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ABSTRACT

This study investigated the incorporation of cerium oxide (CeO2)
nanoparticles at various concentrations with a fifth-generation, total-etch
dental adhesive, demonstrating their role in enhancing physicochemical
and antibacterial properties. Different weight percentages (0, 0.25, 0.5,
1, 2, and 4 wt%) of the CeO. nanoparticles were added to the dental
adhesive. A random forest regression model was developed according
to different CeO: concentrations, surface wettability, and antibacterial
efficiency to determine the optimal formulation that achieves the best
balance between functional properties. The average particle diameter of
CeO: nanoparticles was 58.22 nm. whereas XRD examination explained
possibility conservation of the primarily amorphous polymer matrix
without discernible secondary crystalline phases, while FTIR examination
explained that the adhesive’s distinctive chemical structure did not change
when CeO: nanoparticles addition. SEM showed gradual aggregation
at higher concentrations and comparatively uniform dispersion of
nanoparticles at lower concentrations. At 1 wt% CeO:, the water contact
angle dropped from 66.8 + 1.1° for the control glue to 54.9 + 0.9°, showing
better surface wettability. While there was no discernible inhibition of S.
aureus at the studied circumstances, antibacterial activity against E. coli
rose from 0 mm for the control to a maximum inhibition zone of 19.0 +
0.2 mm at 4 wt% CeO-. The formulation that offers the optimal balance
between wettability and antibacterial efficacy is 1 weight percent CeO-,
according to Random Forest optimization.
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INTRODUCTION

Aqueous adhesive dentistry has been a
fundamental tool of the modern restorative
dental practice providing minimally invasive
procedures while enhancing bond endurance and
aesthetics with direct restorations. And, being
an informational post regarding dental adhesive
systems that create micromechanical and
chemical retention of restorative resin composites
with the dental substrates so as to increase the
retention of a restoration and decrease marginal
leakage. Of all adhesive systems, fifth-generation
total-etch adhesives are still popular due to
their clinical simplicity, bond performance and
low cost. However, these adhesives continue to
provide several innate limitations like incomplete
polymerization, hydrolytic degradation, water
sorption, Nano leakage and bacterial colonization
leading to progressive deterioration of hybrid
layer ultimately the failure of restoration as time
elapses [1].

The stability of the polymer matrix used to
formulate most dental adhesives is primarily
responsible for their performance in the long-
term. The methacrylate double bonds may
not be fully converted during polymerization
trapping unreacted monomers in the adhesive
layer. These unreacted monomers impair the
mechanical properties of the adhesive, promote
water absorption in to it, accelerate hydrolytic
degradation and even possess potential cytotoxic
effects. Therefore, one of the main goals in
modern dental material research was to increase
the degree of conversion while keeping adequate
handling characteristics [2].

Enter nanotechnology which has proved to be
a rational approach to enhance the functionality
of polymeric conductor-based dental materials.
The use of Nano scale fillers in adhesive systems
has shown great promise to improve mechanical
properties, minimize polymerization shrinkage
and wear, increase both thermal stability and
antibacterial  activity.  Silica  nanoparticles,
titanium dioxide, zinc oxide, hydroxyapatite,
bioactive glass and graphene derivatives as well
as silver nanoparticles are different types of Nano
materials have been studied as reinforcing agents
for dental adhesives. Even with these advances,
it is still a work in progress of discovering Nano
materials that enhance polymerization behavior,
structural integrity, surface qualities and biological
performance.
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According  to  distinct  physicochemical
characteristics of Cerium oxide nanoparticles
(CeOs NPs) represented one type of nanomaterial
that has received considerable attention. the
fluorite structure of cerium oxide facilitated Rapid
oxygen ion transport with the coexistence of Ce3*
and Ce** oxidation states (by doping with ceria,
including oxygen vacancies). Furthermore, this
unique property of reversible redox capability
enables exceptional catalytic performance,
chemical stability, and antioxidant effects, as
well as the ability to regulate levels of reactive
oxygen species. Unlike most traditional metal
oxide nanoparticles, cerium oxide shows low
toxicity and has high biocompatibility, making it
a promising candidate for biomedical and dental
applications [3].

The role of CeOss in resin-based adhesives may
also extend to affecting the kinetics and structure
of a polymer network. Nanoparticles have been
shown to modify light scattering, free radical
mobilization, monomer diffusion and crosslink
density which in turn may affect the degree of
conversion after light polymerization. These effects
can either improve or impede polymer network
development, depending on the concentration
of introduced nanoparticles and their dispersion.
In order to evaluate the interaction between
cerium oxide nanoparticles and an adhesive
resin matrix, it is essential to employ Fourier
Transform Infrared Spectroscopy (FTIR) to evaluate
polymerization both before and after curing.
Nanoparticle inclusion causes microstructural
surface morphology variations in cured adhesives
in addition to chemical conversion. XRD shows
that cerium oxide stays crystalline after being
incorporated into acrylate adhesive formulations,
with the exception of any new structural forms
developed upon curing at elevated temperatures.
SEM provides evidence of the dispersion and
agglomeration states as well as interfacial
compatibility between particles and matrix in the
fiber reinforced polymer composites. In addition,
contact angle measurements indirectly represent
wettability of a surface, which plays an important
role in bacterial adhesion , protein adsorption
[4] and adhesive interaction/adhesion to dental
tissues [5]. In addition to their catalytic behavior,
cerium oxide nanoparticles also show intrinsic
antimicrobial activity against both Gram-positive
and Gram-negative microorganisms. Numerous
mechanisms have been proposed to account
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for this antibacterial effect, such as oxidative
stress induction [6], membrane disruption [7],
interference with bacterial metabolic pathways
[8] due to direct interaction of reactive oxygen
species (ROS) on surfaces via chemical behavior
mediated by oxygen vacancies. As secondary
caries continues to be one of the leading causes of
restoration failure, embedding recent generations
of antibacterial nanomaterials into dental
adhesives is a powerful strategy to defer bacterial
colonization at the tooth-restoration interface and
prolong clinical service life [9].

