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Preface

Through the exploration of the rapidly evolving field of dental materials, this reprint aims to

provide a comprehensive examination of the latest advancements and innovations in restorative

dentistry. Inspired by the current Special Issue of the International Journal of Molecular Sciences, we

delve into the processes pushing the boundaries of dental materials and techniques. Our goal with

this reprint is to build on the core research featured in the referenced editorial and pave the way for

new advances in dental materials. It underscores the vital importance of collaborative efforts that

merge materials science, engineering and clinical aspects to tackle ongoing challenges and explore

exciting new opportunities in restorative dentistry.

Mary Anne Melo

Editor
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Abstract: The effects of TiO2 nanotube (TNT) and reduced graphene oxide (rGO) deposition onto
titanium, which is widely used in dental implants, on Streptococcus mutans (S. mutans) and pre-
osteoblastic cells were evaluated. TNTs were formed through anodic oxidation on pure titanium, and
rGO was deposited using an atmospheric plasma generator. The specimens used were divided into a
control group of titanium specimens and three experimental groups: Group N (specimens with TNT
formation), Group G (rGO-deposited specimens), and Group NG (specimens under rGO deposition
after TNT formation). Adhesion of S. mutans to the surface was assessed after 24 h of culture using a
crystal violet assay, while adhesion and proliferation of MC3T3-E1 cells, a mouse preosteoblastic cell
line, were evaluated after 24 and 72 h through a water-soluble tetrazolium salt assay. TNT formation
and rGO deposition on titanium decreased S. mutans adhesion (p < 0.05) and increased MC3T3-E1 cell
adhesion and proliferation (p < 0.0083). In Group NG, S. mutans adhesion was the lowest (p < 0.05),
while MC3T3-E1 cell proliferation was the highest (p < 0.0083). In this study, TNT formation and
rGO deposition on a pure titanium surface inhibited the adhesion of S. mutans at an early stage and
increased the initial adhesion and proliferation of preosteoblastic cells.

Keywords: TiO2 nanotubes; reduced graphene oxide; nonthermal atmospheric plasma; Streptococcus
mutans; preosteoblastic cells

1. Introduction

The loss of supporting tissues around dental implants caused by bacterial infection is
one of the many causes of implant failure [1,2]. Simonis et al. [3] reported in a follow-up
study over 10 to 16 years that, despite the implant success rate of 82.94%, the biological
failure rate of the implants was 16.94% and the technical failure rate was 31.09. Peri-
implantitis is a term used to describe cases in which inflammation generated in the tissues
surrounding osseointegrated implants has destructively progressed to the extent that it
affects implant stability [4]. The bacterial colonization pattern in the biofilm of natural teeth
is similar to that of dental implants with peri-implantitis [5].

Streptococcus mutans (S. mutans) is a bacterium that easily attaches to the tooth surface
and tissue, making large contributions to initial biofilm formation [6]. S. mutans induces the
adhesion and proliferation of bacteria that otherwise lack adhesion mechanisms, causing
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periodontal disease and increasing the likelihood of recurrence after treatment [7]. The
initial biofilm formed by S. mutans facilitates late bacterial colonization through interactions
with other bacteria, including Aggregatibacter actinomycetemcomitans (Aa), Fusobacterium nu-
cleatum (Fn), and Porphyromonas gingivalis (P. gingivalis), and this biofilm accumulates down
to the subgingival area [8]. Therefore, to ensure successful implantation, it is important to
promote the osseointegration of implant surfaces by suppressing the adhesion of bacteria,
such as S. mutans, onto the implant surfaces after implantation. It has been reported that
the topography of implant surfaces affects not only the adhesion of cells but also that of
bacteria [9,10]. Various attempts at surface modification to increase the degree of bonding
between implant surfaces and bone tissues have been made [11]. On titanium surfaces
exposed to air, oxide films such as TiO, amorphous TiO2, TiO2 (anatase), TiO2 (brookite),
TiO2 (rutile), Ti2O3, and TixOy are formed [12]. The titanium oxide film promotes osseoin-
tegration formation and corrosion resistance, but the naturally occurring oxide film is not
dense, and the film layer is thin. Anodic oxidation, one of the methods for modifying the
titanium surface, is a method of electrochemically forming a thin, rough, porous amorphous
TiO2 oxide film on the titanium surface [13]. The formation of amorphous TiO2 nanotubes
(TNTs) on titanium surfaces by anodic oxidation increased the surface area of titanium,
leading to enhanced cell adhesion, proliferation, and differentiation. This result has been
reported to improve the bonding strength between the dental implant and the surrounding
bone and promote osteogenesis [14–16].

Graphene oxide (GO) nanomaterials have been increasingly studied for biomedi-
cal applications including drug delivery carriers, imaging agents, biosensors, and tissue
engineering scaffolds, due to their outstanding physicochemical, optical, electrical, and
mechanical properties [17,18]. In particular, the potential of graphene and its derivatives
as 2D culture platforms for the differentiation of various types of stem cells towards os-
teogenesis has attracted considerable attention [19]. GO is a material with a monolayer
structure in which carbon atoms are bonded covalently in a hexagonal honeycomb shape.
Since GO has various functional groups on its surface, including epoxy, hydroxyl, carbonyl,
and carboxylic acid, it was reported that it could serve as a GO-based composite [20–22].
GO is typically synthesized by mechanically or chemically exfoliating bulk graphite and
then depositing it on a metal catalyst using chemical vapor deposition (CVD) and Hum-
mer’s technique [23–25]. GO is hydrophilic due to functional groups such as carboxyl,
hydroxyl, and epoxy and has a high mechanical flexibility. However, these GO deposition
methods have disadvantages that include the potential for contamination by residue from
the solution used during manufacturing and the generation of toxic gas [26–28].

Plasma is a partially ionized gas containing highly reactive particles such as electrically
excited atoms, molecules, and free radical species [29]. Various gases, through atmospheric
plasma, break down carbon molecules into carbon atoms and create GO [30,31]. GO
deposition using atmospheric plasma is simple and cost-effective and has the advantage
that no other additives or by-products are produced during the production of GO [32].
In this study, reduced GO (rGO) was synthesized using the atmospheric plasma method,
which allows the synthesis of rGO without using any catalyst for effective deposition on
various substrates. GO becomes rGO through a reduction process, which is hydrophobic.
Hydrophobic rGO was synthesized by direct deposition using a mixture of methane and
argon gas while super hydrophobic [33].

Most studies on graphene have focused on whether it is toxic in vitro and in vivo [34,35].
On the other hand, the in vivo bioactive potential of graphene and related materials remains
to be studied. Although graphene-based materials have shown appropriate biocompati-
bility when used in orthopedic implants, little research has been performed to specifically
test the biocompatibility of graphene for dental applications. Lee et al. [36] reported that
rGO-based composite materials fabricated to accelerate bone regeneration have the po-
tential to stimulate osteogenesis. Williams et al. [37] reported that particle size, shape,
and concentration of graphene-based materials for applications are major factors affecting
cytotoxicity, antibacterial properties, and cell differentiation ability.
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This study aimed to determine the biofilm formation of S. mutans and the activity of
MC3T3-E1 cells, a mouse preosteoblastic cell line, on titanium surfaces fabricated with
TNTs and rGO.

2. Results
2.1. Surface Characteristics

In the scanning electron microscope (SEM) observations, TNTs were formed in Group
N. It was also observed that, in Group G, rGO was deposited in the form of a cloud, and
that, in Group NG, TNTs that formed on the surface were covered by the deposited rGO
(Figure 1).
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Figure 1. Surface morphology of (a,e) polished titanium (control group), (b,f) TiO2 nanotube
titanium (Group N), (c,g) reduced graphene oxide-deposited titanium (Group G), and (d,h) re-
duced graphene oxide-deposited TiO2 nanotube titanium (Group NG) ((a–d): magnification = 500,
(e–h): magnification = 50,000).

Surface roughness was measured to be 0.145 ± 0.036 µm for the control group,
0.204 ± 0.030 µm for Group N, 0.245 ± 0.032 µm for Group G, and 0.289 ± 0.021 µm
for Group NG. The control group showed the lowest roughness, followed by Group N,
Group G, and finally, Group NG, which had the highest roughness. The change in contact
angle according to TNT formation and rGO deposition is shown in Figure 2. The contact
angle was measured to be 70.26 ± 0.11◦ for the control group, 58.21 ± 4.32◦ for Group N,
97.10 ± 3.90◦ for Group G, and 99.92 ± 1.70◦ for Group NG. The control group showed the
lowest contact angle, followed by Groups N, G, and NG.

Figure 2. Contact angle of (a) polished titanium (control group), (b) TiO2 nanotube titanium (Group
N), (c) reduced graphene oxide-deposited titanium (Group G), and (d) reduced graphene oxide-
deposited TiO2 nanotube titanium (Group NG).
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The results of a chemical composition analysis of the rGO deposits are shown in
Figure 3. Of the three C1 peaks (284.6, 285.7, and 287.8 eV) detected in the titanium samples,
the 284.6 eV peak reflects C-C bonded carbon, while the 285.7 eV peak reflects C-O bonded
carbon, and the 287.8 eV peak reflects C=O bonded carbon. In the case of Ti2p, two distinct
peaks were observed at 463.8 and 458.1 eV, indicating TiO2.
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Figure 3. Chemical composition analysis of the reduced graphene oxide deposits. XPS high-resolution
spectra at (a) C1s and (b) Ti2p. The Cls peak has decomposed into ClsA (cyan line), C1sB (magenta
line), C1sC (orange line) and the Ti2p peak has decomposed into Ti2p1 (magenta line), Ti2p3 (cyan
line). Dashed lines indicate that the binding energy of each peak has shifted.

After rGO deposition, the C1 peaks of the Ti samples increased, and the low peaks
between 288.3 and 286.2 eV were slightly shifted to a higher bonding energy. The C1 peaks
of TNT also increased, while the low peaks between 289.7 and 287.6 eV were slightly shifted
to a lower bonding energy. The Ti2p peaks were slightly shifted to a higher bonding energy.

Based on the peaks shown in XPS survey profiles, the atomic percentage of each
control and experimental group was graphed (Figure 4). For the control group, the carbon
content of the surface was 32.99 at%, the oxygen content was 56.04 at%, and the titanium
content was 10.96 at%. For Group N, the carbon content of the surface was 38.77 at%, the
oxygen content was 48.77 at%, and the titanium content was 12.46 at%. For Group G, it was
observed that the carbon content of the surface was significantly increased to 94.69 at%,
the oxygen content was 5.00 at%, and the titanium content was significantly decreased
to 0.32 at%. For Group NG, the carbon content of the surface was 94.79 at%, the oxygen
content was 5.02 at%, and the titanium content was 0.19 at%.

The samples were analyzed via Raman spectroscopy to validate the presence of rGO.
The D, G, and 2D bands in Group G occurred at 1350, 1593, and 2683 cm−1, respectively,
indicating that rGO was successfully synthesized (Figure 5a). Similarly, a major band
position at 1348, 1583, and 2683 cm−1, corresponding to rGO, was detected in Group NG
(Figure 5b). The relative intensity ratio of I2D/IG can be used to distinguish the number of
layers of graphene. The intensities of Group G, as shown in Figure 5a, are 550, 496, and
448 corresponding to the D, G, and 2D bands, respectively, and the intensity ratio for I2D/IG
was 0.9, showing a multi-layered rGO. The intensities of Group NG, shown in Figure 5b,
are 810, 606, and 453 for the D, G, and 2D peaks, respectively, and its ratio for I2D/IG is 0.74,
which corresponds to a multi-layered rGO. The ID/IG ratio of Group G and NG is 1.1 and
1.3, respectively.
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2.2. Assessment of the Ability to Inhibit Biofilm Formation

By assessing the adhesion of S. mutans to specimens, it was found that adhesion was
significantly reduced in all the experimental groups (Groups N, G, and NG) compared with
the control group; further, the adhesion of S. mutans in Group NG was significantly lower
than in Group N (p < 0.05; Figure 6).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 6. Absorbance level of S.mutans after incubation for 24 h on (a) polished titanium (control 
group), (b) TiO2 nanotube titanium (Group N), (c) reduced graphene oxide-deposited titanium 
(Group G), and (d) reduced graphene oxide-deposited TiO2 nanotube titanium (Group NG) (the 
result of one-way ANOVA test, *: significant at p < 0.05). 

2.3. Assessment of Osteoblastic Activity 
In total, 4 × 104 cells/mL of MC3T3-E1 cells were dispensed onto the specimen, and 

after culturing for 4 h, the adhesion of the cells was observed using an SEM. In all speci-
mens, MC3T3-E1 cells were observed to be well attached. Compared to the control group, 
the number of cells attached to the surface was higher in Group N, G, and NG. No obvious 
differences were observed between the TNT-formed surface and the rGO-deposited sur-
face (Figure 7). 

The viability of MC3T3-E1 cells was significantly increased in all three experimental 
groups compared with the control group (p < 0.0083). The surfaces of the two rGO-coated 
groups (Group G and NG) were associated with significantly higher MC3T3-E1 cell via-
bility compared with those on which TNTs were formed (Group N) (p < 0.0083; Figure 8). 
The proliferation of MC3T3-E1 cells was significantly increased in all three experimental 
groups compared with the control group (p < 0.0083). In Group NG, cell proliferation was 
significantly higher than that of surfaces on which TNTs were formed (Group N) and 
those on which rGO was coated (Group G) (p < 0.0083; Figure 9). 

 

Figure 7. SEM images of MC3T3-E1 cells after incubation for 4 h on (a) polished titanium (control 
group), (b) TiO2 nanotube titanium (Group N), (c) reduced graphene oxide-deposited titanium 
(Group G), and (d) reduced graphene oxide-deposited TiO2 nanotube titanium (Group NG) ((a–d): 
magnification = 300). 

Figure 6. Absorbance level of S.mutans after incubation for 24 h on (a) polished titanium (control
group), (b) TiO2 nanotube titanium (Group N), (c) reduced graphene oxide-deposited titanium
(Group G), and (d) reduced graphene oxide-deposited TiO2 nanotube titanium (Group NG) (the
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5



Int. J. Mol. Sci. 2024, 25, 1351

2.3. Assessment of Osteoblastic Activity

In total, 4 × 104 cells/mL of MC3T3-E1 cells were dispensed onto the specimen, and
after culturing for 4 h, the adhesion of the cells was observed using an SEM. In all specimens,
MC3T3-E1 cells were observed to be well attached. Compared to the control group, the
number of cells attached to the surface was higher in Group N, G, and NG. No obvious
differences were observed between the TNT-formed surface and the rGO-deposited surface
(Figure 7).
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Figure 7. SEM images of MC3T3-E1 cells after incubation for 4 h on (a) polished titanium (con-
trol group), (b) TiO2 nanotube titanium (Group N), (c) reduced graphene oxide-deposited tita-
nium (Group G), and (d) reduced graphene oxide-deposited TiO2 nanotube titanium (Group NG)
((a–d): magnification = 300).

The viability of MC3T3-E1 cells was significantly increased in all three experimental
groups compared with the control group (p < 0.0083). The surfaces of the two rGO-
coated groups (Group G and NG) were associated with significantly higher MC3T3-E1 cell
viability compared with those on which TNTs were formed (Group N) (p < 0.0083; Figure 8).
The proliferation of MC3T3-E1 cells was significantly increased in all three experimental
groups compared with the control group (p < 0.0083). In Group NG, cell proliferation was
significantly higher than that of surfaces on which TNTs were formed (Group N) and those
on which rGO was coated (Group G) (p < 0.0083; Figure 9).
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(the result of Kruskal–Wallis test, *: significant at p < 0.0083).
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Figure 9. Evaluation of MC3T3-E1 cell proliferation after incubation for 72 h on (a) polished titanium
(control group), (b) TiO2 nanotube titanium (Group N), (c) reduced graphene oxide-deposited
titanium (Group G), and (d) reduced graphene oxide-deposited TiO2 nanotube titanium (Group NG)
(the result of Kruskal–Wallis test, *: significant at p < 0.0083).
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3. Discussion

Bacterial adhesion and osteoblastic activity are significantly affected by the surface
morphology and roughness of the implants. This study sought to examine the extent to
which TNT formation and rGO deposition onto titanium surfaces inhibit the adhesion of
S. mutans and activate osteoblasts. High surface roughness increases the accumulation
of biofilm [7], as well as the initial adhesion of osteoblasts [38,39]. In the crystal violet
assay conducted in this study, it was observed that as surface roughness increased—in
the order of the control group (0.145 ± 0.036 µm), Group N (0.204 ± 0.030 µm), Group
G (0.245 ± 0.032 µm), and Group NG (0.289 ± 0.021 µm)—the adhesion of S. mutans de-
creased. This result contradicts the findings of other studies, which have reported that
increases in surface roughness facilitated bacterial colonization, resulting in increased
bacterial adhesion [40,41]. Bacterial behavior varies depending on the size and topographic
properties of TNTs. Shi et al. [42] reported that the number of bacteria cultured on the
relatively rough surface of TNTs was significantly lower than the number of bacteria cul-
tured on smooth Ti surfaces. The roughened nanointerface properties of TiO2 cause a stress
response in some bacteria, leading to the rupture of the bacterial cell membrane and apopto-
sis. In addition, the adhesion of S. mutans onto rGO-deposited surfaces was further reduced
compared with adhesion on the control group and TNT surfaces. The known antibacterial
mechanisms of GO are as follows: (1) physical direct interaction of extremely sharp edges
of nanomaterials with cell wall membrane [43], (2) ROS generation [44], (3) trapping the
bacteria within the aggregated nanomaterials [45], (4) oxidative stress [46], (5) interruption
in the glycolysis process of the cells, (6) DNA damaging [47], (7) metal ion release [48],
and (8) contribution in generation/explosion of nanobubbles [49]. Bacterial adhesion was
further reduced on the rGO-deposited surfaces after TNT formation, even more so than
on the rGO-deposited surfaces alone. After the surface roughness increased with TNT
formation, the bacterial cell wall membrane was directly damaged by the sharp edges
of the deposited rGO, which appears to have further enhanced the antibacterial effect.
In this study, it was found that rGO deposition decreased hydrophilicity and increased
hydrophobicity. It has been reported that bacteria adhere better to hydrophobic surfaces
than to hydrophilic ones [50]. The bacterium S. mutans used in this study is reportedly
hydrophobic [51]. It can be expected that the surface rGO coating reduces hydrophilicity,
thereby increasing the adhesion of the hydrophobic S. mutans. However, in this study,
when comparing the control group and the rGO-deposited groups (Groups G and NG),
it was observed that bacterial adhesion was significantly reduced in the rGO-deposited
groups. Oxidative stress caused by rGO functional groups may damage biofilms on the
specimens. Although the rGO coating reduced surface hydrophilicity and increased surface
hydrophobicity, bacterial adhesion was reduced, as the increased hydrophobicity was offset
by the physical properties of rGO.

Raman spectroscopy is widely used to characterize crystal structure, disorder, and
defects in graphene-based materials [52]. In this study, we analyzed the samples using
Raman spectroscopy to confirm the presence of rGO. Figure 5 shows the Raman spec-
tra of rGO. The peak at 1350 and 1348 cm−1 in Group G and Group NG, respectively,
corresponds to the D band, caused by first-order Raman scattering due to the E2g mode
following the Raman selection rule among Γ modes. This band is present in all sp2 carbon
systems forming a C-C bond. The peak at 1593 and 1583 cm−1 in Group G and Group NG,
respectively, corresponds to the G band, caused by the A1g vibration mode, and its intensity
can increase due to disorder structure of the plane. The peak at 2683 cm−1 in both Group
G and Group NG represents the 2D band, indicating secondary scattering in which two
phonons of D mode are emitted [53]. Figure 5 shows that the ID/IG ratio of rGO shows
an increasing trend in Group G (1.1) compared with in Group NG (1.3). This suggest that
more graphitic domains are formed and the sp2 cluster number is increased [54]. Addition-
ally, the number of graphene layers can be estimated through the I2D/G ratio. A 2D/G
ratio of >2, 1~2, and <1 corresponds to single-layered, double-layered, and multi-layered
graphene, respectively [53]. Therefore, it is evident that both Group G and Group NG are
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deposited with multi-layers of rGO, attributed to the synthesis method using nonthermal
atmospheric plasma.

As for the changes in osteoblast activity, the adhesion and proliferation of MC3T3-E1
cells increased significantly in all three experimental groups compared with the control
group. TNT formation on titanium surfaces also exhibits a higher proliferation rate than
the control group. Oh et al. [55] reported that TNT arrays on titanium induced osteoblast
proliferation by 300–400% compared to unmodified titanium surfaces. The reason for this
is that the lateral spacing of nanoscale features can influence and change cell behavior [56].
The improved surface roughness of current bioactive implants is one of the important
factors that provide appropriate clues to a good cellular response to the implanted material.
Many studies on the effects of macro- and micro-roughness on cellular response and tissue
formation have been inconclusive. However, it is reported that the increased roughness
and surface area on the nanotube surface compared to unmodified titanium surfaces can
influence and change certain cell behavior [14,57]. TNTs are known to have a greater surface
energy than the untreated Ti [58]. It is reported that the contact angle, which means the
wettability of the surface, is improved to be more hydrophilic on the nanotube surface,
which is advantageous for improving protein adsorption and cell adhesion [59]. However,
it has been reported that in the case of bacteria, TNTs can significantly reduce the number
of cells attached to the surface [60]. Currently, opinions are inconsistent on how the hy-
drophilic/free properties of materials regulate bacterial cell behavior. Previous studies have
reported that improving the hydrophilicity of the surface can promote bacterial attachment
and proliferation, and that bacteria grow as the diameter of TNT increases [61,62]. However,
Xiaoguo et al. [42] reported that as the diameter of TNTs increased, P.gingivalis tended
to decrease and then increase again, indicating that there are complex factors controlling
bacterial behavior at the biocompatible interface.

Item et al. [63] formed TNT on the surface of Ti6Al4V-ELI, electrophoretically deposited
rGO, and reported the investigation of the antibacterial activity of Staphylococcus aureus
and biocompatibility of L-929 fibroblast cells. TNT-rGO enhanced antibacterial activity
without causing any morphological damage to bacteria, and for L-929 fibroblasts, rGO
had a positive effect on cell adhesion and proliferation. In particular, the increase within
the rGO-deposited groups was higher and statistically significant. The rGO formed in
this study was deposited in the form of a cloud. Although it has a different shape from
the surface utilized by Item et al. [63], the reason for the same results is thought to be
because rGO has properties that promote the adhesion, proliferation, and differentiation
of osteoblasts [58–60].

However, this study has some limitations in that all experiments were conducted
in vitro. Although the roughness and surface area of TNTs can influence and change the
behavior of bacteria and cells, this study tested only one size of TNT and rGO surfaces
deposited under one condition. It is necessary to investigate TNT and rGO surfaces formed
under various conditions and to evaluate changes in the properties of these surfaces and
their activity against bacteria and cells. The results could differ if it was conducted in
an oral environment with saliva. Also, only a single strain of S. mutans was used in this
study, but the properties of bacteria itself can also influence the result [64]. The cell wall
composition of Gram-negative bacteria is different from that of S. mutans, which indicates
the different surface properties of bacteria. Hence, further studies are needed considering
these limitations.

4. Materials and Methods
4.1. Samples

Pure titanium (ASTM Grade IV, Kobe Steel, Kobe, Japan) was prepared as disks with a
thickness of 3 mm and a diameter of 15 mm. With a polishing machine (Labopol-5, Struers,
Copenhagen, Denmark), the surface of each specimen was polished with 600-grit SiC
abrasive paper under running water and sequentially up to 2000-grit SiC abrasive paper to
finish. After the specimens were polished, they were ultrasonically cleaned using acetone,
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ethanol, and distilled water for 15 min each and dried. All specimens were sterilized with
ethylene oxide (EO) gas.

4.2. Surface Treatment
4.2.1. Anodic Oxidation

Anodic oxidation was performed using a DC power supply (Fine Power F-3005, SG
EMD, Anyang, Republic of Korea). The electrolyte solution was prepared by adding
1 M phosphoric acid and 1.5 wt% hydrofluoric acid to distilled water. A platinum plate
was connected to the cathode, and a titanium specimen was connected to the anode. The
specimen and the platinum plate were dipped in the electrolyte solution, after which a
voltage of 20 V was applied for ten minutes.

4.2.2. Reduced Graphene Oxide Deposition

Deposition of rGO onto the specimens was performed using a nonthermal atmo-
spheric plasma generator (PGS-300, Expantech Co., Suwon, Republic of Korea). Argon gas
(4 L/min) and methane gas (3.5 L/min) were mixed in a quartz tube to generate plasma,
and this plasma was then applied to the specimens at a rate of 10 L/min with a power of
300 W using a plasma generator with a high-frequency (900 MHz) resonator (Table 1). The
distance between the plasma flame and the specimens was maintained at 15 mm, and the
plasma flame was moved from left to right while the specimens were rotated at 180 rpm so
that the rGO could be evenly deposited. Plasma was applied for a total of six minutes per
specimen by setting the plasma to reciprocate 24 times at 15 s per reciprocation. Figure 10
shows a schematic diagram of the atmospheric plasma-based rGO deposition.

Table 1. Parameters of the atmospheric plasma generator.

Parameter Value

Average working power (W) 300
Voltage (V) 27

Frequency (MHz) 900
Atmospheric pressure (Torr) 760

Plasma density (cm3) 1015

Figure 10. Schematic diagram of the atmospheric plasma-based reduced graphene oxide deposition.
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4.3. Classification of Experimental Groups

The specimens used in this study were divided into a control group (polished titanium)
and three experimental groups: Group N (TiO2 nanotube titanium), Group G (rGO-deposited
titanium), and Group NG (rGO-deposited TiO2 nanotube titanium) (Table 2).

Table 2. Experimental groups in this study.

Group Coating Condition

Control Polished titanium
N TiO2 nanotube titanium
G Reduced graphene oxide-deposited titanium

NG Reduced graphene oxide-deposited TiO2 nanotube titanium

4.4. Assessment of Surface Characteristics

The surface structures of TNTs and rGO formed on the titanium specimens were
observed using a field emission scanning electron microscope (S-4700, Hitachi, Horiba,
Osaka, Japan). The surface roughness of the control and three experimental groups (N, G,
and NG) was measured using a 2D contact stylus profilometer (DIAVITE DH-7, Asmeto AG,
Schwyz, Switzerland). Surface roughness was measured at three points on each specimen,
and the average of these three values was used as the specimen’s average roughness (Ra).
To compare changes in the surface hydrophilicity of the specimens, 4 µL of distilled water
was dropped on each specimen’s surface. The angle between the surface and the solution
was measured after ten seconds using a video contact angle measuring device (Phoenix 300,
SEO Co., Suwon, Republic of Korea). For each group, the contact angle of the specimens
was measured and averaged. X-ray photoemission spectroscopy (XPS; MultiLab 2000,
Thermo Electron Corporation, Warwickshire, UK) was performed to assess the elemental
changes of the surfaces after rGO deposition. The area values of each peak for the detected
elements were normalized and expressed as a quantitative ratio. Laser Raman spectroscopy
(NRS-5100, JASCO, Tokyo, Japan) was performed to determine the rGO on the surface at
532.13 nm.

4.5. Assessment of the Ability to Inhibit Biofilm Formation

The ability of the surfaces to inhibit biofilm formation was assessed using a Gram-
positive, facultative anaerobic bacterium, S. mutans (KCOM 1504), which causes early
biofilm formation. S. mutans strains were purchased from the Korean Collection for Oral
Microbiology (KCOM, Gwangju, Republic of Korea) and cultured in brain heart infusion
(BHI; Becton, Dickinson and Company, Sparks, MD, USA) medium. A single colony of
S. mutans formed on a solid medium was transferred into a liquid medium and cultured
in an incubator (LIB-150M, DAIHAN Labtech Co., Namyangju, Republic of Korea) at
37 ◦C. Biofilm formation was assessed via a crystal violet staining assay. Bacteria at a
concentration of 1.5 × 107 CFU/mL were inoculated on the specimens, which were then
cultured. After S. mutans was cultured for 24 h, the specimens were carefully washed twice
with phosphate-buffered saline (PBS) to remove bacteria that had failed to attach to the
specimens. A 0.3% crystal violet solution was dispensed onto the specimens, staining them
for ten minutes. After removing the crystal violet solution using suction, the specimens
were washed three times with PBS and dried for 15 min. A destaining solution (80% ethyl
alcohol and 20% acetone) was dispensed onto the dried specimens and stirred for one hour.
Then, 200 µL of the destaining solution was placed in a 96-well plate, and the absorbance
was measured at 595 nm using a VersaMax ELISA microplate reader (Molecular Devices,
San Jose, CA, USA).

4.6. Osteoblastic Activity

MC3T3-E1 mouse (Mus musculus) preosteoblastic cells were purchased from the Amer-
ican Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in an
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α-Minimum Essential Medium (α-MEM; Gibco-BRL, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS) and 100 U/mL penicillin at 37 ◦C in a 5% CO2 culture in-
cubator (FormaSeries II 3111 Water Jacketed CO2 Incubator, Thermo Scientific, Waltham,
MA, USA). Culture media were replaced every three days, and the cells were subcultured
until the number of cells was sufficient for the necessary tests. Four to seven generations of
cells were used in this study. Ten specimens per group were placed in a 24-well plate, and
4 × 104 cells/mL of MC3T3-E1 cells were dispensed onto the specimens and cultured in an
incubator set at 5% CO2 and 37 ◦C for 24 and 72 h. After both incubation periods, to assess
cell viability and proliferation, the WST-8 reagent (EZ-Cytox, Itsbio, Inc., Seoul, Republic of
Korea) was dispensed into each well, and the plate was put into an incubator set at 37 ◦C
and 5% CO2 for the reaction. When the orange color was developed by the WST-8 reagent,
100 µL of the culture medium containing the reagent was transferred from each well into
a 96-well plate, and the absorbance was measured at 450 nm using a VersaMax ELISA
microplate reader (Molecular Devices, San Jose, CA, USA).

The adhesion of MC3T3-E1 cells was observed using a scanning electron microscope
(SEM). Two specimens per group were placed in a 24-well plate, and 4 × 104 cells/mL of
MC3T3-E1 cells were dispensed onto the specimens and cultured in an incubator set at
5% CO2 and 37 ◦C for 4 h. After 4 h of cell culture, the cells on the specimens were fixed
in 2.5% glutaraldehyde for 2 h. After carefully washing with PBS solution twice, the cells
were dehydrated in an ethanol gradient in the order of 40%, 50%, 60%, 70%, 80%, 90%, and
100% for 10 min at each concentration. The sample was dried on a clean bench for 2 h after
the dehydration process. The cell morphology was observed using an SEM.

4.7. Statistical Analysis

For the statistical analyses conducted in this study, SPSS Statistics V21.0 (SPSS Inc.,
Chicago, IL, USA) was used. Data collected to evaluate biofilm-inhibition ability met
the assumption of normality according to a Shapiro–Wilk test. Since the assumption of
homogeneity of variance was also not violated, statistical analyses were performed using
a parametric ANOVA and a post hoc Tukey test. The significance of all the results was
tested at the level of a p-value less than 0.05. Since osteoblast adhesion and proliferation
data did not satisfy the assumption of normality in the Shapiro–Wilk test, these data were
statistically analyzed using a Kruskal–Wallis test, a nonparametric ANOVA method. After
a Mann–Whitney U test was performed, the type I error was corrected using Bonferroni’s
method to find groups of different sizes so that the significance was tested at a p-value less
than 0.0083.

5. Conclusions

TNT formation and rGO deposition on a pure titanium surface decreased the adhesion
of S. mutans at an early stage of 24 h (p < 0.05) and increased the adhesion and proliferation
of MC3T3-E1 cells (p < 0.0083). The rGO-deposited surface with TNTs showed the lowest
adhesion rate of S. mutans (p < 0.05) and the best proliferation of MC3T3-E1 cells (p < 0.0083).

Within the limits of this study, we suggest that TNT formation and rGO deposition on
pure titanium surfaces can reduce the adhesion of S. mutans at an early stage. This surface
modification is expected to improve the proliferation of preosteoblastic cells.
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Abstract: The development of healthy peri-implant soft tissues is critical to achieving the esthetic
and biological success of implant restorations throughout all stages of healing and tissue maturation,
starting with provisionalization. The purpose of this study was to investigate the effects of eight dif-
ferent implant provisional materials on human gingival fibroblasts at various stages of cell settlement
by examining initial cell attachment, growth, and function. Eight different specimens—bis-acrylic 1
and 2, flowable and bulk–fill composites, self-curing acrylic 1 and 2, milled acrylic, and titanium (Ti)
alloy as a control—were fabricated in rectangular plates (n = 3). The condition of human gingival fi-
broblasts was divided into two groups: those in direct contact with test materials (contact experiment)
and those in close proximity to test materials (proximity experiment). The proximity experiment
was further divided into three phases: pre-settlement, early settlement, and late settlement. A cell
culture insert containing each test plate was placed into a well where the cells were pre-cultured.
The number of attached cells, cell proliferation, resistance to detachment, and collagen production
were evaluated. In the contact experiment, bis-acrylics and composites showed detrimental effects on
cells. The number of cells attached to milled acrylic and self-curing acrylic was relatively high, being
approximately 70% and 20–30%, respectively, of that on Ti alloy. There was a significant difference
between self-curing acrylic 1 and 2, even with the same curing modality. The cell retention ability
also varied considerably among the materials. Although the detrimental effects were mitigated in
the proximity experiment compared to the contact experiment, adverse effects on cell growth and
collagen production remained significant during all phases of cell settlement for bis-acrylics and
flowable composite. Specifically, the early settlement phase was not sufficient to significantly mitigate
the material cytotoxicity. The flowable composite was consistently more cytotoxic than the bulk–fill
composite. The harmful effects of the provisional materials on gingival fibroblasts vary considerably
depending on the curing modality and compositions. Pre-settlement of cells mitigated the harmful
effects, implying the susceptibility to material toxicity varies depending on the progress of wound
healing and tissue condition. However, cell pre-settlement was not sufficient to fully restore the
fibroblastic function to the normal level. Particularly, the adverse effects of bis-acrylics and flowable
composite remained significant. Milled and self-curing acrylic exhibited excellent and acceptable
biocompatibility, respectively, compared to other materials.

Keywords: implant provisional materials; peri-implant soft tissue; cytotoxicity; cytocompatibility;
gingival fibroblasts
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1. Introduction

In implant therapy, a soft tissue seal is crucial for preventing bacterial invasion and
maintaining the long-term health of peri-implant tissues [1–5]. Peri-implant soft tissue
heals and develops during various stages of provisionalization, including implant surgery,
second-stage surgery, subsequent wound healing, emergence profile formation, and tissue
maturation [6–9]. Implant provisional restorations are typically made of polymer-based
materials. Depending on the modality of cure and chemical composition, these resins can
be classified as self-cured, light-cured, or heat-cured acrylic or composite resins.

The biological properties and responses of the peri-implant soft tissues can be in-
fluenced by the chemical composition of provisional restorative materials [10–13]. Some
studies have reported that acrylic materials are cytotoxic mainly due to the continued re-
lease of residual monomers even after polymerization [14–19]. In chemical cured materials,
almost all materials are mainly polymethyl methacrylate (PMMA)-based or bis-acrylic-
based. PMMA is generated by the polymerization of MMA, and it has high moldability
and tractability [20–23]. Some bis-acrylics contain fillers to prevent curing shrinkage and
photoinitiators to improve handling and reduce curing time [24–27]. PMMA disks are
chemically pre-polymerized under high-temperature and high-pressure conditions. These
disks can be milled into the desired shape using computer-aided design/computer-aided
manufacturing (CAD/CAM) systems. Prefabricated PMMA disks are assumed to pro-
duce minimal or no residual monomers or free radicals [28–31]. In light-cured materials,
composites with high fluidity contain fewer fillers and lower viscosity matrix materials,
such as triethylene glycol dimethacrylate (TEGDMA), while composites with lower fluidity
contain more fillers and higher viscosity matrix materials, such as urethane dimethacrylate
(UDMA) [32–34]. In many studies, the addition of eluates from acrylic materials to culture
medium is commonly performed [17,35–39]. This method allows for maintaining consistent
concentration; however, the actual components leaching from the materials tend to decrease
over time. Therefore, by conducting cell culture in contact and proximity to the actual
material itself, a more accurate evaluation of cellular responses to an in vivo environment
is possible.

Fibroblasts play a key role in wound healing by contributing to formation of the extra-
cellular matrix (ECM) components such as collagen, glycoproteins, and other constituents
of the developed peri-implant soft tissue, creating a soft tissue seal in the connective tis-
sue [40–42]. To maintain tissue function, cells adhere, settle, and interact with other cells
and the extracellular matrix in order to maintain the structure and organization of tissues
through these complex cellular adhesion mechanisms [43,44]. The influence of external
factors, such as restorative materials, may vary depending on the condition of cell settle-
ment [45]. In our previous in vitro studies, the direct contact and close proximity effects of
five different provisional materials on fibroblasts and osteoblasts were assessed [46,47]. The
cells were seeded simultaneously with the placement of materials; thus, the cell settlement
conditions were not taken into consideration. Peri-implant soft tissue heals and devel-
ops during various stages of provisionalization, including implant surgery, second-stage
surgery, subsequent wound healing, emergence profile formation, and tissue maturation.
We need to investigate the cell response to materials using a systemic experimental model
that considers these tissue healing processes.

Therefore, the objective of this study is to investigate the effects of eight different
provisional materials, including titanium (Ti) alloy as a control, on human gingival fibrob-
lasts at various stages of cell settlement by examining initial cell attachment, growth, and
function. We hypothesized that there is a substantial difference between materials before
cell settlement, but the differences decrease as cells settle.

2. Results
2.1. Growth of Fibroblasts on Test Materials

To evaluate the success of cell settlement to test plates, fibroblasts on the plates were
visualized by fluorescent microscopy, and the number of attached cells was quantified
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(Figure 1A). Cell nuclei were stained with DAPI, and actin filaments were stained with
rhodamine. Fibroblasts on Ti alloy exhibited a spindle shape and were aligned in the
same direction. The cells on milled acrylic were spindle-shaped and spread randomly. A
few small fibroblasts were attached to self-curing acrylics. No cells were attached to any
other materials.

Int. J. Mol. Sci. 2024, 24, x FOR PEER REVIEW 3 of 17 
 

 

2. Results 
2.1. Growth of Fibroblasts on Test Materials 

To evaluate the success of cell settlement to test plates, fibroblasts on the plates were 
visualized by fluorescent microscopy, and the number of attached cells was quantified 
(Figure 1A). Cell nuclei were stained with DAPI, and actin filaments were stained with 
rhodamine. Fibroblasts on Ti alloy exhibited a spindle shape and were aligned in the same 
direction. The cells on milled acrylic were spindle-shaped and spread randomly. A few 
small fibroblasts were attached to self-curing acrylics. No cells were attached to any other 
materials. 
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days after seeding. Fibroblasts were dual stained with fluorescent dyes, DAPI for nuclei, and rho-
damine–phalloidin for actin filaments. Scale bars indicate 1 mm. (B) Percentage of the number of 
cells attached to the test materials relative to the number of cells on Ti alloy was measured. Arrow-
heads indicate not applicable. One-way ANOVA, followed by Tukey–Kramer post hoc test, p ** < 
0.01, p **** < 0.0001. (C) Cell propagation from day 2 to day 4. Data shown are means ± SD. Two-way 
ANOVA, followed by the Fisher’s LSD post hoc test. p **** < 0.0001. 

Cell numbers were determined by counting cell nuclei, and the percentage of cells 
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percentage for milled acrylic was 73.52 ± 7.25% of that for Ti alloy. Irrespective of the same 
category, the percentage for self-curing acrylic 2 was approximately two times higher than 

Figure 1. Fibroblasts growth on test materials. (A) Visualization of fibroblasts on test materials 2 days
after seeding. Fibroblasts were dual stained with fluorescent dyes, DAPI for nuclei, and rhodamine–
phalloidin for actin filaments. Scale bars indicate 1 mm. (B) Percentage of the number of cells attached
to the test materials relative to the number of cells on Ti alloy was measured. Arrowheads indicate
not applicable. One-way ANOVA, followed by Tukey–Kramer post hoc test, p ** < 0.01, p **** < 0.0001.
(C) Cell propagation from day 2 to day 4. Data shown are means ± SD. Two-way ANOVA, followed
by the Fisher’s LSD post hoc test. p **** < 0.0001.

Cell numbers were determined by counting cell nuclei, and the percentage of cells
attached to each test material was calculated relative to that of Ti alloy (Figure 1B). The
percentage for milled acrylic was 73.52 ± 7.25% of that for Ti alloy. Irrespective of the same
category, the percentage for self-curing acrylic 2 was approximately two times higher than
that of self-curing acrylic 1 (31.00 ± 6.44% and 18.21 ± 2.26%, respectively) (p = 0.042).

17



Int. J. Mol. Sci. 2024, 25, 123

To assess cell proliferation, changes in cell numbers from day 2 to day 4 were evaluated
(Figure 1C). On day 4, cell numbers for Ti alloy and milled acrylic were more than two
times higher than on day 2 (307.33 ± 23.62 cells/mm2 vs. 111.43 ± 14.79 cells/mm2, and
184.83 ± 42.67 cells/mm2 vs. 81.93 ± 8.08 cells/mm2, respectively) (p < 0.0001), while there
were no significant increases for self-curing acrylic 1 and 2.

2.2. Cell Retention Ability

Next, we assessed the retention of fibroblasts once attached to the materials. Fibrob-
lasts attached to the materials for four days were subjected to chemical detachment, and the
percentage of remaining cells was calculated (Figure 2). No cells remained in bis-acrylics
and composite materials because no cells adhered to these materials. There was no sig-
nificant difference between Ti alloy and milled acrylic (37.47 ± 4.99% and 31.42 ± 4.67%,
respectively) (p = 0.22). At the same time, self-cured acrylic 1 and 2 showed 60–80% lower
cell retention than milled acrylic (14.26 ± 3.76% and 7.10 ± 1.37%, respectively) (p < 0.0001).

Int. J. Mol. Sci. 2024, 24, x FOR PEER REVIEW 4 of 17 
 

 

that of self-curing acrylic 1 (31.00 ± 6.44% and 18.21 ± 2.26%, respectively) (p = 0.042). To 
assess cell proliferation, changes in cell numbers from day 2 to day 4 were evaluated (Fig-
ure 1C). On day 4, cell numbers for Ti alloy and milled acrylic were more than two times 
higher than on day 2 (307.33 ± 23.62 cells/mm2 vs. 111.43 ± 14.79 cells/mm2, and 184.83 ± 
42.67 cells/mm2 vs. 81.93 ± 8.08 cells/mm2, respectively) (p < 0.0001), while there were no 
significant increases for self-curing acrylic 1 and 2. 

2.2. Cell Retention Ability 
Next, we assessed the retention of fibroblasts once attached to the materials. Fibro-

blasts attached to the materials for four days were subjected to chemical detachment, and 
the percentage of remaining cells was calculated (Figure 2). No cells remained in bis-acryl-
ics and composite materials because no cells adhered to these materials. There was no 
significant difference between Ti alloy and milled acrylic (37.47 ± 4.99% and 31.42 ± 4.67%, 
respectively) (p = 0.22). At the same time, self-cured acrylic 1 and 2 showed 60–80% lower 
cell retention than milled acrylic (14.26 ± 3.76% and 7.10 ± 1.37%, respectively) (p < 0.0001). 

 
Figure 2. Cell retention on test materials. Cell retention was evaluated by calculating the percentage 
of remaining cells after chemical detachment. Arrowheads indicate not applicable. Data shown are 
means ± SD. One-way ANOVA followed by the Tukey–Kramer post hoc test. **** p < 0.0001. 

2.3. Fibroblast Growth at Different Phases of Cell Settlement 
The cells attached to the surface of the well were measured two days after the place-

ment of a cell culture insert containing the test plate. Unlike the contact experiment, cells 
were observed in all groups in the proximity experiment (Figure 3A). Small cells were 
sparsely dispersed in the bis-acrylic and flowable composite groups until early settlement, 
and there were gaps between the increased cells at late settlement. The spindle-shaped 
cells were densely spread in the self-curing acrylic, milled acrylic, and Ti alloy group after 
the early settlement phase. Cell numbers were determined by counting cell nuclei, and the 
percentage of cells attached to the well relative to the attached cells in the Ti alloy group 
was calculated (Figure 3B). During the pre-settlement phase, bis-acrylic 1 and flowable 
composite had less than 5% of cells relative to the Ti alloy group (3.96 ± 0.40% and 4.90 ± 
3.63%, respectively), while bis-acrylic 2 and bulk–fill composite had 10–20% of cells (10.72 
± 1.76% and 17.02 ± 6.50%, respectively). 

Figure 2. Cell retention on test materials. Cell retention was evaluated by calculating the percentage
of remaining cells after chemical detachment. Arrowheads indicate not applicable. Data shown are
means ± SD. One-way ANOVA followed by the Tukey–Kramer post hoc test. **** p < 0.0001.

2.3. Fibroblast Growth at Different Phases of Cell Settlement

The cells attached to the surface of the well were measured two days after the place-
ment of a cell culture insert containing the test plate. Unlike the contact experiment, cells
were observed in all groups in the proximity experiment (Figure 3A). Small cells were
sparsely dispersed in the bis-acrylic and flowable composite groups until early settlement,
and there were gaps between the increased cells at late settlement. The spindle-shaped
cells were densely spread in the self-curing acrylic, milled acrylic, and Ti alloy group after
the early settlement phase. Cell numbers were determined by counting cell nuclei, and
the percentage of cells attached to the well relative to the attached cells in the Ti alloy
group was calculated (Figure 3B). During the pre-settlement phase, bis-acrylic 1 and flow-
able composite had less than 5% of cells relative to the Ti alloy group (3.96 ± 0.40% and
4.90 ± 3.63%, respectively), while bis-acrylic 2 and bulk–fill composite had 10–20% of cells
(10.72 ± 1.76% and 17.02 ± 6.50%, respectively).
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± 6.66% and 92.42 ± 5.14%, respectively), while only 10–20% of cells relative to Ti alloy 
group were attached in the flowable composite group and the bis-acrylic 1 and 2 groups 
(9.71 ± 3.07%, 15.71 ± 1.03%, and 21.32 ± 2.61%, respectively). Even in the late settlement 
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Figure 3. Fibroblast growth on the well surface two days after placement of test materials.
(A) Visualization of fibroblasts: Fibroblasts were dual stained with fluorescent dyes, DAPI for nuclei,
and rhodamin–phalloidin for actin filaments. Scale bars indicate 1 mm. (B) Percentage of the number
of cells in test material groups relative to the number of cells in Ti alloy group was measured. Data
shown are means ± SD. Two-way ANOVA, followed by the Fisher’s LSD post hoc test. p ** < 0.01,
p **** < 0.0001. ns, Not significant.

19



Int. J. Mol. Sci. 2024, 25, 123

The number of fibroblasts attached to the well increased from pre-settlement to
the early settlement phase, except for the flowable composite group. In the early set-
tlement phase, the percentage of self-curing acrylic 2 and milled acrylic reached above 80%
(86.81 ± 6.66% and 92.42 ± 5.14%, respectively), while only 10–20% of cells relative to
Ti alloy group were attached in the flowable composite group and the bis-acrylic 1 and
2 groups (9.71 ± 3.07%, 15.71 ± 1.03%, and 21.32 ± 2.61%, respectively). Even in the late
settlement phase, the flowable composite was less than half of Ti alloy (40.24 ± 4.01%).

Next, we evaluated cell proliferation from day 2 to day 4 (Figure 4). In the pre-
settlement phase, Ti alloy, milled acrylic, and self-curing acrylic 1 and 2 groups showed
significant increases, while there was no increase in the other groups. In the early set-
tlement phase, flowable composite and bis-acrylic 1 and 2 groups showed a significant
decrease. In the late settlement phases, the number of cells did not increase in flowable
composite, bulk–fill composite, and bis-acrylic 1 and 2 groups, even though the cells did not
reach confluence.
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Figure 4. Cell propagation under three different conditions from day 2 to day 4. Data shown are
means ± SD. Two-way ANOVA, followed by the Fisher’s LSD post hoc test. p * < 0.05, p ** < 0.01,
p *** < 0.001, p **** < 0.0001.

2.4. Collagen Deposition

Finally, we evaluated the collagen deposition at three different settlement phases
(Figure 5). The collagen deposition on the well was evaluated two days after the placement
of the test materials. In the pre-settlement phase, the amount of collagen deposition in
bis-acrylic 1 and 2 and flowable composite groups was less than one-fifth of that in the Ti
alloy group. From the pre-settlement to the early settlement phase, there was no increase
in bis-acrylic 2 and flowable groups. In the late settlement phase, the amount of collagen
deposition remained at a low level in bis-acrylic 2 and flowable composite groups, and
once exposed to these materials, there was even a reduction in the amount of collagen that
was already produced. The collagen deposition in the self-curing composite and the milled
acrylic group were comparable to the Ti alloy group in all phases.
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Figure 5. Imaging and quantification of collagen deposition using Sirius red staining two days after
placement of test materials. Data shown are means ± SD. Two-way ANOVA, followed by the Fisher’s
LSD post hoc test. p * < 0.05, p ** < 0.01, p *** < 0.001, p **** < 0.0001. ns, Not significant.

3. Discussion

In this study, the effects of different implant provisional restorative materials on the
attachment, growth, and function of human gingival fibroblasts were evaluated under
different phases of cell settlement. The cells were evaluated in direct contact with the

21



Int. J. Mol. Sci. 2024, 25, 123

materials and in close proximity to materials. The proximity experiment was divided into
pre-settlement, early settlement, and late-settlement phases. These phases mimicked the
healing process of immediate implant placement with provisionals, secondary surgery for
the placement of provisionals, and the replacement from healing abutment to provisionals,
respectively. As a control, a biocompatible Ti alloy was used, and a total of eight different
materials were tested. The results demonstrate that the harmful effects of materials on
fibroblasts varied depending on the material compositions, even with the same curing
modality. There was a significant difference in cell attachment, growth, or function between
flowable and bulk–fill composite, between bis-acrylics, and between self-curing acrylics.
In addition, we found that the harmful effects were mitigated when materials were in
proximity to cells compared to direct contact. However, the harmful effects of bis-acrylics
and flowable composite persisted even in the late settlement phase. Cytotoxicity of these
materials would exceed the damage tolerance of fibroblasts. The summary of these results
is shown in Figure 6. To our knowledge, this is the first study to evaluate the influence of
provisional materials on cells with different phases of cell settlement.
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Figure 6. Schematic summary of results. Pre-settlement, early settlement, and late settlement mim-
icked the healing process of immediate implant placement with provisionals, secondary surgery for
the placement of provisionals, and replacement from healing abutment to provisionals, respectively.
The increased red indicated an increased level of harm, while the increased green indicated an
increased level of harmlessness.

Some studies have shown that material compositions such as monomers, polymer-
ization initiators, and filler particles influence their cytotoxicity [48–54]. It is known that
unreacted monomers exert critical biological effects on cells [15,55,56]. Bis-GMA, a main
component of bulk–fill and flowable composites, is released at high levels even 28 days after
polymerization [57]. UDMA, a main component of bulk–fill composite, is also persistently
released, and bis-GMA is eluted at higher concentrations than UDMA [35,58]. Results on
cell attachment and proliferation being the highest in the milled acrylic group suggest that
there is lower residual monomer elution from milled acrylic [28]. Our results suggest that
bis-GMA and UDMA are more toxic than MMA, while UDMA is less toxic than bis-GMA.

Polymerization initiators such as benzoyl peroxide (BPO) and camphorquinone (CQ)
compromise cell viability [47,59–61]. BPO, a major initiator for self-curing acrylic resin, is
broken down during polymerization to release radicals that injure surrounding cells [52–54].
CQ is well known as a photoinitiator for light-curing acrylic and composite resin, and it
produces a pair of free radicals through proton abstraction [62,63]. In our study, self-curing
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acrylic was less cytotoxic than flowable and bulk–fill composites. This suggests that BPO
is likely to be less cytotoxic than CQ. Milled acrylic is made of PMMA disks molded
under high temperature and pressure in an anhydrous environment, and it has superior
mechanical properties to conventional heat-polymerizing acrylics [64]. In addition, milled
acrylics have favorable cytocompatibility due to lower residual monomer composition
than self-cured acrylics [29], which was confirmed in the present results. The number of
attached cells was different within self-curing acrylic groups in the contact experiment. The
major difference between self-curing acrylics is diethyl phthalate as a plasticizer. Diethyl
phthalate is leached from the acrylic materials, causing cellular damage by producing
reactive oxygen species [65]. Self-curing acrylic 1 contains 10–20% diethyl phthalate as a
composition of the powder. Thus, self-curing acrylic 1 is thought to be more harmful than
self-curing acrylic 2.

After the early settlement phase, cell proliferation was not observed in self-curing
acrylic 2, milled acrylic, and Ti alloy groups. Considering their low cytotoxicity and the
time from cell seeding to the material placement, it was thought that the number of cells
already reached a plateau two days after the placement of the materials. On the other
hand, self-curing acrylic 1 slightly impaired cell growth, so there was capacity for cell
propagation through to the late settlement phase. In bis-acrylics and flowable composite
groups, only a few cells could survive in pre-settlement exposure. In the early settlement
phase, the deleterious effect was still at a high level and resulted in a decreased number
of cells. Even in the late settlement, the negative effect persisted. It would be explained
that TEGDMA has various effects on cells, not only causing apoptosis but also inhibiting
cell proliferation or differentiation [66,67]. The reduced cytotoxicity of bulk–fill composite
compared to flowable composite may be partially attributed to the lower concentration of
TEGDMA. In addition, the wettability and roughness of the materials’ surface affect the
initial cellular behavior [68–73]. Cell attachment and proliferation are more favorable on a
hydrophilic surface compared to a hydrophobic surface. Additionally, the smooth surface
is more favorable compared to the rough surface. SEM images in a previous study showed
that the surface roughness differed among test materials [46]. Milled acrylic and Ti alloy
have a smooth surface; on the other hand, bis-acrylic, composite, and self-curing acrylics
have a rough surface. Therefore, not only the compositions of materials but also the surface
topography may affect cytocompatibility.

The soft tissue seal at the abutment and prosthetic material interface, if established,
may play an important role in preventing peri-implantitis. Therefore, cell adhesion or cell
retention by the material is an essential factor in determining the cytocompatibility of provi-
sional implant materials. Of note, the milled acrylic retained a comparable number of cells
to Ti alloy. Considering that cell retention was significantly compromised on self-curing
acrylics, this result represents an additional benefit favoring milled acrylic. Increased cell
attachment and proliferation do not necessarily result in increased cell retention. However,
as vividly observed in the fluorescence microscopy images, the increased cell density,
cell spreading, and cytoskeletal development thus improved intercellular adhesion and
may have increased cell retention on milled acrylic. Although this study used a chemical
detachment protocol, other methods of detachment, such as mechanical and vibrational
detachment or their combination with chemical detachment, are an area of interest since
the provisional material–fibroblast interface may be subjected to micro-movements in vivo.

In the proximity experiment, a cell culture insert containing each test plate was placed
in a well where fibroblasts were pre-cultured. As expected, the damage to the fibroblasts
was reduced compared to the contact experiment. In all test groups, as the number of settled
cells before placement of the insert increased, the harmful effect of materials decreased.
Cell proliferation from day 2 to day 4 indicated that Ti alloy, milled acrylic, self-curing
acrylics, and bulk–fill composite showed an increase in the pre-settlement phase, whereas
bis-acrylics and flowable composite decreased. Of note, bis-acrylics and flowable composite
had almost no cells remaining. A similar trend was also observed in the early settlement
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phase. Therefore, the cytotoxicity of these materials might exceed the tolerance of fibroblasts
without direct contact.

Regarding collagen deposition, in the early and late phases, collagen production
was thought to be comparable among all groups before material placement. Thus, the
amount of collagen was not influenced by the materials, although the number of cells
decreased. However, the collagen deposition in bis-acrylic 2 and flowable composite was
limited. Not only was there the inability for new collagen production from the reduced
number of cells, but also the damaged fibroblasts were secreting matrix metalloproteinases
(MMPs), resulting in decreased deposition [74–76]. Bis-acrylic 1 exhibited two times
more collagen deposition compared to bis-acrylic 2, while bulk–fill composite showed
three to five times more collagen deposition than flowable composite. Considering these
results, the difference between materials may not only be due to the decrease mediated
by fibroblast-produced collagenases but also to the inherent capacity of certain materials
to degrade collagen. BisGMA and UDMA do not degrade collagen, but other proprietary
components may possess collagen-degrading properties. Further studies are needed with a
more comprehensive analysis to determine whether the properties of provisional materials
degrade collagen or not.

Due to the chemistry of the resinous/polymerizing materials, we believe that the stan-
dardized preparation of materials, in particular the storage time, directly affects the results.
The materials elute residual monomer after initial polymerization [15,18,39]. Although the
amount of residual monomer reaches its peak within 24 h, the peak differs depending on
the materials. Considering the number and types of materials examined, conducting the
experiments immediately after materials fabrication and comparing the peaks is extremely
difficult, especially because these fibroblasts are so susceptible when isolated from the host
response. Therefore, we standardized the storage time of all test materials for two weeks
under standardized conditions prior to proceeding with the experiments. Although the
concentration decreases after the peak, there is a sustained release of the elutes that impacts
the cellular interactions. We are fully aware that materials with different storage times need
to be tested in future studies.

This study focused on the effect of the materials on the initial activity of fibroblasts
under different conditions. The initial cellular response and reaction are critically important
to subsequent initial site healing, cellular function, and long-term tissue health. Indeed, if
cells are exposed to cytotoxins, they undergo rapid cell death and cannot function properly.
This study reveals a great variation in the initial fibroblast activities in various environments
in response to different provisional materials. However, from a clinical perspective, it
is necessary to examine whether the materials cause inflammation in the peri-implant
tissues. In order to assess inflammatory reactions in peri-implant tissue, in vivo studies
should be conducted. In vivo studies enable the investigation of site-specific inflammatory
cytokine production and the infiltration of inflammatory cells within the tissues. Such
studies will contribute to a more comprehensive understanding of the clinical use of
provisional materials.

Peri-implant tissue is composed of junctional epithelium and connective tissue, con-
sisting of keratinocytes and fibroblasts, respectively. In this study, we focused on the soft
tissue seal around the most apical portion of provisional restorations, in the closest proxim-
ity to the crestal bone, and established an experimental model to mimic this relationship
by investigating the effects on fibroblasts. The rationale behind this focus is that if the
connective tissue breaks, inflammation will rapidly spread to the alveolar bone, leading
to bone resorption. However, the epithelium also plays an important role in establishing
peri-implant soft tissue seals as keratinocytes adhere to titanium through hemidesmosomes.
If the hemidesmosomes formed onto low-cytotoxic provisional materials, it potentially
contributes to better cell retention. Further experiments using keratinocytes and the deriva-
tives of epithelial cells were desired. Future studies other than those already mentioned
may include the development of materials with high cytocompatibility properties (i.e.,
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N-acetyl cysteine and tri-n-butyl borane) to improve reduction–oxidation systems and
reduce radical production [53,61,77,78].

4. Materials and Methods
4.1. Material Preparation

Eight different specimens were fabricated in a rectangular plate form (6 mm × 14 mm,
2 mm thickness) for evaluation. The prepared test plates and their principal compositions
are shown in Table 1. Two bis-acrylics, flowable and bulk–fill composites, and two self-
curing acrylics were prepared using standardized silicone molds and according to the
manufacturer’s instructions (Figure 7A). Three plates of each material were prepared for
each experiment. A light curing device (Coltolux LED; Coltène, Altstätten, Switzerland)
was used to polymerize the light curing materials with a wavelength of 450–470 nm and an
intensity of 1275 mW/cm2 for 30 s. Milled acrylic plates were designed using CAD software
(123D® Design version 2.2.14, Autodesk, Inc., San Rafael, CA, USA), and manufactured
from PMMA disks with a milling machine (Versamill 5 × 200, Axsys Dental Solutions,
Wixom, MI, USA) using CAM software (HyperDENT® version 9.0.2, Synergy Health,
Sydney, Australia). Two weeks after preparation, all acrylic plates were washed with
a steam cleaner and disinfected with 75% ethanol. Machined Ti alloy plates were also
manufactured as a positive control. No surface polishing was performed to milled PMMA
and Ti alloy.

Table 1. Materials used in this study.

Materials Principal Compositions Curing Modality

Bis-acrylic 1
(Integrity® Multi + Cure Temporary Crown
and Bridge Material, Dentsply Sirona,
Chariotte, NC, USA)

Acrylates and methacrylates (bis- and
multifunctional)
Barium boro alumino silicate glass

Dual-curing (chemical-curing
and light-curing)

Bis-acrylic 2
(Visalys® Temp, Kettenbach GmbH & Co. KG,
Eschenburg, Germany)

Aliphatic dimethacrylate, Poly(alkyleneglycol)
diacrylate, hydroquinone monomethyl ether Chemical-curing

Flowable composite
(Aeliteflo™, BISCO Inc., Schaumburg, IL, USA) Bis-GMA, TEGDMA Light-curing

Bulk–fill composite
(Aelite™ Aesthetic Enamel, BISCO Inc.)

Ytterbium Fluoride,
Bis-GMA, UDMA
Bis-EMA, TEGDMA

Light-curing

Self-curing acrylic 1
(JET Tooth Shade, Lang Dental Manufacturing
Company Inc., Wheeling, IL, USA)

(liquid)
MMA, N,N-Dimethyl-p-Toluidine
(powder)
2-Propenoic acid, 2-methyl-, methyl ester
homopolymer,
Diethyl Phthalate

Chemical-curing

Self-curing acrylic 2
(UNIFAST™ Trad, GC, Tokyo, Japan)

(liquid)
MMA, N,N-dimethyl-p-toluidine
(powder)
PMMA, Dibenzoyl peroxide

Chemical-curing

Milled acrylic
(Vivid PMMA Disc, Pearson™ Dental Supply
Co., Sylmar, CA, USA)

PMMA
Pre-curing (chemical-curing
with high pressure and high
temperature)

Ti alloy Ti-6Al-4V (Grade 5) -

Abbreviations: UDMA, urethane dimethacrylate; Bis-EMA, bisphenol A Ethoxylate Dimethacrylate; TEGDMA,
triethylene glycol dimethacrylate; Bis-GMA, bisphenol A glycidyl methacrylate; MMA, methyl methacrylate;
PMMA, poly(methyl methacrylate).

25



Int. J. Mol. Sci. 2024, 25, 123

Int. J. Mol. Sci. 2024, 24, x FOR PEER REVIEW 12 of 17 
 

 

Abbreviations: UDMA, urethane dimethacrylate; Bis-EMA, bisphenol A Ethoxylate Dimethacrylate; 
TEGDMA, triethylene glycol dimethacrylate; Bis-GMA, bisphenol A glycidyl methacrylate; MMA, 
methyl methacrylate; PMMA, poly(methyl methacrylate). 

