when placing an imme-
diate implant, the patient characteristics also need to be evaluated, including the buccal
position of the implant, the hard tissue status according to the classification of Chu et al.,
and the patient’s phenotype [9,11].

Soft tissue was previously left untreated. Various studies have described results
favoring the use of an autologous connective tissue graft (aCTG) when compared with
the use of no soft tissue grafting on the peri-implant tissue’s health and stability, due
to decreasing the risk and prevalence of peri-implant mucositis and peri-implantitis by
reducing the horizontal changes in the alveolar ridge. Moreover, it allows the maintenance
of the tissue contour due to an increase in the soft tissue thickness, leading to a better
aesthetic result from both the patient and clinician’s point of view [13,14].

Soft tissue augmentation is recommended and has been established as part of the
gold-standard protocol for immediate implant therapy, particularly for patients with a thin
periodontal phenotype [15]. This phenotype is typically associated with a thin buccal bone,
which undergoes greater bone resorption and soft tissue contraction in the postoperative
phase [9,11]. However, autologous CTG sources are associated with disadvantages, such
as postoperative pain and increased medication use, which can negatively affect patient-
reported outcome measures (PROMs) [16,17].

Tavelli et al. found that various soft tissue grafting techniques, including free gingival
grafts and connective tissue grafts, significantly increase the mucosal thickness around
dental implants compared to sites without grafts, leading to improved peri-implant health
and stability [18].

The use of an acellular dermal matrix (ADM) as an alternative method for soft tissue
grafting has become more favorable, with the benefits not only favoring the clinician but
also improving the PROMs in the postoperative stage following the surgical interven-
tion [16,17]. In the case of a lack of sufficient donor material, the ADM has been developed
as a substitute for the aCTG and has presented a potential alternative to thicken the peri-
implant soft tissue. An ADM is a type of biomaterial derived from human or animal tissue
that has been processed to remove cells, leaving behind the extracellular matrix (ECM). The
ECM is composed of proteins such as collagen, elastin, and glycosaminoglycans, which
provide structural support and signaling cues for tissue regeneration.

Following a study conducted by Stefanini et al. on soft tissue augmentation around
implants, it was concluded that surgical sites undergoing soft tissue augmentation typically
retain their soft tissue margins and marginal bone levels over time, whereas implants
without augmentation may experience the recession of the soft tissue margin [19]. This

135



Materials 2024, 17, 5285

study found that the clinical parameters remained stable over time for both CTG and ADM
grafts. These findings are consistent with the results of Tommasato et al., who also reported
increased an mucosal thickness postoperatively with ADM grafts [20].

One of the key advantages of an ADM is its ability to be integrated with the patient’s
own tissue, promoting natural healing and minimizing the risk of rejection [16–20].

For these reasons, the aim of this article is to investigate the critical aspects of IIP,
focusing on the challenges that clinicians face in the management of soft tissue volumetric
changes during immediate implant therapy, as well as looking for any changes in kera-
tinized tissue when the two soft tissue substitutes are compared. Therefore, the objective of
the present systematic review is to compare the effectiveness of CTG versus ADM for soft
tissue management in IIP.

2. Materials and Methods
2.1. Clinical Question and Search Strategy

This systematic review was designed in accordance with the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) 2020 statement (Table S1) [18], using
the following population, intervention, comparison, outcome, study design (PICOS) model.

• Population (P): Healthy patients receiving an immediate implant due to the tooth
being unrestorable with a simultaneous soft tissue graft in all sites of the mouth.

• Intervention (I): Soft tissue grafting with an ADM in conjunction with IIP.
• Comparison (C): Soft tissue grafting with an aCTG in conjunction with IIP; differences

in soft tissue thickness and keratinized tissue changes under IIP with either an ADM
or an aCTG.

• Outcome (O): The soft tissue thickness and keratinized tissue changes when comparing
the different soft tissue graft materials from baseline, during the surgical act of placing
the immediate implant, to the follow-up interval of a minimum of 6 months, using an
analog or digital volumetric analysis.

• Study Design (S): To evaluate human randomized clinical trials (RCTs), with prospec-
tive/retrospective cohorts, that evaluate the peri-implant tissue following soft tissue
augmentation with the different grafts.

The main question was, “In systemically healthy patients, being treated by means
of single IIP with a simultaneous soft tissue augmentation procedure, is the soft tissue
thickness and the keratinized tissue width affected by the type of soft tissue graft used
when comparing an acellular dermal matrix graft to aCTG?”

