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Abstract: CAM/CAD composites are widely used as dental restoration materials due
to their resistivity to wear. The purpose of this study was to determine the effect of
human gingival fibroblast cells on three different computer-aided design/computer-aided
manufacturing (CAD/CAM) hybrid materials with resin-based composites (RBC) and
to assess their stability following cell growth. The CAM/CAD dental materials were
investigated in different conditions as follows: (i) cells (human gingival fibroblasts, HFIB-
Gs) incubated over the material for each sample, denoted as A; (ii) reference, the raw
material, denoted as B; and (iii) materials incubated in DMEM medium, denoted as C. We
employed Vicker’s hardness test, EDS, SEM, and AFM measurements as well as Raman
spectroscopy to carefully characterize the surface modifications and the structural integrity
of the CAM/CAD materials before and after fibroblast cell culture. The analysis of the
surface in terms of morphology, roughness, structure, and plastic deformation presented
no significant difference after incubation in cells or in media, proving their extraordinary
stability and resilience to biofilm formation.

Keywords: CAD/CAM materials; Vicker’s hardness test; Raman spectroscopy; cell culture;
surface modifications; structural integrity

1. Introduction

In the last few years, new advances in computer-aided design/computer-aided
manufacturing (CAD/CAM) techniques have reached a dominant role in restorative
dentistry [1-3]. The boost was based on advances in adhesive techniques and the in-
troduction of new materials [4]. The CAD/CAM technique is offering great advantages,
including an improved standardization of the restoration manufacturing process and low
production costs [5,6]. CAD/CAM techniques allow restorations to be fabricated in a one
single visit to the dentist, maybe the most important achievement of the method [7]. The
focus of this study was composite resins specifically designed for CAD/CAM milling and
not for layered modeling, such as 3D printing. The materials that are used for CAD/CAM
restorations can be classified into ceramics and composites [8]. While ceramics are the
preferred material for indirect restorations in clinical practice [9], exhibiting a low fracture
toughness and high brittleness, the others have the big advantage of less enamel wear on
the antagonist tooth [10].
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The scientific and technological development of dental materials grows exponentially;
every year, new materials are introduced on the market with the aim of giving dentists
new clinical alternatives for the treatment of high-risk patients [11]. Thus, all new materials
are focused on the application of new technologies such as CAD/CAM systems [12,13].
Hybrid ceramics seek to combine the optical and mechanical properties of ceramics and
composite resins, two of the most used materials in restorative dentistry [14].

Fractures are common in CAD/CAM restorations, regardless of whether they are made
of ceramics or composites [15]. When faced with such failures, specialists have the choice
of replacing the failed restoration or opting for a complete repair. Total replacement is not
always the best option in many clinical situations because it can potentially harm healthy
tooth tissue and is more time-consuming. Repairing the failed restoration has the advantage
of minimizing time and reducing the risk of trauma to surrounding tissues [16-18].

Ceramics and glasses are often used as bone substitutes because of their chemical com-
patibility and /or similar mineral composition with bones. However, in clinical applications,
there are some difficulties related to the brittleness and low reliability of the mechanical
behavior of ceramics [19]. Therefore, it is meaningful to search for ceramics with good
mechanical properties that also possess bioactive properties. ZrO,-based materials have
excellent properties because of their toughness and resistance, better than other bio ceramic
materials. Along with their good biocompatibility, zirconia materials find many applica-
tions in bone surgery and dental applications. Eutectic ceramics are arousing considerable
interest due to their good mechanical behavior, but they should be enhanced by reducing
aging sensitivity and improving osteointegration performance [20]. Although they exhibit
excellent mechanical and optical properties as well as biocompatibility, ceramic materials
are fragile, rigid, and hard to repair. On the other hand, composites are easy to manipulate
and repair, more flexible, and less abrasive on the antagonist tooth, but their poor wear
resistance and difficulty in obtaining good polish put them at a disadvantage compared to
ceramics [14]. Conventional ceramics produce highly esthetic restorations; however, some
studies have identified a higher incidence of failure of these materials, possibly caused by
their rigidness and abrasive effect on the antagonist tooth [20].

The main advantages of resin materials are clear: color modulation and stability that
mimic natural enamel and high flexural resiliency that ensures adequate mechanical prop-
erties [21,22]. Furthermore, because they are commercialized as high-density suspensions,
they are versatile and can be used to fabricate all types of prosthetics, and they are better
suited to repair damaged intraoral composites and enhance patient comfort [23]. In real-life
situations, these properties are affected primarily by the specific material microstructure
and by the environmental conditions in the mouth. Because of the softer, low-hardness poly-
meric phase that creates a weak interphase bond, the CAM/CAM materials are subjected
to lower durability and structural failure, which is translated to a shorter life span [24].
This comes in contradiction with a recent study [25] surveying the longevity of CAM/CAD
materials used in implant manufacturing, which calculated a mean annual failure rate of
0.74%, for 12 years (for 5 years, the failure rate was 3.3%). Decementation and fracture
of the ceramic were the main failure types, and no failure of the composite was observed
within a 2.5-year period.

Another existing research gap refers to the multitude of commercial products that
exist on the market today, which require a detailed analysis and a comprehensive character-
ization in order to address the differences between existing commercial materials. To fill
this gap, we design a study that evaluates the stability in the incipient stage (the first 48 h)
of three classes of CAM/CAD materials used regularly in all dental offices. Thus, follow-
ing our previous studies [26,27], this paper evaluates the morphostructural changes that
affect the surface of three different, state-of-the-art CAD/CAM materials following human
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gingival epithelial cell culture. Two previous studies [28,29] showcased the influence of
CAM/CAD materials on the development, apoptosis, and terminal differentiation of the
fibroblasts, but they do not give any information on the state of the surface of the composite
materials. To the best of our knowledge, this is the first study that focuses entirely on
the characterization of the surface of the CAM/CAD materials following the first 48 h of
incubation of human gingival fibroblasts. The CAM/CAD materials we investigated are
representative of a particular class of fillers: glass—fiber-based (Trinia) composites, zirconia-
based composites (Coritec ZrO), and feldspar enriched with Al,O3 (Vita Enamic). We aim
to assess the stability of the selected materials in terms of morphology, roughness, structure,
and plastic deformation. Since most studies investigate the influence of microstructure on
the optical properties [30] or the attachment methods [31] or evaluate the degradation of the
materials in endogenous media (cariogenic biofilm, salivary enzymes, staining solutions,
and gastric acid) [32-34], we investigated (1) the structural integrity of the composite by
Raman spectroscopy and (2) the morphology and roughness of the interface following cell
culture through SEM/EDX and AFM following the incipient development stage. Vicker’s
hardness test was employed to assess the flexural strength of the materials before and after
cell culture.

