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Abstract

Graphene nano-sheets are one of the most recent and exciting subjects used to reinforce dental filling and various industrial
applications. Poly-(methyl methacrylate) (PMMA) and synthesized graphene oxide (GO) were used to restore two types of
dental fillings to fabricate dental filler nanocomposites using modified acoustic and sonication procedures. Morphology,
structure, thermal, and ultrasound mechanical behavior, as well as cytotoxicity activity, were investigated. X-Ray diffraction
(XRD) and Fourier-transform infrared (FTIR) showed a significant change in diffraction behavior and a strong interaction
at the interface after adding PMMA and GO nano-sheets for dental fillings. Scanning electron microscopy (SEM) images
demonstrated a considerable improvement in homogeneity after the contribution of PMMA within the excellent dispersion
of GO in the dental matrix. GO's contribution revealed a critical enhancement in thermal stability of up to 65% using ther-
mogravimetric analysis (TGA). Differential scanning calorimetry (DSC) also showed increase in glass transition temperature
(T after the restoration of dental fillings with PMMA and GO nano-sheets. After PMMA and GO nanomaterials contributed,
ultrasonic mechanical velocity, compressibility, and elasticity modulus revealed enhanced values up to 50%, 75%, and 160%,
respectively. The cytotoxic effect of calcium oxide (X-SUBSTANCES) against rat embryonic fibroblasts (REF) cells was up
to 94.92% of the cell viability for restoration nanocomposite fillings. The findings notably improved the thermo-mechanical
stability of promisingly developed longer-life dental fillings.
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Introduction

Resin-based composites are the most popular material in
dental restorations because of their superior esthetic qual-
ity, mechanical properties, etc. [1]. Moreover, the additives,
such as polymers or nanomaterials, utilized in restorative
dentistry could adhere to the hard tissues of the teeth, allow-
ing for a non-invasive caries removal technique [2]. Dental
resin composite materials have been extensively used as a
substitute for dental amalgam materials due to their cosmetic
characteristics [3]. Dental resin composites possess supe-
rior physical, mechanical, chemical, optical, thermal, and
tribological (wear) characteristics compared to older mate-
rials filled with amalgam [4]. Composite materials provide
superior characteristics compared to conventional polymer
matrices [5]. Dental restorative composite materials consist
mostly of organic resin matrix and ceramic fillers, which
are inorganic [6]. Three primary constituents of the resin
matrix are monomers, diluents, photo-initiators, accelera-
tors, and coupling agents [7]. The hybrid-filling technique
is commonly used for tooth restorative composite materials.
Recently, nanoparticles and nanofibers have become com-
monly used as innovative fillers because of their exceptional
esthetic, bioactivity, and biocompatibility characteristics [8].
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Despite these benefits, polymeric composites have signifi-
cant disadvantages, such as polymerization contraction with
affinity for bacterial adhesion [9, 10]. In addition, microor-
ganisms have an easy access to the regenerated dental fill-
ing through micro-cavities at the tooth-restoration interface,
which exists between the dental restoration and healthy tis-
sues [11].

Many bacteria are responsible for diseases, including
ulcers, tooth decay, and gingivitis. Bacteria in the mouth
and growing in cavities could produce acid, eroding the
tooth's cementum, dentin, and enamel [12]. The decay of
teeth is a result of this process when food particles or sugars
remain on a tooth's surface, bacteria produce acid [13]. The
primary cause of failure is caries at the margin of composite
dental restorations [14]. In the last decades, dental fillings
have been widely used for anterior and posterior restorations
[15]. Unfortunately, research indicates that secondary car-
ies contributes significantly to high failure rate. According
to research [16], resin composites build up faster on resin
composites than enamel or traditional restorations. There-
fore, modifications incorporating antibacterial properties
are necessary to expand the service life of resin composite
restorations [17]. In addition, composite dental filling mate-
rials have endured a series of qualitative and revolutionary
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advancements from their first development to the present
[18]. Due to the compound's complexity, these materials
covered its composition and required properties. In addi-
tion, it cannot cause damage to the body, decompose, or
release any toxic chemicals while in the mouth [19]. Moreo-
ver, this filling must meet various optical standards to show
an appropriate view with natural teeth [20]. Thus, clinical,
industrial, and research interests in developing, restoring,
and anti-biofilm adhesives have increased in recent years
using polymers, nanomaterials, or other materials [21].
Polymer is an essential primer or additive material for
dentistry [22]. It utilizes various impossible medical appli-
cations with alternative materials [23]. Polymers are com-
monly used for dental bases, provisional crowns, artificial
teeth, pigments, cement, endodontics, and tissue condition-
ers, among other applications [24]. Polymers commonly
used in dentistry are polymethyl methacrylate, polyethylene,
polyethylene glycol, polycarbonate, polydimethylsiloxane,
polyurethane (PUR), polylactic acid, poly(e-caprolactone),
N-isopropylacrylamide, N-tert-butyl acrylamide, polypyr-
role, hexamethyldisilazane, etc. [25]. A denture material
must withstand the masticatory burden over an extended
period with minimal irritation. The additive material for
restoration of the filling must be suitable and not react with
the mouth's aqueous environment. It must be without crack-
ing to prevent solvents found in foods, drinks, and medi-
cations from entering the filling. The polymer must lack
sensitivity to atmospheric conditions in the mouth. It is an
outstanding candidate because of its exceptional polymer
properties, which include resistance to different conditions,
optical, mechanical, thermal, and electrical capabilities, and
formability [26]. Poly-(methyl methacrylate) (PMMA), an
esteemed candidate for dental polymers, has been in consid-
eration since 1937 [27]. Recently, it has become increasingly
well-liked [28], and the most recent research [29]. PMMA
ranks it among the top materials for dental fillings [30].
It is cost-effective, simple to manufacture, and possesses