Electronic and manual literature searches were conducted by two independent review-
ers (LD and AG) in the National Library of Medicine (Medline via PubMed) [USA] for
articles published up until March 2024.

The following search terms were used: ((“immediate”[All Fields] OR “immediately”[All
Fields]) AND (“dental implants”[MeSH Terms] OR (“dental”[All Fields] AND “implants”[All
Fields]) OR “dental implants”[All Fields]) AND (“soft”[All Fields] AND (“tissue s”[All
Fields] OR “tissues”[MeSH Terms] OR “tissues”[All Fields] OR “tissue”[All Fields]) AND
(“augment”[All Fields] OR “augmentation”[All Fields] OR “augmentations”[All Fields]
OR “augmented”[All Fields] OR “augmenting”[All Fields] OR “augments”[All Fields])))
NOT (“embryo s”[All Fields] OR “embryoes”[All Fields] OR “embryonic structures”[MeSH
Terms] OR (“embryonic”[All Fields] AND “structures”[All Fields]) OR “embryonic struc-
tures”[All Fields] OR “embryo”[All Fields] OR “embryos”[All Fields]).

The study was prospectively registered in the International Prospective Register of
Systematic Reviews (PROSPERO) database (ID: CRD42024571855). Moreover, a flowchart
illustrating the search strategy and selection process was created (Figure 1).
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Figure 1. PRISMA flowchart of the search strategy. * Total amount of record identified. ** From the
total amount of records identified, 168 Records were excluded after reviewing the abstacts of the
studies found in the identification step.

2.2. Eligibility Criteria

The inclusion criteria were as follows: (1) publications in English; (2) human studies;
(3) RCTs and prospective and retrospective cohort or case series studies where there were
two groups to allow comparison; (4) the variables in the studies compared at least two
groups of IIP + ADM versus IIP with aCTG; (5) healthy patients received an immediate
implant with a soft tissue graft (CTG or ADM); (6) the studies had a minimum follow-up
period of 6 months; (7) the reported outcome variables of the studies included the soft
tissue thickness, the keratinized tissue width, and its standard deviation from the baseline
to the follow-up interval.

Exclusion criteria: (1) studies that did not describe the outcome variables of the
soft tissue thickness or keratinized tissue width; (2) studies that did not compare human
ADMs versus aCTG as soft tissue substitutes in soft tissue augmentation in an immediate
implant protocol; (3) publications in languages other than English, case reports, educational
statements, expert opinions, animal studies, in vitro studies, narrative reviews on the
subject of soft tissue grafting on immediate implants, or studies without a control group;
(4) studies that did not provide any information concerning the research question.

2.3. Selection Process

In the first phase of the study selection, two reviewers (LD and AG) screened all
identified titles and abstracts independently to assess their eligibility for the systematic
review based on the predetermined inclusion and exclusion criteria.
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In the second phase of study selection, the full-text articles of all studies identified in
the first phase were retrieved and evaluated by the authors (LD and AG) on an independent
basis. Any disagreements between the authors were resolved by discussion with two
additional reviewers (SG and SAH).

2.4. Data Analysis

Full-text data extraction was performed independently for each eligible article by two
reviewers (LD and AG).

The following variables were extracted from each study: (1) author(s); (2) year of
publication; (3) type of study; (4) follow-up (FU); (5) study outcomes (soft tissue thickness,
keratinized mucosa width, VAS, gingival biotype, pocket depth, peri-implant mucosal
level, marginal bone level, bleeding index scores, perceived pain, VAS, and PES) (Table 1).

Additionally, the surgical protocol of each study was summarized and they were
divided into a test group (ADM group) and control group (CTG): (1) author and year;
(2) follow-up (FU); (3) number of implants; (4) methodology; (5) area of graft (palate or
tuberosity); (6) flap or flawless design; (7) use of biomaterial or not; (8) gingival pheno-
type reported.

2.5. Risk of Bias and Quality of the Studies

Two reviewers (LD and AG) designed and assessed the proposal for the present project
to ensure that the [21] guidelines were followed (Found in Supplementary Documents), as
well as the use of the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) [22] statement. The STROBE statement is an international collaborative initiative
for epidemiologists, methodologists, statisticians, researchers, and journal editors involved
in the conduction and dissemination of observational studies and consists of a 22-item
checklist to be fulfilled in a systematic review.