 
Figure 7. Test materials and experimental design for counting cells. (A) Rectangular plates (6 mm × 
14 mm, 2 mm thick) were prepared. a, bis-acrylic 1; b, bis-acrylic 2; c, flowable composite; d, bulk–
fill composite; e, self-curing acrylic 1; f, self-curing acrylic 2; g, milled acrylic; and h, Ti alloy. (B) 
Attached fibroblasts were counted to determine the effect of test materials under various cell condi-
tions. The experiment was divided into contact experiments and proximity experiments. The contact 
experiment was the quantification of fibroblasts directly attached to test material. The proximity 
experiment was divided into three phases: pre-settlement, early settlement, and late settlement. In 
the proximity experiment, the quantification of fibroblasts attached to the well of the culture dish 
(20 mm diameter) was conducted immediately, 24 h or 72 h after the placement of a cell culture 
insert containing each test material. 

4.2. Cell Culture and Material Placement 
Human gingival fibroblasts were obtained from ScienCell Research Laboratories 

(Carlsbad, CA, USA) and grown in a fibroblast medium supplemented with 5% fetal bo-
vine serum (FBS), 1% Fibroblast Growth Supplement-2, and 1% penicillin/streptomycin 
solution. At 80% confluence, the cells were detached using 0.05% trypsin-EDTA solution 
and seeded at density of 4 × 104 cells/well. To evaluate the influence of materials on cells 
in various conditions, seeding process was divided into two experiments: the cells in di-
rect contact with test materials (contact experiment) and in close proximity to test materi-
als (proximity experiment). The proximity experiment was further divided into three 
phases: pre-settlement, early settlement, and late settlement phase (Figure 7B). In the con-
tact experiment, cells were seeded onto each test material placed in a well (20 mm diame-
ter) of 12-well culture plates. In the proximity experiment, cells were seeded onto each 
well without materials. For evaluation of the pre-settlement phase, a cell culture insert 
with a 0.4 µm pore size containing the test plate was placed into a well of 12-well imme-
diately after cell seeding. In the early settlement phase, the test plates were placed at 24 h 
after cell seeding. In the late settlement phase, the plates were placed at 72 h after cell 
seeding. The culture medium was renewed every three days. The UCLA Institutional Bi-
osafety Committee (BUA-2-22-036-001) approved the study protocol. 

4.3. Quantification of Attached and Propagated Cells with Fluorescence Microscopy 

Figure 7. Test materials and experimental design for counting cells. (A) Rectangular plates
(6 mm × 14 mm, 2 mm thick) were prepared. a, bis-acrylic 1; b, bis-acrylic 2; c, flowable com-
posite; d, bulk–fill composite; e, self-curing acrylic 1; f, self-curing acrylic 2; g, milled acrylic; and h,
Ti alloy. (B) Attached fibroblasts were counted to determine the effect of test materials under various
cell conditions. The experiment was divided into contact experiments and proximity experiments.
The contact experiment was the quantification of fibroblasts directly attached to test material. The
proximity experiment was divided into three phases: pre-settlement, early settlement, and late
settlement. In the proximity experiment, the quantification of fibroblasts attached to the well of the
culture dish (20 mm diameter) was conducted immediately, 24 h or 72 h after the placement of a cell
culture insert containing each test material.

4.2. Cell Culture and Material Placement

Human gingival fibroblasts were obtained from ScienCell Research Laboratories
(Carlsbad, CA, USA) and grown in a fibroblast medium supplemented with 5% fetal
bovine serum (FBS), 1% Fibroblast Growth Supplement-2, and 1% penicillin/streptomycin
solution. At 80% confluence, the cells were detached using 0.05% trypsin-EDTA solution
and seeded at density of 4 × 104 cells/well. To evaluate the influence of materials on
cells in various conditions, seeding process was divided into two experiments: the cells
in direct contact with test materials (contact experiment) and in close proximity to test
materials (proximity experiment). The proximity experiment was further divided into
three phases: pre-settlement, early settlement, and late settlement phase (Figure 7B). In
the contact experiment, cells were seeded onto each test material placed in a well (20 mm
diameter) of 12-well culture plates. In the proximity experiment, cells were seeded onto
each well without materials. For evaluation of the pre-settlement phase, a cell culture
insert with a 0.4 µm pore size containing the test plate was placed into a well of 12-well
immediately after cell seeding. In the early settlement phase, the test plates were placed
at 24 h after cell seeding. In the late settlement phase, the plates were placed at 72 h after
cell seeding. The culture medium was renewed every three days. The UCLA Institutional
Biosafety Committee (BUA-2-22-036-001) approved the study protocol.

4.3. Quantification of Attached and Propagated Cells with Fluorescence Microscopy

The number of attached fibroblasts was counted to determine the effect of test materials
under various culture conditions. The contact experiment referred to the quantification
of fibroblasts directly attached to test materials, while the proximity experiment referred
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to the quantification of fibroblasts attached to the well after placement of the cell culture
insert containing the test material. In the contact experiment, two and four days after
cell seeding, cells on the test plates were fixed in 10% formalin, permeabilized with 0.5%
Triton X-100, and blocked with 1% BSA. Subsequently, the cells were dual stained with
fluorescent dyes: 4′,6-diamidino-2-phenylindole (DAPI) to identify nuclei and rhodamine–
phalloidin for actin filaments and observed with fluorescence microscopy (DMI6000B, Leica
Microsystems, Wetzlar, Germany). In the proximity experiment, two and four days after
incubating the cells with the test materials, the attached cells on the wells were fixed and
stained. The number of cells was quantified by counting the cell nuclei in the taken images
(Image J version 1.53, NIH, Bethesda, MD, USA). Increases in the number of cells from day
2 to day 4 were measured as cell proliferation.

4.4. Cell Retention Assay

The retention of fibroblasts attached to each test plate was evaluated by calculating the
percentage of remaining cells after chemical detachment, as reported previously [79]. Four
days after seeding, to remove any extra cells not attached to the samples, carefully transfer
and dip the samples into a new well containing PBS. After removing the PBS completely by
aspiration, 0.0125% trypsin/EDTA was added to detach the attached cells, and the samples
were incubated at 37 ◦C for 2 min. A hematocytometer was used to count the number of
detached cells. The remaining cells on the material surface were completely detached with
0.0125% trypsin-EDTA at 37 ◦C for 10 min, and completely detached cells were counted.
The percentage of remaining cells was calculated using the following formula:

Percentage of remaining cells (%) = {(Number of completely detached cells at 10 min −
Number of detached cells at 2 min)/(Number of completely detached cells at 10 min)} × 100

4.5. Collagen Deposition

Collagen deposition produced by fibroblasts in the proximity experiment was mea-
sured two days after placement of inserts containing test plates by picrosirius red staining
(Polysciences Inc., Warrington, PA, USA). The cells were washed with PBS and fixed in 10%
formaldehyde for 10 min. Subsequently, the collagen fibers were stained with 0.1% picrosir-
ius red solution for 60 min at room temperature, after which 0.1 N sodium hydroxide was
added for 60 min to elute the bound dye. The supernatant was measured at an absorbance
of 550 nm using a microplate reader.

4.6. Statistical Analysis

Results are expressed as means ± standard deviations (SD). All experiments were
performed in triplicate (n = 3). The eight materials were compared by one-way analysis of
variance (ANOVA) followed by the Tukey–Kramer post hoc test. Furthermore, two-way
ANOVA followed by post hoc comparisons using Fisher’s LSD test was performed to
evaluate the changes between test materials at different time points. p-values less than 0.05
were deemed statistically significant.

5. Conclusions

This study indicated that the harmful effects of provisional materials on gingival fi-
broblasts vary depending on the curing modality and material composition. Pre-settlement
of cells mitigated the harmful effects, implying the susceptibility to material toxicity varies
depending on the progress of wound healing and tissue condition. However, cell pre-
settlement was not sufficient to fully restore the fibroblastic function to the normal level.
Notably, bis-acrylics and flowable composites still exhibited considerable adverse effects
even in the late-settlement phase, whereas milled and self-curing acrylics demonstrated
excellent and acceptable biocompatibility when compared to other materials. These results
provide valuable information for clinical practice to optimize peri-implant health and
enhance material cytocompatibility in future developments of provisional materials.
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Abstract: The dental material industry is rapidly developing resin-based composites (RBCs), which
find widespread use in a variety of clinical settings. As such, their biocompatibility has gained
increasing interest. This literature review presents a summary of research into the cytotoxicity of
methacrylate-based composites published from 2017 to 2023. Subject to analysis were 14 in vitro
studies on human and murine cell lines. Cytotoxicity in the included studies was measured via
MTT assay, LDH assay, and WST-1 assay. The QUIN Risk of Bias Tool was performed to validate the
included studies. Included studies (based entirely on the results of in vitro studies) provide evidence
of dose- and time-dependent cytotoxicity of dental resin-based composites. Oxidative stress and
the depletion of cellular glutathione (GSH) were suggested as reasons for cytotoxicity. Induction of
apoptosis by RBCs was indicated. While composites remain the golden standard of dental restorative
materials, their potential cytotoxicity cannot be ignored due to direct long-term exposure. Further
in vitro investigations and clinical trials are required to understand the molecular mechanism of
cytotoxicity and produce novel materials with improved safety profiles.

Keywords: dental materials; resin-based composite; biocompatibility; cytotoxicity; oxidative stress;
apoptosis

1. Introduction
1.1. Background

Dental caries, the most common oral health disorder, is a societal disease that affects
patients of every age and social group worldwide [1,2]. Its multifactorial mechanism is
explained by the loss of minerals from susceptible enamel, cementum, and dentin due to
an acidic environment induced by cariogenic microorganisms when physiological reminer-
alization processes are insufficient to restore lost minerals [1,2]. Cariogenic bacteria play
an important role in the development of caries. As such, it can be defined as an infectious,
dental plaque-dependent and biofilm-mediated disease [1,2]. Unbalanced mineral loss
disrupts the structure of enamel, cementum, and dentin and leads to the development
of carious lesions, which seriously impact masticatory function, cause pain, and have a
negative aesthetic impact [3]. As such, carious lesions require clinical intervention: the
removal of carious tissue and its replacement with either a direct filling or, in extensive
tissue loss, prosthetic restoration [1,2]. Hard tissue loss caused by other factors, such as
trauma, requires a similar restoration process [3].

Methacrylate-based composite materials have been used as filling materials in den-
tistry since the 1960s [4]. Since then, there have been many developments in the field
of dental material science, resulting in the production of a new class of materials with
versatile applications. Nowadays, resin-based composite restorative materials (RBCs) are
widespread as the first choice of restorative material, largely replacing amalgam as the
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gold standard in conservative dentistry [5–7]. This change has been further accelerated by
the Minamata Convention on Mercury, which advised a phase-down in the application of
dental amalgam due to environmental concerns regarding the impact of mercury pollu-
tion [3,8]. The interdisciplinary interactions of dentistry, material science, and molecular
biology have led to dynamic and productive developments in the field in recent years.
The paradigm shift to minimally invasive dentistry in clinical practice and the increasing
demand for aesthetic, tooth-colored restorative materials contributed to the popularity of
RBCs [5,6,8–13]. The major advantages of RBCs as the gold standard of restorative material
are that they are adhesive to the tooth structure, restore the structural integrity of the
tooth, and have excellent aesthetics as well as clinically favorable parameters of mechanical
performance, durability, and resistance to degradation [3,6,8,13].

Currently, RBCs are rapidly developing, with 3D-printable resins or bioactive ma-
terials with antibacterial and remineralizing properties being tested and introduced into
the dental market [1,2,13–16]. Novel composites seek to not merely replace but fully repli-
cate lost tissues [17]. Challenges such as toxicity, high polymerization shrinkage (and, in
consequence, contraction stress), secondary carries, wear resistance, chipping and bulk
fracture, and degradation in time of resin composite-based restorations are still being ex-
plored [3,6,7,18–20]. The degradation of adhesive materials and their bonds with the dentin
is a complex, multifactorial process resulting from the hydrolysis of the resin as well as
masticatory and hydraulic stress [21]. Collagen fiber hydrolysis and the enzymatic activity
of host-derived matrix metalloproteinases and cysteine cathepsins further contribute to the
degradation of the hybrid layer interface of restorative material and tooth structure [21].
Resin-based composites are applied in combination with adhesive systems following a
wide range of clinical protocols, such as two-step etch and rinse, three-step etch and rinse,
one-step self-etch, two-step self-etch, and universal adhesives, further modifying the bond
strength of composite restorations [20]. These factors allow for degraded or unpolymerized
monomers to diffuse through saliva and the dentinal tubules and interact directly with the
pulp and soft tissues of the oral cavity, leading to biological interactions described in the
further parts of this manuscript. These challenges are being addressed via the modification
of RBC composition in manufacturing and new clinical application protocols.

The objective of this review was to evaluate the biocompatibility of dental resin-based
composite materials and their mechanism of toxicity in in vitro models. The following
question was formed to guide the research: “In what way do resin-based composite
materials used in dentistry induce cytotoxicity on the cells of oral cavity tissues”?

1.2. Basic Characteristics of Resin-Based Composites

Resins are a wide class of viscous materials capable of hardening. They are required
to meet appropriate criteria in order to be used in dental restorations. Their mechanical
properties, wear resistance, and optical properties are expected to be similar to dental
tissue [22]. They should present a high color stability. Dental materials should be adhesive
to the tissues and easy to work with [22].

Since resin-based composites are intended to replace carious tissues, they must possess
mechanical properties required to withstand stress without damage. Compressive strength,
bending strength and elastic modulus are the main experimental criteria tested while
selecting composite materials [22].

Resin-based composites include a diverse group of complex polymers [23]. Their
change from viscous liquid to hardened solid state is caused by a polymerization reaction
triggered by external energy in the form of heat, chemical, or radiant energy conditional
on the presence of initiators [5]. Most monomers used in RBCs are linear molecules with
a methacrylate group at each end [10]. Their conversion to complex polymers occurs
via vinyl-free radical chain growth polymerization divided into three stages: initiation,
propagation, and termination [5,10]. There are two modes of initiation: chemically acti-
vated and light-activated [3,19]. Activated photo-initiators generate free radicals, which
convert double C=C bonds of methacrylate monomers into single C-C bonds, triggering
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a chain reaction. It should be noted that polymerization is never fully complete, and the
maximum conversion of monomers in the cured composite is measured as the Degree of
Conversion of resin [3,4,10,11,15,24]. Reduction in the filler–matrix ratio, as well as using
nano-filled composites rather than particle-filled materials, tend to increase the Degree of
Conversion [22]. Curing depth is another important consideration. The time of irradiation,
effective wavelength, and light intensity of the curing lamp, and its distance from the
material’s surface all influence the curing depth [22]. Due to incomplete conversion, as well
as aging, mechanical weardown, hydrolysis, and enzymatic degradation over time, the
elution of uncured, leachable monomers—as well as initiators and other additives—into
the liquids of the oral cavity occurs [3,4,7,11,12,24–26].

RBCs consist of an organic resin matrix (typically 15–50% of its weight), inorganic
filler particles (reinforcing phase), a coupling agent, and a photo-initiator [5,8,19,22,27].
The chemical composition and function of each phase are summarized in Table 1. Most
common resin monomers chemical structure is presented in Figure 1.

Table 1. Function and composition of resin-based composite phases based on [5,10,27,28].

Phase Function Composition

Resin matrix Polymerization BisGMA, TEGDMA, UDMA, HEMA,
BisEMA, EGDMA

Filler particles
Improvement in mechanical and wear properties,

aesthetic qualities, and reduction in
polymerization shrinkage

Soft and hard glass: borosilicate, quartz, aluminum
silicate, lithium aluminum silicate, ytterbium
fluoride, barium, strontium, zirconium and

zinc glass

Coupling agent Combining resin matrix and filler particles,
reduced water sorption Silanes, zirconates, titanates

Photo-initiator
Initiation of resin matrix polymerization by

providing free radicals upon exposure to
external energy

CQ, PQ, TPO

BisGMA—bisphenol A-glycidyl methacrylate; TEGDMA—triethylene glycol dimethacrylate; UDMA—urethane
dimethacrylate; HEMA—2-hydroxyethyl methacrylate; BisEMA—ethoxylatedbisphenol-A dimethacrylate;
EGDMA—ethylene glycol dimethacrylate; CQ—camphorquinone; PQ—phenanthrenequinone; TPO—
trimethylbenzoyl-diphenylphosphine oxide.
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1.3. Biological Properties of Resin-Based Composites

Biocompatibility is a vital characteristic of biomaterials, defining organisms’ reactions
to them [29]. It can be defined as the ability of a biomaterial to produce a suitable host
reaction when applied according to standard procedure [12,25]. To be classified as biocom-
patible, biomaterials must avoid toxic, harmful, and otherwise physiologically undesirable
reactions, such as cytotoxicity, induction of oxidative stress, induction of inflammatory
response, mutagenicity, and immunological rejection [24,25,30,31]. Biocompatible mate-
rials should also not interfere with the healing process [30]. Toxicity is defined as the
damage induced by the biomaterial to the organism [12]. Mercury toxicity controversy
has been a major rationale behind the replacement of amalgam with RBCs as the golden
standard of restorative material in dentistry [5]. A comprehensive understanding of the
biocompatibility and potential toxicity of RBCs is of vital importance since dental bio-
materials are in long-term direct and indirect contact with the surrounding tissues of the
oral cavity. As such, ideal biomaterials should be chemically stable, biocompatible, and
tasteless [11,12,22,25]. In the oral cavity, RBCs are exposed to saliva, food, bacteria, and
by-products of their metabolism, changes in pH and temperature, as well as mechanical
weardown [12]. In commercially available RBCs, there is some extent of degradation and
solution leading to the elution of toxic components, making local exposure via both direct
contact of dentin, pulp, and gingival cells as well as indirect exposure of gingiva via saliva
possible and worth consideration [4,12,25,32]. Concerns have been raised regarding the
allergies and hypersensitivities in patients as well as cytotoxic, mutagenic, and estrogenic
effects on cells exposed to residual monomers [4]. Biocompatibility is important not only for
the patients but also for the medical professionals [30]. Adverse skin and mucosal reactions
have been reported in about 12% of patients and 27% of dentists utilizing RBCs [12,25].
Resin is responsible for such adverse reactions, which are mostly induced by uncured RBCs.

So far, dental materials were intended to simply replicate missing tissues. However,
in recent years, developments have been made to introduce a new generation of bioactive
materials. Remineralizing and antibacterial properties or the ability to inhibit biofilm
formation or neutralize acids are researched [33].

Cytotoxicity, the main point of focus of this manuscript, can be defined as toxicity
caused by exogenous substances in living cells. Uncured composites exert much greater
cytotoxicity due to the higher content of free monomers able to induce oxidative stress [29].
The consideration of cytotoxicity is of paramount importance, as resin-based composites
are in prolonged close contact with the pulp and gingival.

2. Methods
2.1. Research Strategy

A PICO framework was used to guide the literature search. The following question,
as mentioned above, was posed: “In what way do resin-based composite materials used in
dental practice induce cytotoxicity on the oral cavity tissues”? The target population (P)
was human and animal cells naturally found in the oral cavity tissues (studied in vitro), and
the intervention (I) was exposure to commercially available resin-based materials (adhesive
systems, composite resins, and resin luting agents) or to experimental resins or to free resin
monomers, the comparison (C) was untreated cells or positive controls, and the outcome
(O) was a change in the viability of the treated cells.

In order to research the current literature, the library of the Medical University of
Lodz, Google Scholar, and PUBMED search engines were used to identify relevant papers.
Subject to screening were original studies: in vitro studies. The search for literature was
performed up to 25 May 2023. The following keyword combinations were employed:
“cytotoxicity of dental materials” OR “cytotoxicity of resin composite” OR “biocompatibility
of dental materials” OR “biocompatibility of resin composite” OR “oxidative stress of
dental materials” OR “oxidative stress of resin composite” OR “genotoxicity of dental
materials” OR “genotoxicity of resin composite” OR “mutagenicity of dental materials” OR
“mutagenicity of resin composite”. Only English language literature was analyzed.
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2.2. Study Selection

Abstracts of publications returned from the search engines were selected using inclu-
sion and exclusion criteria summarized in Table 2. Duplicates were removed manually. A
hand search was performed in the reference lists of valuable studies to identify additional
relevant papers. For all publications that met the inclusion criteria, the electronic version of
the paper was retrieved in full and analyzed.

Table 2. The inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Publication in English
Published since 2017

In vitro study
Containing the following keyword combinations: “cytotoxicity of

dental materials” OR “cytotoxicity of resin composite” OR
“biocompatibility of dental materials” OR “biocompatibility of resin
composite” OR “oxidative stress of dental materials” OR “oxidative
stress of resin composite” OR “genotoxicity of dental materials” OR

“genotoxicity of resin composite” OR “mutagenicity of dental
materials” OR “mutagenicity of resin composite”

Publication not in English
Published before 2017

Review articles, abstracts, book chapters, live animal studies

2.3. Risk of Bias

The quality of selected in vitro studies required further validation. The Quality As-
sessment Tool for In Vitro Studies (the QUIN Tool) developed by Sheth et al. was used in
the process [34]. The QUIN Tool takes into consideration a list of 12 criteria: clearly stated
aims/objectives; detailed explanation of sample size calculation; detailed explanation of
sampling technique; details of the comparison group; detailed explanation of methodology;
operator details; randomization; method of measurement of outcome; outcome assessor
details; blinding; statistical analysis; and presentation of results. Each criterion is then
assigned a score: score = 2 for “adequately specified”, score = 1 for “inadequately speci-
fied”, or score = 0 for “not specified”. Criteria that are recognized as not applicable are not
included in the final score. The final score is obtained using the following formula:

Final score =
Total score× 100

2× number of applicable criteria

The obtained scores are used to assign the risk of bias: >70% for low risk of bias,
50–70% for medium risk of bias, and <50% for high risk of bias. Studies assigned a high
risk of bias were rejected.

3. Results
3.1. Study Selection

There were 55 studies identified in the databases. Of these studies, 27 were excluded
from screening. The remaining 28 papers were retrieved and assessed for eligibility. Of
these, 14 studies were selected for further analysis based on the inclusion and exclusion
criteria presented in Table 2. PRISMA flow chart of the study selection process is presented
in Figure 2 [35]. A brief summary of the included studies is presented in Table 3.

Table 3. The Quality Assessment Tool for In Vitro Studies (the QUIN Tool) risk of bias.

Study Final Score (%) Risk of Bias

Neves et al., 2019 [36] 65 Medium
Cengiz et al., 2022 [37] 80 Low

Carrillo-Cotto et al., 2020 [38] 80 Low
Beltrami et al., 2021 [39] 70 Medium
Kavuncu et al., 2020 [40] 70 Medium
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Table 3. Cont.

Study Final Score (%) Risk of Bias

Sulek et al., 2022 [41] 80 Low
Schneider et al., 2019 [42] 55 Medium

Lovász et al., 2021 [43] 55 Medium
Agnes et al., 2017 [44] 80 Low
Lovász et al., 2021 [45] 80 Low

Sun et al., 2018 [46] 75 Low
Yang et al., 2022 [47] 85 Low
Lee et al., 2022 [48] 75 Low

Chang et al., 2020 [49] 75 Low
Wawrzynkiewicz et al., 2021 [50] 85 Low
Wawrzynkiewicz et al., 2020 [51] 85 Low
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3.2. Risk of Bias

The risk of bias for selected studies was assessed using the Quality Assessment Tool
for In Vitro Studies (the QUIN Tool). Out of 14 studies, there were 9 that were assigned a
low risk of bias and 5 with a medium risk of bias.

3.3. Cytotoxicity Results

It should be noted that studies included in this review had differing methodologies.
One major difference was the material of choice in the study. For the purpose of this review,
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included studies were divided with regard to the method of exposure. Group one analyzed
free resin monomers suspended in a medium. Group two focused on eluates obtained from
commercially available composites after polymerization.

Four types of cell viability assays were used to assess the cytotoxicity of tested ma-
terials: MTT, XTT, WST-1, and LDH. MTT assay is a colorimetric assay that utilizes
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, a monotetrazolium
salt. Its reduction results in the formation of a violet water-insoluble formazan [52].
XTT assay is a related procedure that uses as its reagent 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide [53]. WST-1 is another
tetrazolium salt assay that utilizes 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium [54]. LDH assay is based on the activity of L-lactate dehydrogenase [55]. All
assays are commonly used in testing cytotoxicity and can be treated as the gold standard.

Neves et al. revealed in MTT assay that BisGMA, UDMA, and TEGDMA induced
dose-dependent cytotoxicity on human peripheral blood mononuclear cells with toxic
effects present at high concentrations: BisGMA at 0.06–1 mM induced a 44–95% decrease in
mitochondrial activity, UDMA at 0.05–2 mM caused 50–93% decrease, and TEGDMA at
2.5–10 mM induced a 26–93% decrease [36]. Schneider et al. took on a different approach,
measuring the LDH release of human dental pulp cells as an indicator of toxicity of their
exposure to dental composite resin monomers: BisGMA, UDMA, and TEGDMA [42]. Their
findings indicated BisGMA and UDMA as highly toxic, with BisGMA-induced toxicity
beginning at the concentration of 30 µm and UDMA starting at 100 µm. TEGDMA failed
to cause toxicity at any concentration tested [42]. Lovász et al. used a water-soluble
tetrazolium salts (WST-1) colorimetric assay to measure the viability of human dental pulp
cells exposed to TEGDMA monomers [43]. They noted a significant reduction in viability
after exposure to 1.5 and 3 mM of TEGDMA for 24 h. Lower concentrations at this time
did not produce significant effects [43]. In another study by Lovász et al., human dental
pulp cells exposed to 0.75, 1.5, and 3 mM TEGDMA for 5 days were analyzed via WST-1
assay [45]. After 24 h, there was a decrease in viability from 1.237 WST values in the
control group to 0.970, 0.814, and 0.518 WST values for 0.75, 1.5, and 3 mM, respectively.
Second-day results presented a decrease from 1.961 to 1.290, 0.472, and 0.056 WST values
in the same group order. Similarly, the fifth-day results were a decrease from 2.259 to
0.893, 0.105, and 0.089 WST values [45]. Sun et al. studied HEMA cytotoxicity on human
dental pulp cells incubated for 72 h with 50, 100, 200, 400, 800, 1000, 1500, 2000, 2500,
and 3000 µg/mL HEMA [46]. Cell viability levels were consistently reduced. Yang et al.
investigated the cytotoxicity of TEGDMA monomers on murine macrophages via MTT
assay [47]. The cells were incubated with or without TEGDMA for 24 h. TEGDMA was
found to induce approximately 75% cytotoxicity in comparison to the control group [47].
Lee et al. conducted a similar study on murine macrophages incubated with 0, 0.5, 1, 5,
and 10 mM HEMA for 24 h, testing the cytotoxicity with an MTT assay [48]. The results
presented a dose-dependent cytotoxicity, with a decrease in viability by almost 20% for
1 mM, 40% for 5 mM, and 55% for 10 mM [48]. Chang et al. studied murine macrophages
incubated with UDMA at 0, 0.1, 1, 10, and 100 µM for 24 h, measuring the cytotoxicity via
LDH (lactate dehydrogenase) assay [49]. They observed 12% cytotoxicity for 1 µM and as
high as 40% cytotoxicity for 10 µM [49].

Cengiz et al. recorded a reduction in MTT absorbance in murine fibroblasts exposed to
Signum and Adoro composites over 2 weeks, with significant differences for both materials
at each incubation time [37]. Carrillo-Cotto analyzed MTT assay in human spontaneously
transformed aneuploid immortal keratinocytes exposed to adhesive systems OptiBond FL,
Clearfil SE Bond and Adper Single Bond Universal, conventional composite resin Filtek
Z350 XT, flowable composite resin Filtek Flow Z350 XT, self-adhesive composite resin
Dyad Flow and luting agents Variolink II and RelyXU200 in combinations simulating their
clinical use with or without the presence of dentin [38]. They observed that cytotoxicity
varied with the combination of materials tested and that for all tested materials, most toxic
effects were observed in the first 24 h. Dentin was found to increase cell viability. Beltrami
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et al. used an MTT assay to determine the cytotoxicity of immortalized human gingival
fibroblasts exposed to different nano-hybrid composite resins [39]. It was found that after
72 h of incubation, the cell viability was significantly lower than after 48 h of incubation
for all tested materials except for Enamel Plus HRi and G-aenial. After 48 h, Omnichroma,
Omnichroma Blocker, Admira Fusion x-tra, and Enamel Plus HRi Bio Function Enamel
showed the lowest grade of cytotoxicity, with cell viability above 80% [39]. Enamel Plus
HRi and G-aenial showed, respectively, severe and moderate toxicity after 48 h. After
72 h of incubation, Omnichroma and Omnichroma Blocker showed mild cytotoxicity with
a significant decrease in cell viability rates as compared to levels after 48 h. Admira
Fusion x-tra and Enamel Plus HRi Bio Function Enamel showed a significant reduction
to moderate cytotoxicity after 72 h. G-aenial Flo X and Enamel Plus HRi Bio Function
Bio Dentine showed similar results after 48 h and 72 h. Both materials showed a lower
cell viability rate after 72 h as compared to 48 h incubation [39]. Kavuncu et al. tested
three composite materials, Admira Fusion, Charisma Topaz, and Estelite Quick Sigma,
on human gingival fibroblasts and periodontal ligament fibroblasts [40]. In comparison
to the control group, Admira Fusion, and Estelite Quick Sigma presented no cytotoxic
effects on gingival fibroblasts after 24 h incubation. Only Charisma Topaz was cytotoxic
to gingival fibroblasts at this time. After 1 week of incubation, the viability of gingival
fibroblasts exposed to Charisma Topaz was significantly lower than the control, while the
other materials were similar to the control. In contrast, Charisma Topaz did not produce
significant cytotoxicity on periodontal ligament fibroblasts after 24 h of incubation and was
the only cytotoxic material in 1 week of exposure [40]. Sulek et al. tested the cytotoxicity of
Charisma, Estelite Sigma Quick, and Filtek Z250 on human gingival fibroblasts via MTT
assay [41]. All tested materials significantly decreased cell viability while freshly cured.
Charisma generated a 58% decrease in cell viability, and Filtek Z250 and Estelite Sigma
Quick resulted in a 31% and 22% decrease, respectively. In delayed toxicity testing by
LDH assay, pre-incubated Charisma toxicity was significantly lower, Estelite Sigma Quick
resulted in similar toxicity, and Filtek Z250 was significantly more toxic [41]. Agnes et al.
examined human dental pulp cells exposed to Flow Line and Durafill resin composites
combined with mineral trioxide aggregate (MTA) and Dycal capping materials using LDH
assay [44]. Their findings showed that 24 h exposure to Durafill and Flow Line resulted in
cell death rates of approximately 35–40% and 35%, respectively. It should be noted that
exposure to the combination of Durafill with Dycal did not alter toxicity significantly, and
Flow Line with Dycal actually decreased cell death rates to around 15%. Meanwhile, the
combination of MTA with Durafill enhanced Durafill cytotoxicity up to approximately
85%, and the cytotoxicity of Flow Line did not alter significantly [44]. Wawrzynkiewicz
et al. used XTT assay (2H-tetrazolium-5-Carboxanilide colorimetric assay) to assess the
cytotoxicity of dental adhesives—All-Bond Universal, CLEARFIL Universal Bond Quick, G-
Premio BOND and Single Bond Universal—on human monocytes/macrophage peripheral
blood cells [50]. Their results indicated significant differences in the cytotoxicity of tested
eluates. Only G-Premio BOND was found to significantly decrease the cell viability by
around 22% in comparison with the control. In another study by Wawrzynkiewicz et al. on
human monocytes/macrophage peripheral blood cells, only OptiBond Universal induced
a significant decrease in cell viability by around 25% [51].

The results presented above indicate a dose- and time-dependent cytotoxicity of resin-
based composite. As could be predicted, increasing the dose of the material and time
of exposure enhance cytotoxicity. It should be noted, however, that this review is based
entirely on the results of in vitro studies. As such, it is up for further consideration to what
extent the conditions of included studies are representative of the actual environment of
the oral cavity. The resin monomer concentration is likely to be lower in vivo. Additionally,
concentration fluctuates throughout the day due to many changing factors in the oral cavity.
These arguments should be well considered while interpreting the cytotoxicity results of
in vitro studies. Moreover, the type and origin of cells used in the included studies should
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be considered while drawing comparisons. These considerations will be further reflected
upon in Section 4 (Discussion) of this review.

3.4. Summary of Study Characteristics

A brief summary of the included studies is presented in Table 4.

Table 4. Summary of study characteristics.

Study Cell Viability Assay Other Methods Cell Line Resin-Based Materials

Neves et al., 2019 [36] MTT assay APC Annexin V apoptosis
detection kit, ELISA assay

Human peripheral blood
mononuclear cells (hPBMC)

Monomers: BisGMA,
TEGDMA, UDMA

Schneider et al., 2019 [42] LDH assay MCB assay, DCF assay Human dental pulp
cells (hDPC)

Monomers: BisGMA,
TEGDMA, UDMA

Lovász et al., 2021 [43] WST-1 assay
EncCheckGelatinolytic

Collagenolitic activity assay,
Western blotting

Human dental pulp
cells (hDPC) Monomers: TEGDMA

Lovász et al., 2021 [45] WST-1 assay Hemocytometer, fluorescence
microscopy, Western blotting

Human dental pulp
cells (hDPC) Monomers: TEGDMA

Sun et al., 2018 [46] MTT assay
RT-PCR, gelatinezymography,

transwell migration assay,
Western blotting

Human dental pulp
cells (hDPC) Monomers: HEMA

Yang et al., 2022 [47] MTT assay FITC Annexin V, comet assay Murine macrophages Monomers: TEGDMA

Lee et al., 2022 [48] MTT assay
FITC Annexin V,

micronucleus assay,
comet assay

Murine macrophages Monomers: HEMA

Chang et al., 2020 [49] LDH assay FITC Annexin V, MN assay,
comet assay Murine macrophage Monomers: UDMA

Cengiz et al., 2022 [37] MTT assay None Murine fibroblasts (mF) Eluates of polymerized specimens:
Signum (S), Adoro (A)

Carillo-Cotto et al.,
2020 [38] MTT assay Fourier-transform infrared

spectroscopy Human keratinocytes (hK)

Eluates of polymerized specimens:
OptiBond FL (OB), Clearfil SE Bond
(CB), Adper Single Bond Universal
(AS), Filtek Z350 XT (FZ3), Filtek
Flow Z350 XT (FFZ3), Dyad Flow

(DF), Variolink II (VII),
RelyXU200 (RX)

Beltrami et al., 2021 [39] MTT assay None Human gingival
fibroblasts (hGF)

Eluates of polymerized specimens:
Omnichroma (OC), Omnichroma

Blocker (OCB), Admira Fusion x-tra
(AFX), Enamel Plus Hri Bio Function
Enamel (EPE), Enamel Plus Hri (EP),
G-aenial (GA), G-aenial Flo X (GAF),

Enamel Plus Hri Bio Function Bio
Dentine (EPD)

Kavuncu et al., 2020 [40] MTT assay None
Human gingival fibroblasts
(hGF), human periodontal
ligament fibroblasts (hPLF)

Polymerized samples placed directly
in cell culture medium: Admira

Fusion (AF), Charisma Topaz (CT),
Estelite Sigma Quick (ESQ)

Sulek et al., 2022 [41] MTT assay, LDH assay Flow cytometry, FITC
Annexin V, Western blotting

Human gingival
fibroblasts (hGF)

Eluates of polymerized specimens:
Charisma (CH), Estelite Sigma Quick

(ESQ), Filtek Z550 (FZ5)

Agnes et al., 2017 [44] LDH assay DCF assay Human dental pulp
cells (hDPC)

Polymerized samples placed directly
in cell culture medium: Flow Line

(FL), Durafill VS (DF)

Wawrzynkiewicz et al.,
2021 [50] XTT assay Comet assay, flow cytometry,

FITC Annexin V

Human
monocytes/macrophage

peripheral blood cells

Eluates of polymerized specimens:
All-Bond Universal, CLEARFIL

Universal Bond Quick, G-Premio
BOND, Single Bond Universal

Wawrzynkiewicz et al., [51] XTT assay Comet assay, flow cytometry,
FITC Annexin V

Human
monocytes/macrophage

peripheral blood cells

Eluates of polymerized specimens:
OptiBond Universal, Prime&Bond

Universal, AdheseUniversal

MTT—3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; LDH—L-lactate dehydrogenase; WST-
1—2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium; XTT—2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide; BisGMA—bisphenol A-glycidyl methacry-
late; TEGDMA—triethylene glycol dimethacrylate; UDMA—urethane dimethacrylate; HEMA—2-hydroxyethyl
methacrylate.
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4. Discussion
4.1. Mechanism of Toxicity

Resin-based materials are in prolonged, intimate contact with the oral cavity. This
includes both direct contact between the filling and restored dentin, enamel, or adjacent
gingiva, as well as indirect contact with the dentin and pulp via dentinal tubules or soft
tissues via saliva. As such, cytotoxicity should be thoroughly studied and its mechanism
well understood so that novel materials with improved safety profile can be developed.

Incomplete polymerization plays a major role in RBCs cytotoxicity, allowing for
the elution of toxic methacrylate and dimethacrylate monomers: BisGMA, TEGDMA,
UDMA, HEMA, BisEMA [11,15,41]. Most authors agree that the extent of the toxic effect
is dependent on several factors, e.g., the chemical composition of the material, dose, and
time of exposure, as well as internal factors, e.g., cell line, cell lining parameters, cellular
membrane integrity, cell volume, and cytoplasm volume, the refractive index of the cell,
the propensity to cleave DNA, and related nuclear condensation [12,36–40,43,45,46].

Smaller monomers with hydrophilic properties (e.g., HEMA and TEGDMA) have
been found to penetrate cellular membranes, inhibit glutathione and lipids synthesis, and
induce damage to mitochondria and DNA [12,25,38,42,45]. This damage to DNA is best
understood as the loss of integrity and fragmentation of DNA strands [48]. Mitochondrial
dysfunction can be explained by the generation of reactive oxygen species and depolariza-
tion of mitochondria, which leads to caspases-mediated apoptosis [48,49]. Mitochondria
play a vital role in cellular metabolism and homeostasis, and their dysfunction initiates
cell death [49]. Toxicity of BisGMA can be connected to this monomer being a deriva-
tive of Bisphenol A (BPA), which is known to be involved with genital developmental
problems, immune function, thyroid function, and neurodevelopment in children [15,25].
Synthetic pathways of BisGMA production that do not require the use of bisphenol A have
been introduced, but BPA presence has been found in urine and saliva of patients after
dental treatment [19].

Monomers such as TEGDMA have been found to increase the generation of mitogen-
activated protein kinases (MAPKs), which may interfere with biomineralization and initiate
apoptosis [12,47].

Suggested molecular mechanisms of toxicity after exposure to RBCs include the
depletion of glutathione (GSH), a tripeptide responsible for maintaining the redox balance
of the cell [12,25,30,38]. GSH can be consumed to detoxify the monomers even in non-lethal
concentrations, which induce little changes in viability [30]. Schneider et al. tested the
effects of BisGMA, UDMA, and TEGDMA monomers on cystine uptake in dental pulp cells
since it has been demonstrated to alter cellular glutathione levels [42]. After 2 h, BisGMA
and UDMA decreased cystine uptake, and TEGDMA increased it, with significant changes
observed at the monomer concentrations of 300 µM [42]. After 48 h, a significant decrease in
cystine uptake was observed for BisGMA and UDMA at concentrations of above 30 µM and
100 µM, respectively. Interestingly, lower UDMA concentrations caused increased uptake
at 48 h. TEGDMA induced increased cystine uptake [42]. An incoherent relation between
cystine uptake and cellular GSH level was observed, contrary to the expectation that since
cystine is necessary for GSH production, its changes would mirror one another. At 2 h,
there was a noticeable decrease in cellular GSH for all monomers independently of the
concentration. At 48 h, there was a dramatic decrease in cellular GSH levels for BisGMA and
UDMA in concentrations of 30 µM and above. At the same time, TEGDMA caused a slight
increase at 100 µM and a decrease at 300 µM [42]. Depletion of GSH levels upsets the redox
balance of the cell. Reactive oxygen species are produced in increased quantities, inducing
redox imbalance resulting in damage to DNA and cell death [12,30]. This redox imbalance
activates adaptive cell mechanisms, up- and down-regulating enzyme systems [30].

Lovász et al. found via Western blotting that TEGDMA exposure induced strongly
increased levels of metalloproteinases MMP-2, MMP-8, and MMP-9 in dental pulp cells at
the concentration of 0.2 mM. These metalloproteinases are protein hydrolases produced in
the pulp and found in dentin. They can be divided into two groups. MMP-2 and MMP-9
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are classified as gelatinases involved in tissue remodeling and tertiary dentin formation [43].
MMP-8 is classified as a collagenase involved in the organization of the pre-mineralized
collagen fiber network in the dentin [43]. A lower concentration of 0.1 mM increased MMP-
2 expression alone, and a higher 0.75 mM concentration increased MMP-2 significantly and
MMP-8 slightly [43]. HEMA has been found to inhibit MMP-2 and MMP-9 expression by
Sun et al. [46].

Sulek et al. analyzed changes to the expression of two epigenetic and biochemical
biomarkers of toxicity: miR-9 and heat shock protein 70 (HSP70) in human gingival fibrob-
lasts. mi-R9 is a stress-related micro-RNA with indicative potential for the transition of
healthy fibroblasts into cancer cells. This micro-RNA binds to 3′-untranslated regions of
the target mRNA, regulating the transcription of several genes relevant to cell physiology
and pathology, and its increased level is typical for epithelial cells undergoing epithelial-
mesenchymal transition, indicating cancer transformation [41]. HSP70 is an important
chaperone and stress marker protein involved in protection mechanisms against thermal,
chemical, and oxidative stress, responsible for refolding damaged proteins and inhibiting
apoptosis [41]. Sulekat et al. observed that miR-9 was significantly increased in all groups—
there was a 3.4-fold increase in cells incubated with Filtek Z550 and less than that 2-fold
increase for Charisma and Estelite Quick Sigma [41]. As for HSP70, only Charisma induced
a significant 7-fold increase in its expression [41]. In other studies, HEMA and TEGDMA
were observed to decrease heat shock protein expression in human monocytes [25].

The production of reactive oxygen species is another important consideration [25,45].
While reactive oxygen species are physiologically instrumental in immunoregulation,
and antimicrobial and antiviral functions, their excessive production may lead to cellular
damage, DNA damage, lipid peroxidation, and inflammatory response [47,48]. Since all
RBCs contain toxic monomers and free-radical-based photo-initiators, they can be expected
to produce oxidative stress. As mentioned above, depletion of glutathione levels upsets the
redox balance of the cell, and reactive oxygen species are produced in increased quantities,
inducing redox imbalance [12,30]. Sulek et al. analyzed oxidative stress in human gingival
fibroblast cells grown for 3 and 6 h with Charisma, Estelite Quick Sigma, and Filtek Z550. In
all samples, there was a significant increase in the mean DCF fluorescence [41]. Filtek Z550
induced the highest increase at 12-fold. A slightly lower 10-fold and 9-fold increase was
observed in fluorescence intensity for Charisma and Estelite Quick Sigma, respectively [41].
Schneider et al. demonstrated a significant increase in free radicals in high BisGMA and
UDMA monomer concentrations, while TEGDMA had no influence on free radicals in
dental pulp cells [42]. The accumulation of reactive oxygen species induces oxidative
stress, damaging DNA, lipids, and proteins. Genotoxicity and induction of apoptosis by
accumulation of reactive oxygen species are strictly associated with cytotoxicity.

Some authors have demonstrated that RBCs influence inflammatory response in soft
tissues adjacent to the restoration [39]. Incubation of macrophages with TEGDMA initiates
several proinflammatory mechanisms, such as the upregulation of cyclooxygenase-2 and
inducible nitric oxide synthase [47]. Neves et al. investigated the influence of BisGMA,
TEGDMA, and UDMA on pro-inflammatory cytokine IL-1β and TNF-α release on periph-
eral blood mononuclear cells incubated with TC20 concentration of those monomers [36].
Those cells typically exhibit an increased cytokine production when exposed to Porphy-
romonas gingivalis. BisGMA did not influence the expression of cytokines in any way.
However, TEGDMA had an inhibitory influence on the secretion of both IL-1β and TNF-α,
and UDMA decreased IL-1β alone in cells exposed to P. gingivalis [36]. These findings
suggest that monomers could interfere with the local immune inflammatory response.
However, no negative impact was observed in cells that were not stimulated with P. gingi-
valis, suggesting that low concentrations of resin monomers assure relative safety [36]. It
should be noted that the outcomes could be influenced by a decreased number of viable
cells capable of cytokine production.

In animal studies, methacrylates increased the number of micro-nucleated cells in bone
marrow, indicating mutagenicity [25]. Sulek et al. found that Charisma produced a 5-fold
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increase in hypodiploid cell numbers in comparison with the control group, signifying high
DNA damage in human gingival fibroblasts [41]. In the same study, Estelite Sigma Quick
and Filtek Z550 induced a 2- and 3-fold increase in damaged cells, respectively [41].

4.2. Impact on Cell Viability

Most studies conclude that RBCs induce cytotoxicity in in vitro cell models and that
the impact on cell viability is dose- and time-dependent and changes depending on the
chemical composition of the product and is specific for each cell line [36–38,40,49].

Neves et al. found that three tested monomers—BisGMA, UDMA, and TEGDMA—
caused dose-dependent cytotoxicity on peripheral blood mononuclear cells, as evidenced
by inhibited mitochondrial metabolic activity [36]. They established the following order
of toxicity, based on TC50 (concentration that caused a 50% decrease in cell viability) and
TC20 (concentration that caused a 20% decrease in cell viability) values: BisGMA > UDMA
> TEGDMA with TC50 values of 69.0 mM, 505.0 mM, and 3161.0 mM; and TC20 values
of 50.5 µM, 167.0 µM, and 2150.0 µM, respectively [36]. Schneider et al. established that
BisGMA and UDMA caused cytotoxicity in concentrations beginning at 30 µm and 100 µm,
respectively [42]. Most studies support that the order of cytotoxicity of monomers is
BisGMA > UDMA > TEGDMA > HEMA [41,42].

Beltrami et al. investigated the biocompatibility of several RBCs on human gingival
fibroblasts. MTT assay revealed that after 72 h of incubation, cell viability was significantly
lower than after 48 h of incubation for all tested materials except for Enamel Plus HRi
and G-aenial [39]. Both Enamel Plus HRi and G-aenial did, however, show severe and
moderate cytotoxicity after 48 h, respectively. After 48 h, Omnichroma, Omnichroma
Blocker, Admira Fusion x-tra, and Enamel Plus HRi Bio Function Enamel presented a low
degree of cytotoxicity, with cell viability rates above 80% [39]. After 72 h, Omnichroma and
Omnichroma Blocker induced mild cytotoxicity, with a significant decrease in cell viability
rates in comparison to 48 h incubation [39]. Admira Fusion x-tra and Enamel Plus HRi
Bio Function Enamel showed a reduction to moderate cytotoxicity rates, while G-aenial
Flo X and Enamel Plus HRi Bio Function Bio Dentine showed similar results after 48 h
and 72 h [39]. Kavuncu et al. investigated nanohybrid ormocerAdmira Fusion, Charisma
Topaz, and resin-based EsteliteQuick Sigma [40]. Using MTT assay, they found that Admira
Fusion and EsteliteQuick Sigma induced no cytotoxicity on human gingival fibroblasts
after 24 h, while Charisma Topaz was cytotoxic [40]. Similarly, after one week of exposure,
only Charisma Topaz was significantly cytotoxic. In the same study, for human periodontal
ligament fibroblasts minor differences were observed in comparison to human gingival
fibroblasts. Charisma Topaz was not significantly cytotoxic after 24 h when compared to the
control group [40]. In one week, only Charisma Topaz was significantly cytotoxic, and cell
viability was lower than in the control group [40]. For all materials, cytotoxicity was higher
after one week than 24 h [40]. Sulek et al. investigated interactions of RBCs Charisma,
Estelite Sigma Quick, and Filtek Z550 with human gingival fibroblasts. MTT assay revealed
that all freshly cured materials caused a significant decrease in cell viability with the highest
toxicity (a 58% decrease in viable cell numbers) induced by Charisma, while Estelite Sigma
Quick and Filtek Z550 caused 22% and 31% declines, respectively [41]. Charisma was
slightly less cytotoxic in the pre-cured application, while Filtek Z550 increased its toxicity
considerably, and Estelite Sigma Quick induced similar toxicity in this state [41]. All three
materials induced damage to the cell membrane. LDH assay used to assess time-dependent
cytotoxicity saw increased LDH activity in cells incubated with Charisma after 1 h [41].
After 24 h, cell membrane damage increased to more than 40% of total enzyme activity, and
the cytotoxicity plot was hyperbolic [41]. The trend of LDH release was similar for Estelite
Sigma Quick, but the maximal values after 24 h were lower, reaching 28% of total enzyme
activity [41]. Meanwhile, Filtek Z550 produced 37% of total enzyme activity after 24 h and,
interestingly, the time-dependent cytotoxicity plot was a linear correlation [41].
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4.3. Impact on Cell Cycle and Mechanism of Cell Death

The production of reactive oxygen species and depletion of cellular glutathione re-
serves described before is the likely reason for the induction of cell death in pulp cells,
gingival fibroblasts, odontoblasts, and other cells exposed to monomers [25]. Evidence
regarding the specific pathway of cell death induced by RBCs is scarce and inconclusive.
This knowledge gap needs to be addressed, as it is relevant to the identification of efficient
prevention strategies.

There are two pathways of cell death—apoptosis and necrosis. Cytotoxicity and
genotoxicity via violation of DNA integrity are closely connected to apoptosis, which is a
programmed cell death [47]. This pathway is regulated by proteolytic cysteinyl enzymes
caspases. Caspase-3 acts as an executioner caspase which initiates DNA strand breaking
and fragmentation [47–49]. This caspase can be activated via intrinsic or extrinsic pathways.
Intrinsic pathway is connected to caspase-9 activity, which is triggered by mitochondrial
disruption. The extrinsic pathway, meanwhile, is mediated by caspase-8 via death receptor
activation [47]. The accumulation of intracellular reactive oxygen species is responsible for
the activation of caspase chain [47,48].

Neves et al. found that incubation with BisGMA and Porphyromonas gingivalis resulted
in a significant increase in the percentage of necrotic monocytes when compared with
culture exposed to BisGMA alone [36]. As for TEGDMA, there was a noticeable increase
in apoptotic cells in monocytes incubated with TEGDMA and P. gingivalis compared to
exposure to P. gingivalis alone, while no such differences were observed for necrotic cells,
thus suggesting that most of TEGDMA-induced cell death was via apoptosis [36]. UDMA
was similarly found to induce cell death due to apoptosis [36]. Lovász et al. investigated
the pathway of apoptotic cell death induced by TEGDMA in dental pulp cells [45]. They
observed that TEGDMA exposure caused an increase in caspases and apoptosis-induced
factor (AIF) production. Caspase-3 was significantly increased after exposure to 1.5 mM and
3 mM TEGDMA, caspase-8 in 0.1 and 0.2 mM, and caspase-9 in 0.75, 1.5 and 3 mM. Caspase-
12 was significantly increased at concentrations above 0.75 mM. The production of AIF—a
mitochondrial polypeptide responsible for chromatin condensation and DNA degradation—
was induced by 0.2, 0.75, and 1.5 mM TEGDMA [45]. Similar induction of caspase-3,
caspase-8, and caspase-9 activity in mouse macrophage after TEGDMA exposure at the
concentration of 3 µM was found by Yang et al. [47]. These results indicate that TEGDMA-
induced apoptosis, as evidenced by the increase in apoptosis-specific caspases. This
information is of clinical relevance, as apoptosis does not involve an inflammatory process,
in contrast to necrosis. There is no satisfactory evidence, however, to determine the specific
pathway of apoptosis. Chang et al. studied the level of apoptosis and necrosis induced by
UDMA in macrophages and proved that low concentrations induced early apoptosis, while
at high concentrations, late apoptosis and necrosis were induced [49]. In another study
by Wawrzynkiewicz et al. on human monocytes/macrophage peripheral blood cells, only
OptiBond Universal induced a significant increase in apoptosis, as approximately 45% of
cells were found at the early or late stage of apoptosis [51].

In the study by Sulek et al., the pathway of cell death in human gingival fibroblasts
after 24 h incubation with RBCs was investigated using Annexin V/propidium iodide [41].
Estelite Sigma Quick produced an inconclusive pattern of changes with 48% necrotic cells
and 28% of cells with mixed apoptotic and necrotic cells [41]. Filtek Z550 and Charisma
produced mostly nonspecific necrotic changes, with 73% and 75% of cells stained as necrotic,
respectively [41]. In cells incubated with Filtek Z550 a substantial number of cells—16%—
developed both necrotic and apoptotic features, however. Wawrzynkiewicz et al. observed
via FITC Annexin V apoptosis kit that G-Premio Bond induced a significant increase in the
apoptosis of human peripheral blood cells, with approximately 39% of cells at the early or
late stage of apoptosis [50].

Free monomers have been found to inhibit cell proliferation [25]. Sulek et al. demon-
strated that Charisma, Estelite Sigma Quick, and Filtek Z550 caused significant antiprolifer-
ative effects [41]. Estelite Sigma Quick inhibited cell proliferation by about 60%, Filtek Z550
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by 35%, and Charisma by 17% [41]. Interestingly, only Charisma additionally decreased
the number of resting cells by 40% [41]. Sun et al. observed a time- and dose-dependent
anti-proliferative influence of HEMA in human dental pulp cells [46]. HEMA was also
found by Lee et al. to induce dose-dependent cytotoxicity via apoptosis and not necrosis
in murine macrophages [48]. The intrinsic pathway of apoptosis was activated further in
this study.

Mitochondrial dysfunction and toxic influence on DNA were suggested as possible
mechanisms of apoptosis induction [36]. TEGDMA-induced apoptosis has been explained
by the generation of reactive oxygen species, phosphorylation of mitogen-activated protein
kinase, and downstream transcription factors [47].

4.4. Prevention Strategies

Prevention strategies are of vital importance in clinical settings as RBCs remain
widespread. Selecting the most biocompatible monomers is an important direction in
the development of more suitable composite resins. This approach has its limitations,
however, as other factors, such as the degree of conversion or the species of photo-initiator,
can influence cytotoxicity, accounting for differences in cytotoxicity levels in materials with
the same monomer composition. The quantity and composition of eluate should both be
taken into consideration separately, as there is no direct relation between the amount of
released monomers and the composition of the biomaterial [30]. For example, while many
RBCs contain a mixture of BisGMA and TEGDMA, the more hydrophilic TEGDMA is likely
to be eluted in higher quantities [30].

Dentin has been reported to have a physiological protective effect [30]. Carrillo-
Cotto et al. tried to replicate the conditions of the oral cavity by investigating the cytotoxicity
of RBCs on keratinocytes in the presence of dentin and without [38]. Interestingly, they
found out that after 1 day of incubation, the cell viability of the control group was ten times
higher in the presence of dentin. This behavior was observed for all groups where dentin
was present [38]. Dentin mechanically lowers the concentration of toxic substances, serving
as a diffusion barrier [30]. It is also possible for dentin to absorb the unbound monomers
and exert a buffering effect [30,38]. Dentin was observed to stimulate proliferation and
increase cell viability. The responsible mechanism may be explained by the presence of
growth factors in this tissue and its release into the medium [38]. Based on these findings,
it should be investigated whether the presence of growth factors in dentin is capable of
counteracting the cytotoxic impact of leached monomers from RBCs in vivo. Indirect
contact tests with dentin should be used to produce an understanding of hard tissue
interactions with diffusing monomers [11].

Antioxidants such as rutin or melatonin have been proposed with some success as a
prevention method to reduce the genotoxicity of RBCs [25,47]. Cengiz et al. investigated
the possible protective influence of melatonin in saliva, as melatonin is reported to have
properties such as DNA protection, reducing inflammation, antioxidative characteristics,
and potentially being an antiapoptotic agent [37,56]. However, the MTT assay revealed
no significant differences in cytotoxicity between murine fibroblasts incubated in artificial
saliva with the addition of melatonin and those without [37]. Yang et al. investigated the
protective effect of rutin—a bioflavonoid antioxidant—on TEGDMA-induced cytotoxicity
in murine macrophages [47]. Rutin, also known as quercetin-3-rhamnosyl glucoside, is a
natural flavanol glycoside known to reduce inflammatory response and genotoxicity [47].
Pretreatment with rutin was found to decrease TEGDMA cytotoxicity in a concentration-
dependent manner, with significant reduction beginning at 30 µM [47]. Genotoxicity,
apoptosis, necrosis, and reduction in reactive oxygen species generation decreased similarly
in the same study.

Another important factor determining the extent of cytotoxicity is the degree of
polymerization, measured as the Degree of Conversion, which is dependent on curing
time, light source, viscosity and thickness of the RBCs layer, type and mixture of photo-
initiators as well as type and proportion of monomers and filler [11,39,40]. Incomplete
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polymerization contributes to the increased release of unreacted monomers and therefore
supports cytotoxicity [11,12,38–40,43]. The monomer composition of the material is not
the only factor influencing its biocompatibility. Filler content should also be considered. It
has been found that nano-hybrid ormocers exert less cytotoxicity and release less unbound
monomers [12,39,40]. A higher filler content minimizes the organic resin component, thus
improving biocompatibility [39]. Beltrami et al. have found that Omnichroma, Omnichroma
Blocker, Admira Fusion x-tra, and Enamel Plus HRi Bio Function Enamel—in all of which
classic monomers are absent—induced lower cytotoxicity in human gingival fibroblasts
when compared with conventional materials. Similarly, Kavuncu et al. investigated
nanohybrid ormocerAdmira Fusion, nanohybrid Charisma Topaz, and resin-based Estelite
Quick Sigma in human gingival fibroblasts and periodontal ligament fibroblasts. Their
findings indicated Charisma Topaz as the most toxic material of the three after both 24 h
and 1 week exposure [40]. This suggests that ormocer group composites can be considered
the most biocompatible materials in clinical cases, especially in close contact with gingiva
and periodontium.

Pulp capping refers to the process of placing capping material, e.g., calcium hydroxide,
over the exposed pulp in order to preserve its vitality and protect against toxic substances
and physical stimuli. Novel capping materials include mineral trioxide aggregate (MTA).
Restorative material is then placed directly over the capping material. RBCs are known to
impair healing processes and the formation of a reparative dentin barrier while in direct
contact with the exposed pulp [30]. Agnes et al. investigated possible combined toxic
effects of RBCs and capping materials in human dental pulp cells [44]. They found that
calcium hydroxide Dycal demonstrated dose-dependent toxicity, while MTA remained
bioinert. With cultures exposed to Dycal and RBCs Durafill or Flow Line for 24 h, cell death
rates reached 30–40%. Meanwhile, MTA increased the cytotoxicity of Durafill but had no
impact on the Flow Line. Flow Line and Durafill were also found to induce some oxidative
stress, but the results varied between groups. Interestingly, MTA enhanced oxidative stress
induced by Durafill while Dycal reduced the oxidative stress of Flow Line. This study
suggests the need for further investigations into the interactions between pulp capping
materials and restorative composites. Another issue in pulp capping is to research the
ability of eluted monomers able to diffuse through the capping material.

4.5. Analysis of Methodologies

RBCs should undergo several steps of biocompatibility and toxicity tests. The more
standardized, systematic approach toward methodology should be developed to en-
able qualitative and quantitative analysis and synthesis of results with clinical relevance.
Presently, however, there is little cohesion in methodologies among studies in the field [11].
Methodological standardization should be of primary concern to provide easier comparison
of studies and reduce conflicting results.

The oral cavity is a complex environment with many diverse niches and interactions
between host, restorative material, and microorganisms that are hard to replicate in in vitro
studies. Limited volume, flow of saliva and dentinal fluid, and chemical interactions
with dentine are some of the factors that contribute to the complexity of replicating this
environment.

In vitro cytotoxicity tests are the first step in the evaluation of biocompatibility. In
biocompatibility studies, there are three modes of in vitro methods, as outlined in Table 5.
Direct contact tests are the least complex and therefore widely used. However, scientists
argue that direct contact tests are actually of limited clinical relevance, as most cells are not
in direct contact with the biomaterial on site [25]. As such, an indirect contact test seems to
be a preferable alternative. Of these methods, an indirect contact test with a dentin layer
can yield clinically relevant results when testing RBCs’ impact on the pulp tissue.
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Table 5. In vitro methods in biocompatibility studies [12,25,40].

Method Characteristics

Direct contact test Direct contact between the material and cell culture, typically
in mono-layer.

Indirect contact test Separation of the material and cell culture with an
intermediate layer, e.g., agar gel, Millipore filter, dentin layer.

Extract test Application of eluates from the material to cell culture.

Many studies on the subject tend to report the influence of resin composite materials at
TC50 (concentration that caused a 50% decrease in cell viability) concentrations. However,
some authors argue that such high concentrations of eluted monomers are not likely to be
released from fillings in the site. As such, a lower concentration of methacrylates, such as
TC20, could yield more relevant results [36]. The determination of TC50 concentration is also
dependent on the type of host cells investigated [36]. This is contested by other researchers
who argue that limited volume, especially in niches such as the pulp chamber, can allow
for the accumulation of higher concentrations of eluted monomers [42]. Monomers such as
TEGDMA and HEMA can diffuse through dentinal tubules, reaching the pulp chamber
in toxic concentrations [11]. The highest intrapulpal concentration has been reported as
4 mM [43]. The quantity of monomers released from polymerized RBCs is dependent on
the ratio of the material sample surface to cell culture volume [30,39,40]. In clinical practice,
the mean surface area of mesial-occlusal-distal fillings was calculated as 95 mm2, in cervical
fillings as 12 mm2, and in veneers as 86 mm2 [40].

In biocompatibility studies, some continuous cell lines, e.g., mouse fibroblasts, are
commonly used due to their easy production and control of the culture. However, it should
be noted that using the primary cells of the target tissue, e.g., pulp cells and gingival
or periodontal ligament fibroblasts, results in studies of higher quality, producing more
meaningful outcomes to consider in clinical applications [11]. Thus, primary cells should
be preferred, regardless of the difficulties they might cause in the laboratory, e.g., slower
growth or shorter life span of the cells. It is important to remember that monolayer cell
cultures exhibit higher sensitivity to toxins than three-dimensional (3D) cultures, which
is an important limitation of most in vitro studies. Substitution of monolayer cell culture
with micro-tissue 3D models allows improved replication of the tissue microenvironment
by enabling cellular communication and increased cell–cell and extracellular matrix–cell
interactions [11,30].

Longer experimental periods could provide further insight into the chronic effects of
the continuous long-term elution of unbound monomers on cell cultures, as such chronic
exposure should not be discarded in human health risk considerations [39,40].