Table 1 Summarizes the materials used to prepare samples

advantageous mechanical, physical, and biological charac-
teristics [31]. Additionally, it is applicable in dentistry and
is manufactured into long-term repair materials, prosthetic
resin, and bone cement, among other products [32, 33].

To resolve problems associated with polymers, lately,
dental restorations have incorporated nano-fillers as com-
ponents [34]. Recent dental applications include graphene
oxide (GO) [35], one of the most intriguing nanomaterials.
Due to its exceptional qualities and wide range of applica-
tions, graphene has piqued scientists' interest [36]. Graphene
and its derivative nanomaterials gain increasing popularity
in the field of dentistry [37]. It is possible to assess the bio-
compatibility of these nanomaterials [38]. Graphene-based
materials can be adapted to novel applications by modifying
their chemical and physical properties [39]. Some things that
make graphene unique and exciting are its many functional
groups, nano-sized sheets, ability to conduct electricity very
well, and mechanical and optical properties [40, 41]. The
scientific literature indicates that GO has potent antibacterial
properties [42] and other biological and medical applica-
tions [43].

This study’s objective is to investigate the effect of
PMMA and PMMA-GO on the optical properties and anti-
bacterial activity of two dental fillings containing micro- and
nano-scale materials. Various characterizations were used to
characterize the samples, for instance, FTIR, OPM images,
SEM, UV-visible spectroscopy, antibacterial activities,
and the effectiveness of the most recent hybrid/nano-dental
filling-PMMA/graphene oxide nanocomposites.

Experimental section
Materials

The materials used are listed in Table 1.

Materials Details Components Supplied Company Country
Beautifil IT (H1 sample) Hybrid filling (Macro and Bisphenol A-glycidyl methacrylate (1 to 10%), Shofu Inc Japan
micro-particles) trimethylene glycol dimethacrylate (1 to 5%),
A1203 (1 to 5%), Aluminofluoro-borosilicate
glass (60 to 70%), and DL-camphor quinone
(Bis-GMA)

Enhance (N1 sample) Nano-hybrid universal Silica nanoparticles (10 to 50 nm), Barium glass, Sincera Technology China

pre-polymer, and Bis-GMA
PMMA My,: 18,000-20000 g/mol 213 °C: melting point, and 99%: purity Tuttlingen China
DMF (Dimethylformamide) My,: 73.09 g/mol 99%: purity Thomas Baker (MIDC) India
GO pH of around 5.2 Lap synthesized using the procedure in our previ-  Applying modified Hummer

ous publication [56], which included complete

methods [78]

characterizations
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Fabrication of samples

Table 2 and Fig. 1 reveal the sample preparation scheme in
three stages.

Stage 1: Dissolving the raw materials in the solvent.

First, to fabricate H1 and N1 samples, the commercial
hybrid and nano-fillings were dissolved in dimethylforma-
mide (DMF) independently using a magnetic stirrer for 6 h
to fabricate hybrid-filling named (H1) and nano-fillings
named (N1) at room temperature (25 + 3 °C). The first sam-
ple in each group is H1 and N1, which were the reference
fillings for comparison with the restoring fillings.

