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CAD/CAM (computer-aided design and computer-aided manufacturing) technology has
been widely applied in clinical dentistry, but the material safety remains a concern. To
investigate the impacts of CAD/CAM metallic materials on trace metals and
biocompatibilities, selective laser melted (SLM) cobalt-chromium (Co-Cr) alloys and
computer numeric controlled milled (CNC milled) commercially pure titanium (CP-Ti)
were placed on the maxilla of beagle dogs for 6 months. The trace metals in the oral
mucosa, blood, liver, kidney, and hair were then determined by inductively coupled plasma
mass spectrometry (ICP-MS). The histopathologic changes and biocompatibilities of
tissues were examined by hematoxylin and eosin (H&E) staining, terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP-digoxigenin nick end labeling
(TUNEL) method, immunohistochemistry (IHC) assay, Western blot analysis, and liver
and kidney function tests. Our results showed that trace metals released from these two
CAD/CAM metallic materials accumulated transiently in the oral mucosa and whole blood.
The trace metals released from SLM Co-Cr alloys could also transiently accumulate in the
plasm and hair. In addition, these two CAD/CAM metallic materials both induced apoptosis
and histopathologic changes in the oral mucosa, with SLM Co-Cr alloys inducing a higher
level of apoptosis. In contrast, both materials did not exert autophagic effects on the oral
mucosa or affect the trace metals, functions, or biocompatibilities of the liver and kidney.
Therefore, this study suggests that CAD/CAM metallic materials should be selected
carefully, especially in patients with metal- and apoptosis-related diseases, and CNC-
milled CP-Ti can be recommended to patients on account of its better biocompatibility and
safety.

Keywords: computer-aided design, computer-aided manufacturing, dental alloys, titanium, metal, ions, apoptosis,
autophagy
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INTRODUCTION

With the promotion and application of computer-aided design
and computer-aided manufacturing (CAD/CAM) technology in
dentistry, increased digital molding methods, such as selective
laser melting (SLM) and computer numeric controlled (CNC)
milling, have been used to fabricate metallic dental prostheses and
implants. CAD/CAM technology covers a range of applications in
modern industries, including the manufacturing of computer
components and digital control devices. Additionally, this
technology has great potential in producing complex-shaped
and porous materials and components (Attarilar et al., 2021).

The SLM technique is an additive manufacturing technique
that produces samples layer by layer based on 3D model data
(Kandavalli et al., 2021). In contrast, the CNC milling technique is
a subtractive manufacturing technique, which is a manufacturing
process that controls the removal of unnecessary materials to
obtain the desired shape by cutting, drilling or milling. There are
many benefits associated with dental prostheses fabricated by
CAD/CAM compared to traditional lost-wax casting techniques,
including the access to better and almost defect-free pieces, an
increase in quality, reproducibility, and efficiency, and an
improvement in accuracy and precision (Patel, 2014; Bilgin
et al, 2016; AhmED, 2018). These digitized molding methods
mainly use cobalt-chromium (Co-Cr) alloy and commercial pure
titanium (CP-Ti) as raw materials for dental prostheses because
of their excellent mechanical properties and acceptable price.
Among them, SLM Co-Cr alloys and CNC-milled CP-Ti are most
commonly used in the clinic. The main reason is that Co-Cr has a
lower grindability than CP-Ti and thus is more difficult to mill
(Ohkubo et al., 2006), and the CNC-milled titanium has higher
precision than additive manufacturing titanium (Tan et al., 2019;
Sulaiman, 2020). Therefore, in this research, the SLM Co-Cr alloy
and CNC-milled CP-Ti were used as the representatives of CAD/
CAM metallic materials.

Previous studies have found that trace metal ions can be
released from dental alloys and titanium into saliva and
nearby oral tissues due to the complex oral microenvironment,
and then likely disseminated around the whole body through the
blood system, thus causing potential cytotoxic effects on not only
local oral tissues but also distant organs for a long time (Siddharth
et al., 2015; Noumbissi et al., 2019; Vaicelyte et al., 2020). Our
previous studies found that trace metals released from casted Co-
Cr alloy and CP-Ti could be accumulated transiently in the oral
mucosa, blood, liver and kidney, which might cause apoptosis-
based cell death via the mitochondrial pathway and trigger
autophagic regulators. The results also showed that casted CP-
Ti has better chemical stability and biocompatibility than casted
Co-Cr alloy (Liu et al., 2020; Pan et al., 2020).

In addition, metal ions released from metallic dental materials
can induce local and systemic biological effects. Studies showed
that metal elements can penetrate into different live tissues, thus
cause toxicity and inflammations depending on their chemical
characteristics (Attarilar et al., 2020). Baricevic et al.(2012)
reported that metal ions released from Co-Cr alloys could
cause DNA damage to human oral mucosal cells (Baricevi¢
et al., 2012). Faccioni et al.(2003) showed that metal ions
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released from orthodontic appliances could lead to increased
apoptosis of peripheral venous blood lymphocytes and oral
mucosal epithelial cells (Faccioni et al., 2003). Similarly, our
previous studies confirmed that trace metals released from Co-
Cr alloy and CP-T1i could induce time-dependent early apoptosis
through the intrinsic pathway (Pan et al., 2017; Pan et al., 2020).
Moreover, Fatima et al. found that chromium compounds could
lead to nephrotoxicity to the kidney in rats through the damage to
the renal brush border membrane (Fatima et al., 2005). It is also
controversial whether the biocompatibility of digitally molded
dental alloys is better than that of traditional casted alloys. Xin
et al.(2014) found that SLM Co-Cr alloy had better cell
proliferation and biocompatibility than cast Co-Cr alloy, but
studies by Boldbayar and colleagues suggested that there was
no significant difference in biocompatibility between them
(Ganbold et al., 2019).