Interpretation of the underlying molecular mechanisms of toxicity is complicated, and
it is hard to establish causality—biochemical changes are measured after toxicity has already
occurred and may be either the cause of the cell death or its result. Appropriate selection of
viability assay is another important consideration. The colorimetric MTT assay is widely
described in the literature. It delivers objective results in a short time and is based on the
assessment of cell metabolic activity. MTT is also recommended by international standards,
including ISO 10993 [11]. However, its results can be affected by cell numbers and provide
evidence of cell death only, bringing no contribution to the understanding of cytotoxicity
pathways [11,41]. LDH release assay is frequently used as well and delivers information on
the measure of dead cells. Toxicologists have established new paradigms that go beyond
the measure of cell death and deliver additional information on the mechanism of toxicity
based on the methodologies of proteomics, genomics, and pathway analyses, but these
paradigms are only beginning to influence dental materials research [11,30]. Such methods
include scanning electron microscopy to observe cell morphology, investigation of necrosis
and apoptosis pathways, and flow cytometry to evaluate the effects on cell cycle [11].

47



Int. J. Mol. Sci. 2024, 25, 152

Without a comprehensive understanding of the mechanisms of toxicity, materials with
improved biocompatibility cannot be developed.

5. Summary

In this manuscript, the authors analyzed in what way resin-based composite materials
used in dental practice induce cytotoxicity in the oral cavity tissues. Biocompatibility of
dental materials remains an important factor in the development of novel RBCs. In recent
years, there has been significant development in the field. RBCs have been markedly
improved in regard to their aesthetic value, adhesive abilities, and mechanical proper-
ties. Researchers and manufacturers strive to further improve these materials, focusing
on reducing their polymerization shrinkage, preventing secondary caries, strengthening
adhesion, and further improving durability and resistance to degradation or endowing
materials with bioactive, antibacterial properties. Safety profile considerations should
be taken into account in the early stages of these developments. Analyzed papers point
out that most resin-based composites induce dose- and time-dependent cytotoxic effects,
causing oxidative stress and depletion of cellular glutathione reserves as well as disrupting
enzymatic activity. Interestingly, they were also found in several studies to induce apopto-
sis. Viability loss, oxidative stress, depletion of glutathione, and induction of apoptosis in
cells exposed to composite materials is well documented, and other studies support the
conclusions of this manuscript [57]. The results of this review indicate that there is still
a need for further research and improvement in this area. According to the current state
of knowledge, RBCs meet legal regulations and standards, such as the ones outlined in
ISO 14971, ISO 10993, and ISO 7405. However, the acquisition of knowledge concerning
biocompatibility can provide a better understanding of material–host interaction and lead
to the development of novel materials with improved safety profiles or the introduction
of clearer safety measures in clinical practice. The benefits of such developments for the
patients, clinicians, public and environmental health are obviously overwhelming, even
if hard to quantify. Possible solutions which can improve the biocompatibility of dental
resin-based composite materials include improving their degree of conversion and resis-
tance to weardown, thus reducing the number of free monomers. Monomers liberated
from these materials should be carefully identified and quantified as they determine the
extent of cytotoxicity. Research indicates that newer monomers tend to present higher
biocompatibility than older types, such as BisGMA. Direct and indirect pulp capping is
recommended to protect the pulp from exposure and enable reparative dentin formation.
The addition of antioxidants is being considered to reduce oxidative stress. Nanomaterials
are reported to present great improvement in material properties, including biocompatibil-
ity [30]. There is also a need for the development of more standardized methods of in vitro
tests for use in dental material science, which will allow for more accurate conclusions and
comparisons and eliminate conflicting outcomes. Biocompatibility research in this area
should provide more insight into the molecular mechanisms of cytotoxicity, which are not
yet fully understood. A better understanding of these mechanisms may drive forward the
development of more biocompatible materials. It should be noted that in vitro settings are
limited in their ability to represent the intricately complex and changing environment of
the oral cavity. The components of saliva and dentinal fluid, the presence of dentin and
the quality of monomers capable of diffusing through this tissue to the pulp, the impact of
physiological and pathological bacteria, changes in pH, and mechanical factors all influence
the release of resin monomers from composite restorations and, as such, have impact on
the adverse effects of resin-based composite materials in the patient.
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Abstract: Hydrophilicity/hydrophobicity—or wettability—is a key surface characterization met-
ric for titanium used in dental and orthopedic implants. However, the effects of hydrophilic-
ity/hydrophobicity on biological capability remain uncertain, and the relationships between surface
wettability and other surface parameters, such as topography and chemistry, are poorly understood.
The objective of this study was to identify determinants of surface wettability of titanium and es-
tablish the reliability and validity of the assessment. Wettability was evaluated as the contact angle
of ddH2O. The age of titanium specimens significantly affected the contact angle, with acid-etched,
microrough titanium surfaces becoming superhydrophilic immediately after surface processing,
hydrophobic after 7 days, and hydrorepellent after 90 days. Similar age-related loss of hydrophilicity
was also confirmed on sandblasted supra-micron rough surfaces so, regardless of surface topography,
titanium surfaces eventually become hydrophobic or hydrorepellent with time. On age-standardized
titanium, surface roughness increased the contact angle and hydrophobicity. UV treatment of titanium
regenerated the superhydrophilicity regardless of age or surface roughness, with rougher surfaces
becoming more superhydrophilic than machined surfaces after UV treatment. Conditioning titanium
surfaces by autoclaving increased the hydrophobicity of already-hydrophobic surfaces, whereas
conditioning with 70% alcohol and hydrating with water or saline attenuated pre-existing hydropho-
bicity. Conversely, when titanium surfaces were superhydrophilic like UV-treated ones, autoclaving
and alcohol cleaning turned the surfaces hydrorepellent and hydrophobic, respectively. UV treatment
recovered hydrophilicity without exception. In conclusion, surface roughness accentuates existing
wettability and can either increase or decrease the contact angle. Titanium must be age-standardized
when evaluating surface wettability. Surface conditioning techniques significantly but unpredictably
affect existing wettability. These implied that titanium wettability is significantly influenced by
the hydrocarbon pellicle and other contaminants inevitably accumulated. UV treatment may be
an effective strategy to standardize wettability by making all titanium surfaces superhydrophilic,
thereby allowing the characterization of individual surface topography and chemistry parameters in
future studies.
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1. Introduction

The hydrophilic or hydrophobic state (or wettability) of titanium is a major sur-
face characterization metric in studies of titanium and implant materials [1–14], and it
is commonly assessed by measuring the contact angle of water [15–23]. Although the
definition varies and is used differently in different fields, representative definitions are
superhydrophilic 0◦ < θ < 10◦, hydrophilic 10◦ < θ < 30◦, hydrophobic 30◦ < θ < 90◦, and
hydrorepellent θ > 90◦ [23–25]. In clinical and biological studies of dental and orthopedic
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titanium implants, the hydrophilicity/hydrophobicity of implant surfaces is considered
a critical factor that influences the biological capability–specifically osseointegration–of
implants [26–38].

However, the exact relationship between surface wettability and osseointegration re-
mains controversial, for several possible reasons. First, the hydrophilicity/hydrophobicity
of most titanium surfaces is relatively constant, ranging from 60◦ to 120◦ [16,39–43], i.e.,
hydrophobic or hydrorepellent, making it difficult to establish strong correlations with
biological parameters. Second, it is technically challenging to produce a continuous range
of hydrophilicity/hydrophobicity on experimental specimens; UV treatment of titanium
surfaces makes them superhydrophilic (contact angle of 0◦ or <10◦ for most titanium
surfaces, regardless of surface topography) [17,44–46], and most titanium surfaces are su-
perhydrophilic or hydrophilic immediately after surface processing [15,42,44], so titanium
surfaces tend to lie at the extreme ends of the wettability spectrum. Lastly and more impor-
tantly, the reliability and validity of contact angle measurement have not been established,
i.e., the surface factors and measurement conditions that influence wettability have not
been fully defined [47–49]. Systematic analyses of contact angles that consider surface
topography, surface conditioning, measurement protocol, titanium age, and their synergy
are urgently required.

Therefore, the objective of this study was to determine the reliability and validity
of hydrophilicity/hydrophobicity measurements of titanium surfaces by examining the
independent and combined effects of surface topography, titanium age, measurement
protocol, and surface conditioning on the contact angle of water. Establishing the critical
determinants of hydrophilicity/hydrophobicity is expected to improve the design and
interpretation of future studies of titanium and implant materials.

2. Results
2.1. Surface Characteristics of Titanium Specimens

SEM images of machined titanium surfaces showed no defined morphology except for
the scratches and traces from machine milling (Figure 1A). Sandblasted surfaces showed
relatively larger-scale roughness (range 10–20 mm) and random morphology. All acid-
etched titanium surfaces showed microscale roughness consisting of peaks and pits in
high-magnification images (Figure 1B). Depending on the duration of sandblasting, there
was progressive formation of supra-micron larger scale roughness, with the full SB + AE
surface showing the densest crater-like supra-micron concavities.

Quantitative roughness analysis showed the lowest average roughness (Sa) for ma-
chined surfaces and the highest Sa for full SB + AE surfaces (Figure 1C). A combination
of sandblasting and acid-etching (SB + AE surfaces) effectively increased the Sa. Peak-to-
valley roughness (Sz) results were similar, with the full SB + AE surfaces being the highest
and the machined surfaces being the lowest (Figure 1D). The exception was that the full SB
surfaces showed an equivalent Sz to those on SB + AE surfaces.

2.2. Effect of Aging on Hydrophilicity/Hydrophobicity of Titanium with Different Topographies

We next examined the surface wettability of titanium surfaces over time since surface
processing by measuring the contact angle of 3 µL ddH2O on acid-etched and sandblasted
surfaces. Both acid-etched and sandblasted surfaces were superhydrophilic immediately af-
ter surface processing, with a contact angle of 0◦ (Figure 2A,B). The contact angle remained
at 0◦ 3 days later for both surfaces. However, after 7 days, the contact angle of acid-etched
surfaces was over 50◦, whereas sandblasted surfaces still had a contact angle of 0◦. The
contact angle increased over time for both surfaces, rapidly so for acid-etched surfaces. The
acid-etched and sandblasted surfaces were hydrorepellent and hydrophobic, respectively,
after 90 days.
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Figure 1. Surface characterization of titanium specimens used in this study. Scanning electron mi-
croscopy (SEM) images (A,B), average roughness (Sa) (C), and peak-to-valley roughness (Sz) (D) of 
the specimen surfaces: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 1. Surface characterization of titanium specimens used in this study. Scanning electron
microscopy (SEM) images (A,B), average roughness (Sa) (C), and peak-to-valley roughness (Sz) (D) of
the specimen surfaces: * p < 0.05, ** p < 0.01, *** p < 0.001.

We also measured the area of water spread, which was more sensitive to titanium age
than the contact angle (Figure 2A,B). The area of spread was larger for acid-etched surfaces
than sandblasted surfaces immediately after surface processing and started to shrink on
day 3. The rate of decrease in spread area was faster for acid-etched surfaces. Although the
contact angle on sandblasted surfaces remained at 0◦ until day 7, the area of spread steadily
decreased over this time. Thus, there was age-related degradation of hydrophilicity, and
the rate was topography-specific.
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Figure 2. The effect of age on the hydrophilicity/hydrophobicity of titanium. Hydrophilicity/hydro-
phobicity of differently aged specimens was evaluated by the contact angle and the area of spread 
of 3 µL ddH2O placed on titanium specimens. Side- and top-view photographs of a water droplet 
and histograms are presented. (A) Acid-etched titanium specimens. (B) Sandblasted titanium spec-
imens. Arrowheads indicate 0°. 

2.3. Inter- and Intra-Specimen Reliability and Intra-Droplet Reliability of Contact Angle Meas-
urements 

We next examined the inter- and intra-specimen stability of contact angle measure-
ments using full SB + AE surfaces aged to 90 days. There was no significant difference in 
contact angle between three different specimens (Figure 3A) nor at three areas within an 

Figure 2. The effect of age on the hydrophilicity/hydrophobicity of titanium. Hydrophilicity/hydrophobicity
of differently aged specimens was evaluated by the contact angle and the area of spread of 3 µL
ddH2O placed on titanium specimens. Side- and top-view photographs of a water droplet and
histograms are presented. (A) Acid-etched titanium specimens. (B) Sandblasted titanium specimens.
Arrowheads indicate 0◦.

2.3. Inter- and Intra-Specimen Reliability and Intra-Droplet Reliability of Contact
Angle Measurements

We next examined the inter- and intra-specimen stability of contact angle measure-
ments using full SB + AE surfaces aged to 90 days. There was no significant difference
in contact angle between three different specimens (Figure 3A) nor at three areas within
an individual specimen (Figure 3B). The contact angle was the same on the right and left
sides of the water droplets (Figure 3C). Therefore, at least for age-standardized titanium at
90 days, contact angle measurements showed intra- and inter-specimen reliability.
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imens were stored for 90 days. (A) Inter-specimen reliability evaluated on sandblasted and acid-
etched (SE + AE) titanium specimens. Side-view photographs of 3 µL of ddH2O placed on the three 
different specimens and the calculated contact angles. (B) Intra-specimen reliability. Three drops of 
3 µL ddH2O placed in three different zones on the same specimen. (C) Intra-droplet reliability. The 
contact angle was measured at both sides of 3 µL ddH2O droplets. 

2.4. Effect of Water Volume on Contact Angle 
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4A,B) on two different surfaces: full SB + AE and machined surfaces. On the full SB + AE 
surfaces, the contact angle increased from 1 µL to 3 µL but was then unchanged up to 20 
µL (Figure 4A). On the machined surface, the contact angle was unchanged up to 5 µL but 
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in measurement according to water volume. 

Figure 3. The reliability of contact angle measurement. To standardize the age of titanium, all
specimens were stored for 90 days. (A) Inter-specimen reliability evaluated on sandblasted and
acid-etched (SE + AE) titanium specimens. Side-view photographs of 3 µL of ddH2O placed on the
three different specimens and the calculated contact angles. (B) Intra-specimen reliability. Three drops
of 3 µL ddH2O placed in three different zones on the same specimen. (C) Intra-droplet reliability. The
contact angle was measured at both sides of 3 µL ddH2O droplets.

2.4. Effect of Water Volume on Contact Angle

We next examined the effect of different water volumes on contact angle (Figure 4A,B)
on two different surfaces: full SB + AE and machined surfaces. On the full SB + AE
surfaces, the contact angle increased from 1 µL to 3 µL but was then unchanged up to 20 µL
(Figure 4A). On the machined surface, the contact angle was unchanged up to 5 µL but
decreased with larger volumes (Figure 4A), revealing a surface topography-specific bias in
measurement according to water volume.

2.5. Effect of Surface Roughness on Contact Angle

We compared the contact angle on acid-etched titanium surfaces of different roughness
by altering the sandblasting time (Figure 5). The contact angle was significantly greater
on the AE surface than on the machined surface and further increased on the 30% SB +
AE surface (Figure 5A,B). However, further increases in sandblasting time did not further
increase the contact angle, which plateaued. The regression analysis of the contact angle
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and Sa showed a significant exponential correlation, indicating a positive trend between
surface roughness and the contact angle (Figure 5C).
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(B). The plot of contact angle against the average surface roughness (Sa) of each of the variously
roughened titanium surfaces, with an exponential correlation curve (C): * p < 0.05, *** p < 0.001.
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2.6. Effect of Surface Roughness on UV-Treated Surfaces

We next examined the effect of surface roughness on UV-treated titanium surfaces us-
ing the same specimens as in Figure 6 treated with VUV light for one minute (Figure 6). The
contact angle of the machined smooth surface decreased from ~60◦ to less than 10◦, indicat-
ing that the surface had become superhydrophilic (Figure 6A,B). Regardless of roughness,
i.e., different durations of sandblasting, all acid-etched surfaces became superhydrophilic
after UV treatment, with a contact angle of 0◦, so there was no significant correlation in
regression analysis and the trend in Figure 6 was rather opposite (Figure 6C).
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angle. To model disinfectants used clinically and experimentally, we examined autoclav-
ing and cleansing with 70% alcohol, while to model clinically applicable hydration, we 
soaked titanium specimens in ddH2O or saline. Standard 90-day-old SB + AE specimens 
were tested. Compared with the baseline hydrorepellent state, autoclaving further in-
creased the contact angle and significantly increased hydrophobicity, whereas alcohol 
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Figure 6. The effect of surface roughness on contact angle on UV-treated titanium surfaces. Machined
surfaces and acid-etched surfaces pre-sandblasted for various times were stored for 90 days and
treated with UV light prior to testing. Side-view photographs of 3 µL ddH2O (A) and the calculated
contact angles (B). The plot of the contact angle against the average surface roughness (Sa) of each
of the various roughened titanium surfaces (C). There were no statistically significant correlations
between parameters. Arrowheads indicate 0◦: *** p < 0.001. NS: not significant.

2.7. Effect of Surface Conditioning on Contact Angle

We next examined the effect of various surface conditioning techniques on the contact
angle. To model disinfectants used clinically and experimentally, we examined autoclaving
and cleansing with 70% alcohol, while to model clinically applicable hydration, we soaked
titanium specimens in ddH2O or saline. Standard 90-day-old SB + AE specimens were
tested. Compared with the baseline hydrorepellent state, autoclaving further increased
the contact angle and significantly increased hydrophobicity, whereas alcohol cleansing
decreased the contact angle (Figure 7A). Hydrating the specimens significantly decreased
the contact angle, with saline having a greater effect than ddH2O. However, the contact
angle remained >30◦ and outside the range of hydrophilicity.

We next carried out the same experiment using UV-treated specimens (Figure 7B).
UV-treated SB + AE surfaces were superhydrophilic with a 0◦ contact angle, but both
disinfecting techniques reversed the wettability from superhydrophilic to hydrophobic,
with autoclaving having a greater effect than alcohol cleaning and turning the specimens
hydrorepellent. Hydration also reduced UV-generated superhydrophilicity, with the contact
angle increasing more with ddH2O than with saline.
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Figure 7. The effect of surface conditioning on the contact angle. The 90-day-old sandblasted and
acid-etched (SB + AE) surfaces (A) and those with UV treatment (B) were tested. The specimens
were conditioned using four different techniques. Side-view photographs of 3 µL ddH2O and the
calculated contact angles are shown. Arrowheads indicate 0◦: ** p < 0.01, *** p < 0.001.

2.8. Generation and Recovery of Superhydrophilicity via UV Treatment

Given that surface conditioning increased hydrophobicity, we next determined if
UV treatment overcame this effect. Regardless of pre-UV treatment, treatment with UV
light made all surfaces superhydrophilic without exception (Figure 7A,B), indicating that
superhydrophilicity can be newly generated even after surface conditioning and that su-
perhydrophilicity can be recovered even on surfaces compromised by surface conditioning.

Finally, we determined if UV treatment can regenerate superhydrophilicity on differ-
ently aged surfaces (Figure 8A,B). Regardless of acid-etching or sandblasting, 14-day-old
and 90-day-old surfaces became superhydrophilic with a 0◦ contact angle after UV treat-
ment. The water spread area was even greater after UV treatment than on day 0 titanium
specimens, indicating that the degree of superhydrophilicity increased further by UV
treatment compared with the state of new surfaces.
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pellicle of hydrocarbon molecules that naturally and inevitably form on titanium surfaces 
over time [9,16,41,56,57]. A few studies reported hydrophilic titanium surfaces after par-
ticular surface modification without mentioning the age of those specimens [58,59], which 
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Figure 8. Restoration of superhydrophilicity via UV treatment. Differently aged titanium surfaces
after acid-etching (A) and sandblasting (B) were treated with VUV light for one minute. Side- and
top-view photographs of 3 µL ddH2O and the calculated contact angles and the area of water spread
are shown. Arrowheads indicate 0◦.

3. Discussion

We established that some factors could have profound effects on the wettability of
titanium, in some cases from superhydrophilic to hydrorepellent or vice versa. Highlights
of the present results are summarized in a diagram (Figure 9). The most significant factor
was the age of the titanium, with the contact angle significantly increasing (markedly
reduced hydrophilicity) as the specimen aged after surface processing. This age-driven
loss of hydrophilicity was previously reported for acid-etched and machined titanium
surfaces [9,41,42], and is known as the “biological aging” of titanium [9]. Here we found
that sandblasted surfaces also undergo biological aging, although the aging was signifi-
cantly slower on sandblasted surfaces than on acid-etched surfaces. Sandblasted surfaces
maintained superhydrophilicity up to day seven and still did not show hydro-repellency
even after 90 days. These results suggest a combinational effect of surface aging and
topography in determining titanium wettability and that age or topography alone can-
not predict the contact angle. Similar aging rate modulation was observed on titanium
dioxide-coated and nano-structured titanium [44]. Another study reported faster aging,
i.e., degradation of hydrophilicity on rougher titanium surfaces when titanium specimens
were submerged in saliva [50]. There seem to be ways to delay aging but no way to prevent
it [9,51]. Furthermore, regardless of surface topography, titanium surfaces were superhy-
drophilic immediately after surface processing. This was surprising, since titanium surfaces
are traditionally considered hydrophobic [52–55], but our data suggest that this is proba-
bly because the titanium specimens and implant products used in previous reports were
sufficiently old. The physicochemical explanation for age-related loss of hydrophilicity
is the pellicle of hydrocarbon molecules that naturally and inevitably form on titanium
surfaces over time [9,16,41,56,57]. A few studies reported hydrophilic titanium surfaces
after particular surface modification without mentioning the age of those specimens [58,59],
which needs careful interpretation to preclude the possibility that they were hydrophilic
just because they are new after processing. An attempt was made to prevent the pellicle
accumulation by packaging titanium implants in the saline solution while handing under ni-
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trogen inactive gas [43]. However, carbon elements were detected on these implants [43,60].
Soaking titanium in the saline solution or water did not prevent pellicle accumulation,
resulting in the degradation of the bioactivity of the titanium [61]. Implant products, as
medical devices, are commonly packaged and sealed individually. However, a wide variety
of surface carbon ranging from 25 to 76% is detected on these products [62,63] and the
surfaces are hydrophobic [38,64].
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Few studies have explored the effect of surface roughness on the wettability of titanium.
We found that the rougher the surface, the more hydrophobic it became (Figure 5), with
the machined surface the less hydrophobic. However, the effect of surface roughness
was not linear and there was a significant exponential correlation, indicating a limit to
the effect of surface roughness. The contact angle plateaued at ~120◦ when the average
surface roughness was 1.88 mm on 30% SB + AE surfaces, and further roughening did not
negatively impact wettability. A study compared the contact angle on titanium surfaces
that were acid-etched at various temperatures [55]. It was shown that the contact angle
was higher on titanium specimens etched at higher temperature. Since high-temperature
acid-etching creates rougher surfaces, the result supported the general trend found in the
present study that the rougher the surface, the more hydrophobic.

Of note, the positive correlation between surface roughness and hydrophobicity did
not apply to UV-treated titanium surfaces. UV treatment converted all surfaces to super-
hydrophilic. Indeed, UV treatment is known to turn titanium surfaces hydrophilic by
removing the hydrocarbon pellicle [10,24,27–29,61]. After UV treatment, the effect of sur-
face roughness was nearly completely negated, and there was no correlation between the
average surface roughness and the contact angle. Rougher surfaces, when aged, plausibly
contain more hydrocarbon due to their larger surface area. This could be an explanation
for why rougher surfaces are more hydrophobic. Conversely, when the rougher surfaces
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are free from hydrocarbon after UV treatment, they are superhydrophilic regardless of
the degree of roughness. Although all surfaces tested were superhydrophilic after UV
treatment, the contact angle was highest on machined surfaces, opposite to the principle
that the rougher the surface, the more hydrophobic it becomes. Thus, UV treatment creates
a special and distinct phenomenon of surface wettability. We propose that, regardless of
UV treatment, surface roughness accentuates the wettability determined by the existing
physicochemical properties of the titanium. For instance, regular “old” titanium surfaces
are hydrophobic due to the hydrocarbon pellicle and become more hydrophobic when
the surfaces are rougher. Conversely, UV-treated surfaces are hydrophilic due to their
pellicle-free surface and become more hydrophilic when the surfaces are rougher.

Of the four surface conditioning techniques tested, autoclaving and alcohol cleaning,
which are standard ways to disinfect specimens and devices in routine clinical and ex-
perimental settings, significantly affected the wettability of aged titanium surfaces. The
two techniques had opposite effects, with autoclaving enhancing hydrophobicity and alco-
hol cleaning attenuating hydrophobicity, a finding that requires the assessment of other
physicochemical factors that might be altered by these two techniques, including the highly
sensitive elemental and isotopic analysis via X-ray photoelectron spectroscopy (XPS) [65,66]
and laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) [67–69].
Variations of the contact angle presumably by different cleaning techniques is reported by
other studies [49,70] but no principle or mechanism was established. Autoclaving might
promote carbon accumulation on titanium [71]. The autoclave used in this study was typi-
cal for clinical and research applications, but there are minor variations in steam impurities,
pH, drying, remnant detergents, and other unknown factors among the devices [72]. It
seems extremely difficult to control the conditions and prevent accidental contamination.
Further research is needed to generalize the effects of these disinfecting techniques and
identify the determinants for altered wettability. Hydration was expected to alleviate the
hydrophobicity of aged titanium surfaces due to the deposition of water molecules or hy-
droxyl groups on the surfaces [2,73], which was supported by the results. The greater effect
seen with saline compared with ddH2O implied that the ionic interactions between saline
and titanium promoted a hydrophilic state. All of the results were very different when the
four conditioning techniques were applied to pre-existing (UV-treated) superhydrophilic
titanium surfaces, with the contact angle remarkably increasing from 0◦ regardless of the
conditioning technique in most cases. Superhydrophilicity was completely abolished by
autoclaving, alcohol cleaning, and soaking in ddH2O, with the greatest negative impact
seen with autoclaving. Soaking in saline maintained superhydrophilicity, probably due
to the positive effects of the ionic interactions. However, even with saline, UV-induced
superhydrophilicity was significantly compromised.

Inter- and intra-specimen reproducibility analysis suggested that, provided that the
surface processing undergoes quality control and the age of specimens is standardized,
measuring the contact angle of water is a reliable means to evaluate the hydrophilicity
or hydrophobicity of titanium surfaces. The effect of water volume was significant and
specific; plausibly due to gravity, a greater volume of water increased the contact angle on
hydrorepellent surfaces but decreased it on hydrophobic surfaces. This finding has impor-
tant implications, in that absolute contact angles cannot be compared between different
studies unless the water volume is standardized. Indeed, the reduced reliability of contact
angle measurement was reported with the use of water of 30 mm or more [49]. On the
other hand, a very small volume may introduce possible technical error. To minimize the
effect of gravity and technical error, this study used a 3 µL protocol.

Our results also highlight issues in the evaluation of surface wettability across many
biomedical, engineering, and clinical domains, since wettability has been used extensively
in these studies as a key surface characterization metric to interpret the results and in-
fer mechanisms associated with surface topography and chemistry. For instance, with
respect to titanium age, our findings make it clear that comparing the hydrophilicity or
hydrophobicity between different experimental specimens is meaningless unless they are
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standardized for age, and even then surface processing and topography must be considered
since the rate of aging significantly differs between acid-etched and sandblasted surfaces.
Similarly, surface conditioning impacted the results; regardless of experimental or clinical
use, titanium specimens and devices require final conditioning prior to use, and different
studies use different disinfecting techniques and rinsing protocols, the specifics of which
are often omitted from the published experimental protocol. Future studies should detail
the conditioning protocol.

The biological impact of the high surface energy of titanium and other biomaterials was
extensively reported. High-energy titanium surfaces, represented by superhydrophilicity,
recruit more osteoblasts and promote osseointegration [9,13,16,41,42,44]. The high-energy
titanium surfaces created by UV treatment or UV photofunctionalization are also studied
extensively for their ability to enhance osseointegration and soft tissue responses at the
cell [12,74], animal [74–76], and clinical [28,77] levels. The high surface energy is created
by the UV-mediated removal of the hydrocarbon pellicle via three different mechanisms
(1) photochemical decomposition (ozone-mediated or non-mediated cleaning); (2) photo-
physical decomposition (direct bond dissociation by UV energy); and (3) photocatalytic
decomposition (UV-titanium interaction) [78,79].The present study proposes another bene-
fit of UV treatment, namely to standardize the wettability of titanium, because UV treatment
converted all titanium specimens with different surface topographies, ages, and condition-
ings to superhydrophilic, allowing future studies to focus on the effect of other specific
surface parameters such as topography and chemistry. As discussed above, the accumu-
lation of the hydrocarbon pellicle and other chemical contaminants is nearly inevitable
and there is no method to prevent the time-related loss of hydrophilicity. As shown by the
rejuvenation of the aged surface, UV treatment produced even higher superhydrophilicity
than new surfaces. Furthermore, with the use of high-energy VUV light, superhydrophilic
standardization can be accomplished in a minute, minimally impacting the experimental
protocol [78,79]. This study did not study every surface type used in the field, and further
studies of other surfaces with nano- and Meso-level topography and other biological and
chemical modifications and coatings are now warranted.

4. Materials and Methods
4.1. Titanium Specimens and Surface Processing

Titanium specimens in rectangular plate form (14 × 6 × 2 mm) were prepared by
machine-milling grade IV commercially pure titanium. To create surface topography, speci-
mens were modified by sandblasting, acid-etching, or a combination of both. Sandblasting
(SB) was carried out with Al2O3 particles (70 mesh) for either 1.65 (30% SB), 2.75 (50% SB),
or 5.5 (full SB) seconds. Acid-etching was performed by processing specimens in HCl
and H2SO4 at 95 ◦C for 6 min and 30 s. The specimens were prepared and provided by
DIO Implant (Busan, Republic of Korea) and individually packaged and sealed in a quartz
ampoule. For aging studies, specimens were stored in dark, ambient conditions in a sealed
package at 25 ◦C up to 90 days.

4.2. Surface Conditioning and UV Treatment

Four different surface conditioning techniques were used: (i) surface disinfecting
by autoclaving at 2.0 bar at 121 ◦C for 20 min, followed by 10 min drying in a sealed
sterilization pouch (Fisher Scientific, Pittsburgh, PA); (ii) cleaning by immersing specimens
in 70% ethanol for 24 h followed by rinsing in ddH2O for 20 min and drying; hydrating by
immersing specimens in (iii) ddH2O or (iv) saline solution for 24 h and then drying. UV
treatment was performed at room temperature using a vacuum UV (VUV) light (172 nm
vacuum UV, 60 mW/cm2) (DIO Implant, Busan, Republic of Korea) for 1 min [71,72].

4.3. Surface Characterization and Wettability Testing

The surface morphology of titanium specimens was qualitatively examined by scan-
ning electron microscopy (SEM; Nova 230 Nano SEM, FEI, Hillsboro, OR, USA). In addi-
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tion, roughness was quantified using an optical profile microscope (MeX, Alicona Imaging
GmbH, Raaba, Graz, Austria) to measure the average roughness (Sa) and peak-to-valley
roughness (Sz). The hydrophilicity/hydrophobicity or wettability of specimen surfaces
was evaluated by measuring the contact angle of 3 µL of ddH2O in most experiments. To
examine the effect of water volume, the contact angle was also measured with 1, 5, 10, and
20 µL ddH2O.

4.4. Statistical Analysis

Contact angle measurements were performed on three independent titanium spec-
imens in each group in each experiment. The effects of titanium age, different droplets,
surface roughness, water volume, surface conditioning, and UV treatment were compared
by one-way ANOVA. Bonferroni’s test was used as a post hoc multiple comparison test
where appropriate. p-values < 0.05 were considered statistically significant. Regression
analysis was applied to determine associations between the average surface roughness and
the contact angle.

5. Conclusions

This study identified important factors that determine the hydrophilicity/hydrophobicity
(or wettability) of titanium surfaces. The effect of titanium age was critical and decreased the
contact angle from superhydrophilic to hydrorepellent depending on age and topography.
Different surface conditioning techniques also altered the wettability, and the alterations
were diverse and specific to the existing wettability state; for instance, UV-treated superhy-
drophilic surfaces became hydrorepellent after autoclaving. These implied that titanium
wettability is significantly influenced by the hydrocarbon pellicle and other contaminants
inevitably accumulated. Our study highlights that hydrophilicity/hydrophobicity assess-
ment and interpretation require careful consideration of measurement approach, handling,
and conditioning. UV treatment may be an effective, novel strategy to standardize the
wettability of titanium by making all surfaces superhydrophilic and allowing assessment
of other individual factors including but not limited to surface topography and chemistry.
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Abstract: Xerostomia is the phenomenon of dry mouth and is mostly caused by hypofunction of the
salivary glands. This hypofunction can be caused by tumors, head and neck irradiation, hormonal
changes, inflammation or autoimmune disease such as Sjögren’s syndrome. It is associated with a
tremendous decrease in health-related quality of life due to impairment of articulation, ingestion
and oral immune defenses. Current treatment concepts mainly consist of saliva substitutes and
parasympathomimetic drugs, but the outcome of these therapies is deficient. Regenerative medicine
is a promising approach for the treatment of compromised tissue. For this purpose, stem cells can be
utilized due to their ability to differentiate into various cell types. Dental pulp stem cells are adult
stem cells that can be easily harvested from extracted teeth. They can form tissues of all three germ
layers and are therefore becoming more and more popular for tissue engineering. Another potential
benefit of these cells is their immunomodulatory effect. They suppress proinflammatory pathways
of lymphocytes and could therefore probably be used for the treatment of chronic inflammation
and autoimmune disease. These attributes make dental pulp stem cells an interesting tool for the
regeneration of salivary glands and the treatment of xerostomia. Nevertheless, clinical studies are
still missing. This review will highlight the current strategies for using dental pulp stem cells in the
regeneration of salivary gland tissue.

Keywords: dental pulp stem cells; DPSC; salivary glands; xerostomia; tissue engineering; differentiation;
regenerative medicine; Sjogren syndrome

1. Introduction

The salivary glands (SG) play an essential role in the integrity of the orofacial system
as the production of saliva is crucial for digestion, articulation and oral immune defense.
Different reasons can lead to xerostomia, the phenomenon of dry mouth. Most cases of
xerostomia are caused by tumors, radiotherapy, hormonal changes or autoimmune diseases
and lead to a tremendous decrease in quality of life [1–9]. Dryness of the mouth causes
dysphagia, increased incidence of caries, impaired articulation and an imbalance of the
oral microbiome [10,11]. Current therapy concepts are based on saliva substitutes (oral
rinses, gels, powders and sprays) and systemic medication (e.g., pilocarpine, cevimeline).
However, none of these approaches provides a satisfying outcome [12].
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Recent studies show that tissue engineering is a promising approach for SG regenera-
tion [13–16]. The principle of tissue engineering is to use cells in combination with different
biomaterials and biochemical/physicochemical factors to build tissues in vitro [16–20]. Not
only primary cells but also stem cells can be utilized for this purpose. By using embry-
onic stem cells (ESC), Tanaka et al. succeeded in engineering the first fully functional SG
organoid in 2018 [13]. Nevertheless, harvesting ESCs is difficult as they must be extracted
from the inner cell mass of the blastocyst. This can cause the destruction of the blastocyst
and thereby jeopardizes the life of the embryo. Thus, ESCs raise ethical issues and cannot
be implemented into clinical practice yet.

An alternative to ESCs is adult stem cells, which can be harvested from a tissue speci-
men of the patient. A popular source of adult stem cells is the adipose tissue [21]. Adipose
tissue-derived stem cells (AdSC) were shown to have the ability of transdifferentiating to
acinar cells in vitro [22]. Furthermore, they seem to have a protective effect on SG tissue un-
dergoing irradiation, which may be caused by antioxidative features [23–25]. Nevertheless,
AdSCs are harvested by liposuction, which is associated with several severe complications,
such as bowel perforation, pneumothorax and sciatic nerve injury [26–28].

Besides AdSC, bone marrow-derived stem cells (BMdSC) were intensively inves-
tigated throughout recent years and showed similar effects on compromised SGs like
AdSC [29–31]. However, harvesting of BMdSCs requires a biopsy of the bone marrow or
the application of drugs like filgrastim, which can cause side effects such as bone pain or
other musculoskeletal symptoms [32].

Another promising approach is the use of induced pluripotent stem cells (iPS), which
are generated from reprogrammed somatic cells [33]. The conversion from somatic cells
to iPS was first conducted by delivering ESC-specific genes via retroviruses [34]. Unfor-
tunately, the tumorigenicity of iPS and the low efficacy of the conversion are only two of
many challenges of this technique, which inhibit the implementation of iPS in the clinic.

To implement stem cell therapy in the clinic, easy and harmless accessibility to the
cells is essential. For this reason, dental pulp stem cells (DPSC), which originate from
the neural crest, have been the focus of regenerative medicine since their first description
in 2000 [35–38]. DPSCs can be easily isolated from the pulp of extracted third molars in
many different ways. One way is the incubation of cut teeth in a culture flask, as shown
in Figure 1B. This method brings the risk of contamination with oral bacteria, which is
why the extracted teeth should be preserved in the antibiotic medium for at least 12 h
after extraction. The advantage of this method is the weighting of the pulp tissue, which
ensures direct contact of the cells with the culture flask’s ground. This contact is necessary
for the cells to attach to the ground and start migrating into the flask. To reduce the risk of
contamination, the pulp can be peeled off the cracked tooth and put into the culture flask
on its own (Figure 1C). This technique requires a higher level of experience, since the risk
of the tissue floating away in the culture medium is higher.

The extraction of third molars is a routine intervention in maxillofacial surgery and
can be conducted in a minimally invasive way and without general anesthesia. Most
complications, such as swelling, pain and mild bleeding, are transient and resolve sponta-
neously within a few days. Severe complications are rare and can be avoided by selecting
the right time and technique for extraction [39]. DPSCs can be cryopreserved, which makes
it possible to store them and use them later on for autologous therapy when needed [40].
In contrast to other mesenchymal stem cells (MSC), DPSCs express transcription factors
such as Oct-4, Sox2 and c-Myc, which are associated with pluripotency [41]. Still, they do
not show tumor formation after transplantation as ESCs or induced pluripotent stem cells
do [42]. Compared to BMdSCs, DPSCs show higher proliferation rates and a broader array
of lineages [35,43]. They can be differentiated into tissues of all three germ sheets [44–47].
This extensive array of lineages makes DPSCs a precious tool for tissue engineering and
regeneration of compromised SG tissue. Furthermore, DPSCs seem to have immunosup-
pressive effects by interfering with activated T-cells [48]. Therefore, they could be beneficial
for the treatment of chronic inflammatory diseases such as rheumatoid arthritis, degener-
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ative diseases of the nerval system, periodontitis or inflammatory bowel disease [49–52].
Similar to the aforementioned pathologies, Sjögren’s syndrome is also characterized by
chronic inflammation. Hence, it could be hypothesized that patients suffering from Sjögrens’
syndrome would benefit from treatment with DPSC as well.
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Figure 1. Harvesting of DPSCs; (A): Third molars in situ marked with red circles (panoramic X-ray); 
(B): Extracted third molars, split and digested in collagenase for explant culture; (C): DPSCs 
emigrating from dissolved pulp tissue (dark mass) and adhering to the culture flask investigated by 
light microscopy. This figure belongs to David Muallah, Department of Oral and Maxillofacial 
Surgery, University Hospital Hamburg-Eppendorf. 
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Figure 1. Harvesting of DPSCs; (A): Third molars in situ marked with red circles (panoramic
X-ray); (B): Extracted third molars, split and digested in collagenase for explant culture; (C): DPSCs
emigrating from dissolved pulp tissue (dark mass) and adhering to the culture flask investigated
by light microscopy. This figure belongs to David Muallah, Department of Oral and Maxillofacial
Surgery, University Hospital Hamburg-Eppendorf.
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Taking these aspects into consideration, DPSCs may play an outstanding role in new
approaches to regenerative medicine in the future [53]. Nevertheless, the use of DPSCs
for the regeneration of SGs is still far away from clinical application. This review briefly
describes the organogenesis of SGs to discuss frame conditions for regenerative approaches.
An overview of the current literature and recent strategies for using DPSCs in regeneration
of SGs will be provided. Subsequently, new aspects for further research will be discussed.

2. Organogenesis of Salivary Glands

The three major SGs are of different developmental origin. While the Glandula sub-
mandibularis and Glandula sublingualis derive from the endodermal germ sheet, the Glandula
parotis originates from the ectoderm and therefore has the same origin as DPSCs [36–38].
As the first step of SG organogenesis, an epithelial placode comes to exist in the oral cavity
during the seventh embryonic week. Subsequently, this placode infiltrates into the un-
derlying mesodermal mesenchyme. Through dichotomous branching, a canalized system
develops. The epithelial cells in the distal ends of the invaginating strands differentiate
into acinar cells which produce primary saliva. During the morphogenesis the ectodermal
cells continuously interact with the surrounding mesenchyme via several cytokines in both
directions. Although this mechanism is not yet fully understood, FGF 10 was identified
as one of these signaling molecules [44]. It is assumed that FGF 10 is expressed by cells
of the mesenchyme and promotes the maturation of the epithelial gland tissue. But also
vice versa, signals sent by the invaginating epithelium trigger the adjacent mesenchyme to
differentiate into myoepithelial and stromal cells that surround the ducts and acini of the
gland [54].

3. The Effect of DPSC on Primary Salivary Glands

The interaction between epithelial and mesenchymal cells led to different approaches
to use DPSCs for SG regeneration. It could be shown that coculturing DPSCs with pri-
mary SG cells (SGC) on Matrigel™ increases the number and size of spontaneous acinus
formation of the SGCs [55]. This in vitro observation by Reyes et al. was also confirmed
by transplanting DPSCs and SGCs embedded in hyaluronic acid hydrogel subcutaneously
into 2-month-old Rag1 null mice. Besides the typical acinar differentiation marker alpha
amylase-1, other specific markers such as CD 44 and LAMP-1 were also increased compared
to SGC-implantation alone [55]. It is hypothesized by many authors that DPSCs assume
the role of embryonic mesenchyme that surrounds the invaginating epithelium during
the organogenesis when they interact with primary acinar cells [55,56]. This assumption
is even more strengthened by results observed when DPSCs were directly injected into
compromised SGs of mice [57–59]. For instance, in a study by Yamamura et al., mice were
exposed to irradiation to induce hyposalivation. Subsequently, DPSCs were injected into
the submandibular glands. Eight weeks after irradiation, saliva flow was assessed. Mice
treated with DPSCs showed a significantly higher saliva flow compared to the PBS control
group [57]. Similar findings were reported for diabetic wistar rats by Narmada et al. and
Suciadi et al. [58,59]. In summary, these approaches seem to prove the ability of DPSC to act
as growth-supporting mesenchyme for acinar cells and thereby support the regeneration of
compromised salivary glands.

4. The Immunomodulatory Effect of DPSC

BMdSCss, AdSC and umbilical cord-derived stem cells are known for having high
immunomodulatory capacities as they are able to control inflammatory conditions [60–65].
It is believed that the immune response is regulated via cell–cell contact and/or paracrine
production of soluble factors [66,67]. Some of these cells have even already reached phase
I/II human trials [16,68,69].

According to DPSCs, only a few clinical trials have been conducted thus far and none
of them aimed at the therapy of hyposalivation [70–75]. Nevertheless, DPSCs were reported
to have immunomodulatory effects that even surpass those of other MSCs, which could be
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a precious tool in SG regeneration [76–78]. For instance, Ogata et al. found DPSCs to signifi-
cantly surpass mesenchymal stem cells derived from bone marrow in a Sjögren’s syndrome
mouse model according to anti-inflammatory factors such as IL-10, the downregulation
of T-helper 17 cells and the upregulation of regulatory T cells [76,78]. Similarly, Du et al.
injected DPSCs into the tail vein of mice with induced Sjögren’s syndrome [79]. The cells in
this experiment were harvested from the pulp of exfoliated deciduous teeth, also known as
stem cells from human exfoliated deciduous teeth (SHED). SHED were first isolated in 2003
and show similar characteristics as DPSCs [43]. It is noteworthy that they have an even
higher proliferation rate when compared to DPSCs [80,81]. Du et al. reported that SHED
have an anti-inflammatory and function-improving effect on damaged SGs of mice by
migrating to the spleen and liver. The authors assume that pulp stem cells affect the SGs in
an immunomodulatory way by influencing T-cell differentiation in these organs [79]. This
assumption is substantiated by another study published in 2019, which provides evidence
of the pulp stem cells’ effect on T-cells [77]. Ji found a decreased differentiation of CD4+
T-cells into T-helper 17 cells and, subsequently, a decreased secretion of IL-17 and TNF-α
after coculturing DPSCs with peripheral blood mononuclear cells. Furthermore, the DPSCs
promoted the polarization of CD4+ T-cells into regulatory T-cells, which have immunosup-
pressive effects [77]. Rasha et al. observed increased salivary flow rates and a reduction of
oxidative stress after injecting DPSCs into the tail veins of diabetic rats [82]. Nevertheless,
these experimental settings do not reveal whether the cell–cell communication between
DPSCs and immune cells happens in a paracrine or juxtacrine way as reported for other
MSCs. While the juxtacrine communication would require direct cell contacts, paracrine
communication could be carried out by proteins secreted by the DPSCs. This would raise
the question of whether the immunomodulatory effect of DPSCs could also be provided by
using only supernatants of DPSC cultures.

This approach was investigated by Takeuchi et al. [83]. Instead of using DPSCs, they
injected conditioned supernatant of a DPSC culture intravenously. Mice with an induced
defect of the Glandula submandibularis subsequently showed an increased regeneration
of the SGs compared to the control group [83]. Nevertheless, conditioned supernatants
contain several substances that are redundant and have no benefit for the aspired purpose
such as antibiotics, fungicides, fetal bovine serum and HEPES. While irresponsible use of
antibiotics can lead to bacterial resistance, other substances are discussed as being toxic or
allergenic [84,85]. Therefore, exosomes became an object of interest for many researchers.
Exosomes are small vesicles containing peptides and nucleic acids that are produced by
cells for intercellular communication. These vesicles can be derived from conditioned cell
supernatant via centrifugation. It has been found that MSC-derived exosomes could sup-
press T-cell activation and thereby stabilize an immune homeostasis [86]. BMdSC-derived
exosomes were successfully used to save salivary glands from diabetic complications in
rats [30]. Also, exosomes of DPSCs were shown to have the capacity of suppressing in-
flammation via facilitation of macrophages [87]. Compared to BMdSC-derived exosomes,
their immunosuppressing effects are even higher [77]. Unfortunately, the reason for this
remains unclear. It may be assumed that DPSC-derived exosomes contain different com-
positions of proteins, lipids, cytokines and RNAs that are responsible for their superior
immunomodulatory effect. Thus, further investigations are necessary before they can be
applied in the clinic.

However, these studies further aggravate the hypothesis of DPSCs supporting the
regeneration of compromised salivary glands. In the future, one of many possible ap-
plications could be the injection of DPSC exosomes into the SGs of patients suffering
from Sjögren’s syndrome, which is associated with an infiltration of lymphocytes into the
glands [78]. Moreover, other medical disciplines (e.g., rheumatology, plastic surgery, etc.)
could benefit from immunomodulatory features of DPSC as well.
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5. Differentiation of DPSCs into Acinar-like Cells

Nevertheless, the trials mentioned so far leave it unclear if DPSCs themselves could
be differentiated into acinar cells to replace damaged SG tissue. A recent study by Yan
et al. could clarify this question [15]. They induced the differentiation of DPSCs into
acinar cells by performing coculture with primary cells of the submandibular gland. The
cells were physically separated by a membrane that allowed the exchange of cytokines
and other molecules but not the juxtacrine communication [15]. After 2 weeks, specific
acinar markers such as amylase and cytokeratin 8 were observed in the DPSCs. They also
shaped cobblestone-like islands, which are typical for acinar cells [15]. As a control group,
fibroblasts were cocultured with acinar cells. The fibroblasts did not differentiate into acinar
cells, which proves that the differentiation is an exclusive feature of the DPSCs. With this
experimental setting, the authors could show that DPSCs not only support primary cells
in growth and regeneration but that they can also be affected by primary cells and form
SG-like tissue. Nevertheless, a detailed analysis of the cell signaling at the molecular level
that induces the differentiation is still missing. Therefore, further experiments should be
conducted to perform a protein analysis of the coculture’s supernatants at different time
points to retrace proteomic changes during the induction process.

While typical monolayers of cells as used by Yan et al. are two-dimensional arrange-
ments, in situ cells are organized three-dimensionally [15]. Therefore, three-dimensional
cell cultures, such as spheroids, more closely resemble in vivo conditions. These spheroids
are usually produced by seeding cells on low-cell adhesion plates. A new way of pro-
ducing DPSC spheroids was introduced by Adine et al. using a special 3D bioprinting
technology [14]. To generate the spheroids, cells were incubated with a solution containing
gold and iron oxide and subsequently printed using magnets beneath the well plate. The
cells on the spheroids’ surfaces could then be differentiated into SG-like cells using FGF
10. Furthermore, epithelial, ductal, myoepithelial and neural elements were detected in
the spheroids after immunostaining. The organoids even produced α-amylase. Since the
secretion of saliva is regulated by the autonomic nervous system, Adine et al. tried to
stimulate the organoids with the neurotransmitter derivatives carbachol and isoproterenol.
The cells reacted with intracellular calcium mobilization and a shift in transepithelial resis-
tance, which suggests physiological integrity by an action potential [14]. In an ex vivo SG
mouse model, the printed organoids even rescued epithelial growth after irradiation with
a single dose of 7 Gy. Furthermore, the neural compartments of the ex vivo glands were
integrated into the spheroids [88]. Nevertheless, an ex vivo model does not consider the
potential immune response after the implantation of a graft. Still, this experiment shows
the usefulness of 3D cultures for SG regeneration after irradiation.

Besides FGF 10, FGF 7 was also reported to induce acinar differentiation [89]. Akashi
et al. reported an upregulated expression of acinar-specific markers such as aqua-porin 5
after treating DPSC with FGF 7 in vitro and in vivo [89]. During the organogenesis of SGs,
an increased expression of FGF 7 and FGF 10 was observed in the embryonic mesenchyme
surrounding the SG rudiments, which could explain the findings of these studies [13]. In
conclusion, FGF 10 and FGF 7 seem to be potential additives for SG tissue engineering.

6. Discussion

DPSCs offer new aspects for SG tissue regeneration. They are easy to harvest and
can be cryopreserved without losing their differentiation potential [90]. Compared to
other stem cells, DPSCs have a higher proliferation rate, a broader array of lineages and a
smaller risk of tumor formation [35,42,44–47]. Several studies have shown therapeutical
effects of DPSCs, such as the differentiation to pancreatic tissue in rats with diabetes, anti-
inflammatory effects in mice with rheumatoid arthritis, lupus erythematosus or COPD
and even improved vascular function in patients with erectile dysfunction [49–51,72,91–94].
They either act by affecting the immune system or the primary cells or by differentiating
into other cell types. Also, for SG tissue engineering, DPSCs hold application potential
due to their ability to differentiate into acinar cells [14,15]. For this purpose, they could be
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embedded into a scaffold to replace damaged gland tissue in terms of a graft. Besides the
transdifferentiation, DPSCs are able to affect acinar cells or immune cells after injection into
compromised tissue or intravenously [58,59,79]. Even the supernatants of DPSC cultures
offer useful effects on primary acinar cells as well as the immune system [78,83]. While the
injection of DPSCs or their supernatants is technically easy, the transplantation of tissue-
engineered grafts poses the challenge of nerval and vascular supply. While thin grafts could
probably be supplied with nutrients and oxygen via diffusion from the adjacent tissues, for
thicker grafts, which would accomplish a rather satisfying production of saliva, alternative
steps such as microvascular surgery are necessary. Autologous submandibular gland
transplantation as a therapy for keratoconjunctivitis sicca reveals some interesting aspects
here. For this therapy, the whole submandibular gland is denervated and transplanted to
the temporal region. While blood supply can directly be restored by microvascular surgery,
a nerval connection cannot be implemented surgically. Still, the transplanted glands start
to produce saliva after a few months and thereby improve the moistening of the eyes,
which means that the glands become reinnervated after a hypofunctional period. The
reinnervation was histologically proven in a rabbit model [95]. Zhang et al. hypothesized
that the autonomic reinnervation originates from the auriculotemporal nerve, which runs
through the temporal region close to the transplant, but also from the sympathetic plexus
around the supplying arteries. According to these findings, tissue-engineered SG grafts
should be transplanted close to a bigger nerve or ganglion (e.g., ganglion submandibulare
or the lingual nerve) to increase the chance of innervation. Another approach could be
to relocate a blood vessel (e.g., the facial artery) so that it runs directly through the graft.
This may not only promote the reinnervation as shown by Zhang et al. but also the blood
supply of the graft.

Besides cell differentiation, the composition of the scaffold/extracellular matrix is
crucial for successful tissue-engineered grafts. None of the abovementioned studies investi-
gated whether differentiated DPSCs stay acinar cells for long, which, indeed, depends on
the surrounding extracellular matrix. Cells tend to dedifferentiate if they are not embedded
in a supportive environment that matches their requirements. Thus, the perfect matrix for
SG grafts needs to be functionalized with signaling molecules or growth factors such as FGF
10 or FGF 7, which were both shown to induce acinar differentiation in DPSCs and seem to
play a key role in SG organogenesis [13,14,89]. Moreover, the optimal scaffold material for
SG grafts needs to have mechanical properties that allow simple handling during surgery
and that withstand the motions caused by speaking or eating after implantation of the
graft. Furthermore, they should be degradable to be replaced by autologous tissue over
time. Possible options are platelet-rich fibrin, hydrogels, collagen matrices or silk as they
are already proved for tissue engineering in several studies and match the abovementioned
criteria [96–101].

To sum up, although many in vitro assays and animal studies have already proven
the value of DPSCs in SG regeneration, clinical studies are still missing (Table 1). For tissue
engineering of SGs, useful materials for artificial extracellular matrices need to be studied.
Nevertheless, DPSCs seem to be an outstanding tool for SG tissue regeneration since they
are easy to harvest, suppress pathological immune reactions, regenerate compromised
gland tissue and can be differentiated into the acinar cell lineage (Figure 2).
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Table 1. Different mechanisms of DPSCs affecting salivary gland regeneration.

Mechanism Author, Year

Effect on primary cells

Increased development of acinar structures and
expression of LAMP-1 and CD44 after coculture of

human salivary gland cells with DPSCs
[55] Reyes et al., 2013

Increased saliva flow after DPSC injection into
radiated salivary glands of mice [57] Yamamura et al., 2013

Decreased acinar cell vacuolization and increased
IL-10 serum levels after DPSC injection into diabetic

rats’ salivary glands
[58] Narmada et al., 2019

Increase of vascularization, TGF-β serum level and
acinar cell number after DPSC injection into diabetic

rats’ salivary glands
[59] Suciadi et al., 2019

Immunomodulatory effects

Decreased apoptotic cell number in salivary glands of
diabetic rats after injection of DPSCs in tail veins; also
reduced expression of ATG5 and Beclin-1 as well as

suppression of Th1 and Tfh cells in spleen while
increased number of Treg cells

[79] Du et al., 2019

Inhibition of CD4+T cells’ differentiation into T helper
17 cells and reduction of IL-17 and TNF-α, promotion
of Treg cells and increased release of IL-10 and TGF-β

[77] Ji et al., 2019

Downregulation of caspase-3 and upregulation of
VEGF, decreased blood glucose, improved gland

weight and salivary flow in diabetic rats after injection
of DPSCs into the tail vein

[82] Al-Serwi et al., 2021

Treatment of mice in salivary gland duct ligation
model with DPSC-conditioned medium leads to

increased expression of CK5, AQP5
[83] Takeuchi et al., 2020

DPSC exosomes caused macrophages to transform
from proinflammatory phenotype to

anti-inflammatory phenotype
[87] Shen et al., 2020

Differentiation of DPSC to acinar cells

Differentiation of DPSC via coculture with acinar cells
in monolayer and expression of specific acinar

morphology and markers such as CK8, amylase
[15] Yan et al., 2020

3D culture of DPSCs differentiated into acinar-like
cells using FGF 10 [14] Adine et al., 2018

Differentiation of DPSC into acinar-like cells
expressing AQP5 and αSMA after induction via FGF 7 [79] Akashi et al., 2021
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vated in vitro and cryopreserved. A: DPSCs can be differentiated toward acinar lineage by coculture
or induction by FGF7/FGF10 in monolayers or as spheroids. B: DPSCs and DPSC-conditioned
medium directly affect immune cells in various ways. C: DPSCs serve as supportive mesenchymal
tissue after direct injection into salivary glands. This figure belongs to David Muallah, Department of
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Abstract: Secondary caries is one of the leading causes of resin-based dental restoration failure. It
is initiated at the interface of an existing restoration and the restored tooth surface. It is mainly
caused by an imbalance between two processes of mineral loss (demineralization) and mineral gain
(remineralization). A plethora of evidence has explored incorporating several bioactive compounds
into resin-based materials to prevent bacterial biofilm attachment and the onset of the disease. In
this review, the most recent advances in the design of remineralizing compounds and their function-
alization to different resin-based materials’ formulations were overviewed. Inorganic compounds,
such as nano-sized amorphous calcium phosphate (NACP), calcium fluoride (CaF2), bioactive glass
(BAG), hydroxyapatite (HA), fluorapatite (FA), and boron nitride (BN), displayed promising results
concerning remineralization, and direct and indirect impact on biofilm growth. The effects of these
compounds varied based on these compounds’ structure, the incorporated amount or percentage,
and the intended clinical application. The remineralizing effects were presented as direct effects, such
as an increase in the mineral content of the dental tissue, or indirect effects, such as an increase in the
pH around the material. In some of the reported investigations, inorganic remineralizing compounds
were combined with other bioactive agents, such as quaternary ammonium compounds (QACs), to
maximize the remineralization outcomes and the antibacterial action against the cariogenic biofilms.
The reviewed literature was mainly based on laboratory studies, highlighting the need to shift more
toward testing the performance of these remineralizing compounds in clinical settings.

Keywords: biofilm; bioactive; dental; secondary caries; resin composite

1. Introduction

Tooth decay, often known as dental caries, is a societal and pervasive disease that
affects people of every age and every group of the population worldwide. It results from
mineral loss from susceptible tooth structures due to the acidic challenge induced by the
cariogenic microorganisms that are capable of fermenting dietary carbohydrates [1,2]. The
current concepts also identify it as an infectious, non-contagious, dental biofilm-mediated,
and dental plaque-dependent disease [1,2]. Dental biofilms contain acid-producing bacteria
that interact with the residual food or fermentable carbohydrates to demineralize the tooth
structure, causing dysbiosis in minerals comprising the tooth structure [3]. The affected
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imbalance of minerals, namely phosphate and calcium, causes mineral loss in teeth. Thus,
the continuous mineral loss may create cavitations associated with a higher rate of clinical
intervention, starting from simple fillings and the probability of turning into an endodontic
treatment due to neglecting this disease at its initial stages [4,5].

Dental caries could be treated by different means to restore the lost tooth structure,
using non-invasive operative approaches to arrest active non-cavitated carious lesions
and invasive approaches by removing and replacing the defective tooth structure with
dental restorations [6]. Despite the increased use of resin-based composite restorations as
the most used restorative material, several inherent physical properties could influence
the integrity of the restoration margins, including polymerization shrinkage, modulus
of elasticity, solubility, and water sorption [7]. Due to the resultant stresses caused by
polymerization shrinkage, these polymeric materials are susceptible to marginal integrity
failure, staining, microleakage, biofilm accumulation, and secondary caries [8]. As a result,
dental restorations must be checked periodically to monitor and intervene in any failure
at its early stage. Individuals with dental restorations placed within 6–36 months could
be classified as medium to high caries-risk patients, and frequent dental visits every 6 to
12 months are needed [9–11]. During these visits, patients are examined for the onset of
new carious lesions. Furthermore, old restorations must be monitored for biological and
mechanical failures. Mechanical and physical failure reveals less concern, as usually the
restoration can be repaired conservatively [9–11]. Opposingly, biological failure, such as
secondary caries at the tooth-restoration interface, presents more challenges, as removing
the secondary lesions is usually associated with more tooth destruction [9–11].

2. Statement of the Problem

In restorative dentistry, secondary caries is a complication following the placement
of restorations leading to its failure, especially in polymeric restorative materials [12].
It is a developing lesion at the margin of an existing restoration, a common area for
plaque accumulation and biofilm development [12]. The process of developing secondary
caries has the same notion of primary carious lesions on any sound tooth, starting with
demineralization and imbalance of net minerals, and followed by enzymatic breakdown of
the tooth structures. However, a restoration or sealant margin might modify this process
and assist in further tooth destruction [13]. In previous studies, the prevalence of secondary
caries after polymeric restorative materials placement was as high as 60%. It was identified
as the leading cause of resin-based composite degradation and replacement [14]. Secondary
caries’ existence around the margins is characteristically represented in two regions: the
surface lesion; which grows perpendicularly to the tooth’s surface adjacent to a restoration;
and wall lesion, which extends perpendicularly along the interface of tooth/restoration [15].

It is reported that the caries-related bacteria in human saliva that induce both primary
and secondary caries are comparable, most frequently Streptococcus mutans, Lactobacilli, and
Actinomyces naeslundii [16]. The complexity and cariogenicity of oral biofilms contribute to
the difficulty in developing effective restorative materials to render secondary caries [17,18].
Nonetheless, changes surrounding the resin-based composite restoration allow for the
passage of salivary proteins and liquids saturated with foreign particles, rendering restora-
tions to degrade biologically [19]. Esterase in human saliva can aggressively degrade ester
groups in resin-based composites, accumulating monomer byproducts that may encourage
biofilm growth [20]. When materials deteriorate and release their integrated agents, there
are tremendous impacts on their long-term mechanical and physical performance [14].
Furthermore, surface features, such as surface roughness, significantly affect the adhesion
phase of dental biofilms [14,21].

Throughout the restoration lifespan, under certain factors at the tooth-restoration
interface, cycles of two contrary mineral loss and gain processes occur in demineralization
and remineralization [22–26]. Understanding the mechanism of these two processes is
essential when developing advanced approaches to control the onset of primary and
secondary caries. The main participants in these cycles are calcium (Ca2+), phosphate
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(PO4
3−), and fluoride (F−) ions. The imbalance between pathological and protective factors

may lead to more mineral loss and progression of dental caries [22–26], considering that
the tooth-restoration interface is a plaque-stagnation area. Demineralization is the process
of mineral loss from the tooth surface that starts and usually grows in the presence of
intrinsic and extrinsic modifiable risk factors [26]. Acidic attack is the leading cause of
the chemical demineralization of teeth, which happens in two ways—dietary acids and
microbial attack [26–29].

Similar to primary carious lesions, demineralization begins when the bacteria metabo-
lize fermentable carbohydrates, producing organic acids that spread around nano-sized
aqueous spaces between the hexagonal crystal of the tooth [25,30,31]. This process is fol-
lowed by dissolving the Ca2+ and PO4

3− ions into those spaces, which leads to a much more
acid-soluble structure than pure hydroxyapatite, resulting in the substitution of phosphate
ions for carbonate ions in the crystal lattice [25,30,31]. Such substitution can produce defects
and calcium-deficient regions, which present clinically as white spots [25,32–34]. One of
the most critical factors in that dynamic process is the oral pH. The pH required to initiate
mineral loss in root dentin ranges between 6–6.8, compared to 5.4 in the enamel [3,35],
indicating that dentin and cementum are more acid soluble than enamel due to their higher
magnesium and carbonate contents [3,35].