Second, to fabricate H2 and N2 samples, PMMA was
dissolved in DMF independently using a magnetic stirrer
at room temperature for 2 h. Dissolved PMMA was mixed
first with the dissolved H1 to fabricate H2 separately. Also,
it was mixed with N1 separately to fabricate N2 dental filling

Table2 Summarize the sample code and mixing ratio of the compo-
nents of the restoration samples

Used filling: sample code Component's concentration (wt. %)

Filling PMMA GO
Nano Filling: N1 100 00 00
Nano Filling: N2 75 25 00
Nano Filling: N3 75 24 1.0
Hybrid Filling: H1 100 00 00
Hybrid Filling: H2 75 25 00
Hybrid Filling: H3 75 24 1.0
e H CH,
= ' il
a —b c—¢
" H COOCH;/,

PMMA

Two types of dental fillings
Nano / Micro

samples. This mixing procedure was continuous for 6 h
using magnetic stirring at room temperature (25 +3 °C). All
the procedures for the samples were carried out separately.

Third, to fabricate H3 and N3 samples, GO was dis-
persed in DMF for 7 days and sonicated for 30 min daily
for complete dispersion at room temperature (25 +3 °C).
The dispersed GO-DMF was loaded into the restoration
hybrid-PMMA dental filling (H2) and mixed for 6 h using
a magnetic stirrer at room temperature (25 +3 °C). During
mixing, the samples were sonicated for 30 min for com-
plete dispersion of the nanomaterials in the matrix of the
hybrid-PMMA/GO dental filling (H3). The same procedure
was applied to the fabricated nano-PMMA/GO dental fill-
ing (N3).

Stage 2: Centrifuge, washing, and casting procedure.

First, the samples were centrifuged to remove DMF, then
washed with distilled water, and centrifuged several times to
ensure the removal of residual DMF. Some of the samples
were left as a solution for specific characterizations, and
others were cast in a Petri dish and left in the air at room
temperature (25 +3 °C) for 4 days until thoroughly dried.

Stage 3: Cytotoxicity test.

A cytotoxicity test was performed for all the samples to
ensure they were healthy and not toxic. This is discussed in
detail in the “Cytotoxicity test” section.

Characterization

The FTIR spectra were measured using a Fourier-trans-
form infrared model Vertex 70 in the wavenumber range

R . B
Restoration filling
Nanocomposites

Sample preparations (stage 1)

N3

H3

AL

A

L7 N MO O
Sample-Cytotoxicity test
and characterizations (stage 3)

Fig. 1 Scheme explains the steps of sample preparation
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4000-500 cm™!, manufactured by Bruker Company, which
was made in Germany. 10 runs for each sample as films were
utilized to characterize this device and analyze the structure,
interactions, functional groups, and any other changes in
structure.

The X-ray diffraction instrument (Xpert) utilized the
structure between 5 and 90 degrees; both Tescan, made in
France, manufactured these devices, and it was used to ana-
lyze and measure the structure of materials. The samples
were run 28 times for 30 min, and the results were combined
automatically by the device.

The surface morphology of the samples was captured
using a scanning electron microscope (SEM), manufactured
by ZEISS, a German company, with a set of Mag. 50 KX,
single A=SE2, 5.4-5.9 nm at 10 kV, resolution 1.0 nm at
15 kV. Meanwhile, Nikon 73,346 optical microscopy (OM),
conducted by Olympus Company in Japan, recorded the
optical microscopy images with 100X magnification (optical
microscopy images in Fig. 1). They were also a film sample,
which is considered a great way to obtain information about
a sample's surface topography and composition in industries.
Several images were recorded for several places in the sur-
face with different magnification SEM and OM microscopy
for each sample.

The TGA/DSC instrument, model SDT Q600, manu-
factured by TA Instruments in the United States, examined
thermal behavior between 25 and 900 °C. A sample piece
with 2 mg of as films was carried out during the test. It
is an important piece of equipment for measuring how the
physical properties of a sample change, as well as thermal
stability and temperature over time under different air or gas
conditions, to test the applicability of dental filling under
different conditions and atmospheres.

SV-DH-7A/SVX-7 m, a multi-frequency ultrasound, was
utilized at 40 kHz at a fixed frequency for all samples made
by the HZDH Company, South Korea. All these devices used
films to characterize the samples. The sample was retested
10 times for reliability and to reduce error percentage.