Although previous studies have evaluated
the incorporation of different nanofillers into
dental adhesive systems, there are very few
comprehensive studies including physicochemical
characterization, structural analysis, wettability
testing, antibacterial activity and artificial
intelligence-based data interpretation. Published
studies generally report single properties but do
not correlate the nanoparticle concentration with
overall material performance in a predictable
manner.

Recent developments in artificial intelligence
(Al) and machine learning have ushered in
a powerful new era of selective nonlinear
relationship modeling capability. Thanks to the
abundance of high-throughput data and machine
learning, Artificial Intelligence (Al) algorithms
can handle multiple experimental variables
simultaneously, detect interaction between
material properties that are not apparent from
single-sample tests, estimate performance beyond
tested conditions based on a model of readable
descriptors for material properties, and optimize
formulation parameters with less experiments in
shorter time periods. Al has shown great potential
in the fields of dental materials research, such as
predicting mechanical behavior, performance of
biomaterials, polymerization efficiency as well as
biological response. Yet the use of this technique
to smart blend formulations e.g., nanoparticle-
reinforced dental adhesive formulations is hardly
investigated [10].

Thus, the current study aims to evaluate the
effect of different concentrations of cerium oxide
nanoparticles (0; 0.25; 0.5; 1; 2 and 4 wt%) added
into a commercial fifth-generation adhesive
formulation. Method: The Experimental Study
involved Nanoparticle size, Fourier Transform
Infrared Spectroscopy before and after the light
curing process, X-ray diffraction (XRD), Scanning
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electron microscope, Contact angle Measurement
as well as antibacterial activity against
Staphylococcus aureus and Escherichia coli. A
machine learning-based predictive model will
also be developed to determine the quantitative
relationships between nanoparticle concentration
and the resulting biological and physicochemical
characterizations, with the aim of establishing
a data-driven framework that enables future
improvements to dental adhesive formulations.

Various  researchers have investigated
incorporating cerium oxide nanoparticles into
dental biomaterials to enhance their biological and
physicochemical characterizations. In this context,
Byun et al. (2024) analyzed the incorporation of
cerium dioxide particles into a dental adhesive to
increase radiopacity; they found that CeO, particles
could be easilyincorporated without compromising
the structural properties of the adhesive,
while Fourier-transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) analyses
demonstrated that the material’s physical and
chemical properties were adequately preserved,
and also demonstrated that CeO, nanoparticles
have the potential for use in bioactive dental
restorative materials by manufactured a dental
resin composite of mesoporous silica containing
cerium oxide that appeared antibacterial efficacy
against Streptococcus mutans without changing
mechanical characterizations of the composite[11].

The results of Singh et al. (2024) showed could
significantly enhance the biological performance
of dental adhesive systems that indicated the
cerium-containing nanomaterials exhibited
effective antibacterial efficiency against oral
pathogens (such as *Staphylococcus aureus* and
*Lactobacillus acidophilus*), when manufactured
cerium-substituted hydroxyapatite nanoparticles
and incorporated them into orthodontic
adhesives[6].

A way of dentistry, Zheng et al. & Chen et al.
(2024) They concluded that a comprehensive
review of the antibacterial mechanisms of cerium
oxide nanoparticles, which linked directly between
their antimicrobial performance and differents
factors as particle size , the reversible redox
cycle (Ce3*/Ce**), oxygen vacancies , and surface
chemistry[7, 10]. These distinct physicochemical
properties render CeO, nanoparticles promising
candidates for a number of biomedical and dental
applications.

However, most of the published studies
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concerned different isolated features like
antibacterial activity, radiopacity or mechanical
properties[12]. There is a lack of comprehensive
experiments involving the individual
characterization of nanoparticles, FTIR evaluations
before and after polymerization, XRD, SEM,
wettability evaluation, antibacterial assessment
and artificial intelligence-assisted optimization
concerning  CeO,-reinforced  fifth-generation
dental adhesives.

This study was conducted to investigate the
effect of inclusion of various concentrations
(0, 0.25, 0.5, 1, 2 and 4 wt%) of cerium oxide
nanoparticles into a commercially available fifth-
generation total-etch dental adhesive. This was
conducted on a systematic experimental basis
by using particle size analysis, Fourier Transform
Infrared Spectroscopy (FTIR) before and after
light curing, X-ray diffraction (XRD), electron
microscopic imaging methods, contact angle
measurements, and evaluation of antibacterial
activity against Escherichia coli. In addition, an
Al-based Random Forest predictive model was
established to demonstrate the quantitative
relationships among CeO, concentration, surface
wettability and antibacterial efficacy for rational
prediction of optimal nanoparticle concentrations
and thus the overall adhesive performances. This
study advanced a comprehensive method to the
synthesis of next-generation antibacterial dental
adhesive systems by combining experimental
properties with data-driven modeling.

This study derives its significance from
combining the experimental characterization
of a fifth-generation dental adhesive reinforced
with cerium oxide (CeO,) with a data-driven
optimization of its composition. Rather than
evaluating a single material property in
isolation, this work systematically investigates
the relationships associated with nanoparticle
concentration—including  particle  dispersion,
chemical and structural properties, surface
wettability, and antibacterial efficacy.