3. Remineralizing Dental Materials as a Strategy to Prevent Secondary Caries

The remineralization or the repairing process can be achieved to overcome the chal-
lenge of demineralization, either by host-related factors or clinical intervention. Remineral-
ization has been studied for many decades, in an attempt to understand the mechanism
and develop technologies that could help reverse incipient caries and prevent tooth dem-
ineralization [36]. Fluoride (F) has long been known to be effective in preventing caries by
reducing tooth dissolution and enhancing tooth remineralization processes [36]. Fluoride
has been seen in studies to directly deposit fluorapatite (FA) or fluoridated hydroxyapatite
(FHA) over the affected tooth surface or to promote the transformation of other calcium
phosphate phases to FA or FHA. As a result, FA and FHA formation can reduce the solubil-
ity of enamel and dentin [36–38]. However, studies had shown that the most significant
effect was obtained only when 50% of the hydroxyl groups were replaced with fluoride,
corresponding to the greatest lattice stability and low lattice-free energy [36–38].

Ca2+ and PO4
3− ions, bioactive glass (BAG), and boron nitride (BN) can also be utilized

in the remineralization process by depositing a hydroxyapatite layer over the affected tooth
surface [36,39,40]. In comparing Ca with F ions, in vitro, mechanistic studies have shown
that calcium is approximately twenty times more potent than phosphate in inhibiting
enamel dissolution [36,39,40]. Nowadays, nanotechnology is one of the most inventive con-
cepts, which has shown significant success. Nanomaterials exhibit superior antimicrobial
activity and comparable physical properties compared to conventional materials [41–45].
This is most likely due to the nanoparticles’ small size and high surface area, which can
release high levels of ions at a low filler level [44–46]. Therefore, remineralizing nano-fillers
in dental restorative materials can be an effective strategy to prevent secondary caries at the
tooth-restoration interface. The release of ions from the restorations can prevent oral biofilm
attachment and favor the process of remineralization at a specific micro-level site [41,45].

Until now, most restorative polymeric materials have had no bioactivity, exaggerating
the risk of secondary caries development around resin-based composite restorations, which
are considered a major limitation to the current treatment approach. To address these
concerns, researchers have concentrated their efforts on designing antibacterial features
that can reduce bacterial attachment to prevent further accumulation of biofilms and hinder
demineralization [2,14,47]. The potential of a dental material to influence its biological
environment favorably offers a way to extend longevity and clinical performance inside
the oral cavity [47]. The advantages of integrating bioactive chemicals in dental polymeric
formulations, which are thought to be essential for effectively managing caries around
restorations, are currently a hot-spot area in dentistry. This review discusses the appli-
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cations and functionalization of different remineralization approaches and their uses in
different restorative materials. This narrative review focused on including only remineral-
izing compounds in different restorative materials. Other bioactive compounds, such as
quaternary ammonium, organic agents, metallic particles, and nanotubes, with antibacte-
rial properties, were not included as they were reviewed in some of the authors’ previous
papers [14,48]. All articles in English with no specific time frame were extracted from
PubMed and Scopus and included in the review.

4. Remineralizing Fillers in Restorative Dental Materials

Several studies investigated incorporating different bioactive and antibacterial com-
pounds into the resin matrix system to limit the onset of secondary caries. Two main
approaches have been heavily explored; (1) the incorporation of antibacterial compounds
or particles, and (2) the use of a remineralization approach that can neutralize the acidity
induced by the oral biofilms and interfere with biofilm growth [47].

In the second approach, which is the focus of this review, several compounds have
been implemented in different restorative materials (Figure 1), which are Nano-sized
Amorphous Calcium Phosphate (NACP), Calcium Fluoride (CaF2), Bioactive Glass (BAG),
Hydroxyapatite (HA), Fluorapatite (FA), and Boron Nitride (BN). While the primary effect
of these compounds relies on their ability to neutralize the acidity induced by the attached
cariogenic biofilms and favor the remineralization process, their indirect biofilm inhibition
has been observed in several studies, showing dual benefits in modulating the oral biofilms.
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Figure 1. Different compounds that were incorporated in different resin-based materials to impart
bioactivity and remineralize the surrounding dental tissues subjected to demineralization. (A,B) Scan-
ning electron micrograph showing bioactive glass particles. Reprinted/adapted with permission
from Ref. [49]. 2016, © Elsevier. Transmission electron microscope illustrating the size of (C) calcium
fluoride (CaF2) nanoparticles. Reprinted/adapted with permission from Ref. [50]. 2020, Mitwalli et al.
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Another transmission electron microscope illustrating the size of (D) nano-sized amorphous calcium
phosphate (NACP) fillers. Reprinted/adapted with permission from Ref. [51]. 2022, © Elsevier.

4.1. Nano-Sized Amorphous Calcium Phosphate (NACP) Fillers

The use of materials that release Ca2+ and PO4
3− ions is suggested to support the rem-

ineralization process. It is well known that Ca2+ and PO4
3− ions have multiple applications

in dentistry since these two components form the inorganic portion of human teeth and
bones [2]. The bioactivity of calcium phosphate (CaP) phases in dental materials has been
examined. Different CaP compounds have been considered with a variation on the Ca/P
molar ratio and the salt phase stability, including dicalcium phosphate dihydrate (DCPD),
dicalcium phosphate anhydrous (DCPA), tetracalcium phosphate (TTCP), tricalcium phos-
phate (TCP) and amorphous calcium phosphate (ACP) [2,47,52–54]. Amorphous calcium
phosphate (ACP) is the first phase that formed before reaching hydroxyapatite (HA), which
is known to be the final thermodynamically stable product. ACP’s lack of crystallinity
structure, and it has high solubility, indicating that it contains a distinguished structure
among CaP [2]. Nowadays, NACPs have been introduced with about a 100 nm particle
size. These particles can neutralize the acidic environment caused by cariogenic bacteria
and adjust the oral pH, subsequently promoting the remineralization process [55,56].

Historically, several resin-based materials containing calcium orthophosphate phases
(DCPA, DCPD, ACP, and TCP) were investigated [57]. In enamel lesions, results showed
that a resin-based composite with ACP-releasing ions at 40 wt.% released 0.74 mmol\L
of calcium and 0.54 mmol/L of phosphate ions [57]. These released ions participated in
remineralizing 14% of enamel lesions in a period of 30 days in comparison with another
material containing commercial fluoride cement, which achieved 4% of remineralization
in the same period [57]. Another study showed that in a period of 5 weeks, resin cement
comprising DCPA and TTCP at 73–78 wt.% released 0.05–0.1 mmol/L of phosphate as well
as 0.3–0.5 mmol/L of calcium, which were capable of remineralizing the demineralized
dentin lesions by 38–47% [57]. The main drawback observed in these compounds was the
low amount of ion release and the inferior mechanical properties [2]. Thus, nanotechnol-
ogy via NACP was advanced enough to overcome these drawbacks and tailor different
restorative materials with a high amount of ion release and excellent mechanical properties.

4.1.1. NACP in Resin-Based Composite Restorations

NACP synthesized via the spray-drying technique was heavily evaluated in multiple
studies. Early investigations compared different weight percentages of NACP in resin-
based composite formulations [56,58]. Resin-based composite, composed of bisphenol
glycidyl dimethacrylate (BisGMA), triethylene glycol dimethacrylate (TEGDMA), and glass
fillers, was modified to contain 10 to 40 wt.% of NACP [56]. The flexural strength value
was reduced as the NACP concentration increased. Still, the values of the formulations
were higher than 80 MPa, the minimum suggested by the International Organization for
Standardization (ISO). It was found that the 10 wt.% NACP resin-based composite demon-
strated reduced Ca2+ and PO4

3− ion release compared to the other formulations [56]. The
same was observed in another study, where 10 and 15 wt.% NACP resin-based composite
did not reveal a high ion release [58]. As a result, recent investigations designing NACP
resin-based composites have focused on incorporating 20 wt.% or more of NACP into
resin-based composite formulations.

In one study, using BisGMA and TEGDMA as a resin matrix system, 30 wt.% of NACP
and 35 wt.% of glass fillers were mixed with and without different small fractions of silver
nanoparticles [59]. It was found that combining NACP and silver nanoparticles resulted
in a significant inhibition against multi-species biofilm formation, bacterial metabolic
activities, and lactic acid production [59]. An in situ experiment was held in 2013 to
test the NACP resin-based composite inside the oral cavity [60]. Resin-based composites
containing 20 wt.% of NACP were used to fill cavities prepared in extracted bovine teeth
and mounted in removable appliances. Participants placed the appliances inside their oral
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cavities for 14 weeks. Then, the biofilm formation and mineral loss of the enamel surface
at the tooth restoration interface via transverse microradiography were assessed. Less
biofilm formation, but not statistically significant, was observed over the NACP resin-based
composite with a higher amount of Ca2+ and PO4

3− ions in the biofilms. Regarding the
mineral loss, the lesion depth around the NACP resin-based composite was significantly
less than the control group [60]. Such findings may reveal the capabilities of NACP resin-
based composites to hinder enamel demineralization at the tooth-restoration interface.

The ability of NACP resin-based composites to recharge the resin matrix with Ca2+ and
PO4

3− ions to allow frequent ion release is a primary concern. While it is worth saying that
the ion release process will be initiated only with low pH at the risk of demineralization,
having rechargeable NACP resin-based composites will be beneficial to assure long-term
bioactivity [47], especially among high caries risk patients. The rechargeable resin matrix
was composed of pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphe-
nol A dimethacrylate (EBPADMA) at a 1:1 ratio [61,62]. The amount of Ca2+ and PO4

3−

ion re-release was significantly higher among different cycles of recharges compared to the
NACP resin-based composite that contained BisGMA and TEGDMA as a resin matrix [61].
When the NACP rechargeable resin-based composite was combined with DMAHDM, a sig-
nificant biofilm reduction of 2- to 3-log was observed [62]. The synergetic antibacterial and
remineralization action was also observed when NACP was mixed with a protein-repelling
agent, named methacryloyloxyethyl phosphorylcholine (MPC) [52]. However, some of the
main drawbacks of this rechargeable resin matrix are the reduced mechanical properties
compared to other formulations [61,62], suggesting the need for further characterization to
enforce the strength of this formulation.

In most of the earliest investigations, the synergistic effect of 20% NACP and DMAHDM
was not reflected. However, increasing the DMAHDM concentration from 3 to 5 wt.% allowed
the synergistic effect of these two bioactive compounds to be clearly observed. Increasing
the DMAHDM concentration was associated with an increased surface charge density by
around 2-fold [63], allowing the resin-based composite to interact more aggressively with
the bacterial membrane. Adding the NACP to a resin-based composite containing 3 and
5% of DMAHDM resulted in a 1-log additional reduction compared to the formulations
with no NACP. The overall biofilm decrease in total microorganisms, total streptococci, total
lactobacilli, and mutans streptococci compared to the control was a reduction of around 2- to
5-log. Significant inhibition was also observed concerning these formulations’ metabolic
activities and lactic acid production [63]. This strong synergetic effect of 20% NACP and 3–5%
DMAHDM was also potent after one year of water aging. The mechanical and antibacterial
properties were slightly reduced but still sustained after aging [64].

This formulation with an increased DMAHDM concentration was investigated against
highly cariogenic multi-species plaque-derived biofilms transferred from root carious
lesions [65]. Resin-based composites containing 3 and 5% of DMAHDM without NACP
were able to inhibit total microorganisms, total streptococci, total lactobacilli, and mutans
streptococci by only 2-log compared to the control. When the NACP was added (Figure 2),
significant inhibition of 4- to 6-log reduction was achieved, emphasizing the potency of
this combination. The same trend was observed when the lactic acid production was
quantified [65]. Incorporating DMAHDM alone inhibited lactic acid production by 36 to
58%. When NACP was combined with DMAHDM, a reduction in lactic acid production of
more than a 90% was observed (Figure 3). In this study, it was found that the incorporation
of neither DMAHDM nor NACP influenced the degree of conversion of the synthesized
formulations [65].

Similar findings were observed when the NACP-DMAHDM resin-based composites
were challenged using anaerobic biofilms isolated from deep periodontal pockets [66].
In this study, the DMAHDM-NACP resin-based composites substantially restrained the
growth of anaerobic microorganisms by 3- to 5-log. Additionally, significant inhibition
was seen when the metabolic activities and polysaccharide production were measured [66].
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Such findings may suggest that these formulations can prevent the growth of periodontal
pathogens around the margins of subgingival extending restorations.
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streptococci, (C) mutans streptococci, and (D) Total lactobacilli. More biofilm inhibition of 4- to 6-log
reduction was observed when the DMAHDM was combined with the nano-sized amorphous calcium
phosphate (NACP) fillers. Values indicated by different letters are statistically different from each
other (p < 0.05). Reprinted/adapted with permission from Ref. [65]. 2020, Balhaddad et al.

Recent investigations evaluated the incorporation of NACP into a low-shrinkage-
stress resin matrix consisting of urethane dimethacrylate (UDMA) and triethylene glycol
divinylbenzyl ether (TEG-DVBE) [67,68]. This formulation was designed to minimize the
stress induced by the resin shrinkage at the tooth-restoration interface. This formulation
effectively inhibited the S. mutans biofilms without affecting the restoration’s mechanical
properties and the polymerization kinetics [67]. The high amount of Ca2+ and PO4

3−

ion release could significantly preserve the enamel microhardness after microbial dem-
ineralization compared to the control samples with no NACP [67]. This approach with a
high concentration of DMAHDM up to 5% was capable of inducing potent antibacterial
action against multi-species biofilm, resulting in a 2- to 5-log biofilm reduction [68]. The
antibacterial activity was sustained after 20,000 cycles of thermocycling aging, equivalent
to two years of clinical service [68]. These findings suggest that this combinatory approach
of DMAHDM and NACP can preserve its bioactivity after aging.
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4.1.2. NACP in Resin-Based Pit and Fissure Sealants

Dental sealants serve as a protective physical barrier against plaque accumulation
in deep pits and fissures in the occlusal surface of teeth [17]. Pit and fissure sealants can
therefore successfully prevent cavities and reduce the need for future restorations. The
therapeutic bioactivity of resin-based pit and fissure sealants could be greatly enhanced
and lead to caries prevention by using remineralizing agents [17]. Ibrahim et al. conducted
a series of investigations to evaluate the mechanical and bioactive properties of dental
sealants containing different mass fractions of NACP and 5 wt.% DMAHDM. It was
found that sealants containing 20 wt.% of NACP and 5 wt.% of DMAHDM demonstrated
massive Ca2+ and PO4

3− ion release without compromising the mechanical properties of
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the sealant [69]. The unique resin matrix compositions, containing PMGDM, EBPADMA,
BisGMA, and 2-hydroxyethyl methacrylate (HEMA), permitted frequent cycles of ion
recharge and release, allowing long-term bioactivity of the formulation [69].

The exact formulation of 20 wt.% NACP and 5% DMAHDM was challenged with
S. mutans biofilms [70]. Only when combined with DMAHDM did NACP-containing
sealants reduced the S. mutans biofilm by around 4-log. The cariogenic biofilm’s metabolic
activities, lactic acid, and polysaccharide production were also significantly reduced [70].
The same formulation was also found effective in eradicating Candida albicans growth and
activities [71], one of the possible contributing microorganisms in the pathogenesis of
early childhood caries. Qualitative analyses via scanning electron microscopy/energy-
dispersive X-ray spectroscopy (SEM-EDX) revealed that enamel surfaces restored with
NACP-containing sealant revealed higher microhardness and presented more elevated
Ca2+ and PO4

3− ions following chemical demineralization (Figure 4). Furthermore, polar-
ized light microscopy (PLM) images showed less demineralized surface area around the
enamel restored with NACP-containing sealant than the control (Figure 5) [72]. In a more
challenging condition, saliva-derived biofilms secluded from high-caries risk pediatric pa-
tients were grown over the sealants [73]. Using sealants containing NACP and DMAHDM,
biofilm development, lactic acid production, and metabolic activities were all significantly
reduced [73].
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tration in weight of calcium, phosphate, and oxygen within the enamel restored with NACP-con-
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is displayed in the green color. Reprinted/adapted with permission from Ref. [72], 2020, © Elsevier. 

Figure 4. Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM-EDX) illus-
trating the mineral contents of enamel restored with pit and fissure sealant containing nano-sized
amorphous calcium phosphate (NACP) fillers. (A) SEM-EDX spectrum highlighting the mineral
contents of the enamel surface restored with NACP-containing sealant. (B) Percentage of elemental
concentration in weight of calcium, phosphate, and oxygen within the enamel restored with NACP-
containing sealant. EDX mapping of elemental (C) calcium and (D) phosphate. (E) EDX mapping
shows the overlay of C and D images, where the calcium is indicated in the pink color, and the
phosphate is displayed in the green color. Reprinted/adapted with permission from Ref. [72], 2020,
© Elsevier.
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mineralization and mineral loss. Reprinted/adapted with permission from Ref. [72], 2020, © Else-
vier. 
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Figure 5. Polarized light photomicrograph showing dark bands (white arrows) at the enamel surface
restored with parental resin-based sealant (A,B) and NAC-containing resin-based sealants (C,D),
which represent the demineralized areas. It can be observed that enamel restored with the NAC-
containing resin-based sealants is associated with a narrow dark band, compared to the wide one in
the control group, suggesting the capabilities of these bioactive resin-based sealants to resist deminer-
alization and mineral loss. Reprinted/adapted with permission from Ref. [72], 2020, © Elsevier.

4.1.3. NACP in Dental Adhesives

Resin-based adhesives with remineralizing properties decrease the risk of white spots
and secondary caries around orthodontic brackets and dental restorations. NACP as ad-
hesive fillers is a promising approach to limit such consequences by releasing significant
amounts of Ca2+ and PO4

3− ions [74]. A study found that a 30% NACP resin-based com-
posite prevented an acid attack and increased the pH of the solution from a pH of 4 which
is cariogenic, to a safe pH of 6.5, most likely due to NACP alkaline nature [74]. The bonding
agent is predicted to benefit from the 30% NACP inclusion in the form of antibacterial, acid
neutralization, and remineralizing properties [74]. When conjugated with silver nanoparti-
cles, NACP-containing adhesive reduced the biofilm growth, metabolic activities, and lactic
acid production of multi-species cariogenic biofilms by more than 50% [74]. In another
investigation, NACP-containing adhesives with and without DMAHDM preserved the
bonding strength after 12 months of aging, greater than what was observed in the control
groups [75]. The DMAHDM was inserted in the dental adhesive to convey antibacterial
properties and the remineralization capabilities induced by the NACP fillers [75].

Using a rechargeable resin matrix in dental adhesives was also attempted [76,77].
When combined with MPC or DMAHDM, rechargeable NACP dental adhesives were
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found to release high amounts of Ca2+ and PO4
3− ions in low pH and inhibit the growth

and activities of highly cariogenic biofilms [76,77]. It is worth saying that reachability is less
critical among dental adhesives than resin-based restorations or sealants, as the adhesive
layer is usually sealed and protected from the external environment. In a recent interesting
investigation, the bonding strength of an NACP-containing adhesive was significantly
improved by imparting magnetic particles and using a magnetic field during the bonding
procedure [78]. The bonding strength was increased by around 30–40% compared to the
control. When DMAHDM as an antibacterial monomer was added, the designed adhesive
demonstrated high bonding strength with excellent antibacterial and remineralization
properties [78]. These findings may encourage using a combinatory approach to creating
highly bioactive resin-based materials with several desirable properties.

Moreover, a study compared the effect of an NACP-containing adhesive with a control
group in a challenging condition with an S. mutans biofilm [79]. Results showed that the
control group achieved minimal remineralization, while the NACP-containing adhesive
achieved a high rate of remineralization via the massive release of Ca2+ and PO4

3− ions.
Furthermore, the NACP-containing adhesive reduced the lactic acid production and min-
imized the biofilm growth of the S. mutans biofilm [79]. The performance of the NACP
dental adhesive was also investigated using dentin as a bonding substrate [80].

The growth of white spot lesions surrounding orthodontic brackets is one of the
biggest obstacles during orthodontic treatment [81]. The onset of these lesions compromises
the mechanical properties and the esthetic appearance of teeth [81]. The incorporation of
40 wt.% of NACP into an orthodontic adhesive was attempted [82]. When this adhesive was
applied to attach orthodontic brackets to premolars, the bonding strength was comparable
to the control. Furthermore, when an antibacterial monomer, named 2-methacryloxylethyl
dodecyl methyl ammonium bromide (MAE-DB), was added to the NACP-adhesive, the
orthodontic adhesive reduced the growth of S. mutans biofilms and preserved the enamel
microhardness [82]. Such an approach could be beneficial to minimize the onset of white
spot lesions around orthodontic brackets.

4.1.4. NACP in Resin-Based Dental Cements

Resin-based dental cements are used to bond or lute indirect or fixed restorations, such
as crowns and bridges, to the tooth structure. Secondary caries around fixed restorations is
a clinical concern, especially when these restorations are close to the gingival margins [83].
The onset of secondary caries affects the clinical longevity of the placed restorations,
leading to the restorations’ replacement and sometimes tooth extraction [84]. Therefore,
imparting bioactive restorative materials into dental cements may minimize the biological
failure of fixed restorations. In one study, a resin-based dental cement was designed to
contain 25 wt.% of NACP and different mass fractions of DMAHDM, ranging between
3–5 wt.% [85]. The bonding strength, flexural strength, elastic modulus, and film thickness
of the designed formulations were comparable to the control. Additionally, a high amount
of Ca2+ and PO4

3− ion release was observed. When the formulations were challenged with
S. mutans biofilms, a reduction in 3-log was noted when the NACP was combined with 5%
DMAHDM [85].

The rechargeability of bioactive resin-based cement was achieved in another investiga-
tion, where the resin matrix was composed of PMGDM and EBPADMA [86]. Several cycles
of recharge and re-release were achieved with an excellent amount of Ca2+ and PO4

3− ion
release. This rechargeable formulation also effectively inhibited the growth and activities
of S. mutans biofilms [86]. These findings may embark on new avenues to minimize the
failure of indirect restorations due to secondary caries.

4.2. Calcium Fluoride (CaF2) Fillers

Fluoride-releasing dental materials have been frequently studied and used in dentistry
due to their working mechanisms, which significantly affect the progression of dental
caries [87–89]. Caries prevention is achieved through the adsorption of fluoride ions, which
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occurs on HA crystals’ surfaces, which in turn, prevent crystals dissolution in an acidic
cariogenic medium [87,90]. Fluoride ions fight dental caries through acid resistance, fluora-
patite formation, inhibition of bacterial growth in the oral cavity, remineralization process
promotion, and demineralization process inhibition [87,91–93]. The addition of fluoride to
resin-based materials can promote the prevention of secondary caries formation; it presents
in different addition forms, such as organic fluoride, inorganic salts, and leachable glasses.
Sodium fluoride (NaF) and Tin(II) fluoride (SnF2) have been used as water-soluble salts,
and more recently, CaF2 particles have been used [87,91–94]. Due to their functions as labile
reservoirs for the calcium (Ca2+) and fluoride (F−) ions and their ability to enhance the
remineralization effects of the F regimen without increasing the F level, CaF2 particles are
of great interest in the prevention of dental caries.

4.2.1. CaF2 in Resin-Based Composite Restorations

Incorporating calcium fluoride (CaF2) particles into a resin-based composite was at-
tempted in several investigations. CaF2 particles at the load of 30% were associated with
a high amount of Ca2+ and F− ion release without affecting the material’s mechanical
properties [95]. In another investigation, 15 wt.% of CaF2 nanoparticles were incorpo-
rated into a resin-based composite system containing BisGMA and TEGDMA as a resin
matrix and glass as co-fillers [50]. This formulation was achieved with and without the
addition of DMAHDM and MPC. When CaF2 nanoparticles were incorporated into the
parental formulation, good mechanical properties were achieved. However, adding either
DMAHDM or MPC to the formulation significantly reduced the mechanical properties, but
the values were comparable to the commercial control. All the designed formulations were
associated with a high amount of F− and Ca2+ ion release, showing the remineralization
potential of these formulations. When the antibacterial properties were assessed, CaF2
nanoparticles were associated with minor antibacterial properties, but when the DMAHDM
was added, significant antibacterial performance was observed (Figure 6). The bioactive for-
mulation containing CaF2 nanoparticles and DMAHDM reduced the multi-species biofilm
by around 4-log, illustrating this formulation’s potent antibacterial and remineralization
capabilities [50].

One study functionalized CaF2 nanoparticles into a rechargeable resin-based com-
posite matrix to allow the long-term release of ions [96]. The resin matrix was composed
of PMGDM and EBPADMA. This formulation allowed multiple cycles of ion release and
recharge, demonstrating that long-term ion release is possible. The only concerns related
to this formulation are the reduced mechanical properties compared to the other resin
matrix formulations, indicating the need for further characterization to engineer a mechani-
cally sustained rechargeable formulation [96]. The synergetic effect of CaF2 nanoparticles
and chlorhexidine was investigated in one study, where a 3-log inhibition against S. mu-
tans biofilms was observed [97] and the metabolic activities and lactic acid production
were considerably diminished [97]. Current findings suggest that CaF2 nanoparticles may
contribute to remineralizing the tooth structure and reduce the amount of lactic acid pro-
duction induced by the cariogenic species. The significant inhibition related to the biofilm
colony-forming units (CFUs) or metabolic activities was only observed when the CaF2
nanoparticles were combined with another bioactive agent. Such findings suggest using
several bioactive materials to maximize the protection of restored teeth.

4.2.2. CaF2 in Resin-Based Pit and Fissure Sealants

For many years in preventive dentistry, dental practitioners have used glass ionomer
as a fluoride-releasing sealant to occlude food stagnation areas and release F− ions to the
sealed tooth structure [98,99]. The main limitations of glass ionomer sealants were related
to the low mechanical performance and the low retention rate. Therefore, highly flowable
resin-based sealants were also used as an alternative material [98,99]. One of the main
limitations of resin-based sealants is the lack of bioactivity and the development of carious
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lesions around the sealants. As a result, imparting bioactive compounds to resin-based
sealants is a promising strategy to overcome this limitation.
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from Ref. [50]. 2020, Mitwalli et al.

One study attempted to incorporate CaF2 nanoparticles into a resin-based sealant at a
load of 20 wt.% [100]. The resin matrix was composed of BisGMA and TEGDMA at the
ratio of 1:1. The fillers were composed of barium boro-aluminosilicate glass particles, which
were silanized with 4% 3-methacryloxypropyltrimethoxysilane, 2% n-propylamine, and
CaF2 nanoparticles. DMAHDM was added to the formulation at 5 wt.%. The overall matrix-
to-filler ratio was 1:1. Adding CaF2 nanoparticles and DMAHDM did not compromise
the design formulations’ flowability and enamel shear bond strength. A significant F− ion
release was observed, and the amount of ion release was slightly reduced when DMAHDM
was added to the formulation. Combining the CaF2 nanoparticles and DMAHDM signifi-
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cantly reduced the CFUs, metabolic activities, and lactic acid production of the S. mutans
biofilms [100]. Such formulation may minimize the onset of caries around sealants and
assure good mechanical and bonding properties during the clinical service inside the
oral cavity.

4.2.3. CaF2 in Dental Adhesives

A few investigations discussed the design of CaF2-dental adhesives. The addition of
CaF2 fillers allowed dental adhesives to release a high amount of F− ions without com-
promising the bonding strength of the material [101]. In another investigation, a dental
adhesive containing zinc, calcium, fluoride, and bioglass compounds was engineered [102].
This bioactive adhesive demonstrated good bonding properties and polymerization kinetics
with a high amount of ion release, revealing the high potential to remineralize tooth struc-
ture subjected to demineralization attacks. The zinc-calcium-fluoride-bioglass adhesive
inhibited the S. mutans biofilms [102].

Incorporating CaF2 nanoparticles in an orthodontic adhesive as a remineralizing agent
to prevent the onset of white spot lesions was attempted [103]. This incorporation was
achieved in two different resin matrix systems. The first was composed of HEMA and
BisGMA. In contrast, the other was composed of PMGDM and EBPADMA, both at the ratio
of 1:1. The two dental adhesives released a high amount of F− ions with a high amount
of re-release upon recharge compared to a resin-modified glass ionomer (RMGI). All the
formulations did not induce high cytotoxic effects against human gingival fibroblasts. The
only concern is the reduced enamel bonding strength compared to the control, which may
necessitate further characterization in future investigations [103].

4.2.4. CaF2 in Resin-Based Dental Cements

The incorporation of CaF2 nanoparticles into fixed prostheses cement was achieved
in one study [104]. The resin matrix was composed of PMGDM and EBPADMA, both at a
ratio of 1:1 to allow rechargeability features. CaF2 nanoparticles were incorporated either
alone at the load of 25 wt.%, or combined with NACP fillers, 12.5 wt.% each. The dentin
shear bond strength in both formulations was higher than the control. The film thickness,
flexural strength, and elastic modulus values were within the normal range. The amount
of calcium and fluoride release and phosphate in the formulation containing NACP was
very high and was sustained for up to 70 days. Both formulations could re-release the same
amount of ions following three recharge cycles (Figure 7) [104]. Such cements may provide
an advanced approach to control demineralization around fixed prostheses.

4.3. Bioactive Glass (BAG) Fillers

Bioactive glass (BAG) has been proven to have antibacterial properties against oral
bacteria and the potential to remineralize oral hard tissues [49]. Depending on the ratio of
calcium oxide to phosphorus pentoxide, the bioactivity of BAG can be controlled [105,106].
The antibacterial activity of BAG is ascribed to the part that releases ions (e.g., calcium
and phosphate), which are poisonous to bacteria and induce the neutralization of the
surrounding acidic environment [49]. Although the first BAG was produced over 40 years
ago, research into its possible use in resin-based composites has recently begun. Thus, the
precise mechanism of the BAG antimicrobial effect could have been illustrated better [49].
However, the high precipitation of Ca2+ and PO4

3− ions may induce a neutralization effect
and indirectly interfere with the growth of cariogenic biofilms [107].

4.3.1. BAG in Resin-Based Composite Restorations

In several studies, BAG was added to resin-based composite restorations to induce
acid neutralization [17]. It has been shown that a resin-based composite containing BAG
can fulfill the mechanical property demands needed for dental restorations [105,106]. In
addition, BAG can reduce fluid movements in the tubules, thereby reducing dentinal
hypersensitivity [105,106]. In one study, resin-based composites containing BAG with and
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without fluoride have been advocated to reduce the degradation of dentin [108]. After
30 days of storage in artificial saliva, the two resin-based composite systems reduced
the solubility of C-terminal cross-linked telopeptide (ICTP) and C-terminal telopeptide
(CTX), preventing dentin degradation and demineralization. Such observation may reveal
BAG’s capabilities to inhibit the activation of matrix metalloproteinases (MMPs). The
remineralization effect was seen following the 30 days of storage. High participation
of calcium and phosphate minerals was observed over the teeth restored with the BAG-
containing resin-based composite. The amount of remineralization was greater in the group
containing both BAG and fluoride [108].
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of CaF2 and 12.5 wt.% of nano-sized amorphous calcium phosphate (NACP) fillers, releasing high
amounts of (A) calcium, (B) phosphate, and (C) fluoride ions. After 80 days of continuous release,
the remineralizing resin-based cements were recharged for three consecutive cycles, indicating their
capabilities of long-term clinical service inside the oral cavity. Reprinted/adapted with permission
from Ref. [104]. 2022, © Elsevier.

BAG as a filler can contribute to the inhibition of microbial activity. In one inves-
tigation, two resin-based composites, BAG-free resin-based composite as a control and
resin-based composite containing 15 wt.% of BAG, were tested to see their effectiveness
on gap formation and depth of the bacterial penetration relying on optical micrograph.
For the control, the bacterial penetration was very deep, reaching the bottom of the cavity
prepared with a high number of microorganisms [49], while the 15 wt.% BAG resin-based
composites reduced the bacterial penetration by an average of 40%. (Figure 8) This implies
that the release of ions from BAG can inhibit the biofilm’s growth and spread by regulating
the gap environment [49].

96



Int. J. Mol. Sci. 2023, 24, 8295Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 18 of 28 
 

 

 
Figure 8. Different fluorescence images of six different samples (A–F) showing the capabilities of a 
resin-based composite containing 15 wt.% of bioactive glass (BAG) to prevent bacterial penetration 
(red color) and dentin demineralization (green color) by an average of 40%, compared to the control 
that allowed 100% bacterial penetration. Reprinted/adapted with permission from Ref. [49]. 2016, © 
Elsevier. 

Resin-based composite containing BAG inhibited the growth of S. mutans biofilms. 
BAG was incorporated into resin-based composites at 5, 10, and 30 wt.%., where the resin 
matrix was composed of BisGMA and TEGDMA at the ratio of 70:30 [109]. It was found 
that resin-based composites containing 10 and 30 wt.% of BAD reduced the S. mutans by 
1- and 2-log, respectively. However, loading at 30 wt.% significantly reduced compressive 
and flexural strength [109]. In another investigation, a synergetic effect was observed 

Figure 8. Different fluorescence images of six different samples (A–F) showing the capabilities of a
resin-based composite containing 15 wt.% of bioactive glass (BAG) to prevent bacterial penetration
(red color) and dentin demineralization (green color) by an average of 40%, compared to the control
that allowed 100% bacterial penetration. Reprinted/adapted with permission from Ref. [49]. 2016,
© Elsevier.

Resin-based composite containing BAG inhibited the growth of S. mutans biofilms.
BAG was incorporated into resin-based composites at 5, 10, and 30 wt.%., where the resin
matrix was composed of BisGMA and TEGDMA at the ratio of 70:30 [109]. It was found
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that resin-based composites containing 10 and 30 wt.% of BAD reduced the S. mutans by
1- and 2-log, respectively. However, loading at 30 wt.% significantly reduced compressive
and flexural strength [109]. In another investigation, a synergetic effect was observed when
BAG and magnesium oxide nanoparticles were combined in a resin-based composite for-
mulation [110]. This combination could reduce the growth of S. mutans biofilms. However,
as in previous studies, increasing the BAG concentration negatively affected the material’s
mechanical properties [110].

4.3.2. BAG in Resin-Based Pit and Fissure Sealants and Dental Adhesives

Pits and fissure sealants containing BAG had high marginal adaptability and retention
and a high preventive effect, which decreases bacterial infiltration in plaque stagnation
areas. In one study, BAG was incorporated into resin-based sealants in different mass
fractions ranging between 12.5 and 50 wt.% [111]. While increasing BAG concentrations
were associated with an increased neutralization effect, the mechanical properties were
significantly reduced, indicating that BAG, as most bioactive fillers, can only be incorpo-
rated in small mass fractions [111]. It was found that enamel surfaces restored with sealants
containing BAG were more resistant to demineralization challenges [112].

Orthodontic adhesives might also be reinforced by BAG, which is proven to prevent
the demineralization process from taking place in the oral cavity [113]. In one study,
a commercial orthodontic adhesive was modified to contain 1, 3, and 5 wt.% of BAG.
As the concentration of BAG was increased in the orthodontic adhesives, a greater anti-
demineralization action was seen without affecting the adhesive’s biocompatibility and
bonding strength. This is because the ion-buffering impact of BAGs-released ions prevents a
drop in intraoral pH, which is responsible for the chemical anti-demineralization effect [113].
Another investigation illustrated that antibacterial and remineralization effects were ob-
served when 10 to 15 wt.% of BAG was incorporated into an orthodontic adhesive [114].
It was found that around 200–300 µm of the tooth structure around BAG-containing or-
thodontic adhesives did not undergo demineralization, as the mineral deposition from the
BAG particles preserved the tooth structure. Higher microhardness of teeth was observed
when BAG-containing adhesives were used, and BAG’s incorporation did not affect the
formulated adhesives’ biocompatibility and bonding strength [114].

Several reports found that orthodontic adhesives containing BAG may prevent tooth
demineralization around orthodontic brackets [115,116]. In one study, BAG nanopar-
ticles were doped with gallium and incorporated into an orthodontic adhesive of 1, 3,
and 5 wt.% [117]. In a dose-dependent manner, higher Ca2+ and PO4

3− ion release and
greater antibacterial properties were observed as the concentration of BAG-gallium in-
creased [117]. Another investigation illustrated that 4-methacryloxyethyl trimellitic anhy-
dride/methyl methacrylate-tri-n-butyl borane (4-META/MMA-TBB)-based resin contain-
ing various amounts (0–50%) of BAG as an orthodontic adhesive was capable of releasing
high amounts of Ca2+ and PO4

3− ions, and preserving enamel hardness following chemical
demineralization [118]. This was accomplished without losing the intended adhesive’s
shear bond strength [118].

4.4. Hydroxyapatite (HA) and Fluorapatite (FA)

Hydroxyapatite (Ca10(PO4)6OH)2 has been utilized extensively in biomedical and
dental applications because of its similarities to the primary mineral components of hard
tissues in the human body, such as bone, dental enamel, and dentin, as well as its biocom-
patibility, bioactivity, and low solubility in moist conditions [119]. The substation of the
hydroxyl group in enamel apatite could also happen with F− ions, forming fluorapatite
(FA) or Fluorohydroxyapatite (FHA). Fluoride is known to have superior acidic substance
resistance, lower solubility, and greater hardness. Meanwhile, biocompatibility between FA
and HP remained similar [120].

Early investigations incorporating HA and FA into restorative materials aimed to
improve the mechanical properties of the designed materials. It was found that glass
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ionomer cements containing HA and FA particles were associated with higher fracture
toughness and flexural and tensile strength [121,122]. When incorporated into resin-based
composite formulation, HA could improve the flexural and compressive strength, with the
highest strength observed at 20 wt.% loading [123]. Recently, the incorporation of HA and
FA into resin-based composites was attempted as a strategy to impart bioactivity in these
polymeric materials. In one study, HA nanowires were synthesized via a hydrothermal
technique and soaked in dopamine [124]. Then, dopamine-coated HA was combined
with silver nanoparticles and incorporated into a resin matrix composed of BisGMA and
TEGDMA. Deposition of calcium and silver elements was observed over the material’s
surface, which contributed to the inhibition of S. mutans biofilms. Increasing the dopamine-
coated HA-silver concentration was associated with more biofilm reduction and greater
strength [124]. Doping HA with zinc-strontium [125] or titanium dioxide [126] was also
attempted as a strategy to improve the bioactivity of resin-based composite restorations.

HA was incorporated into pit and fissure sealants as a remineralization strategy [127].
Incorporating 10 or 30 wt.% of HA did not dramatically affect the bond strength, depth of
cure, and degree of conversion of the formulated sealants. A high release of Ca2+ and PO4

3−

ions was observed, and a scanning electron microscope visualized more remineralized
areas over enamel surfaces adjacent to HA sealants. Orthodontic adhesives can also be
treated with 5% HA nanoparticles to limit bacterial development and reduce the growth
of cariogenic bacteria [128]. Another study indicates that when incorporating nano-FA
or nano-FHA in a resin-based orthodontic adhesive, the fluoride release properties were
increased, quadrupling the amount of fluoride after 70 days when compared to the control
group [129].

4.5. Boron Nitride (BN)

Boron nitride (BN) has several medical applications. Due to its high chemical stability,
BN has been used as an alternative to graphene and its derivatives [130]. BN also has
excellent biocompatibility and functionality, giving a wide variety in pharmaceutical drug
design [131]. Initial investigations utilizing BN in dentistry aimed to improve the me-
chanical properties of the designed material [132,133]. Its capabilities to deposit minerals
have led many researchers to incorporate it for bioactivity purposes. In one study, BN
nanotubes were incorporated into a dental adhesive at different mass fractions ranging
between 0.05 to 0.15 wt.% [134]. The resin matrix was composed of BisGMA and HEMA in
mass ratios of 66.6 and 33.3 wt.%, respectively. As BN nanotube concentration increased,
greater microhardness and ultimate strength values were observed without affecting the
degree of conversion. Micro-Raman spectroscopy and scanning electron microscopy images
showed mineral deposition over the adhesive surfaces, indicating the capabilities of these
nanotubes to remineralize the surrounding hard dental tissues [134].

BN nanosheets were modified with zinc oxide nanoparticles and incorporated into
a resin-based composite formulation in another study [135]. At the load of 0.5 wt.%, BN
nanosheets-zinc oxide NPs significantly reduced the S. mutans biofilms without affecting the
material’s mechanical properties [135]. Similar results were observed when BN nanotubes
were incorporated into a resin-based sealant [136]. The resin matrix comprised 90 wt.%
of TEGDMA and 10 wt.% of BisGMA. Then, 0.1 and 0.2 wt.% of BN nanotubes were
added and subjected to different mechanical and physical assessments. The addition
of BN nanotubes did not affect the biocompatibility and polymerization kinetics of the
sealants and the ultimate tensile strength. When immersed in artificial saliva, sealants
containing BN nanotubes demonstrated mineral deposition in a dose-dependent manner
(Figure 9) [136]. BN as a potential remineralizing agent is a new avenue in restorative
dentistry. Therefore, more research papers may conduct further investigations to evaluate
the different applications of this material.
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Figure 9. Evaluation of the mineral deposition using Raman analysis after immersion in artificial 
saliva for different time points. (A) Resin-based sealant showing the scanned surface (500 µm × 500 
µm). (B) Phosphate ion (PO43−) peak at 960 cm−1. (C) As in the legends, color changes from blue to 
orange indicate more phosphate deposition. More phosphate deposition was observed as more bo-
ron nitride nanotubes were incorporated. Reprinted/adapted with permission from Ref. [136]. 2019, 
Bohns et al. 
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5. Future Perspectives

Several studies discussed ion-releasing materials as a strategy to prevent the onset
of secondary caries around dental restorations. While the available data is promising,
further investigation will be beneficial to overcome the drawbacks of the weak material’s
mechanical and physical properties and tailor different restorative materials according
to the intended applications. The focus of the previous reports was to investigate the
bioactivity of such formulations. This led these reports to conduct a basic mechanical
evaluation of the designed formulations. It is important to realize that materials with
high bioactivity would fail mechanically due to stress-induced fractures if the mechanical
properties were poor [14,47,48]. Properties such as bonding strength, microhardness,
compressive strength, water sorption and solubility, and color characteristics were ignored
in some investigations. Structuring a comprehensive mechanical and physical evaluation
in future studies will be essential to obtain more valuable information concerning the
performance of such formulations [14,47,48].

It is very important to subject materials’ mechanical and physical properties for long-
term evaluation. Dental restorative materials are subjected to cyclic load and fatigue inside
the oral cavity due to the force of mastication and frequent exposure to oral fluids and
consumable beverages [14,47,48]. As a result, restorative materials may show surface
and body degradation over time, affecting the designed formulation’s integrity. The
same can be applied concerning the materials’ bioactivity, as this feature might decay
following aging [64]. Therefore, newly designed remineralizing formulations must undergo
comprehensive evaluation at immediate testing and after actual or artificial aging.

One of the main drawbacks in the reported investigations is that the listed materials’
polymerization properties are not yet fully understood, such as the material cross-link den-
sity, degree of conversion, and depth of cure. Optimum polymerization and cross-linking
are essential to ensure suitable the materials’ mechanical and physical properties [137].
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Several reports illustrated that resin-based materials with under-achieved polymerization
are more susceptible to clinical failure due to the high risk of resin matrix degradation that
can weaken the material and facilitate biofilm adhesion [138–140]. Therefore, evaluating the
polymerization kinetics of such materials can allow further improvement of the materials’
properties, characterization, and ion release capabilities.

Most of the reported studies tested the designed materials in vitro. Having these mate-
rials tested in a more representable environment, in situ or in vivo, is highly needed, as the
complexity of the oral biofilm and the influence of host-related factors can be experimented
with, and different results are expected compared to the in vitro settings [141]. Therefore,
future studies may consider adopting a translational clinical setting to conduct further
investigations concerning the clinical performance of ion-releasing polymeric materials
inside the oral cavity.

6. Conclusions

A plethora of evidence suggests that implementing ion-releasing restorative materials
in restorative dentistry may minimize the biological failure of these materials due to the
onset of secondary caries. The most common remineralizing fillers used in resin-based
material formulations were Nano-sized Amorphous Calcium Phosphate (NACP), Calcium
Fluoride (CaF2), Bioactive Glass (BAG), Hydroxyapatite (HA), Fluorapatite (FA), and
Boron Nitride (BN). Most of the reported studies focused on formulating resin-based
composite formulations, with fewer reports concerning the design of resin-based sealants,
dental adhesives, and crown cement. The released ions from the designed bioactive
formulations may neutralize the acidity around the placed materials, restore the lost
minerals from the tooth structure, and indirectly modulate the oral biofilms. In addition,
synergetic antibiofilm inhibition was observed when the remineralizing compounds were
combined with other bioactive compounds, such as quaternary ammonium, suggesting a
dual action against the onset of secondary caries. Future investigations may consider further
evaluation and characterizations of the designed materials to understand the mechanical
and antibacterial performance of these materials comprehensively. Furthermore, clinical
translational models are needed to test these bioactive formulations inside the oral cavity.
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Abstract: Bacteria are the source of many bioactive compounds, including polymers with various
physiological functions and the potential for medical applications. Pyomelanin from Pseudomonas
aeruginosa, a nonfermenting Gram-negative bacterium, is a black–brown negatively charged extra-
cellular polymer of homogentisic acid produced during L-tyrosine catabolism. Due to its chemical
properties and the presence of active functional groups, pyomelanin is a candidate for the develop-
ment of new antioxidant, antimicrobial and immunomodulatory formulations. This work aimed to
obtain bacterial water-soluble (Pyosol), water-insoluble (Pyoinsol) and synthetic (sPyo) pyomelanin
variants and characterize their chemical structure, thermosensitivity and biosafety in vitro and in vivo
(Galleria mallonella). FTIR analysis showed that aromatic ring connections in the polymer chains were
dominant in Pyosol and sPyo, whereas Pyoinsol had fewer Car-Car links between rings. The differences
in chemical structure influence the solubility of various forms of pyomelanins, their thermal stability
and biological activity. Pyosol and Pyoinsol showed higher biological safety than sPyo. The obtained
results qualify Pyosol and Pyoinsol for evaluation of their antimicrobial, immunomodulatory and
proregenerative activities.

Keywords: pyomelanin; Pseudomonas aeruginosa; chemical structure; biocompatibility

1. Introduction

Pseudomonas aeruginosa, a nonfermenting Gram-negative bacterium that is widespread
in the environment and is an opportunistic pathogen, produces a variety of pigments,
including pyocyanin, pyorubin, pyoverdine and pyomelanin. Pyomelanin is a nega-
tively charged extracellular polymer of homogentisic acid (HGA) that is produced dur-
ing L-tyrosine catabolism [1]. L-tyrosine is converted to 4-hydroxyphenylopyruvic acid
(4-HPPA) by tyrosine aminotransferase, and then 4-HPPA is biotransformed to HGA by
4-hydroxyphenylpyruvate dioxygenase. Pyomelanin then forms spontaneously when se-
creted HGA autoxidizes to benzoquinone acetic acid, which then undergoes polymerization
to form pyomelanin chains. Similar to chemically synthesized polymers of HGA, pyome-
lanin is a dark brown to black pigment [2,3]. The chemical structure of melanins, including
pyomelanin, determines their oxidizing (quinone groups) and reducing (hydroxyquinone
groups) properties that allow them to accept or donate electrons [4,5].

The primary function of microbial melanins is to protect cells from UV radiation [6].
In addition, pyomelanin increases the effectiveness of bacterial adhesion to surfaces, thus
supporting the formation of biofilms and the extracellular transfer of electrons [7]. The
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production of pyomelanin by bacteria in the marine bacterial genus Pseudoalteromonas is
induced during biofilm formation and under heat stress, suggesting that this pigment is
involved in the adaptation of these bacteria to grow in a hostile ecological niche [8]. Pyome-
lanin is produced by clinical P. aeruginosa isolates from patients with chronic lung infections.
It remains unclear whether pyomelanin is relevant to the pathogenicity of these bacteria; its
production is linked to a reduction in oxidative stress, which may be an important trait to
improve bacterial survival within pulmonary macrophages [9,10]. Additionally, melanins
of Aspergillus fumigatus protect the fungus from host reactive oxygen intermediates [11]. A
study by Fonseca et al. revealed that metal binding and metal reduction by pyomelanin
are necessary for iron acquisition [7]. Due to the antimicrobial and antioxidant activities of
microbial melanins, including pyomelanin produced by P. aeruginosa, they can be used in
the food industry to coat packaging to prolong food expiration dates [5]. Bacterial melanins
can be exploited as dyes and colorants and used in cosmetics as sunscreen and oxidative
stress-reducing substances, whereas in agriculture, they may help to retain metals and
improve iron availability in the soil [12]. These compounds are promising candidates for
the design of new drugs, including antitumor drugs, vaccine antigen carriers, adjuvants
and optoacoustic imaging contrasts [13–15]. The treatment of infections with pyomelanin
with an accompanying inflammatory reaction driven by oxidative stress has also been
considered [16]. The increased sensitivity of several bacterial pathogens to antibiotics in
the milieu of pyomelanin has also been demonstrated, as well as the antimicrobial activity
of melanin itself and its iron ion complexes against Helicobacter pylori, Candida albicans and
human immunodeficiency virus (HIV) [17,18].

Eukaryotic and bacterial melanins may exhibit immunomodulatory properties. Cut-
tlefish melanin is able to activate and polarize dendritic cells, while human neuromelanin
activates the nuclear factor kappa B (NF-κB) signaling pathway resulting with the secre-
tion of pro-inflammatory cytokines: tumor necrosis factor alpha (TNF-α) and interleukin
(IL)-6 [19]. The role of melanin in the regulation of innate immunity in humans is potentially
due to the modulation of phagocytes and complement activity, reduction in the mRNA
translation of proinflammatory cytokines and interaction with effector molecules [20].
Melanization is an important part of the cuticular wound healing process in arthropods
and functions as part of the innate immune system in isopods by encapsulating parasites
with melanin [21]. However, negatively charged melanin isolated from Cryptococcus neofor-
mans diminished fungal cell susceptibility to cationic antimicrobial peptides of phagocytes,
which was correlated with the downregulation of phagocytosis and diminished secretion
of TNF-α, IL-1β, IL-6 and IL-12 as well as modulation of complement activities [22]. The
potential wide range of microbial melanin applications drives studies on natural, synthetic
and recombinant melanins [23].

Hypothetically, natural bacterial or synthetic formulations of pyomelanin may vary in
their biological activity. Before studying different applications of pyomelanin formulations,
it seems valuable to verify whether there are differences in physicochemical properties,
cytocompatibility, the ability to stimulate the activation of the NF-κB pathway and in vivo
toxicity between bacterial pyomelanin and its synthetic form.

Considering the potential application of pyomelanin in medicine, the aim of this
study was to characterize the biochemical and physiological properties of natural water-
soluble and water insoluble pyomelanin (Pyosol and Pyoinsol) isolated from a culture of
P. aeruginosa and synthetic pyomelanin (sPyo), obtained by us under laboratory conditions,
for further biomedical applications. We optimized P. aeruginosa growth conditions for the
effective production of pyomelanin, developed an isolation procedure for natural water-
soluble pyomelanin and a procedure for pyomelanin synthesis. The chemical structure
of the bacterial and synthetic pyomelanin was investigated by Fourier transform infrared
(FTIR) spectroscopy and the thermal properties were characterized by means of differential
scanning calorimetry (DSC) and thermogravimetry (TGA). The cytocompatibility of py-
omelanin from both sources was determined using an in vitro model on reference L-929
fibroblasts and THP-1 human monocytes. Noncytotoxic concentrations were established
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in the reference MTT reduction assay. In our in vivo biosafety study, we used the Galleria
melonella insect model as an alternative to rodents. Larvae of G. mellonella are widely used
in the toxicity assessment of new biopharmaceuticals, bioactive substances and newly
synthesized chemicals [24]. Due to the ability to maintain larvae in a temperature range
from 20 ◦C to 42 ◦C, this insect model mimics the physiological conditions of mammals
during in vivo toxicity assessment [25]. In addition, G. melonella larvae provide an inexpen-
sive and convenient way, free from legal or ethical restrictions, to assess the safety of new
biomolecules, and the results generated from this model show a strong correlation with
those obtained from mammalian systems. The use of G. mellonella larvae provides a more
accurate representation of the biocompound’s interactions with the host organism than
studies on cell lines, which allows for the precise selection of concentrations before animal
testing [26]. Furthermore, the ability of pyomelanin to activate the nuclear factor kappa
B (NF-κB) signaling pathway was determined using the human recombinant monocyte
model THP1-Blue™ NF-κB.

2. Results
2.1. The Efficiency of the Pyomelanin Biosynthesis and Chemical Synthesis

To determine the application potential of different pyomelanin variants, we first
analyzed the extraction and synthesis efficiencies. We extracted two variants of natural
pyomelanin produced by P. aeruginosa during growth on pyomelanin minimal medium
(PMM) dedicated to these bacteria: PMM I, PMM II and pyomelanin synthesized from
HGA. The efficiency of the extraction of natural pyomelanin formulations vs. the efficiency
of pyomelanin synthesis is shown in Table 1. Both variants of natural pyomelanin, Pyoinsol
and Pyosol, were produced more efficiently by P. aeruginosa after 7 days of growth of this
bacterium on PMM II than by PMM I medium (1.79 ± 0.18 g/L and 1.22 ± 0.10, respectively,
p < 0.05) (Table 1). Compared to the high-efficiency bacterial biosynthesis of pyomelanin,
the yield of sPyo production from HGA was equal to 0.077 ± 0.01 g/1 g HGA.

Table 1. Efficiency of the Extraction of P. aeruginosa Pyomelanin from Minimal Growth Media and
the Synthesis of Pyomelanin from HGA.

P. aeruginosa
Growth Medium

Pyosol
[g/L]

Pyoinsol
[g/L]

sPyo
[g/1 g of HGA]

PMM I 1.13 ± 0.12 0.71 ± 0.04
0.077 ± 0.01PMM II 1.79 ± 0.18 1.22 ± 0.10

2.2. Identification of the Functional Groups and Linkages in Pyomelanin Molecules

The structure of the pigments was investigated by FTIR spectroscopy, a technique
in which a sample’s absorbance of infrared light at various wavelengths is measured
to determine the structure of molecules. The infrared spectrum includes absorbance
bands corresponding with the various vibrations of the sample’s atoms. Each chemical
molecule will produce a unique infrared spectrum. It should be mentioned that structural
characterization of melanin is elusive due to its complexity and metabolic residues, such as
proteins, amino acids and carbohydrates, in cases of microbial origin. The FTIR spectra
of microbial Pyosol and Pyoinsol and synthetic sPyo are presented in Figure 1. The FTIR
spectra of bacterial Pyosol and Pyoinsol were similar at wavenumbers higher than 1600 cm−1.
Between 3700 and 3000 cm−1, a large absorption band resulted from overlapping -OH
groups and unsaturated carbon or aromatic rings.

At lower wavenumbers, the bands with three maxima assigned to the stretching
vibrations of aliphatic C–H were at 2953, 2925, and 2855 cm−1 in Pyoinsol and 2960, 2944,
and 2873 cm−1 in Pyosol. The band at 1700 cm−1 corresponding to carbonyl stretching
(C=O) of the COOH groups was visible in Pyoinsol, whereas this band was absent in Pyosol.
The bands at 1631 and 1613 cm−1 in Pyoinsol and at 1601 cm−1 in Pyosol were typical for C=C
bonds conjugated with C=O groups (quinones). At wavelengths shorter than 1600 cm−1,
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the differences between the spectra of Pyosol and Pyoinsol were more considerable. The
bands at 1515 cm−1 ascribed to aromatic Car–H bonds, and at 1441 cm−1 from in-plane
aromatic skeletal vibrations of C=C, were only visible in Pyoinsol. Similarly, the band of
the phenolic–OH links at 1216 cm−1 appeared only in the Pyoinsol FTIR spectrum. The
band associated with the O–H bonds of hydroxyl groups attached to the ring was strong at
1402 cm−1 in Pyosol and weak at 1385 cm−1 in Pyoinsol. The strong band at 1082 cm−1 in
Pyosol and the shoulder band at 1065 cm−1 in Pyoinsol could be related to the stretching of
a C–O band of a primary alcohol group (phenolic groups). The strong band at 857 cm−1

in Pyosol and weak band at 828 cm−1 in Pyoinsol were related to out-of-plane deformation
vibrations of aromatic Car–H bonds.

Figure 1. Fourier transform infrared (FTIR) spectra of the water-soluble pyomelanin (Pyosol), water-
insoluble pyomelanin (Pyoinsol), synthetic pyomelanin (sPyo) and homogentisic acid (HGA).

The FTIR spectrum of sPyo in the range of 4000–1600 cm−1 was similar to the spectra
of both types of bacterial pyomelanin, except that the band assigned to the O–H stretch had
a narrower range of 3700–3300 cm−1. The bands corresponding to aliphatic C–H bonds
were at 2957, 2924 and 2852 cm−1. The sPyo spectrum also presented a weak shoulder peak
at 1738 cm−1 from COOH groups. The bands at 1515 and 1216 cm−1 visible for Pyoinsol
were absent, similar to that of Pyosol. There were bands at 1395 and 1062 cm−1 from O–H
and Car–O vibrations of hydroxyl groups attached to the ring, and bands from aromatic
C–H bonds at 835 and 780 cm−1. In the polymer chain of sPyo, there were more Car–Car
linkages between rings, as indicated by the absence of a band at 1515 cm−1.

2.3. The Thermal Stability and Thermal Properties of Pyomelanins

To determine the thermal stability of the pigments, thermogravimetric measurements
in an inert atmosphere were performed. Thermal stability is a key parameter determining
the possibility of processing pyomelanin by thermal processing methods used for the
fabrication of composites and blends with other thermoplastic biopolymers. The TGA
curves and the first derivative of the mass with respect to time (dm/dt = f(T)) curves of
the dyes are presented in Figure 2, and the estimated characteristic parameters of thermal
degradation are collected in Table 2. Based on the shape of the TGA and first derivative
curves, it can be concluded that the dyes differed in degradation mechanism. The common
feature of the dyes was the presence of the first stage of mass loss occurring up to 125 ◦C.
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The maximum rate of the first stage of mass loss, set as the maximum of the first peak on
dm/dt = f(T) curves, was located at a similar temperature denoted as the T1st peak. This
stage of mass loss could be assigned to the loss of volatile low molar mass species. The
highest mass loss up to 125 ◦C was exhibited by Pyosol. Only at a temperature range of
mass loss up to 125 ◦C did the endothermic effect occur for Pyosol, as indicated by the
endothermic peak on the DSC curve of Pyosol (Figure 3). The temperature range of the
endothermic effect, the corresponding highest mass loss in the case of Pyosol and the fact
that Pyosol was isolated from the water phase, allows the assuming of the first stage of
mass loss to water loss (Figure 2). The second stage of mass loss could be assigned to
the beginning of pyrolysis of pyomelanin. The temperature of onset of the second mass
loss can be taken as an upper limit of the thermal stability of pyomelanin (Tdeg

onset). The
highest Tdeg

onset was observed for Pyoinsol (196.4 ◦C); for other pyomelanins, Tdeg
onset

was lower and was located at 173.0 ◦C and 158.0 ◦C for Pyosol and sPyo, respectively.
Moreover, for sPyo, above 125 ◦C, continuous mass loss occurred up to the onset of the
main degradation. Thus, Pyoinsol and Pyosol showed superior thermal stability to that of
sPyo. Pyosol had a significantly greater residue at 800 ◦C (75%) than Pyoinsol and sPyo (ca.
40%), indicating a greater proportion of aromatic moieties or other conjugated unsaturated
bonds in polymer chains.

Figure 2. The thermogravimetry (TGA) (A) and the first derivative dm/dt (B) curves of the pyomelanins.

Table 2. Thermal Stability Parameters of the Polymers Estimated from Thermogravimetry and
Thermal Properties from Differential Scanning Calorimetry.

Form of
Pyomelanin

T1st peak

[◦C]

Mass Loss
Up to 125 ◦C

[%]

Tdeg
onset

[◦C]
Tdeg

peak

[◦C]

Residue at
800 ◦C

[%]

T1
[◦C]

∆H1
[J/g]

sPyo 64.2 2.90 158.0 176.3 39.55 — —
Pyoinsol 72.0 1.60 196.4 233.3 38.85 — —
Pyosol 85.6 7.09 173.0 193.7 75.91 78.5 19.8

The TGA results confirmed that the procedures of isolation and purification of the
pigments affect the thermal properties due to differences in the structure and composition
of the final products, as indicated by FTIR analysis.

The first heating DSC curves of pyomelanin are presented in Figure 3, and the esti-
mated thermal parameters are detailed in Table 2. On the DSC curves of the pigments,
an endothermic peak corresponding to degradation was visible. The localization of the
degradation peak maximum (Tdeg

peak) was similar for sPyo and Pyosol, and that for Pyoinsol
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started at a lower temperature. For Pyosol, a weak endothermic peak with a maximum at
78.5 ◦C was visible. The assignment of the endothermic effect to water loss agreed with the
TGA results. At this temperature range, mass loss occurred for Pyosol, with the highest rate
at 85.6 ◦C, as estimated from the first derivative dm/dt(T) curve. We also observed that
Pyosol exhibited hygroscopic properties.

Figure 3. The first heating differential scanning calorimetry (DSC) curves of pyomelanin.

2.4. Biocompatibility
2.4.1. Bacterial Pyomelanins Show Higher Cytocompatibility Than the Synthetic Pyomelanin

Looking for new biomedical applications of bacterial polymers, including pyomelanin,
requires characterizing their safety at the in vitro level and determining doses that do not
show toxic effects. Moreover, differences in structure and thermal stability may translate
into interactions of pyomelanin with cells through different ranges of safe concentrations.
The influence of each form of pyomelanin on the viability of eukaryotic cells was assessed
in the MTT reduction assay using the reference L-929 mouse fibroblasts and human THP-
1 monocytes to exclude the cytotoxic effects toward immune cells. The ranges of safe
concentrations of different pyomelanin formulations for eukaryotic cells are shown in
Figure 4. Pyosol and Pyoinsol, in the full range of tested concentrations (1–1024 µg/mL),
did not decrease the number of viable target cells, which were able to reduce MTT (both
L-929 and THP-1-cell lines), below the 70% cell level, as required by the ISO norm. The
unfavorable effect of reduced cell viability was observed only in the case of sPyo. Less
than 70% of mouse fibroblasts or human monocytes were able to reduce MTT in the milieu
of sPyo used in the concentration range 64–1024 µg/mL (p < 0.05) and 32–1024 µg/mL
(p < 0.05), respectively (Figure 4).