Characterizations used for the cytotoxicity test are a CO,
incubator and micropipette produced by Cypress Diagnostics
from Belgium, a micro-titer reader supplied by Gennex Lab,
cell culture plates produced by Santa Cruz Biotechnology
from the USA, and a laminar flow hood provided by K & K
Scientific Supplier from Korea. This sample was character-
ized as a solution and discussed briefly in the “Cytotoxicity
test” section and Supplementary Material.

Cytotoxicity test
Materials used in the cytotoxicity test

Chemicals and reagents applied are RPMI 1640, fetal bovine
serum, and trypsin/EDTA, produced by Capricorn Company,

Germany. In contrast, MTT stain is made by Bio-World, and
dimethylsulfoxide (DMSO) is provided by Santa Cruz Bio-
technology, USA.

Maintenance of cell cultures

Regular cell line REF was upheld in RPMI 1640, then
maintained with (10%) of fetal bovine serum in addition to
penicillin (100 units/mL) and streptomycin (100 pg/mL). To
pass the cells, Trypsin—-EDTA was utilized, and then at 80%,
it was re-seeded with confluence twice a week. Finally, at
37 °C, it was incubated [44].

Cytotoxicity assays

The MTT assay was utilized on 96-well plates to consider
the cytotoxic effect of calcium oxide (X-SUBSTANCES),
where the cell lines were planted at X 1¥104 cells/well. After
24 h, it was treated with X-SUBSTANCES at various con-
centrations. Then, after 72 h of treatment, the medium was
removed, 100 pL of a 2 mg/mL solution of MTT was added,
and the cells were incubated for 2.5 h at 37 °C [44]. Fol-
lowing this, the MTT solution was removed. The remaining
crystals in the wells were solubilized using 100 uL of dime-
thyl sulfoxide (DMSO) and then incubated with shaking at
37 °C for 15 min [45].

A microplate reader was utilized to record the absorbance
at 492 nm, whereas the assay is in triplicate. Equation 1 was
applied to calculate the cytotoxicity percentage (cell growth
inhibition rate)[46]. (1)

. A
Cytotoxicity (%) = (-1' — E) x 100

A and B mean the optical densities of the control and the
test, respectively. At 37 °C and 24 h of incubation with a
(1% 10° cells mL™) density, the cells were seeded into (24-
well micro-titration) plates to visualize the cells' shape using
an inverted microscope. It was exposed to X-SUBSTANCES
for 24 h, then at 37 °C for 10 to 15 min; the plates were
stained, and the crystal violet stain was then incubated [46].
Tap water was utilized to wash off the stain gently until the
dye was removed [47]. At (100X) optical magnification, the
digital camera was utilized to record the images. The con-
centration of the sample was 100% (10 mg/mL.).

Statistical analysis
The data from three independent experiments were repre-

sented as mean + standard deviation. An unpaired t test was
applied to statistically obtain and analyze the data within

gslppl @ Springer
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the GraphPad Prism 6 to carry out the statistical analysis
through the one-way ANOVA analysis of variance. p val-
ues less than 0.05 were considered significant, *p <0.05,
p<0.01, ¥*p<0.001, and ****p <0.0001 [48].

For more or full details of the cytotoxicity test, see Sup-
plementary Material.

Ultrasound mechanical calculations

The relation between the mass of a solution and its volume is
defined as density (p) and given in Eq. 2 [49].  (2)

__ mass (m)

~ volume(V) 2)

The density of hybrid dental fillings was higher than that
of nano-dental fillings, which increased with the loading of
both PMMA and GO in both dental fillings as presented in
Table 3. The ultrasound mechanical velocity (V) at 40 Hz

frequency was considered using Eq. 3 [50]. 3)
v x
t 3)

(x) thickness and (¢) the wave recording time throughout
the sample.

The results of both groups of samples presented a notable
reduction in compressibility (B), which was calculated using

the Laplace equation (Eq. 4) [51]. @
1
B =——
pV? )

The compressibility finding was significantly improved
by redacting the results up to 75% of Ns and 49.5% of Hs
samples. In addition, the elasticity modulus (k) improved

up to 160% and 75%, respectively, measured using Eq. 5.
&)

K’ — B-l — PV: (5)

Results and discussion

The FTIR spectra of Hs and Ns samples presented in
Fig. 2 range from 500 to 4000 cm~!. In Fig. 2a, H1
revealed the abroad peak of O—H groups at 3491 cm™!,
C-H, at 2934 cm™, C=0 at 1718 cm™!, C-H at 1456 and
1161 cm™', C-0 at 930 cm™', and C=C at 684 cm™'. H2
presented the same peaks of H1 with small shifting in O-H
and C-H groups as in Fig. 2a, and the C =C peaks presented
clearly at 1640 with 1160 cm™' of C—H. H3 presented the
main change in the wavenumber area between 1700 and
600 cm™ . It showed big changes by shifting the functional
groups like O-H, C-H, and C-O from 3491 to 3367 cm™!
and 2937 to 2955 cm™!, as well as stronger peaks at 1456
and 1157 cm™! and other peaks less than 1000 cm™! com-
pared to H1 and H2 [52].