The quality of the included RCTs was established from the RCT checklist of the
Cochrane Center and the Consolidated Standards of Reporting Trials (CONSORT) state-
ment, which provided guidelines for the following parameters [23,24]: sequence generation;
allocation concealment method; masking the examiner; addressing incomplete outcome
data; free of selective outcome reporting.

2.6. Outcome Analysis

The primary outcome of the systematic review was the change in soft tissue thickness
(STT) determined at the baseline and at the final follow-up, evaluated by comparing
the volume through either an analogical method using manual calipers or K-files or by
comparing digital STL files following an impression at both the baseline and follow-
up periods.

The secondary outcome was the change in the keratinized mucosal width, evaluated
using a periodontal probe, measured from the mucogingival junction towards the free
gingival margin.
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2.7. Statistical Analysis

A meta-analysis was carried out to estimate the global effect size (∆STT Baseline-
12mo) in each of the groups. This was followed by a comparative intra-study meta-
analysis between the two types of material, with the ADM being compared directly to CTG.
Weighted mean differences (WMD) and 95% confidence intervals were calculated from
random effects models with the DerSimonian and Laird estimator.

The results of the estimates, global effect measures, and confidence intervals are
represented in the different forest graphs.

The heterogeneity index I2 (percentage of variability in the estimated effect that could
be attributed to heterogeneity of the true effects) and the corresponding statistical test of
nullity of Q were applied. A threshold of I2 < 50% was considered as an acceptable level of
between-study heterogeneity. A forest plot was produced for each outcome to represent
the difference graphically.

Publication bias was explored through funnel plots and the Egger test.
The level of significance used in the analyses was 5% (α = 0.05).
The software used to carry out the meta-analysis was R 4.3.1 (R Core Team (2023),

R: A language and environment for statistical computing, R Foundation for Statistical
Computing, Vienna, Austria.

3. Results
3.1. Study Selection

The electronic search rendered 244 titles in total (Figure 1). One potentially eligible
article was identified on the basis of a manual search. The gray literature did not result in
any additional articles. Eleven articles of the remaining 76 were excluded after full-text
analysis. The remaining eight articles were assessed for eligibility. Ultimately, five articles
fully met the selection criteria for a qualitative analysis [25–29], as described in Table 1.

Exclusion was due to either the methodology or the primary outcome investigated. The
articles of Guglielmi et al. [13] and Zuiderveld et al. [30] were excluded due to comparisons of
soft tissue augmentation with an aCTG compared to no graft. Additionally, articles [31,32]
were excluded due to the outcome variable not reflecting the outcome variable of this
systematic review.

3.2. Intervention Types and Sample Characteristics

Table 1 illustrates the studies included. Four were RCT studies and one was a prospec-
tive study. All five studies were two-arm types comparing a test group (ADM) and control
group (CTG) with IIP. The study of Lee et al. had three groups: test groups of IIP + CTG
and IIP + ADM with a control of IIP placed with no graft (NG). Regarding the NG group,
the data were excluded from this systematic review [27].

The total number of implants involved in the studies was 132: 66 in ADMs and 66
in CTG.

The main outcomes of the studies were the variations in the STT and KTW in both
groups, with follow-up periods of a minimum of 6 months. Only some studies reported the
mean variation with the SD, which was included in the meta-analysis [25,27,29]. For the
meta-analysis, only three had 12-month information for the STT [25,27,29] and only one for
the KTW [27]. Therefore, the statistical analysis was restricted to the variation in the STT at
a follow-up period of 12 months, between the ADM group and the aCTG control group.

All surgeries were performed under local anesthesia, with the majority carrying out
the surgery with a flapless approach, apart from Panwar et al. [25], where a non-traumatic
extraction was carried out, followed by the debridement of the alveolar socket. All studies
that were included in the systematic review used bone-level implants, leaving a buccal gap
from the bone wall. Panwar et al. did not fill the gap with a biomaterial [25]. Three studies
reported filling the gap with a xenograft [26,27,29]. Following this, the studies reported
the division of two groups where an ADM graft was used and compared these to an aCTG
obtained from the palate. Both grafts in all studies were sutured with sling sutures.
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All studies had different rehabilitation procedures, with two studies not reporting pro-
visional restoration rehabilitation [26,27]; however, all implants were reported as restored
at 3 to 6 months postoperatively.

3.3. Soft Tissue Thickness Changes for CTG Group at 12 Months

The appropriate and valid studies for this analysis are described in Table 2.