Notably, an optimization strategy supported
by machine learning techniques was employed
to determine the cerium oxide concentration that
achieves balanced, multifunctional performance,

Tablel. Experimental Groups.

moving beyond the optimization of a single aspect
alone.  This  structure-property-performance
approach provides a rational basis for selecting
nanoparticle loading levels for the development
of antibacterial dental adhesive solutions.

MATERIALS AND METHODS
Materials

Methods A commercial fifth-generation light-
cured total-etch dental adhesive (DENBOND TE,
Vericom Co., Korea) was chosen as a resin matrix
in this study. On its product data sheet, the
manufacturer states that the adhesive is composed
mainly of methacrylate-based monomers,
hydrophilic functional monomers, photoinitiators,
stabilizers and ethanol as a solvent. Materials
and Methods: Cerium oxide nanoparticles (CeO,
NPs) were used as the high purity nanofiller. We
employed an appropriate particle size analyzer to
determine the particle size of the nanoparticles
before incorporating them into the adhesive, so
that average particle diameter and size distribution
could be verified.

Preparation of CeO,-Reinforced Dental Adhesive
Experimental groups Preparation , A: Main
content and The unmodified adhesive was used as
the control (B), and other groups consisted of 0.25,
0.5, 1, 2 or 4 wt% CeO- nanoparticles respectively.
An analytical balance was used to measure
the exact amounts of nanoparticles needed as
aggregates, and they were added progressively
into the adhesive resin. Initially each mixture was
homogenized with the aid of a magnetic stirrer
to allow for the first dispersion of nanoparticles
into the adhesive matrix. After that, the mixes
were treated by using a mechanical vibrator or
vortex mixer in a lab to improve nanoparticle
distribution and prevent agglomeration. The
produced adhesives were preserved in opaque,
light-resistant containers until characterization
tests, and all mixing procedures were carried out
in low ambient light to avoid premature photo-
polymerization [13]. The nanoparticles of cerium
oxide (Ce0;), which have been stated to be 99.9%
pure, were acquired by the researcher from
Ecostart Chemical (Shanghai) Co., Ltd., China. The

Group B C0.25

C0.5 C1l C2 C4

CeO, Content (wt%) 0 0.25

0.5 1 2 4
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experimental groups were determined as follows
in Table 1.

Light Polymerization

The adhesive was packed into mold of definite
dimensions and polymerized(LED dental curing
unit) for the tested all cured specimens. With
minimal distance from the specimen surface,
the curing tip was arranged perpendicular to the
observed phenomenon. The curing time and light
intensity were kept constant for all specimens as
per the recommendation of the manufacturer.

The samples were kept in the dark for 24 h
after polymerization at room temperature before
performing further characterization, guaranteeing
a complete stabilization of post-curing [14].

Fourier Transform Infrared Spectroscopy (FTIR)

We used Fourier Transform Infrared
Spectroscopy (FTIR) to analyze the chemical
structure of the adhesive both before and after
photopolymerization as well as to assess the effect
of cerium oxide nanoparticles incorporation on the
characteristic functional groups of the adhesive
[15]. Fourier-transform infrared spectroscopy
(FTIR) analysis was performed with a Bruker
ALPHA Il spectrometer. The following specimens
were analyzed:

Pure CeO, nanoparticles

Uncured control adhesive

Cured control adhesive

Uncured 0.25 wt%

Cured 0.25 wt%

Uncured 0.5 wt%

Cured 0.5 wt%

Uncured 1 wt%

Cured 1 wt%

Uncured 2 wt%

Cured 2 wt%

Uncured 4 wt%

Cured 4 wt%

Appropriate spectral range / resolution for FTIR
spectra.

Particle Size Analysis

Before being used to make adhesive, the
cerium oxide nanoparticles’ particle size was
determined. Average particle diameter, particle
size and polydispersity were determined to
evaluate nanoparticle uniformity and investigate
the possibility of forming agglomerates in the resin
matrix [16]. The particle-size analysis was carried
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out by means of a NanoBrook 90 Plus analyzer
(Brookhaven Instruments, USA).

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used
to examine the surfaces of all cured adhesive
specimens.

Specimens were coated with a thin layer of
gold using sputter coating prior to imaging in
order to improve image quality and reduce the
effects of charge. To evaluate the biocompatibility
of materials and their microstructures, SEM
micrographs at different magnifications were
obtained.

Nanoparticle dispersion

Agglomeration behavior

Surface roughness

Porosity

Microstructural homogeneity

All experimental groups were compared to
explore how higher CeO, contents affected the
morphology of the cured adhesive [17].

X-ray Diffraction (XRD)

After incorporating the nanoparticles into the
adhesive specimens, X-ray diffraction analysis
was performed to determine what type of
crystalline phases were formed. X-ray diffraction
analysis (XRD) was carried out with an XRD-6000
diffractometer (Shimadzu, Japan).

Using cu-Ka radiation in an appropriate 20
scanningrange, diffraction patterns were recorded.
Diffraction peaks obtained were compared with
standard reference data for cerium oxide in order
to confirm the crystallinity of nanoparticle and
also to check whether there is any structural
change after embedding ceria nanoparticles
within polymer matrix.

A comparative analysis of the amorphous state
of dental adhesive and the typical fluorite crystal
structure of CeO2 [18].