2. Materials and Methods

For our study, three suitable materials were selected for CAD/CAM techniques that
have a dominant role into the restorative dentistry in Romania. The three materials be-
longed to one of the three classes of fillers: (i) glass fibers, (ii) ZrO; based, and (iii) feldspar
based. The aim of the investigation was to evaluate and to compare the selected materials
from the physicochemical and mechanical point of view and to assess the difference in
term of stability between classes following incubation of human gingival fibroblasts. The
complete characteristics of the materials involved in our study are presented in Table 1.

Table 1. Compositions of the experimental materials involved in this study (according to manufacturer
documentation); each sample is labeled by number.

Commercial Name

Sample No (Manufacturer) Composition

. Glass fiber: 55 wt% + epoxy
#1 Trinia (SHOFU, Kyoto, Japan) matrix resin: 45 wt%

Coritec ZrO (IMES-ICORE ~ 2X02 + Y205 + HfO; > 99 wite,
#2 . Al,O3 < 0.5 wt%, other oxides

GMBH—Eiterfeld, Germany) N
0.25 wt%

. R . UDMA, TEGDMA. Filler:

#3 Vita Enamic (Vita Zahnfabrik, Feldspar ceramic enriched with

Bad Sackingen, Germany), aluminum oxide, 86 wt%

Legend: UDMA: urethane dimethacrylate, TEGDMA: triethylene glycol dimethacrylate.

All samples from each material were cut from commercial blocks (they were attached
to a sample holder and sectioned into smaller pieces with a cutting machine) and shaped
as discus for easy handling, with diameter of d = 13 mm and thickness of h = 3 mm
(Asample = 3.87 cm?). The surface was roughly polished to a normal smooth surface with
silica carbide paper (no 400, no 600, and no 1200). Three samples were fabricated in this
way for each of the composites.

The above-mentioned dental materials were investigated in different conditions as
follows and labeled by letter: (i) A—-cells (human gingival fibroblasts, HFIB-Gs) incubated
over the material for each sample; (ii) B—reference, the rough material; (iii) C—materials
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incubated in DMEM (Dulbecco’s modified eagle’s medium, Gibco Invitrogen, Darmstadt,
Germany).

2.1. Cell Culture

Human gingival fibroblasts (HFIBs) were purchased from Innoprot (Derio, Spain). The
cells were supplied in vials with ~500.000 cryopreserved viable cells [35,36]. The HFIB cells
were seeded according to standardized protocols [37] for adherent cultures using DMEM
with 150 uL poly-L-lysine 1 mg/mL in 10 mL sterile water and incubated at 37 °C until a
confluency of 90% was obtained.

Cells grew onto CAD/CAM materials: The three CAM/CAD materials were coated
in collagen type I from rat tail (1 mg/mL supplied as sterile liquid in 0.001% acetic acid,
Collagen I-Cell Culture Surface Coating Kit from Innoprot, Derio, Spain), and the HFIBs
were allowed to grow for 48 h. Following proliferation of the cells, the three materials
were washed with saline solution and 70% ethanol solution and investigated to assess
their stability.

We chose HFIB-Gs over other components of the oral environment because they
promote connective tissue regeneration and are responsible for creating a strong, well-
connected biofilm on surfaces. Adult human gingival fibroblasts (HGFs), the most abundant
cells in the oral cavity, are essential for maintaining oral homeostasis. Also, compared
with other tissues, adult oral mucosal wounds heal completely without scarring. HGFs
have shown immense capabilities in the regeneration of both hard and soft dental and
periodontal tissues, which highlights their potential as a valuable tool in regenerative
dentistry. HGFs have been used as seed cells in a sandwich-tissue-engineered construct,
and due to the significant role of HGFs in osteogenesis and mineralization, periodontal
defects were completely repaired in dogs [38].

2.2. Raman Spectroscopy

Investigation was performed using a NRS-7200 microspectrometer (JASCO, Tokyo,
Japan) (A = 532 nm, output power p = 5.5 mW, and spectral resolution at least 4 cm '), in
the Raman shift range 300-3500 cm ™! for all investigated samples. The integration time
was 30 s with 20 accumulations. Raman signal was collected in backscattering geometry
perpendicular on the sample surface through a 10 x magnification objective LMPFLN 10x
(Olympus, Tokyo, Japan). The laser spot diameter on sample was about 20 microns in
diameter. Raman spectra were multipoint wavelength calibrated using a pure polypropy-
lene sample. Experimental data were recorded in the same geometrical conditions in three
different points in order to avoid local heating of the samples. Selected values for Raman
peaks intensities were obtained after normalization (to the unit, average values) applied
to raw data. Differences in peak intensities on raw spectra reflected the differences in
the quantities of the chemical components for investigated specimens. Sensitive quali-
tative/quantitative information may be obtained according to the Raman spectra shape
(including the fluorescence information) using raw data without smoothing [39,40].

2.3. Energy Dispersive X-Ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM)

The equipment employed in our study was a SEM microscope FEI Inspect S, equipped
with a secondary electron detector in low vacuum and a solid state BSE detector, plus
an auxiliary micro analytic EDS—Si(Li) radiation detector (EDAX Sapphire UTW, 130 eV
resolution). The EDS measurements provide accuracies in 0.1-1% range, being suitable for
measurements of major and minor components but not for trace analysis.
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2.4. Atomic Force Microscopy

AFM micrographs were collected with a XE100 AFM (Park Systems, Suwon, Republic
of Korea) in non-contact mode, using commercial probes OMCL-AC160TS (Olympus
Europa, Hamburg, Germany). Topography maps were recorded for each sample on at least
two different locations, on 40 um x 40 um areas. In the 3D-rendered topography images,
the horizontal and vertical scales have the same magnification. The color palette highlights
the local height as well as the slope of the surfaces. The RMS (Root Mean Square) roughness
was calculated for each scanned area.

2.5. Hardness Test

We employed Vicker’s test (Future-Tech Corp., Model FM-700 and Serial number
XMO0190, Kawasaki, Japan) since it is easier to use than other hardness tests. The advantage
of this method is that the required calculations are independent of the size of the indenter
and are specific to the materials investigated.

3. Results
3.1. Raman Spectra

The Raman spectra in the 300-3500 cm ! range for the three investigated materials in
the initial conditions are shown in Figure 1.
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The assignment of the most important Raman peaks is presented in Table 2. The
only overlap of the peaks for composites #1 and #2 is 639 cm ™! (#1)/643 cm~! (#2), which
corresponds to different compounds: SiO,, for the Trinia, respectively, and ZrO, for the
Coritec. For #3 and #2, the overlap is present at 1288 cm ! (#3)/1253 cm ™! (#2).

Table 2. The assignment of the Raman bands for the three investigated materials.