Table 2. Studies involved in statistical analysis for soft tissue thickness in CTG at 12 months.

n Mean SD

Happe et al., 2021 [26] 10 −0.6 0.49

Lee et al., 2023 [27] 15 0.8 0.26

De Angelis et al., 2023 [29] 24 1.16 0.41
Number (n); standard deviation (SD).

The STT gain estimate is 0.46 ± 0.53 mm, which not considered significant (p = 0.388)
(Table 3).

Table 3. Meta-analysis results for STT in ADM group.

WM SE 95% CI Z (p-Value) I2 QH (p-Value) Egger Test
(p-Value)

0.46 0.53 −0.58 1.51 0.388 98.9% <0.001 *** 0.013 *
WM: weighted mean; SE: standard error; CI: confidence interval; Z: Z-Test; QH: Cochrane’s Q of heterogeneity.
* p < 0.05; *** p < 0.001.

The forest plot also provides the relative weight of each study in the meta-analysis
estimates. This illustrates that the three studies contributed to the calculations in a similar
proportion (Figure 2).
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The heterogeneity of the meta-analysis was found to be significant (I2 = 98.9%). The
explanation for this lies in the great discrepancy between the results of Happe et al. [26]
and those of the other two studies [31,33], whose confidence intervals did not intersect
each other and hence the inter-study variability was, in general, much higher than the
intra-study variability.

On the other hand, publication bias was detected (p = 0.013). This result was not
conclusive due to the small number of articles, but the funnel graph shows asymmetry
(Figure 3).
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Figure 3. Funnel graph for the STT in the CTG group.

Due to the small number of implants and higher level of variability, Happe et al.’s
study demonstrated a higher standard of error. When compared to the other two articles,
the results appear more precise and exhibit the opposite correlation, reporting the true
value of the soft tissue thickness.

3.4. Soft Tissue Thickness for ADM Group at 12 Months

Table 4 shows the appropriate and valid studies for this analysis.

Table 4. Studies involved in statistical analysis for soft tissue thickness in ADM at 12 months.

n Mean SD

Happe et al., 2021 [26] 10 −0.55 0.33

Lee et al., 2023 [27] 15 0.86 0.36

De Angelis et al., 2023 [29] 24 0.66 0.31
Number (n); standard deviation (SD).

The forest plot (Figure 4) demonstrates an estimation of the results of the meta-analysis
conducted for the soft tissue thickness in the ADM group at 12 months.
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The STT gain estimate for the ADM group was 0.33 ± 0.44 mm, and this value was
also found not to be significant (p = 0.459) (Table 5).

Table 5. Meta-analysis results for STT in CTG group.

WM SE 95% CI Z (p-Value) I2 QH (p-Value) Egger Test
(p-Value)

0.33 0.44 −0.54 1.19 0.459 98.7% <0.001 *** 0.434
WM: weighted mean; SE: standard error; CI: confidence interval; Z: Z-Test; QH: Cochrane’s Q of heterogeneity.
*** p < 0.001.

From the forest plot, it can be seen that each article contributed in a similar proportion
(Figure 4).

There was a high level of heterogeneity among the values (I2 = 98.7%). Following the
trend in the other analysis, there was no correlation regarding the results between Happe
et al. [26] and the other studies. In this part of the analysis, publication bias could not be
detected. This was due to the three studies having a similar level of precision in regard to
their analyses (Figure 5).
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3.5. Soft Tissue Thickness Changes: ADM + IIP vs. CTG + IIP Intra-Study Comparison at
12 Months

The meta-analysis yielded a weighted mean difference (WMD) of −0.14 mm, favoring
the control aCTG group, but with no significant statistical difference between the two
groups (p = 0.490) (Table 6).

Table 6. Meta-analysis results for the mean differences in the STT gain according to the groups
(ADM vs. CTG).

WM SE 95% CI Z (p-Value) I2 QH (p-Value) Egger Test
(p-Value)

−0.14 0.21 −0.55 0.26 0.493 86.8% <0.001 *** 0.490
WM: weighted mean; SE: standard error; CI: confidence interval; Z: Z-Test; QH: Cochrane’s Q of heterogeneity.
*** p < 0.001.

The heterogeneity among the results was found to be high, as Happe et al. and Lee
et al. obtained similar results when comparing both the CTG and ADM groups. However,
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this was not the case for De Angelis et al., who reported a greater gain in the soft tissue
thickness with CTG (Figure 6).
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Figure 6. Forest plot for soft tissue thickness changes in ADM + IIP vs. CTG + IIP intra-study
comparison at 12 months; Happe et al. [26], Lee et al. [27], De Angelis et al. [29].