However, studies on CAD/CAM metallic materials have been
conducted primarily in vitro. In particular, while the mechanical
and chemical properties of SLM Co-Cr alloys and CNC-milled
CP-Tihave been widely studied, research focusing on trace metals
released from these two CAD/CAM metallic materials in
surrounding tissues, peripheral blood, distant organs, and even
hair, remains rare. Moreover, their biocompatibilities in vivo have
not yet been studied. The aim of the present study was to
investigate the trace metals and biocompatibilities of SLM Co-
Cr alloy and CNC-milled CP-Ti in a beagle canine model. We
hypothesized that these two CAD/CAM metallic materials could
affect the accumulation of metal ions and biological effects in
local and systemic tissues, and CNC-milled CP-Ti might have
better biocompatibility. This study could provide insight into the
selection of clinical dental restoration materials.

MATERIALS AND METHODS

Establishment of Beagle Canine Oral

Mucosa Irritation Tests
The studies involving animals were reviewed and approved by the
Institutional Animal Care and Use Committee of the Affiliated
Hospital of Stomatology, Fujian Medical University [Reference
No.: 2018 (02)]. Nine beagle dogs (18 months old and weighing
10-16 kg) were used for the experiments and were divided equally
into three groups (SLM Co-Cr alloy group, CNC-milled CP-Ti
groups, and the negative control group). Anesthesia was induced
by injecting Sumianxin II (Shengda Pharmaceutical Co., Ltd.,
China, 1.6 mg/ kg intramuscularly), followed by a subsequent
intravenous injection of 3% pentobarbital [MERK, Germany,
30 mg/(kgh)] for around 10-15min. After cleaning and
preparing the teeth, the impressions of the maxilla were
produced with silicone rubber and sent to the laboratory for
fabrication of maxillary metal plates with bands (Figure 1A).
According to the instructions of the manufacturers, SLM Co-
Cr alloy plates and CNC-milled CP-Ti plates were fabricated by
the SLM system (Space Traveler Trl50, Profeta Intelligent
Technology, Nanjing, China) and the CAD/CAM system
(DT400, Jiansan Automation Technology Co., Ltd.,
Guangzhou, China), respectively. The compositions of the Co-
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FIGURE 1 | (A) CAD/CAM metallic dental prosthesis, which was personalized by taking impression of the Beagle's maxilla with silicone rubber, (B) 3-dimensional
printed resin guide board for taking oral mucosa samples, and (C) schematic diagram of the order for taking oral mucosa samples.

Cr alloy and CP-Ti are shown in Supplementary Table S1 and
the manufacturing technical parameters are shown in
Supplementary Tables S2-S3. Orthodontic vacuum-formed
retainer films (SIMONA, Germany) were selected as a negative
control. After the preparation of the plates, the beagle dogs were
anesthetized in the same manner as above, and the resin-
reinforced glass ionomer adhesive (RelyX™ Luting 2,
Minnesota ~ Mining and  Manufacturing ~ Company,
United States) was then used to bond the maxillary plates to
the beagle maxillary canines, fourth premolars, and first molars.
The palatal plates and the mucosa were ensured fit closely.

Blood Sample Collection

Blood samples were collected after the beagle dogs adapted to
their feeding conditions. Beagle dogs were fasted overnight before
collection of blood and tissue samples. Blood samples were
harvested from the cephalic veins by vacutainers with spray-
coated K,EDTA (Becton, Dickinson and Company,
United States) at 0days, 3 days, 1week, 2weeks, 1month,
2 months, 3 months, 4 months, 5 months, and 6 months after
plate bonding. A 500-uL blood sample was frozen for ICP-MS
analysis of whole blood. The rest of the blood samples were kept
at 37°C in a water bath for 30 min and centrifuged at 3,000 rpm
for 10 min for inductively coupled plasma mass spectrometry
(ICP-MS) analysis of the plasma. For serum biochemical
evaluation, 1 ml of blood was collected in empty vacutainers
(Changgeng Medical Devices Co., Ltd., China) at the same time
points and centrifuged at 3,000 rpm for 10 min after holding at
37°C in a water bath for 30 min.

Oral Mucosa, Hair, and Organ Samples

Collection

Animals were anaesthetized in the same manner as 3.1.1. After
anaesthetization, oral mucosa samples in contact with the plates
were collected in order of the guide board at 0days, 3 days,
1 week, 2weeks, 1month, 2months, 3 months, 4 months,
5months, and 6 months after bonding the plates (Figures

1B,C) and divided into two parts, with one part being
weighed for ICP-MS analysis and the other part being fixed in
4% paraformaldehyde prepared for H&E staining, IHC
(immunochemistry) assay, and TUNEL analysis. Hairs on the
inside of the extremities were collected at 0 and 3 days, 1 and
2 weeks, and 1, 2, 3, 4, 5, and 6 months after plate bonding. The
hair samples were washed with neutral detergent and dried. The
deeply anesthetized beagle dogs were euthanized humanely at
6 months. Afterward, the liver and kidney were collected and
divided into three parts, with one of them being weighed for ICP-
MS analysis, another being frozen at —80°C for Western blot
analysis, and the rest being fixed in 4% paraformaldehyde
prepared for H&E staining and TUNEL assay.

