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Abstract

In this study, Si/PMMA and ZnO/CS core—shell structures were synthesized as inorganic fillers and added to a bisphenol A
diglycidyl dimethacrylate (Bis-GMA )/triethylene glycol dimethacrylate (TEGDMA) (50%/50%) commercial dental compos-
ite at a weight percentage (Wt%) of 0.1-1.0% to simultaneously improve the mechanical and antibacterial properties of the
composite. The prepared composites were characterized using dynamic light scattering (DLS), zeta potential ({-potential),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM), ultraviolet—visible spectrophotom-
eter (UV-Vis), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and X-ray powder diffraction
(XRD). The mechanical properties, including flexural strength and flexural modulus, of the composite were investigated by
three-point bending tests. Additionally, the antibacterial activity against the Staphylococcus aureus (S. aureus) bacteria strain
was evaluated using the colony-forming unit method to assess the antibacterial effect of the novel composite. As a result,
the Bis-GMA/TEGDMA-Si/PMMA/ZnO/CS dental composite, reinforced with 0.1 wt% Si/PMMA and 0.5 wt% ZnO/CS,
exhibited a 46% improvement in flexural strength and a 56% improvement in flexural modulus compared to pristine Bis-
GMA/TEGDMA. Moreover, the novel Bis-GMA/TEGDMA-Si/PMMA/ZnO/CS dental composite showed a 95% reduction
in bacterial growth against the S. aureus bacteria strain.
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Introduction

Over the past century, the dental field has witnessed sig-
nificant advancements through the adoption of resin-based
composite technology in dentistry. Dental composite resins
have gained popularity as materials for tooth restorations
due to their aesthetic appeal, superior wear resistance, and
ease of application, especially when compared to dental
amalgams (Alzraikat et al. 2018). However, it is important
to note that these composites deteriorate over time, leading
to the emergence of cracks and fractures. This deterioration
primarily stems from their inherent characteristics of low
strength, high brittleness, and polymerization shrinkage, as
highlighted in studies conducted by researchers (Chen et al.
2012; Cetin et al. 2013; Kundie et al. 2018). Nanoparticles
(NPs) with sizes ranging from 1 to 100 nm and their large
surface areas have been utilized in dental composites to
mitigate polymerization shrinkage and enhance mechani-
cal properties such as tensile strength and pressure, thereby
improving durability and fracture resistance (Karabela and
Sideridou 2011). Dental composites used in restorations
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typically consist of three main components: (1) various
types, shapes, and sizes of inorganic filler materials, (2) an
organic matrix that supports the inorganic filler, and (3) a
silane coupling agent that binds the organic and inorganic
components together. The most used organic matrix mate-
rial is bisphenol A diglycidyl dimethacrylate (Bis-GMA),
which has a highly viscous structure due to the presence of
hydroxyl groups and the 7—x interactions provided by aro-
matic rings. Bis-GMA is often combined with low-viscosity
monomers like triethylene glycol dimethacrylate (TEG-
DMA) to reduce viscosity and improve processing properties
(Gajewski et al. 2012). The interphase, which is composed
of silane-derived coupling agents, strengthens the adhesion
between the different phases of organic matrix and inorganic
fillers, affects the aggregation degree of filler particles, and
facilitates stress transfer between the stronger filler phase
and the weaker matrix phase (Wilson and Antonucci 2006).
Studies have shown that the particle morphology (shape),
size range, and volume content of dental composites have a
significant impact on their mechanical properties and aes-
thetic appearance (Canché-Escamilla et al. 2014; Alzraikat
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et al. 2018). The characteristic properties of dental com-
posites are greatly influenced by the distribution of nano-
sized filling particles. However, controlling the dispersion
of these NPs in the polymeric matrix is challenging as they
tend to agglomerate due to their high surface area and the
surface charge of the inorganic NPs. In order to control the
dispersion of these NPs and enhance the interfacial adhe-
sion between the particles and the polymer, core—shell nano-
structures, where the inorganic particles are surrounded by
a polymer shell, have been synthesized. One of these nano-
structures is the Si/PMMA core—shell nanostructure, com-
posed of silica NPs (Si-NPs) and polymethylmethacrylate
(PMMA).