#1 (Trinia) #2 (Coritec) #3 (Vita) Assignment Ref.
316 cm ™! Tetragonal ZrO, (symmetry Byg) [41]

343 cm~! C-C aliphatic chain [42]

392 cm ! 383 cm ! 5i-O stretch in glass [42]
462 cm™! Tetragonal ZrO, (symmetry Eg) [41]

608 cm ! Cubic lattice of the ZrO, [43]

639 cm ™! 643 cm ™! Tetragonal ZrO, (symmetry Eg)—#2 [41]
668 cm ! C-H deformation (-CH=CH-) cis [44]
706 cm ™! Mono-substituted C-H deformation out-of-plane [44]

736 cm ! CH3 aliphatic/-CHj- rocking of organic polymer * [45]
810 em-1 C-H deformation ;g;;ﬁgﬂlane of the organic [44]
820 em-1 C-H deformation ;lg’i;cigjane of the organic [44]
914 cm ™! O-H deformation (aromatic carboxylic acids) [44]
967 cm ™! C-H deformation [44]

1010 cm ™! C-O-C stretch in alkyl-aryl ethers [44]
1113 cm ™! 1118 cm ™! Si-O-CHj stretch [44]
1186 cm ! P=0 stretch /P-O-C strech [44]
1253 cm ! P=0 stretch [44]

1288 cm™! Si-CHj3 deformation [44]

1349 cm™! 5=0 (anti-symmetrical) [44]

1401 cm ! 1401 cm ! Polynuclear aromatic polymers/C=0 stretch (sym.) [44]
1428 cm-1 C-O stretch combiped with Q—H d.eformation in [44]

aromatic carboxylic acids
1536 cm ! 1536 cm ! In-plane ring deformation [44]
1608 cm ! C=C aromatic [46]

* This band splits into two components in the solid state.

3.2. EDS (Energy-Dispersive X-Ray Spectroscopy)

The chemical composition of the three samples is presented in Figure 2 and
Tables 51-53 in Supplementary Files for major and minor elements. For the base ma-
terials (B), there is a close agreement with the manufacturers’ specifications.
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Figure 2. Energy-dispersive X-ray spectroscopy results for major and minor components for samples
#1 (a), #2 (b), and #3 (c) under all studied conditions: raw samples, cell medium affected, and cell
culture affected.

3.3. Scanning Electron Microscopy (SEM)

For this investigation, SEM was performed for all samples with magnification x5000
(Figure 3).

3.4. AFM

The results of the SEM are sustained by the AFM measurements. The AFM images
for the three CAM/CAD materials following the incubation of the HFIB-G are presented
in Figure 4 (all the images for the reference and medium incubation are shown in the
supplementary file, Figure S1). The AFM topography was performed on 2-3 randomly
chosen areas on each sample, and the images were obtained in tapping mode. The topog-
raphy of the samples exhibits a non-uniform surface. Sample #1A shows the glass fibers
embedded into the epoxy resin (Trinia). There are no modification on the surface of the
sample following the incubation of HFIB-Gs. The same results are obtained for the other
two samples, Coritec ZrO and Vita Enamel, which show insignificant surface modifications
following the biofilm growth.

The RMS roughness values were calculated from AFM topography images and are
presented in Figure 5b as Rq. The topography of the samples is not homogeneous; it varies
strongly from one point to another, even for the same sample. It is most likely inherent to
the typical processing steps involved in sample preparation.
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Figure 3. Sample #1 (a—c), #2 (d—f), and #3 (g-i), micrographs under different treatments:
(a,d,g) as produced; (b,e,h) DMEM incubated samples; (c,f,i) after HFIB cell culture. The mag-
nification is 5000 %, and the 10 um scale is presented in (i).

#3A

Figure 4. Random AFM images for the surface of #1A, #2A, #3A samples of CAM/CAD materials
following the incubation of the HFIB-Gs on their surface (40 x 40 pum).
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Figure 5. (a) Vicker’s microhardness results for the three samples; (b) Rq values for the samples
resulted from AFM measurements.

3.5. Microhardness

Measurements for Vickers” microhardness are relevant for the characterization of
polymer materials. The mechanical properties [47] are strongly correlated with micro-
hardness. Figure 5 and Table S5 (Supplementary Files) shows the results of three in-
dividual measurements per sample, the average value of the results, and the standard
deviation (SD).

4. Discussion

We analyzed the first material (#1), which is composed of 55% glass fiber and 45%
epoxy matrix; this half-organic, half-inorganic composition is revealed in the Raman
spectrum by two broad peaks: one below 600 cm~! corresponding to the inorganic phase

and one ~ 1500 cm™!

corresponding to the organic phase. The second material (#2) is
composed mainly of yttria tetragonal zirconia polycrystals, showing a Raman-active zone
below 1000 cm~!. The third compound (#3) has a Raman behavior similar to the first
composite, with two Raman-active regions below 600 em~ ! and ~1500 ecm L.

Following cell culture on the surface of the composites and incubation in DMEM
medium, the Raman spectra showed little structural modifications compared with the
initial, rough material. As can be seen from the overlay of the Raman spectra for each
material (Figure 1b—d), the ceramics are extremely stable, the variations in peak intensity
from one reference to another being negligible. The Raman spectra also revealed that
Coritec has a mixture of tetragonal (>80%) and cubic ZrO; (<20%), which corresponds to
what other authors described.

The analysis of Raman spectra indicated a high portion of organic matter correspond-
ing to the epoxy resin matrix for samples #1 and #3, which is consistent with the finds
in our previous works [39,40]. Raman spectroscopy comes as a complementary method
to FTIR for the characterization of dental ceramics [48] and bioglass [49]. The Raman
spectrum for the initial materials is overlaid in Figure 1a and can be corroborated with the
composition of each material. The main finding is that all the investigated composites are
Raman active below 2400 cm~!. An important observation is the fact that sample #2 shows
few organic bonds, and the Raman spectra reveals the high inorganic character expressed
by the producer in the product sheet. The surface modifications of the samples were further
investigated by EDS means, which sustained the Raman results. For the samples incubated
in DMEM, there were minimal changes detected. Thus, for sample #1 (Trinia, a mixture



Polymers 2025, 17, 221

10 of 15

of glass fiber + epoxy resin), the elements of C and N corresponding to the epoxy resin
recorded a decrease in the wt%, while O and Na showed an increase. This behavior could
be due to a good adhesion of the DMEM medium on the surface of the materials once
chemical elements such as N (from L-Glutamine) and Na (from sodium pyruvate and
sodium bicarbonate) are identified.

Regarding the organic part for samples #1 and #3, the list of chemical elements is richer
than manufacturer specification. For sample #2, some traces of organic matter (maybe
impurities) are noticed. Other elements such as Al, Zr, Cl, Ca, K, Fe, and Ni presented an
increase in the wt% following DMEM incubation, which is possibly due to contamination.
The same trend is observed for sample #3 (Vita, feldspar ceramic with epoxy resin), with
elements such as K, Na, and Cl showing up as traces possibly from the cleaning solution
(saline solution was used for cleaning the materials before measurements).