In contrast to the Hs group, the Ns group displayed
distinct behavior. Specifically, in Fig. 2b, the nano-denial
filling N1 demonstrated three prominent peaks: C=0
at 1718 cm™', C-Hat 1438 cm™', and C-O at 1052 cm™".
The loading of PMMA in the nano-fillers in N2 revealed
the sign of PMMA at C-H at 2947 cm~!, and C=C at
972 cm™! in addition to an increase in the intensity of C=0
at 1718 cm™!, and C—H at 1438 cm™!. GO contributed most
to the FTIR spectra in N3, especially after the area after
1718 cm™!, where the intensity of C=0 at 1718 cm™' and
C-H at 1438 cm™' significantly increased [53]. Moreover,
the sign of GO peaks presented at C—O at 1236 cm™'and
C-H at 1148 cm™! [54]. The elevation of the peaks increased
from three to six times in N3 compared to N1.

Interestingly, H3 and N3 should shift to higher wave-
numbers (blue shift) than H1 and N1. Consequently, the

Table 3 Summarized the

Ns and Hs samples’ density Sample code Density(g/mL) Ultra§0und rr23echanical Compre;ssibil; Elasticit%/ mOdlzl-
. > velocity X 107 (m/s) ityx 10" (m.s7/kg) lusx10™ (g.m*/

mechanlcgl'l{ltrasound, v§lc?c1ty, mL.sZ)
compressibility, and elasticity
modulus N1 0.93 3342 31.76+£0.22 1.05+0.02

N2 1.02 44 +2 22.08+0.12 2.02+0.05

N3 1.09 50+3 18.23+0.10 2.74+0.04

H1 0.96 50+2 20.34+0.18 2.49+0.05

H2 1.07 56+2 17.38 +0.14 3.22+0.06

H3 1.12 65+4 13.60+0.09 4.81+0.07
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Fig.2 FTIR spectrum for a
hybrid samples (H1, H2, and
H3), and b nano-samples (N1,
N2, and N3) dental filling nano-
composites
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bond's vibrational frequency increased, signifying a rise in
the bond's energy level. It signifies that the interatomic
bond strength intensifies, resulting in a more inflexible
link that necessitates greater energy for atomic vibrations.
Consequently, vibrational frequency increases, causing the
FTIR peak to move toward higher wavenumbers. Moreo-
ver, the changes in intensity peaks and presentation of the
new peaks relating to the addition materials and shifting in
the FTIR spectrum for both fillings referee the contribution
of PMMA and GO [55], where these materials presented
strong interfacial interaction and could be mainly related
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Wavenumber (cm™')

to hydrogen bonding presented between the components
of the matrix with dental fillings [52, 56].

XRD spectra of the Hs and Ns samples are revealed in
Figs. 3a and b, respectively. In Fig. 3a, H1 observed peaks
at 20°, 25°,27°,29°, 31°, 33°, and 43°, some of these peaks
are associated with the quinone of DL-camphor and Al,O4
as a component of Bis-GMA H filling. It matches JCPDS
patterns (JCPDS 00-016-0394) of 5-Al,05 and agrees with
pieces of literature [57]. Interestingly, a significant change
was presented after loading the PMMA in the H1, where the
crystalline behavior of H2 was changed to semi-crystalline
or amorphous behavior with two broad peaks between 15°

Fig.3 XRD pattern of the a
hybrid samples (H1, H2, and 528 - 532 }
H3), and b nano-samples (N1,
N2, and N3) dental filling nano- 484+ 494
composites
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and 35° and 35° and 50°, with the top of the peaks at 26.99°.
These changes are similar to the PMMA pattern reported in
the literature [58]. The incorporation of GO was associated
with keeping the exact behavior of H2 by shifting the top
of the first abroad peak from 26.99° t023.66°, whereas the
second abroad peak disappeared.