Silica is widely used as an inorganic filler in the prepara-
tion of dental composites due to its favourable physical and
chemical properties, including good mechanical strength
and non-toxicity (Canché-Escamilla et al. 2014). PMMA
is another commonly used materials in dental applications
due to its biocompatibility, and low cost (Elizalde-Pefia
et al. 2007; Zaharia et al. 2016). Silane coupling agents
play a crucial role in facilitating the covalent bonding
between PMMA and silica nodes (Harb et al. 2016). Kim
et al. produced the silica/PMMA core—shell nanostructure
using ¥-methacryloxy propyl trimethoxy silane (¥-MPS) as
the silane coupling agent (Kim et al. 2013), while Canché-
Escamilla et al. (2014) reinforced the Bis-GMA/TEGDMA
dental composite by incorporating Si/PMMA core—shell
nanostructures. Chitosan (CS) is a modified natural carbo-
hydrate polymer and linear cationic polysaccharide obtained
through alkaline deacetylation of chitin (Haldorai and Shim
2013; Zhao et al. 2018; Javed et al. 2020). Due to its gen-
eral instability, studies have explored composites of CS with
metal oxides such as zinc oxide (ZnO) NPs. Researches on
ZnO/CS composites have demonstrated significant enhance-
ment of the antibacterial and antibiofilm properties of ZnO
NPs through a synergistic effect with CS (Salehi et al. 2010;
Haldorai and Shim 2013; Busild et al. 2015). For instance,
Javed et al. reported that encapsulating ZnO NPs with CS
increased their antibacterial properties (Javed et al. 2020).

The oral cavity harbours various microorganisms,
including bacteria and fungi, which can lead to plaque
biofilm, dental caries, periodontitis, and other dental infec-
tions. In recent years, nanomaterials have been extensively
utilized to enhance the antibacterial properties of dental
composites (Song and Ge 2019). Studies in the literature
have explored the use of nanomaterials such as imidazole
and benzimidazole NPs (Kaptan Usul et al. 2022), chlo-
rhexidine/amorphous calcium phosphate (CHX/ACP) NPs
(Yang et al. 2021), silver NPs derived from Mangifera
indica leaves (Sundeep et al. 2017), and bismuth subsal-
icylate (BSS) NPs (Vega-Jiménez et al. 2017) to improve
the antibacterial characteristics of dental composites.
Among the pathogens associated with dental infections,

Staphylococcus aureus (S. aureus), a Gram-positive bac-
terium known for its antibiotic resistance and involvement
in dental infections, is commonly encountered (Wang and
Ren 2017) and several studies conducted in dental clinics
have focused on S. aureus. One notable study conducted
by Al-Shamahy and Al-labani involved a year-long clini-
cal investigation with 296 participants of varying ages and
genders. Their findings concluded that S. aureus is one
of the predominant antibiotic-resistant bacterial strains
responsible for dental infections (Al-Shamahy and Al-
labani 2020). Similarly, McCormack et al. conducted a
study utilizing 10 years of oral and perioral clinical labo-
ratory data on S. aureus, highlighting its prevalence as
an oral and perioral isolate associated with distinct oral
infections and exhibiting antibiotic resistance (McCor-
mack et al. 2015).

To address the mechanical and antibacterial challenges
associated with dental filler composites (DFC), we devel-
oped a novel dental composite by incorporating the Si/
PMMA core—shell nanostructure (0.1-0.5 wt%) and ZnO/CS
core—shell nanostructure (0.1-1.0 wt%) into the commonly
used Bis-GMA/TEGDMA (50%/50% wt%) dental organic
matrix. The mechanical properties of the composite, specifi-
cally flexural strength and flexural modulus were evaluated
through a three-point bending test. Additionally, the anti-
bacterial activity of the composite was assessed against the
S. aureus bacteria strain. To the best of our knowledge, this
study represents the first investigation in which Si/PMMA
and ZnO/CS components were synthesized, characterized,
and incorporated into the structure of a dental composite as
inorganic fillers. The incorporation of these core—shell nano-
structures resulted in improved mechanical properties and
enhanced antibacterial activity. Consequently, the developed
dental composite has the potential to hinder the formation of
new caries while exhibiting increased strength and resistance
to biting and chewing pressures.

Materials and methods
Materials

Tetraethyl orthosilicate (TEOS), ammonium hydroxide
solution (NH,OH), absolute ethanol (C,H;OH, > 99.7%),
3-(Trimethoxysilyl)propyl methacrylate (MPTS),
methyl methacrylate (MMA), hexadecyltrimethylammo-
nium bromide (CTAB), potassium persulfate (K,S,Oy,
99 + %), calcium chloride (CaCl,), zinc acetate dihydrate
(Zn(CH;CO0O0),-2H,0), sodium hydroxide (NaOH), low
molecular weight chitosan (CS, low MW), acetic acid
(CH;COOR), bisphenol A glycerolate dimethacrylate (Bis-
GMA), triethylene glycol dimethacrylate (TEGDMA), ethyl
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4-dimethylaminobenzoate (4EDMAB, 99%), and cam-
phorquinone (CQ, 97%) were obtained from Sigma Aldrich.
Distilled water (DI water) was used throughout the study.
All chemicals utilized were of analytical grade and used as
received without any additional purification.