In comparison, the EDS for the materials incubated in HFIB-Gs show an interesting
behavior: for sample #2, Zr and Y show an increase (measured as wt%) than the standard
material. At the same time, N and O show an abrupt decrease (nitrogen is reduced to
0). This unusual behavior could be explained by the degradation of the surface of the
material due to cell development. The cells adhere to the surface of the material and begin
biodegradation of the material. This, in turn, is revealed in the EDS as an increase in the
wt% of the elements that compose the material (Zr and Y increase, while O decreases
which indicates that the ZrO, and Y,0Oj3 are broken-down, with O, being consumed by
the cells) [50,51]. For the increase of C, possible explanations could be either incomplete
washing of the materials or the destruction of polymeric chains following degradation of
the material by cells. For sample #1, an increase in the majority of elements is observed: the
most evident is the three times increase of C (probably from the organic material that was
incompletely washed). Other increases occur for N, O, Zn, Al, Si, Cl, Ca, and Na, with P,
Fe, and Ni in trace amounts (a possible contamination). Sample #3 is the most stable one
from the three, with an almost unmodified composition across the incubation materials
(HFIB-Gs and DMEM). For this sample, only the levels of O show a slight decrease, while
the Cl, Y, and Na show a small increase. Since Y is not present in the original (standard)
sample, this can only be present due to a contamination, while Na and ClI are remnants
from the washing process.

Further analysis of the surfaces of the materials were performed by SEM and AFM
means. Our previous studies [52,53] on dental restoration materials have shown that SEM
microscopy is a powerful tool to reveal the minuscule changes in the morphology of the
surface. The results show that for sample #1, after the incubation of the HFIB-Gs and after
the washing of the cells, the organic material is not optically visible, and it is not adherent to
the polymer. The lamellar structure of the fiber glass is only in small proportion covered by
organic matter that is responsible for the increases in C and O shown in the EDS spectrum.
For the DMEM, sample #2 shows little adhesion to the surface or corrosion (Figure 3e).

For sample #2, the organic material is less adherent to the beaded zirconia crystal
structure, and the organic contamination is less evident. However, the surface of the
inorganic material after the HFIB-G incubation shows a corroded area, with valleys and
hills, which indicate that the cells will “eat away” the components needed for development
and will ignore the ones they do not need. This is in full accordance with the results of the
EDS measurements. For the DMEM incubation, we do not observe any corrosion of the
sample. Comparing the surfaces of sample #1 and sample #2, we observe that sample #1
promotes the formation of films (Figure 3b), which are difficult to wash away, while in the
case of sample #2, this biofilm does not form (Figure 3e).

For sample #3, the organic material resulting from the HFIB-G incubation is even less
adherent to the resin, with no evidence in SEM images and with small increases shown by
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EDS measurements. The clear polymer resin structure shown in Figure 3h,i is conserved
after both HFIB-G and DMEM incubation states. The SEM images corroborate the EDS
measurements that sample #3 best conserves the original surface morphology in oral media.
AFM measurements could not indicate any substantial modification of the surface due to a
high intrinsic roughness of the surface of the samples. This is due to the short incubation
period for the gingival cells selected for this study since three studies on different brushing
and grinding mechanisms to evaluate the biofilm formation and material stability showed
that the brushing affects the gloss and surface roughness values [32,47,54]. However,
biofilm formation is connected to the type of material of the sample: resin-based materials
have lower adhesion of the biofilm, while ceramic- or resin-based materials have higher
biofilm adhesion. The possible influences of the studied exposures to cells or the medium
might be “hidden” by this high roughness topography (typical RMS roughness values of
hundreds of nm, up to more than 1 um).

Since Vicker’s test was the only available tool, we could not perform the flexural
strength of the sample after cell culture. Focusing on sample #1, the values for microhard-
ness are similar for the sample that underwent cell incubation compared to the standard
(B) and DMEM samples (C). By corroborating these results with the SEM, AFM, and EDS
results, one can conclude that the film formation on the surface of the sample does not
influence the strength of the material. The roughness of the samples are varying slightly
following cell culture (Figure 5b).

For sample #2, both HFIB-G cell culture and DMEM incubation induce an increase in
Vickers” microhardness compared to the standard sample. This increase is explained by the
fact that the deposition of organic material (without forming a biofilm, as shown by the
SEM and EDS measurements) induces the formation of adhesions between the organic and
inorganic matter, thus strengthening the structure of the composite.

For sample #3, the values for the microhardness are similar in all investigated condi-
tions, this material being the most stable. This material does not promote cell proliferation
or biofilm formation. Compared with PMMA (polymethylmethacrylate) and PLA (polylac-
tic acid), which are susceptible to biodegradation via increased moisture absorption [55],
the polymers contained by sample #3 (urethane dimethacrylate and triethylene glycol
dimethacrylate) form a compact structure with small pores, where moisture cannot diffuse.
Studies investigating the influence of water uptake on the resistance of dental cements
and mechanical resistance of dental epoxy resins have shown that the dental materials are
exhibiting dimensional changes exceeding the calculated values [56]. This is due to the
hybrid nature (organic—inorganic) of the dental materials: although the inorganic part has a
higher elasticity module, the organic part is less rigid and tends to concentrate the stress in
a particular point (the one with the least resistance) [57-59]. However, in our case, elasticity
is not of particular interest since the scope of the paper is to investigate the stability of our
samples in HFIB-G culture and DMEM incubation.

The results are consistent with the few reports [28,29] that indirectly deal with the
stability of the CAM/CAD materials incubated in human gingival fibroblasts. The materials
show a high physico-chemical stability under cell growth, and although organic matter
adhesion (cells or medium) is sometimes seen, it does not influence the stability and
resilience of the composite. Sample #3 (Vita Enamic) is particularly stable, our results being
validated by Jennes et al. [28]. Our results show that UDMA is not corroded by gingival
cells, although Yu et al. [60] concluded that this polymer is corroded by S. mutans following
a 14-day culture. Alamoush et al. [29] showed that #3 has the lowest cytotoxicity and the
least cell proliferation for HGIF-Gs.

Strengths: To the best of our knowledge, HGIF-Gs were not tested with #2 (Coritec
ZrO) or #1 (Trinia), our results coming forward to fill this gap. This is particularly true for
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Raman spectroscopy for these materials, for which the attribution of bands was difficult to
perform. Difficulties were also encountered at AFM measurements, where the measured
roughness value in the 200-1000 nm range demonstrates that differences between them
could not influence the results because the highly non-homogeneous topography of the
sample could obscure the small differences due to organic/bio adhesion.

Limitations: However, there are limitations to our study, such as the low number
of samples (only three CAM/CAD materials) and the non-variation in external factors
(shock temperature, high acidity media, and the presence of enzymes that mimic the oral
environment were not considered). Another limitation is the use of DMEM as a control
medium. Since the short incubation period (48 h) was selected to research the impact of
the first (incipient) stage of development of gingival cells on the surface of CAM/CAD
materials, it does not reflect the long-term behavior of these materials under clinical
conditions. Our samples were prepared by simply casting them in a cylindrical shaped
plastic well. Their roughness is given by the roughness of the plastic and should not differ
much for a given material. However, their casting roughness will differ from one material
to another due to the differences in viscosity. A subsequent study is underway to assess the
stability of the CAD/CAM materials following aggressive treatment in synthetic saliva to
provide more clinically relevant insights into material stability. An important outline is that
the evaluation of the cell influence should be extended to include the restoration’s margin
since different materials have different margin adaptation. A recent paper [61] found that
zirconia has the lowest marginal gap value (determined by scanning electron microscopy),
followed by composite materials and, finally, by lithium disilicate. This affect biofilm
formation as well as cell adaptation (e.g., the smaller the gap, the better the adaptation).
A follow-up study will include margin adaptation as well as extension of the incubation
period to 30 days/ 6 months.