Contact Angle Measurement

The wettability of the surface was measured
through the sessile drop technique. A droplet
of constant volume distilled water was carefully
placed on the as-prepared adhesive surface, and
the static contact angle was measured with a
digital contact angle analyzer. For each specimen,
three measurements were taken and averaged.
The contact angle variations were interpreted
in terms of the influence of CeO, nanoparticles

J Nanostruct 16(2): 2528-2548, Spring 2026
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applied on [19]:
Surface energy
Hydrophobicity
Potential bacterial adhesion
Clinical wetting behavior

Antibacterial Activity
The antibacterial activity of the cured adhesive
specimens was tested against two types of
bacteria obtain from Environmental Research
Centre - University of Technology :
Staphylococcus aureus (Gram-positive)
Escherichia coli (Gram-negative)
Microbiological Method (Antibacterial Activity
when it occurs agar diffusion) Each group was
incubated under a standard condition (37°C for
24h) in nutrient agar for each bacterial culture,
then diluted to obtain concentration ( 1011 CFU/
ml) , then the antibacterial activity of every group

was measured according to [20], where 100u of
each inoculum for each type of bacteria spread
on mular-Hinton agar then CeO»-containing and
control adhesive formulations put on this agar.
The inhibitory efficiencies of CeO,-containing and
control adhesive formulations were evaluated in
order to assess the impact of nanoparticle dosage
on antibacterial efficacy by measured the diameter
of inhibition zone (mm) [21].

Statistical Analysis

The mean % standard deviation (SD) of three
separate, triplicate experiments is used to express
the results. To find significant differences between
the experimental groups, statistical analysis was
carried out using one-way ANOVA and Tukey’s
honestly significant difference (HSD) post hoc
test. The definition of statistical significance was
p < 0.05. Python (SciPy and Statsmodels packages)

25

20 -

Count

10

0+

20 40 60

Average diameter =58.22 nm

80 100
Average diameter (nm)

Fig. 1. Particle size distribution histogram of Cerium oxide (CeO,)
nanoparticles.

Table 2. Principal FTIR absorption bands identified in the investigated dental adhesive

formulations.

Wavenumber (cm™)  Functional group

Assignment

3350-3400 O-H
1710-1714 C=0
1635-1638 c=C
1590-1608 Aromatic C=C
1450-1435 CH2 / CHs
1290-1245 Cc-0
1165-1040 c-0-C
840-810 =C-H
650-420 Ce-0

Adsorbed moisture / hydroxyl groups

Ester carbonyl stretching
Methacrylate aliphatic double bond
Internal reference vibration
Bending vibration
Ester vibration
Ester linkage stretching
Out-of-plane vibration
Cerium oxide lattice vibration

J Nanostruct 16(2): 2528-2548, Spring 2026
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was used for all statistical calculations [22,23].

Al-Based Modeling

To computationally determine predictive

correlations between the concentration of cerium
oxide nanoparticles and the regime-appropriate
physicochemical and biological performance of the
adhesive, an Al-based model was created. Contact
angle and antibacterial activity against E. coli were

the experimentally determined performance
parameters for the data-driven analysis, while the
CeO, nanoparticle concentration was the input
variable in the experimental dataset.
Furthermore, the contribution of each
experimental variable to the material’s predicted
performance will be determined, a well-known
method in the field of Explainable Al (XAl). This
technique provides a quantitative approach
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Fig. 2. FTIR spectra of (a) pure CeO, nanoparticles, (b) uncured dental adhesive (Bond Liquid), and (c) light-cured dental adhesive
(Bond Cured), illustrating the characteristic functional groups before and after photo-polymerization.
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Fig. 3. FTIR spectra of CeO,-reinforced dental adhesives containing 0.25 and 0.5 wt% cerium oxide nanoparticles
before and after light curing, demonstrating the preservation of the characteristic methacrylate functional groups
and the changes associated with polymerization.
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to identifying the optimal CeO, concentration,
enabling the simultaneous enhancement of
surface properties, antibacterial activity, and
polymerization efficiency.

RESULTS AND DISCUSSION
Particle Size Distribution of Cerium Oxide
Nanoparticles

Between around 45 and 70 nm, majority

100 4

Transmittance [%]

40

2000
Wavenumber 1

3000

Transmitance [%]

]
18—

T
1000

Transmittance (%]
3

5

2000 1500
Wavenumber cm-1

3500 3000 2500 1000 500 0

Transmittance [%]

8

of particles were concentrated, with very few
observed in the lower and higher size ranges. The
particle size distribution exhibited a unimodal
pattern; there was no indication of excessively
coarse particles, and the size distribution curve
closely resembled a normal distribution, indicating
a high degree of uniformity among the particles
and the average nanoparticle dimension was 58.22
nm, confirming that the reinforcing particles fall

2

2000
Waverumber em-1

1500

Transmittance [%]

3000 2500 2000

Wavenumber cri-1

1500

Transmittance (%]

T T T T 1
2000 1500 1000 500 0
Wayenumiber cm-1

T
2500

Fig. 4. FTIR spectra of dental adhesives modified with higher CeO, nanoparticle concentrations (1, 2, and 4 wt%) before and after
photo-polymerization, revealing the influence of nanoparticle loading on the spectral characteristics of the resin matrix.
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within the nanoscale range. The size distribution
of the cerium oxide (CeO;) nanoparticles used in
this study will illustrates in Fig. 1, The dimensions
of the CeO, nanoparticles provide a large surface
area, which is expected to facilitate intimate
interaction with the adhesive resin matrix following
incorporation,.  Furthermore, the observed
particle sizes suggest suitability for dispersion
within dental adhesives, enabling subsequent
mechanical and physicochemical testing [24].

Fourier Transform Infrared Spectroscopy (FTIR)

Figs. 2—4 Present FTIR spectra of pure CeO,
nanoparticles, control adhesive and CeO,-modified
dental adhesives before or after light curing. The
similar spectral characteristics of all experimental
formulations suggested that the addition of
cerium oxide nanoparticles did not change the
basic chemical structure of fifth-generation dental
adhesive.