ICP-MS Analysis

The concentrations of trace metal ions in the oral mucosa, blood,
liver, kidney, and hair were then determined by ICP-MS analysis
according to our previous publication (Pan et al., 2020).

Liver and Kidney Function Tests
The liver and kidney function tests were performed according to
our previous publication (Pan et al., 2020).

H and E Staining

Following fixation, oral mucosa and organ tissues were
dehydrated, embedded in paraffin, sectioned and stained with
H and E. Histologic evaluation was performed according to the
standard procedure for microscopy described in ISO 10993-10
(ISO 10993-10, 2010); (Supplementary Tables S4-S5).

TUNEL Assays

Sections of paraffin-embedded tissues were subjected to the
terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-
digoxigenin nick end labeling (TUNEL) assay to determine
apoptosis-related DNA breaks in the oral mucosa, liver, and
renal cells following the manufacturer’s protocol (ab66110,
Abcam, United States). Images were acquired with an
Olympus BX53 microscope and five high-power fields ( x 400)
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in each slice were selected randomly. The total number of nuclei
(blue stained with DAPI) and the DNA fragmentation with red
staining were counted. The apoptotic index was determined by
calculating the number of apoptotic cells per sample.

IHC Assays

Serial sections of paraffin-embedded tissues were dewaxed, and
endogenous peroxidase was blocked with 1% hydrogen peroxide
for 12 min, followed by incubation with the primary antibodies
anti-cleaved Caspase-3 (1:500, #9661, Cell Signaling Technology,
United States), anti-SQSTM1/p62 (1:5000, NBP1-48320, Novus
Biologicals, United States), and anti-Beclinl  (1:400,
NB110-87318, Novus Biologicals, United States) in a moist
chamber at room temperature for 1h. After washing with
phosphate-buffered saline (PBS) solution, sections
incubated with secondary antibodies (Kit-9902, MXB
Biotechnologies, China). DAB Kid (DAB-1031, MXB
Biotechnologies, China) was used as the horseradish
peroxidase, substrate and the sections further
counterstained with hematoxylin. Finally, Image-Pro Plus
software was used to measure the integrated optical density
(IOD) values of the positive cells in each field of view.

were

were

Western Blot Analysis

The liver and kidney samples were weighed and ground to
powder under the protection of liquid nitrogen. The tissue
powder was then  collected and lysed with
radioimmunoprecipitation assay (RIPA) buffer containing
1 mM phenylmethane sulfonyl fluoride (PMSF, ST506,
Beyotime Biotechnology, China) on ice for 40 min. The
supernatant was obtained by centrifugation at 12,000 x g
for 5min at 4°C, and the protein concentration of the
supernatant was determined with a bicinchoninic acid
(BCA) assay kit (Beyotime Biotechnology, China)
according to the manufacturer’s instructions. A total of
50 ug of protein was loaded per lane, separated by 15%
SDS-PAGE, and then transferred to polyvinyl difluoride
membranes (Millipore, United States) by electrophoresis.
The membranes were blocked with 7% nonfat milk at
room temperature for 2 h, followed by incubation with the
primary antibody anti-SQSTM1/p62 (1:4,000, NBP1-48320,
Novus Biologicals, United States) or anti-Beclinl (1:1,000,
NB110-87318, Novus Biologicals, United States) at 4°C
overnight. The membrane was then incubated with a
horseradish peroxidase-conjugated secondary antibody (1:
3,000, Affinity Bioscience, United States), visualized with
an electrochemiluminescence kit (ECL, PO018FS, Beyotime
Biotechnology, China) in the dark room, and quantified by
Image] software. B-Actin (1:1,000, T0022, Affinity Bioscience,
United States) was included as the endogenous control. The
gray values of the target protein and B-actin were analyzed by
Image] software (National Institutes of Health,
United States).

Statistical Analysis
All data were normally distributed and expressed as the
means + SDs (standard deviations). Statistical comparisons
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of metal concentrations as well as biological indices among
various time points were conducted by one-way analyses of
variance (ANOVA) with repeated measures and continued
with the least significant difference (LSD) ¢-test. In addition,
the comparisons of metal concentrations as well as biological
indices in the liver and kidney were analyzed by one-way
ANOVA, followed by the LSD t-test. Semiquantitative data
were converted by the formula and then analyzed in the same
way as the quantitative data. Correlations between metal
concentrations and biological indices were analyzed by
Pearson correlation. All data were analyzed by Statistical
Package for Social Sciences software (SPSS, Chicago, IL,
United States), and p values < 0.05 were considered
statistically significant.

RESULTS

Metals Released From the CAD/CAM
Metallic Materials Were Accumulated
Transiently in Oral Mucosa, Blood, and Hair,
but did Not Affect the Concentrations of

Trace Metals in Liver and Kidney

The concentrations of trace metal ions in the oral mucosa, whole
blood, plasma, hair, liver, and kidney affected by SLM Co-Cr
alloys and CNC-milled CP-Ti were measured and are illustrated
in Figure 2. Metal ions released from the SLM Co-Cr alloys and
CNC-milled CP-Ti were found to accumulate transiently in the
oral mucosa. The main effect of time showed a statistically
significant difference in the total metal ion concentration in
the oral mucosa of both groups at the different time points (p
SLM Co-cr = 0.009 < 0.05, P cp1i = 0.000 < 005), with the total
metal ion concentration peaking at 1 month and declining
afterward.