2.4.2. Water-Soluble Pyomelanin Induces NF-κB Pathway Activation

In this study, THP1-Blue™ NF-κB human monocytes were used as biosensors of
the NF-κB-driven signaling pathway in innate immune cells. NF-κB induction in these
transformed cells results in the SEAP secretion. The amount of SEAP is proportional to
cell activation. The levels of induction and activation of NF-κB in THP1-Blue™ NF-κB
monocytes in response to the tested variants of pyomelanin are expressed as absorbance in
Figure 5.
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Figure 4. The percentage of viable cells after exposure to different concentrations of the tested pyome-
lanin variants. Viability of murine fibroblasts L-929 (A–C) and human monocytes (D–F) incubated
for 24 h with water-soluble pyomelanin (Pyosol) (A,D), water-insoluble pyomelanin (Pyoinsol)
(B,E) or synthetic pyomelanin (sPyo) (C,F), evaluated in the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay according to ISO-10993-5:2009. Cells incubated
in the cell culture medium alone, without pyomelanin, served as a positive control (PC) of cell
viability (100%). Cells treated with 3% H2O2 were a negative control (NC) (no viable cells). Data
are presented as the mean ± standard deviation (SD) of five separate experiments (six replicates
for each experimental variant). The green line indicates the minimum level (70%) of viable cells,
which are able to reduce MTT according to the ISO norm. Statistical significance was calculated
using ANOVA analysis, followed by Dunnett’s post hoc test. Significant difference *—p < 0.05): cells
exposed to tested pyomelanins vs. cells in culture medium alone. Statistical significance between
Pyo concentrations was calculated using ANOVA analysis, followed by Tukey’s post hoc test. The
cytotoxicity of all forms of Pyo was dose-dependent in the concentration range 1024–256 µg/mL
(p < 0.05).

Pyosol activated NF-κB in the concentration range of 1–1024 µg/mL (the absorbance
ranged from 0.70 to 1.43, p < 0.05) (Figure 5A). In cell cultures treated with Pyoinsol, a
significant induction of NF-κB was observed in the concentration range of 64–1024 µg/mL
(p < 0.05) (Figure 5B). However, the level of activation was lower than that in cell cultures
exposed to Pyosol (absorbance range: 0.30–0.53). Moreover, sPyo induced NF-κB in the
concentration range of 1–64 µg/mL; however, there were no differences between induction
levels in response to different pyomelanin concentrations within this range (the absorbance
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range 0.29–0.41) (Figure 5C). The level of NF-κB activation in response to E. coli LPS shown
as absorbance was equal to 2.07 (p < 0.05) (Figure 5A–C).

Figure 5. The level of activation of THP1-Blue™ NF-κB monocytes in response to the tested variants
of pyomelanin. Cells were incubated for 24 h with (A) water-soluble pyomelanin (Pyosol), (B) water-
insoluble pyomelanin (Pyoinsol), (C) synthetic pyomelanin (sPyo), or lipopolysaccharide (LPS) of
Escherichia coli as a positive control (PC). Cells in culture medium alone served as the negative control
(NC). The secreted embryonic alkaline phosphatase, which was used as an indicator of nuclear factor
kappa B (NF-κB) activation, was quantified spectrophotometrically (OD = 650 nm) after enzymatic
substrate conversion. Data are presented as the mean ± standard deviation (SD) of five separate
experiments (six replicates of each experimental variant). Statistical significance was calculated
using ANOVA analysis, followed by Dunnett’s post hoc test. Statistical significance between Pyo
concentrations was calculated using ANOVA analysis, followed by Tukey’s post hoc test. Significant
difference *, p < 0.05. A (absorbance)—optical density 650 nm.

2.4.3. In Vivo Toxicity of Pyomelanin

In the current study, G. mellonella larvae were used as a nonmammalian insect model
reflecting the biological complexity of live organisms, which is an ethically accepted al-
ternative for the examination of new formulation safety in vivo. By assessing the four
physiological functions of the wax moth larvae after injection with the tested variants of
pyomelanin, the HISS of the insects was evaluated and presented as a heatmap (Figure 6).
Larvae with a total score in the range of 8.5–10.0 points were regarded as healthy, and the
substances tested were considered nontoxic in this in vivo larval model.
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Figure 6. Total Health Index Scoring System (HISS) heatmap for G. mellonella larvae treated with tested
pyomelanin variants. Larvae were injected with water-soluble (Pyosol), water-insoluble (Pyoinsol) or
synthetic pyomelanin (sPyo) in the concentration range of 1–1024 µg/mL or control solvent solutions:
phosphate-buffered saline (PBS) or 50 mM NaOH. At 0, 12, 24, 48, 72, 96, and 120 h after the injection
of pyomelanin, the health of the larvae was evaluated using HISS and expressed as the total HISS
score. Statistical significance was calculated using ANOVA analysis, followed by Dunnett’s post
hoc test. Statistical significance between Pyo concentrations was calculated using ANOVA analysis,
followed by Tukey’s post hoc test. sPyo toxicity to G. mellonella was dose-dependent in concentration
range 1024–64 µg/mL (p < 0.05).

As shown in Figure 6, no deleterious effects of the two variants of bacterial pyome-
lanin (Pyosol and Pyoinsol) were seen in the G. melonella in vivo model at 0, 12, 24, 48,
72, 96 and 120 h after injection of insect larvae with pyomelanin. The total HISS scores
for larvae treated with P. aeruginosa pyomelanins were close to the baseline HISS score,
which was equal to 9.0. The total HISS scores in larvae injected with sPyo in the range of
4–1024 µg/mL were lower (7.79–3.58) than the total HISS scores in larvae inoculated with
natural P. aeruginosa pyomelanin variants. Pyosol and Pyoinsol did not affect the viability
of insect larvae, while sPyo used in the range of 64–1024 µg/mL significantly decreased
the number of live larvae (42–83%, p < 0.05) compared to control larvae not injected with
pyomelanin (Supplementary Figure S2).

3. Discussion

In our study, we described for the first time the method of culturing Pseudomonas
aeruginosa on the PMM II medium and the method of obtaining water-soluble pyomelanin
(Pyosol). In addition, we compared the physicochemical and biological properties of
bacterial Pyosol to its insoluble form (Pyoinsol) and synthetic pyomelanin (sPyo).
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We compared our results with several reports on the efficiency of the production of
microbial melanins, which depends on the metabolic abilities of bacteria and culture condi-
tions. Madhusudhan et al. reported a production efficiency of extracellular water-soluble
melanin of Streptomyces lusitanus at the levels of 0.264 g/L and 5.29 g/L [27]. Lagunas-
Muñoz et al. showed that recombinant E. coli expressing the tyrosinase coding gene from
Rhizobium produced 6.0 g/L melanin [28]. The yield of water-insoluble bacterial melanins
showed a wide range for different species of bacteria cultured in bioreactors: 13.7 g/L for
Streptomyces kathirae, 3.76 g/L for Flavobacterium kingsejongi and 0.125 g/L for Streptomyces
glaucens [23,29,30]. Significant differences in melanin production efficiency were also ob-
served within the Pseudomonas species, with 6.7 g/L water-insoluble melanin obtained from
Pseudomonas stutzeri and 0.35 g/L obtained from Pseudomonas putida [31,32]. A high effi-
ciency of bacterial pyomelanin production with limited secretion of undesirable substances
is key to obtaining a bacterial pigment for further physicochemical and biological studies.

The FTIR spectra of microbial Pyosol, Pyoinsol and sPyo exhibit the characteristic bands
of the pyomelanins described in the literature [33,34]. Based on the relatively high degree
of similarity of the spectra of sPyo and Pyosol, it can be concluded that the structure of
sPyo is more similar to that of Pyosol than that of Pyoinsol. The carbonyl stretching (C=O)
of the COOH groups was only visible in Pyoinsol. The lack of this band can be similarly
found in the literature for microbial melanin isolated in acid precipitation [4,35,36]. The
FTIR spectrum of Pyoinsol was similar to the FTIR spectrum of melanin produced from
a deep-sea sponge-associated Pseudomonas strain [35] and pyomelanin from a culture
of Halomonas titanicae which was produced through the 4-hydroxyphenylacetic acid-1-
hydroxylase route [6]. Lorquin et al. concluded that the presence of the band ascribed to
aromatic Car–H has a significant meaning in terms of the type of ring linkages. This group
suggested that a pyomelanin that does not have this band has fewer free Car–H locations
and more Car-Car connections between rings in the chain structure [6]. It may suggest
that Pyosol contained more Car-Car linkages than Pyoinsol. Moreover, the comparison of
the FTIR spectra of sPyo and HGA showed that the sPyo did not contain HGA residue
detectable by FTIR measurements. Differences in chemical structure may influence the
solubility of various forms of pyomelanins, their thermal stability and biological activity;
however, further studies are required.

The TGA and DSC results confirmed that the procedures of isolation and purification
of the pigments affect the thermal properties due to differences in the structure and compo-
sition of the final products, as indicated by FTIR analysis. Pyosol showed a significantly
greater residue at 800 ◦C than Pyoinsol and sPyo, indicating a greater proportion of aromatic
moieties or other conjugated unsaturated bonds in polymer chains [37]. This result was in
agreement with the FTIR results revealing a higher content of Car–Car linkages between
rings in Pyosol than in the other pyomelanin samples. For Pyosol, we identified a weak
endothermic peak with a maximum at 78.5 ◦C which is associated with water loss [38]. The
presence of this peak only for Pyosol was a consequence of the isolation of pyomelanin from
the aqueous phase. Similar to our DSC results for Pyosol, the showing of two endothermic
peaks was reported for microbial melanin by Kiran et al. [35]. We also showed that Pyosol
exhibited hygroscopic properties. Melanin is known for its hygroscopic character and
strong association with water [39].

The use of bacterial-derived pyomelanin and synthetic pyomelanin as potential im-
munomodulators and bioactive substances for further targeted biomedical applications
requires determining the range of cytocompatible concentrations to avoid negative effects
on cell metabolism and viability. We have shown that bacterial pyomelanins are charac-
terized by high in vitro safety for L-929 fibroblasts and THP-1 monocytes compared to
the synthetic form of this pigment. The high level of Pyosol and Pyoinsol cytocompatibility
resulted from the effective removal of lipopolysaccharide and other bacterial metabolites
that are cytotoxic. The lower cytocompatibility of sPyo compared to Pyosol or Pyosol
against L-929 fibroblasts and human monocytes, as shown in this study, might be due to
polymerization and structural differences between sPyo and Pyoinsol or Pyosol (a lower
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ability to create hydrogen bonds). Interestingly, no residual HGA was observed in the
sPyo samples, which could adversely affect cell viability. However, further studies are
needed to determine the components influencing the biological activity of the studied
pyomelanins. Potentially, the biological activity depends on the complexity of interactions
between various functional groups within each variant of pyomelanin.

Several studies have demonstrated the biosafety ranges of microbial melanins in vitro.
Oh et al. reported that melanin from Amorphotheca resinae in the range of 200–4000 µg/mL
did not affect the viability of human keratinocytes HaCaT after 24 h of exposure of cells [40].
Lorquin et al. showed that pyomelanin from H. titanicae and its synthetic form resulting
from HGA polymerization in the milieu of Mn2+ were noncytotoxic to human epidermal
keratinocytes [6]. Melanin from Dietzia schimae, which possesses photoprotective activity,
was safe for human fibroblast hFB at concentrations below ≤500 µg/mL [41]. Pyomelanin
produced by various Pseudomonas species may differ in cytotoxicity toward eukaryotic cells.
In the study by Kurian and Bhat, the highest concentration of melanin from Pseudomonas
stuteri, which was safe for L-929 fibroblasts, was 100 µg/mL [42]. The cytotoxicity of
pyomelanin from P. putida against A-375, HeLa Kyoto, HEPG2 or Caco2 cell lines was
examined by Ferraz et al. and expressed as the cytotoxicity index IC50, with values of
1770 µg/mL, 2510 µg/mL, 890 µg/mL and 1080 µg/mL, respectively [43].

Monocytes play a key role in the development of inflammatory and immune responses,
which determine the elimination of infectious agents, induction of antigen-specific adaptive
immunity and tissue regeneration; thus, testing new components with medical potential
in humans regarding the effectiveness of monocyte activation is needed [44]. The level
of activation may vary depending on the cell type, the chemical structure of biocompo-
nents and the cell milieu. In response to tissue damage, monocytes and macrophages
deliver proinflammatory cytokines, including chemokines, which facilitate the recruitment
of immunocompetent cells, and the removal of debris, which is a prerequisite for suc-
cessful healing. In subsequent stages of healing, macrophages can reduce inflammation,
through the secretion of anti-inflammatory cytokines, can control the differentiation of
stem cells, and can regulate angiogenesis [45]. It has been revealed that acute inflammation
or low doses of proinflammatory cytokines are necessary for the reconstruction of bone
tissue; therefore, modulation of the NF-κB pathway by pyomelanin may influence bone
remodeling [46].

In this study, we have shown that Pyosol is non-cytotoxic in the widest range of
concentrations, which is compatible with NF-κB induction compared to the activity of
sPyo or Pyoinsol. However, the poor activation of NF-κB by water-insoluble and synthetic
forms of pyomelanin does not rule them out from further biological studies. Depending on
the application context, the proinflammatory or anti-inflammatory activity of pyomelanin
can be considered. Proinflammatory activity is desirable in fighting against infection
and in the early stages of tissue regeneration, whereas to prevent chronic inflammation,
anti-inflammatory properties of biocomponents are needed. Allam et al. reported that
Streptomyces longisporoflavus melanin improves immune defense against Escherichia coli
infection [47]. The severity of oxidative stress is the result of a strong inflammatory
response due to the activation of monocytes. Langhfelder et al. reported on the ability
of fungal melanins to neutralize such stress [11]. On the other hand, the initiation of
regeneration processes requires the stimulation of monocytes to secrete proinflammatory
cytokines, which was recently reported [19]. The Pyosol used in this study seems to meet
the highest biological safety, combined with the activation of monocytes, and due to this
may be further tested for immunomodulatory and pro-regenerative properties in different
cell models.

The results from the in vivo model of G. mellonella obtained in this study correspond
to the observations on the safety of various forms of pyomelanin in the in vitro model.
These results are very useful in selecting potential pyomelanin applications. In particular,
Pyosol and Pyoinsol seem to meet the requirements for further studies on potential medical
applications. In contrast, sPyo can be further investigated for nonmedical applications.
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4. Materials and Methods
4.1. Culture of Pseudomonas aeruginosa

To obtain pyomelanin with a limited content of undesirable substances (e.g., alginate,
excess protein products), a new minimal liquid medium for P. aeruginosa cultivation was
developed. Two versions of pyomelanin minimal medium (PMM) were prepared. The
first PMM version (PMM I) contained 2.0 g of KH2PO4, 5.0 g of NaCl, 0.1 g of MgSO4,
2.0 g of L-tyrosine and 2.0 g of glucose per 1000 mL of distilled water. The second version
(PMM II) was additionally supplemented with 1.5 g of arabinose and 1.35 g of malic
acid. All chemicals were purchased from PolAura, Dywity, Poland. After dissolving
the substrates, the pH of both media was adjusted to 7.0 with 0.5 M NaOH. PMM I
and PMM II were autoclaved at 121 ◦C, 2.5 Ba. Luria–Bertani (LB) broth medium was
inoculated with the P. aeruginosa Mel+ strain deposited in the collection of the Department
of Immunology and Infectious Biology UŁ, Poland, and cultured (37 ◦C, 18 h) to obtain
an initial bacterial suspension. After incubation, 300 mL of PMM II was inoculated with
1.0 mL of a 1.0 McFarland bacterial suspension and grown for 5 days (37 ◦C, shaking at
120 rpm) when the culture medium changed to a deep black-brown color. To increase the
production of pyomelanin, after cultivation, the bacterial cultures were exposed to sunlight
for 2 days at room temperature.

4.2. Isolation of Pyoinsol

To isolate Pyoinsol from the cell-free supernatant, 300 mL of bacterial culture was
centrifuged at 3300× g for 15 min, and then the supernatant was acidified with 6.0 M HCl
(PolAura, Dywity, Poland) to pH 2.0 and stored, protected from light, at room temperature
for 5 days. Thereafter, the supernatant was boiled for 45 min to avoid the formation of
melanoidins after cooling, and the supernatant was centrifuged at 3300× g for 25 min.
The pellet of Pyoinsol was washed three times with 25 mL of 0.1 M HCl and then three
times with double distilled water. Afterward, 10 mL of ethanol (99.9%) (Chempur, Piekary
Śląskie, Poland) was added to the pigment pellet and placed in a water bath (95 ◦C, 30 min).
After storage in an incubator (50 ◦C, overnight), for complete evaporation of alcohol, the
pyomelanin was washed twice with ethanol and air dried.

4.3. Isolation of Pyosol

To obtain Pyosol, the postculture bacterial cell-free supernatant was incubated with
chloroform in a 1:1 ratio under shaking conditions for 24 h (room temperature, shaking
at 120 rpm). The aqueous phase containing pyomelanin was then separated from the
chloroform and protein phases using a separating funnel. To remove residual protein
contaminants, the aqueous layer was centrifuged at 5300× g for 30 min. Pyosol was
concentrated and purified from low-molecular-weight soluble substances by centrifuging
the supernatant on an ultrafiltration unit (3300× g, 60 min., MWCO 30 kDa) (Sartorius,
Göttingen, Germany). The bacterial pigment was dried at 50 ◦C overnight.

4.4. Synthesis of Pyomelanin

HGA (TCI, Eschborn, Germany), which is the main precursor for pyomelanin in
P. aeruginosa, was used to prepare sPyo. HGA (1.0 g) was dissolved in 400 mL of distilled
water (heated to 50 ◦C), and then a solution of 4.0 M NaOH was added to achieve pH
10.5. Autoxidation of HGA to sPyo was carried out for 10 days at 37 ◦C in the absence of
light. The tube with the HGA solution was opened once a day to provide a new portion of
oxygen. When a dark brown pigment was observed in the tube, sPyo was precipitated with
10.0 M HCl (to pH 6.0), left to sediment for 24 h and centrifuged (3300× g, 25 min). The
pyomelanin pellet was suspended in 2.2 M HCl and left for 2 days to stabilize the pigment.
Then, sPyo was centrifuged (6600× g, 10 min) and washed three times with 0.1 M HCl and
double-distilled water.
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4.5. Purification of Bacterial Pyomelanins

Lipopolysaccharides (LPSs) were removed from P. aeruginosa pyomelanin by affinity
chromatography using Pierce™ High Capacity Endotoxin Removal Spin Columns (Thermo
Scientific, Waltham, MA, USA). The resin and column were prepared and equilibrated
according to the manufacturer’s protocol. Samples of Pyosol and Pyoinsol (5 mg/mL) were
applied to the columns, incubated for 3 h with gentle mixing, centrifuged at 500× g, col-
lected into new tubes and dried at 50 ◦C overnight. The pyomelanin pellet was washed with
chloroform, ethyl acetate, ethanol and water. For further experiments, the pyomelanin was
stored in a dark and dry place at 4 ◦C. The methodology for the isolation and purification
of bacterial pyomelanins is shown in Figure 7.

Figure 7. Schematic representation of isolation and purification of bacterial pyomelanins. Ab-
breviations: water-soluble pyomelanin (Pyosol), water-insoluble pyomelanin (Pyoinsol), synthetic
pyomelanin (sPyo), lipopolysaccharide (LPS).

4.6. Fourier Transform infrared (FTIR) Spectroscopy

FTIR spectra in transmission mode were collected from 4000 to 400 cm−1 using the KBr
pellet technique on a Thermo Nicolet Nexus FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) and analyzed with Thermo Scientific Omnic Software ver. 8.3.

4.7. Thermogravimetric Analysis (TGA)

TGA measurements were performed using a TGA/DSC1 Mettler Toledo system (Met-
tler Toledo, Greifenesee, Switzerland) [48]. Samples were heated from 25 ◦C to 800 ◦C
at a rate of 10 ◦C/min under 60 mL/min of nitrogen flow. The evaluation of the TGA
curves was performed using STARe ver. 16.20c software (Mettler Toledo, Greifenesee,
Switzerland). The first derivative of mass over time was calculated with OriginPro ver.
2021 (OriginLab Corporation, Northampton, MA, USA) and plotted against temperature.
The Savitzky-Golay smoothing algorithm was implemented. A 20 point window and a
second-order polynomial was used.

4.8. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Mettler Toledo DSC1 system (Mettler
Toledo, Greifenesee, Switzerland) coupled with a Huber TC 100 intracooler (Huber USA,
Inc., Raleigh, USA) [49]. The instrument was calibrated using indium (Tm = 156.6 ◦C,
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∆Hm = 28.45 J/g) and zinc (Tm= 419.7 ◦C, ∆Hm = 107.00 J/g) standards. Samples (~3.5 mg)
were measured in 40 µL aluminum pans under a constant nitrogen purge (60 mL/min)
from 0 ◦C to 200 ◦C. The heating and cooling rates were set to 10 ◦C/min. The recorded
DSC curves were normalized to the sample mass. The evaluation of the DSC curves was
performed using STARe ver. 16.20c software (Mettler Toledo, Greifenesee, Switzerland).

4.9. Assessment of Pyomelanin Biocompatibility
4.9.1. Cell Cultures

The biocompatibility of pyomelanin was assessed in vitro according to ISO 10993-
5:2009 (Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity)
using two cell lines: the reference L-929 (CCL-1™) mouse fibroblasts and human monocytes
THP-1 (TIB-202™), which were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Prior to experiments, cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated fetal calf serum
(FCS; HyClone Cytiva, Marlborough, MA, USA) and the antibiotics penicillin (100 U/mL)
and streptomycin (100 µg/mL) (Sigma-Aldrich, Darmstadt, Germany). Mouse fibroblasts
and human monocytes were incubated at 37 ◦C in a humidified atmosphere containing
5% CO2 until the formation of the cell monolayer. Before being used in the experiments,
the cell viability and cell density were assessed by trypan blue exclusion assay using a
counting Bürker chamber (Blaubrand, Wertheim, Germany). The cells were used in the
experiments only if cell viability was higher than 95%.

4.9.2. MTT Reduction Assay

The biocompatibility of pyomelanins was assessed in vitro in cell cultures using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Darm-
stadt, Germany) reduction assay as previously described [50] and as recommended by the
Food and Drug Administration and ISO norm 109935 [ISO 10993-10995:2009. Biological
evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity]. L-929 fibroblasts
or THP-1 monocytes adjusted to a density of 2 × 105 cells/mL were seeded (20,000 cells
per well) in 96 well culture plates (Nunclon Delta Surface, Nunc, Rochester, NY, USA)
and incubated overnight prior to stimulation with pyomelanin. Cell morphology and
confluency were controlled using an inverted contrast phase microscope (Motic AE2000,
Xiamen, China). Stock solutions of Pyoinsol or sPyo, 10 mg/mL in 50 mM NaOH (Po-
lAura, Dywity, Poland) in complete RPMI-1640 (cRPMI-1640) were diluted with medium
to concentrations of 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2 and 1 µg/mL. An identical series
of dilutions was prepared for Pyosol starting from a stock solution at a concentration of
2 mg/mL initially dissolved in cRPMI-1640. The pyomelanin solutions were sterilized
by filtration using filters with a 0.22 µm pore diameter (Sartorius, Göttingen, Germany).
Suspensions of pyomelanins were distributed to the wells of culture plates (6 replicates
for each experimental variant) containing cell monolayers. After 24 h of incubation, the
condition of the cell monolayers was verified under an inverted contrast phase microscope.
The cell cultures in medium without pyomelanin were used as a positive control (PC) of
cell metabolic activity, whereas the cell cultures in 3% H2O2 served as a negative control
(NC). To quantify the metabolic activity of cells, 20 µL of MTT was added to each well,
and incubation was carried out for the next 4 h. The plates were centrifuged at 450× g
for 10 min, the supernatant was removed, and the formazan crystals were dissolved with
100 µL of dimethyl sulfoxide (Sigma Aldrich, Seelze, Germany). The absorbance was deter-
mined spectrophotometrically using a Multiskan EX reader (Thermo Scientific, Waltham,
MA, USA) at 570 nm. The effectiveness of MTT reduction was calculated based on the
following formula: MTT reduction relative to untreated cells (%) = (absorbance of treated
cells/absorbance of untreated cells × 100%) − 100%.
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4.9.3. Activation of Monocytes

THP1-Blue™ NF-κB monocytes (InvivoGen, San Diego, CA, USA), derived from hu-
man THP-1 monocytes, were used to determine the activation of the NF-κB signal transduc-
tion pathway, as previously described [51], in response to exposure of cells to sPyo, Pyoinsol
or Pyosol. THP1-Blue™ NF-κB cells are specific biosensors of the NF-κB pathway, which is
typical for innate immune cells [52,53]. The induction of NF-κB results in secretion of em-
bryonic alkaline phosphatase (SEAP) by these cells. Cell suspensions, 2 × 106 cells/mL in
selective RPMI-1640 supplemented with heat-inactivated 10% FCS (HyClone, Cytiva, Marl-
borough, MA, USA), 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM glutamine and selective antibiotics
(100 µg/mL normocin and 10 µg/mL blasticidin) (InvivoGen, San Diego, CA, USA), at
a density below 2 × 106 cells/mL, were cultured for 5 days in a humidified 5% CO2 at-
mosphere at 37 ◦C. Freshly prepared suspensions of monocytes in culture medium were
distributed to the wells of culture plates (1 × 105 cells/well; 180 µL). Then, 20 µL of tenfold-
concentrated pyomelanin solution was added to selected wells (in six replicates) to a final
concentration of 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2 and 1 µg/mL. Cells were incubated for
24 h in an incubator. Monocytes in selective RPMI-1640 alone served as an negative control
(NC), whereas monocytes stimulated with 10 ng/mL LPS from Escherichia coli O55:B5
(Sigma-Aldrich, Darmstadt, Germany) were used as a positive control (PC) for NF-κB
activation. The level of SEAP secretion was determined in the cell culture supernatants.
Cell-free supernatant (20 µL) was mixed with 180 µL QUANTI-Blue™ (InvivoGen, San
Diego, CA, USA) and incubated at 37 ◦C for 4 h. Absorbance was measured at 650 nm using
a Multiskan EX reader (Thermo Scientific, Waltham, MA, USA). The results are expressed
as the mean and standard deviation (SD) of five experiments performed in six replicates for
each experimental variant.

4.9.4. In Vivo Toxicity Assay

Different formulations of pyomelanin were examined for their toxicity in vivo using
the model of last instar Galleria mellonella larvae, which enables real-time cytotoxicity
testing [53–55]. In the assessment of the last instar, the size of the larva, width and degree
of scleritization of the head capsule were analyzed, and the ecdysial line along the middle
of the dorsal side was observed. Before the experiment, the last instar of larvae (purchased
from a local vendor), confirmed by the specialist from the Department of Ecology and
Vertebrate Zoology, Faculty of Biology and Environmental Protection, University of Łódź,
Poland, were stored in the dark in a refrigerator at 15 ◦C to minimize transformation into
adult form. Prior to conducting the assay, each larva was sterilized with a cotton swab
dipped in 70% ethanol. The bioassay was performed in glass Petri dishes. Twelve larvae
(200–300 mg weight) were injected with 10 µL of Pyoinsol, Pyosol or sPyo into the hemocoel
via the intersegmental membrane near the last left proleg using a microsyringe (Sigma
Aldrich, Darmstadt, Germany). Control larvae were injected with phosphate-buffered
saline (PBS) or 10 mM NaOH (control solvent for Pyosol and sPyo). The physiological
activities of insects or the number of dead insects were recorded at 0, 12, 24, 48, 72, 96 and
120 h after the injection. The larval health status was evaluated using the Health Index
Scoring System (HISS), which is based on the following symptoms: larval mobility, cocoon
formation, melanization of the body integuments and survival [55] (Table 3). In this system,
the total melanization of the larvae (black larvae) and loss of larval motility correlate with
the death of the larvae [56]. Representative pictures of morphological changes in larvae
injected with Pyosol, Pyoinsol or sPyo are shown in Supplementary Figure S1.
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Table 3. The Health Index Scoring System (HISS) for G. mellonella Larvae.

Category Description Score

Mobility

no movement 0
minimal movement on stimulation 1

movement when stimulated 2
movement without stimulation 3

Cocoon formation
no cocoon 0

partial cocoon 0.5
full cocoon 1

Melanization

black larvae 0
black spots on brown larvae 1
≥3 spots on beige larvae 2
<3 spots on beige larvae 3

no melanization 4

Survival
dead 0
alive 2

4.10. Statistical Analysis

The Kolmogorov–Smirnov test was used to test the normality of the data. Intergroup
outcomes were compared for statistical significance using ANOVA (analysis of variance)
followed by Dunnett’s post hoc test. Statistical significance between pyomelanin concentra-
tions was calculated using ANOVA analysis, followed by Tukey’s post hoc test. In all cases,
significance was accepted at p < 0.05. All analyses were performed using GraphPad Prism
9 software (GraphPad Software, San Diego, CA, USA).

5. Conclusions

Taking into account the need to search for biocomponents, including those of bacterial
origin with multidirectional biological activity (antimicrobial, immunomodulatory and
proregenerative), the aim of this study was to obtain natural bacterial pyomelanin from
Pseudomonas aeruginosa, namely, Pyosol and Pyoinsol, and synthetic pyomelanin (sPyo).
Furthermore, we characterized these three variants of pyomelanin in terms of chemical
structure and biosafety for further targeted biomedical research. The culture medium
increasing the production of pyomelanin was developed as well as the conditions for
the isolation and synthesis of pyomelanin from HGA. FTIR analysis showed that the
most important difference between variants of pyomelanin concerns the connections of
aromatic rings in polymer chains. In the case of Pyosol and sPyo, the Car-Car connections
between rings dominate the chain structure, whereas Pyoinsol showed fewer Car-Car links
between rings. For Pyosol, the wide band at 3700–3000 cm−1 indicated the presence of
condensed double bonds as well as the presence of OH groups involved in hydrogen
interactions, e.g., with water. We observed that Pyosol exhibited hygroscopic properties
(atmospheric moisture caused clumping). TGA confirmed the highest water content in
Pyosol. Further chemical research is required to fully define the structural differences in the
molecules of different variants of pyomelanin. A high level of biological safety allows for the
recommendation of Pyosol and Pyoinsol for further biomedical studies, including research
on their antimicrobial, immunomodulatory, and proregenerative activities. Investigating
the biosafety and modulation of the physiological activity of other cell lines will guide
research on pyomelanin towards the development of pyomelanin bioactive preparations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24097846/s1.
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Abstract: The purpose of this study is to evaluate the mechanical properties and clinical fitness of 3D-
printed bioglass porcelain fused to metal (PFM) dental crowns. To evaluate the mechanical properties,
tensile strength, Vickers microhardness, shear bond strength, and surface roughness tests of the SLM
printed Co-Cr alloy was conducted. A right mandibular 1st molar tooth was prepared for a single
dental crown (n = 10). For a three-unit metal crown and bridge, the right mandibular first premolar
and first molar were prepared. Bioglass porcelain was fired to fabricate PFM dental restorations.
A clinical gap was observed and measured during each of the four times porcelain was fired. A
statistical analysis was conducted. The SLM technique showed the largest statistically significant
tensile strength and a 0.2% yield strength value. The milling technique had the lowest statistically
significant compressive strength value. The shear bond strength and surface roughness showed no
statistically significant difference between the fabricated method. There was a statistically significant
change in marginal discrepancy according to the porcelain firing step. The casting technique showed
the greatest statistically significant margin discrepancy value. The SLM method showed better fitness
than the traditional casting method and showed better mechanical properties as a dental material.

Keywords: 3D printing; SLM; margin fitness; dental restoration

1. Introduction

Porcelain fused to metal (PFM) restoration refers to porcelain restoration supported by
a metal substructure, and it is one of the most commonly used restorations in dentistry [1].
PFM restoration is made of non-precious metals, such as Ni-Cr or Co-Cr alloys, instead
of noble metal alloys due to their high cost. These non-noble metal alloys are affordable,
exhibit high strength, modulus of elasticity and corrosion resistance, and therefore represent
perfect candidates for metal substructures [1]. Especially, Co-Cr alloy has been used
primarily as a metal substructure in removable partial dentures in the past. Currently,
its implementation as a metal substructure in PFM restoration is increasing due to fewer
side effects and higher internal corrosion resistance than Ni-Cr alloy [2,3]. Although metal
coping structures using Co-Cr alloy have been mostly manufactured with the conventional
lost-wax casting technique, the high fusion temperature of Co-Cr alloy is a hindrance to
successful fabrication, in addition to inevitable errors associated with serial fabrication
procedures.

Computer-Aided Design/Computer-Aided Manufacturing (CAD/CAM) techniques
play a major role in the production of biomechanical appliances and dental prosthodontic
restorations [4,5]. Currently, dentists face challenges in providing individual restorations
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and prosthodontic reconstructions customized to each patient, which entails recreating com-
plicated anatomic forms [6]. Although it may be possible to manufacture complex restora-
tive structures using subtractive manufacturing techniques of multi-axial CAD/CAM
milling equipment, it is very time-consuming and generates unnecessary material waste;
often, the final product lacks precision depending on the size and shape of the milling
equipment [7–9]. However, additive manufacturing, first suggested in the 1980s, represents
the opposite concept of subtractive manufacturing. Recently, it has been studied in various
fields, including aerospace technology and precision part manufacturing. It is expected to
lead to phenomenal changes in manufacturing industries. The American Society for Testing
and Materials (ASTM) defines additive manufacturing as a set of procedures combining ma-
terials to design the desired object, which generally results in the accumulation of specific
layers of materials. Additive manufacturing procedures enable the precise production of
various complicated restorations and structures in the field of dentistry and surgery [10,11].

Additive manufacturing can be classified according to methods such as material
procurement, sources of energy, and accumulation volume. It is also largely categorized by
powder bed systems, powder feed systems, and wire feed systems. Selective laser melting
(SLM) is one of the metal accumulation techniques that belong to the powder bed system,
which generates structures by directly irradiating metal powder with a high-powered
laser beam, resulting in fusion between metallic particles. SLM has been used to make
metal copings as well as metal substructures of partial dentures in previous studies. This
technique yielded satisfactory results, with the final product having superb mechanical and
chemical characteristics, such as high density, strength, and corrosion resistance [12–14].

Co-Cr alloys have been manufactured using both subtractive and additive methods via
CAD/CAM technology. Co-Cr alloys can be developed easily and rapidly using additive
manufacturing without the need for complex procedures, unlike conventional lost-wax
casting techniques [4,10,15]. However, the study of Co-Cr alloy using the SLM technique is
still in the initial stages. In addition, the disadvantages of current PFM restorations include
the high risk of chipping and the fracture of the porcelain veneer, which is an important
factor in determining the clinical success of the restoration [16,17]. Since Co-Cr has been
mainly used in removable prostheses in the past, there are relatively few studies on fixed
prostheses made in combination with ceramic materials [18–23]. Hence, the comparison of
mechanical properties and the bonding strength of metal and porcelain of the restorative
structure made with conventional manufacturing techniques should be evaluated before
the clinical application of Co-Cr alloy using the SLM technique. However, the bonding
strength of Co-Cr produced by the SLM method so far is a laboratory experiment that is
different from the clinical situation. In addition, porcelain firing is rarely performed in
accordance with the clinical situation. Instead of porcelain firing, thermocycling or a firing
procedure without porcelain is performed [24]. However, it is very different from the actual
clinical situation. Therefore, in this study, single crowns and three-unit bridges were used
in a very similar way to clinical situations.

Marginal fit is one of the necessary requirements for the clinical success of dental
restorations. Good marginal fit is essential for the long-term success of dental restorations,
and the presence of any errors can render harmful effects on the abutment tooth and
the supporting periodontal tissue. An inadequate internal fit could cause lead to a lack
of resistance of the metal–ceramic restoration, the loss of axial retention, and decreased
fracture resistance. According to the definition by Holmes, the internal gap refers to the
vertical measurement from the axial wall of the abutment tooth to the internal surface of
the restorative structure, and if the same measurement occurs at the marginal area, it is
defined as a marginal gap [25]. Mclean confined a marginal gap of 120 µm as a clinically
acceptable range [26]. Many studies have been conducted to investigate the marginal fit of
conventional cast manufacturing methods of Co-Cr alloy metal–ceramic restorations [27,28].
However, the study determining the marginal fit of Co-Cr alloy restoration obtained by
the SLM technique is still limited. Additionally, metal–ceramic restorations go through
a series of porcelain firing procedures, which result in distortion of metal coping due to
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repeated heat treatments, resulting in a poor marginal fit. However, the study of this topic
is inconclusive [29–31]. Specifically, there are no papers that have conducted experiments
in the form of bridges that are actually used in clinical practice rather than specimens.

Therefore, the purpose of this study was to compare the mechanical properties of Co-
Cr alloy generated using SLM, milling, and casting techniques for comparative evaluation
of the fitness of the PFM restoration of each of the techniques mentioned above.

2. Results
2.1. Mechanical Properties
2.1.1. Tensile Strength of Metal Alloy

The results of tensile strength according to casting, milling, and SLM manufacturing
techniques are presented in Figure 1. The SLM technique showed a higher mean maximum
tensile strength compared with the milling and casting techniques, which was statistically
meaningful (p < 0.05). When comparing the elongation amongst the groups, the data did
not show statistically meaningful differences (casting technique: 5.41 ± 1.81%, milling
technique: 9.46 ± 3.04%, SLM technique: 8.69 ± 1.69%) (p > 0.05) (Figure 2). The 0.2% yield
strengths (casting technique: 716.71 ± 50.03 MPa, milling technique: 512.65 ± 86.42 Mpa,
SLM technique: 879.30 ± 34.32 Mpa) turned out to be significantly higher in the order of
SLM, casting, and milling techniques, respectively (p < 0.05) (Figure 2).
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Figure 2. Ultimate tensile strength, elongation and yield strength following different manufacturing
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2.1.2. Vickers Microhardness

Figure 3 shows the results of the Vickers microhardness test according to the casting,
milling, and SLM techniques (Figure 3). The values of the mean and standard deviation of
Vickers microhardness in the SLM, milling, and casting groups were 441.97 ± 16.12 kgf/mm2,
388.57 ± 19.41 kgf/mm2, and 431.76 ± 12.85 kgf/mm2, respectively. The mean value of
Vickers microhardness was lower with the milling technique than those of the casting and
SLM techniques, which was statistically significant (p < 0.05).
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2.1.3. Shear Bond Strength of Porcelain vs. Metal Alloy

Figure 4 shows the result of the shear bond strength test between Noritake super porce-
lain Ex-3 porcelain and the Co-Cr alloy specimens made via casting (24.28 ± 2.32 MPa),
milling (20.66 ± 1.45 MPa), and SLM (22.55 ± 4.63 MPa) techniques (Figure 4). The dif-
ference in the shear bond strength of the three groups was not statistically significant
(p > 0.05).
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Figure 5 illustrates the porcelain attachment fracture surface at ×200 magnification
with SEM after the shear bond strength test (Figure 5A–C). All of the specimens showed
mixed adhesive failure (between fracture and adhesion surfaces) and cohesive failure
(fracture inside the porcelain). The light gray area of the SEM image represents the residual
opaque porcelain after the porcelain fracture, and the dark gray area denotes the Co-Cr
alloy structure area (Figure 5D). Figure 5E shows the area fraction of adherence porcelain
(AFAP) (%) value obtained from Si (silicone) EDS atomic analysis. AFAP (%) values were
as follows: casting (74.22 ± 14.90%), SLM (73.85 ± 22.17%), and milling (60.86 ± 22.84%)
techniques in the order from high to low but did not appear to be statistically significant.

2.1.4. Metal Surface Roughness

Figure 6 shows the result of the surface roughness test (Ra) according to casting, milling,
and SLM techniques measured under four different conditions: (1) raw, (2) raw + sandblasting
treatment, (3) polishing, and (4) polishing + sandblasting treatment (Figure 6). The sur-
face roughness measured under raw conditions was as follows: milling (0.37 ± 0.02 µm),
SLM-bur (1.73 ± 0.21 µm), casting (1.91 ± 0.11 µm), and SLM (3.13 ± 0.49 µm) in the
order of roughness to smoothness. The SLM specimens showed the highest value that
was statistically meaningful, and the milling specimens showed the lowest statistically
significant value (p < 0.05). The surface roughness was still consistent after the sandblasting
treatment of the surface under raw conditions with milling (1.03 ± 0.17 µm), SLM-bur
(1.95 ± 0.29 µm), casting (2.29 ± 0.24 µm), and SLM (3.31 ± 0.42 µm), which increased in
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roughness after the specimens were sandblasted. The surface roughness measured under
polished conditions was as follows: milling (0.17 ± 0.01 µm), SLM (0.22 ± 0.04 µm), and
casting (0.27 ± 0.02 µm). Casting specimens showed a higher surface roughness compared
with milling specimens, which was statistically meaningful (p < 0.05). The surface rough-
ness measured via sandblasting after polishing was as follows: milling (0.83 ± 0.14 µm),
SLM (0.77 ± 0.10 µm), and casting (0.87 ± 0.24 µm), but was not statistically meaningful
(p > 0.05).
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2.1.5. Metallurgic Structure

Figure 7 shows the metal surface structure of Co-Cr alloy specimens manufactured
via casting, milling, and SLM techniques. (Figure 7). A significant difference was found
on the surface metal structure in terms of the manufacturing techniques. The Co-Cr alloy
specimens fabricated via the casting technique showed characteristic dendritic-like shapes.
The Co-Cr alloy specimens fabricated with the milling technique showed an island shape.
The Co-Cr alloy specimens designed with the SLM technique showed a layered cladding
shape at ×100 and ×500 magnification and a fine surface along the inner border with
apparent metal fusion at ×2000 magnification (Figure 7).
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Figure 7. SEM images from polished section of Co-Cr alloys. (A) casting (original magnification × 100
and magnification of inserts × 500), (B) milling (original magnification × 100 and magnification of
inserts × 500), (C) SLM (original magnification × 100 and magnification of inserts × 500). (D) SLM
specimen (original magnification × 2000).

2.2. Dental Restoration Fitness Test
2.2.1. Marginal Fit

The marginal fitness of all groups according to the porcelain firing stages of Co-Cr
alloy coping was classified according to firing cycle steps, and the mean and the standard
deviation were computed (Table 1).
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Table 1. Marginal gap of casting, milling, SLM dental crown.

Firing Cycle Casting Milling SLM

Single crown

Initial 73.52 ± 13.86 e 63.09 ± 17.46 a 64.43 ± 13.47 a

Oxidizing 80.39 ± 13.86 i 69.58 ± 13.53 b 70.52 ± 13.46 c

Opaque 83.23 ± 14.24 j 72.20 ± 19.86 e 74.44 ± 18.03 f

Dentin 88.53 ± 11.84 l 73.90 ± 17.51 e 78.67 ± 18.87 g

Glazing 91.65 ± 8.71 l 79.70 ± 16.40 h 83.83 ± 17.38 j

Three-unit
bridge

Initial 81.05 ± 20.32 j 67.55 ± 9.97 b 71.62 ± 16.95 d

Oxidizing 88.04 ± 16.08 k 75.68 ± 11.80 g 77.63 ± 6.36 g

Opaque 91.65 ± 13.89 l 79.80 ± 12.89 g 83.76 ± 15.88 j

Dentin 96.09 ± 13.37 l 82.05 ± 13.17 i 86.45 ± 16.48 k

Glazing 100.07 ± 12.62 l 86.59 ± 15.06 k 92.64 ± 10.59 l

The different letters represent a significant difference at a type-one error rate of 0.05.

The marginal fit showed increasing marginal discrepancy as the porcelain firing stages
progressed. Instead, all groups showed a significant difference in the marginal discrepancy
between the initial step and after the glazing step (p < 0.05) (Table 1).

The marginal fit according to casting, milling and SLM manufacturing techniques after
the glazing step suggested that in the case of milling and SLM, the marginal discrepancy
values were not statistically meaningful (p > 0.05). However, in the case of the casting
method, the mean value of the marginal discrepancy was greater when compared with the
milling and SLM methods, which was also statistically meaningful (p < 0.05) (Table 1).

The marginal discrepancy in the three groups significantly increased as the porcelain
firing stages progressed (Table 1). (p < 0.05). The mean marginal gap values for the
casting group were 81.05 µm, 88.04 µm, 91.65 µm, 96.09 µm, and 100.07 µm after the initial,
oxidation, opaque, dentin, and glazing firing steps, respectively. The mean marginal gap
values for the milling group were 67.55 µm, 75.68 µm, 79.80 µm, 82.05 µm, and 86.59 µm at
the same firing stages. The mean marginal gap values for the SLM group were 71.62 µm,
77.63 µm, 83.76 µm, 86.45 µm, and 92.64 µm at the same firing stages. In the casting, milling,
and SLM groups, the marginal discrepancy values increased in the order of the milling,
SLM, and casting groups, which was statistically significant (p < 0.05). The mean marginal
gap value was 91.38 µm for the casting group, 78.33 µm for the milling group, and 82.42 µm
for the SLM group. The marginal gap after the completion of the glazing process is the
most important value because the metal–ceramic restoration is used after the completion og
porcelain firing. The marginal gap values after the completion of the glazing process were
100.07 µm for the casting group, 86.59 µm for the milling group, and 92.64 µm for the SLM
group. When comparing the mean value of the marginal discrepancy between the single
coping group and the bridge coping group according to the manufacturing techniques, all
techniques showed higher marginal discrepancy values in the bridge coping groups than
in the single coping groups, which was statistically meaningful (p < 0.05).

2.2.2. Internal Fit

The mean and standard deviation of the internal fit were computed in all groups after
the porcelain firing process was completed (Table 2). The values were arranged according
to the manufacturing techniques, which were analyzed statistically. The axial internal gap
was significantly lower in the milling than in the casting and SLM methods (p < 0.05), and
the occlusal internal gap was significantly higher in the SLM than in the casting and milling
methods (p < 0.05). When the axial and occlusal internal gaps were combined, the internal
gap was higher in the order of the milling, casting, and SLM groups, and the milling and
SLM groups showed statistically meaningful differences (p < 0.05).
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Table 2. Internal gap of casting, milling, SLM single dental crown.

Firing Cycle Casting Milling SLM

Axial 134.9 ± 28.29 a 118.35 ± 24.26 b 137.16 ± 31.94 a

Occlusal 181.84 ± 28.68 d 178.94 ± 26.22 d 200.86 ± 22.16 c

Total 160.98 ± 36.86 g 152.01 ± 39.37 e 172.55 ± 41.57 f

The different letters represent a significant difference at a type-one error rate of 0.05.

For a three-unit bridge, the axial internal gap was lower in the milling group than
in the casting and SLM groups, which was statistically meaningful (p < 0.05), and the
occlusal internal gap was higher in the SLM group than in the casting and milling groups,
which was statistically meaningful (p < 0.05) (Table 3). With respect to the combined axial
and occlusal internal gap, the internal gap increased in the order of the milling, casting,
and SLM groups (p < 0.05). When comparing the mean internal gap values of the single
coping groups and bridge coping groups according to the manufacturing techniques, in all
manufacturing techniques, the bridge coping groups showed higher internal discrepancy
values than the single coping groups (p < 0.05).

Table 3. Internal gaps of a 3-unit bridge in casting, milling, SLM groups after the firing cycle process.

Internal Gap Casting Milling SLM

First premolar Axial 159.34 ± 10.02 c 142.48 ± 12.32 f 150.39 ± 9.39 b

Occlusal 179.3 ± 9.65 c,d,e 186.42 ± 11.69 g 205.07 ± 7.51 i

First molar
Axial 159.07 ± 25.31 c,e 141.26 ± 26.51 f 154.85 ± 14.31 b

occlusal 201.54 ± 33.60 d 201.29 ± 27.90 g 246.74 ± 18.14 j

total 174.82 ± 27.68 a 167.86 ± 33.62 g 189.26 ± 41.94 b

The different letters represent a significant difference at a type-one error rate of 0.05.

3. Discussion

In this study, mechanical properties and restoration fitness tests were conducted with
a Co-Cr alloy produced via additive, subtractive, and casting manufacturing techniques.
Although the mechanical properties and fitness have been evaluated using additive man-
ufacturing techniques in various studies recently, the study of Co-Cr alloy specimens is
still in the beginning stage [18,20–24]. This study investigated the unique traits of metal
alloys compared with the mechanical properties of Co-Cr alloy specimens fabricated using
SLM, which is an additive manufacturing technique, with specimens made by conventional
casting and subtractive manufacturing techniques. In addition, the restoration fit was
evaluated by fabricating a PFM crown coping in a similar environment under actual clinical
conditions created by executing porcelain build-up.

In the tensile strength test, ultimate tensile strength, elongation, and 2% yield strength
were measured and classified according to the groups and specimens meeting the mechan-
ical trait standards of ISO 22674:2006 in this study. The SLM technique showed higher
UTS and 2% yield strength than casting and milling techniques, which was statistically
meaningful (p < 0.05). These results are consistent with the current studies, showing that
the Co-Cr alloy manufactured via SLM has improved mechanical traits compared with
the conventional manufacturing techniques [8,32,33]. The grain size of the metal alloy is
closely correlated with the nucleation rate, which is determined by the degree of super-
cooling [34]. As the specimens manufactured with the SLM technique exhibit substantially
higher differences in temperature compared with those involving the casting technique
(casting = 1500 ◦C, SLM = 1800 ◦C), it is expected that the grain size is significantly smaller
in specimens exposed to the SLM technique. As shown in this study, the SEM images of
the Co-Cr alloy specimen showed dendritic and island shapes with casting and milling
techniques, respectively, whereas the SLM technique yielded fine grains. Casting technique
specimens can be divided into dentritic and interdendritic structures, which separate metal
solutes into two domains, resulting in the degradation of mechanical traits. The milling tech-

134



Int. J. Mol. Sci. 2023, 24, 7203

nique also showed a surface metal structure associated with the precipitated island-shaped
phase instead of a monophasic structure. Similarly, the Co-Cr alloy specimens fabricated
with casting and milling techniques also contained a precipitated phase. Conversely, the
Co-Cr alloy specimens obtained via the SLM technique showed a surface structure with
fine grains, which may result in more favorable mechanical traits. The distinction in the
surface metal structures indicates a difference in solidification and thermo-mechanical pro-
cedures, which is consistent with previous studies demonstrating that specimens obtained
via the casting and milling techniques carry a dendritic microstructure, whereas specimens
prepared via the SLM technique showed a uniform and fine-grain microstructure [34]. The
mechanical traits of the Co-Cr alloy are also affected by the composition of metallic phases,
in which case, the monophasic composition improves the machinability of the metal alloy.
The Co-Cr alloy undergoes a transformation from the FCC phase at high temperature to an
HCP phase at low temperature, and in the case of the SLM technique, the specimens are
processed via rapid solidification, which results in an alloy consisting mostly of the FCC
phase [34]. Therefore, the SLM technique specimens show better machinability than the
casting technique specimens.

The SLM technique specimens had the highest Vickers microhardness value at
(441.97 kgf/mm2), which is consistent with recent studies [8]. The Vickers microhardness
values of the casting and SLM techniques were higher than that of the milling technique,
which was statistically meaningful. Recent studies indicate that the grain size at the time of
manufacture is distributed more finely in the SLM technique, which enhances mechanical
traits, and residual strength generated during fabrication appears to contribute to higher
compressive hardness [8,34].

The results of the surface roughness test showed that the specimens under the raw
conditions exhibit a rough surface in the order of milling > casting = SLM-bur > SLM.
Metal additive manufacturing contains numerous metal pearls on the surface naturally,
which requires finishing with a rotary cutting machine in order to build up an appropriate
porcelain superstructure. After the finishing procedure, the surface roughness of the
SLM specimens did not show a statistically meaningful difference compared with the
casting technique specimens (p > 0.05), which coincided with the clinical appearance
after the sandblasting processing before porcelain firing. Appropriate surface roughness
increases the bonding surface with the porcelain superstructure, which possibly results in
increased bond strength. The milling and casting techniques yielded statistically significant
differences in surface roughness after polishing (p < 0.05). At the same time, the SLM
technique specimens processed with surface polishing similarly did not show statistically
meaningful differences compared with milling technique specimens (p > 0.05). Thus, it can
be inferred that the polishing step transforms the macroscopic surface roughness of the
SLM technique specimens to that of the milling technique. In addition, when the specimens
were processed via sandblasting after polishing, the difference in surface roughness due
to the manufacturing technique was not significant (p > 0.05). In brief, in the case of the
SLM technique, the metal alloy surface under raw conditions contained multiple metal
pearls generated during repeated melting and cooling procedures, but after appropriate
surface finishing, the specimens showed similar surface roughness as those of the casting
and milling techniques, which rendered appropriate surface conditions for the build-up of
the porcelain superstructure.

Alloy manufacturing using other techniques increases the differences in the surface
shape as well as changes in surface oxide, which affect the strength of the metal–porcelain
bond [35]. In this study, the shear bond strength did not show a statistically meaningful
difference when porcelain was fused to the Co-Cr alloy specimens via three different
techniques (p > 0.05). The bond strength between the metal and porcelain is affected by the
difference in mechanical and chemical bonding and thermal expansion coefficient [36,37].
According to the results of this study, the lack of difference in the shear bond strength due
to the manufacturing techniques means that these complex factors do not contribute to the
statistical differences. Likewise, although the result of AFAP showed a residual porcelain
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attachment rate based on the following order (high to low): casting (74.22 ± 14.90%), SLM
(73.85 ± 22.17%), and milling (60.86 ± 22.84%), it was not statistically meaningful (p > 0.05).
The AFAP of SLM and casting specimens was almost equal, which indicates that it is
appropriate for clinical application since it suggests that the metal–porcelain bond strength
also shows an equivalent performance.

In this study, the marginal fit was measured during a series of porcelain firing pro-
cedures of Co-Cr alloy coping manufactured using casting, milling, and SLM techniques.
Accordingly, as the porcelain firing procedure progressed, the marginal gap increased little
compared with the previous stage. Comparing the marginal discrepancy of the first stage,
the ‘initial stage’, and the final ‘glazing stage’, all of the Co-Cr alloy coping specimens
manufactured with casting, milling, and SLM techniques showed statistically meaningful
differences (p < 0.05) due to the accumulation of the marginal distortion of the Co-Cr alloy
coping generated during each porcelain firing stage. Although it is suggested that the clini-
cal objective is to maintain the marginal gap between 25 and 40 µm, according to American
Dental Association (ADA) specification No.8, this is difficult to achieve. McLean studied
the marginal fit of about 1000 PFM crown restorations and suggested that a marginal
discrepancy of about 120 µm is the clinical threshold [25]. This finding indicates that the
marginal discrepancy generated after a series of porcelain firing procedures in this study is
within the clinically acceptable scope. The marginal discrepancy values generated during
the porcelain firing procedures of this study tend to be higher than those of previous
studies, which executed porcelain firing repeatedly without the porcelain build-up [38]. It
appears that as the temperature drops during the porcelain firing thermal treatment proce-
dure, additional distortion in marginal fit occurs due to the differences in the coefficient of
thermal expansion between the metal coping and the porcelain superstructure.

Previous studies have reported that the marginal discrepancy occurs due to the release
of residual stress generated during the porcelain thermal treatment, which is the first
stage of porcelain firing [30,39]. According to Papazoglou et al., statistically meaningful
distortion occurs during the first step of the porcelain firing thermal treatment, whereas
Li Zeng et al. reported that the increase in marginal discrepancy was not statistically
significant [38,40]. In this study, although the mean marginal discrepancy during the first
porcelain firing heat treatment did not show a statistically meaningful difference, a clear
discrepancy was observed when the marginal discrepancy was compared before and after
the firing. The Noritake Super Porcelain EX-3 used in this study is high-fusing dental
porcelain that requires an increase in temperature as high as 1000 ◦C during the firing
cycle. The decline in the alloy under this high temperature can induce distortion in the
metal coping, which subsequently, under repeated thermal treatments at high temperatures,
results in marginal distortion [41,42]. In conclusion, even though there was no significant
marginal discrepancy generated during the first stage of porcelain firing, it can be assumed
that the marginal distortion of the actual metal coping accumulates.

The casting method showed higher mean marginal discrepancy compared with the
milling and SLM groups in all stages of the porcelain firing procedures, which showed
statistically meaningful differences (p < 0.05). Even though milling showed a lower mean
marginal discrepancy in all stages of porcelain firing, it was not statistically meaningful
(p > 0.05). Örtorp et al. reported that when the marginal fit of Co-Cr alloy coping manufac-
tured with casting, milling, and SLM techniques was compared, the marginal gap increased
in the order of laser sintering, casting, and milling techniques [43]. Additionally, Quante
et al. reported on the marginal fit when using a silicone replica, wherein the marginal
discrepancy increased in the order of casting, milling, and laser sintering techniques [44].
The result of this study was inconsistent with those of previous studies, which can be
attributed to the difference in the accuracy of the CAM unit during milling, a lack of heat
generation in the manufacturing environment, differences in the technical expertise of the
laboratory technician when using the complex procedures of casting using the lost-wax
technique, and differences in the laser beam conditions and layering systems of SLM. How-
ever, it is difficult to create a detailed internal shape using the milling technique, and this
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entails complex restoration manufacturing procedures. In addition, the milling technique
decreases precision due to the fast wear of the cutting instrument during milling and the
significant waste of materials during the manufacturing procedures.

The SLM technique showed a higher internal gap compared with the other groups
prepared using different techniques, which was consistent with previous studies [45,46]. It
can be inferred that the difference in the accuracy of the equipment used and the distortion
due to the heat-generating environment during manufacturing contributed to this result.
Comparing the coping manufactured using the SLM technique and the casting technique,
the internal fit of the SLM did not show statistically meaningful differences in terms of cast-
ing axially, but the occlusal portion showed a statistically meaningful difference (p < 0.05),
which is contrary to the previous result that shows a better marginal fit of SLM. When
evaluating the SLM technique specimens compared with the casting technique specimens,
the internal gap decreases from the occlusal to the marginal part due to the accompanying
cervical contraction of the metal alloy manufactured using the SLM technique in previous
studies [38]. This result may be attributed to repeated high heat and rapid cooling treat-
ments during the preparation of the specimen for the SLM technique, during which the
metal coping with a supporter designed in the occlusal direction increases distortion due
to the heat in the marginal portion, which is relatively far from the supporter. As a result,
contraction in the marginal part is more prominent than in the occlusal part, and when
measuring the internal fit, the marginal contraction restricts the applied silicone impression
to the occlusal part, resulting in a high occlusal gap. For the milling group, higher occlusal
gaps than axial ones were explained by the reduced scanner accuracy in occlusal areas,
which have limited access for the milling burs [47]. Increased gaps are not desirable and
result in increased cement thickness; these may also interfere with the accurate fit of a
restoration. However, the internal gap value in this study exhibited a range of 167.86 µm to
189.26 µm. According to the previous study, the acceptable clinical occlusal gap range is
100 to 200 µm [46]. Thus, it is within a clinically acceptable internal gap range.

In this study, in all groups of casting, milling, and SLM technique specimens, the
mechanical traits and marginal fit showed different results, and the null hypothesis was
rejected. In the case of the SLM technique, it is possible to make restorations with com-
plex forms, generate results without voids, and create Co-Cr alloy copings with better
mechanical traits than those made using conventional techniques. Thus, a Co-Cr alloy
coping manufactured with the SLM technique can be used to maintain long-term marginal
soundness and is deemed appropriate for clinical application. Accordingly, the fitness of
restoration and mechanical traits were excellent when fabricating PFM restorations via the
SLM technique. Even though the fabrication of restorations using additive manufacturing
techniques is limited by the exorbitant price of the equipment, the results of this study
suggest the significant potential for dental applications in the future.

4. Materials and Methods
4.1. Mechanical Properties

All of the specimen compositions for SLM, milling, and casting techniques follow the
ASTM F-75 standard so as to minimize the errors due to compositional differences in the
materials (Table 4) [45]. The specimen preparation for the SLM technique was conducted
using a 3D printer (ProX® DMP 100, 3D systems Inc., Rock Hill, SC, USA), and SLM
was used under 50 µm of Co-Cr metal power with the following parameters: P = 200 W,
λ = 1070 nm, layer thickness = 20 µm, and speed = 40 mm/s. The specimen preparation in
the milling technique was carried out using a milling machine (Arden 5X-WM, TPS Korea
LTD, Gwang-Ju, Republic of Korea) and a Co-Cr Bar measuring 75 mm and weighing 4 kg
apiece (R516045, Remelt Sources Inc., Cleveland, OH, USA), which was used for subtractive
manufacturing. The specimen preparation for the casting technique was conducted by
creating resin patterns with a 3D resin printer (Meg printer, Megagen, Dae-gu, Republic of
Korea) using the Digital Light Processing (DLP) method, followed by burnout and casting
procedures.
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Table 4. Chemical compositions of Co-Cr dental alloys.

Group Co Cr Mo Ma Si Fe C Product Name

Casting 64 28 6 <1 <1 <1 <1 Dental Alloy Products
Super 6 Remelt Sources

R516045
SinT-Tech ST2724G

Milling Balance 27.9 5.79 0.35 0.83 0.30 0.24
SLM Balance 29 5.5 <1 <1 <1 <1

ASTM F75-18 (Max) Balance 30 7 1 1 0.75 0.35
ASTM F75-18 (Min) Balance 27 5 - - - -

The Co-Cr alloy specimens used for the tensile strength test were formatted with a
dumbbell shape in accordance with the ISO 22674;2016 standard and designed using a CAD
program (AutoCAD®, Autodesk, CA, USA), which was then converted to an STL file format.
Each of the 5 specimens was prepared using SLM, milling, and casting techniques [48]. The
prepared dumbbell-shaped specimens were subjected to a tensile strength of 10 mm/min
crosshead speed on the universal testing machine (AG-Xplus 50 kN, Shimadzu, Kyoto,
Japan), and each specimen was recorded at the time of fracture.

The Co-Cr alloy specimens used for the Vickers microhardness test (disc-shaped
specimen measuring 10 mm in diameter and 4 mm in height) were designed using CAD
(AutoCAD®, Autodesk, CA, USA). The surface hardness of the specimens in all groups
was measured with a micro-Vickers durometer (TUKON-1202, Wilson, IL, USA) and the
hardness measurements were made below 1 kgf for a duration of 10 s. After removing
the load, the diagonal indentation was observed with a microscope attached to a hardness
tester, which was used to calculate the Vickers microhardness (n = 12).

All of the Co-Cr alloy specimens used in the shear bond strength experiment were
polished on the surface to which the porcelain was attached using water spray. Next,
the specimens were sandblasted with Al2O3 particles measuring 125 µm on the surface.
Porcelain was stacked up to 8 mm in diameter and 4 mm in height. Noritake Super
Porcelain EX-3 (Kuraray Noritake Dental Inc., Tokyo, Japan) was used for the porcelain
build-up, and the porcelain furnace (Austromat 3001, DEKEMA, Freilassing, Germany)
was used in accordance with the manufacturer’s instructions. The shear bond strength
was measured using a universal testing machine (Model 1125, Instron, Canton, MA, USA)
under the given load of testing speed at 1.0 mm/min until each specimen was fractured.
To quantify the area fraction of adherence porcelain (AFAP), the specimen surface was
studied in the center to determine the content of Si using SEM (SEM; scanning electron
microscope, SNE-4500M plus, Dae-duk image, Dae-jeon, Republic of Korea) attached with
EDS (EDS: energy-dispersive X-ray spectrometer, ESPRIT Compact, Brukernano GmbH,
Berlin, Germany) at 200 x magnification. The atomic percentage of silicone (Si) was tested
after sandblasting with 125 µm Al2O3, thermal oxidation (Sim), the application of opaque
porcelain (Sio), and the elimination of porcelain from the specimens (Sif). The AFAP was
estimated as AFAP = (Sif − Sim)/(Sio − Sim) (n = 5) [49].