Figure 3b displays the XRD spectra of the Ns samples.
N1 observed peaks at 20°, 25°, 26°, 27°, 29°, 31.64°, 33,
and 43° associated with the DL-camphor quinone [59], and
Al,03, which are components of the Bis-GMA in nano-fill-
ing, match the diffraction pattern (JCPDS 00-016-0394) of
8-Al,05 and other findings [60]. Also, the loading of PMMA
in N1 exposed a substantial change in XRD spectra to the
semi-crystalline or amorphous behavior of N2 compared to
the behavior of N1. N2 existed in three areas abroad with
different intensities; these peaks started between 10° and 23°,
25° and 35°, and 35° to 48°. At the same time, the contribu-
tion of GO revealed two bands between 10° and 37° and 38°
and 48°. N3 had two abroad peaks compared to N2, which
was placed at 10°-36° and 36° to 50°. It could be related to
the impact of GO and PMMA.

From Fig. 3a, the peaks of sample H2 shifted to higher
values, meaning a negative strain (compressive strain) in
addition to unchanging deformation of the crystal lattice as
homogeneous strain (uniform strain). H3 revealed a higher
intensity than H1, presenting a less homogeneous strain
than H2 and H3, because of the combination of different
nanomaterials in the filling. Remarkably, contributions of
hybrid nanomaterials caused a small shifting in the H3 to
a uniform sled to move to the positions of peak with sub-
stantial broadening. This suggests the uniform stretching or
compression of the entire crystal lattice, shifting the lattice
parameters across the component [61]. The revised case was
presented in the Ns samples. N2 presented a small shift into
lower values through the PMMA contributions associated
with a uniform shift in peak positions to lower values com-
pared with N1, with important broadening. This signifies
uniformly stretched or compressed of the entire crystal lat-
tice, shifting the lattice parameters crossways the material,
whereas N3 showed a shifted peak position to advanced val-
ues. This means a negative strain (compressive strain) and
uniform deformation of the crystal lattice as homogeneous
strain [41] as presented in Fig. 3b.

The XRD of GO diffraction was not presented clearly in
the samples, which could be related to many reasons: ratio,
desperation, orientation, or overlap with other peaks due to
the broad peaks given in the samples; this agrees with other
investigations [62]. The XRD finding matched the FTIR
results, which displayed strong interfacial interaction with
the contribution of both the PMMA and GO in the matrix
of both dental fillings.

The sample surface morphology is depicted using
SEM images in Fig. 4 of the hybrid-filling samples. After

gslppl @ Springer

dissolving DMF and drying as films in the experimental pro-
cedure for the SEM test, H1 displays fracture surfaces with
voids and rough, gritty micro-particles. Most micro-particles
were covered by loading PMMA in the H2 sample, filling the
spaces and voids left by the filling matrix components. Fur-
thermore, GO significantly influenced the fractured surface
of the sample. Where H3 shows that GO is connected to cre-
ating complex links that fill in surface fractures and cracks,
these links hold molecules together tightly as networks with
the help of dendrimers and branches already there [52].

Figure 5 depicts the surface topography of the nano-filling
sample. Figure 5 (N1) shows the composition, which con-
sists of rough, fractured surface cavities and gritted particles,
after dissolving DMF and drying as films in the experimen-
tal procedure for the SEM test. H2 exhibited surface cracks,
which were associated with the PMMA surface's nature as
another finding [37]. Moreover, to fill the cavities among
the filling components, the morphology surface was mean-
ingfully altered and covered the most-grained partials as
revealed in Fig. 5 (N2). This remained the situation despite
the filling PMMA sample filling the voids and gaps among
the filling partial components. As Fig. 5 (N3) demonstrated,
these fissures were sealed off, and the surface underwent sig-
nificant modification by adding GO nano-sheets. The excel-
lent contact that resulted from the constant mixing between
the two components made this possible.

Long polymer chains were one of the many reasons why
the morphological samples varied. It bonded the filling
matrix and covered most of the particles and cavities in the
dental materials. In the meantime, GO functional groups
may create more significant interfacial contact between fill-
ings, polymers, and GO as supported by FTIR spectra that
clearly show this, which is consistent with a different report
[63].

The TGA and DSC curves of (Hs) and (Ns) nanocompos-
ites are revealed in Fig. 6a and b, and Fig. 7a and b, respec-
tively. The degradation behavior of HI showed one main
segment. It degraded between 200 and 520 °C, about 17.4%
at 900 °C. In contrast, the loaded PMMA showed a reduction
in thermal stability and increased the degradation behavior
that started earlier between 100 and 440 °C and degraded to
45.4% of H2 compared to H1 at 900 °C. Interestingly, only
10.3% of H3 was degraded at 900 °C and showed the best
thermal stability with the smallest segment between 350 and
430 °C. This behavior was similar to another finding in the
literature [64].