There was a significant main effect of time on the total metal
ion concentration in the whole blood of the SLM Co-Cr alloy and
CNC-milled CP-Ti groups (p spm co-cr = 0.002 < 0.05, p cp.1y =
0.004 < 0.05), and the time periods of the highest metal ion
concentration in the SLM Co-Cr alloy group and CNC-milled
CP-Ti group were 2-4 months and 1-2 months respectively
(p < 0.05).

There was a significant main effect of time on the total metal
ion concentration in the plasma of the CNC-milled CP-Ti group
(p SLM Co-Cr — 0.052 > 0.05, Pcp1i= 0.002 < 005) The pOSt hoc
tests showed that the peak time of the SLM Co-Cr alloy group was
at 1 month (p < 0.05), while no significant increase was found in
the CNC-milled CP-Ti group (p > 0.05).

The main effect of time showed a statistically significant
difference in the total metal ion concentration in the hair of
both the SLM Co-Cr alloy and CNC-milled CP-Ti groups at the
different time points (p s;m co-cr = 0.000 < 0.05, p cp_1; = 0.004 <
0.05). In the SLM Co-Cr alloy group, post hoc tests showed that
the total metal ion concentration from 2 weeks to 1 month was
significantly higher than that at other time points (p < 0.05).
However, there was no significant increase in the CNC-milled
CP-Ti group (p > 0.05).
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FIGURE 2| Total metal ion concentrations of trace metals in the oral mucosa, whole blood, plasma, hair, liver, and kidney affected by SLM Co-Cr alloys and CNC-
milled CP-Ti. The line graphs and bar charts show that metals released from the SLM Co-Cr alloys and CNC-milled CP-Ti accumulated transiently in the oral mucosa,
blood, and hair, but did not significantly affect the concentrations of trace metals in the liver and kidney.

TABLE 1 | Grades of oral mucosal reaction in microscope of each group.

Group od 3d 1w 2w
SLM Co-Cr alloy 0.0 1.0 1.0 1.0
CNC milling CP-Ti 0.3 1.0 0.0 0.7
Negative control 0.0 0.7 0.3 1.0
TABLE 2 | Oral mucosal irritation index and response of each group.

SLM Co-Cr CNC milling CP-Ti

alloy

Irritation index Response Irritation index Response
od 0.0 None 0.3 None
3d 0.3 None 0.3 None
1w 0.7 Minimal 0.0 None
2w 0.0 None 0.0 None
im 3.0 Minimal 1.0 Minimal
2m 2.0 Minimal 1.0 Minimal
3m 0.7 Minimal 0.3 None
4m 0.0 None 0.3 None
5m 0.3 None 0.3 None
6m 0.0 None 0.3 None

Independent sample t-tests showed that there was no
statistically significant difference between the experimental
groups and the negative control group (p sim co-cr, liver =
0.965 > 0.05, p cp-1y, liver = 0.867 > 0.05, p stm Co-Cr, kidney =
0.271 > 0.05, p cp.7i, kidney = 0.504 > 0.05).

CAD/CAM Metallic Materials did Not Affect

Liver and Kidney Function Tests

As shown in Supplementary Figure S1, there was no significant
difference in TP, AST, ALT, ALB, GLB, BUN, and CREA levels
between the experimental groups and the concurrent control
group, indicating that SLM Co-Cr alloy and CNC-milled CP-Ti
did not affect them.

1im 2m 3m 4m 5m 6m
4.0 3.0 1.7 0.7 1.3 0.7
2.0 2.0 1.3 1.0 1.3 1.3
1.0 1.0 1.0 0.7 1.0 1.0

CAD/CAM Metallic Materials Led to
Temporary Histopathologic Changes in the
Oral Mucosa but did Not Affect Liver or

Kidney Histopathology

Tables 1-2; Figure 3A show representative H and E staining of the
oral mucosa that was used for measurement of lesion morphology. In
general, most of the oral mucosa in all groups exhibited intact
epithelia, and the cell layers were clearly in order with minimal
leucocyte infiltration (less than 25), and the responses of oral
mucosa tissues to the irritation by SLM Co-Cr alloys and CNC-
milled CP-Ti appeared minimal, with average grades between 0 and 4.
Specifically, metaplasia could only be found in the SLM Co-Cr alloy
groups at the one-month time point, and cell degeneration was more
obvious in the experimental groups at the one- and two-month time
points than in the other groups, implying that SLM Co-Cr alloys and
CNC-milled CP-Ti would cause damage to the oral mucosa, which
could be mitigated spontaneously.

There was no significant difference in liver and kidney
pathology between the experimental groups and the control
group, indicating that SLM Co-Cr alloys and CNC-milled CP-
Ti did not affect liver or kidney histopathology (Figure 3B).