The Co-Cr alloy specimens used for the surface roughness test measured 10 mm in
diameter and 4 mm in height (n = 10). The surface roughness was measured under the
following 4 conditions: (1) raw, (2) raw + sandblasting treatment, (3) after polishing, and
(4) polishing + sandblasting treatment. In the surface roughness test of the specimens
under the raw and raw + sandblasting treatment condition, the outer surfaces of the raw
specimens made with the SLM technique were not treated entirely compared with the
specimens obtained from the casting and milling techniques that were finished using a
bur. Therefore, the surface roughness was measured in the following two groups: (1) speci-
mens whose outer surfaces were depleted of metal pearl using stone bur (SLM-bur) and
(2) specimens whose outer surfaces were not removed (SLM). All of the specimens were
cleaned ultrasonically for 10 min using acetone, ethyl alcohol, and distilled water prior
to the surface roughness test. The surface roughness of the specimens in all groups was
measured using a 2D contact stylus profilometer (DIAVITE DH-8, DIAVITE AG, Feldstrasse,
Switzerland).
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To observe the metal structure, the specimen polished with No. 2000 SiC abrasive
paper under water spray was photographed with SEM (SEM: scanning electron microscope,
SNE-4500M plus, Dae-duk image, Dae-jeon, Republic of Korea). The specimens from
all groups were observed at ×100 and ×500 magnification, and in the case of the Co-Cr
alloy specimen made using the SLM technique, the surface observation was made at a
×2000 magnification for clearer observation of the surface structure.

4.2. Dental Restoration Fitness Test

Right mandibular first molars were selected from the standard resin tooth model
(Dental model, NISSIN, Kyoto, Japan), which were then prepared by reducing by 1.5 mm
on the labial, axial, and occlusal surfaces with a deep chamfer margin and 4~10 degrees of
axial inclination using a diamond rotary bur. For the 3-unit bridge, a right mandibular first
molar and premolar were prepared. The impression was obtained using a polysiloxane
silicone impression material (Honigum-Light, DMG, Hamburg, Germany), which was cast
with Type IV hard stone (Fujirock EP, GC Corp., Tokyo, Japan) to obtain the master cast.

The prepared abutment tooth working model was scanned using a 3D model scanner
(Freedom HD, DOF, Seoul, Republic of Korea), which was then converted into an STL
file format. The scanned 3D model was processed with a dental CAD program (Exocad,
exocad GmbH, Darmstadt, Germany) to decide the margin and was designed using the
conventional PFM restoration coping, with a cement gap of 30 µm.

The designed data were proposed to facilitate SLM Co-Cr alloy coping with a 3D
printer (ProX® DMP 100, 3D systems Inc., Rock Hill, SC, USA) using the SLM technique.
The milling Co-Cr alloy coping was facilitated with the milling machine (Arden 5X-WM,
TPS Korea LTD, Gwang-Ju, Republic of Korea). The Co-Cr alloy coping using the casting
technique was achieved using the lost-wax technique. All of the procedures were under-
taken by a single experienced laboratory technician in a uniform fashion. Ten Co-Cr alloy
copings (single crown and a 3-unit bridge) were made for each of the 3 techniques, using
the right mandibular first molar as an abutment (n = 10).

Porcelain was fused to the metal restoration specimens of all groups according to the
manufacturer’s instructions. Noritake Super Porcelain EX-3 (Kuraray Noritake Dental Inc.,
Tokyo, Japan) was used for the porcelain build-up, and a porcelain furnace (Austromat
3001, Dekema, Freilassing, Germany) was used in accordance with the manufacturer’s
instructions. (Figure 8) The porcelain build-up was held in 5 stages of ‘oxidizing–opaque–
dentin–glazing’, with each stage including the first state, which was the ‘initial’ stage
(Figure 8).

The marginal fit of the Co-Cr alloy coping determined with 3 different techniques
was measured using metallurgic microscopy (EGVM-452M, Easytech, An-yang, Republic
of Korea) at ×300 magnification following the marginal fit defined by Holmes [25]. The
measurement was made at the center of the marginal buccal, lingual, mesial, and distal areas.
The margin fit was measured at every 5 stages of porcelain firing, and each measurement
was made at the same magnification and location and using the same method (Figure 9).
Every group was measured with 10 specimens per measurement area, and the mean value
of these was determined as the marginal fit of the respective area.

The internal fit was measured in all groups of specimens finished until the glazing
stage of the porcelain firing procedures to compare the internal fit based on the different
manufacturing techniques. The silicone replica technique, which is widely used in many
studies and proven to be credible and accurate, was used to determine the internal space
measurement [50,51]. The internal surface of each specimen was filled with polysiloxane
silicone impression material (Honigum-Light, DMG, Hamburg, Germany) to determine
the internal space. Each specimen filled with soft silicone material was mounted on the
corresponding abutment models, which were then pressured in the direction of the tooth’s
longitudinal axis. After the silicone was set, the specimens were removed, and a low-
flowable polysiloxane silicone impression material (Honigum-Mono, DMG, Hamburg,
Germany) was applied. After the final setting, the silicone was cut in a mesio–distal and
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linguo–buccal direction with a scalpel. The cross-section of the cut piece was observed
at ×100 magnification using metallurgical microscopy (EGVM-452M, Easytech, An-yang,
Republic of Korea), and the thickness of the silicone was measured to determine the internal
gap (Figure 10). The internal gap of all specimens was measured in the mesio–distal and
bucco–lingual part of the axial wall, cusp, and occlusal areas.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 14 of 18 
 

 

dentin–glazing’, with each stage including the first state, which was the ‘initial’ stage (Fig-

ure 8). 

 

Figure 8. PFM dental restoration using casting, milling, and SLM methods. (A): single metal cop-

ing, (B): 3-unit bridge metal coping, (C): single coping after oxidizing process, (D): 3-unit bridge 

coping after the oxidizing process. (E): single coping after opaque porcelain firing procedure, (F): 

3-unit bridge coping after opaque porcelain firing procedure, (G): single coping after dentin porce-

lain firing procedure, (H): 3-unit bridge coping after dentin porcelain firing procedure, (I): single 

coping after glazing procedure, (J): 3-unit bridge coping after glazing procedure. 

The marginal fit of the Co-Cr alloy coping determined with 3 different techniques 

was measured using metallurgic microscopy (EGVM-452M, Easytech, An-yang, Republic 

of Korea) at ×300 magnification following the marginal fit defined by Holmes [25]. The 

measurement was made at the center of the marginal buccal, lingual, mesial, and distal 

areas. The margin fit was measured at every 5 stages of porcelain firing, and each meas-

urement was made at the same magnification and location and using the same method 

(Figure 9). Every group was measured with 10 specimens per measurement area, and the 

mean value of these was determined as the marginal fit of the respective area. 

 

Figure 9. Marginal fit of PFM dental restoration after final glazing procedure at ×300 magnification 

(A) casting, (B) milling, (C) SLM. 

The internal fit was measured in all groups of specimens finished until the glazing 

stage of the porcelain firing procedures to compare the internal fit based on the different 

manufacturing techniques. The silicone replica technique, which is widely used in many 

studies and proven to be credible and accurate, was used to determine the internal space 

measurement [50,51]. The internal surface of each specimen was filled with polysiloxane 

silicone impression material (Honigum-Light, DMG, Hamburg, Germany) to determine 

Figure 8. PFM dental restoration using casting, milling, and SLM methods. (A): single metal coping,
(B): 3-unit bridge metal coping, (C): single coping after oxidizing process, (D): 3-unit bridge coping
after the oxidizing process. (E): single coping after opaque porcelain firing procedure, (F): 3-unit
bridge coping after opaque porcelain firing procedure, (G): single coping after dentin porcelain firing
procedure, (H): 3-unit bridge coping after dentin porcelain firing procedure, (I): single coping after
glazing procedure, (J): 3-unit bridge coping after glazing procedure.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 14 of 18 
 

 

dentin–glazing’, with each stage including the first state, which was the ‘initial’ stage (Fig-

ure 8). 

 

Figure 8. PFM dental restoration using casting, milling, and SLM methods. (A): single metal cop-

ing, (B): 3-unit bridge metal coping, (C): single coping after oxidizing process, (D): 3-unit bridge 

coping after the oxidizing process. (E): single coping after opaque porcelain firing procedure, (F): 

3-unit bridge coping after opaque porcelain firing procedure, (G): single coping after dentin porce-

lain firing procedure, (H): 3-unit bridge coping after dentin porcelain firing procedure, (I): single 

coping after glazing procedure, (J): 3-unit bridge coping after glazing procedure. 

The marginal fit of the Co-Cr alloy coping determined with 3 different techniques 

was measured using metallurgic microscopy (EGVM-452M, Easytech, An-yang, Republic 

of Korea) at ×300 magnification following the marginal fit defined by Holmes [25]. The 

measurement was made at the center of the marginal buccal, lingual, mesial, and distal 

areas. The margin fit was measured at every 5 stages of porcelain firing, and each meas-

urement was made at the same magnification and location and using the same method 

(Figure 9). Every group was measured with 10 specimens per measurement area, and the 

mean value of these was determined as the marginal fit of the respective area. 

 

Figure 9. Marginal fit of PFM dental restoration after final glazing procedure at ×300 magnification 

(A) casting, (B) milling, (C) SLM. 

The internal fit was measured in all groups of specimens finished until the glazing 

stage of the porcelain firing procedures to compare the internal fit based on the different 

manufacturing techniques. The silicone replica technique, which is widely used in many 

studies and proven to be credible and accurate, was used to determine the internal space 

measurement [50,51]. The internal surface of each specimen was filled with polysiloxane 

silicone impression material (Honigum-Light, DMG, Hamburg, Germany) to determine 

Figure 9. Marginal fit of PFM dental restoration after final glazing procedure at ×300 magnification
(A) casting, (B) milling, (C) SLM.

4.3. Statistical Analysis

In the case of the tensile strength test, the shear bond strength, and AFAP, a Kruskal–
Wallis test was conducted to compare the mean values using the manufacturing techniques,
followed by Mann–Whitney U test for post hoc analysis. In the case of the tests for Vickers
microhardness, fitness, and surface roughness, A Shapiro–Wilk test was conducted to
determine the normal distribution of the results. Following the test of normality, a one-
way analysis of variance (ANOVA) was performed, followed by Tukey’s test for post hoc
analysis. All of the statistical analyses were carried out using SPSS ver. 25.0 for Windows
(SPSS Inc., Chicago, IL, USA).
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5. Conclusions

In this study, a new method of manufacturing dental prosthetics using the SLM
method was studied.

In the tensile strength test, the SLM technique exhibited the highest ultimate tensile
strength and a 0.2% yield strength. This means that when the Co-Cr alloy specimen man-
ufactured using the SLM technique is applied intra-orally, it has the lowest possibility of
encountering permanent distortion due to masticatory force. Since the Co-Cr alloy using
the SLM technique did not show a statistically significant difference in metal–porcelain
bond strength compared to the conventional casting technique specimens, it is appropriate
for clinical applications. The SLM technique exhibited better marginal fit compared to the
conventional casting technique in all stages of porcelain firing procedures. This indicates
that the Co-Cr alloy coping manufactured using the SLM technique can have more out-
standing clinical performance. Co-Cr alloy coping manufactured using the SLM technique
showed the highest internal gap.

Comprehensively compared to traditional casting methods, the dental prosthesis
manufactured using the SLM method showed improved physical properties as well as
improved marginal fit results, suggesting the possibility of clinical use.
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Abstract: Surface coating technology is an important way to improve the properties of orthodontic
appliances, allowing for reduced friction, antibacterial properties, and enhanced corrosion resistance.
It improves treatment efficiency, reduces side effects, and increases the safety and durability of
orthodontic appliances. Existing functional coatings are prepared with suitable additional layers
on the surface of the substrate to achieve the abovementioned modifications, and commonly used
materials mainly include metal and metallic compound materials, carbon-based materials, polymers,
and bioactive materials. In addition to single-use materials, metal-metal or metal-nonmetal materials
can be combined. Methods of coating preparation include, but are not limited to, physical vapor
deposition (PVD), chemical deposition, sol-gel dip coating, etc., with a variety of different conditions
for preparing the coatings. In the reviewed studies, a wide variety of surface coatings were found to
be effective. However, the present coating materials have not yet achieved a perfect combination of
these three functions, and their safety and durability need further verification. This paper reviews and
summarizes the effectiveness, advantages and disadvantages, and clinical perspectives of different
coating materials for orthodontic appliances in terms of friction reduction, antibacterial properties,
and enhanced corrosion resistance, and discusses more possibilities for follow-up studies as well as
for clinical applications in detail.

Keywords: coated materials; corrosion; friction; microorganisms; orthodontic brackets; orthodontic
wires; orthodontics

1. Introduction

Surface coating technology relies on various metals, polymers, and composite materi-
als by preparing a suitable additional layer on the surface of the substrate and applying
different coatings to the surface of the brackets and archwires to modify their surface
morphology, mechanical properties, and antibacterial properties [1]. This is currently an
important way to improve the performance of orthodontic appliances, enabling clinical
effects such as friction reduction, antibacterial effects, and corrosion resistance.

It is necessary to reduce the friction between the archwire and brackets, improve the
antibacterial properties of orthodontic appliances, and increase their corrosion and wear
resistance using surface coatings, in order to improve treatment efficiency, reduce the con-
sumption of anchorage, reduce the incidence of caries and periodontal disease caused by
orthodontics, and increase the safety and durability of orthodontic attachments. Some stud-
ies have shown that friction can offset 12–60% of the orthodontic force during orthodontic
treatment [2], reducing the efficiency of tooth movement and increasing the consumption
of anchorage, which is detrimental to the treatment [2,3]. Moreover, a white spot lesion
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(WSL) is often observed on the enamel surface around orthodontic attachments [4–6], and
plaque-induced gingivitis [7] appears occasionally. These are due to difficulties in the
mechanical removal of plaque and increased plaque retention [8]. Furthermore, metal
orthodontic appliances are susceptible to corrosion in the intraoral environment [9–11].
In addition to electrochemical corrosion, chewing, brushing teeth, and archwires sliding
along the brackets, the mechanical forces on the surfaces also accelerate the process of cor-
rosion [10,12], causing the release of various metal ions—especially nickel (Ni) ions [13–15].
These metal ions act as allergens, increasing the likelihood of metal allergy for orthodontic
patients [16,17]. Allergic reaction of the oral mucosa to nickel can cause distress and pain to
patients; this is significantly more common in females than in males, especially between the
ages of 16 and 35 years. The discomfort to patients includes burning sensation of the oral
mucosa, cheilitis, parageusia, periodontitis, and even erythema multiforme and popular
perioral rash [17]. These conditions can reduce patients’ quality of life and oral health,
which can adversely affect treatment compliance and therapeutic effects. Thus, surface
coatings are important to be put into clinical use.

However, the existing coating materials and methods for orthodontic fixed appliances
are numerous and complicated, while the purpose and focus point of the coatings differ.
Based on the above considerations, this article mainly reviews and summarizes the effects,
advantages, disadvantages, and clinical prospects of different coating materials with respect
to friction reduction, antibacterial effects, and corrosion resistance, in order to guide the
selection and preparation of suitable surface coatings for clinical applications. Coatings on
brackets and archwires can be seen in Figure 1.
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Figure 1. Functional coatings that have been applicated on brackets and archwires. (a) nickel (Ni) +
molybdenum disulfide (MoS2)-coated stainless steel (SS) archwire; (b) Ni + tungsten disulfide (WS2)-
coated SS archwire; (c) titanium nitride (TiN)-coated SS archwire; (d) TiN-coated nickel-titanium
(NiTi) archwire; (e) polymer-coated wires (microcoated stainless steel wire®, G&H Wire Company,
Franklin, IN, USA); (f) polydopamine and blue fluorescent hollow carbon dots (PDA-HCD) brackets.
Adapted with permission from [18–21].
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2. Friction Reduction Coatings

Existing orthodontic friction reduction coatings can be divided into two major categories—
metallic and non-metallic—and each major category can be divided into various single coatings
and composite coatings. Among metal and metallic compound friction reduction coatings,
tungsten disulfide (WS2) was the first to be applied [22]. Since then, silver (Ag) coatings and
metallic compound coatings, such as zinc oxide (ZnO) [23–27], titanium nitride (TiN) [28–33],
and aluminum oxide (Al2O3) [30], have also received good attention. Nonmetals, including
carbon-based materials [34], polymers [35–39], and bioactive materials [40], are relatively new
coating materials. In addition, preparing nanoparticles and depositing them on orthodontic
attachment surfaces via magnetron sputtering [30,33], evaporation [41], and immersion are also
common techniques. These materials play an antifriction role mainly by filling the grooves
on the surface of the appliances and forming a lubricating layer, which effectively reduces
the dynamic and static friction between the archwire and the brackets [42]. The main friction
reduction coating materials discussed in this section are shown in Figure 2.
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Figure 2. Summary of friction reduction coating materials. WS2: tungsten disulfide; MoS2: molybde-
num disulfide; ZnO: zinc oxide; Zn: zinc; TiN: titanium nitride; TiCN: titanium carbonitride; TiO2:
titanium dioxide; Ag: silver; Al2O3: aluminum oxide; CNx: carbon nitride; TaAgB: silver-doped
tantalum boride; Ni-Ti-Mo: nickel-titanium-molybdenum; Ni-Ti-Cr: nickel-titanium-chromium;
Al-SiO2: aluminum-silicon dioxide; DLC: diamond-like carbon; GSEC: graphene-sheet-embedded
carbon; GO: graphene oxide; GO/Ag: graphene oxide/silver; PTFE: polytetrafluoroethylene; MPC:
2-methacryloyloxyethyl phosphorylcholine; CTS: chitosan.

2.1. Inorganic Fullerene-like Nanoparticles of Tungsten Disulfide Coatings

A. Katz et al. used nickel-phosphorus (Ni-P) electroless films impregnated with in-
organic fullerene-like nanoparticles of tungsten disulfide (IF-WS2) to coat stainless steel
(SS) archwires and showed that the IF-WS2 coating significantly reduced archwire fric-
tion and mitigated adverse complications [22]. Similarly, the results of M. Redlich et al.
showed a 54% reduction in the friction of the coated archwire compared to the uncoated
SS archwires [42]. However, despite the biocompatibility of IF-WS2, its cytotoxicity has
not been studied in detail [42], which may have a negative impact on the organization. In
2019, a study applied molybdenum disulfide (MoS2) and tungsten disulfide (WS2) coatings
to orthodontic SS archwires via electrodeposition and found that both materials reduced
the friction between the archwires and the brackets under dry conditions [18]. However,
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when fixed appliances are placed inside the oral cavity, the environment to which they are
exposed is wet. The wettability and durability of WS2 and MoS2 has been discussed in other
fields [43–45], which needs to be taken into account when considering their application
in the dental field. Therefore, the ability of MoS2 and WS2 coatings to reduce friction on
archwires and brackets in wet environments—for instance, when immersed in artificial
saliva or applied in animals’ oral cavities—needs to be investigated further.

WS2 nanoparticles can form a homogeneous and thickness-appropriate coating on the
surface of the archwires and brackets; they can also have a similar effect in combination
with Ni and Ni-P [22]. The film of nanoparticles peels off when exposed to friction, forming
a solid lubricant film between the interfaces, thereby reducing the friction—especially
when the pressure is high [42]. Therefore, WS2 coatings are more suitable apply during
the alignment process where the contact angle is large, i.e., the tipping and uprighting
type of tooth movement [22]. Still, it is worth noting that large-angle bending can damage
the coating and, therefore, WS2 is not suitable for large-angle bending in clinical applica-
tions [42,46]. In addition, it has demonstrated good biocompatibility in preliminary studies,
but its cytotoxicity is still unproven, and there are no experiments simulating the intraoral
environment, so subsequent studies need to focus on these aspects.

2.2. Zinc and Zinc Compound Coatings

ZnO is of interest because of its low toxicity and good biocompatibility. A human
safety review showed that nanostructured ZnO is safe for humans [47], and its suitability for
biomedical applications has led to an increasing number of studies on ZnO nanocoatings for
reducing friction on fixed appliances. Mojghan Kachoei et al. conducted an in vitro study
and found that coating SS archwires with ZnO nanoparticles resulted in a 39–51% [23]
(using deposition-precipitation) or 64% [24] (using the sol-gel technique) reduction in
friction force on the coated archwires compared to uncoated archwires, and this positive
effect could be retained under variations in the angle between the slot and the archwire
(0–10◦) [23]. Another experiment showed an even better result: when the angle increased,
its ability to reduce friction force was enhanced [25]. However, a similar study conducted
by Ahmad Behroozian et al. [26] showed that there was no significant reduction in friction
force after coating ZnO nanoparticles on SS archwires, but coating ceramic brackets with
ZnO nanoparticles could reduce friction force. More interestingly, having both SS archwires
and ceramic brackets coated with ZnO nanoparticles did not contribute to the reduction
in friction force [26]. This phenomenon hints that when using SS archwires and ceramic
brackets as a pair, there is no need to apply ZnO coatings on both the archwires and
the brackets, as this would increase the cost and decrease the friction-reducing effect. In
addition to SS, nickel titanium (NiTi) archwires also need reduced friction due to their wide
usage. Coating ZnO nanoparticles on NiTi archwires using the chemical deposition method
reduces surface friction by nearly 21% [25], while using electrochemical deposition reduces
friction force by 34% [27].

ZnO NPs not only provide good biocompatibility and antibacterial properties, but
also have better friction reduction than compact ZnO [23], so they should be prepared in
the form of nanoparticles when the ZnO coating is performed. In addition, ZnO coatings
prepared using the sol-gel technique can be applied chairside [24], making this one of the
most feasible preparation methods in the clinic. Currently, many studies have demonstrated
its ability to exert good friction reduction on 0.019 × 0.025 SS archwires [23,26]. In fact, it
has worked well in various sizes and materials of archwires and brackets, including ceramic
brackets, while its utility in self-ligating brackets has not yet been determined. However,
pairing ZnO-coated SS archwires with ZnO-coated ceramic brackets is not recommended,
as it is not effective in reducing friction [26].

The use of physical vapor deposition (PVD) for zinc (Zn) plating on the surface of SS
archwires is thought to significantly reduce surface friction. Whether the angle between
the archwire and the slot is 0◦ or 10◦, the change in angle does not significantly affect this
result [23]. In addition, tensile strength and three-point bending strength also increase
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significantly after Zn plating, indicating that Zn plating has a good effect on changing the
mechanical properties of SS archwires and is one of the potentially available materials [48].
One of the advantages of Zn coating over ZnO coating is that fewer cracks are formed, and
the mechanical properties are better maintained after bending, which indicates that it can
be used in clinical situations where the archwire is to be bent at large angles.

2.3. Zirconia Compound Coatings

In clinical medicine, zirconium oxide (ZrO2) nanoparticle coatings are used on a vari-
ety of implant surfaces, such as artificial joints, skin implants, interventional catheters, and
other surgical instruments, due to their high stability, corrosion resistance, and excellent bio-
compatibility [49–51]. Therefore, their use in orthodontic appliances has been investigated
for performance improvements. However, among the NiTi, SS, and beta-titanium (TMA)
archwires, ZrO2 could only be applied to the TMA wire, and no coating was observed on
the other two archwires using scanning electron microscopy (SEM) [52]. Moreover, ZrO2
on the surface of TMA archwires did not have a significant effect on friction reduction,
although it increased the surface smoothness of the archwires [52]. This differs from the
outcomes of orthopedic implants studied in another field, which applied zirconia nano-
materials to titanium alloys and obtained lower friction [53]. This alloy has a different
composition from TMA archwires, which could be the reason for the different results.
Therefore, the composition of the substrate also needs to be taken into consideration when
selecting the coating material. Based on the above conclusions, the clinical application of
ZrO2 coatings in orthodontic appliances is of low value.

2.4. Titanium and Titanium Compound Coatings

The use of titanium compound coatings in orthodontics is becoming more widespread.
Ion-plated TiN coatings have the characteristics of high hardness, wear resistance, corrosion
resistance, and surface lubrication. They can form a passivated titanium dioxide (TiO2)
layer on their surface, so TiN coatings are commonly used on various dental instruments
and materials [54–56]. In an earlier study, the friction force of TiN-coated SS brackets coated
via the hollow cathode discharge method and of uncoated SS archwires before and after
corrosion in fluorinated solutions was investigated. It was found that the friction force of
the coated brackets was not significantly lower than that of the uncoated brackets, whether
before or after corrosion [28]. It has also been shown that TiN coated via ion beam-assisted
deposition (IBAD) on SS materials can even increase the friction force [29]. Interestingly, a
recent study by Arici N. et al. concluded that coating TiN using radio frequency magnetron
sputtering on SS brackets can reduce the coefficient of friction (CoF) by 50% when applied
in combination with uncoated SS archwires, while the combination of TiN-coated archwires
and uncoated brackets increases the CoF whether the material of the archwires is NiTi or
SS [30]. That is, when TiN is coated on SS brackets and archwires, there can be different
influences on friction force. The different conclusions might be related to different coating
methods or other conditions. Thus, more research is needed in order to determine and
verify the reasons.

The effectiveness of TiN in reducing friction on the surface of SS archwires and brackets
is still controversial. However, based on some of the studies where it was considered
effective, it is easy to see that its clinical application requires pairing with specific brackets
or archwires. For example, uncoated brackets are not recommended when TiN-coated
archwires are used [30]. This suggests that attention should be paid to the application of
TiN coatings when selecting brackets and archwires.

The current trend tends to combine TiN with other application materials. TiN-derived
coating materials such as titanium carbonitride (TiCN) [31,32], multilayer titanium ni-
tride/titanium (TiN/Ti) [33], and nickel-titanium-molybdenum (Ni-Ti-Mo) composite
coatings [57] not only have a more exact friction reduction effect than TiN, but are also
more beneficial to clinical application due to other advantages.
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In a recent study, Suciu V et al. used direct-current (DC) reactive magnetron sputtering
to cover the surface of SS archwires with TiN and TiCN films and varied the ambient
nitrogen content during the film fabrication process to investigate the effects of different
nitrogen contents on the properties of the produced films. They found that the higher the
nitrogen and carbon contents, the lower the CoF. In particular, the TiCN coating could
reduce the CoF to 0.30 and make the CoF more stable, while having better hardness and
corrosion resistance than TiN. Therefore, overall, the TiCN film had better surface properties
than TiN in the tested samples. More interestingly, the researchers also found that the
colors of TiN and TiCN films have decorative aesthetic properties, so these two coatings
may be among the future directions for the development of aesthetic friction reduction
archwires [31]. Similarly, Jie Zhang et al. found that TiN and TiCN coatings on SS surfaces
can reduce surface friction, especially in artificial saliva [32]. Liyuan Sheng et al. prepared
different layers of TiN/Ti multilayer coatings on titanium-aluminum-vanadium alloy with
6% aluminum and 4% vanadium (Ti6Al4V) substrates with the same deposition time via
high-power direct-current reactive magnetron sputtering, and they found that the CoF of 1-
and 2-layer TiN/Ti multilayer coatings maintained an increasing trend, but the CoF of 4-, 8-,
and 12-layer TiN/Ti multilayer coatings showed a decrease [33]. Thus, TiCN is superior to
TiN in terms of friction reduction, hardness, corrosion resistance, and aesthetic properties,
offering better clinical prospects. For multilayer coatings, researchers also found that in
order to obtain the best clinical results, it is necessary to restrict the TiN/Ti coatings to no
more than two layers.

The above studies are all about SS archwires and brackets, while there are relatively
few studies about titanium compound coatings on orthodontic archwires made from other
materials. A study by Haruki Sugisawa et al. showed that TiN coatings can reduce
the friction of NiTi and SS archwires, increase the tensile strength and stiffness of SS
archwires, and reduce the elasticity of NiTi archwires [58]. In addition, Vinod Krishnan
et al. attempted to apply a titanium aluminum nitride (TiAlN) coating to β-titanium
orthodontic archwires using PVD to investigate its effect on friction, but the results showed
no significant reduction compared to uncoated archwires [59]. Not many further studies on
the usage of TiAlN coatings in orthodontic appliances have been followed up. In addition,
a recent study investigated TiO2 and silicon dioxide (SiO2) nanoparticles on the surface
of chromium-nickel (Cr-Ni) archwires and found that TiO2 did not show a significant
ability to reduce friction [60]. Conversely, SiO2 can be used to reduce friction between the
brackets and archwires under both dry and wet conditions, while making the surface of
the archwires smoother than uncoated ones [60]. A systematic review and meta-analysis
suggested that nanoparticle-coated orthodontic archwires can be considered to significantly
reduce frictional resistance [61]. In this regard, it can be presumed that TiO2 nanoparticles
are also theoretically able to reduce the friction force. In fact, the reason for the inability
of TiO2 nanocoatings to significantly reduce friction may be that the coating is thicker
than other coatings [60]. Therefore, the pressure on the inner wall of the slot is greater,
resulting in greater friction force. In addition, the deformation and peeling of the surface
morphology are also among the reasons [62]. Similarly, the application of TiO2 coatings on
SS brackets using PVD does not reduce friction [63].

Therefore, the TiO2 coating may not exhibit the desired ability to reduce friction,
because of its thickness [60]. However, is still worth developing as a very versatile material
and, therefore, has a certain research value. In future research, other coating methods to
reduce the thickness could be considered. Based on the consideration of film thickness, the
preparation of a thinner film of TiO2 nanocoatings could be attempted in future studies.
Recent studies have proven that low-pressure metal-organic chemical vapor deposition
(LPMOCVD) can control the film thickness by adjusting the deposition time [64]. In fact,
this method of controlling the thickness of the coating can be applied to many deposition-
based coating methods; thus, future research could take it into consideration when finding
the most suitable coating conditions.
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In addition to titanium compounds, composite coatings of titanium with other metals
are also being investigated. In the study of Yılmaz H et al. (2021), nickel ions and TiO2
nanoparticles were used as standard coating materials on the surface of NiTi archwires,
while the addition of 0.0015 g/dm3 sodium molybdate (Na2MoO4) on this basis led to
the formation of a Ni-Ti-Mo coating on the surface of the archwires; thus, a reduction in
the CoF from 0.288 to 0.252 was observed. However, although the addition of a certain
amount of molybdenum ion (Mo6+) to the bath solution can reduce the surface friction of
the archwires after the formation of the coating, the reduction in surface friction gradually
becomes less effective as the concentration of Mo6+ increases. The standard NiTi coating
does not reduce friction, and the addition of different concentrations of chromium (Cr) to
the standard coating material to form a nickel-titanium-chromium (Ni-Ti-Cr) coating also
does not reduce friction. [57]

In summary, the trends of Ti compound coatings are nitriding [30], incorporation of
other metal ions [57], multi-layered materials [33], and low-thickness materials [64]. Most
of these are still some distance away from being applied in clinical practice, but attempts
can be made to find the most suitable preparation conditions and methods to obtain coating
materials with satisfactory properties in all respects. The biggest disadvantage of this
type of coating, however, may be its high price [65]. If the price of orthodontic supplies is
increased by the application of the coating, then there is no advantage compared to other
coatings with similar properties, and patients are less likely to choose to use these materials.
Therefore, although the materials are excellent in various respects, in order to put them
into use, there is still a need to find ways to reduce the cost of their production.

2.5. Silver and Silver Compound Coatings

Nanosilver coatings can reduce the surface roughness of SS brackets [63] or NiTi
archwires [66], but the change in friction between brackets and archwires is not obvious [63].
Moreover, silver (Ag) plating on 0.019 × 0.025-inch coated SS archwires significantly
reduces the friction between the brackets and the archwires, while 0.017 × 0.025-inch SS
archwires do not significantly reduce the friction [67]. The 0.019 × 0.025-inch SS archwires,
whether coated or not, have higher friction than the 0.017 × 0.025-inch SS archwires. The
play between 0.019 × 0.025-inch SS archwires and the slots is smaller, so the pressure is
higher when the slots are of the same size. After applying the coating, the friction coefficient
of the surface should be the same regardless of the size of the archwires, so the alteration
of the friction force of the archwires subjected to more pressure may be relatively more
obvious when the other conditions are the same [67]. However, this explanation has not
yet been clearly confirmed. Therefore, more research is still needed in order to confirm
its capabilities. Still, considering the antibacterial properties of silver [63], nanosilver
coatings are still a popular research topic for surface coatings of orthodontic appliances,
even without clear friction reduction properties.

Currently, there are only a few types of materials related to silver used in the surface
coating of orthodontic appliances, which are generally silver nanoparticles (AgNPs). Inter-
estingly, Jia Wang et al. [68] successfully prepared silver-doped tantalum boride (TaAgB)
solid solution coatings on SS blocks using magnetron sputtering technology with Ag dop-
ing. They verified the effectiveness of the coating in reducing the CoF of the SS material
to 0.08, as shown in Figure 3, and suggested that it could be used for orthodontic arch-
wires and brackets because of its good hardness, strength, and biocompatibility. Therefore,
as a surface coating material with low friction, good antibacterial properties, high wear
resistance, and high corrosion resistance, it has strong potential value for application on
fixed appliances.

As a precious metal, silver coatings are also a relatively high-value material. However,
nanosilver coatings have multifunctional properties that may be accepted by the general
public even if their price is high [69]. Therefore, it is necessary to develop more friction
reduction, antibacterial, and other properties of nanosilver coatings.
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2.6. Aluminum and Aluminum Compound Coatings

Al2O3 coatings are oxide coatings that are common in various fields. Research by
Nursel Arici et al. [30] in 2021 demonstrated the friction reduction effect of Al2O3 coatings
in detail. When an Al2O3 coating is applied on the surface of SS brackets, whether the
material of the combined archwire is made of SS or NiTi, and regardless of whether the
archwires have an Al2O3 coating or not, the CoF can be reduced significantly. Among all
combinations, the combination of Al2O3-coated SS brackets with the same coated archwire
was able to obtain the lowest CoF. That is, the combination of coated SS brackets-coated
SS archwire is better than other combinations. It is also worth mentioning that in almost
all cases involving coated archwire-uncoated bracket combinations, an increase in CoF
was observed for both NiTi and SS archwires, being much higher than for both uncoated
combinations. This phenomenon may be related to the peeling of the coating [30]. Therefore,
when testing friction, the pressure of the coating environment, time, immersion conditions,
and peeling should also be taken into account to obtain more accurate conclusions.

Others have combined aluminum (Al) and SiO2 to form Al-SiO2 composite coatings.
The excellent friction reduction ability of SiO2 has been mentioned above [60]. In contrast,
the friction reduction properties of Al have not been adequately studied. A reduction in
the CoF is observed in Al-SiO2-coated NiTi and SS archwires compared to the uncoated
ones [70]. Therefore, Al-SiO2 composite coatings may also be used to reduce the friction of
orthodontic archwires in the future.

Al compound coatings are effective in reducing friction, retain high aesthetic value,
and are relatively inexpensive [30]. However, studies about them are still scarce, especially
since their performance changes after long-term use are not confirmed. In addition, Al2O3
needs to be considered in clinical applications for the combination of coated and uncoated
archwires and brackets. Combining coated archwires with uncoated brackets is not recom-
mended, but it is possible to use coated brackets only [30]. Ideally, both the brackets and
the archwire should be coated, which will result in the best friction reduction.

2.7. Other Metal and Metallic Compound Coatings

Nursel Arici et al. [30] noted that the CrN coating was ineffective in reducing friction
between the SS brackets and the SS or NiTi archwires, whether both were coated or only
one was coated. SEM images after friction tests showed that the CrN coating peels off from
the surface. Therefore, residual coating material at the contact area between the surfaces
may be responsible for the increase in CoF. This phenomenon is not found in the application
of hard chrome carbide plating (HCCP) coatings. HCCP coatings significantly reduce the
friction of SS archwires, and mechanical properties such as flexural strength and flexural
modulus remain unchanged [21]. HCCP is a promising coating material that can potentially
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be used clinically to reduce friction. However, its shortcomings include aesthetics that need
to be improved and biocompatibility that has not been explicitly tested.

Another common metal coating is rhodium. As a coating based on aesthetic consid-
erations, it is generally applied to archwires. Some recent studies have begun to explore
its usage beyond aesthetics. A study by Tahereh Hosseinzadeh Nik et al. found that the
frictional force generated during sliding between ceramic brackets and rhodium-plated SS
archwires was significantly less than that of ceramic brackets and SS archwires. Even after
immersion in 0.05% sodium fluoride (NaF) mouthwash, the increase in friction was much
less in the former than in the latter [71]. This indicates that rhodium plating can be used
not only as a method to increase the aesthetic effect of the archwires, but also to reduce
the friction between the archwires and the brackets, constituting a method to increase
the efficiency of the orthodontic treatment and maintain good performance even when
the patient uses NaF mouthwash. In addition, they demonstrated that rhodium-plated
SS archwires showed a smaller increase in roughness than uncoated SS archwires after
treatment in mouthwash [71]. Of course, the correlation between surface roughness and
friction remains controversial. Some think that the two can be directly correlated [72,73],
while others do not [35,74], so it is not yet possible to conclude that the smaller increase in
friction of rhodium-plated archwires is related to the smaller increase in surface roughness.
Friction-reducing coatings made of other metallic monomers are also gradually being
investigated. Recent studies have attempted to prepare niobium (Nb), tantalum (Ta), and
vanadium (V) coatings on 316 SS substrates using the plasma sputtering method and found
that V coatings have an effect on the roughness of the SS surface [75]. However, other
experiments on the tribology of these new materials have not yet been conducted.

2.8. Carbon-Based Coatings

Carbon-based coating materials mainly contain diamond-like carbon (DLC)
and graphene.

DLC is a diamond-like carbon film that exhibits extremely high hardness, a low
coefficient of friction, chemical inertness, and high corrosion resistance [34]. Research
has demonstrated the biomedical applications of DLC films. For example, implants with
protective films can extend the life of the implant by reducing corrosion and wear, which
can benefit patients [76].

DLC-coated SS brackets exhibit lower static [77] and dynamic friction [78], and their
effect is better than that of TiN-coated brackets [79]. However, some studies have also
found no reduction in friction on the surface of DLC-coated SS brackets [80]. In addition
to brackets, DLC-coated SS archwires [78,80–82] or NiTi archwires [83,84] can be applied
to reduce friction. Hao Zhang et al. concluded that the use of the plasma-enhanced
chemical vapor deposition (PECVD) method to cover the surface of SS archwires with a
DLC coating can reduce the coefficient of dynamic friction by 40.71% and significantly
improve the surface hardness of the archwire, as well as reducing friction and exhibiting
good biocompatibility [82]. It has also been shown that the reduction in friction is effective
whether the angle between the archwire and the bracket is 0◦ or 10◦ [81].

Furthermore, the application of DLC via different coating methods—such as plasma-
enhanced chemical vapor deposition (PECVD) [79,82,85], plasma-based ion implanta-
tion/deposition (PBIID) [81,84,86], and mirror confinement electron cyclotron resonance
(MCECR) plasma sputtering [80,83]—has shown similar friction-reducing effects. It has
also been shown that for DLC-coated SS brackets, the size and material of the archwire, the
contact angle, and the dryness or humidity of the experimental conditions have no influ-
ence on the friction reduction effect of DLC coatings [77]. However, although changes in
the above conditions have no significant influence on the effect of DLC coatings in reducing
friction, the effect of the thickness of the coating is still not negligible. Muguruma et al. [78]
investigated the mechanical properties of DLC coatings of different thicknesses. They found
that a thin DLC coating reduces surface friction, which is the same result as previously
described, yet the relatively thick DLC layer tends to break from the DLC-steel interface.
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In addition, thicker layers have a negative effect on friction force. DLC coatings also have
the advantage of being resistant to high-fluorine environments. Even at high fluoride
ion concentrations, the friction force remains relatively stable, i.e., there is no significant
increase [83].

DLC coatings with different properties were prepared under different conditions as
DLC-1 and DLC-2. DLC-1 uses a 10 kV target voltage, an acetylene-toluene gas environ-
ment, and deposits for 3 min to form a structure with a diamond-rich outer surface and a
graphite-rich inner surface; DLC-2 uses a 7 kV target voltage, a toluene gas environment,
and deposits for 4 min to form a structure with a graphite-rich outer surface and a diamond-
rich inner surface. The results showed that DLC-2 produces significantly lower friction
than the uncoated case when wet and at an angle of 10◦, which was not observed for DLC-1.
The reasons for this were that partial cracks in the DLC-1 coating led to increased friction,
while no cracks or breakages of the coating were observed in DLC-2. Therefore, we can
conclude that the DLC-2 coating is more valuable than DLC-1 in practical applications
because of its good flexibility and adhesion [87].

In addition to pure DLC, fluorine-doped DLC (F-DLC) and silicon-doped DLC (Si-
DLC) coatings can also reduce friction on the surface of SS brackets. The F-DLC-coated
brackets exhibit low static friction between the brackets and the archwire under moist
conditions, which is lower than that under dry conditions. However, doping DLC with
fluorine or silicon results in a significant reduction in surface hardness. Even though F-DLC
is most effective in reducing the friction between the archwire and the brackets in humid
conditions, this disadvantage needs to be taken into account in practical applications [85].
Titanium-doped DLC (Ti-DLC) coatings are also ideal friction-reducing films for orthodon-
tic brackets, as they exhibit a lower CoF than TiCN and TiN in most cases, under both
artificial saliva and dry conditions [32].

Recently, research on graphene coatings has gradually emerged. Commonly used
graphene materials include graphene oxide and graphene-sheet-embedded carbon (GSEC).
Graphene oxide (GO) coatings can reduce the CoF of NiTi alloy [88,89], while the addition
of AgNPs and the formation of graphene oxide/silver nanoparticle (GO/Ag) coatings can
further reduce CoF [88]. In artificial saliva, the GSEC surface coating of SS archwires coated
with MCECR reduced the CoF to 0.12 [90]. Pengfei Wang et al. later discovered ways to
make the friction on the surface of GSEC coatings even lower. In this study, they found
that the thickness of the coating increased as the GSEC film deposition time increased.
After 80 min of deposition, both stable and low friction coefficients could be obtained, even
reaching a level of less than 0.10 when running against three-row microgroove-textured SS
brackets in an artificial saliva environment [46]. The possible mechanisms are shown in
Figure 4. Although immersion causes a rebound in CoF, after 30 days of immersion, the
CoF remains below 0.30, consistently exhibiting very good friction reduction [90]. This
illustrates the effectiveness of the graphene coating in reducing the friction on the surface
of the archwire.

In summary, carbon-based friction-reducing coatings have good overall durability and
biocompatibility [82], and DLC coatings are resistant to corrosion by fluoride-containing
mouthwashes [83]. The coating method and conditions are less restrictive compared to
metal coatings, but there are strict requirements for the thickness of the coating layers,
requiring a thickness that is both thin and effective [87]. GSEC coatings can be used for up
to one month, and the optimal coating deposition length has been determined and may be
ready for clinical application soon.
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2.9. Polymeric and Bioactive Coatings

Teflon (polytetrafluoroethylene (PTFE)), an aesthetic white coating for dental instru-
ments, has been shown to provide a smoother surface and reduce frictional resistance and
frictional damage [35–39] on NiTi [91] or SS archwires [92]—especially when paired with
metal slots in ceramic brackets [38]—in both dry and wet conditions. However, when
combined with ceramic brackets, PTFE- and epoxy-coated NiTi archwires will increase the
friction between the archwires and the brackets [93]. This is probably because ceramics
have a rougher texture and a more porous surface than stainless steel. Another research
shows the contrast, which whether combined with ceramic or metal brackets, PTFE-, or
epoxy-coated SS archwires always show higher friction resistance [94]. However, the latest
study by K. Ranjan and R. Bhat et al. contradicts this finding; the study concludes that
whether paired with SS brackets, ceramic brackets, or ceramic brackets with metal slots,
the PTFE-coated archwire produces lower frictional resistance compared to uncoated SS
archwires [92]. In addition, research has investigated suitable preparation conditions. PTFE
coatings prepared at 200 ◦C offer lower friction, higher wear resistance, lower coloration,
and higher resistance to microbial adhesion than those prepared at 380 ◦C [95].

In addition to PTFE, other polymer surface coatings have been used to explore the ability
to reduce friction on fixed appliances, such as chitosan (CTS) [24], 2-methacryloyloxyethyl
phosphorylcholine (MPC), parylene, and epoxy.

Elhelbawy N. et al. investigated CTS as a newer and potentially useful coating material
for reducing friction on fixed appliance surfaces in comparison to ZnO. This comparison
revealed no significant difference in the degree of friction reduction between CTS and ZnO
(64 and 53%, respectively). Interestingly, when CTS and ZnO were applied to the brackets
or archwires alone, and the matching archwires or brackets were not coated, the degree
of friction reduction was similar to that of having both brackets and archwires coated
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with CTS or ZnO, suggesting that coating both the brackets and the archwires did not
significantly improve this aspect of friction reduction [24].

In a recent study, Ryo Kunimatsu et al. found a promising application of MPC in fixed
appliances. They covered SS archwires with an MPC coating and performed tensile tests
using a bracket-archwire combination to demonstrate the coating’s ability to reduce friction.
Furthermore, they directly measured the efficiency of tooth movement using an in vitro
experimental tooth movement model at 50 g and 100 g traction force, and finally confirmed
that the SS archwire coating with MPC improves the efficiency of tooth movement by
reducing the occurrence of friction [96]. This experimental design has provided ideas for
subsequent studies. Simply confirming that a certain surface coating can reduce friction is
not enough to fully prove its clinical value. Its positive effect on improving tooth movement
efficiency needs to be further determined through model experiments, animal experiments,
and even clinical trials.

Chin-Yu Lin et al. [97] coated SS archwires with parylene, epoxy, or PTFE and tested
the friction between the archwires and ceramic brackets after immersion in water for
different lengths of time. Compared to the other groups, the epoxy-coated archwires
presented higher or no significant difference in friction resistance and were the only coated
archwires whose maximal resistance to sliding at a 3◦ contact angle (MRS3) was consistently
lower than that of the uncoated control group. Parylene, on the other hand, had relatively
high friction at all water immersion times (0 to 4 weeks) and angles (0 to 3◦). Therefore,
epoxy-coated archwires may even be a better choice than PTFE.

In addition to polymers, bioactive glass (BG) coatings have recently been prepared
on the surface of SS archwires using electrophoretic deposition. Although BG has higher
hardness, elastic modulus, and surface smoothness, it failed to reduce the friction in
the experiment [40]. Overall, studies on the application of bioactive coatings on fixed
appliances are extremely rare and could perhaps be explored more in the future.

Carbon-based materials [82], natural polymeric materials [24], and bioactive materi-
als [40] are safer than metal and metallic compound materials and can be used to replace
other coating materials that are potentially cytotoxic [42]. CTS coatings can replace ZnO and
are relatively more convenient and cost-effective, as they do not require coating on both the
archwire and the bracket surface [24]. Aesthetic coatings such as PTFE are suitable for both
SS and NiTi archwires, but when used with ceramic brackets, it is better to choose ceramic
brackets with metal slots [92] and other commonly used polymeric aesthetic archwires.
Among the other common aesthetic polymer coatings on the market, only epoxy shows a
stronger friction reduction effect than PTFE [97]. However, the popularity of its use and
the difficulty of its preparation have not been conclusively proven, so the most suitable
polymer aesthetic coating for clinical friction reduction is still PTFE.

Recent studies on friction reduction coatings for orthodontic appliances are summa-
rized in Table 1.
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3. Antibacterial Coatings

Among orthodontic antimicrobial coatings, the most valued are Ag and ZnO coatings,
as they have been shown to exert good antimicrobial activity and are safe for humans
in other areas of medicine [98,99]. Recently, TiO2 photosensitive antimicrobial coatings,
polymeric coatings originally used for aesthetic purposes, and bioactive lysozyme coatings
have also gradually entered the trend and have been explored for their potential as antibac-
terial coatings. As for the research on the antimicrobial properties of carbon-based material
coatings, only Dai et al. have investigated this topic, and the material used was GO [89].
This study found that when the GO concentration was low, the GO coating could not
completely cover the NiTi substrate, and the tribological and anticorrosion properties were
barely improved, while the antibacterial properties—although statistically significantly
different—only reduced the survival of Streptococcus mutans by 20%. Increasing the GO
concentration enhanced the antimicrobial properties of the GO coatings, but the biocompat-
ibility of the GO-coated NiTi substrate decreased [89]. Based on the above results, the GO
concentration should be controlled within a suitable range when making GO coatings, and
the recommended value of this concentration has not been determined at present, while
the biocompatibility of GO coatings to the human body has also not been clearly confirmed
thus far. In contrast, Ag and ZnO coatings not only have reliable antimicrobial properties,
but also have been applied in various medical disciplines with a higher guarantee of safety.
Therefore, the earliest Ag and ZnO may still be the most suitable materials for antibacterial
coatings. The main antibacterial coating materials discussed in this section are shown in
Figure 5.
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PEDOT: poly(3,4-ethylenedioxythiophene); PEDOT/Ag: poly(3,4-ethylenedioxythiophene)/silver;
TiO2−xNy: nitrogen-doped titanium dioxide; F-O-Ti: fluorine and oxygen double-deposited titanium;
AgNP/PTFE: nanosilver/polytetrafluoroethylene; SiOx: silicon oxides; BSA: bovine serum albumin;
CTS/PEG: chitosan/polyethylene glycol.

3.1. Silver and Silver Compound Coatings

Silver has a wide range of antibacterial properties, protecting the surface of the mate-
rial from microbial adhesion through different mechanisms, and has a certain antibacterial
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effect [100,101]. AgNPs can continuously release silver ions, which cause damage to bac-
terial cell walls and cell membranes. They can also penetrate cells and interfere with the
synthesis of proteins and deoxyribonucleic acid (DNA). Inactivation of respiratory enzymes
and the production of reactive oxygen species in bacterial cells are other mechanisms that
can kill the bacteria. In addition, silver nanoparticles themselves can adhere to the cell
wall and the membrane surface, directly causing cell membrane denaturation and per-
foration, and disrupting the signal transduction of bacterial cells [99,102]. In addition to
the direct killing and inhibition of bacteria, AgNPs also regulate inflammatory responses,
further inhibiting the reproductive survival of microorganisms [103]. Therefore, it can be
assumed that by applying a silver coating to orthodontic appliances, bacterial coloniza-
tion of the dental surfaces can be reduced, reducing plaque and caries formation during
orthodontic treatment.

In a study by Mhaske et al., the authors found that silver plating applied by thermal
evaporation on the surface of SS and NiTi archwires reduced the adhesion of Lactobacillus
acidophilus on the surface of archwires and showed antibacterial activity against Lactobacillus
acidophilus [41]. AgNPs coated on SS archwire via hydrothermal synthesis also showed
significant inhibition of Staphylococcus aureus and Streptococcus mutans [104].

Nanosilver-coated SS brackets also have significant antibacterial activity. Valiollah
Arash et al. prepared silver particles via an electroplating method and verified the antibac-
terial activity of silver plating against Streptococcus mutans using direct contact tests and
disk diffusion tests, concluding that its antibacterial activity could last for up to 30 days
after application [105]. Tania Ghasemi et al. demonstrated direct inhibition of Streptococcus
mutans reproduction by preparing nanosilver coatings on the surface of brackets using
PVD [63]. In addition to its antiadhesive and antibacterial properties against Streptococcus
mutans and Streptococcus distortus [106], the nanosilver coating was also effective against
Staphylococcus aureus and Escherichia coli [107]. Moreover, this effect was not limited to SS
brackets, but also applied to ceramic and cobalt-chromium (Co-Cr) alloy brackets [107].

In addition to in vitro tests, there have also been animal studies demonstrating the
antibacterial activity of silver-coated brackets. Gamze Metin-Gürsoy et al. found that
nanosilver-coated orthodontic brackets can inhibit Streptococcus mutans in dental plaque
and produce low levels of nanosilver ion release in saliva, as well as reducing smooth-
surface caries. However, they did not have any significant effect on the incidence of
occlusal caries [108]. This is the only study to date in which surface-coated fixed appliances
have been applied in animals’ oral cavities; thus, we need more animal experiments in
further studies.

Different surface coating methods for silver have different effects on the improvement
of antibacterial properties. In a clinical trial, Viktoria Meyer-Kobbe et al. first investigated
the use of plasma-immersion ion implantation and deposition (PIIID) in SS brackets. They
concluded that the antibacterial effect of PIIID silver-modified surfaces is as significant
as that of electroplated silver layers and PVD silver coatings, reducing biofilm volume
and surface coverage, and producing an even stronger bactericidal performance [109].
Coating of SS brackets with silver using PIIID has proven good antibacterial properties
in clinical applications, and direct evidence is next needed to show its ability to reduce
the incidence of white spots and plaque gingivitis caused by orthodontic appliances. In
addition to this, TaAgB also reduces the attachment and growth of Streptococcus mutans on
the SS surface. This is evidenced by the results observed via SEM; not only was there a
reduction in Streptococcus mutans on the TaAgB surface, but the morphology of the bacteria
was also altered, further confirming its antibacterial activity [68].

Silver compound coatings have been studied for many years. To increase the corrosion
resistance of silver coatings, a hard coating of silver-platinum (Ag-Pt) alloy on stainless steel
surfaces has been developed and demonstrated significant antibacterial efficacy against
Streptococcus mutans and Aggregatibacter actinomycetemcomitans, as well as good biocompati-
bility [110]. However, this study did not use a bracket as the substrate, but rather an SS
block. This design may not fully simulate the bracket when it is performing its function in
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the oral cavity, as the morphology and ligation of the brackets and archwires are not taken
into account.

To further increase the antibacterial properties of the silver coating, some studies have
applied Ag together with TiO2 to SS brackets. They demonstrated better antiadhesive
and antibacterial properties against Streptococcus mutans and Porphyromonas gingivalis than
Ag alone, helping to prevent dental caries and plaque accumulation, with satisfactory
biocompatibility [111].

Both Ag and ZnO nanoparticle-coated SS brackets exhibit antibacterial effects against
Streptococcus mutans and Lactobacillus acidophilus, and the antibacterial effects are maintained
for at least 3 months. In addition, silver/zinc oxide nanoparticle composite-coated brackets
had a stronger antibacterial effect on Streptococcus mutans and Lactobacillus acidophilus
compared to silver nanoparticles and zinc oxide nanoparticles alone [112].

Other silver particle composite coatings are still being explored. A 2021 study con-
cluded that a silver-polymer-coated archwire was not antibacterially effective. Its colony
counts did not differ significantly from those of uncoated archwires in 0% sucrose and 3%
sucrose environments [113]. Of course, this study only added a single species of bacteria
(Streptococcus mutans) as the test bacteria, whereas in reality, the environment and strain
composition in the oral cavity are more complex. To verify the accuracy of this result,
further experiments under conditions that more closely simulate the real conditions of the
oral cavity are needed.

A composite nanocoating was synthesized by Bor-Shiunn Lee et al. [114]. They
applied a layer-by-layer deposition method with materials consisting of polydopamine,
functionalized poly(3,4-ethylenedioxythiophene) (PEDOT), and AgNPs, and demonstrated
the antifouling and antibacterial properties of this coating when applied to the surface of
stainless steel materials. Its release of Ag ions does not have a harmful effect on humans, as
it is biocompatible. This may be used in the future as a coating for orthodontic brackets
and archwires.

Silver has been used as an antibacterial material for a long time and has also been
shown to be biocompatible on numerous occasions [115]. Silver coatings are antibacterial
against a number of species, including cariogenic and periodontal pathogenic bacteria, and
provide a definite resistance to smooth-surface caries [108]. The long-lasting antibacterial
effect allows for the use of brackets, which are an infrequently replaced component [112].
However, the shortcomings of silver coatings are their poor corrosion resistance, low
hardness, and high price. The upside is that silver composite coatings with other materials
have similar antibacterial effects [112], so silver composite coatings can be developed to
discover potential improvements in other properties.

3.2. Titanium and Titanium Compound Coatings

TiO2, as a photosensitive material, is capable of generating hydroxyl (OH) radicals
and reactive oxygen species (ROS) when irradiated by ultraviolet (UV) light, which are
highly reactive when exposed to organic compounds [116,117]. Based on this principle, the
antibacterial properties of TiO2 have been receiving attention.

Several studies have confirmed that SS and NiTi archwires coated with TiO2 show
antiadhesive effects against Streptococcus mutans [118–121], as well as bactericidal effects on
Streptococcus mutans [118–121], Porphyromonas gingivalis [119], Candida albicans, and Entero-
coccus faecalis [120]. For brackets, TiO2 coatings also show antiadhesive and antibacterial
properties against Streptococcus mutans [122,123], Candida albicans [122], and Lactobacillus
acidophilus [124].

Rutile, anatase, and brookite are crystal structures in which TiO2 exists. Anatase
is formed by anodic oxidation (AO), while rutile is formed by thermal oxidation (TO).
Studies have shown that anatase films applied to titanium (Ti) and titanium silver (TiAg)
plates are more effective than rutile films against Streptococcus mutans [125]. In contrast,
Roshen Daniel Baby et al. applied TiO2 coatings with different crystal structures to SS
brackets but came to the opposite conclusion. Their results showed that both structures
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of TiO2 have antibacterial effects against Streptococcus mutans, but the rutile phase has a
stronger bactericidal effect and more significant cytotoxicity than the anatase phase [126].
All of these considerations mean that rutile should be avoided regardless of which crystal
type has the better antibacterial effect, as its cytotoxicity reduces the biocompatibility of
the material.

Recently, there have been some clinical studies of TiO2 coatings. Keerthi Venkate-
san et al. showed that TiO2 nanoparticle coatings on NiTi archwires have good antiadhesive
and antibacterial effects against Streptococcus mutans. However, by the end of 1 month,
60% of the TiO2 coating was lost, and the roughness of the archwire was similar to that of
the uncoated one [127]. Nevertheless, the adhesion of Streptococcus mutans to TiO2-coated
archwires was still lower compared to uncoated archwires, which can be attributed to
the antibacterial properties of the nanoparticles [127]. In addition, the TiO2 nanoparticle
coating on the SS archwire also showed an effect against Streptococcus mutans in the first
and third weeks [128]. Whether on NiTi or SS archwires, the TiO2 coating was effective
in reducing the initial bacterial adhesion [127,128]. However, although the TiO2 coating
was shown to have a direct antiadhesive and bactericidal effect, its effect on the prevention
of enamel demineralization was not significant [127]. Therefore, more experiments are
needed to prove its preventive effects against enamel demineralization and periodontal
disease in practice.

In addition to the TiO2 coating applied directly to the surface of the material, the
surface of Ti or titanium alloys also oxidizes to form a TiO2 layer, which is responsible for
the coatings of titanium compound materials having certain antibacterial properties [125].
As mentioned already, Ag is also an effective antibacterial agent, so it has also been
investigated to be added to Ti to prepare TiAg alloys, which it is hoped will have a stronger
antibacterial effect than a Ti coating alone. For Streptococcus mutans, TiO2 coatings on
TiAg alloy plates have a significantly stronger and faster antibacterial effect than TiO2
coatings on Ti plates, suggesting that the addition of Ag to Ti can result in a synergistic
enhancement of the effect against Streptococcus mutans [125]. However, for Lactobacillus
acidophilus, although both showed antibacterial activity, the TiAg-coated samples showed
no difference in resistance to Lactobacillus acidophilus compared to Ti [129], which means
that the TiAg coating did not have stronger activity against Lactobacillus acidophilus than the
Ti coating. Nevertheless, irrespective of their antibacterial effects, neither of them exhibited
cytotoxicity [129]. Therefore, both materials have the potential for application on fixed
appliances, although further research is needed to determine whether the addition of Ag
will give the desired antibacterial effect. Ti coatings and TiAg coatings have not yet been
applied to archwires or brackets, which is a gap for the time being. In addition, apart from
the clinical studies, the above studies have not taken into account the mechanical forces to
which the archwires are subjected in practice. Thus, the ability of the coatings to withstand
mechanical forces has not been tested.

The shortcoming of TiO2 is that it only produces hydroxyl radicals under UV light
irradiation. When UV light is filtered and only visible light is used, the photocatalytic activ-
ity of TiO2 is poor [130]. On the other hand, the nitrogen-doped (N-doped) TiO2 thin film
substrate, as a visible-light-sensitive photocatalyst, has a significant bactericidal rate under
visible-light irradiation [121]. Nitrogen-doped titanium dioxide (TiO2−xNy) films coated on
the surface of SS brackets using RF magnetron sputtering produced 95.19%, 91.00%, 69.44%,
and 98.86% inhibition against Streptococcus mutans, Lactobacillus acidophilus, Actinomyces
viscous, and Candida albicans, respectively [131]. In addition, the coating exhibited strong an-
tibacterial properties against Streptococcus mutans over a 90-day timeframe. In other words,
surface coating of SS brackets with N-doped TiO2 films inhibits Streptococcus mutans for up
to 3 months [132]. To obtain coatings with the highest visible-light photocatalytic activity
and antibacterial activity against Lactobacillus acidophilus and Candida albicans, a sputtering
temperature of 300 ◦C for 180 min, an aigon (Ar):nitrogen (N) ratio of 30:1, and an annealing
temperature set at 450 ◦C can be performed [133]. The preparation of TiO2 nanofilms using
PVD has also been examined and has shown similar results on the antibacterial effect
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of TiO2, regardless of whether the coating thickness was 60 µm or 100 µm [63]. In some
studies, however, the visible-light exposure time was set to 24 h [121,131]. This condition is
impossible to achieve in practical applications. Therefore, simulation experiments that are
closer to the clinical situation, animal experiments, or clinical trials are needed to further
demonstrate the effectiveness of N-doped TiO2 coatings in improving the antibacterial
properties of fixed appliances. As shown in a randomized controlled clinical trial by Avula
Monica et al. [134], N-doped TiO2-coated SS brackets are effective in reducing the extent
of the increase in Streptococcus mutans concentration when exposed to natural visible light
and dental surgical light. This effect holds for up to 60 days and is better at 30 days after
the placement of orthodontic appliances than at 60 days. However, even this latest related
experiment did not directly detect and document enamel demineralization around the
brackets or gingival inflammation. This will need to be followed up in future studies.

When TiO2 is applied in combination with other materials, it is found that Ag applied
with TiO2 on SS brackets has better antiadhesive and antibacterial properties against
Streptococcus mutans and Porphyromonas gingivalis [111].

Titanium nitride is also considered to have an antibacterial effect, although TiN is
not as antibacterial as TiO2 and carbon nitride (CNx) [29]. However, the study by Licia
Pacheco Teixeira et al. concluded that neither TiN nor titanium nitride doped with calcium
phosphate (TNCP) films interfere with the attachment of Streptococcus mutans to the surface
of the bracket, meaning that this coating has no antiadhesive effect and does not reduce
the growth of Streptococcus mutans [135]. Moreover, the use of TiN as the surface coating
may increase the surface friction [29]. In summary, the utility of TiN as a surface coating for
orthodontic materials needs to be further verified.