The unmodified adhesive had the spectrum of
a methacrylate-based resin system with attendant
characteristic absorption bands. Observing a
strong absorption peak for ester carbonyl (C=0)
groups stretching vibration around 1710-1714
cm™. A second characteristic absorption band
around 1635-1638 cm™ was attributed to the
stretching vibration of the C=C in methacrylate
monomers, indicating a reactive functional group
that participates in free-radical polymerization.
Other group absorption bands in the 1290-1040
cm™ region were assigned to C—O—C stretching
vibrations of ester linkages, and some peaks below

(111) CeO,
(220)
3
[4+]
- (311)
@ (200)
8
=

20 25 30 35 40 45 50 55 60
20 ( degrees)

900 cm™ were attributed to skeletal vibrations of
the polymer network [25].

Absorption bands were not further observed
in the spectral range studied following addition
of CeO, nanoparticles at concentrations 0.25, 0.5,
1, 2 and 4 wt% (corresponding to molar volume
fraction Xmol %/g=14%) [14]. Similarly, as for
lateral shift into the respective regions of principal
functional groups identified, no new detectable
chemical bondings between added nanoparticles
and resin components can be evidenced. All
modified adhesive formulations retained the
carbonyl absorption band at ~1712 cm™ after
light curing (Fig. 3a), indicating preservation of the
polymer backbone during photo-polymerization.
Oppositely, the absorption intensity around 1636
cm™ due to the aliphatic methacrylate double bond
was diminished in the cured specimens compared
with their corresponding uncured formulations
pointing towards progressive consumption of
reactive double bonds during polymer network
formation.

The fingerprint region (around 1300-800 cm™)
remained relatively unchanged for all nanoparticle
concentrations, albeit with slight peak intensity
differences between experimental groups. The
small differences are related to alterations of
polymer crosslinking density and due to dispersed
Ce02 nanoparticles, not the creation of chemical
species [2].

For all concentrations of the nanoparticles
(0.25-4 wt%), it was observed that increasing
the CeO, content did not noticeably change

ICDD No0.03-065-2975
5
L
2
7]
c
7]
E
20 25 30 35 40 45 50 55 60

20 ( degrees)

Fig. 5. XRD pattern of pristine CeO, nanoparticles compared with the standard diffraction data (ICDD No. 03-065-2975), confirming
the cubic fluorite crystal structure.
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the position of characteristic functional groups
compared to pure material. Rather, differences
observed among formulations were due to
changes in the peak intensity before and after
photo-curing, indicating that the primary effect of
CeO; nanoparticles is related to their influence on
polymerization behavior/network development
rather than any inherent change in the chemistry
of the adhesive.

In summary, FTIR analysis clearly showed that
CeO2 NPs were integrated appropriately into the
adhesive matrix carrying the fundamental chemical
structure of the same original resin system. The
decrease in the aliphatic C=C absorption band
as observed in light cured samples indicates
polymerization of all experimental formulations
[26].

X-ray Diffraction (XRD)
Crystal Structure of Cerium Oxide Nanoparticles

The pristine cerium oxide (CeO,) nanoparticles
X-ray diffraction (XRD) pattern is shown in
Fig. 5. The diffraction patterns showed sharp
crystalline reflections representing cerium oxide
with a fluorite structure and suggesting the high
crystallinity of these nanoparticles synthesized.

The strongest diffraction peak was located at
around 26 = 28.6°, which could be assigned to the
(111) crystal plane. As shown in Fig. 2b, diffraction
peaks are found to be in good agreement with the
standard reference pattern of cubic fluorite CeO,
(ICCD card No. 03-065-2975) apart from confirming
that phase pure cerium oxide nanoparticles have
been formed successfully [27].

No diffraction peaks resulting from secondary

i

N

IS

=

gl

i

Fig. 6. XRD patterns of CeO,-reinforced dental adhesives with 0.25, 0.5, 1, 2, and 4 weight percent nanoparticles and the control
adhesive, demonstrating the predominance of the amorphous polymer matrix following nanoparticle inclusion.
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cerium oxide phases or impurity phases were
observed in the scanned diffraction range
indicating that the nanoparticles contained a very
high phase purity.

This is further validated by the narrow and
intense diffraction peaks indicating an inherently
crystalline nature of CeO, nanoparticles as it
was anticipated that no structural changes were
observed in the individual nanoparticles before
being blended into a dental adhesive matrix [28].

Structural Analysis of CeO;-Reinforced Dental
Adhesives
The X-ray diffraction patterns for the
unmodified (Control) and CeO,-reinforced
adhesive formulations of 0.25, 0.5, 1, 2 and 4 wt%
nanoparticles are shown in Fig. 6
The unmodified adhesive

diffractograms

yielded a wide diffuse halo centered at about 26 =
20°, indicating that the polymeric resin matrix was
almost entirely amorphous. Due to the crosslinked
methacrylate-based nature of the dental adhesive,
a no sharp crystalline diffraction peaks were
obtained.

The broad amorphous halo stayed to dominate
the structure after addition of CeO, nanoparticles,
and the experimental materials appeared a
comparable amorphous diffraction pattern
regardless of their concentration which indicating
that cerium oxide nanoparticles had minimal
impact on the polymer matrix‘s overall structural
organization [29].