CAD/CAM Metallic Materials Led to
Temporary Apoptosis in the Oral Mucosa
but did Not Affect Liver or Kidney Cell
Apoptosis

As demonstrated in Figure 4, the TUNEL-positive levels in the
oral mucosa were significantly different among the three groups
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FIGURE 3 | (A) H and E staining of the oral mucosa affected by SLM Co-Cr alloys and CNC-milled CP-Ti. Most of the oral mucosa in all groups exhibited intact

epithelia, the cell layers were clearly in order with minimal leucocyte infiltration (less than 25), and the responses of oral mucosa tissues to irritation by SLM Co-Cr alloys
and CNC-milled CP-Ti appeared minimal. Specifically, metaplasia could only be found in the SLM Co-Cr alloy groups at the one-month time point, and cell degeneration
was more obvious in the experimental groups at the one- and two-month time points than in the other groups (Original magnification 400 x ). (B) H&E staining of the

liver and kidney affected by SLM Co-Cr alloys and CNC-milled CP-Ti (original magnification 400 x ). No significant difference could be observed in liver and kidney

pathology between the experimental groups and the control group.
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FIGURE 4 | Representative images and quantification of TUNEL positivity in the oral mucosa affected by SLM Co-Cr alloys and CNC-milled CP-Ti. Panels show (A)

representative TUNEL + labeling of double-stranded DNA in the oral mucosa with red staining, (B) quantification of TUNEL + labeling as performed (original magnification
400 x ). There was a statistically significant difference in the TUNEL-positive levels in the oral mucosa at the different time points, with the TUNEL-positive levels peaking at
1 month in both the SLM Co-Cr alloy group and CNC-milled CP-Ti group and then decreasing afterward. In addition, the TUNEL-positive levels in the oral mucosa of

the SLM Co-Cr alloy group were higher than those of the CNC-milled CP-Ti group, and the negative control group retained the lowest levels.

(p = 0.004 < 0.05). In general, the TUNEL-positive levels in the
oral mucosa of the SLM Co-Cr alloy group were higher than those
of the CNC-milled CP-Ti group, and the negative control group
retained the lowest levels. The main effect of time showed a
statistically significant difference in the TUNEL-positive levels in
the oral mucosa at the different time points (p = 0.000 < 0.05),

with the TUNEL-positive levels peaking at 1 month in both the
SLM Co-Cr alloy group and CNC-milled CP-Ti group and then
decreasing afterward. The interaction between time and different
experimental groups had a combined effect on the TUNEL-
positive levels in the oral mucosa (P time * groups = 0.018 <
0.05), indicating that as the metal plates were worn for longer
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FIGURE 5 | Representative images and quantification of cleaved Caspase-3 protein expression in the oral mucosa affected by SLM Co-Cr alloys and CNC-milled
CP-Ti. Panels show (A) the expression of cleaved Caspase three protein with brown staining, (B) levels of cleaved Caspase-3 protein expression were evaluated by IOD
using Image-Pro Plus software (original magnification 400 x ). The expression of cleaved Caspase-3 protein in the SLM Co-Cr alloy group peaked only at the 1-month
time point but remained relatively steady at other time points, while that in the CNC-milled CP-Ti group was stable.

time, the change ranges of different groups were different,
and the change range of the SLM Co-Cr alloy groups was the
largest.

Immunohistochemistry was used to identify cleaved Caspase-
3, a marker of apoptosis. No significant differences (p = 0.796 >
0.05) in the expression of cleaved Caspase-3 in the oral mucosa
among the three groups were found (Figure 5). The main effect of
time showed a statistically significant difference in the expression
of cleaved Caspase-3 protein in the oral mucosa (p = 0.001 <
0.05). Specifically, the expression of cleaved Caspase-3 protein in
the SLM Co-Cr alloy group peaked only at the 1-month time
point but remained relatively steady at other time points. Once
again, these observations indicate that the interaction between
time and different experimental groups has a combined effect on
the expression of cleaved Caspase-3 protein in the oral mucosa
(P time * groups = 0.003 < 0.05).

Pearson analysis illustrated the significantly positive
correlation between TUNEL-positive levels and the expression
of cleaved Caspase-3 protein in the oral mucosa, with a
correlation coefficient of 0.535 (p < 0.01). Additionally,
Pearson correlation analysis showed that TUNEL-positive
levels and the expression of cleaved Caspase-3 protein were
both positively correlated with the total metal ion
concentration in the oral mucosa (p < 0.01). In particular, as
shown in Tables 3-4, Pearson correlation analysis suggested that
the TUNEL-positive levels were positively correlated with Cr, Ti,
and Ni in the oral mucosa, and the expression levels of cleaved
Caspase-3 protein were positively correlated with Co and Cr.

The results of the TUNEL assay on the liver and
kidney are illustrated in Supplementary Figure S2. The

TABLE 3| Pearson correlation analysis between metal concentration and TUNEL-
positive levels in oral mucosa.

Metals Correlation coefficient p

Co 0.176 0.352
Cr 0.677* 0.000
Mo 0.125 0.511
Mn 0.160 0.397
Ti 0.404* 0.027
Ni 0.479* 0.007
Cd -0.196 0.300

P < 0.05; *p < 0.01.

TABLE 4 | Pearson correlation analysis between metal concentration and the
expression of cleaved Caspase three protein in the oral mucosa.