There was also a small amount of publication bias found among the studies included
(p = 0.490) (Figure 7).
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Figure 7. Funnel graph for the soft tissue thickness changes in the ADM + IIP vs. CTG + IIP
intra-study comparison at 12 months.

For this reason, when comparing the use of the ADM and CTG when augmenting
the soft tissue around the IIP, the soft tissue changes at 12 months showed similar average
gains and no statistical difference.

3.6. Keratinized Tissue Width Changes

The results regarding the keratinized width changes reported in the selected studies
are shown in Table 7.

The main findings were found in three of the five studies selected in the systematic
review, with the results showing heterogeneity regarding when the keratinized tissue
changes were reported [25,27,28].

Panwar et al. reported that the CTG group showed a statistically significant increase
of 0.65 ± 0.0411 mm in the KTW; however, the gain was smaller than that found in the
present literature. The reason for the reported decrease in the KTW in the ADM group was
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the use of a buccal flap advancement. The reason for this was to avoid the necrosis of the
ADM graft due to having avascular properties compared to an aCTG [25].

Table 7. Selected studies evaluating keratinized tissue width changes.

KMW Baseline
(Mean ± SD)

KMW 6 m
(Mean ± SD)

KMW 12 m
(Mean ± SD)

KMW Difference at
FU 6 m (Mean ±

SD)

KMW Difference at
FU 12 m

(Mean ± SD)

Test Panwar et al.,
2021 [25] 3.200 ± 0.4216 2.950 ± 0.2838 NR −0.250 ± 0.2635 NR

Control Panwar et al.,
2021 [25] 2.8 ± 0.788 3.400 ± 0.864 NR 0.65 ± 0.411 NR

Test Lee et al.,
2023 [27] 4.83 ± 1.32 NR NR NR −0.80 ± 1.11

Control Lee et al.,
2023 [27] 4.70 ± 1.16 NR NR NR −0.18 ± 1.07

Test Abbas et al.,
2020 [28] 4.786 ± 1.286 NR 4.429 ± 1.058 NR NR

Control Abbas et al.,
2020 [28] 4.429 ± 1.397 NR 3.571 ± 1.397 NR NR

KMW: keratinized tissue width; SD: standard deviation; NR: not reported; FU: follow-up; m: months.

Lee et al. [27] reported that, at the 12-month visit, the mean keratinized tissue widths
were slightly decreased in the groups compared to the baseline. It was reported that the
changes in the keratinized tissue width were not significantly different among the groups.

Abbas et al. [28] reported that there was no statistically significant difference found
in the keratinized mucosa (KM) between the baseline, 4-month, and 12-month follow-up
intervals in either Group 1 (ADM) or Group 2 (aCTG), with p-values of 0.338 and 0.156,
respectively. Group 1 experienced a loss of 0.858 ± 1.199 mm in the KM, while Group 2
lost an average of 0.357 ± 1.488 mm. At the baseline, 4-month, and 12-month follow-up
intervals, there was no statistically significant difference between the two groups, with
p-values of 0.628, 0.598, and 0.220, respectively.

4. Discussion

Based on the literature analysis, there is limited published evidence comparing soft
tissue augmentation between ADMs and aCTG in IIP. While there is abundant literature
comparing the use of aCTG and ADMs independently or comparatively, especially around
natural teeth, studies exploring techniques to enhance the gingival thickness around imme-
diate implants are currently lacking.

The few clinical studies that do compare the two soft tissue graft options primarily
evaluate the soft tissue thickness and keratinized tissue changes, while very few assess the
PROMs or the PES score [25–29]. The studies by De Angelis et al., Aldhohrah et al., and
Seyssens et al. demonstrate that using aCTG in IIP is more advantageous than not using a
graft, improving the outcomes in terms of peri-implant marginal recession and marginal
bone loss and increasing the soft tissue thickness [18,33,34]. To date, no systematic reviews
have been published that solely assess the two soft tissue grafting options in the context of
soft tissue augmentation during immediate implant therapy.