Fig. 5 appeared prominent diffraction peaks
associated with the cubic fluorite (Fm3m) crystal
structure resulting from The crystallized CeO,,
while the modified adhesive samples did not

Fig. 7. SEM micrographs of the cured dental adhesive formulations: (a) control adhesive (Bond), (b) 0.25 wt% CeO,, (c) 0.5 wt% CeO,,
(d) 1 wt% CeO,, (e) 2 wt% Ce0,, and (f) 4 wt% CeO,.
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clearly reveal these distinctive reflections when
used the XRD patterns, as well as the lack of
discernible CeO, diffraction peaks which may
account result from low nanoparticle loading,
their uniform distribution within the amorphous
polymer matrix, and the resin phase’s dominant
contribution to scattering, which obscures weak
crystalline reflections originating in nanoparticles.

No impurity peaks or additional crystalline
phases were detected across the examined
diffraction range.

Overall, these results indicate that the
amorphous nature of the dental adhesive was
largely preserved due to the addition of cerium
oxide (CeO;) nanoparticles. However, the
pristine CeO, showed its distinctive cubic fluorite
crystalline structure, and the addition of CeO,
nanoparticles did not change the adhesive matrix’s
predominantly amorphous character [30].

70 -

in Dental Adhesives CeO,

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was
used to monitor the surface morphologies of
cured control adhesive and CeO,-reinforced
adhesive formulations for each group; typical
SEM micrographs are displayed in Fig. 7. With
394 isolated surface imperfections, the control
adhesive (Pad) exhibited the smoothest and
most uniform surface (Fig. 7a). The resulting
polymer matrix during photo-polymerization is
demonstrated by the absence of particle features.
Different nanoparticle domains were introduced
into the resin matrix by adding 0.25 weight
percent CeO, nanoparticles (Fig. 7b). Because
cerium oxide nanoparticles tend to clump because
of their high surface energy, the particles were
found to be pretty well scattered with a few
minor agglomerates. This was for glue containing
0.5 weight percent CeO, (Fig. 7c), which was

a
66.80
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b
Ll 63.47 b
62.90

64
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-
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3
& 60 A L 57.60
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]
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S
= 56 54.87
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Bond 4 wt% 0.25 wt% 0.5 wt% 2 wt% 1 wt%

Fig. 8. Static water contact angle of the cured control adhesive (Bond) and CeO,-reinforced
adhesive formulations containing 0.25, 0.5, 1, 2, and 4 wt% nanoparticles.

Table 3. Static water contact angle of the experimental adhesive

formulations.

Sample Contact angle (°) Mean + SD  Tukey grouping

Bond 66.80 +1.06
4 wt% 63.47 +0.91
0.25 wt% 62.90+0.85
0.5 wt% 58.73+0.71
2 wt% 57.60+1.10
1 wt% 54.87+0.91

a

o 0o o T T
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comparatively homogenous with little particle
agglomeration. The uniformly distributed particles
show good mixing and compatibility with the
adhesive glue since they stay entrenched in the
polymer matrix without causing noticeable surface
flaws [31]. Larger irregular aggregates were also
seen dispersed across the surface when we raised
the nanoparticle concentration to 1 weight percent
(Fig. 7d). clusters in this area indicate partial
agglomeration, resulting from the inter particle
distance decreases with increasing filler loading.
A greater number of agglomerated particles
with larger aggregate diameters was observed
when the CeO, concentration was increased
from 1 wt% to 2 wt% (Fig. 7E). The dispersion of
the nanoparticles was less uniform compared
to the lower-concentration case, although they
remained present within the cured adhesive. At
the greatest concentration (4 wt%, Fig. 7f) Particle
agglomeration was present which resulting from
the volume of resin available was inadequate
to properly separate the closest neighboring
nanoparticles and resulted in secondary particle
clustering and formation of irregular, micron-sized
clusters dispersed throughout the resin matrix
[32].

The dispersion of CeO, nanoparticles inside the
adhesive matrix and surface shape are qualitatively
shown by the SEM pictures. The micrographs
displayed a comparatively homogenous
morphology with little discernible aggregation at
lower CeO, concentrations (0.25 and 0.5 wt%).
More noticeable irregular aggregates were seen
as the CeO, concentration increased, especially at
1, 2, and 4 weight percent. These findings point
to a concentration-dependent tendency toward
particle agglomeration; however, the images were
not used to quantitatively characterize the degree
of aggregation or determine an exact particle-size
distribution because the SEM analysis in this study
was primarily qualitative. Therefore, rather than
guantitative particle-size measurements, the SEM

results are primarily interpreted in terms of overall
morphological changes and apparent dispersion
patterns, These findings characterize the cured
adhesive’s surface morphology; they do not, by
themselves, show modifications in wettability,
polymerization behavior, or antibacterial efficacy.
The observed morphological variations are
therefore considered as possible correlations
rather than proof of a causal process, and the
data pertaining to contact angle and antibacterial
effectiveness are analyzed separately [33].

Wettability Analysis

The static water contact angle (SWCA) was
performed to evaluate the surface wettability
of cured dental adhesive formulations, and the
results are listed in Fig. 8 and Table 3.

Bond: The unmodified adhesive showed a
contact angles of 66.8 + 1.6° which demonstrated
the intrinsic wettability nature of commercial
fifth-generation dental adhesive After CeO,
nanoparticle being introduced, a gradual decrease
in contact angle was obtained with an increase of
the particle dosage from 0.25 wt% to 1 wt%.

The contact angle decreased from 62.9 + 1.4°
for the 0.25 wt% formulation to 58.7 + 1.3° at
the concentration level of strictly disaggregating
CeO, (0.5 wt%), dropping further to a minimum
value of =54.8 + 1.5° at the highest concentration
level used (1 wt% CeO,) This gradual decrease
signifies that the surface wettability is significantly
improved by the incorporation of nanomaterials
[34].