Mian Chen et al. [136] used titanium treated with plasma-enhanced fluorine (F) and
oxygen (O) mono/double chemical vapor deposition to obtain nanofunctional coatings
with improved antibacterial properties and biocompatibility. The results showed that the
fluorine-deposited samples can effectively exterminate Staphylococcus aureus with sufficient
antibacterial properties, as shown in Figure 6. More importantly, the F and O double-
deposited (F-O-Ti) coatings exhibited better sustained antibacterial performance than the F
single-deposited coatings after 7 days of immersion in 0.9% sodium chloride (NaCl) solution.
This result tells us that this type of material may be seen as an effective antibacterial coating
for clinical applications.

Titanium compound coatings rely mainly on the photoreactivity of TiO2 for their an-
tibacterial action [130]. The advantages include their ability to resist caries and periodontal
pathogenic bacteria [111,131,136], as well as their biocompatibility [125]. TiO2 coatings
are probably best used for short-term applications only, as they reduce initial bacterial
adhesion [134] and undergo rapid peeling [127], making them unsuitable for long-term use.
In addition, the increased friction of such coatings is detrimental to therapeutic efficiency,
and the need for light causes inconvenience in their use [130]. Titanium has composite
applications with silver [125], nitrogen [121], fluorine, and oxygen [136], which enhance its
antibacterial properties, but the durability and high friction have not been addressed thus
far. Currently, difficulties remain in clinical application.
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3.3. Zinc and Zinc Compound Coatings

ZnO nanoparticles reduce biofilm formation, with low toxicity as well as good bio-
compatibility [137], making them suitable for biomedical applications. In a 2015 study,
Baratali Ramazanzadeh et al. found that ZnO-nanoparticle-coated brackets prepared via
spray pyrolysis had antibacterial effects, but they were not as effective as copper oxide
(CuO) nanoparticle coatings and CuO-ZnO composite coatings, both of which reduced
the number of Streptococcus mutans to 0 after 2 h [138]. However, the coatings were not
tested for biocompatibility. If the addition of CuO leads to elevated cytotoxicity beyond
the acceptable threshold for biocompatibility, it will be difficult to apply it directly in
clinical applications, even if the antibacterial properties are good enough. Unlike CuO,
ZnO has proven to be biocompatible [25]. Therefore, it is safe to use for a wide range of
biomedical materials.

It has been shown that ZnO nanoparticle coatings on the surface of NiTi archwires have
antibacterial effects against Streptococcus mutans [25,139], Staphylococcus aureus, Streptococcus
pyogenes, and Escherichia coli [27]. Different coating methods can be used to obtain ZnO particles
with different physicochemical properties, such as chemical precipitation, chemical vapor
deposition (CVD), electrostatic spinning, polymer composite coating, and the sol-gel method.
Comparisons also reveal that the smaller the particles, the larger the specific surface area of the
particles, and the more the antibacterial performance is improved [139,140]. In addition, the
color of the ZnO coating is white or light gold and does not tarnish in the short term, resulting
in a higher aesthetic quality [25,138].

However, a study in 2021 concluded that the antibacterial effect of ZnO coatings was
not significant [123]. In this study, the investigators prepared a photocatalytic ZnO coating

169



Int. J. Mol. Sci. 2023, 24, 6919

on the surface of SS brackets via magnetron sputtering, and the results showed that the
antibacterial effect of ZnO was not satisfactory. Based on these contradictory findings, more
experiments are needed in order to determine the feasibility of the clinical application of
ZnO nanoparticle coatings on orthodontic archwires or brackets.

In addition to the composite application of ZnO with CuO, it can also be used to
form a coating with Ag nanoparticles. Noha K. Zeidan et al. [112] made a composite
coating of ZnO with silver nanoparticles and applied it to SS brackets, finding that the
antibacterial effect against Streptococcus mutans and Lactobacillus acidophilus exceeded that
of the application of ZnO alone. Considering the antibacterial effectiveness of silver and
the mechanical properties of ZnO, the combination of the two can bring the advantages of
the coating to a more powerful level.

In summary, ZnO can be used as a multifunctional coating in clinical applications. It
is antibacterial, friction reducing [26], and biocompatible [25], and it is safe and aestheti-
cally pleasing to use [25,138]. On the downside, its corrosion resistance and durability for
long-term application are not yet confirmed, and the antibacterial effect is still controver-
sial. However, its application in combination with Ag nanoparticles can provide similar
antibacterial performance and is more effective than ZnO alone [112]. In addition, future
studies could focus on how to obtain finer ZnO nanoparticles in the preparation of coatings
to enhance the antibacterial properties.

3.4. Other Metal and Metallic Compound Coatings

For antibacterial surface coatings prepared from other metallic materials, such as
rhodium and gold, attempts have also been made on fixed appliances, although many
research gaps remain.

There is no consensus on the effect of rhodium plating on the surface of archwire
in terms of antibacterial properties. Some believe that the rhodium-coated NiTi arch-
wires have increased antibacterial properties [141], while others consider that the risk of
biofilm retention on rhodium-coated NiTi archwires is as high as that of uncoated NiTi
archwires [113].

In 2014, a gold-plated aesthetic archwire was shown to reduce the surface roughness of
SS archwires, but it caused no reduction in the adhesion of Streptococcus mutans. Moreover,
surface free energy (SFE) may have a positive correlation with bacterial adhesion. If the
SFE of the coating is the same as that of the archwire, the antiadhesive effect may not
be significant, just as the SFE of gold-plated SS archwires is similar to that of SS arch-
wires [141]. However, another study on other coatings suggested that surface roughness
is positively correlated with biofilm adhesion [142]. This contradiction may be due to
different experimental designs, or to the varying nature of different coatings and their
antibacterial mechanisms. According to the “attachment point theory”, biofoulers (in the
context of this review, bioorganisms) have more attachment points on rough surfaces [143].
This theory may partially explain why some believe that bacteria are more likely to be
attached on rough surfaces. However, smooth surfaces are not necessarily more resistant to
adhesion than surfaces with undulations. Some researchers, inspired by bionics, have tried
to create nanofolds on the surface of the substrate. These folds are like ripples with a certain
wavelength and amplitude. When these two parameters are appropriate, the adhesion of
biofoulers to the surface can be reduced. That is, although the surface is not completely
smooth, its antiadhesion properties are significantly better than even that of a smooth
surface when the gap between the folds is slightly smaller than the size of the bacteria [144].
This suggests that preparing nanofolds of suitable wavelengths and amplitudes on the
surfaces of archwires and brackets might be a possible way to resist bacterial adhesion.

In addition, other gold materials—such as 4,6-diamino-2-pyrimidinethiol-modified
gold nanoparticles (AuDAPT) [145] and quaternary ammonium (QA)-modified gold nan-
oclusters (QA-GNCs) [146]—can be used as antibacterial coatings for invisible orthodontic
appliances. AuDAPT and QA-GNC have resistance to Porphyromonas gingivalis [145] and
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Streptococcus mutans [146], respectively, and they have shown excellent biocompatibility,
but they have not yet been investigated in fixed appliances.

3.5. Polymeric and Bioactive Materials

Epoxy has been clinically demonstrated to have antibacterial properties as an aesthetic
coating on the surface of NiTi archwires [147]; however, this study took the plaque directly
from the surface of the archwire during orthodontic treatment and counted the number of
bacterial colonies in the culture, without distinguishing different strains. Two other in vitro
experiments focused on Streptococcus mutans and showed that epoxy coating on the surface
of SS or NiTi archwires reduces the adhesion of Streptococcus mutans and Streptococcus distans
to the archwires in the short term [141,148]. Regarding the mechanism of this antiadhesive
effect, the authors suggested that it was due to a reduction in the SFE of the archwire, rather
than a change in surface roughness [141]. Conversely, Deise C. Oliveira et al. found that
the amount of biofilm adhesion was significantly higher on epoxy-coated than on uncoated
NiTi archwires. In addition, there was no significant difference in the number of bacterial
colonies between coated and uncoated archwires [113]. This indicates that the epoxy coating
does not increase the antibacterial properties of the NiTi archwire surface, and it may even
decrease the antiadhesive properties. Based on these contradictory findings, multiple
replicate experiments are needed in the future to determine the accuracy of the results.
Efforts are also needed to make the in vitro experimental conditions more closely resemble
the intraoral physiological environment, or to conduct animal and clinical experiments.

Another polymeric aesthetic coating material that has been used for a long time is
polytetrafluoroethylene, also known as PTFE. It has been shown in clinical trials to reduce
the amount of plaque biofilm adhesion on NiTi archwires [147] and SS brackets [149], and it
is effective on every surface of the SS bracket [149]. Additionally, PTFE coatings prepared at
low temperatures have better resistance to microbial adhesion than those prepared at high
temperatures [95]. Still, these antibacterial and antiadhesive effects cannot be attributed
to a reduction in initial bacterial adhesion [150]. However, similar to epoxy, it has been
suggested that PTFE does not reduce the amount of biofilm adhesion on the surface of NiTi
archwires. Interestingly, both results came from the same research [113], and only this single
study reached the opposite conclusion from the previous ones. More similar studies may
be needed in the future to verify the effects of PTFE and epoxy coatings on the antibacterial
properties of NiTi archwire surfaces. Furthermore, the combined usage of AgNPs and PTFE
through a similar method has been investigated, showing better antibacterial properties
compared to applying PTFE coatings alone.

Regarding other polymeric coatings, Adauê S Oliveira et al. [151] prepared silicon
oxides (SiOx) hydrophobic/superhydrophobic coatings on SS and ceramic bracket surfaces
via a sol-gel process. Hydrophobic coatings were made using cetyltrimethoxysilane di-
luted in ethanol, termed HS1; superhydrophobic coatings were made using 1H,1H,2H,2H-
perfluorodecyltriethoxysilane diluted in dimethyl sulfoxide, termed HS2. The results
showed that both HS1 and HS2 reduced the biofilm accumulation on the surface of the
bracket in 24 h, and the superhydrophobic HS2 was more effective than the hydrophobic
HS1. Based on the results of this study, when applying SiOx coatings to increase the antibac-
terial properties of the brackets, HS2 superhydrophobic coatings can be prepared to obtain
the best results [151]. The oral environment is moist, so the liquid–air interface formed
between the hydrophobic surface and saliva prevents bacteria from adhering and forming
biofilms [152], which explains the excellent antimicrobial properties of hydrophobic and
superhydrophobic coatings. The abovementioned study was published in 2015, and there
have been no subsequent studies on the surface coating of orthodontic brackets or archwires
that present prospects worth exploring.

MPC polymer coatings inhibit the adhesion of Streptococcus mutans to SS archwires [96].
CTS has been used as an antibacterial material in the resin for bonding orthodontic attach-
ments, with the purpose of controlling enamel demineralization, but it has not been tested
for its antibacterial properties as a surface coating for orthodontic attachments, which is
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a direction that could be developed in the future [24]. As another polymer, polyethylene
glycol (PEG)-coated SS archwires exhibited the best antiadhesive properties at a molecular
mass of 5000, maintaining very low bacterial adhesion even after 10 h [153].

Bioactive materials such as lysozyme are also increasingly being used in orthodon-
tics. New lysozyme-coated orthodontic composite archwires (CAWs) exhibit antibacterial
properties in artificial saliva—mainly against Staphylococcus aureus [154]. In addition, the
corrosion resistance and biocompatibility of the lysozyme coating are relatively consid-
erable [154]. However, other strains of bacteria in the oral cavity—such as Streptococcus
mutans, which often causes caries, and Porphyromonas gingivalis, which causes periodontal
disease—have not been studied. Nevertheless, lysozyme as a bioactive material provides
inspiration for follow-up studies. More bioactive materials can be explored for surface
modification in the surface coating of fixed appliances. However, although lysozyme
coatings have been shown to have an antibacterial effect against Staphylococcus aureus, their
effect on Gram-negative bacteria is weaker than on Gram-positive bacteria, so there is a
risk of disrupting the balance of the intraoral flora when applied to fixed orthoses. Further
animal experiments are needed in order to confirm their clinical value.

There are also bioactive antimicrobial coatings that are based on antiadhesion. The
protein molecule bovine serum albumin (BSA) significantly reduced bacterial adhesion on
the surfaces of SS, ceramic, and resin brackets and SS archwires, with a maximum decrease
of more than 95% on the surfaces of brackets, probably due to the BSA-mediated reduction
in surface free energy [155]. In addition, in 2020, Peng et al. developed an antimicrobial
hydrogel using a combination of PEG and chitosan (CTS/PEG) [156]. Archwires coated
with these bioactive materials showed a significant increase in both antiadhesive and
antimicrobial properties; thus, their possible uses in dental applications are considerable.

Recent studies have found that coatings of polydopamine (PDA) and blue fluorescent
hollow carbon dots (HCDs) can maintain more than 50% antimicrobial performance against
Escherichia coli and Streptococcus mutans for 14 days. The fluorescent nature of HCDs may
also provide clinical visualization, allowing for timely replacement of defective coatings.
In addition, the combination of low drug resistance, low toxicity, and high biosafety will
allow this bioactive material to go far in the future [20].

Recent studies on antibacterial coatings for orthodontic appliances are summarized in
Table 2.
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4. Corrosion-Resistant Coatings

Research on corrosion-resistant coatings has focused on nitride- and carbonized-
titanium compound materials, as well as diamond-like material coatings. Although other
carbon-based materials such as graphene are also available, their effectiveness is still not
clearly recognized. In particular, a common phenomenon in corrosion-resistant coatings is
that their durability has not been confirmed by long-term experiments. Other properties
of aesthetic coated polymers such as epoxy and PTFE have recently been investigated in
the literature, demonstrating their favorable corrosion resistance for orthodontic archwires.
This versatility gives more space for the development of polymeric aesthetic coatings. The
main corrosion-resistant coating materials discussed in this section are shown in Figure 7.
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4.1. Titanium and Titanium Compound Coatings

NiTi alloys have a tendency to corrode in chlorine- and fluorine-containing solu-
tions [160], as does stainless steel. Some surface coatings can enhance their corrosion
resistance, but coatings might wear and peel off after a period of application, resulting
in increased roughness and reduced aesthetics [161]. Therefore, the surface coating of
fixed appliances needs to be resistant to wear as well as corrosion in order to provide
better durability.

As early as 2002, a study concluded that the corrosion resistance of ion-plated titanium
nitride (TiN) SS brackets in artificial saliva was not significantly better than that of uncoated
SS brackets [162]. Later, the opposite conclusion was reached, suggesting that TiN-plated
SS brackets had increased corrosion resistance [28] and wear resistance [163] in artificial
saliva. However, at that time, the corrosion resistance of TiN coatings in fluorine-containing
solutions had not been confirmed in studies [28]. It was not until Xue-shun Yuan et al.
prepared N-doped TiO2 films on SS brackets via radio frequency magnetron sputtering
that they were demonstrated to increase the corrosion resistance of SS brackets in both
artificial saliva and 1.23% acidulated phosphate fluoride (APF) solution [164]. In addition
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to brackets, TiN-coated SS archwires have shown good corrosion resistance in both acidic
saliva [19] and electrochemical corrosion experiments [58].

Recently, it has been found that TiN coatings have favorable wear resistance but
are more likely to fracture due to bending [165]. However, for coatings on SS substrates,
some new materials also have higher corrosion resistance than TiN. These coatings include
titanium-diamond-like carbon (Ti-DLC) [166] and TiCN [31], and the corrosion resistance
of TiCN increases with the nitrogen content and carbon content used in the preparation
process [31]. In addition to SS, the use of TiCN coatings also reduced the amount of ions
released from nickel-chromium-molybdenum (Ni-Cr-Mo) alloy substrates [167] and the
mass loss of nickel-chromium (Ni-Cr) alloy substrates [168], indicating that the coatings
improved the corrosion resistance of various metallic materials.

In addition to carbon, aluminum compounded with nitrogen and titanium also has a
good effect. TiAlN coatings applied by cathodic arc physical vapor deposition (CA-PVD)
are also capable of reducing the corrosive effect of fluoride on TMA wire and are more
effective than tungsten carbide/carbon (WC/C) coatings [59].

For NiTi brackets, multilayer TiN/Ti coatings deposited by pulsed bias arc ion plating
(PBAIP) have higher corrosion resistance than a single layer of TiN in artificial saliva [169].
For NiTi archwires, TiN coatings formed by nitriding [170,171] or electroplating [19] reduce
the precipitation of metal ions, and ion-plated TiN coatings show a visible reduction in
the area of corrosion spots on the surface of the archwire [58]. TiN/Ti coatings formed by
PVD not only improve the corrosion resistance of the archwire, but also its resistance to
friction loss [172]. Liu, Jia-Kuang et al. [172] further discovered that in TiN/Ti coatings, the
TiN layer provides protection against mechanical damage, while the Ti layer improves the
corrosion resistance. In multilayer TiN/Ti, the improvement of wear resistance is similar
for a single layer, two layers, and four layers, and when the number of layers continues
to increase, the wear resistance of the substrate is reduced instead [33]. Therefore, it is
recommended to use multilayer TiN/Ti coatings with four or fewer layers to enhance wear
resistance and corrosion resistance.

It has been shown that the corrosion resistance of composite archwires (CAWs) can
be significantly improved by coating them with TiO2 nanocrystalline films—especially by
using N-doped TiO2 nanocrystalline films [121]. However, a study by Kielan-Grabowska
Z et al. [173] showed that TiO2- and Ag-doped TiO2-coated SS materials have reduced
corrosion resistance. In addition, although Al2O3 coatings are rarely used alone for or-
thodontic brackets and archwires, they can be coated together with TiO2. Muna Khethier
Abbass et al. prepared nanocoated films of Al2O3, TiO2, and multilayer aluminum ox-
ide/titanium dioxide (Al2O3/TiO2) on SS surfaces via atomic layer deposition (ALD) and
found that all three films could effectively enhance corrosion resistance, and that multiple
layers are better than a single layer, while Al2O3 is better than TiO2 [158]. However, in a
recent study, researchers formed nonporous, nickel-free TiO2 coatings with a thickness of 50
nm via pulse anodization, as shown in Figure 8, which exhibited good hydrophilicity and
corrosion protection [174]. To date, there has been no study comparing the differences in
the performance of this nonporous nickel-free TiO2 coating with compared with N-doped
TiO2 film and Al2O3/TiO2 coating, which would be necessary for the consideration of
practical applications.

In addition to titanium nitrides and oxides, metallic titanium and other composite
coatings are also under research. Firstly, titanium sputter-coated NiTi archwire has good
adhesion and corrosion resistance even after 30 days of exposure to artificial saliva [175].
Secondly, titanium-chromium-nitrogen (Ti-Cr-N) coatings obtained via radio frequency
reactive sputtering deposition annealed at 400 and 700 ◦C can reduce the chromium released
from SS substrates by ~67% in artificial saliva, and the effect is better at 400 ◦C than at
700 ◦C [176]. Another example is that titanium-niobium (Ti-Nb) coatings prepared via
laser melting methods on NiTi substrates reduce the release of nickel ions [177]. These are
surface coatings that can potentially be applied to orthodontic fixed appliances to prevent
wear and metal sensitization of orthodontic attachments.
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As TiO2 is not the most optimal material for corrosion-resistant coatings, TiN is
relatively more worthy of research [158,173]. TiN coatings have the advantage of being
effective in enhancing the corrosion resistance of brackets and archwires in both chloride-
and fluoride-containing solutions [164], but they also have disadvantages, such as the
tendency to fracture when bending and the potential adverse effect on friction [165]. Based
on these conditions, TiN can be used as a corrosion-resistant coating for fixed appliances in
patients who normally use mouthwash. In addition, carbon or other metallic materials can
be added to the material, or a double-layer titanium/titanium nitride (Ti/TiN) coating can
be prepared to compensate for the deficiencies of TiN applied alone [33]. In terms of coating
method, a coating method that can be applied chairside is preferable, so that the archwire
can bend first before coating to prevent undesirable coating peeling and archwire corrosion.

4.2. Carbon-Based Coatings

Around 15 years ago, S. Kobayashi et al. [76] and Yasuharu Ohgoe et al. [178] used ion
beam plating to prepare DLC films on the surface of NiTi archwires. They found that the
DLC coating was able to reduce the release of nickel ions in physiological saline at 80–85 ◦C
by as much as 80% after 5 days of immersion [178], while still remaining corrosion resistant
after 14 days [76]. Additionally, the DLC-coated NiTi archwire still reduced the nickel ion
concentration in the solution by 16.7% after 6 months of immersion in physiological saline
at 37 ◦C [179]. DLC coating not only enhances the corrosion resistance of NiTi archwire in
warm saline, but also alleviates the toxic effects of nickel ion release on cells, and shows
good biocompatibility [178,179]. It also has excellent friction resistance and will not peel off
the surface of the archwire easily [76]. Similarly, on the SS filament surface, DLC coatings
can be deposited to provide comparable friction reduction and corrosion resistance [82].

The corrosion of metals by fluorine ions should not be neglected either. Therefore, a
study investigated the performance of MCECR plasma sputtering coatings in high-fluoride-
ion environments. The results indicated that the DLC coating of the NiTi archwire under a
high-fluorine environment reduced the change in the surface roughness of the archwire
due to corrosion by 91.3% [83], verifying the outstanding corrosion resistance of DLC
coatings. DLC-coated NiTi archwire prepared by the same method has also been shown
to have strong friction resistance, significantly reducing the micromotion wear of the
archwire [80]. There is still room for improvement of this excellent performance of DLC
coatings. For example, deep cryogenic treatment (DCT) at temperatures from −120 to
−196 ◦C can improve adhesion strength from 30.08 N to up to 40.54 N [180]. Therefore, this
post-treatment method may be a potential way to improve wear resistance.
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Graphene is valued for its excellent mechanical properties in dental material applica-
tions. Both graphene oxide (GO) and GO/Ag coatings prepared by Viritpon Srimaneep-
ong et al. using electrophoretic deposition (EPD) on the surface of NiTi alloys had lower
corrosion rates than uncoated NiTi alloys, indicating that they can enhance the corrosion
resistance of NiTi alloys, as shown in Figure 9 [181]. GO can also improve the wear resis-
tance of NiTi archwires. Dai, Danni et al. found that many grooves caused by wear were
produced on the surface of uncoated NiTi archwire, but the width of grooves on the surface
of GO-coated archwire was less [89]. In addition, a GO coating concentration of 2 mg/mL
resulted in less wear and a smoother surface after mechanical friction compared to GO
coatings at concentrations of 0.5 or 5 mg/mL [89]. This indicates that coating with GO at a
concentration of 2 mg/mL results in better wear resistance. Therefore, this is the reference
value when GO coatings are applied to the surface of NiTi archwires.
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and GO/Ag-coated NiTi alloy, respectively. Adapted with permission from [181].

GSEC is another form of graphene as a surface coating, which also has good wear
resistance. As observed by Pan et al. [90], GSEC-coated SS archwire produces significantly
fewer wear marks than bare SS archwire after being subjected to friction [90], while the
wear rate can reach a minimum of 0.11 × 10−6 mm3/Nm [46].

Fróis, António et al. coated SS brackets and archwires with hydrogenated forms of
diamond-like carbon (aC:H) sputter coating via the magnetron sputtering method. They
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demonstrated its chemical and mechanical inertness and ability to reduce the pitting
corrosion that occurs on SS substrates. However, the leaching of metal ions in the aC:H
coating was higher than that in the uncoated SS [182]. What should be considered in this
case, if it is to be applied, is the need to reduce either the damage to the surface morphology
or the metal allergy due to the leaching of metal ions. However, studies on this coating are
still insufficient, and more research should be carried out in the future.

Among the carbon-based coatings, DLC, GO, and GSEC have similar corrosion re-
sistance advantages. However, DLC shows the best clinical application prospects. The
DLC coating is not only durable [179], but also allows fixed aligners to withstand certain
thermal and fluoridated environments [83]. Specifically, it reduces the corrosion that occurs
on the archwire and brackets under the influence of a hotter diet or fluoride mouthwash.
DLC coatings, in turn, have the ability to reduce friction [80] and are more biocompati-
ble [178,179]. Although the application of DLC coatings leads to a decrease in the surface
hardness of the attachments, this can be enhanced and the corrosion resistance further
increased by means of DCT [180].

4.3. Other Metal and Metallic Compound Coatings

Some other metal and metallic compound coatings have corrosion resistance, but
are mainly used for friction reduction, such as WS2 [43], ZnO [24–26], and TiN [29,31,32].
The potential of the remaining metallic materials as corrosion-resistant coatings is still
not enough for clinical applications, so there is still space for corrosion-resistant coatings
to be developed using metallic materials. Among all metal coatings, only TaAgB has
good performance in friction reduction, antibacterial activity, and corrosion resistance, as a
multifunctional coating with good application prospects [68].

IF-WS2 has been applied for a long time to reduce the friction on the surface of
archwires and has been proven to have good wear resistance. In a study by Redlich,
Meir et al. [183], after 100 cycles under dry conditions, very little surface wear was observed
on the Ni + IF-WS2-coated SS archwire, and no peeling of the coating was observed—as
opposed to the uncoated or Ni-coated archwires, which were severely worn after only 10
cycles [183]. This indicates that WS2 is highly resistant to wear and tear. In recent years,
Antonio Gracco et al. have come to similar conclusions and have further verified that
WS2 has good resistance to wear even under wet conditions [18]. Additionally, tungsten
disulfide (MoS2) has similar properties to WS2 [18]. Both of them have good performance
in reducing friction and wear. Therefore, the use of either MoS2 or WS2 as the surface
coating of SS archwires can maintain the durability of their effects.

Solid TaAgB solution coating on SS blocks have high hardness, smoothness, and
wear resistance, with a wear rate of only 6.51 × 10−15m3/Nm [68]. Based on its low-
friction and antibacterial properties described above, it could be applied in the future as a
multifunctional coating for orthodontic fixed appliances.

Rhodium is commonly used as an aesthetic coating and, in addition to its aesthetic
properties, also has the property of reducing friction on the surface of the archwire, as
well as potential antibacterial properties. However, there is more distrust in the corrosion
resistance of rhodium. Katić Višnja et al. [170] and Milena Carolina de Amorim et al. [184]
both suggested that rhodium coating reduces the corrosion resistance and electrochemical
resistance of NiTi archwires in artificial saliva, making them more susceptible to localized
pitting corrosion on the surface. Lina M. Escobar et al. [185] described rhodium-plated
NiTi archwire as having a significantly rougher surface and many scratches on its sur-
face after testing. This indicates that the wear resistance of rhodium plating is also less
than satisfactory.

Although copper-coated NiTi archwire has sufficient corrosion resistance [186], the
biocompatibility of copper and copper oxide coatings is yet to be confirmed, due to the
cytotoxicity of copper ions, among other characteristics. Until then, its use in clinical
settings requires caution. Gold-plated SS archwire is resistant to friction damage, although
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it is not durable under bending [165]. The performance characteristics of these materials
have not been completely evaluated, and more research is needed.

Zinc oxide [187], boron-doped hydroxyapatite (B-HAp) [188], and composites of
both materials [189] have been well studied as surface coatings for titanium alloys. Their
resistance to corrosion, wear and tear, and peeling has been demonstrated. Zirconium oxide
and zirconium oxide-silica composite coatings have also been shown to have excellent
corrosion resistance. The former was used to coat a stainless steel metal block surface
using the electron-beam physical vapor deposition (EBPVD) technique [159], while the
latter was deposited on a titanium metal block surface using the sol-gel method [190].
However, the above materials have not been verified in terms of corrosion and wear
resistance in orthodontic archwires and brackets, but are more focused on friction reduction
and antibacterial properties. More research should be conducted in the future on their
performance in terms of wear resistance and corrosion resistance.

4.4. Polymeric and Bioactive Coatings

Epoxy resin has been proven to be effective in improving the corrosion resistance of
NiTi archwires in artificial saliva [191], exhibiting a significant decrease in their electro-
chemical corrosion tendency [184,191] and nickel ion release [184,186]. Furthermore, its
ability to reduce the release of nickel ions has been confirmed in a double-blind randomized
clinical trial [81].

The corrosion resistance of PTFE is stronger than that of epoxy resin [191]. The corro-
sion rate of a PTFE-coated NiTi archwire was 10 times lower than that of uncoated NiTi sub-
strates [192]. However, PTFE may exhibit slight cytotoxicity to fibroblasts—approximately
36% [185]. Therefore, careful consideration is needed when choosing this material. If a high
level of biocompatibility is required, it is typically better to choose epoxy resins. Recently,
Zhang, Shuai et al. immobilized PTFE nanoparticles in a sol-gel matrix and dip-coated
them onto 316L SS via a mussel-inspired method, followed by AgNPs deposition. The
nanosilver/polytetrafluoroethylene (AgNP/PTFE) coating obtained in this way can be
used on metal implant surfaces because of its good antibacterial and anticorrosion proper-
ties [157]. This coating has not been applied in orthodontics thus far and could be subjected
to trials.

Polyethylene naphthalate (PEN)-coated SS archwires exhibit virtually no chromium,
manganese, iron, or nickel ion leaching in HCl compared to uncoated archwires, and they
consistently provide significant corrosion resistance over a bending range of 0–120◦ [165].
It can be assumed that the PEN coating on the SS surface has good corrosion resistance and
durability to withstand large-angle bending of the archwire.

The research applications of superhydrophobic coatings are also on the rise. Cheng-
Wei Lin et al. prepared a double-layer grid-blasted plasma-polymerized (GB-PP) super-
hydrophobic coating on an SS surface. Even after a period of toothbrush cleaning action
or food chewing, the water contact angle (WCA) still exceeded 90◦, indicating that the
hydrophobic properties are always maintained. Moreover, its surface morphology and
microstructure were still similar to those at the beginning of the coating, indicating its good
durability [193].

There are a few bioactive materials used in orthodontic appliances, such as lysozyme.
Longwen He et al. [154] applied a lysozyme coating to a CAW surface via liquid-phase
deposition and examined its multiple properties. After 2 weeks of immersion in artificial
saliva at 37 ◦C, the substrate with 40 g/L lysozyme showed the least corrosion pitting,
cracking, and roughness. Therefore, the best concentration to use as a corrosion- and
wear-resistant coating for CAW surfaces may be 40 g/L. However, no similar studies have
been conducted for common SS and NiTi archwires and brackets. In the future, we may try
to widen the application range of such coatings.

Studies on corrosion- and friction-resistant polymers and bioactive surface coatings
are relatively new and few in number. Epoxy coatings have better corrosion resistance and
friction reduction than PTFE [191], but they have not been compared to other polymeric
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coatings. As no obvious defects have been found so far, epoxy is one of the most promising
multifunctional coatings while the performance of other polymeric coatings is not conclu-
sive in all respects. However, the various studied polymeric coatings have good friction
and corrosion resistance, which may lead to them becoming a research trend in the future.

4.5. Ion Injection Coatings

In 2021, Rasha A. Ahmed et al. [194] formed an ionic liquid (IL) coating on the sur-
face of a kind of nickel-titanium-cobalt shape memory alloy (Ni47Ti49Co4) archwire and
demonstrated the excellent corrosion resistance of the coating through electrochemical
experiments and 0.1% sodium fluoride (NaF) immersion experiments. Moreover, the addi-
tion of 0.015–0.05% albumin to any IL concentration could further improve the corrosion
resistance of the coated surface through the deposition of albumin on the surface of coated
or uncoated archwires. However, this is the only study on the corrosion and wear resistance
of IL coatings, and it is also a relatively recent development. This field is still in a nascent
state and deserves more exploration.

Recent studies on corrosion-resistant coatings for orthodontic appliances are summa-
rized in Table 3.
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5. Discussion

It is necessary to modify the surface of orthodontic accessories—especially brackets and
archwires—using surface coatings. This article reviews previous surface coatings and modifica-
tion effects related to friction reduction, antibacterial properties, and corrosion resistance.

From the perspective of a research mindset, there are numerous types of functional
coatings for the surface of orthodontic attachments. They have different methods and
conditions of coating, but all have certain functions under different experimental conditions.
This may seem like another new kind of coating has been discovered to choose from;
however, in fact, it makes little sense to keep discovering new materials without comparing
a range of materials and coating methods horizontally under the same conditions. Therefore,
a detailed comparison of newly discovered coating materials with existing materials should
be performed in various aspects in order to tailor the most appropriate coating materials for
clinical applications. In addition, different coating methods and conditions have different
effects on the properties and effects of the coating. When the coating temperature, duration,
and/or raw material ratio are changed, the nature of the coating also changes [133]. With
this in mind, the best conditions for preparing a certain functional coating can be found by
changing the coating process. Moreover, there have been few relevant animal experiments
and clinical trials, making it challenging to determine the clinical value of coatings. The
use of animals for validation of the effectiveness and safety of various surface coatings is
essential, and clinical trials should also be conducted to document what is really happening
in clinical applications in more detail.

In clinical practice, it is expected that a single coating on the surface of a fixed or-
thodontic appliance will meet all of the performance requirements for friction reduction,
antibacterial activity, and corrosion resistance. However, it is difficult to find a single
coating that can satisfy all three conditions at the same time. A few coatings, such as TaAgB
and PTFE, offer relatively comprehensive performance improvements [68,92,97,147,192].
However, studies on these materials are scarce, and there is not enough clear and sta-
ble clinical evidence. Recently, new coating materials such as tantalum nitride-copper
(TaCuN) solid solution [195] have also been verified with excellent modification properties,
in addition to novel coatings in other field, such as ferrum-aluminum/dizinc magnesium
(Fe-Al/MgZn2) multilayer [196] and nanographene piece + carbon dots and nickel-tungsten
(Ni-W) co-deposition coatings [197], but they have not been tested on brackets or archwires.
Moreover, the durability of the coatings needs to be further improved. As a long-term fixed
intraoral orthodontic accessory, the brackets need to maintain their surface properties for
months or more than a year, and the coatings are likely to be damaged and peeled off by
sliding [62]. This suggests that functional coatings need to be able to remain effective in the
mouth for a long period, in addition to the abovementioned properties. Therefore, coatings
with high durability are needed.

The antifriction effect of GSEC and epoxy can last up to 30 days [90,97]. For antibac-
terial coatings, N-doped TiO2 inhibited Streptococcus mutans for up to 90 days in vitro
and up to 60 days in clinical trials [132,134], making it the most durable material in the
scope of this review. Ag and ZnO have also been validated for a period of 3 months [112].
TiO2 nanoparticles were effective within 3 weeks [128], and lysosome coating lasted 2
weeks [154]. For titanium sputter coating, corrosion can be reduced within 30 days [175].
Likewise, DLC will have this effect for 14 days [76]. Most of the remaining materials
have not been confirmed by long-term experiments and cannot be used in the comparison.
Therefore, sustainability aspects should be an important research direction in the future,
with considerable significance for the life and validity of the coating.

In a comprehensive view, it is necessary to formulate and compare various surface
coating materials and technologies in order to obtain surface coatings that combine multiple
functions, are proven to be safe and effective in clinical trials, and have good durability
to increase efficiency and reduce risks in the orthodontic treatment process. Among all
functional coatings, the best friction-reducing coatings are TiN, TaAgB, and GO, which not
only have remarkably low CoF, but also have advantages such as antibacterial properties,
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wear resistance, corrosion resistance, and good biocompatibility [30,32,58,68,89,181]. The
next choices are TiCN, GSEC, CNx, and ZnO, which do not have as many additional advan-
tages, but also have excellent friction reduction properties [27,29,31,32,46,90,112]. However,
CrN [30], epoxy [93], and parylene [97] are least recommended as friction-reducing coat-
ings because they have been shown in recent studies not to reduce surface friction and
sometimes even increase it. Among the antimicrobial coatings, AgNP/PTFE coatings [157],
CTS/PEG coatings [156], and F-O-Ti coatings [136] are the most recommended because they
have the advantages of corrosion resistance, durability, and biocompatibility, on the basis
of antimicrobial rates of over 90%. Ag and ZnO may not be as strong as the former coatings
in terms of wear resistance, aesthetics, and durability. However, Ag and ZnO, as classic
antimicrobial coatings, have also been repeatedly proven to have excellent antimicrobial
properties and biocompatibility, and have been put into clinical application for a longer
time and with good results [109,139]. Interestingly, Al compound and composite coatings
generally perform better in corrosion-resistant coatings, such as Al2O3 coatings [30,158],
Al2O3/TiO2 multi-layer coatings [158], and Al-SiO2 coatings [70]. In particular, Al-SiO2
coatings not only significantly reduce the corrosion on the surface of substrates, but also
have the advantages of friction reduction, wear resistance, and biocompatibility [70]. This
kind of multilayer and composite material is also gradually becoming a research trend in
recent years, which might be suitable for application.

The materials and methods already available are adequate, but there are still directions
that need to be studied. Some future research prospects are presented here. First, the
control of the thickness of the coatings: on the basis of ensuring the modification effect,
the thickness of the coating should be reduced as much as possible, which not only saves
material but also lessens the adverse effect of the coating’s thickness on the friction [60,78].
Second, it is necessary to verify the clinical effect that the coating can eventually bring—for
example, the improvement of the friction-reducing coatings in terms of practical orthodontic
efficiency, the contribution of the antimicrobial coatings to avoiding the demineralization
of the tooth surface and the inflammation of the periodontal tissues, and the ability of the
anticorrosion coatings to reduce patients’ metal-ion allergies. However, the biggest problem
with animal experiments is the difficulty of controlling the experimental conditions [198].
Therefore, if the safety of the materials can be confirmed, preclinical trials can be considered
directly, without animal experiments. Finally, the long-term effects of various coatings
are uncertain. For orthodontic treatment, they can be as short as a few months or as
long as a few years. Orthodontic appliances—especially brackets—are present in the oral
environment from start to finish, so the coatings on the bracket surfaces need to maintain
the longest-lasting modified effect. In fact, laser cladding may offer greater advantages than
chemical, electrochemical, and physical deposition methods in terms of coating thickness
and permanence. These processes have little effect on the dimensions of the substrates and
are less susceptible to peeling off [199]. In this regard, more efforts could be made in laser
cladding as a coating method in the future. There are still some limitations to this review.
Our discussion in this case is directed only to the surface coating of orthodontic fixed
appliances, while other surface modification methods have not been discussed extensively.
In the case of orthodontic appliances, the main focus is only on the coating of the two main
components—brackets and archwires. Other components of orthodontic appliances, such
as ligature wires, buccal tubes, and orthodontic band strips, have not been discussed in
depth. Of course, functional surface coatings for orthodontic bands have recently emerged,
such as AgNPs coatings with enhanced antimicrobial properties [200]. Going forward, each
attachment for fixed appliances should be taken into account for future improvements.

6. Conclusions

In order to increase treatment efficiency and reduce side effects, functional surface
coatings of orthodontic fixed appliances are receiving increasingly more attention. Over the
past decade, research on friction-reducing, antibacterial, and corrosion-resistant coatings
has grown, better materials have been discovered, and methods and conditions have been
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explored to optimize the performance of the materials. However, the current coating
materials have not yet achieved the perfect integration of these three functions, and most
of the research is limited to in vitro experiments. Thus, there is still a certain distance to go
before clinical applications, so further research is needed in the future.
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Abstract: Dental implants have emerged as one of the most consistent and predictable treatments in
the oral surgery field. However, the placement of the implant is sometimes associated with bacterial
infection leading to its loss. In this work, we intend to solve this problem through the development
of a biomaterial for implant coatings based on 45S5 Bioglass® modified with different amounts of
niobium pentoxide (Nb2O5). The structural feature of the glasses, assessed by XRD and FTIR, did
not change in spite of Nb2O5 incorporation. The Raman spectra reveal the Nb2O5 incorporation
related to the appearance of NbO4 and NbO6 structural units. Since the electrical characteristics of
these biomaterials influence their osseointegration ability, AC and DC electrical conductivity were
studied by impedance spectroscopy, in the frequency range of 102–106 Hz and temperature range
of 200–400 K. The cytotoxicity of glasses was evaluated using the osteosarcoma Saos-2 cells line.
The in vitro bioactivity studies and the antibacterial tests against Gram-positive and Gram-negative
bacteria revealed that the samples loaded with 2 mol% Nb2O5 had the highest bioactivity and greatest
antibacterial effect. Overall, the results showed that the modified 45S5 bioactive glasses can be used
as an antibacterial coating material for implants, with high bioactivity, being also non-cytotoxic to
mammalian cells.

Keywords: Bioglass®; biomaterial; niobium oxide; osseointegration; antibacterial properties; cytotoxicity;
electrical properties; bioactivity; bone regeneration

1. Introduction

The loss of one or more teeth has become a common problem resulting from trauma,
bone or dental pathology, cancer, or simply ageing. According to statistics reported by the
American Association of Oral and Maxillofacial Surgeons [1], 69% of adults aged between
35 and 44 have lost at least one permanent tooth due to an accident, gum disease, a failed
root canal, or tooth decay. In addition, by the age of 74, approximately 26% of those
persons have lost all their permanent teeth. Therefore, the demand for dental implants has
increased rapidly. The statistics in 2010 revealed more than 300,000 dental implants placed
per year [2]. The clinical success of dental implants is related to their ability to ensure rapid
osteointegration and prevent the development of peri-implantitis [3]. These conditions
are essential to ensure the long-term success of the implant. Peri-implantitis disease is an
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inflammatory condition that affects the tissues around dental implants. Just like a natural
tooth, bacteria can grow at the implant neck and over time irritate gums, which remain
in a chronic inflamed state and can lead to bone loss around the implant(s). Initially, the
implant(s) remain clinically stable, without any sign of mobility being evidenced. In the
absence of effective treatment, bone lysis continues, ultimately leading to implant loss.
Therefore, peri-implantitis is considered a secondary implant failure.

To mitigate bacterial contamination, various measures have been used such as careful
disinfection and rigorous aseptic surgical protocols [4]. Infection, which can also occur
after surgery, is characterized by bacterial colonization and biofilm formation on implant
surfaces. The biofilm is considered the primary etiologic reason for the inflammation of
peri-implant tissues [5]. Peri-implantitis-associated biofilms are caused by a plethora of
microbial species including anaerobes and facultative aerobes, and Staphylococcus aureus
plays a predominant role in the development of this pathology [6]. To ensure the long-term
success of the dental implant, the selection of the biomaterial to be used is a critical factor.
Research on the development of new biomaterials or the manipulation of the structure
and composition of existing biomaterials has been carried out to improve the properties of
biomedical devices [7–9].

Typically, biomaterials for medical prostheses are made of metallic materials, mainly
stainless steel and titanium alloys [10–12]. However, metal prostheses show dramatic
failure due to their higher mechanical properties than those of bone tissue, resulting in
necrosis and stress shielding of the tissue in contact. It is known that the long-term use
of these materials can lead to an excessive release of metal ions which can promote local
inflammation, pain, and even clinical failure [13–15]. Besides this issue, the formation of
the biofilm problem can also lead to implant failure. Thus, an optimal implant should be
able to prevent bacterial adhesion and enhance osteointegration [16,17]. To address these
challenges, new progress in biomaterial science has led to the development of bioactive
materials for implant coatings [4,18,19].

It has been reported that modifying the surface topography of an implant, by deposit-
ing a bioactive coating, improves the mechanical interlocking of the bone with the implant
and increases the processes of proliferation and adhesion of osteoblasts [20–22]. Among the
bioactive materials, silicate-based bioglasses containing calcium and phosphorus are mainly
used in dental and orthopaedic surgery [23,24]. The first bioactive glasses were discovered
in 1969 by L.L. Hench, called 45S5 Bioglass®, with the weight composition of 45% SiO2,
24.5% Na2O, 24.5% CaO, and 6% P2O5 [25]. This bioactive glass promotes the nucleation of
calcium phosphate hydroxyapatite (HA) and carbonate (HAC) during ion exchanges that
occur through contact/reaction with physiological fluids [26–28]. The formation of HAC
on the surface of bioactive glasses promotes osteoinduction, osteoconduction, osseointegra-
tion, and angiogenesis [29–31]. A further benefit of using bioglass is the ability to alter its
composition by incorporating extra ions that can improve its functionality without being
toxic [32,33].

Several reports have shown that metallic ions (including magnesium, zinc, copper,
silver, etc.) could be employed to generate antibacterial activity [34–37]. However, the
information concerning their long-term effects on human health is limited. Loading these
ions into bioactive systems is an effective strategy to control their release over a long
period [38,39]. Moreover, bioactive materials can optimize the response of the biological
system by interacting with the adjacent tissues, inducing reactions that promote their
development and regeneration [40]. The presence of niobium (Nb) species in biomaterials
has been reported to improve their bioactive and mechanical properties [41,42]. Some
investigations reported that niobium ions promote the differentiation and mineralization
of osteogenic cells [41,43]. The insertion of niobium in metallic alloys and ceramic ma-
trices has shown superior corrosion resistance and low cytotoxicity [44,45]. Although
niobium-containing bioactive glasses have recently attracted great interest, the effect of
their incorporation on the physical and biological response of the 45S5 bioactive glasses is,
according to our knowledge, very low.
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For this purpose, 45S5 bioactive glasses containing Nb2O5 were prepared by a melt-
quenching technique. X-ray diffraction, IR, and Raman spectroscopies were used to evaluate
the influence of Nb2O5 on the structure of 45S5 Bioglass®. The electrical characteristics
of the glasses were studied due to their potential to be electrically charged/polarized,
therefore optimizing the osseointegration. Cytotoxicity tests using human osteosarcoma
Saos-2 cells were used to assess the biocompatibility of the 45S5 bioactive glasses modified
by the Nb insertion. The in vitro investigation of bioactivity was conducted by immersing
samples (pellets made of powdered bioactive glass) in simulated body fluid (SBF), which
is a solution with the same ionic strength and mineral content as the blood plasma. The
changes in bioglasses, in terms of dissolution and precipitation of the protective layer
containing calcium phosphates, were evaluated using scanning electron microscopy (SEM)
with energy-dispersive X-ray analysis (EDX). The antibacterial activity of the bioglasses
was evaluated from their ability to inhibit the growth of the S. aureus bacteria, which is
commonly associated with implant infections, as well as other bacteria involved in the
formation of the pathogenic biofilm.

2. Results
2.1. Structural Characterization

The XRD patterns, illustrated in Figure 1, consist of typical broad bands, without traces
of crystalline phases, which confirm the amorphous character of the glasses. These results
match well with the ones reported in the literature for 45S5 glasses [3,46]. The insertion
of niobium, up to 8% mole of Nb2O5, did not promote the formation of any crystalline
phase but enlarged the band at smaller angles. This phenomenon was already observed in
phosphate glasses with niobium [47].
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Figure 1. XRD patterns of 45S5 bioglass samples modified by the insertion of 0 and 8 mol% of Nb2O5.

Figure 2 depicts the features revealed by the FTIR spectra of the glasses. The Si-
O-Si stretching modes are ascribed to the bands detected at around 1010 cm−1 and
721 cm−1 [46,48–54]. The presence of the non-bridging oxygen ions is shown by the appear-
ance of a band at 912 cm−1 that is attributed to the Si-ONBO stretching mode [46,51,53–55].
The presence of a shoulder at 596 cm−1 is attributed to the bending vibration of the P-O
molecule [46,50,53–56]. The band that appeared at around 497 cm−1 is associated with the
Si-O-Si bending mode [46,48–54].

Figure 3 shows the Raman spectra of the bioactive glasses prepared. For a more
detailed analysis, the Raman spectra of BGNb1, BGNb2, BGNb4, and BGNb8 were decon-
volved by a Gaussian fitting (Figure 4).
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Figure 3. Raman spectra of bioactive glasses modified by Nb2O5 insertion.

The whole range of Raman spectra can be separated into two regions: low wavenum-
ber (500–900 cm−1) and high wavenumber (>900 cm−1). In the low-frequency region, a
broad band at about 630 cm−1 is observed for BGNb0 which can be associated with the
rocking motion of bridging oxygen in structural units that contain non-bridging oxygen
ions (NBO) [57–59]. With the insertion of Nb2O5 in the glass network, it is noted that
the band is shifted towards a higher frequency. By fitting and deconvoluting this peak
(Figure 4), two bands can be differentiated, one located at 630–680 cm−1 and the other at
710–750 cm−1, and attributed to the vibrational mode of the Si-O-Si bond and the vibration
of Nb-O, respectively, in NbO6 octahedra, with a low degree of distortion [60–62]. More-
over, an additional broad peak at 780–890 cm−1 is observed for the modified bioglass. The
deconvoluted Raman spectra (Figure 4), show that this peak could be distinguished as
three different bands located at 782–804 cm−1, 806–829 cm−1, and 857–886 cm−1, which
are assigned to vibrations of NbO6 octahedrons with different degrees of distortion, to the
vibration of NbO4 units, and to the symmetric stretching of Q0 units in the silicate network
(SiO4

4−), respectively [63–65]. The vibrational bands of NbO6 units increased with increas-
ing Nb2O5 concentration up to 2 mol%, whereas the NbO4 vibrational band decreased. A
shoulder is observed for the BGNb0 sample at around 857 cm−1, corresponding to sym-
metric stretching of Q0 Si units [54,65]. At the high-frequency region, a vibration band can
be observed at around 945 cm−1 and a shoulder at 1050 cm−1. From the result obtained
by a deconvolution process (Figure 4), five vibrational modes located at 900–923 cm−1,
938–944 cm−1, 967–975 cm−1, 997–1023 cm−1, and 1051–1078 cm−1 can be distinguished,
which correspond to symmetric stretching of Q1 Si, Q2 Si, Q0 P, and Q1 P units, and
asymmetric stretching of bridging oxygen in all Q species, respectively [54,57,65].
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ions is plotted in Figure 5 as a function of Nb2O5 concentration. An increase in the number 
of NBOs for the bioglass with Nb2O5 content up to 2 mol% can be observed, indicating the 
existence of an optimal amount of Nb2O5 that can be added to the base bioglass. 
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Figure 4. Deconvoluted Raman spectra of (a) BGNb1; (b) BGNb2; (c) BGNb4; and (d) BGNb8.

The sum of the area of Raman vibration bands associated with non-bridging oxygen
ions is plotted in Figure 5 as a function of Nb2O5 concentration. An increase in the number
of NBOs for the bioglass with Nb2O5 content up to 2 mol% can be observed, indicating the
existence of an optimal amount of Nb2O5 that can be added to the base bioglass.
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2.2. Thermal Analysis

The differential thermal analysis (DTA) spectra of BGNb2 and BGNb8 are shown in
Figure 6. The thermograms of both samples demonstrate the presence of a glass transition
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temperature, Tg, followed by an exothermic peak, Tc, ascribed to structural alteration
associated with the formation of crystalline phases, and an endothermic peak, Tm, attributed
to the melting point of bioglass. The Tg values were determined from the thermograms
using the tangent method on the measured DTA curve, above and below the glass transition
region. The value presented in Table 1 is the mean value of the abscissas of the tangents’
interceptions. The uncertainty in these measurements is 2%. In a prior study, a comparable
thermal response was observed for the 45S5 bioglass [3]. The critical temperatures of the
bioglasses modified by Nb2O5 are reported in Table 1.
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Figure 6. DTA spectra of (a) BGNb2; (b) BGNb8.

Table 1. The characteristic temperatures for BGNb0, BGNb2, and BGNb8.

Sample Tg (◦C) Tc (◦C) Tm (◦C)

BGNb0 [3] 552 728 1175
BGNb2 550 684 1077
BGNb8 591 811 1110

2.3. Electrical Characterization

Figure 7 depicts the DC conductivity versus 1000/T on a logarithmic scale. It is
visible that the conductivity rises with the increase in the temperature, which should be
related to the increased mobility of the charge carriers. For temperatures above 300 K,
approximately, this variation becomes linear, indicating that the Arrhenius formalism may
be used to evaluate the activation energy associated with this thermally activated process.
The calculated activation energy at the high-temperature region (inset in Figure 7) for
all samples is registered in Table 2. The activation energy (Ea (DC)) decreases with the
increase in Nb2O5 concentration, reaching a minimum value at the value of 2 mol%. After,
a reversing trend is observed. This behavior is similar to the one observed for the NBO ions
amount (Figure 5). On the contrary, an opposite trend was observed for the DC conductivity
(σDC), which shows a maximum value for the sample with 2 mol% of Nb2O5.

The dielectric properties of the samples were analyzed using the modulus formalism,
(M* = 1/ε*), to minimize the effect of electrode polarization and conductivity. Figure 8
shows the presence of one dielectric relaxation which is shifted to higher frequencies with
increasing the temperature. It should be noted that other formalisms, such as permittivity
or impedance, did not exhibit this dielectric relaxation behavior. Therefore, the observed
relaxation behavior should be associated with an intrinsic characteristic related to dipole
formation between the network modifier ions and the non-bridging oxygen ions.
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Table 2. The DC conductivity (σDC), DC activation energy Ea (DC), AC conductivity (σAC), and AC
activation energy Ea (AC), for all bioglass samples.

Sample
σDC (×10−9)

[S/m]
(At 300 K)

Ea (DC)
[kJ/mol]

σAC (×10−7)
[S/m]

(At 350 K, 1 kHz)

Ea (AC)
[kJ/mol]

(At 1 kHz)

σAC (×10−7)
[S/m]

(At 350 K, 10 kHz)

Ea (AC)
[kJ/mol]

(At 10 kHz)

BGNb0 0.91 ± 0.01 75.42 ± 0.08 1.50 ± 0.01 49.39 ± 0.98 4.91 ± 0.05 37.95 ± 0.97

BGNb1 0.78 ± 0.04 76.79 ± 0.06 1.84 ± 0.04 50.21 ± 0.96 5.65 ± 0.11 38.49 ± 0.79

BGNb2 1.52 ± 0.10 69.35 ± 0.20 2.36 ± 0.03 48.61 ± 0.87 6.54 ± 0.13 37.83 ± 0.61

BGNb4 0.51 ± 0.02 76.47 ± 0.15 1.17 ± 0.01 47.55 ± 0.86 3.69 ± 0.06 36.37 ± 0.66

BGNb8 0.19 ± 0.01 79.47 ± 0.16 1.23 ± 0.02 44.25 ± 0.92 4.60 ± 0.21 34.11 ± 0.69
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Figure 8. The imaginary part of the dielectric modulus (M”) versus frequency for BGNb2 glass,
between 200 K and 400 K.

The AC conductivity (Figure 9) showed the same feature, in resonance with DC
conductivity, where the variation increases linearly in the high-temperature region. The
results obtained for AC conductivity are registered in Table 2 and show an agreement with
DC conductivity results. The bioglass with 2 mol% Nb2O5 content exhibits the highest
AC conductivity. The activation energy value decreases with increasing frequency for all
bioglass samples. This can be explained due to the increase in the applied frequency which
enhances the electronic jumps between the localized states [66,67].
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with the McCoy 5A medium for 24 h. The passivated solution was achieved by changing 
the medium after 24 h to a new medium, which was kept in contact with the powders for 
a new 24 h period. The filtered solution was then called the passivated sample. Figure 10 
displays the results obtained for the passivated and non-passivated samples. All samples 
showed an improvement in cell viability when the concentration decreased from 100 
mg/mL to 6.75 mg/ mL, as expected. Moreover, it can be seen that the passivated samples 
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samples, which better simulate physiological conditions [68], revealed cell viability higher 
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2.4. In Vitro Evaluation of the Biocompatibility

The human osteosarcoma Saos-2 cells were used to evaluate the cytotoxicity of the
bioactive glasses prepared. Two sets of samples were tested, which we call the non-
passivated and the passivated ones. The difference between the two sets is that the non-
passivated is the filtered solution of the pristine bioglass powders that were in contact with
the McCoy 5A medium for 24 h. The passivated solution was achieved by changing the
medium after 24 h to a new medium, which was kept in contact with the powders for a new
24 h period. The filtered solution was then called the passivated sample. Figure 10 displays
the results obtained for the passivated and non-passivated samples. All samples showed
an improvement in cell viability when the concentration decreased from 100 mg/mL to
6.75 mg/ mL, as expected. Moreover, it can be seen that the passivated samples exhibit
higher cell viability compared to the non-passivated samples. The passivated samples,
which better simulate physiological conditions [68], revealed cell viability higher than
80%, except for the BGNb0 and BGNb1 samples that showed toxicity at the 100 mg/mL
concentration and BGNb0 at 50 mg/mL, respectively.
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Figure 10. Relative viability of (a) non-passivated and (b) passivated bioactive glass samples modified
by Nb2O5 insertion, in culture with Saos-2 cells.

2.5. Antibacterial Activity

Figure 11 depicts the antibacterial activity of the bioglasses modified by Nb2O5 inser-
tion evaluated by the observed inhibition halo against the Gram-positive Staphylococcus
aureus and Streptococcus mutans and the Gram-negative Escherichia coli bacteria. By the

209



Int. J. Mol. Sci. 2023, 24, 5244

rise of the inhibition halo, we can conclude that the samples have antibacterial activity.
An increase in the inhibition halo with increasing the content of Nb2O5 up to 2 mol% is
noted. A decrease in the antibacterial effect was observed with increasing the Nb2O5 from
2 to 8 mol%.
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2.6. In Vitro Degradation and Bioactivity Assay

The in vitro bioactivity, i.e., the ability to induce an apatite-like layer formation, of the
bioglasses prepared, was investigated using an immersion test in simulated body fluid
(SBF). Figure 12 shows the SEM micrographs and the EDS data of the surface of bioglass
pellets after immersion in SBF.

The SEM micrographs confirmed the bioactivity of the glasses. The surface morpholo-
gies of pellets show the presence of spherical (cauliflower-like) particles characteristic of an
apatitic layer formation. With the increase in the immersion time in SBF, this layer becomes
thicker. It can be seen that for the samples with an immersion time of 28 days, the size of
the particles decreases with increasing the percentage of niobium beyond 2 mol%, and in
the case of the sample with the highest load percentage, BGNb8, only small amounts of
apatite particles start to appear. The EDS graphs (Figure 12(d1–d5)) confirm the change in
the amount of the chemical elements with the soaking time in SBF. The amount of Na and
Si atoms tends to decrease with the immersion time, while the amount of P and Ca tends
to increase.

The variation of Si and Na atomic percentage and the Ca/P ratio, determined using the
data from EDS analysis on the surface of the bioglass samples before and after immersion
in SBF solution, are illustrated in Figure 13. An abrupt drop in the atomic percentage of the
elements is evident during the initial 2 days of immersion in all samples while no significant
change is observed afterward. The samples with lower percentages of niobium, BGNb1,
and BGNb2, show a faster decrease in Na and Si percentage in the first 2 d compared to
the other glasses, and the value of the Ca/P ratio decreases reaching a value of 1.60–1.80,
comparable to that of hydroxyapatite (Ca/P = 1.67) [69–71]. The decrease in the atomic
percentage of Na and Si in the sample modified with 8 mol% of Nb2O5 is not significant, in
contrast with the other samples, and the Ca/P ratio is considered high.
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Figure 12. SEM micrographs of five groups of bioactive glass samples modified by the insertion of
different percentages of Nb2O5 after immersion in SBF for (a1–a5) 24 h; (b1–b5) 14 d; (c1–c5) 28 d;
(d1–d5) plots of the EDS analysis for all immersion times. (The magnification of SEM images is 10 kX).
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Figure 13. The variation of elemental concentration of (a) Si; (b) Na; (c) Ca/P ratio on the surface of
bioactive glasses after immersion in SBF as a function of immersion time.

Figure 14 depicts the variation of pH of the bioactive glass samples after soaking
in SBF for different periods, from 12 h up to 28 days. For all samples, the pH initially
increases compared to the initial pH of the SBF solution, 7.4, and then, after 2 days of
sample immersion, it starts to decrease.
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decrease in the characteristic temperatures is observed compared to the bioglass base, 
which is attributed to the increase in the amount of NBO ions and the weakness in the 
glass network, facilitating the ion mobility. Similar behaviors were reported in the litera-
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The existence of NBO ions could affect the electrical properties of the prepared 
glasses. It is known that in the bioactive glass system, the conductivity is mainly related 
to the energy transported by Na+ and Ca+ ions moving through the glass network [3,77]. 
For the glasses modified with Nb2O5, the presence of NbO6 units leads to the degradation 
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Figure 14. Variation of pH of the SBF solution with the immersion time.
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3. Discussion

The results obtained by XRD and FTIR do not reciprocate any type of modifica-
tion in the structure of the glass matrix with the insertion of Nb2O5. However, Raman
spectra clearly showed the appearance of NbO4 and NbO6 structural groups, located at
800–810 cm−1 and 827–862 cm−1, for the glasses modified with Nb2O5 (Figures 3 and 4).
As the concentration of Nb2O5 is raised up to 2 mol%, the quantity of NbO6 units, related
to niobium ions acting as modifiers in the glass matrix, increases progressively. Exceeding
the 2 mol% of Nb2O5, there is a fractional conversion of NbO6 units into NbO4 units, which
contributes to the formation of the glass network. Similar behavior was already found in
other glasses containing niobium [72–74]. The presence of NbO6 units is predicted to act
as a network modifier through the depolymerization of Si-O-Si bonds. These octahedrons
can form a chain structure with different degrees of distortion by sharing their vertices
with at least two silicon octahedrons. With the increasing NbO6 concentration, a higher
concentration of NBO is expected [59,72]. The BGNb2 sample exhibits a high concentration
of NbO6 structural groups (Figure 4), and thus a high concentration of NBO as justified in
Figure 5.

The presence of NbO6 and NbO4 plays a critical role in the thermal response of the
bioglass. From Figure 7 and Table 1, it can be observed that the Tg increases with the
insertion of a high concentration of niobium, which indicates that an increase in network
connectivity occurs due to the presence of a high concentration of NbO4, the network
former, leading to a decrease in the amount of NBO ions. For the BGNb2 sample, a slight
decrease in the characteristic temperatures is observed compared to the bioglass base,
which is attributed to the increase in the amount of NBO ions and the weakness in the glass
network, facilitating the ion mobility. Similar behaviors were reported in the literature for
niobium glass systems [75,76].

The existence of NBO ions could affect the electrical properties of the prepared glasses.
It is known that in the bioactive glass system, the conductivity is mainly related to the
energy transported by Na+ and Ca+ ions moving through the glass network [3,77]. For the
glasses modified with Nb2O5, the presence of NbO6 units leads to the degradation of the
bioglass network by the formation of more NBO ions. Such structural alterations may have
a significant impact on Na+ and Ca+ mobility. The mobility of such network modifier ions
increases with the rise in NBO ions. One can notice in Table 2 that the sample with 2 mol%
content of Nb2O5 exhibits the highest DC conductivity and therefore the lowest activation
energy since the decrease in activation energy suggests an increase in the charge carrier’s
mobility. The same happens to the AC conductivity, the increase in the conductivity with
samples loaded with Nb2O5 up to 2 mol% should be essentially related to the increase in
Na+ ions’ mobility.

From the biomedical applications point of view, it is critical to evaluate the cytotoxicity
of the bioactive glasses given their intended use as implant coating materials. The evalu-
ation of the bioactive glasses’ cytotoxicity against the human osteosarcoma Saos-2 cells,
represented in Figure 10, shows low cell viability at high extract concentration, especially in
the case of the samples with no or low content of Nb2O5. It was found that increasing the
content of Nb2O5 inserted into the bioactive glass network can increase the biocompatibility
of materials, which is consistent with the results of previous studies [75,78,79]. The non-
passivated samples show lower cell viability compared to the passivated samples, which
could be explained by the high rate of ion-exchange reactions that take place during the first
24 h of material–cell culture medium interactions leading to an increase in local pH [52].
Based on the results of passivated samples, which better mimic physiological circumstances,
all modified bioactive glasses by niobium insertion can be used in a biomedical application
where the extracellular fluid is exposed to bioactive glasses in circumstances corresponding
to the 100 mg/mL extract production. The exceptions are the glasses with Nb2O5 content
lower than 2 mol%, which show cell viability less than 80% at that concentration.