Synthesis and surface modification of non-porous
silica nanoparticles and preparation of Si/PMMA
core-shell nanostructure

Non-porous silicon nanoparticles (Si-NPs) were synthesized
using a modified version of the Stober method, which is a
widely recognized technique for Si-NP production (Sen Kar-
aman et al. 2014). In this procedure, 8.6 mL of TEOS was
added to 200 mL of C,HsOH, and then, 12 mL of NH,OH
was added dropwise to mixture. The resulting solution was
stirred at room temperature for 12 h. Afterwards, the solu-
tion was washed with C,HsOH at 7500 rpm for 3 cycles of
30 min each. For the surface modification (silanization) of
Si-NPs, 100 mg of the synthesized Si-NPs was dispersed
into the 3.3 mL of C,H;OH for 45 min using an ultrasonic
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bath. Then, 83 mg of MTPS as a silane coupling agent were
added to the solution and the dispersion was maintained in
the ultrasonic bath for 2.5 h. The collected particles were
subsequently washed with C,Hs;OH at 7500 rpm for 3 cycles
of 30 min each (Zhang et al. 2012). The chemical reaction
steps are depicted in Fig. 1a.

The synthesis of the Si/PMMA core—shell (50/50) nano-
structure was performed through emulsion polymerization
of MMA on the silanized Si-NPs. In this process, 220 mg
of CTAB as a surfactant and a certain amount of silanized
Si-NPs were mixed in 8 mL of DI water in a reaction ves-
sel under vigorous stirring at 50 °C for 2 h. Subsequently,
120 mg of KPS and certain amount of MMA monomer
were added to the solution and the stirring was continued
at 80+0.5 °C for 1 h. After completion, the solution was
allowed to cool to room temperature. The resulting white
solution was then precipitated using a 0.1 M CaCl, aque-
ous solution and the particles were washed with DI water at
7500 rpm for 3 cycles of 30 min each. Finally, the particles
were dried at 60 °C overnight. The chemical reaction steps
are illustrated in Fig. 1b (Yang and Dan 2003).
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Fig. 1 Schematic illustration of a SI@ MPTS-NPs, b Si/PMMA core—shell nanostructure, and ¢ ZnO/CS core—shell nanostructure
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Synthesis of zinc oxide nanoparticles and Zn0/CS
core-shell nanostructure

The synthesis of ZnO NPs was performed using the pre-
cipitation method. This method involves the precipitation
of Zn ions in a suitable solvent or solution under controlled
conditions. By introducing a precipitating agent or changing
the pH of the solution, Zn ions undergo a chemical reac-
tion leading to the formation of ZnO NPs (Gnanasangeetha
and Saralathambavani 2013). To carry out the synthesis,
876 mg of Zn(CH,COO),-2H,0 was dissolved in 200 mL
of DI water at room temperature. Next, a2 M NaOH solution
was added dropwise to the solution until the pH reached 11.
The reaction mixture was stirred at room temperature for 2 h.
After the reaction, the ZnO NPs were washed with DI water
through centrifugation at 7500 rpm for 3 cycles of 30 min
each. Subsequently, the washed NPs were dried at 60 °C
overnight to obtain the final product of ZnO NPs.

The ZnO NPs were coated with CS through electrostatic
interaction, following the method (Javed et al. 2020). In this
process, 100 mg synthesized of ZnO NPs were dissolved
in 10 mL of 1% (v/v) CH;COOH solution. Then, 100 mg
of CS (low MW) was added to the solution, and the reac-
tion mixture was placed in an ultrasonic bath at 40 °C for
20 min. Next, a 1 M NaOH solution was added dropwise to
the mixture until the pH reached 11, and the reaction was
stirred at 65 °C for 3 h. After the completion of the reaction,
the particles were washed with DI water at 7500 rpm for 3
cycles of 30 min each and then dried at 60 °C overnight to
obtain ZnO/CS core—shell nanostructures (Fig. 1¢) (Danan-
jayaet al. 2018).