An increase in nanoparticle concentration to 2
wt% gave a relatively slight [in comparison with
values of the control adhesive] increase in contact
angle - up to 57.6 + 1.8 °, but for the highest (4
wt%) the contact angle was 63.5 + 2.0 ° close to
but lower than that obtained on the surface of
control adhesive.

In summary, the wettability data demonstrate
a concentration dependence; low to moderate

Table 4. Antibacterial activity of cured CeO,-reinforced dental

Sample Inhibition zone (mm) Mean + SD Tukey grouping
Control 0.00 £ 0.00 e
0.25 wt% 10.00 +0.20 d
2 wt% 17.00£0.20 c
0.5 wt% 18.00 £ 0.20 b
1 wt% 18.30+0.17 b
4 wt% 19.00 +0.20 a
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concentrations of CeO significantly enhanced the
hydrophilicity of the adhesive surface, whereas
higher nanoparticle concentrations partially
negated this effect.

Furthermore, this pattern aligns with scanning
electron microscopy results. At low concentrations,
the uniformly dispersed cerium oxide nanoparticles
increased the effective surface energy for adhesive
solidification at the interface, thereby enhancing
wettability. Conversely, at higher concentrations
(2-4 wt%), larger nanoparticle aggregates
produced a heterogeneous surface morphology,
leading to a partial recovery of the contact angle.

Among the studied groups, the (1 wt%)
CeO, formulation showed the lowest contact
angle, indicating the highest surface wettability.
Nevertheless, enhanced bond strength or
interfacial adaptation to oral tissues cannot be
established by contact-angle measures alone.
These results necessitate specific adhesive bond-
strength testing and additional assessment in
clinically relevant settings [35].

One-way ANOVA of the data (contact
angle) showed a highly significant effect of
CeO2 concentration on surface wettability
(F(5,12)=67.82, p<0.001). Tukey‘s post hoc test
showed that the 1 wt% formulation had the lowest
contact angle and was significantly different from
all other groups (p < 0.05). The formulations
containing 0.25 wt% and 4 wt%, as well as those
with 0.5 wt% and 2 wt% respectively did not
differ significantly from one another. These results
corroborate that additions of ~1 wt% CeO2 lead

to the most effective enhancement of adhesive
wettability.

Antibacterial Activity of the cured CeO,-Reinforced
Dental Adhesive

Then, the antibacterial activity of the cured
polymeric formulations was evaluated against one
Gram negative and another Gram positive bacteria
(Escherichia coli and Staphylococcus aureus,
respectively) by over-time agar well diffusion
assay. Table 4 and Fig. 9 present the inhibition
zone diameters

No antibacterial activity was obtained against
E. coli for the control adhesive (Bond) having a
diameter of inhibition zone equal to 0 mm. After
the addition of CeO, nanoparticles, antibacterial
results were significantly enhanced. The 0.25 wt%
formulation created a 10.0 mm inhibition zone,
while the zonal diameters were slightly larger
at 18.0 mm and 18.3 mm for two subsequent
formulations tested at concentrations of both
0.5 and 1 wt% (Authors own data). The inhibition
zone area of the 2 wt% formulation showed
modestly low (17.0 mm) when compared to the
others whereas, The greatest antibacterial activity
obtained was for the 4 wt% formulation that
produced an inhibition zone of 19.0 mm.

A generally increasing trend in antibacterial
activity was seen with increasing CeO,
concentration, however the improvement did not
follow a straight linear increase. The diameter
of the inhibition zone decreased somewhat at
2 weight percent compared to 1 weight percent

zone of inhibition mm

20+

154

10

w
1

Fig. 9. Antibacterial activity of (Test material) against E. Coil. A, (Sample Pure). B, (Sample 0.25). C, (Sample 0.5). D,
(Sample 1). E, (Sample 2). F, (Sample 4).
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before expanding once again at 4 weight
percent; this indicated that the concentration
of nanoparticles had an impact on antibacterial
activity [36].

The antibacterial effect of the CeO,-containing
adhesive was dependent on the type of
microorganism, as indicated by the absence of a
visible inhibition zone against S. aureus bacteria
under the specified experimental conditions.
This result emphasizes that antibacterial efficacy
cannot be applied to all bacterial species and
may rely on the properties of the bacterial cell
envelope, interactions between nanoparticles
and bacteria, and the capacity of active species to
diffuse from the adhesive matrix [20].

In summary, the obtained results indicate that
introducing up to 2 wt% of CeO, nanoparticles into
an cured dental adhesive has a significant effect on
its antibacterial properties against E. coli, with no
inhibitory effect found against S. aureus within the
concentration range studied here [37].

Antibacterial activity against Escherichia coli was
most significantly related to CeO, concentration
(One-way ANOVA, F(5,12) = 5305.42, p 0.05),
suggesting that increasing nanoparticle content
above a threshold value of only limited further
increases in antibacterial efficacy.

Adhesive performance does not simply improve
monotonically with increasing CeO, concentration.
Rather, resulting an ideal concentration that
equilibrium of antibacterial activity, surface
wettability, and nanoparticle dispersion.

Al-Based Modeling and Optimization

Al-assisted modeling is considered an
attractive strategy to expedite the development
of advanced dental biomaterials in terms of
identifying favourable material compositions
with minimal experimental trials. MPI enables
machine learning algorithms which can build
missing parts of the solution space by capturing
complex nonlinear relations between formulation
parameters and multiple material properties in
a single step, rather than traditional statistical
analysis. The objective of the present study was
to establish a predictive framework using artificial
intelligence (Al) tools, in order to assess the
impact of varying concentrations of cerium oxide
(CeO2) nanoparticles on the performance of an
experimental dental adhesive.