An important factor in reducing the risk of implant infection is preventing bacterial
colonization. The 45S5 glass particles promote a considerable antibacterial effect against
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certain oral bacteria mainly due to the change in pH and the osmotic pressure effect [80,81].
The increase in pH to a more alkaline range creates an unfriendly environment for bacteria,
resulting in morphological alterations. Additionally, variations in ion concentration in
the bacterial environment result in a reduction in pressure across the bacterial cell mem-
brane, which causes bacteria to shrink and therefore damages the cell membrane [81,82].
The antibacterial test results obtained using the agar diffusion method demonstrate the
antibacterial properties against Gram-positive and Gram-negative bacteria (Figure 11). The
inhibition halo tends to increase with increasing the Nb2O5 concentration up to 2mol%,
which can be due to the high ionic strength of Nb5+ ions preventing bacteria from growing
by creating a hyperosmotic environment [72,74]. Additionally, the presence of a disinte-
grated glass network due to the high concentration of NbO6 units in those glasses offers a
suitable environment for the leaching of alkali metals ions, Na+, and Ca2+, which could
lead to an increase in pH and thus promote the death of bacteria. Beyond 2 mol% of
Nb2O5 insertion, the antibacterial activity of the samples decreased, which could be re-
lated to the conversion of certain NbO6 structural units into NbO4 units, as proved by the
Raman analysis.

To assess the in vitro bioactivity of the synthesized bioactive glasses in a biological
medium, the SBF immersion test was chosen. This method serves a better understanding
of the physicochemical reactions taking place on bioglass in physiological fluids. When
evaluating bioglass in vitro, it is critical to take into account changes in the surface chemistry,
mainly the formation of an apatitic layer, since it has a significant impact on osteoblast cell
adhesion and proliferation [83]. The formation of an apatitic layer is purely physicochemical
and does not involve cells. This was observed in the SEM images of bioglasses after the
immersion in SBF which is a cell-free solution (Figure 12). The apatite particles are formed
on the surface of the bioglass, and with increasing immersing time the particles tend to
aggregate, and a dense layer is formed. However, the size of the formed apatite seems to be
smaller for the samples with the highest concentration of Nb2O5 (above 2 mol%) compared
to the other samples. To better understand the effect of niobium on the formation of the
hydroxyapatite (HA) layer on the bioglass surface, we refer to the mechanism proposed
by L. Hench for the original Bioglass® which is adaptable to the majority of bioactive
materials [25]. Similarly to the 45S5 bioactive glass, the SiO4 tetrahedron serves as the
main structural unit of the bioactive glasses containing niobium, which may form bonds
with other SiO4 tetrahedrons through Si-O-Si bonding, also known as bridging oxygen
(BO) ions. Network modifiers alter the structure of the glass by converting BO into NBO,
resulting in a drop in the glass network connectivity and thus a rise in the dissolution rate
and consequently the release of ions. In fact, when the glass comes into contact with SBF,
the alkali and alkaline earth ions (Na+ and Ca2+) present on the surface of the glass are
exchanged with the H+ and H3O+ ions of the medium. This leads to an increase in the pH
of the medium as the H+ ions are replaced by cations. The rise in pH values promotes the
breaking, in the glass network, of the Si-O-Si bonds leading to a faster dissolution of the
glass and the formation of silanol units (Si(OH)4). These silanol units then condense on the
surface of the glass, forming a hydrated silica layer which promotes the nucleation of the
carbonated hydroxyapatite. From the results obtained (Figure 13b), a faster drop can be seen
in the atomic percentage of Na on the bioglass surface in the first days of SBF immersion.
The presence of niobium acting as a network modifier, at high concentrations in the samples
with a low percentage of Nb2O5 (≤2 mol%), creates a higher number of NBO ions and
therefore promotes a faster release of the Na+ ions. For the samples with Nb2O5 > 2 mol%,
the amount of NbO4 units increases, reducing the amount of NBO ions, and therefore the
mobility or release of the network modifiers, namely the Na ions, becomes more difficult
leading to a reduction in the glass dissolution rate. The same trend is observed for Si,
which exhibits faster release from the bioglass with Nb2O5 concentration below 4 mol%,
as indicated in Figure 13a by the faster decrease in the atomic percentage of this element.
This proves the enhanced surface reactivity for the bioglasses with niobium load up to
2 mol%. The SEM micrographs in Figure 12 show that after 24 h of SBF immersion, the
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amount and the size of spheroidal apatite particles are more pronounced in the sample
BGNb2, suggesting the existence of an optimal composition for the apatite formation. With
longer soaking times in SBF, the concentration of the ions stabilizes and the Ca/P ratio
decreases, reaching a value between 1.6 and 1.8 for the sample with niobium content up to
2 mol%, close to that of the HA of the human bones [69,70]. For the samples with higher
niobium amount, the value of the Ca/P ratio is above 2, higher than the ideal value of 1.67.
This higher value of Ca/P suggests that those samples are less bioactive [84,85], meaning
that the apatite structure does not develop easily on the glass surface when exposed to
SBF. After 28 days of soaking in SBF, the apatite particles grow and become denser, which
indicates the formation of a dense layer of crystalline HA on the bioglass surface, while
the growth was reduced for the samples with niobium content of 4 mol% and only the
beginning of the formation of small apatite particles was observed for the sample with
8 mol% of niobium loads.

The variation in the pH is indicated in Figure 14. The increase in the pH in the first
48 h was due to the high release of the alkaline metal ions from the bioglass surface, and
then it decreases due to the formation of silanol. The incorporation of 2 mol % of niobium
into the bioglass resulted in a higher value of pH, which can be explained by the highest
degradation rate of this sample and this is consistent with the condition of the creation of
an HA-like layer on the surface of the bioactive glass with higher crystallinity [59,72].

4. Materials and Methods
4.1. Bioglass Preparation

A series of 45S5 bioactive glasses (45% SiO2, 24.5% Na2O, 24.5% CaO, and 6% P2O5
(wt%)) modified by the insertion of different amounts of Nb2O5, from 0 to 8 mol% (designed
by BGNb0, BGNb1 . . . BGNb8) was prepared using the melt-quenching technique. In brief,
high-purity grade SiO2, P2O5, CaCO3, Na2CO3, and Nb2O5 (>99.99%) were mixed and
ground in a planetary ball mill at 300 rpm for 1 h to homogenize, before undergoing
calcination at 800 ◦C for 8 h. The powder was then placed in platinum crucibles and
melted at 1300 ◦C for 1 h. The melt was quenched between the casting plates to obtain bulk
glass samples.

4.2. Structural Characterization

Malvern Panalytical Aeris powder diffractometer (CuKα radiation, λ = 1.54056 Å) was
used to collect the X-ray diffraction (XRD) patterns at room temperature. The acquisition
was performed using a scan step of 0.02◦ in 1 s in a 2θ angle range of 10–70◦.

The FTIR spectra were performed on FT Perkin-Elmer Spectrum BX Spectrometer in
the ATR crystal (Golden Gate Diamond ATR Accessory), in the range of 400 and 1300 cm−1.
The measurements were obtained from bioglass powder dispersed in KBr pellets. During
acquisition, the room temperature and humidity were kept at approximately 23 ◦C and
35%, respectively.

Raman spectra were recorded at room temperature using a Horiba Jobin Yvon HR 800
spectrometer with an Ar+ laser (λ = 532 nm). Spectra were collected in a back-scattering
geometry between 200 and 1500 cm−1 with a 50x lens focused on the sample.

4.3. Thermal Analysis

The thermal properties of the glasses were investigated using a simultaneous differen-
tial thermal analysis (DTA)/thermogravimetric (TG) measurement. A Hitachi STA 7300
system was employed, under Nitrogen N50 (99.999%) flowing at 200 mL/min and heating
at 10 ◦C/min.

4.4. Electrical Characterization

Bulk glass samples were used for the electrical measurements. The samples were pol-
ished until parallel surfaces with a thickness of about 1 mm were obtained and then painted
with silver conductive paste to form the electrodes. The direct current conductivity (σDC) of
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the samples was measured with a Keithley 617 electrometer, capable of measuring currents
down to 10−14 A. This measurement was performed in a temperature range between 200
and 400 K where a voltage of 100 V was applied across the bulk glass. The AC electrical
conductivity (σAC) and impedance measurements were also performed in the temperature
range of 200 to 400 K, using a precision impedance meter, Agilent 4294, operating in a
broad frequency window from 100 Hz to 1 MHz and in the Cp–Rp configuration. The
temperature of the samples was regulated by an Oxford Research IT-C4 and monitored
using a platinum sensor in both DC and AC measurements.

The complex electric permittivity ε* was calculated with the following equation [86,87]:

ε* = ε’ − j ε” = Cp (d/ε0 A) − j d (ω Rp ε0 A) (1)

At the high-temperature range, the activation energy (Ea) of the DC and AC conduc-
tivities was determined by fitting the data to the Arrhenius model [88–91].

σ = σ0 exp(−EA/(kB T)), (2)

where σ0 is a pre-exponential factor, EA is the activation energy, KB is the Boltzmann
constant, and T the temperature.

4.5. In Vitro Evaluation of the Biocompatibility

In accordance with International Standard “ISO 10993-5 Biological evaluation of medi-
cal devices—Part 5: Tests for in vitro cytotoxicity” [92], the cytotoxicity of the bioglasses
was assessed at various concentrations against the human osteosarcoma cell line (Saos-2
cells, ATCC® HTB-85™). Extracts were produced by placing the bioglass powder in contact
with a culture medium, McCoy 5A medium (Merck KGaA, Darmstadt, Germany) at a
concentration of 100 mg/mL. For non-passivated extract, the medium in contact with the
powder was kept in an incubator for 24 h at 37 ◦C then filtered with a 0.22 µm millipore
filter and stored at 37 ◦C. For the passivated extract, a new McCoy 5A medium was added
to the same bioglass powder and then placed in the incubator for another 24 h at 37 ◦C.
The 96-well plates were seeded with a Saos-2 cell line at a density of 30,000 cells/cm2 and
placed in an incubator with 5% CO2 atmosphere for 24 h at 37 ◦C. After, the culture medium
was removed and on the same plate, negative controls (C-) (viable cells), positive controls
(C+) (in which the toxic compound dimethyl sulphoxide was added), non-passivated and
passivated extracts with appropriate dilutions (50 mg/mL, 25 mg/mL, 12.5 mg/mL, and
6.75 mg/mL) were placed in an incubator for 48 h. The resazurin cell viability indicator
was used to assess cell populations [93]. Using a Biotek ELX800 microplate reader, the
optical absorbances of each well were measured at 570 and 600 nm. To confirm the assay’s
reproducibility, two biological replicates, with six statistical replicates each, were carried
out in this test for each sample.

4.6. Antibacterial Activity

The bacterial strains Escherichia coli K12 DSM498, Staphylococcus aureus COL MRSA
(methicillin-resistant strain), and Streptococcus mutans DSM20523, were used as models to
assess the antibacterial activity of the glasses, as previously described [46]. The method of
agar diffusion assay plates, using the two-layer bioassay, was performed with TSB medium
with the molten seeded overlay containing approximately 108 CFU/mL of the appropriate
indicator bacteria. Bioglass pellets with a diameter of 6 mm were placed in the center of the
plates, left for 4 h at room temperature, and then incubated for 24 h at 37 ◦C. In the case of
S. mutans the plates were placed in a 5% CO2 incubator.

Images of the pellets were taken, and the diameter of the inhibition halo was measured
with ImageJ software; each pellet was measured 30 times in several orientations [94]. The
results of the eight independent assays for each bacterium were statistically analyzed
with an unpaired t-test, comparing the bioactive glass base composition with each of the
different samples using GraphPad Prism 8.0 software.
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4.7. In Vitro Bioactivity Assay

The bioactivity evaluation of the bioglasses was conducted by immersing samples (pel-
lets made of powdered bioglass) in simulated body fluid SBF, according to ISO 23317:2017
Standards. The samples were placed in different flasks, soaked in SBF, and remained inside
an incubator at 37 ◦C with continuous oscillating support for 12, 24, 48, 96 h, 14, and 28
days. The SBF solutions were refreshed every 48 h to mimic the biological environment.

To calculate the volume of SBF used for each sample, we used the following formula:

Vs = 100 mm × Sa (3)

where Vs is the volume of SBF in mm3, and Sa is the surface area of the pellet in mm2.
After soaking, the pellets were collected and gently rinsed with deionized water and

then dried at room temperature.
This assay aimed to determine the change in ion concentration and the formation of

an apatite-like layer on the bioglass surface over 28 days with the presence of a different
concentration of Nb2O5. For that, TESCAN Vega 3 scanning electron microscopy (SEM)
(TESCAN ORSAY HOLDING, a.s., Brno-Kohoutovice, Czech Republic) equipped with
energy-dispersive X-ray spectroscopy (EDS) (Bruker EDS) was performed on the glass
surface to determine the morphological and compositional changes resulting from the
reaction in SBF.

5. Conclusions

Bioactive 45S5 glasses modified by the insertion of different amounts of niobium
pentoxide, Nb2O5, were successfully synthesized using the melt-quenching technique. XRD
and FTIR results show that there was no alteration in the glass matrix with the addition of
Nb. The characterization using Raman spectroscopy showed the appearance of additional
bands for the bioactive glass containing niobium attributed to the distortion of NbO6 units
and the vibration of NbO4. The fractional conversion of the network modifier units of NbO6
into the NbO4 network former affects the electrical properties of the sample and causes
a decrease in the bioactivity and antibacterial effect. The sample with 2 mol% of Nb2O5
content presented the highest percentage of NbO6 units and showed a higher dissolution
rate and maximal growth of the HA layer on its surface in the in vitro immersion tests in
SBF. Moreover, the evaluation of the antibacterial activity against E. coli, S. aureus, and S.
mutans revealed that glass loaded with 2 mol% of Nb2O5 had the greatest antibacterial
effect. We can conclude that the 45S5 bioactive glass modified by the insertion of 2 mol%
of Nb2O5 is more suitable for biomedical applications and can be employed as a coating
material for a dental implant without being harmful to osteoblasts cells.

Author Contributions: Conceptualization, I.H., S.R.G., A.S.P., I.S.-N. and M.P.F.G.; methodology,
I.H., S.R.G., A.S.P., I.S.-N. and M.P.F.G.; software, I.H.; validation, I.H. and M.P.F.G.; formal analysis,
I.H.; investigation, I.H., S.R.G., A.S.P., S.K.J., I.S.-N. and M.P.F.G.; resources, J.C.S., J.P.B., I.S.-N.
and M.P.F.G.; data curation, I.H.; writing—original draft preparation, I.H.; writing—review and
editing, M.P.F.G., I.S.-N., J.C.S., J.P.B., S.K.J. and M.d.C.L.; visualization, I.H. and M.P.F.G.; supervision,
M.P.F.G., J.C.S. and J.P.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FEDER funds through the COMPETE 2020 Program and
National Funds through FCT—Portuguese Foundation for Science and Technology under the project
LISBOA-01-0247-FEDER-039985/POCI-01-0247-FEDER-039985, LA/P/0037/2020, UIDP/50025/2020,
and UIDB/50025/2020 of the Associate Laboratory Institute of Nanostructures, Nanomodelling and
Nanofabrication—i3N, UIDP/04378/2020 and UIDB/04378/2020 of the Research Unit on Applied
Molecular Biosciences—UCIBIO, and LA/P/0140/2020 of the Associate Laboratory Institute for
Health and Bioeconomy—i4HB. S.R. Gavinho and A. Sofia Pádua acknowledges
FCT—Portuguese Foundation for Science and Technology for the PhD grant (SFRH/BD/148233/2019
and UI/DB/151287/2021, respectively). S.K. Jakka acknowledges FCT—Fundaçao para a Ciência e a
Tecnologia, Portugal, I.P., in the scope of the framework contract foreseen in the numbers 4, 5, and 6
of article 23 of the Decree Law 57/2016 of 29 August, changed by Law 57/2017 of 19 July.

217



Int. J. Mol. Sci. 2023, 24, 5244

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gaviria, L.; Salcido, J.P.; Guda, T.; Ong, J.L. Current trends in dental implants. J. Korean Assoc. Oral Maxillofac. Surg. 2014, 40, 50.

[CrossRef] [PubMed]
2. Gupta, A.; Dhanraj, M.; Sivagami, G. Status of surface treatment in endosseous implant: A literary overview. Indian J. Dental Res.

2010, 21, 433. [CrossRef]
3. Gavinho, S.R.; Graça, M.P.F.; Prezas, P.R.; Kumar, J.S.; Melo, B.M.G.; Sales, A.J.M.; Almeida, A.F.; Valente, M.A. Structural, thermal,

morphological and dielectric investigations on 45S5 glass and glass-ceramics. J. Non-Cryst. Solids 2021, 562, 120780. [CrossRef]
4. Zhao, L.; Wang, H.; Huo, K.; Cui, L.; Zhang, W.; Ni, H.; Zhang, Y.; Wu, Z.; Chu, P.K. Antibacterial nano-structured titania coating

incorporated with silver nanoparticles. Biomaterials 2011, 32, 5706–5716. [CrossRef]
5. Wang, Z.; Shen, Y.; Haapasalo, M. Dent. Mater. with antibiofilm properties. Dent. Mater. 2014, 30, e1–e16. [CrossRef]
6. Charalampakis, G.; Leonhardt, Å.; Rabe, P.; Dahlén, G. Clinical and microbiological characteristics of peri-implantitis cases: A

retrospective multicentre study. Clin. Oral Implants Res. 2012, 23, 1045–1054. [CrossRef] [PubMed]
7. Tibbitt, M.W.; Rodell, C.B.; Burdick, J.A.; Anseth, K.S. Progress in material design for biomedical applications. Proc. Natl. Acad.

Sci. USA 2015, 112, 14444–14451. [CrossRef] [PubMed]
8. Festas, A.J.; Ramos, A.; Davim, J.P. Medical devices biomaterials—A review. Proc. Instit. Mech. Eng. Part L 2020, 234, 218–228.

[CrossRef]
9. Chen, F.-M.; Liu, X. Advancing biomaterials of human origin for tissue engineering. Prog. Polym. Sci. 2016, 53, 86–168. [CrossRef]
10. Becerikli, M.; Jaurich, H.; Wallner, C.; Wagner, J.M.; Dadras, M.; Jettkant, B.; Pöhl, F.; Seifert, M.; Jung, O.; Mitevski, B. P2000-A

high-nitrogen austenitic steel for application in bone surgery. PLoS ONE 2019, 14, e0214384. [CrossRef]
11. Ramakrishna, S.; Ramalingam, M.; Kumar, T.S.; Soboyejo, W.O. Biomaterials: A nano Approach; CRC Press: Boca Raton, FL,

USA, 2016.
12. Singh, N.; Hameed, P.; Ummethala, R.; Manivasagam, G.; Prashanth, K.G.; Eckert, J. Selective laser manufacturing of Ti-based

alloys and composites: Impact of process parameters, application trends, and future prospects. Mater. Today Adv. 2020, 8, 100097.
[CrossRef]

13. Boccaccini, A.R.; Brauer, D.S.; Hupa, L. Bioactive Glasses: Fundamentals, Technology and Applications; Royal Society of Chemistry:
London, UK, 2016.

14. Ylänen, H. Bioactive Glasses: Materials, Properties and Applications; Woodhead Publishing: Sawston, UK, 2017.
15. Shukla, A.A.; Etzel, M.R.; Gadam, S. Process Scale Bioseparations for the Biopharmaceutical Industry; CRC Press: Boca Raton, FL,

USA, 2006.
16. Zhang, B.G.; Myers, D.E.; Wallace, G.G.; Brandt, M.; Choong, P.F. Bioactive coatings for orthopaedic implants—Recent trends in

development of implant coatings. Int. J. Mol. Sci. 2014, 15, 11878–11921. [CrossRef]
17. Davidson, D.J.; Spratt, D.; Liddle, A.D. Implant materials and prosthetic joint infection: The battle with the biofilm. EFORT Open

Rev. 2019, 4, 633–639. [CrossRef] [PubMed]
18. Trisi, P.; Marcato, C.; Todisco, M. Bone-to-implant apposition with machined and MTX microtextured implant surfaces in human

sinus grafts. Int. J. Period. Restor. Dent. 2003, 23, 426–437.
19. Bornstein, M.M.; Lussi, A.; Schmid, B.; Belser, U.C.; Buser, D. Early loading of nonsubmerged titanium implants with a sandblasted

and acid-etched (SLA) surface: 3-year results of a prospective study in partially edentulous patients. Int. J. Oral Maxillofac.
Implants 2003, 18, 659–666.

20. Al Mugeiren, O.M.; Baseer, M.A. Dental implant bioactive surface modifiers: An update. J. Int. Soc. Prevent. Commun. Dent. 2019,
9, 1. [CrossRef]

21. Damiati, L.; Eales, M.G.; Nobbs, A.H.; Su, B.; Tsimbouri, P.M.; Salmeron-Sanchez, M.; Dalby, M.J. Impact of surface topography
and coating on osteogenesis and bacterial attachment on titanium implants. J. Tissue Eng. 2018, 9, 2041731418790694. [CrossRef]
[PubMed]

22. Priyadarshini, B.; Rama, M.; Chetan; Vijayalakshmi, U. Bioactive coating as a surface modification technique for biocompatible
metallic implants: A review. J. Asian Ceramic Soc. 2019, 7, 397–406. [CrossRef]

23. Islam, M.T.; Felfel, R.M.; Abou Neel, E.A.; Grant, D.M.; Ahmed, I.; Hossain, K.M.Z. Bioactive calcium phosphate–based glasses
and ceramics and their biomedical applications: A review. J. Tissue Eng. 2017, 8, 2041731417719170. [CrossRef]

24. Alamri, A.; Salloot, Z.; Alshaia, A.; Ibrahim, M.S. The effect of bioactive glass-enhanced orthodontic bonding resins on prevention
of demineralization: A systematic review. Molecules 2020, 25, 2495. [CrossRef]

25. Hench, L.L. The story of Bioglass®. J. Mater. Sci. Mater. Med. 2006, 17, 967–978. [CrossRef]
26. Hench, L.L. (Ed.) An Introduction to Bioceramics, 2nd ed.; Imperial College Press: London, UK, 2013; ISBN 978-1-908977-15-1.

218



Int. J. Mol. Sci. 2023, 24, 5244

27. Boccaccini, A.R. (Ed.) Tissue Engineering Using Ceramics and Polymers, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014;
ISBN 978-0-85709-716-3.

28. Zheng, K.; Sui, B.; Ilyas, K.; Boccaccini, A.R. Porous bioactive glass micro-and nanospheres with controlled morphology:
Developments, properties and emerging biomedical applications. Mater. Horiz. 2021, 8, 300–335. [CrossRef]

29. Xynos, I.D.; Edgar, A.J.; Buttery, L.D.; Hench, L.L.; Polak, J.M. Ionic products of bioactive glass dissolution increase proliferation
of human osteoblasts and induce insulin-like growth factor II mRNA expression and protein synthesis. Biochem. Biophys. Res.
Commun. 2000, 276, 461–465. [CrossRef]

30. Vollenweider, M.; Brunner, T.J.; Knecht, S.; Grass, R.N.; Zehnder, M.; Imfeld, T.; Stark, W.J. Remineralization of human dentin
using ultrafine bioactive glass particles. Acta Biomater. 2007, 3, 936–943. [CrossRef]

31. Rahaman, M.N.; Liu, X.; Bal, B.S.; Day, D.E.; Bi, L.; Bonewald, L.F. Bioactive glass in bone tissue engineering. Biomater. Sci. Process.
Prop. Appl. II 2012, 237, 73–82.

32. Pantulap, U.; Arango-Ospina, M.; Boccaccini, A.R. Bioactive glasses incorporating less-common ions to improve biological and
physical properties. J. Mater. Sci. Mater. Med. 2022, 33, 1–41. [CrossRef] [PubMed]

33. Joy-anne, N.O.; Akande, O.; Ecker, M. Incorporation of Novel Elements in Bioactive Glass Compositions to Enhance Implant
Performance. In Current Concepts in Dental Implantology-From Science to Clinical Research; IntechOpen: London, UK, 2021.

34. Leung, Y.H.; Ng, A.M.; Xu, X.; Shen, Z.; Gethings, L.A.; Wong, M.T.; Chan, C.M.; Guo, M.Y.; Ng, Y.H.; Djurišić, A.B. Mechanisms
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Abstract: Chemical composition and physical parameters of the implant surface, such as roughness,
regulate the cellular response leading to implant bone osseointegration. Possible implant surface
modifications include anodization or the plasma electrolytic oxidation (PEO) treatment process
that produces a thick and dense oxide coating superior to normal anodic oxidation. Experimental
modifications with Plasma Electrolytic Oxidation (PEO) titanium and titanium alloy Ti6Al4V plates
and PEO additionally treated with low-pressure oxygen plasma (PEO-S) were used in this study to
evaluate their physical and chemical properties. Cytotoxicity of experimental titanium samples as
well as cell adhesion to their surface were assessed using normal human dermal fibroblasts (NHDF) or
L929 cell line. Moreover, the surface roughness, fractal dimension analysis, and texture analysis were
calculated. Samples after surface treatment have substantially improved properties compared to the
reference SLA (sandblasted and acid-etched) surface. The surface roughness (Sa) was 0.59–2.38 µm,
and none of the tested surfaces had cytotoxic effect on NHDF and L929 cell lines. A greater cell
growth of NHDF was observed on the tested PEO and PEO-S samples compared to reference SLA
sample titanium.

Keywords: fractal dimension analysis; implant topography; oxygen plasma; plasma electrolytic
oxidation; texture analysis

1. Introduction

Titanium (Ti) and titanium alloys have found their way into dentistry as a material
for dental implants. Titanium is biologically inert, able to bond with osteoblasts, and has
excellent biocompatibility [1]. Moreover, titanium shows excellent corrosion resistance due
to titanium oxide, which forms a passive film on its surface. The titanium oxide (TiO2) film
is typically around 3–10 nm, so it can stably stay on the Ti surface [2].

Implant surface chemical composition and physical surface topography parameters
such as the roughness of dental implant surfaces have all been linked to biological regulation
in cell interactions leading to osseointegration [3].
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The physical, chemical, and biological assessment of the implant surface need to be
performed before being approved for clinical trials. To compare the surface topography
of different implants, appropriate mathematical and physical descriptive methods can
be used. A typical physical description of the implant surface topography is described
by the Ra, Rz, and Sa. The degree of roughness, marked as Ra (Average roughness), is
an average measure of the deviation value of individual surface points in relation to the
selected reference plane [4]. Rz is referred to as the maximum vertical roughness, and Sa is a
parameter expressing the absolute value of the difference in height of each point compared
to the arithmetic mean of the surface [4]. Sa is often used to describe implant surface
roughness, and its values between 1 µm and 2 µm appear to be optimal for dental implants,
however, the mechanisms behind an optimal bone response to this Sa value remain largely
unknown [5]. Among the mathematical methods, a fractal dimension (FD) analysis can be
listed together with the texture analysis (TA). FD analysis can be applied in the description
of irregular or complex surfaces or shapes. Fractal dimension analysis (FDA) has been
reported in surface testing of various dental materials; among them are xenogeneic bone
substitutes, lithium disilicate-based crowns, zirconia dental implants, dental restorative
composite, or orthodontic wires [6–9]. Since the fractal architecture concept is particularly
interesting in surface and materials science, it also can be adapted to assess the surface
of titanium dental implants. Texture analysis is used in dentistry or medicine to analyze
images of computed tomography or X-ray [10–13]

Numerous implant surface modifications have been presented in the literature, most com-
monly used for dental implant sandblasting and etching with acid (SLA) and nanostructure-
modified surfaces [14]. These modifications, by affecting the biological tissue response, un-
doubtedly affect both the possibility of earlier loading of the implant as well as shortening
implant length [15]. Plasma electrolytic oxidation, used in our study, was used to improve the
properties of medical implants. Plasma can increase the adhesiveness of the surface, therefore,
can modify the surface cell adhesions.

The first aim of the study was to compare the reference SLA titanium surface to the
plasma electrolytic oxidated (PEO) and PEO treated with low-pressure oxygen plasma
(PEO-S) titanium plates. The second aim was to check if the texture and fractal dimension
analysis can be used to evaluate dental implant surfaces with complex geometry.

The research null hypotheses were raised:

1. None of the experimental samples express cytotoxicity.
2. There is no difference between the cell growth and cell adherence of the experimental

surface modified with plasma electrolytic oxidation (PEO) titanium plates and PEO
treated with low-pressure oxygen plasma (PEO-S) compared to standard SLA surface.

3. There are no correlations between a fractal dimension (FD) and texture analysis (TA),
nor between implant surface roughness, Sa, and cell growth.

4. There are no differences between evaluated surfaces in an aspect of FD and TA.

2. Results

The titanium (Ti) and Ti6Al4V alloy have been sandblasted (Al2O3) and then etched to
increase surface roughness. As a result of these processes, characteristic craters and pores
formed on the surface (Figure 1). After the etching process, all embedded sand grains were
removed, and the surface was chemically homogeneous (Figure 1). Only substrate elements
(Ti or Ti, Al, and V) and oxygen were detected on the surface. The presence of oxygen
is related to the naturally formed oxide layer on titanium and its alloys in the presence
of air [16].
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Figure  1.  The  SEM  (scanning  electron microscope)  images  and  EDX  (energy‐dispersive  X‐ray 
spectrometer) spectra of Ti and Ti6Al4V samples after sandblasting and etching. 

The  sandblasted  and  etched  samples  are  subjected  to  the plasma  electrochemical 
oxidation  (PEO) process  in a solution containing calcium and phosphorus compounds 
[17,18]. During this process, the natural oxide layer on the titanium is thickened. There is 
an electric discharge of the forming oxide layer, and plasma with a temperature of several 
thousand degrees Celsius  is formed  in the puncture channels [19]. This melts and then 
solidifies the oxide layer. At the same time, the components of the electrolyte, calcium, 
and phosphorus compounds are incorporated into it [20,21]. The surface morphology of 
the modified samples is typical for the PEO process (Figure 2). The SEM (scanning electron 
microscope)  images  show  typical  pores  resulting  from  discharges.  Analysis  of  the 
chemical  composition  of  EDX  (energy‐dispersive  X‐ray  spectrometer)  confirmed  the 
incorporation of calcium and phosphorus into the oxide layer, both in titanium and the 
Ti6Al4V alloy (Ti‐PEO and Ti6Al4V‐PEO samples; Figure 2 and Table 1). The EDX spectra 
also  show  peaks  from  the  gold  that was  sputtered  on  the  samples  before  the  SEM 
observations. Calcium and phosphorus incorporated into the oxide  layer are present in 
the phosphate form [22,23]. It can also be seen that more calcium was incorporated into 
the Ti6Al4V alloy than in the case of titanium. Additional treatment of the samples with 
oxygen plasma did not  change  the  surface morphology of  the  samples  (Ti‐PEO‐S and 
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Figure 1. The SEM (scanning electron microscope) images and EDX (energy-dispersive X-ray spec-
trometer) spectra of Ti and Ti6Al4V samples after sandblasting and etching.

The sandblasted and etched samples are subjected to the plasma electrochemical oxidation
(PEO) process in a solution containing calcium and phosphorus compounds [17,18]. During
this process, the natural oxide layer on the titanium is thickened. There is an electric discharge
of the forming oxide layer, and plasma with a temperature of several thousand degrees Celsius
is formed in the puncture channels [19]. This melts and then solidifies the oxide layer. At
the same time, the components of the electrolyte, calcium, and phosphorus compounds are
incorporated into it [20,21]. The surface morphology of the modified samples is typical for the
PEO process (Figure 2). The SEM (scanning electron microscope) images show typical pores
resulting from discharges. Analysis of the chemical composition of EDX (energy-dispersive
X-ray spectrometer) confirmed the incorporation of calcium and phosphorus into the oxide
layer, both in titanium and the Ti6Al4V alloy (Ti-PEO and Ti6Al4V-PEO samples; Figure 2
and Table 1). The EDX spectra also show peaks from the gold that was sputtered on the
samples before the SEM observations. Calcium and phosphorus incorporated into the oxide
layer are present in the phosphate form [22,23]. It can also be seen that more calcium was
incorporated into the Ti6Al4V alloy than in the case of titanium. Additional treatment of the
samples with oxygen plasma did not change the surface morphology of the samples (Ti-PEO-S
and Ti6Al4V-PEO-S samples; Figure 2). However, their chemical composition changed slightly.
In the case of modified titanium and alloy in the oxide layer, the oxygen content increased
slightly—around 1% (Ti-PEO-S and Ti6Al4V-PEO-S samples; Table 1). This means that titanium
and alloy were oxygenated, which may have a positive effect on their biological response [24].

224



Int. J. Mol. Sci. 2023, 24, 3603Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  4  of  18 
 

 

 
Figure  2.  The  SEM  images  of  etched  Ti  and  Ti6Al4V  samples  after  the  PEO  process  (Ti‐PEO, 
Ti6Al4V‐PEO) and after the PEO process with oxygen plasma treatment (Ti‐PEO‐S, Ti6Al4V‐PEO‐
S). 

Table 1. The semi‐quantitative EDX analysis of treated samples, composition in percent (%) 

  Ti  Al  V  O *  Ca  P 

Ti‐PEO  35  ‐  ‐  60  3  2 
Ti6Al4V‐PEO  23  2  1  58  12  3 
Ti‐PEO‐S  35  ‐  ‐  61  3  1 

Ti6Al4V‐PEO‐S  21  2  1  61  12  3 
* the values must be regarded as only informative. 

2.1. Surface Roughness Outcomes 

Sa average surface height deviation amplitude was highest for the Ti‐PEO surface 
and reached 2.38 μm; the lowest value of Sa 0.59 μm was noted for the Ti6Al4V‐PEO‐S 
sample. Surface roughness (Sa) for all the examined surfaces is presented in Table 2. 

Table 2. Mean values of surface roughness (Sa) for each examined surface in μm. 

Surface Name  Sa  SD 

Ti‐PEO  2.38  0.14 
Ti6Al4V‐PEO  1.74  0.21 
Ti‐PEO‐S  0.86  0.02 

Ti6Al4V‐PEO‐S  0.59  0.02 
TI6Al4V  0.72  0.01 

Ti    1.42  0.01 
SD—standard deviation. 

   

Figure 2. The SEM images of etched Ti and Ti6Al4V samples after the PEO process (Ti-PEO, Ti6Al4V-
PEO) and after the PEO process with oxygen plasma treatment (Ti-PEO-S, Ti6Al4V-PEO-S).

Table 1. The semi-quantitative EDX analysis of treated samples, composition in percent (%).

Ti Al V O * Ca P

Ti-PEO 35 - - 60 3 2
Ti6Al4V-PEO 23 2 1 58 12 3

Ti-PEO-S 35 - - 61 3 1
Ti6Al4V-PEO-S 21 2 1 61 12 3

* the values must be regarded as only informative.

2.1. Surface Roughness Outcomes

Sa average surface height deviation amplitude was highest for the Ti-PEO surface and
reached 2.38 µm; the lowest value of Sa 0.59 µm was noted for the Ti6Al4V-PEO-S sample.
Surface roughness (Sa) for all the examined surfaces is presented in Table 2.

Table 2. Mean values of surface roughness (Sa) for each examined surface in µm.

Surface Name Sa SD

Ti-PEO 2.38 0.14

Ti6Al4V-PEO 1.74 0.21

Ti-PEO-S 0.86 0.02

Ti6Al4V-PEO-S 0.59 0.02

TI6Al4V 0.72 0.01

Ti 1.42 0.01
SD—standard deviation.
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2.2. Biological Analysis Outcomes
2.2.1. In Vitro Cytotoxicity Assessment

The test was performed according to the protocol described in the standard for the
cytotoxicity of medical devices. The study assessed the effect of extracts obtained from
biomaterials on the vitality of two cell lines used for this purpose. No toxicity of the tested
extracts was found. The results are shown in the graphs (Figure 3). No significant effect on
the vitality of the tested cultures was found in the tests performed.
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Figure 3. (a) cell culture vitality of the L929, and (b) cell culture vitality of the NHDF. Evaluation of
the cytotoxicity of the tested biomaterials. Results are averages from 5 independent experiments,
presented as a ratio of the value obtained in the test culture to the control. Red line—control. There
was no statistically significant decrease in the viability of the culture compared to the control (p < 0.05).

In the MTT assay, the L929 consensus reference line and the normal human dermal
fibroblasts (NHDF) line were used. For both lines, cell morphology assessment was per-
formed according to the guidelines described in the standard and the laboratory procedures.
The assessment of cell morphology was performed by comparison with the specifications
for the lines and control cultures. No cytopathic changes were observed in the cultures.

2.2.2. Co-Culture of Cells with Test Materials

To assess the effect of the tested materials on cells, cell cultures were performed in
their presence. During the study, cell growth was assessed in the immediate vicinity of the
material and underneath, at the edge of the material. No changes in cell morphology or
other effects on the culture were observed. To confirm the results, staining was performed
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to assess the number of live and dead cells. The number of dead cells in culture was similar
for all test materials and controls. How the test was performed for each material is shown
in Figure 4.
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Figure 4. Co-culture of L929 cells and test materials. Live dead (green/red) staining under 20×
objective magnification, FLOID microscope. Microphotographs show cells growing close to and
directly under the material.

2.2.3. Cell Attachment

The most important bioassay performed was the evaluation of cell adhesion and
growth directly on the test surfaces. Adherent cells can grow on a variety of surfaces,
e.g., glass, but most commonly on surfaces made of different plastics. These surfaces
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are subjected to various modifications that make the surface in the culture dish more
hydrophilic for maximum cell adhesion. In the study conducted, the control surface was
modified polystyrene (TPP, Trasadingen, Switzerland). The results obtained are presented
as number of cells per test surface and the fluorescence value obtained as the average
value of the tested surface. The results shown in Figure 5 indicate that the introduced
modifications significantly improved cell adhesion to the test surfaces compared to the
original Ti and Ti6Al4V surfaces. For the PEO and PEO-S surfaces, a significant increase
in cell number and adhesion fusion is observed, which is similar to or significantly better
than the surface standardly used for cell culture, providing optimal cell growth conditions.
Comparing PEO and PEO-S surfaces, the latter provides better conditions for cell growth.
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Figure 5. Adhesion and proliferation of NHDF on test surfaces modified after 72 h: (a) number
of cells per mm2 of test surface, (b) mean fluorescence value measured from an area of 1 mm2. *
Statistically significant difference (p < 0.05) compared with control.

2.3. Fractal Dimension Analysis

Table 3 presents mean values of fractal dimension in 100 µm × 100 µm scale. The
lowest value of FD was seen in Ti6Al4V-PEO (1.782000) and the highest value in Ti6Al4V
(1.888920).
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Table 3. Post hoc ANOVA results (least significant difference) for comparison of fractal dimension
for ROI size 100 µm × µm between each examined surface.

Surface Name
FD (ROI = 100 µm × 100 µm)

p < 0.05
Mean SD

1 Ti-PEO 1.854240 0.004839 2,3,4,5,6

2 Ti6Al4V-PEO 1.782000 0.007372 1,3,5,6

3 Ti-PEO-S 1.816000 0.014739 1,2,3,5

4 Ti6Al4V-PEO-S 1.782740 0.011618 1,3,5,6

5 Ti 1.804660 0.007630 1,2,4,6

6 Ti6Al4V 1.888920 0.008397 1,2,3,4,5
fractal dimension (FD), standard deviation (SD).

Table 4 shows mean values of fractal dimension in 5 µm × 5 µm scale. The lowest
value of FD was seen in Ti (1.6931) and the highest value in Ti6Al4V (1.7731).

Table 4. Post hoc ANOVA results (least significant difference) for comparison of fractal dimension
for ROI size 5 µm × µm between each examined surface.

Surface
FD (ROI = 5 µm × 5 µm)

p < 0.05
Mean SD

1 Ti-PEO 1.775360 0.012263 2,3,4,5

2 Ti6Al4V-PEO 1.746280 0.019934 1,3,5,6

3 Ti-PEO-S 1.728280 0.010314 1,2,4,5,6

4 Ti6Al4V-PEO-S 1.751200 0.009727 1,3,5,6

5 Ti 1.693080 0.006080 1,2,3,4,6

6 Ti6Al4V 1.773160 0.016584 2,3,4,5
fractal dimension (FD), standard deviation (SD).

Table 5 shows Pearson correlation coefficients between FD and Sa and amounts of cells
in mm2, medium au. We have revealed almost no linear correlation (r = −0.02) between Sa
and amounts of cells in mm2. A very weak negative correlation (r = −0.52/r = −0.56) was
revealed between the value of FD (in scale 100 µm × 100 µm) and amounts of cells in mm2,
medium au.

Table 5. The values of the Pearson correlation coefficient between the value of fractal dimension
calculated in different scale (100 µm × 100 µm and 5 µm × 5µm) and the Sa and number of cells per
mm2 and medium Au and differential entropy.

Feature Versus (vs.) Feature r

FD (100 µm × 100 µm) vs. Sa 0.045

FD (5 µm × 5 µm) vs. Sa 0.126

FD (100 µm ×100 µm) vs. cells [mm2] −0.561

FD (5 µm × 5 µm) vs. cells [mm2] 0.194

FD (100 µm ×100 µm) vs. medium Au −0.523

FD (5 µm × 5 µm) vs. medium Au 0.239

Sa vs. cells [mm2] −0.028

Sa vs. medium Au 0.084
Pearson correlation coefficient (r), fractal dimension (FD), differential entropy (DifEntrp).

2.4. Texture Analysis

An example of the results of investigating the surface structure of dental implants by
SEM image texture analysis is shown in Figure 6.
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Figure 6. Texture analysis by means of calculation of differential entropy in SEM images on two
scales. The two columns on the left show SEM images in the large (100 µm × 100 µm) and small field
of view (5 µm × 5 µm). The two columns on the right represent intensity maps of the texture feature
studied here in the original SEM image. The whiter areas indicate where the differential entropy is
higher (i.e., the surface development is greater), while the darker areas indicate where the differential
entropy is low (the implant surface image is more homogeneous). The differences between the tested
surfaces are statistically significantly different from one another (p < 0.05) in terms of differential
entropy (both at low and high magnification).

When examining the differential entropy as a measure of the development of the
implant surface as seen in the SEM, significant differences were noted between the analyzed
surfaces in the 100 µm × 100 µm field of view. Statistically significant differences are
presented in Table 6.
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Table 6. Post hoc ANOVA results (least significant difference) for comparison of difference entropy
(DifEntrp) for ROI size 100 µm × µm between each examined surface (SD—standard deviation).

Surface
DifEntrp

p < 0.05
Mean SD

1 Ti-PEO 1.2948 0.0070 3,4,5,6

2 Ti6Al4V-PEO 1.2807 0.0134 4,5,6

3 Ti-PEO-S 1.2577 0.0144 1,4,6

4 Ti6Al4V-PEO-S 1.2208 0.0183 1,2,3,5,6

5 Ti 1.2504 0.0062 1,2,4,6

6 Ti6Al4V 1.3252 0.0055 1,2,3,4,5
difference entropy (DifEntrp), standard deviation (SD).

In turn, when examining the differential entropy of the implant surface image at
higher magnification (i.e., in a 5 µm × 5 µm field of view), the texture feature increased, as
presented in Table 7.

Table 7. Post hoc ANOVA results (least significant difference) for comparison of difference entropy
for ROI size 5 µm × 5 µm between each examined surface.

Surface
DifEntrp

p < 0.05
Mean SD

1 Ti-PEO 1.1799 0.0521 5,6

2 Ti6Al4V-PEO 1.2329 0.2890 3,5,6

3 Ti-PEO-S 1.1340 0.0275 2

4 Ti6Al4V-PEO-S 1.1779 0.0326 6

5 Ti 1.1180 0.0738 1,2

6 Ti6Al4V 1.0897 0.0286 1,2,4
difference entropy (DifEntrp), standard deviation (SD).

The increase of Sa was related (r = 0.41) with an increase in difference entropy of theim-
plant surface measured in 100 × 100 µm field of view (Table. 8). DifEntrp (5 µm × 5 µm)
was positively correlated with the medium Au and cells [mm2] (r = 0.72 and r = 0.68
respectively). On the contrary, a negative correlation was found between DifEntrp (100 µm
× 100 µm) and the medium Au and cells [mm2] (r = −0.46 and r = −0.51 respectively). A
moderate correlation (r = 0.76) was found between DiffEntrop (100 µm × 100 µm) and FD.
No correlation was found between DiffEntrop (5 µm × 5 µm) and FD (r = 0.06). Table 8.

Regarding research hypotheses:

1. The first null hypothesis was accepted. None of the experimental samples expressed cytotoxicity.
2. The second null hypothesis has been rejected. Samples after surface treatment have sub-

stantially improved cell growth and cell adherence compared to reference SLA samples.
3. The third null hypothesis has been sustained. We did not reveal a correlation between

examined features, except a negative correlation between FD, difference entropy
(DifEntrp) (in scale 100 µm × 100 µm), and amount of cells, a positive moderate
correlation between DifEntrp and number of cells, and a positive strong correlation
between the DifEntrp and FD in scale 100 µm × 100 µm.

4. The fourth null hypothesis has been rejected. Our study revealed statistically signifi-
cant differences between examined surfaces in the aspect of fractal dimension and
texture analysis.
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Table 8. The values of the Pearson correlation coefficient (r) between the value of difference entropy
(DifEntrp) calculated in different scales (100 µm × 100 µm and 5 µm × 5µm) and the Sa and number
of cells per mm2 and medium Au. No statistically significant relations were found.

Feature vs. Feature r

DifEntrp (100 µm × 100 µm) vs. Sa 0.2904

DifEntrp (5 µm × 5 µm) vs. Sa 0.4173

DifEntrp (100 µm × 100 µm) vs. FD 0.7667

DifEntrp (5 µm × 5 µm) vs. FD 0.0606

DifEntrp (100 µm × 100 µm) vs. cells [mm2] −0.5145

DifEntrp (5 µm × 5 µm) vs. cells [mm2] 0.6813

DifEntrp (100 µm × 100 µm) vs. medium Au −0.4656

DifEntrp (5 µm × 5 µm) vs. medium Au 0.7201
difference entropy (DifEntrp).

3. Discussion

The properties of the titanium alloy’s surface, including its microtopography and
nanoscale modification and chemical composition, as well as strategies and methods for im-
proving biocompatibility to bone tissue, have been contemporarily well investigated [14,25].
Wang et al. [26] have found that titanium disc surfaces treated with low-temperature argon–
oxygen plasma are more hydrophilic compared to nontreated surfaces, and the activation
with plasma can enhance the attachment, proliferation, and mineralization of osteoblasts
on the surfaces. A recent study by Hadzik et al. [27] has shown that the anodization of
Ti-6Al-4V alloy and its further low-pressure radiofrequency oxygen plasma treatment is
a promising method of implant transgingival parts modification. Cheng et al. [28] have
found that, when bioactive oxide film on titanium dental implants is created by the oxygen
plasma, bone cells’ differentiation and osseointegration are improved. Such modifications
provide effective binding to hard tissue and, therefore, promote osteointegration. Our
study has confirmed that none of the tested surfaces here have any cytotoxic effect on
HGF cell lines, so they can be safe when used as dental implant surfaces. Results of our
study prove that PEO as well as PEO-S that were treated with a low-pressure OP represent
promising options of Ti surface modification. We have reported a significant increase in
cell number and adhesion fusion specifically for the tested experimental PEO and PEO-S
surfaces compared to the SLA reference surface.

In our study, the fibroblast model was selected to assess the cytocompatibility of the
experimental samples. The adhesion behavior of fibroblasts is known to differ among
materials with varying degrees of surface roughness. Generally, maximum adhesion is
observed for more rough surfaces. The reason for that is the physiology of fibroblasts and
their filopodial structure that extends further into grooves and microstructures of rough
surfaces. However, a strong positive relationship between bacterial adhesion and plaque
accumulation rate and surface roughness in the supragingival region has been also reported.
Rough surfaces in such an application may lead to possible peri-implant mucositis and
periimplantitis development [29–31].

Hence, the ideal micro- and nano-scale titanium surface topography for implants
should balance the facility for fibroblast adhesion without simultaneously favoring bac-
terial growth. One of the methods of titanium surface nanotexturing that matches the
abovementioned condition of the ideal surface is electrochemical anodization. Due to
that process, the hierarchic superstructure of the TiO2 layer in the shape of nanotubes can
be synthesized.

It seems that, in the case of the tested experimental surfaces, their cellular response
may be related not only to the roughness, which, reaching Sa values from 0.59 to 2.38
nm for various tested surfaces, is within or slightly exceeds the optimal roughness values
described in the literature by Wennerberg and Albrektsson, 1–2 µm [5]. Blinova et al. [32]
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were one of the first to report fibroblast ingrowth both on its surface and inside of it when
cultured on a porous titanium implant. They also proved that interactions between the cell
and titanium implant are more evident in samples with nonuniform porosity. Moreover,
Whiteside et al. [33] reported more specific criteria for biologically advantageous porosity,
where surfaces with a greater number of finer pores are favored for cell attachment.

The plasma electrochemical oxidation (PEO) process in a solution containing calcium
and phosphorus compounds has to cause the natural oxide layer on the titanium to thicken.
EDX study has confirmed the incorporation of calcium and phosphorus into the oxide layer,
both in titanium and the Ti6Al4V alloy. Additional treatment of the samples with oxygen
plasma did not change the surface morphology of the samples. However, of modified
titanium and alloy in the oxide layer, the oxygen content increased slightly—around 1%.
The significantly better cell adhesion we achieved compared to reference SLA samples
is conditioned by the chemical structure that results from the applied PEO and PEO-S
treatment of the implant surfaces.

The fractal dimension analysis (FDA) of the samples has provided a mathematical
formalism for describing complex spatial and dynamical structures and describing the en-
tropy potential of the surface. The entropy of the surface generally raises with it complicity
and roughness. It has been broadly used in many areas of science, including medicine,
dentistry, technology, and materials science [34]. However, the contemporary method is
rarely employed to evaluate titanium implant surfaces. In this study, we can observe a
negative moderate correlation between FD and amounts of cells in scale 100 µm × 100 µm
at a similar level of correlation between difference entropy (DifEntrp) and cell number. This
observation has a reflection in FD interpretation. The lower FD’s value is, the more complex
of an analyzed surface is present and the higher number of cells we observed. This observa-
tion confirmed that FD and DifEntrp in scale 100 µm × 100 µm and DifEntrp in scale 5 µm
× 5 µm can be used as surface features in the aspect of cell ability to colonize. Our results
show a lack of correlations between Sa and medium Au and cell growth. We revealed a
lack of correlation between FD and Sa in contrast to a weak correlation between DifEntrp
and Sa in both scales. It is interesting to observe a strong positive correlation between FD
and DifEntrp in scale 100 µm × 100 µm in contrast to a weak negative correlation in scale 5
µm × 5 µm. Skośkiewicz-Malinowska et al. [35] reported a positive moderate correlation
between the FDA and the number of the fibroblasts when tested on cement surfaces. In
our previous study, a weak correlation (r = 0.38) between the number of fibroblasts and
the fractal dimension in the 100 µm × 100 µm scale was observed. Meanwhile, in the
5 µm × 5 µm scale, the correlation coefficient was lower, and r = 0.24 [7].

4. Materials and Methods

For the purpose of this study, titanium plates as a sample of different experimental
implant surfaces were delivered and tested. The roughness parameters of the surface were
measured. Based on the SEM images, fractal dimension analysis and texture analysis was
calculated. All the titanium plates were tested for cytotoxicity and, finally, normal human
dermal fibroblasts (NHDF) were used to assess the cell culture adhesion to each Ti sample.

4.1. Titanium Plates Preparation and Surface Modification

Titanium plates with standard SLA (sandblasted and acid-etched) were prepared
and delivered by NanoPrime company (NanoPrime, Dębica, Poland) from the Titanium
Grade 4 (Ti) and Titanium Grade 23 (Ti6Al4V). Ti and Ti6Al4V sandblasted and acid-etched
Titanium dental implant samples used in this study were previously used in our study
as a reference to compare against the Laser-Induced Periodic Surface Structures (LIPSS)
dental implant surfaces in our other study [7]. In this study, new experimental electrolytic-
modified implant surfaces were used for Ti-PEO and Ti6Al4V-PEO (plasma electrolytic
oxidation) and Ti-PEO-S and Ti6Al4V-PEO-S treated with additional low-pressure radio-
frequency oxygen plasma (low-pressure RF OP). The details of the titanium surface samples
are presented in Table 9.
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Table 9. Preparation of the titanium plates.

Name Titanium Grade Method of Preparation

Ti Grade 4
Sandblasted and acid-etched (SLA) Titanium Dental Implant—Al2O3 sandblasting process with a
fraction of 30–100 µm. Purified samples were subjected to the etching process (conditions: oxalic
acid 100 g L−1, time: 60 min, temperature: boiling). Samples were washed in an ultrasonic cleaner

(DEMI water, time: 10 min).Ti6Al4V Grade 23

Ti-PEO Grade 4

SLA surfaces were anodized in a PEO (plasma electrolytic oxidation) regime. Treatment details
were presented in previous studies by Simka et al. [17,18]. An electrolyte was composed of Ca and
P compounds. Titanium surfaces were oxidized via the PEO process with a high voltage DC power
supply, Kikusui PWR400H, (Kikusui Electronics Corporation, Kanagawa, Japan) at 300 V for 5 min.

The PEO treatment was realized via DC galvanostatic anodization (anodic current density = 100
mA cm−2) up to limiting voltage. After the process voltage reached the limiting voltage (300 V), the

treatment was conducted under a potentiostatic regime. Samples were washed in an ultrasonic
cleaner (DEMI water, time: 10 min).Ti6Al4V-PEO Grade 23

Ti-PEO-S Grade 4
After PEO, samples were treated with low-pressure RF OP and placed in a vacuum chamber for 5

min. Frequency: 40 Mhz, power: 500 Watt. During this time, oxygen was pumped into the chamber
(1 L/min).Ti6Al4V-PEO-S Grade 23

4.2. Surface Analysis Surface Topography Ra, Rz, Sa Measurement

The surface roughness (Sa) parameter was measured with the use of a scanning
electron microscope SEM (Thermo Fisher Scientific Inc., Waltham, MA, USA), and 15 keV
accelerating voltage was applied. The roughness parameters were measured with Phenom
3D Roughness Reconstruction Software (version 1, Thermo Fisher Scientific Inc., Waltham,
MA, USA). Each surface was triplicated, and the measurements were done in four places
on each sample. The results were averaged, and a standard deviation (SD) was calculated.

4.3. Surface Analysis FDA

We analyzed SEM images under two magnifications: 5000× and 100,000×. Five regions
of interest (ROIs) were selected from each image. ROI dimension was 100 µm × 100 µm in
case of 5000× magnification and 5 µm × 5 µm for 100,000× magnification. These were applied
in the intensity difference fractal dimension counting method to analyze each ROI.

ImageJ version 1.53e (Image Processing and Analysis in Java—Wayne Rasband and
contributors, National Institutes of Health, Bethesda, MD, USA, public domain license,
https://imagej.nih.gov/ij/, accessed on 1 December 2022) and the FracLac plugin version
2.5 (Charles Sturt University, Bathurs, Australia, public domain license) were applied to do
all fractal dimension analyses. The full algorithm of fractal dimension calculation was fully
described in our previous study [7].

4.4. Surface Analysis TA

MaZda 4.6 (MaZda ver. 4.6, Technical University of Łodź, Institute of Electronics,
Łodź, Poland) was used to check how the features were describing analyzed images [36,37].
Primary 8-bit images were reduced to 6 bits. Regions of interest (ROIs) were normalized
(µ ± 3σ) to share the same average (µ) and standard deviation (SD) of optical density
within the ROI. Difference entropy (DifEntrp) was selected as a texture feature from the
co-occurrence matrix to calculate in the ROI:

DifEntr = −∑Ng
i=1 px−y(i)log(px−y(i)) (1)

where Σ is sum, Ng is the number of levels of optical density in the microphotograph, i and
j are optical density of pixels 5-pixel distant one from another, p is probability, and log is
common logarithm [36,38,39].

4.5. Biological Analyses
4.5.1. Cell Culture

In vitro studies were performed using two models: the Normal Human Dermal
Fibroblast (NHDF) cell line (Lonza Group, Basel, Switzerland) and L929 cells, (Sigma-
Aldrich, Merck Group, Darmstadt, Germany) (The European Collection of Authenticated
Cell Cultures-ECACC). Cells were cultured under standard conditions at 37 ◦C, 5% CO2,
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95% humidity, in a CO2 incubator. Cells were always cultured for a minimum of 2 weeks
after thawing before starting a series of experiments. Cell cultures were passaged with
trypsin/EDTA solution. Cells were counted using a NucleoCounter® NC-200 automatic
cell counter (ChemoMetec A/S, Allerod, Denmark). Cells were cultured in Dulbecco’s
modified Eagle medium (DMEM), 10% fetal bovine serum (FBS), penicillin (10,000 U/mL),
streptomycin (10 mg/mL), and L-glutamine (200 mM). All culture reagents were purchased
from Biological Industries (Biological Industries, Kibbutz Beit-Haemek, Israel).

4.5.2. Preparation of Samples

The test samples were packaged and autoclaved for sterilization. For the in vitro
biological cytotoxicity assessment test, liquid extracts of the test materials were prepared
according to the provisions of the standard: EN ISO 10993-5: Biological evaluation of
medical devices—Part 5: In vitro cytotoxicity testing. Extraction was carried out in sterile,
chemically inert, sealed tubes for 24 h at 37 ◦C in an incubator. Before the experiments
involving direct assessment of the interaction of materials with cells, the prepared sections
were wetted with serum culture medium. The test material was incubated in the presence
of culture medium at a ratio of 1:10. The resulting extract was sterilized by phytoextraction
through a 0.22 µm filter.

4.5.3. Evaluation of the Effects on Growth and Vitality of Cell Cultures

The test was performed according to the guidelines of the standard for testing the
cytotoxicity of biomaterials. Cells were obtained from culture NHDF. Tests were performed
in 96-well plates at 1 × 104 cells/well. Cells were incubated for 24 h (5% CO2, 37 ◦C, 90%
humidity) so that the cells formed a monolayer on the plate surface. Before the experiment,
each plate was checked under a phase-contrast microscope to ensure that cell growth was
relatively uniform across the test plate. After 24 h of incubation, the medium was removed
from above the cells. Then, 100 µL of medium containing the appropriate sample extracts,
control, or blank only was added to each well. The test plates were incubated for a further
24 h (5% CO2, 37 ◦C, 90% humidity). After 24 h of incubation, each plate was viewed under
a phase-contrast microscope to assess the growth of control and extract-treated cells. The
observed changes in cell morphology may have been due to the cytotoxic effect of the test
sample extract. The culture medium was then carefully removed from the plates and 50 µL
of 1 mg/mL MTT solution was added to each well. The plates were incubated for a further
2 h in an incubator at 37 ◦C. After this time, the MTT solution was removed and 100 µL
of isopropanol was added to each well. Absorbance was read on a MultiscanGo reader
(Thermo Scientific, Waltham, MA, USA) at 570 nm.

4.5.4. Co-Culture of Cells with Materials

In this assay, L929 cells were seeded into 24-well plates alongside previously placed
sterile test biomaterials. In this method, the direct interaction between the cells and the
test material was checked by assessing the morphology of the cells and the percentage
of live and dead cells (Cell Viability Imaging Kit, Green/Red), which was evaluated on a
fluorescence microscope EVOS FLoid (Thermo Scientific, Waltham, MA, USA).

4.5.5. Cell Attachment

Cells for the study were obtained according to the methodology described above.
Cultures of normal human dermal fibroblasts (NHDF) were used for the study. The cell
suspension prepared for the test was counted and suspended in a culture medium. The
density of the cell suspension for the adhesion assay was 1 × 106 cells/mL, and 24-well
plates were used for the assay. Materials for the test were placed in wells. Cells in the assay
were applied to the wetted material using an automatic pipette. After application, the cells
were incubated for 2 h (5% CO2, 37 ◦C, 90% humidity) to allow the cells to adhere to the
test materials. After this time, the wells were replenished with serum culture medium in
a volume of 1000 µL. The test plates were incubated for a further 72 h (5% CO2, 37 ◦C,
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90% humidity). After the incubation time, cells growing on the test surfaces were stained
using the Cell Viability Imaging Kit (Blue/Green). Staining involves adding dye to the
culture and incubating for 5 to 30 min. After this time, images were taken using a BioTek
Lionheart microscope (Agilent Technologies, Santa Clara, CA, USA) using fluorescence
excitation with an led illuminator: ex 377 em 447 and ex 469 em 525. Further analysis was
performed using GEN5 dedicated image analysis software (Agilent Technologies, Santa
Clara, CA, USA). The fluorescence intensity and the number of cells stained with each dye
were analyzed. Cells showing blue fluorescence were counted as alive, and green cells
as dead.

4.6. Statistical Analysis

Statistica version 13.3 (StatSoft, Cracow, Poland) was applied to calculate all fractal
dimension analysis statistical tests. The statistically significant level was set to 0.05. The
normality of distribution was confirmed by the Shapiro–Wilk test. Due to normal dis-
tribution, we performed parametric tests. Analysis of variance (ANOVA) and post hoc
least significant difference was used to show differences in fractal dimensions between
each surface in two scales. The correlation matrix was applied to calculate the Pearson
correlation coefficient (r) between the fractal dimension of lesions in two scales and Sa, the
number of cells in mm2, medium Au, and Sa vs. amounts of cells in mm2 and medium Au.
The following are the ranges of the r value: r greater than or equal to 0.7—strong correlation;
r between 0.7 and 0.5—moderate; and r lower than 0.5—weak correlation. Sample size was
calculated on the basis of a power of test. In this study, we used a one way ANOVA for five
groups. In this case, the 80% of power of test is achieved for N = 50 in each group.

For texture analysis, between-group comparisons were performed with the one way
ANOVA or the Kruskal–Wallis test, depending on the presence of normal distribution.
Statgraphics Centurion version 18.1.12 (StatPoint Technologies Inc., Warrenton, VA, USA)
was used for statistical analyses.

4.7. Study Limitations

A limitation of the study was that a machined titanium sample was not used as a
control for the cell culture tests. Furthermore, the wettability and microhardness properties
of the modified surfaces should be investigated in the future.

5. Conclusions

The presented study shows that the surface modification by PEO and PEO-S did not
affect the sample cytotoxicity. Greater cell growth of HGF cells was observed on PEO and
PEO-S samples compared to reference SLA titanium. The number of cells is correlated
with the value of fractal dimension and DifEntrp in scale 100 µm × 100 µm. These two
parameters can be used to describe the potential of the surface in the aspect of the ability of
a cell to grow. A strong positive correlation between fractal dimension value and DifEntrp
was found. In the case of our samples, we have not found a correlation between Sa value
and cell growth.
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