DSC characterizes the loaded material's effect on the sam-
ples' thermal transitions. As shown in Fig. 6b, H1 exhibited
three glass transition temperature peaks (T,) at 75.6, 140,
and 209 °C, which related to the component of H1, while
H2 showed an increase in thermal stability values of (T,)
to 85.6, 151, and 220 °C, respectively, after the addition of
PMMA compared to H1. At the same time, the incorporation
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Fig.4 SEM images of the hybrid-filling H1, H2, and H3 samples

of GO represents an increase in the (Ty) to 102, 160, and
231 °C, respectively, compared to both H1 and H2 samples.

This improvement is associated with an enhancement in
the free volume and flexibility of the polymer chain with the
addition of GO, which agrees with the literature [65]. The
shift in peak positions to higher temperatures of T, could be
related to the interfacial interaction among filling compo-
nents with GO. This interaction restricted the mobility of the
chain's polymer by GO at the interface, which resulted in a
reasonable improvement in structural and thermal behavior
[66].

The degradation behavior of Ns samples illustrated a
significant change in thermal stability after the addition of
PMMA in N1, where the N1 samples also revealed one seg-
ment of degradation from 250 to 520 °C, where H1 showed
30.8% weight degradation at 900 °C. Meanwhile, N2 exhib-
ited reduction in thermal behavior, and the degradation

segment started between 170 and 435°C. At the same time,
the thermal behavior was steady until 900 °C with a degrada-
tion rate of 49.2%. Surprisingly, the GO addition improved
the thermal stability by 19.7% compared to both samples.
The degradation of N3 began later than other samples,
between 350 and 480 °C, which was the most significant
and minor degradation area for the Ns samples, as shown
in Fig. 7a. Figure 7b shows the DSC of the Ns samples. N1
also exhibited three glass transition temperature peaks (T,)
at 75.5, 150, and 224 °C, while N2 exposed a slight reduc-
tion in thermal stability and values of (Tg) to 77.3, 142, and
214 °C, respectively, compared to N1. The incorporation
of GO represents an increase in the (Ty) to 96.2, 156.5, and
237 °C, respectively, compared to both H1 and H2 samples

Generally, Ns were displayed, whereas PMMA revealed
aim proved in thermal behavior, which is expected due to
the polymer complex network formation behavior being

gslppl @ Springer
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higher than that of other dental materials in both groups
of samples. Interestingly, the contribution of GO resulted
in the restoration of Hs and Ns' dental filling, displaying
better thermal behavior. In conclusion, the degradation
behavior of Hs presented better thermal behavior than

gslppl @ Springer
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Ns samples before and after the contribution of GO; this
behavior matches other literature findings [67].

The thermogravimetric analysis (TGA) results for
Beautifil IT (a giomer-based dental restorative mate-
rial). Its modified versions (PMMA-filling and
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PMMA-GO-reinforced-filling) show a significant increase
in residual mass, indicating improved thermal stability
related to several factors of the component and composition
of the materials. Where Beautifil I is a giomer (glass-iono-
mer + resin hybrid) containing fluoroaluminosilicate (FAS)
glass fillers (inorganic, thermally stable), resin matrix (e.g.,
UDMA, TEGDMA) that decomposes at~300-500 °C, and
expected residue: ~54.6% (from TGA up to 800 °C), this
residue primarily comes from the FAS glass fillers, which
do not decompose. However, the organic resin burns off,
leaving only the inorganic component [68, 69].

Whereas the effect of PMMA loading (residue increases
to 82.6%), PMMA decomposes in two stages: ~200-300 °C:
Side-chain scission (loss of ester groups) and ~300—400 °C:
Main-chain breakdown, forming char [70]. The increase in
the residue in the PMMA-filling could be related to the
fact that PMMA does not fully volatilize; some carbona-
ceous residue remains. Moreover, adding PMMA slows the
release of volatile decomposition products from the underly-
ing resin. In addition, PMMA may form a thermally stable
interface with the glass particles [71], while the effect of
PMMA-GO reinforcement on the filling (residue reaches
89.7%), where GO has excellent thermal conductivity val-
ues in-plane (4000-5000 W/m.K), notably improves high
thermal stability that partially reduces to thermally sta-
ble graphene-like carbon. Also, the nanosheet size of GO
restricts polymer chain mobility, which delays degradation.
Additionally, GO could block oxygen diffusion and vola-
tile release [72]. Generally, GO promotes crosslinking in
PMMA, increasing carbon retention, improving filler—matrix
adhesion, and strengthening the PMMA-FAS glass interface
due to GO’s superior thermal shielding [73].