5. Conclusions

The results of the various testing of the samples following cell culture and DMEM
incubation show that materials are extremely stable and show little surface or structural
modifications. This is supported by Raman spectroscopy, which revealed no structural
modifications after the culture, and the SEM, AFM, and microhardness measurements,
which indicated that the surface of the samples following biocorrosion is stable and not
subjected to any visible modifications in terms of topography. The EDS results show that
organic matter and biocorrosion do appear on the surface of the CAM/CAD materials and
variate the elemental analysis (particularly for sample #2). The morphology and structure of
the studied composites are stable under the investigated conditions. For those preliminary
conditions, the investigated CAM/CAD materials are valid dental restoration products.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym17020221/s1, Figure S1: AFM images for all samples;
Table S1: EDS results for sample #1 for major and minor elements by weight% as an average over
3 measurements; Table S2: EDS results for sample #2 for major and minor elements by weight% as an
average over 3 measurements; Table S3: EDS results for sample #1 for major and minor elements by
weight% as an average over 3 measurements; Table S4: Full microhardness testing of the samples;
Table S5: Rq values; Table S6: Ra values.

Author Contributions: Conceptualization, E.G. and C.L.; methodology, E.G. and C.L.; software, S.I;
validation, A.T; formal analysis, E.G., S.I, AM.L, C.L. and A.M,; investigation, E.G., S.I., AM.L, C.L.
and A.M.; resources, A.T. and C.L.; writing—original draft preparation, E.G.; writing—review and
editing, S.I,, A M.I,, AM. and C.L.; visualization, A.T.; supervision, E.G. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/polym17020221/s1
https://www.mdpi.com/article/10.3390/polym17020221/s1

Polymers 2025, 17, 221 13 of 15

Funding: The APC was supported by UMF Carol Davila through the “Publish not perish” program.

Institutional Review Board Statement: Ethical review and approval were not applicable for this
study due to the fact that we use a commercial cell line (Innoprot [36]).

Data Availability Statement: Raw data can be made available freely upon request by the correspond-
ing authors.

Acknowledgments: C. Luculescu was supported by the Core Program LAPLAS VII—contract no.
30N /2023, funded by the Romanian Ministry of Research, Innovation, and Digitization. S.M. Iordache
and A.M. Iordache were supported by the CORE Program, carried out with the support of MCID,
project no. PN 23 05. We acknowledge the support of the National Interest Infrastructure facility
IOSIN—CETAL at INFLPR (for Raman measurements).

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

References

1.  Hanno, K.; Abdul-Monem, M. Effect of denture cleansers on the physical and mechanical properties of CAD-CAM milled and 3D
printed denture base materials: An in vitro study. J. Prosthet. Dent. 2023, 130, 798.e1-798.e8. [CrossRef]

2. Pereira, A.C.; Troconis, C.C.M.; Curinga, M.S.; Curinga, M.S.E.; Barao, V.; da Fonte Porto Carreiro, A. Bond strength between
denture lining material and CAD-CAM denture base resin: A systematic review and meta-analysis. J. Prosthet. Dent. 2023, in press.
[CrossRef] [PubMed]

3. Wu, Z.; Wei, D; Tian, J.; Zhang, Y.; Lin, Y.; Di, P. Quantitative analysis of the color in six CAD-CAM dental materials of varied
thickness and surface roughness: An in vitro study. J. Prosthet. Dent. 2024, 131, 292.e1-292.e9. [CrossRef] [PubMed]

4. Abuhammoud, S.; Emtier, B.; Fu, C.C.; Rojas-Rueda, S.; Jurado, C.; Afrashtehfar, K. Fracture resistance of CAD/CAM milled
versus direct hand-made interim laminate veneers. Saudi Dent. |. 2024, 36, 920-925. [CrossRef]

5. Sahin, M.; Unalan, E.; Mutluy, I. Corrosion, ion release, and surface hardness of Ti-6Al-4V and cobalt-chromium alloys produced
by CAD-CAM milling and laser sintering. J. Prosthet. Dent. 2022, 128, 529.e1-529.e10. [CrossRef] [PubMed]

6.  Schwirzler, A.; Ludwig, B.; Chitan, P; Lettner, S.; Sagl, B.; Jonke, E. Transfer accuracy of 3D printed versus CAD/CAM milled
surgical guides for temporary orthodontic implants: A preclinical micro CT study. J. Dent. 2024, 146, 105060. [CrossRef] [PubMed]

7. Ausiello, P; Di Lauro, A.E,; Tribst, ]..M.; Watts, D. Stress distribution in resin-based CAD-CAM implant-supported crowns. Dent.
Mater. 2023, 39, 114-122. [CrossRef]

8. Ling, L.; Lai, T.; Malyala, R. Fracture toughness and brittleness of novel CAD/CAM resin composite block. Dent. Mater. 2022, 38,
€308-e317. [CrossRef] [PubMed]

9.  Almejrad, L.; Almansour, A.; Bartlett, D.; Austin, R. CAD/CAM leucite-reinforced glass-ceramic for simulation of attrition in
human enamel in vitro. Dent. Mater. 2024, 40, 173-178. [CrossRef]

10. Oudkerk, J.; Herman, R.; Eldafrawy, M.; Wulfman, C.; Ernst, M.; Vanheusden, A.; Mainjot, A. Intraoral wear of PICN CAD-CAM
composite restorations used in severe tooth wear treatment: 5-year results of a prospective clinical study using 3D profilometry.
Dent. Mater. 2024, 40, 1056-1063. [CrossRef] [PubMed]

11. Ionescu, A.; Brambilla, E.; Pires, P.; Lépez-Castellano, A.; Alambiaga-Caravaca, A.; Lenardi, C.; Sauro, S. Physical-chemical
and microbiological performances of graphene-doped PMMA for CAD/CAM applications before and after accelerated aging
protocols. Dent. Mater. 2022, 38, 1470-1481. [CrossRef]

12. Elraggal, A.; Abdelraheem, I.; Watts, D.; Roy, S.; Dommeti, V.; Alshabib, A.; Althaqafi, K.; Afifi, R. Biomechanical reinforcement
by CAD-CAM materials affects stress distributions of posterior composite bridges: 3D finite element analysis. Dent. Mater. 2024,
40, 869-877. [CrossRef] [PubMed]

13.  Abdelfattah, M.Y.; Al Humayyani, N.; Alwthinani, EK.; Alzahrani, A.H.; Alotaibi, A.O.; Yousef, M.; Ahmed, A.S; Ali, A. In vitro
evaluation of the mechanical and optical properties of 3D printed vs CAD/CAM milled denture teeth materials. Saudi Dent. ].
2024, 61. [CrossRef] [PubMed]