Metals Correlation coefficient P

Co 0.459* 0.011
Cr 0.858** 0.000
Mo 0.211 0.262
Mn 0.270 0.149
Ti 0.011 0.952
Ni 0.112 0.555
Cd 0.043 0.820

*0 < 0.05; *p < 0.01.

results showed that there was no significant difference
between the experimental groups and the control group
(p > 0.05), indicating that SLM Co-Cr alloys and CNC-
milled CP-Ti had no apoptotic effect on hepatocytes and
renal cells.
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CAD/CAM Metallic Materials did Not Affect
the Autophagic Effects of the Oral Mucosa,
Liver, or Kidney

Immunohistochemistry was also used to identify markers of
autophagy (p62 and Beclinl) in the oral mucosa. As
demonstrated in Supplementary Figures S3, S4, there was no
significant difference in the expression of p62 and Beclinl in the
oral mucosa among the three groups (p ps; = 0.554 > 0.05,
P Bediin1 = 0.474 > 0.05). Moreover, there was no significant main
effect of time on the expression of p62 in the oral mucosa (p 6> =
0.055 > 0.05, p peclin1 = 0.098 > 0.05), and the interaction between
time and different experimental groups was not significant (p ime
+ groups P62 = 0.577 > 0.05, P time * groups, Bectini = 0.796 > 0.05).

The Western blot results for the protein expression of p62 and
Beclinl in the and kidney, as demonstrated in
Supplementary Figure S5, showed no significant difference
between the experimental groups and the control groups (p >
0.05), indicating that SLM Co-Cr alloys and CNC-milled CP-Ti
had no autophagic effect on hepatocytes and renal cells.

liver

DISCUSSION

In recent years, with the rapid development of digital technology,
CAD/CAM technology has been widely used in the production
and processing of metallic dental restorations. Studies have
suggested that after metallic dental restorations are placed into
the mouth, they undergo chemical or electrochemical corrosion
and release of metal ions, which can enter the body and might
cause local and systemic adverse reactions for a long time
(Elshahawy et al, 2009; Mikulewicz et al., 2014). However,
almost all reports on the biocompatibilities of CAD/CAM
metallic materials involve in vitro studies. It is important to
conduct experimental research on animal models before
clinical application to humans. In this study, beagle dogs were
selected to establish animal models because they have an oral
environment similar to that of humans and are widely used in
dental research. In addition, studies have shown that beagle dogs
can represent human exposure and metabolism, and they are not
necessarily worse than primates in predicting human
hepatotoxicity (Foster, 2005).

In the present study, the total metal ion concentrations in the
oral mucosa of beagle dogs of both the SLM Co-Cr alloy group and
CNC-milled CP-Ti group peaked at 1 month after plate bonding,
indicating that metal ions would be released from different CAD/
CAM metallic materials and accumulate in surrounding tissues,
and the metal ion level in the oral mucosa could reach a maximum
at approximately 1month, which was similar to the results
published by Agaoglu and colleagues (Agaoglu et al,, 2001). The
reason for the decrease in metal jon concentration during the later
period may be that the Co-Cr alloys could switch into a passivated
state after electrochemical corrosion in the mouth. Passivation
refers to the phenomenon where, when the alloy materials are
electrolyzed in the medium, after the current density increases to a
certain value, the dissolution rate of metal jons will decrease
sharply after maintaining a high current density for a while;

Biocompatibilities of CAD/CAM Metallic Materials

that is, the overpotential of the metal materials increases,
making the materials appear to exist in a stable status but no
longer dissolve. It is also believed that the chromium and
molybdenum in the alloy could improve the corrosion
resistance of the alloy and form a continuous dense protective
oxide film on the surface of the alloy, which is not prone to
corrosion in corrosive media (Matkovi¢ et al., 2004). At the same
time, the Co-Cr alloy could form Cr-O and Cr-OH structures on
the surface of the film, preventing the precipitation of metal ions
(Huang, 2003). Similar mechanism can also be found in Ti,
specifically, titanium could passivate both in synthetic saliva and
in saliva with organics (Bilhan et al., 2007). Although titanium is
chemically more active, it easily forms a well-structured oxide film,
and its surface oxide film is firmly bonded to the base metal,
preventing further corrosion (Ionescu et al., 2019). The formation
of the thin and stable passivation oxide film stems from the high
affinity of titanium for oxygen (Rolando A. Gittens et al., 2014).
The oxide film formed on the titanium is usually composed of
TiO,, but it may also coexist with other titanium oxides such as
TiO and Ti,Os3, and the thickness of the formed oxide film is less
than 10 nm (Revathi et al., 2017). Studies have also shown that the
organic constituents of saliva, such as mucine, IgA, urea, and
lysozyme, could enhance the formation of a passive film layer on
the titanium surface, thus inhibiting corrosion (Bilhan et al., 2007).
Another possible reason for the decline in metal ion concentration
in the later stage is that oral mucosal cells could return to a normal
state after being stimulated (Natarajan et al., 2011). Moreover, the
total concentration of metal ions in the two experimental groups
increased slightly at the beginning of this study, which could be
attributed to the dynamic load of the device under in vivo
conditions (De Souza and De Menezes, 2008; Nayak et al., 2015).