Preparation of Si/PMMA and ZnO/CS modified
Bis-GMA/TEGDMA dental filling composites

In order to evaluate the effect of Bis-GMA/TEGDMA ratios
on the mechanical properties of the composite, different
formulations of Bis-GMA/TEGDMA DFC were prepared
without Si-based and ZnO-based additives. The ratios of
Bis-GMA to TEGDMA used were 30%/70%, 40%/60%., and
50%/50% (wt%). The preparation of the DFC involved the
following steps:

(a) Heating of high viscosity Bis-GMA: the high viscosity
Bis-GMA component was heated in an ultrasonic bath
for 45 min. This step helps to reduce the viscosity of
the Bis-GMA resin, making it easier to handle and mix
with other components.

(b) Addition of TEGDMA and photoinitiators: TEGDMA
monomer and the photoinitiators, CQ (0.2 wt%) and
4EDMAB (0.8 wt%), were weighed in the dark. They
were then added to the Bis-GMA resin matrix and were

mixed in the ultrasonic bath for 3 h at 40 °C in the dark.
This mixing ensures uniform distribution of the mono-
mers and initiators within the resin matrix.

(c) Pouring into a mould and curing: the resulting mix-
ture was poured into a Teflon mould with dimensions
of 2 mm X2 mm X 25 mm, following the ISO 4049-
2000 "dentistry-polymer-based restorative materials"
standard. The mould provides the desired shape and
dimensions for the test specimens. The filled mould
was cured for 2 min under a 365 nm UV light source
with a density of 7 mW/cm? (Karabela and Sideridou
2011; Canché-Escamilla et al. 2014). The UV light
activates the photoinitiators, initiating the polymeriza-
tion process and curing the resin.

The same preparation method was followed for the DFC
that included Si@MPTS-NPs, Si/PMMA core—shell, and Si/
PMMA/ZnO/CS core—shell nanostructures. The nanostruc-
tures were incorporated into the resin matrix along with the
Bis-GMA and TEGDMA components before mixing and
curing.

Instruments and characterization

The synthesized Si-NPs, Si@MPTS-NPs, Si/PMMA
core—shell, ZnO NPs, and ZnO/CS core—shell nanostructures
were subjected to various characterizations. The hydrody-
namic particle sizes and surface charges of the NPs were
determined using dynamic light scattering (DLS) and zeta
potential ({-potential) (Anton Paar Litesizer 500, Particle
Analyzer) measurements. Fourier transform infrared spec-
troscopy (FTIR) (Thermo scientific nicolet is50 FTIR) was
employed to confirm the qualitative structural characteris-
tics of the synthesized NPs in the range of 400-4500 cm™".
The morphology and size of the NPs were observed using
scanning electron microscope (SEM) (Carl Zeiss 300VP).
The absorbance properties of the NPs were measured using
ultraviolet—visible spectrophotometer (UV-Vis) (Thermo
Scientific Evolution 201 UV-Visible Spectrophotometer) in
the wavelength range of 280-600 nm. The thermal stabil-
ity of the NPs was assessed by thermogravimetric analysis
(TGA) (TA TGA-SDT Q600) conducted under a nitrogen
atmosphere with a heating rate of 10 °C/min in the tempera-
ture range of 30-800 °C. X-ray photoelectron spectroscopy
(XPS) (Thermo Scientific K-Alpha) analysis was performed
to determine the elemental composition and structure of
the NPs. X-ray diffraction (XRD) (Thermo Scientific ARL
X’TRA) analysis using Cu (Ko) radiation ({=0.15418 nm)
was carried out for the characterization of ZnO and ZnO/
CS NPs, with a 2°/min scanning speed in the range of
3<260<90°. These characterization techniques provided val-
uable information regarding the particle size, surface charge,
morphology, absorbance, qualitative nanostructures, thermal
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stability, elemental composition, and crystal structure of the
synthesized NPs.

Mechanical tests

To assess the mechanical properties of the DFC, flexural
strength and flexural modulus tests were conducted. The
samples were prepared in accordance with the ISO 4049-
2000 standard titled ‘Dentistry-Polymer-based restorative
materials.” Composite material was poured into Teflon
moulds with dimensions of 2 mm X2 mm X25 mm and
cured under UV light. Prior to the tests, the samples were
stored overnight in DI water in the dark. Mechanical tests
were performed on at least three samples for each dental
composite material using a universal tester (SHIMADZU
AG-IC) at a cross-head speed of 1 mm/min. The three-point
bending test configuration is shown in Fig. S1a, b depicts the
composite parts obtained after the three-point bending test.
The mechanical strength of Si/PMMA and ZnO/CS modified
DFC was evaluated by conducting experiments with differ-
ent ratios of the components in two steps, as illustrated in
Fig. 2. The best results obtained in each row are represented
by the green boxes, and for each subsequent row, the green
box from the previous row was selected for the next step.