14. Jorquera, G.; Mahn, E.; Sanchez, J.; Berrera, S.; Prado, M.; Bernasconi, V. Hybrid Ceramics in Dentistry: A Literature Review. |.
Clin. Res. Dent. 2018, 1, 1-5. [CrossRef]

15. Kwon, Y,; Kim, J.; Lee, H.; Scherrer, S.; Lee, H. Strength-limiting damage and defects of dental CAD/CAM full-contour zirconia
ceramics. Dent. Mater. 2024, 40, 653—-663. [CrossRef] [PubMed]

16. Soares, PM.; de Oliveira Dal Piva, A.; Pereira, G.K.R.; Valandro, L.; Rippe, M.P; Feilzer, A.; Kleverlaan, C.; Tribst, ].M. Effect of
brushing simulation on the wear behavior of repaired CAD-CAM restorations. Int. Dent. |. 2024, 74, 999-1005. [CrossRef]

17.  Didangelou, P.; Dionysopoulos, D.; Papadopoulos, C.; Strakas, D.; Mourouzis, P; Tolidis, K. Evaluation of repair bond strength of

a dental CAD/CAM resin composite after surface treatment with two Er, Cr: YSGG laser protocols following artificial aging. J.
Mech. Behav. Biomed. Mater. 2023, 146, 106101. [CrossRef]


https://doi.org/10.1016/j.prosdent.2023.08.009
https://doi.org/10.1016/j.prosdent.2023.09.001
https://www.ncbi.nlm.nih.gov/pubmed/37845114
https://doi.org/10.1016/j.prosdent.2023.10.030
https://www.ncbi.nlm.nih.gov/pubmed/37978004
https://doi.org/10.1016/j.sdentj.2024.04.002
https://doi.org/10.1016/j.prosdent.2022.06.011
https://www.ncbi.nlm.nih.gov/pubmed/35934573
https://doi.org/10.1016/j.jdent.2024.105060
https://www.ncbi.nlm.nih.gov/pubmed/38735471
https://doi.org/10.1016/j.dental.2022.12.001
https://doi.org/10.1016/j.dental.2022.11.012
https://www.ncbi.nlm.nih.gov/pubmed/36435637
https://doi.org/10.1016/j.dental.2023.11.004
https://doi.org/10.1016/j.dental.2024.05.015
https://www.ncbi.nlm.nih.gov/pubmed/38762399
https://doi.org/10.1016/j.dental.2022.06.032
https://doi.org/10.1016/j.dental.2024.04.001
https://www.ncbi.nlm.nih.gov/pubmed/38609774
https://doi.org/10.1016/j.sdentj.2024.07.004
https://www.ncbi.nlm.nih.gov/pubmed/39286581
https://doi.org/10.33309/2639-8281.010204
https://doi.org/10.1016/j.dental.2024.02.003
https://www.ncbi.nlm.nih.gov/pubmed/38378372
https://doi.org/10.1016/j.identj.2024.02.012
https://doi.org/10.1016/j.jmbbm.2023.106101

Polymers 2025, 17, 221 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yigit, E.; Erdogan, H.G.; Eytiboglu, T.; Ozcan, M. Effect of Various Beverages on Adhesion of Repaired CAD/CAM Restorative
Materials. J. Funct. Biomater. 2023, 14, 380. [CrossRef] [PubMed]

Ottoni, R.; Marocho, S.S.; Griggs, J.; Borba, M. CAD/CAM versus 3D-printing / pressed lithium disilicate monolithic crowns:
Adaptation and fatigue behavior. J. Dent. 2022, 123, 104181. [CrossRef]

Sola, D.; Chueca, E.; Wang, S.; Pefia, J. Surface Activation of Calcium Zirconate-Calcium Stabilized Zirconia Eutectic Ceramics
with Bioactive Wollastonite-Tricalcium Phosphate Coatings. J. Funct. Biomater. 2023, 14, 510. [CrossRef]

Rodriguez-Rojas, F.; Sdnchez-Gonzélez, E.; Borrero-Lépez, O.; Hoffman, M. In-vitro study of the sliding-wear of CAD/CAM
dental composite materials. Tribol. Int. 2024, 202, 110314. [CrossRef]

Mascaro, B.A.; Tejada-Casado, M.; Fonseca, R.G.; Reis, ] M.D.S.N.; Pérez, M.M. Exploring the optical behavior and relative
translucency parameter of CAD-CAM resin-based composites, polymer-infiltrated ceramic network, and feldspar porcelain. Dent.
Mater. 2024, 40, 1954-1961. [CrossRef]

Redwan, H.; Fan, Y.; Giordano, R. Effect of machining damage on the surface roughness and flexural strength of CAD-CAM
materials. . Prosthet. Dent. 2024, in press. [CrossRef] [PubMed]

Senol, A.A.; Genger, B.K,; Kaya, B.D.; Kahramanoglu, E.; Atali, P.Y.; Tarqin, B. Evaluation of the shear bond strength between
CAD/CAM blocks and sonic/thermoviscous bulk-fill composites with different surface treatments. Int. J. Adhes. Adhes. 2024, 134,
103805. [CrossRef]

Wierichs, R.J.; Kramer, E.J.; Reiss, B.; Roccuzzo, A.; Raabe, C.; Yilmaz, B.; Abou-Ayash, S. Longevity and risk factors of CAD-CAM
manufactured implant-supported all-ceramic crowns—A prospective, multi-center, practice-based cohort study. Dent. Mater.
2024, 40, 1962-1969. [CrossRef] [PubMed]

Gatin, E.; Ciucu, C.; Ciobanu, G.; Berlic, C. Investigation and comparative survey of some dental restorative materials. Optoelectron.
Adv. Mater. Rapid Commun. 2008, 2, 284-290.

Gatin, E.; Jordache, S.-M.; Matei, E.; Luculescu, C.-R.; Iordache, A.-M.; Grigorescu, C.; Ilici, R. Raman Spectroscopy as Spectral
Tool for Assessing the Degree of Conversion after Curing of Two Resin-Based Materials Used in Restorative Dentistry. Diagnostics
2022, 12, 1993. [CrossRef]

Jennes, M.-E.; Tomakidi, P.; Husari, A.; Hellwig, E.; Polydorou, O.; Schulz, S.D. Response of human gingival keratinocytes to
hybrid CAD/CAM material eluates. Dent. Mater. 2022, 38, 1532-1546. [CrossRef]

Alamoush, R.A.; Kushnerev, E.; Yates, ].M.; Satterthwaite, ].D.; Silikas, N. Response of two gingival cell lines to CAD/CAM
composite blocks. Dent. Mater. 2020, 36, 1214-1225. [CrossRef]