In this systematic review, five articles met the final inclusion criteria and were analyzed.
Although there were limited data comparing the same primary outcomes, the studies
chosen for the meta-analysis had a homogeneous methodology regarding their outcome
variables, allowing for a quantitative analysis to be carried out evaluating the soft tissue
thickness after 12 months [26,27,29]. A favorable aspect is that the studies involved had
similar intervals and methodologies for the evaluation of the outcome variables, resulting
in great homogeneity, which made the results highly comparable.
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Regarding the soft tissue thickness, all studies investigated this outcome except
for one [28]. The results of the meta-analysis showed that the STT for CTG + IIP was
0.46 ± 0.53 mm, and it was 0.33 ± 0.44 mm for ADM + IIP, indicating no statistical differ-
ences between the two groups reported across the meta-analysis [26,27,29]. The results of
the meta-analysis demonstrated strong heterogeneity. Firstly, Happe et al. [26] reported
results for each group that were significantly different from those of the other two articles.
On the other hand, De Angelis et al. [29] were the only authors who reported the clear
superiority of CTG compared to the other articles, which indicated greater homogeneity.

Concerning this outcome variable, great heterogeneity was observed between the
studies, and the risk of bias was higher. This could be associated with the different
follow-up intervals among the studies, as well as the varying methodological approaches
to evaluating the soft tissue thickness and changes in keratinized tissue. Although all
studies used either a manual caliper, endodontic files, or the superimposition of STLs
using different types of digital software (Table 1), the heterogeneity in the methodologies
regarding the outcome variable means that the results of each study should be interpreted
with caution.

Additionally, the changes in the keratinized tissue width were evaluated in three
studies. This outcome was considered as the secondary outcome [25,27,29].

Panwar et al. reported that there were no significant differences in the results when
comparing thin and thick phenotype groups regarding keratinized mucosal changes. In the
surgical protocol, a flap was raised to avoid exposing the ADM graft, which consequently
led to a decrease in the amount of keratinized mucosa in the ADM + IIP group. Lee et al.
reported that, in a flapless intervention, both groups resulted in a decrease in keratinized
mucosa. It was noted that the ADM grafts were exposed during the healing phase or
due to the submerged implant position. In contrast, Abbas et al. concluded that, when
the phenotype was divided into thin and thick groups, the analysis of the two different
grafts showed that they did not influence the width of the peri-implant keratinized tissue.
No significant differences from the baseline to the 4- and 12-month follow-up intervals
were reported. It was suggested that the patient’s phenotype could affect the final amount
of keratinized tissue, as well as raising the question of whether a larger graft size could
influence the final result.

It has been reported that the use of a flapless technique shows a positive correlation
with the keratinized gingiva thickness [35]; however, the act of raising a flap allows for more
accurate implant placement [36]. Nevertheless, Grassi et al. reported that flap elevation
does not seem to enhance the risk of increased bone levels, and there is a trend towards
better results when using a flapless approach for peri-implant soft tissue [37].

Similarly, Park et al. [38] indicated that ADM grafts around implants in a delayed
approach are a good alternative to increase the keratinized mucosa around dental implants.
However, due to the lack of vascularity around dental implants, it is crucial for the ADM
graft not to be exposed to allow for the integration of the graft within the peri-implant soft
tissue following IIP [25]. Both Panwar et al. and Lee et al. experienced the exposure of the
ADM grafts; Panwar et al. performed a flap to prevent the exposure and the consequent
loss of keratinized tissue, while Lee et al. reported exposure during follow-ups, leading to
necrosis and the loss of the grafts.

The results of this systematic review regarding changes in the keratinized width
should be interpreted with caution due to the heterogeneity of the surgical protocols in
each study, which has been shown to influence the results.

The overall success rate of the implants in this review was reported to be 100%, with
minor complications noted in one of the studies [27]. The exposure of the grafts was also a
common issue reported in these studies, which affected the final keratinized mucosa results.

The limitations of the present systematic review include the small number of studies
that met the eligibility criteria, as well as the limited number of studies comparing the
acellular dermal matrix as a substitute directly to an aCTG when performing soft tissue
augmentation. Another limitation is the lack of a homogeneous methodology in the clinical
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studies when evaluating the outcome variables. Nevertheless, it was possible to conduct a
thorough analysis of the most important outcomes of these five studies.

5. Conclusions

This review found that soft tissue augmentation using ADM with immediate implant
placement (IIP) provides comparable results to connective tissue grafts (CTG) from the
palate regarding soft tissue thickness and keratinized tissue changes.

1. Soft Tissue Thickness: ADM with IIP yields outcomes similar to CTG.
2. Keratinized Tissue: Comparable changes observed with ADM and CTG.
3. Research Needs: Additional RCTs and extended follow-ups are required to confirm

long-term stability.

ADM appears viable as an alternative, though further studies are recommended.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17215285/s1, Table S1: Prisma Main Checklist 2020, providing
guidance for the systematic review [21].
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