In vitro antibacterial activity assays

In vitro antibacterial activity assays were conducted using
S. aureus bacteria strain. The bacterial suspensions were
obtained from stock culture stored at —80 °C. The strains
were cultivated in tryptic soy agar (TSA) medium and incu-
bated at 37 °C overnight (16-18 h). After the incubation,
a single colony was isolated, seeded in tryptic soy broth
(TSB), followed by overnight incubation at 37 °C. The
bacteria were then centrifuged, and the resulting pellet
was suspended in phosphate buffer saline (PBS) to achieve
a concentration of approximately 10® CFU/mL (600 nm:

Fig.2 The composition of Bis-
GMA/TEGDMA DEFEC with Si/
PMMA and ZnO/CS core—shell

0.6-0.8 optical density). Each application was prepared by
diluting the bacterial suspension to 10> CFU/mL. The DFC
were added to the S. aureus bacterial solution and incu-
bated overnight at 37 °C. Subsequently, the colony count-
ing method was employed for all groups (Taslt et al. 2018).
In this method, 100 pL of the incubated solution was taken,
diluted using a serial dilution technique, and spread onto
TSA medium. The plates were then incubated at 37 °C over-
night (16—18 h). The resulting colonies on the agar were
counted and the ratio of colonies to the total solution volume
was calculated. Each experimental group was compared with
its corresponding control group.

Result and discussion
Characterizations

Figure 3a, b depicts the results of DLS and {-potential analy-
ses for Si-NPs, Si@ MPTS-NPs, and Si/PMMA core—shell
nanostructures. The hydrodynamic diameter of non-porous
Si-NPs and Si@MPTS-NPs was found to be approximately
98 nm and 110 nm, respectively (Sen Karaman et al. 2014).
The {-potential values of these NPs were negative (—) and
the surface charges of the Si-NPs approached neutrality
after silanization at pH 7. Although the particle size did
not show a significant change after silanization, the altera-
tion in {-potential values indicated the successful synthesis
of the reaction and the presence of an interaction between
Si-NPs and MPTS silane agents. The thickness of the silane
layer has a significant effect on the efficiency of the silani-
zation process, and the layers become more irregular as the
silane thickness increases. Therefore, the negligible increase
in particle size after silanization was interpreted as a posi-
tive outcome in terms of particle quality (El-Banna et al.
2019). The Si/PMMA core—shell nanostructure exhibited
NPs size of approximately 250 nm. The surface charges of

50%/50% Bis-

GMA/TEGDMA
nanostructures DFC
0.1% Si/PMMA 0.25% Si/PMMA 0.5% Si/PMMA
(DFC1) (DFC2) (DFC3)
0.1% ZnO/CS 0.25% ZnO/CS 0.5% ZnO/CS 1.0% ZnO/CS

(DFC4)

(DFC5)

(DFC6) (DFC7)
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Si-NPs and Si@MPTS-NPs were negative (—), while the Si/
PMMA core—shell nanostructure showed positive (+) sur-
face charges. This positive charge can be attributed to the use
of cationic CTAB surfactant during the polymerization reac-
tion (Khademi et al. 2017). These NPs exhibited low poly-
dispersity index (PDI), typically less than 0.1. This low PDI
value further confirmed the monodisperse distribution of the
NPs. A low PDI indicates a narrow size distribution, with
minimal variation in particle sizes, supporting the observa-
tion of monodispersity in the NPs (Petrizza et al. 2016).
Regarding the DLS and {-potential analyses of ZnO NPs

(Fig. 3¢) and ZnO/CS core—shell nanostructure (Fig. 3d), the
hydrodynamic diameter of ZnO NPs was around 160 nm and
PDI was 0.04, while the hydrodynamic diameter of the ZnO/
CS core—shell nanostructure was approximately 270 nm and
PDI was 0.19 (Dananjaya et al. 2018). The {-potential of
ZnO NPs was found to be positive (+) between pH 7 and pH
10, which corresponds to the isoelectric point of ZnO NPs.
At pH 11 and pH 12, the {-potential of ZnO turned negative
(Zhang et al. 2013). After the formation of the core—shell
structure, the {-potential of ZnO/CS decreased, which indi-
cates a change in the surface charge characteristics, which
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Table1 The hydrodynamic diameter (nm), polydispersity index
(PDI), and {-potential (mV) pH:7 results of the synthesized NPs