Studies have also suggested that excessive accumulation of metal
ions leads to inflammation, apoptosis, and autophagy (Faccioni et al,,
2003; Pan et al,, 2017; Pan et al,, 2020). Therefore, this study explored
the effects of CAD/CAM metallic materials on the oral mucosa from
histopathologic as well as apoptotic and autophagic perspectives in
mucosal cells. The results showed that the responses of oral mucosa
tissues irritated by SLM Co-Cr alloys and CNC-milled CP-Ti
appeared generally minimal, while metaplasia could only be found
in the SLM Co-Cr alloy group at the 1 month time point, and cell
degeneration was more serious in the experimental groups at one and
2 months after plate bonding, implying that SLM Co-Cr alloys and
CNC-milled CP-Ti cause temporary damage to the oral mucosa. The
results of the TUNEL assay indicated that both SLM Co-Cr alloy and
CNC-milled CP-Ti could cause apoptosis and that SLM Co-Cr alloy
showed a more harmful impact, mirroring the similar results obtained
in our previous studies and those obtained by other researchers
(Wang et al,, 2010; Zhang et al., 2015; Pan et al, 2017). There are
two theories available regarding the possible reasons for the high
apoptotic rate triggered by SLM Co-Cr alloy. The first is that Co and
Cr could induce DNA damage (Baricevi¢ et al., 2012) and the second
refers to the reduction reactions in the alloy leach liquors (Haeri et al.,
2012). Moreover, this study showed that the TUNEL-positive levels
reached a peak at 1 month in both the SLM Co-Cr alloy and CNC-
milled CP-Ti groups, and then decreased subsequently, while only the
expression of cleaved Caspase-3 protein in the SLM Co-Cr alloy group
peaked at 1 month. Our previous research also found that dental
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alloys could induce a transient increase in cell apoptosis (Pan et al.,
2020). Furthermore, Pearson correlation analysis showed that
TUNEL-positive levels and the expression of cleaved Caspase-3
protein were both positively correlated with the total metal ion
concentration in the oral mucosa, indicating that the metal ions
released from the CAD/CAM metallic materials that accumulated in
the oral mucosa might induce apoptosis, which was similar to the
results of studies by (Faccioni et al, 2003). Specifically, Pearson
correlation analysis suggested that TUNEL-positive levels were
positively correlated with the levels of Cr, Ti, and Ni in the oral
mucosa, and the expression of cleaved Caspase-3 protein was
positively correlated with the levels of Co and Cr. Many studies
have confirmed that Co, Cr, Ni and Ti induce apoptosis; in particular,
Co and Cr ions induce apoptosis via mitochondrial or endoplasmic
pathways associated with Caspase-3, p52, Bcl-2, and bax, while Ni ions
induce apoptosis through mitochondrial, Fas, and endoplasmic
reticulum pathways, and Ti ions induce apoptosis through
mitochondrial pathways related to Caspases 3 and 9, Bd-2, Bax,
cytochrome ¢, and ROS (Li et al., 2010; Guo et al,, 2015, 2016).

In this study, the peak times of the total metal ion concentration in
the whole blood of the experimental groups appeared later than those
in the oral mucosa. There are two possible explanations. The first is
that the oral mucosa is in direct contact with the metal plate, and the
trace metal ions released from the materials could accumulate for the
first time, although only a part of these was then transferred to the
blood through the microcirculation system. The other explanation is
that the trace metal ions in saliva can enter the blood after being
absorbed in the epithelium of the gastrointestinal mucosa. Several
studies have shown that metal ions would be released from dental
alloys with saliva in the mouth over time (Agaoglu et al., 2001; De
Souza and De Menezes, 2008). In addition, the main difference
between whole blood and plasma is whether it contains blood
cells. It has been discovered that some metal ions, such as
chromium, can be selectively combined with red blood cells
(Devoy et al,, 2016), which presents a potential explanation for the
differences in the trends of trace metal ion concentrations between
whole blood and plasma.

The metal ions released from dental alloys may enter the body
through local oral tissue, blood circulation, and the digestive tract.
Rubio et al. implanted Co-Cr alloys and pure titanium into the
hind legs of rats for 12 months and found that the concentration of
metal ions in the liver and kidneys increased significantly,
suggesting that metal ions from the prostheses could
accumulate in the liver and kidneys (Rubio et al., 2008). Pan
et al. fixed cast Co-Cr alloys and CP-Ti in the cheek pouch of
golden hamsters and found that the trace metal ions released from
dental alloys temporarily accumulated in the blood, liver, and
kidney (Pan et al., 2020), which is different from the results of this
study. The possible reason could be that the metal materials in this
experiment were digitally molded, while Pan and colleagues used
traditional casted alloys. Studies have found that CAD/CAM
metallic materials have better corrosion resistance and less ion
precipitation than traditional casted materials (Xin et al., 2014; Wu
et al, 2016). Other reasons, such as animal species, breeding
environment, stimulation time, and other conditions, may also
lead to differences in results. This study found that the liver and
kidney functional indices of the SLM Co-Cr alloy group and the
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TABLE 5 | Differences in biocompatibilities between the SLM Co-Cr alloy and
CNC-milled CP-Ti.

Tissues Biological effects SLM Co-Cr alloy CNC-milled CP-Ti
Oral mucosa Irritation response
Apoptosis
Autophagy
Liver Apoptosis -
Autophagy -
Kidney Apoptosis -
Autophagy -

>’ means the left group was more severe than the right group.
‘~" means there was no significant difference between the groups.

CNC-milled CP-Ti group at various time points, as well as the
histopathology, apoptosis and autophagy levels of liver and kidney
cells in these two groups at 6 months, were not significantly
different from those of the control group, suggesting that these
two materials have favorable biocompatibility, which is similar to
the conclusion of studies by Pan and coworkers (Pan et al., 2020).