The ultrasound mechanical behavior and the related
parameters of Hs and Ns samples are shown in Table 3.
Density was measured from Eq. (2) using a density bottle
with 25 mL, and a balance with 4-digit accuracy was utilized
as presented in Table 3. The ultrasound time was substi-
tuted in Eq. (3) to calculate the ultrasound velocity, which

50 100 150 200 250 300 350
Tempeature (°C)

showed an increase of 50% with loading the PMMA and GO
in the H3 sample compared to H1, whereas N3 improved
by 30% compared to N1. The compressibility of samples
was calculated from Eq. (4), which reduced up to 74% after
the incorporation of PMMA and GO compared with H1,
whereas N3 improved up to 49.5% compared to N1. Elas-
ticity modulus was calculated from Eq. (5). The results of
the elasticity modulus improved after restoring the filling
of H3 up to 160% compared with H1, whereas it enhanced
up to 93% of N3 compared with N1. Interestingly, the Hs
samples showed better ultrasound mechanical results than
the Ns samples. This behavior can relate to the large volume
of the polymeric chains bonded and interacting with each
other [74]; in addition, the GO nanosheet from the other
side increased the interfacial interaction among the dental
fillings, strongly agreed with FTIR, TGA, and DSC results,
and matched other findings [75].

According to the results from the structure, TGA/DSC,
and ultrasound mechanical behavior, samples N3 and H3
showed the best results among their group samples N and
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Fig.8 Cytotoxicity with different concentrations of H3 in REF cells
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Fig. 9 Cytotoxicity with different concentrations of N3 in REF cells

H, respectively. N3 and H3 reveal the best improvement in
thermal stability and mechanical behavior, with the samples
being the most improved compared with the original dental
filling. N3 and H3 were selected to do a cytotoxic test to
ensure they are not toxic for future dental filling applica-
tions. The cytotoxic impact of X-SUBSTANCES, in contrast
to REF cells, was investigated. The anti-proliferative activity

Fig. 10 Photographs with
magnification of 40X for REF
cells morphological changes
before and after being treated
with a control un-treated, b H3,
and ¢ N3

gslppl @ Springer

of the X-SUBSTANCES was established by examining their
ability to inhibit the proliferation of the REF cell line, as
exposed in Figs. §, 9, 10.

The cytotoxic effect of X-SUBSTANCES against
REF cells was investigated. Cell viability revealed up to
94.27+1.050%, 90.80+ 1.069%, and 90.77 +1.148% of 2.5,
5, and 10 mg/mL concentration for H3, respectively. It was
slightly reduced to 89.77% by increasing the concentration
of the H3 from 25% to100%, which was (10 mg/mL). At
the same time, cell viability revealed up to 94.92% +1.05%,
91.90+1.156%, and 90.01 +1.056% of 2.5, 5 and 10 mg/
mL concentrations of N3, respectively, which was slightly
decreased to 90.01% with increasing the concentration from
25 to 100%, which was (10 mg/mL). Both samples revealed
good cell viability results, whereas N3 revealed slightly bet-
ter results than H3, which agrees with other findings [76,
77].

Conclusion

In this investigation, methods were successfully presented
for the restoration of two types of dental filling by PMMA
and GO. The FTIR presented a strong interaction between
the component matrix and GO nanomaterials. SEM mor-
phology images exposed the surface of the dental filling
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and almost inhibited cavities and cracks after PMMA-GO
contributed. Thermal stability was impacted and improved
by up to 65% of H3 with the contribution of PMMA-GO, in
addition to increasing the restriction of the polymer chain
and other components in the matrix of the material, which
was associated with increasing the glass temperatures in the
materials. Mechanical ultrasound velocity is enhanced by
up to 50% of H3 compared to H1, and elasticity modulus is
improved by up to 160% of H3 compared to H1. In contrast,
compressibility is reduced by up to 74% of H3 compared
to H1. Cell viability was present in 94.92% of restoration
fillings. These results exposed the notable improvement in
the thermal stability and excellent cytotoxicity of promising
dental nanocomposites.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13726-025-01540-9.
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