Sample Hydrodynamic Polydispersity ~ {-potential
Diameter (nm) index (PDI) (mV) pH:7

Si-NPs 98 nm 0.09 -335

Si@MPTS-NPs 110 nm 0.08 -25.6

Si/PMMA 250 nm 0.12 25.9

ZnO NPs 160 nm 0.04 41

ZnO/CS 270 nm 0.19 21

can be attributed to the presence of the CS shell encapsulat-
ing the ZnO NPs. This change in surface charge provided
additional confirmation of the formation of the core—shell
structure (Swain et al. 2009). The average results of the DLS,
PDI, and -potential measurements are given in Table 1.
The FTIR spectra of Si-NPs, Si@ MPTS-NPs, Si/PMMA
core—shell nanostructures, ZnO NPs, and ZnO/CS nano-
structures are shown in Fig. S2a to confirm the qualitative

structural confirmation of the synthesized NPs. Additionally,
Fig. S2b specifically displays the FTIR spectra of ZnO NPs,
and ZnO/CS nanostructures.

The SEM images presented in Fig. 4a—c depict the Si-
NPs, Si/PMMA core—shell nanostructure, and ZnO/CS
core—shell nanostructures, respectively. These SEM images
clearly show that the NPs are predominantly monodisperse,
exhibiting uniform sizes and well-defined spherical shapes.
These visual observations strongly support the results
obtained from the DLS analysis regarding the monodis-
persity of the particles (Sen Karaman et al. 2014; Canché-
Escamilla et al. 2014; Nguyen et al. 2020).

The UV-Vis spectra of pristine Si-NPs, Si@MPTS-NPs,
Si/PMMA core—shell nanostructures are depicted in Fig.
S3a, while the UV-Vis spectra of ZnO NPs and ZnO/CS
core—shell nanostructures are presented in Fig. S3b.

According to TGA analyses, Si-NPs and Si@MPTS-
NPs showed decomposition of approximately 5-10% at
122 °C, whereas the Si/PMMA core—shell nanostructure
exhibited decomposition at 156 °C and 186 °C as shown

Fig.4 SEM images of a Si-NPs, b Si/PMMA core—shell nanostructure, and ¢ ZnO/CS core—shell nanostructures
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Fig.5 a TGA analysis of Si-NPs, Si@MPTS-NPs, Si/PMMA core—shell nanostructure, b TGA analysis of ZnO NPs, and ZnO/CS core—shell

nanostructures
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in Fig. 5a. This was possibly due to moisture content in
the materials. Since Si-NPs and Si@MPTS-NPs were
homogeneous, no major decomposition was observed with
increasing temperature. Approximately 5% of the weight
of Si@MPTS-NPs was lost at 563 °C. High temperature
was required to decompose and evaporate the organic con-
tent of Si@MPTS-NPs. This indicated the presence of a
strong covalent bond between the silane coupling agent
and the surface of Si-NPs (Zhang et al. 2012). The decom-
position of the Si/PMMA core—shell nanostructure was
more significant, with about 35% weight loss occurring
between 265 and 410 °C, attributed to the decomposition
of PMMA. However, the presence of silica in the nano-
structure prevented complete degradation (Yang and Dan
2003; Zhang et al. 2012). In the case of ZnO NPs, TGA
analysis showed minimal weight loss, less than 5%, and
a stable weight up to 800 °C, indicating their high ther-
mal stability as depicted in Fig. 5b. The slight weight loss
observed was attributed to the removal of surface mois-
ture. Due to the homogeneous nanostructure of ZnO NPs,
a significantly higher temperature was required for their
complete dissociation. On the other hand, the ZnO/CS
core—shell nanostructure exhibited around 5% decompo-
sition at 100 °C, related to the removal of surface mois-
ture. The main degradation of the ZnO/CS nanostructure
occurred between 263 and 600 °C, resulting in a total
weight loss of approximately 20% in this temperature
range. Beyond 600 °C, the weight loss continued at a
slower rate, with an additional 5% reported (Masud et al.
2020; Nguyen et al. 2020).