Pecho, O.E.; Alvarez-Lloret, P.; Ionescu, A.M.; Cardona, J.C.; Ghinea, R.; Sdnchez-Sanchez, P.; Perez, M.M.; Della Bona, A.
Influence of microstructure on optical properties of CAD-CAM lithium disilicate glass-ceramics. Dent. Mater. 2024, 40, 1927-1936.
[CrossRef]

Muehlemann, E.; Chantler, ].G.M.; Smajovic, M.; Strauss, FJ. A custom CAD-CAM resilient attachment: A dental technique. J.
Prosthet. Dent. 2024, in press. [CrossRef]

Picolo, M.Z.D.; Kury, M.; Romario-Silva, D.; Rosalen, P.L.; Pecorari, V.G.A.; Gianinni, M.; Cavalli, V. Effects of gastric acid and
mechanical toothbrushing in CAD-CAM restorative materials: Mechanical properties, surface topography, and biofilm adhesion.
J. Mech. Behav. Biomed. Mater. 2023, 138, 105606. [CrossRef] [PubMed]

Gil-Pozo, A.; Astudillo-Rubio, D.; Cascales, A.; Inchingolo, F; Hirata, R.; Sauro, S.; Delgado-Gaete, A. Effect of gastric acids on
the mechanical properties of conventional and CAD/CAM resin composites—An in-vitro study. |. Mech. Behav. Biomed. Mater.
2024, 155, 106565. [CrossRef]

Ellakany, P; Aly, N.; Alameer, S.; Alshehri, T.; Fouda, S. Assessment of color stability and translucency of various CAD/CAM
ceramics of different compositions and Thicknesses: An in vitro study. Saudi Dent. |. 2024, 36, 1019-1024. [CrossRef] [PubMed]
Innoprot. Cell-Based Assay Kits Collagen I-Cell Culture Surface Coating Kit. Available online: https://innoprot.com/product/
collagen-i-cell-culture-surface-coating-kit/ (accessed on 23 July 2024).

Innoprot. Human Gingival Epithelial Cells. Available online: https:/ /innoprot.com/product/human-gingival-epithelial-cells/
(accessed on 23 July 2024).

Vermehren, M.; Wiesmann, N.; Deschner, J.; Brieger, J.; Al-Nawas, B.; Kimmerer, P. Comparative analysis of the impact of
e-cigarette vapor and cigarette smoke on human gingival fibroblasts. Toxicol. Vitr. 2020, 69, 105005. [CrossRef] [PubMed]
Osman, M.A ; Kushnerev, E.; Alamoush, R.A.; Seymour, K.G.; Yates, ].M. Two Gingival Cell Lines Response to Different Dental
Implant Abutment Materials: An In Vitro Study. Dent. |. 2022, 10, 192. [CrossRef]

Gatin, E.; Nagy, P; Paun, I.; Dubok, O.; Bucur, V.; Windisch, P. Raman Spectroscopy: Application in Periodontal and Oral
Regenerative Surgery for Bone Evaluation. IRBM 2019, 40, 279-285. [CrossRef]

Gatin, E.; Nagy, P; Iordache, S.; Iordache, A.; Luculescu, C. Raman Spectroscopy: In Vivo Application for Bone Evaluation in Oral
Reconstructive (Regenerative) Surgery. Diagnostics 2022, 12, 723. [CrossRef] [PubMed]


https://doi.org/10.3390/jfb14070380
https://www.ncbi.nlm.nih.gov/pubmed/37504875
https://doi.org/10.1016/j.jdent.2022.104181
https://doi.org/10.3390/jfb14100510
https://doi.org/10.1016/j.triboint.2024.110314
https://doi.org/10.1016/j.dental.2024.09.007
https://doi.org/10.1016/j.prosdent.2024.07.045
https://www.ncbi.nlm.nih.gov/pubmed/39256107
https://doi.org/10.1016/j.ijadhadh.2024.103805
https://doi.org/10.1016/j.dental.2024.09.008
https://www.ncbi.nlm.nih.gov/pubmed/39322444
https://doi.org/10.3390/diagnostics12081993
https://doi.org/10.1016/j.dental.2022.07.006
https://doi.org/10.1016/j.dental.2020.05.014
https://doi.org/10.1016/j.dental.2024.09.004
https://doi.org/10.1016/j.prosdent.2024.07.047
https://doi.org/10.1016/j.jmbbm.2022.105606
https://www.ncbi.nlm.nih.gov/pubmed/36525873
https://doi.org/10.1016/j.jmbbm.2024.106565
https://doi.org/10.1016/j.sdentj.2024.05.001
https://www.ncbi.nlm.nih.gov/pubmed/39035562
https://innoprot.com/product/collagen-i-cell-culture-surface-coating-kit/
https://innoprot.com/product/collagen-i-cell-culture-surface-coating-kit/
https://innoprot.com/product/human-gingival-epithelial-cells/
https://doi.org/10.1016/j.tiv.2020.105005
https://www.ncbi.nlm.nih.gov/pubmed/32956835
https://doi.org/10.3390/dj10100192
https://doi.org/10.1016/j.irbm.2019.05.002
https://doi.org/10.3390/diagnostics12030723
https://www.ncbi.nlm.nih.gov/pubmed/35328277

Polymers 2025, 17, 221 15 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Aragonez, G.; Dalla-Nora, F.; Soares, PM.; Pereira, G.R.; Valandro, L.; Santos, S.D.; Rippe, M.P. Load-bearing capacity under
fatigue of bonded-yttria tetragonal zirconia polycrystals and -yttria-stabilized zirconia: Effects of the viscosity of a dual-cured
resin cement. J. Mech. Behav. Biomed. Mater. 2023, 148, 106233. [CrossRef]

University of California. RAMAN Band Correlation Table. Available online: https://www.chem.uci.edu/~dmitryf/manuals/
Raman%20correlations.pdf (accessed on 30 July 2024).

Durand, J.; Jacquot, B.; Salehi, H.; Fages, M.; Margerit, J.; Cuisinier, F. Confocal Raman microscopic analysis of the zirco-
nia/feldspathic ceramic interface. Dent. Mater. 2012, 28, 661-671. [CrossRef]

Lin-Vien, D.; Colthup, N.; Fateley, W.; Grasselli, ]. The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules;
Academic Press: USA, 1991.