Hair, as a terminal tissue, can retain metal ions. The results of
this study showed that the concentration of total metal ions in the
hair of the SLM Co-Cr alloy group increased transiently, which is
consistent with the results of Jamshidi et al. (Jamshidi et al., 2018).
However, there was no significant increase in the metal ion
concentration in the hair of the beagle dogs during the period
of CNC-milled CP-Ti wearing, which might be attributed to hairs
being located on the body surface and being greatly affected by
the external environment. Furthermore, previous studies showed
that nickel ions released from dental alloys could be excreted
through the urine, which would also affect the final accumulation
of metal ions in the hair (Jensen et al., 2003; Menezes et al., 2007).

Based on the current findings, it is suggested that CAD/CAM
metallic materials can induce transient increases in trace metals in the
oral mucosa, blood, and hair. In addition, trace metals released from
these two materials also lead to temporary apoptosis and
histopathologic changes in the oral mucosa. Compared with CNC-
milled CP-Ti, SLM Co-Cr alloys not only led to metaplasia, but also
induced more severe cell degeneration and higher level of apoptosis in
the oral mucosa (Table 5). Therefore, this study suggests that CNC-
milled CP-Ti can be recommended to patients on account of its better
biocompatibility. Furthermore, CAD/CAM metallic materials should
be selected more carefully, especially in patients with metal- and
apoptosis-related diseases. It is recommended to choose other
biocompatible-friendly materials for patients suffering from
removable partial denture (RPD) treatments.

There are several limitations of this study that should be
acknowledged. First, groups with non-CAD/CAM metallic
materials was not established in this study. There exists a
possibility that these findings are also seen in the usual form
of metals and could not be exactly related to the manufacturing
method of CAD/CAM. However, previous researches, as well as
our studies all demonstrated that the CAD/CAM metallic
materials  possessed  better  chemical  stability = and
biocompatibility than the corresponding casted materials (Tuna
et al., 2015; Liu et al., 2020). Second, the dimensions of released
materials were not identified. It is possible that the different sizes

Frontiers in Materials | www.frontiersin.org

October 2021 | Volume 8 | Article 758873


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Lin et al.

of released trace metals may have different effects on
biocompatibility. Nonetheless, it has been widely suggested in
the literature that metallic dental prostheses, different than other
materials such as artificial joint prostheses, directly release metal
ions and act in the form of ions instead of wear particles, thanks to
their high wear resistance and low clinical wear properties
(Heintze et al., 2019; Noumbissi et al., 2019; Vaicelyte et al.,
2020). Undoubtedly, investigations with rigorous design and
decent sample sizes are warranted in the future.

CONCLUSION

CAD/CAM metallic materials can induce transient increases in
total metal ion concentrations in the oral mucosa, blood, and hair.
In addition, they might lead to temporary apoptosis and
histopathologic changes in the oral mucosa but do not affect
the autophagic effects, with the apoptotic level in the oral mucosa
being positively correlated with the concentration of Co, Cr, Ti,
and Ni ions. However, CAD/CAM metallic materials have no
effect on trace metals, functions, histopathology, or apoptotic and
autophagic effects in the liver and kidney. Compared with CNC-
milled CP-Ti, SLM Co-Cr alloys not only led to metaplasia, but
also induced more severe cell degeneration and higher level of
apoptosis in the oral mucosa. Therefore, CNC-milled CP-Ti
shows better biocompatibility and safety than SLM Co-Cr
alloy and can be recommended to patients, especially those
with metal- and apoptosis-related diseases.
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Supplementary Figure 1 | Liver (a) and kidney (b) function tests. There was no
significant difference in TP, AST, ALT, ALB, GLB, BUN, and CREA levels between
the experimental groups and the concurrent control group (p > 0.05).

Supplementary Figure 2 | Representative images and quantification of TUNEL
positivity in the liver and kidney affected by SLM Co-Cr alloys and CNC-milled CP-Ti.
Panels show (a) representative TUNEL+ labeling of double stranded DNA in the oral
mucosa with red staining (pointed by arrows), (b) quantification of TUNEL+ labeling
as performed. (Original magnification 400x) There was no significant difference in
TUNEL-positive levels in the liver and kidney between the experimental groups and
the control group (p > 0.05).

Supplementary Figure 3 | Representative images and quantification of p62 protein
expression in the oral mucosa affected by SLM Co-Cr alloys and CNC-milled CP-Ti.
Panels show (a) the expression of p62 protein with brown staining, (b) levels of p62
protein expression were evaluated by 10D using Image Pro Plus software. (Original
maghnification 400x) There was no significant difference in the protein expression of
p62 in the oral mucosa between the experimental groups and the control group (p
> 0.05).

Supplementary Figure 4 | Representative images and quantification of Beclin1
protein expression in the oral mucosa affected by SLM Co-Cr alloys and CNC-milled
CP-Ti. Panels show (a) the expression of Beclin1 protein with brown staining, (b)
levels of Beclin1 protein expression were evaluated by 10D using Image Pro Plus
software. (Original magnification 400x) There was no significant difference in the
protein expression of Beclin1 in the oral mucosa between the experimental groups
and the control group (p > 0.05).

Supplementary Figure 5 | Autophagic effects on the liver, and kidney of SLM Co-
Cr alloys and CNC-milled CP-Ti. Representative images (a) and quantitative analysis
(b) of p62 and Beclin1 expression in the liver and kidney determined by Western blot
analysis. There was no significant difference in the protein expression of p62 and
Beclin1 protein expression in the liver and kidney between the experimental groups
and the control group (p > 0.05).
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