Figure 6 presents the wide scan XPS spectra of Si-based
NPs and ZnO-based NPs. In the C1s spectrum, four compo-
nents were identified, representing C—H, C—-C-0, C-0, and
O-C=0 bonds present in the PMMA and MPTS molecules
(Harb et al. 2016). The wide scan XPS spectra of Si/PMMA
core—shell nanostructure exhibited a strong signal corre-
sponding to the C—C/C-H aliphatic hydrocarbon at a bind-
ing energy of 285 eV. This peak exhibited higher intensity
compared to the Cls signal of Si-NPs and Si@MPTS-NPs,
indicating the presence of PMMA on the surface of silica.
Regarding the Ols signal at a binding energy of 533 eV, the
Ols signals of Si-NPs and Si@MPTS-NPs were attributed
to the Si—O bond. However, the Ols signal of the S/PMMA
core—shell nanostructure was weaker and corresponded to
the carbonyl oxygen (O=C) of MMA. The Si2p signal, with
a well-known binding energy of approximately 103.5 eV,
exhibited a shift in SI@MPTS and Si/PMMA, likely due to
the presence of Si—~OH groups remaining from TEOS and
MPTS hydrolysis. On the other hand, the Si2p signal of Si-
NPs and Si@MPTS-NPs was significantly stronger than Si/
PMMA core—shell nanostructure, as the Si-NPs served as the
core encapsulated by the PMMA shell (Zhang et al. 2012;
Harb et al. 2016). Moving to the XPS spectra of ZnO-based

NPs, two peaks were observed at 1022 eV and 1045 eV, cor-
responding to the binding energies of Zn2p3/2 and Zn2p1/2
lines, respectively. The O1ls spectrum exhibited a single peak
at 532 eV, which can be attributed to O*? ions in ZnO NPs.
The Cls spectrum appeared at 285 eV and 286 eV (Chang
et al. 2019). These XPS spectra provide valuable information
about the chemical composition and bonding states of the
NPs, shedding light on their surface properties and potential
applications.

The XRD results of ZnO NPs and ZnO/CS core—shell are
presented in Fig. 7. The XRD pattern of ZnO NPs exhibited
prominent diffraction peaks at specific angles, including
31.92° (1 0 0), 34.52° (00 2), 36.42° (10 1),47.56° (10
2),56.52° (1 10), 62.88° (1 0 3) and 67.98° (1 1 2). These
peaks corresponded to the characteristic hexagonal wurtzite
crystal structure of ZnO NPs. On the other hand, the XRD
pattern of the ZnO/CS core—shell nanostructure exhibited
similar peaks to that of ZnO NPs, indicating the presence
of ZnO as the main component. However, the intensity of
the peaks in the ZnO/CS core—shell nanostructure was rela-
tively lower compared to the pure ZnO NPs. This decrease
in intensity was attributed to the interactions between ZnO
and CS. Despite these interactions, the crystal structure of
ZnO remained intact, and the appearance of two sets of dif-
fraction peaks corresponding to ZnO and CS confirmed the
successful formation of the ZnO/CS core—shell nanostruc-
ture. Furthermore, the absence of zinc (Zn) peaks in the
medium indicated the high purity of the synthesized ZnO
NPs and ZnO/CS core—shell nanostructures (Ahmed et al.
2018; Dananjaya et al. 2018). In Fig. 7, the peaks indicated
by (a) represent the characteristic peaks of CS, while the
peaks indicated by (b) correspond to the peaks of the ZnO
nanostructure (Kumar and Koh 2012).

Mechanical tests

In this study, the mechanical tests were conducted to evalu-
ate the performance of different compositions of Bis-GMA/
TEGDMA DFC. Based on the characterization results, the
50%/50% Bis-GMA/TEGDMA composition was chosen for
further investigation. The flexural strength and flexural mod-
ulus of the pristine Bis-GMA/TEGDMA DFC were found to
be 39.80 MPa and 692.07 MPa, respectively, as determined
by the three-point bending test. To improve the mechanical
properties of the DFC, different wt% of Si/PMMA nano-
structure were incorporated. The best results were obtained
with 0.1% Si/PMMA additive (DFC1), as shown in Fig. 8a,
b. The flexural strength of DFCI increased to 66.73 MPa,
a 68% improvement compared to the pristine DFC. Simi-
larly, the flexural modulus increased to 1091.82 MPa, a 58%
improvement. Furthermore, different wt% ratios of ZnO/
CS core—shell nanostructures were added to DFC1, result-
ing in DFC4, DFCS5, DFC6, and DFC7 samples. The best
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«Fig.6 XPS spectra of a Si-based NPs survey, b Ols spectra of Si-
based NPs, ¢ Cls spectra of Si-based NPs, d Si2p spectra of Si-based
NPs, e ZnO-based NPs survey, f Zn2p spectra of ZnO-based NPs, g
Ols spectra of ZnO-based NPs, and h Cls spectra of ZnO-based NPs