Saravia-Rojas, M.; Huanambal-Tiravanti, V.; Geng-Vivanco, R.; de Carvalho Panzeri Pires-de-Souza, F.; Balarezo-Razzeto, J.
Different surface treatments on recently introduced CAD-CAM resin-modified ceramics: Implications on bond strength. .
Prosthet. Dent. 2024, in press. [CrossRef]

Liihrs, A.; Pongprueksa, P.; De Munck, J.; Geurtsen, W.; Van Meerbeek, B. Curing mode affects bond strength of adhesively luted
composite CAD/CAM restorations to dentin. Dent. Mater. 2014, 30, 281-291. [CrossRef]

Aragonez, G.; Pilecco, R.; Dapieve, K.; Burgo, T.; Guilardi, L.; Prochnow, C.; Valandro, L.; Rippe, M. Simulation of CAD/CAM
milling on lithium disilicate: Mechanical and topographic analyses of surface grinding different protocols. J. Mech. Behav. Biomed.
Mater. 2022, 132, 105278. [CrossRef] [PubMed]

Papadopoulou, L.; Kontonasaki, E.; Zorba, T.; Chatzistavrou, X.; Pavlidou, E.; Paraskevopoulos, K.; Sklavounos, S.; Koidis, P.
Dental ceramics coated with bioactive glass: Surface changes after exposure in a simulated body fluid under static and dynamic
conditions. Phys. Status Solidi (a) 2003, 198, 65-75. [CrossRef]

Kontonasaki, E.; Zorba, T.; Papadopoulou, L.; Pavlidou, E.; Chatzistavrou, X.; Paraskevopoulos, K.; Koidis, P. Hydroxy Carbonate
Apatite Formation on Particulate Bioglass In Vitro as a Function of Time. Cryst. Res. Technol. 2002, 37, 1165-1171. [CrossRef]
Colombo, G.; Dalle-Donne, I.; Orioli, M.; Giustarini, D.; Rossi, R.; Clerici, M.; Regazzoni, L.; Aldini, G.; Milzani, A.; Butterfield,
D.A,; et al. Oxidative damage in human gingival fibroblasts exposed to cigarette smoke. Free Radic. Biol. Med. 2012, 52, 1584-1596.
[CrossRef] [PubMed]

Adil, N.; Ali, H,; Siddiqui, A.; Ali, A.; Ahmed, A.; El-Seedi, H.; Musharraf, S. Evaluation of cytotoxicity of areca nut and its
commercial products on normal human gingival fibroblast and oral squamous cell carcinoma cell lines. J. Hazard. Mater. 2021,
403, 123872. [CrossRef]

Gatin, E.; Luculescu, C.; Iordache, S.; Patrascu, I. Morphological investigation by AFM of dental ceramics under thermal
processing. J. Optoelectron. Adv. Mater. 2013, 15, 1136-1141.

Sfeatcu, R.; Luculescu, C.; Ciobanu, L.; Balan, A.; Gatin, E.; Patrascu, I. Dental Enamel Quality and Black Tooth Stain: A New
Approach and Explanation by using Raman and AFM Techniques. Part. Sci. Technol. Int. ]. 2015, 33, 429-435. [CrossRef]
Oztiirk, EX.; Nemli, S.K.; Bal, B.T; Giingor, M.B. Evaluation of the optical and surface properties of monolithic CAD-CAM
ceramics after simulated tooth-brushing. J. Prosthet. Dent. 2024, 132, 1325.e1-1325.e8. [CrossRef]

Choi, W.; Yoo, L.; Kim, Y.; Jung, B. Mechanical properties of CAD/CAM polylactic acid as a material for interim restoration.
Heliyon 2023, 9, €15314. [CrossRef] [PubMed]

Schepke, U.; Filius, D.; Lohbauer, U.; la Bastide-van Gemert, S.; Gresnigt, M.; Cune, M. Dimensional changes of CAD/CAM
polymer crowns after water aging—An in vitro experiment. J. Mech. Behav. Biomed. Mater. 2022, 128, 105109. [CrossRef]

Jrab, B.; Saleh, A.; Al-Jadaa, A.; Jurado, C.; Saeed, M.; Afrashtehfar, K. Fracture resistance of CAD/CAM tooth-colored versus cast
metal post-and-core restorations in root filled teeth: An in vitro study. Saudi Dent. ]. 2024, 36, 1215-1220. [CrossRef] [PubMed]
Prause, E.; Hey, ].; Beuer, E; Yassine, J.; Hesse, B.; Weitkamp, T. Gerber and F. Schmidt. Microstructural investigation of hybrid
CAD/CAM restorative dental materials by micro-CT and SEM. Dent. Mater. 2024, 40, 930-940. [CrossRef]

Jassim, S.; Majeed, M. Effect of plasma surface treatment of three different CAD/CAM materials on the micro shear bond strength
with resin cement (A comparative in vitro study). Heliyon 2023, 9, e17790. [CrossRef] [PubMed]

Yu, Y.; Guo, X; Chen, J.; Zhao, Y.; Song, J.; Alshawwa, H.; Zou, X.; Zhao, H.; Zhang, Z. Biodegradation of Urethane Dimethacrylate-
based materials (CAD/CAM resin-ceramic composites) and its effect on the adhesion and proliferation of Streptococcus mutans.
J. Mech. Behav. Biomed. Mater. 2024, 150, 106280. [CrossRef]

Ferrini, F.; Paolone, G.; Di Domenico, G.L.; Pagani, N.; Gherlone, E.F. SEM Evaluation of the Marginal Accuracy of Zirconia,
Lithium Disilicate, and Composite Single Crowns Created by CAD/CAM Method: Comparative Analysis of Different Materials.
Materials 2023, 16, 2413. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmbbm.2023.106233
https://www.chem.uci.edu/~dmitryf/manuals/Raman%20correlations.pdf
https://www.chem.uci.edu/~dmitryf/manuals/Raman%20correlations.pdf
https://doi.org/10.1016/j.dental.2012.02.013
https://doi.org/10.1016/j.prosdent.2024.05.032
https://doi.org/10.1016/j.dental.2013.11.016
https://doi.org/10.1016/j.jmbbm.2022.105278
https://www.ncbi.nlm.nih.gov/pubmed/35653917
https://doi.org/10.1002/pssa.200306588
https://doi.org/10.1002/1521-4079(200211)37:11%3C1165::AID-CRAT1165%3E3.0.CO;2-R
https://doi.org/10.1016/j.freeradbiomed.2012.02.030
https://www.ncbi.nlm.nih.gov/pubmed/22387198
https://doi.org/10.1016/j.jhazmat.2020.123872
https://doi.org/10.1080/02726351.2014.994081
https://doi.org/10.1016/j.prosdent.2024.08.010
https://doi.org/10.1016/j.heliyon.2023.e15314
https://www.ncbi.nlm.nih.gov/pubmed/37095924
https://doi.org/10.1016/j.jmbbm.2022.105109
https://doi.org/10.1016/j.sdentj.2024.07.002
https://www.ncbi.nlm.nih.gov/pubmed/39286579
https://doi.org/10.1016/j.dental.2024.04.006
https://doi.org/10.1016/j.heliyon.2023.e17790
https://www.ncbi.nlm.nih.gov/pubmed/37449108
https://doi.org/10.1016/j.jmbbm.2023.106280
https://doi.org/10.3390/ma16062413

	Introduction 
	Materials and Methods 
	Cell Culture 
	Raman Spectroscopy 
	Energy Dispersive X-Ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM) 
	Atomic Force Microscopy 
	Hardness Test 

	Results 
	Raman Spectra 
	EDS (Energy-Dispersive X-Ray Spectroscopy) 
	Scanning Electron Microscopy (SEM) 
	AFM 
	Microhardness 

	Discussion 
	Conclusions 
	References