results were obtained with DFC6, which contained 0.1%
Si/PMMA and 0.5% ZnO/CS core—shell nanostructures, as
shown in Fig. 8c, d. DFC6 exhibited a flexural strength of
58.05 MPa, a 46% improvement, and a flexural modulus of
1077.75 MPa, a 56% improvement compared to the pristine
Bis-GMA/TEGDMA. It was observed that both the flexural
strength and flexural modulus increased with the addition of
ZnO/CS core—shell additives up to 0.5 wt%. However, the
mechanical properties started to decrease when the addi-
tive content exceeded 0.5 wt%. These findings demonstrate
that the incorporation of Si/PMMA and ZnO/CS core—shell
nanostructures can significantly enhance the mechanical
properties of the Bis-GMA/TEGDMA DFC composition.

In vitro antibacterial activity assays

The in vitro antibacterial activity assays were conducted to
evaluate the antibacterial properties of Si-NPs, Si/PMMA
core—shell nanostructure, ZnO NPs, ZnO/CS core—shell
nanostructure, and Bis-GMA/TEGDMA dental compos-
ites with different additives against S. aureus strain. The
results are presented in Fig. 9a—c. Si-NPs exhibited a 67%
antibacterial activity against the S. aureus strain, while
the Si/PMMA core—shell nanostructure showed an 84%
antibacterial activity. Although the antibacterial activities
of Si-NPs are not commonly reported in the scientific lit-
erature, Agnihotri et al. (2015) mentioned minor antibac-
terial activity of Si-NPs against S. aureus bacteria. Simi-
larly, Sodagar et al. evaluated the antibacterial effect of
PMMA with SiO, NPs and TiO, NPs and reported a 51%
antibacterial activity of Si/PMMA nanostructure against
Streptococcus mutans and a 67% antibacterial activity
against Lactobacillus acidophilus (Sodagar et al. 2016).
ZnO NPs and ZnO/CS core—shell nanostructures exhib-
ited significant antibacterial activity against S. aureus at
98% and 92%, respectively (Fig. 9b). Several studies in the
literature have reported the antibacterial activity of ZnO
NPs and ZnO/CS core—shell nanostructures. For exam-
ple, Al-Abboodi et al. performed a zone inhibition test
and reported that ZnO/CS nanostructure exhibited 42 mm
zone inhibition at 20mL/0.05 wt% concentration against S.
aureus (Al-Abboodi et al. 2020). Li et al. (2010) reported
that the inhibition zone diameter increased against S.
aureus with an increased content of ZnO NPs in the ZnO/
CS nanostructure. The antibacterial activity of Bis-GMA/
TEGDMA dental composites was slightly observed against

S. aureus, consistent with the findings of De Mori et al.
(2019). However, when DFC6, which contains ZnO/CS
nanostructure, was introduced to the Bis-GMA/TEG-
DMA-Si/PMMA dental composite, the antibacterial effect
against the S. aureus strain increased from 56 to 95%. The
incorporation of ZnO/CS core—shell nanostructure signifi-
cantly enhanced the antibacterial properties of the dental
composite, as reported in studies by Yusof et al. (2019),
Javed et al. (2020), and Aykac¢ and Akkas (2022). Over-
all, the results demonstrate the antibacterial potential of
Si-based NPs, ZnO NPs, and their respective core—shell
nanostructures, as well as the improvement in antibacterial
activity when incorporated into dental composites.

Conclusion

In conclusion, the Si/PMMA core—shell nanostructure and
ZnO/CS nanostructures were successfully synthesized and
characterized. These nanostructures were incorporated
into Bis-GMA/TEGDMA (50%/50%) dental composites
at different wt% to produce novel inorganic DFC. The
mechanical properties of the composite, including flex-
ural strength and flexural modulus, were evaluated using
three-point bending tests. Additionally, the antibacterial
activity of the composites against S. aureus was assessed
using colony-forming unit assays. The results of the three-
point bending tests showed that DFC6, which contained
0.1% Si/PMMA and 0.5% ZnO/CS nanostructures, exhib-
ited a significant improvement in both flexural strength
(46%) and flexural modulus (56%) compared to pristine
Bis-GMA/TEGDMA. This suggests that the incorporation

(b) —— Zno/CS
ZnO NPs
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(002)
(100)
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(02 |(103)(112)

0 10 20 30 40 50 60 70 80 90
2Theta (degrees)

Fig.7 XRD spectra of ZnO NPs and ZnO/CS core—shell nanostruc-
ture
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