A Random Forest Regression (RFR) algorithm
was chosen due to its superior feature of providing
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coverage for non-linear datasets without assuming
any existing mathematical relations between
features. The model was trained on experimentally
measured concentrations of CeO, nanoparticles in
addition to the corresponding wettability (contact
angle) and antibacterial activity against Escherichia
coli. The functional properties of the adhesive
which were experimentally measured were
integrated in a single normalized performance
item representing the Composite Performance
Index (CPI), allowing simultaneous optimization of
two major functions of an adhesive.

In contrast to traditional optimization methods
which  necessitate  numerous  exploratory
formulations, the Al model provides predictions
on material performance across a continuous
concentration spectrum and highlights the
composition that vyields optimal properties.
This method not only offers fresh insights on
formulation creation, but it also significantly
reduces the load of experimental work [38].

Creating the Random Forest Model

The association between CeO, concentration
and the composite performance indicator was
investigated using the Random Forest regression
model as an exploratory tool. Using model-
based interpolation, predictions were produced
at 300 concentration sites within the studied
range. These points do not constitute further
independent experimental findings; rather,
they are computational predictions. The results
are considered exploratory due to the small
experimental dataset, and further formulations
and independent experimental measurements are
needed for validation.

We used Scikit-learn ML python library to
implement Random Forest Regression model.
The independent input variable was taken as
the concentration (wt%) of CeO,, while the
experimentally determined wettability and
antibacterial activity were combined into a single
performance descriptor through normalization.

Normalized contact angle values were
calculated such that lower contact angles would
produce a higher normalized score, which reflects
a more desirable level of wettability (contact
angle). In the same way, measured diameters
of the inhibition zones from E. coli antibacterial
assay were normalized so that more effective
inhibition zones corresponded to higher scores on
antibacterial activity (Fig. 2b).
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Composite Performance Index composite was
then calculated in accordance with [39]:

CPI — CAnoorm ;_ ABnorm (1)

Where, CA
wettability score, AB
antibacterial score.

The Random Forest model was trained with 500
trees with a fixed random seed, for reproducibility.
Once trained, the model provided predictions on
the composite performance in-between 0 and 4
wt% CeO, for a total of 300 concentration points
(interpolated) yielding a continuous prediction
across that range.

The CPl (Composite Performance Index) was
computed by summing up the normalized values
of both the Contact Angle and Antibacterial
Activity, and giving each equal weight:

represents the normalized
represents the normalized

norm

CAmax — CA;
CA = —_—
norm CAmax — CApin )
AB; — ABpin
AB = —
norm.,i AB,. — AB,in 3)
CPI; = 0.5 CAporm,i + 0.5 ABjormi (4)

The contact angle (CA_i) of formulation (i) and
the inhibition zone diameter (AB_i) of formulation
(i) against E. coli are both represented by this
equation. The minimum and maximum limits of
each parameter have been established using the
experimental data set. Formulations with low
contact angles received higher normalized scores.
Formulations with large inhibition zones received
higher antibacterial activity scores. A weighting
factor of 0.5 was applied to each objective as
both wettability and antibacterial activity are
equally important objectives when optimizing a

formulation. Thus, the CPl ranges from 0 to 1, with
the higher value representing a better balance
between the two selected objectives.

Al Prediction Results and Discussion

The Random Forest model was able to
capture the non-linear relationship of CeO,
concentrations to overall functional performance
of experimental dental adhesive. After the onset
of CeO; nanoparticle, as seen in Fig. 10, an obvious
rise was observed for the predicted Composite
Performance Index and this indicates that minor
additions of nanoparticles may be associated
with a substantial enhancement of material
performance.

The peak in the prediction matched closely
with an approximately 1 wt% CeO,, which occurs
at nearly the same composition of one of the
lowest contact angles (along with one of highest
antibacterial activities against E. coli) in terms
of experimental formulation measured. The
Random Forest model identified 1 wt% CeO, as
the formulation providing the highest composite
performance within the investigated concentration
range, and this concordance between the Al
predictions and laboratory observations.

This indicated that the addition of 1 wt% may
be associated with an optimum performance,
above which the predicted performance started
to decline slowly, even if antibacterial activity
continue to rise. At higher concentrations of
nanoparticles, both viscoelastic properties and
wettability deteriorated concurrently which might
be attributed to excessive loading of CeO, boosting
the agglomeration along with a diminished
dispersion in the adhesive matrix. Consequently,
overall performance is achieved by balancing
antibacterial efficacy and surface wettability,
rather than relying on a single property,

the expected optimal standard points to
a formulation that achieves an ideal balance
between the two factors, interfacial biological

Table 5. Experimental dataset used for Random Forest training.

Ce0, concentration (wt%) Contact angle (°)

E. coli inhibition zone (mm)

Composite Performance Index

0.00 66.8
0.25 62.9
0.50 58.7
1.00 54.8
2.00 57.6
4.00 63.5

0.0 0.000
10.0 0.425
18.0 0.811
18.3 0.980
17.0 0.830
19.0 0.635
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activity and behavior because equally important
for ensuring strong adhesive performance in
restorative dentistry.

Feature Importance Analysis

While only a small selection of experimental
variables were included in the current work, the
Random Forest algorithm offers an insight into
how influential each property that was measured
is to generating performance composite.

Derivation of the composite performance index
using the multivariate regression model showed
that wettability and antibacterial activity are
major contributors in the prediction. The lower
effect of the wetting angle on the optimization
was due to its progressive improvement from
control sample to 1 wt% formulation, followed
by an increase in larger concentrations of CeO..
For example, the antibacterial activity against E.
coli generally increased almost monotonically
as loading of nanoparticles was raised, leaving
smaller differences for the highest concentrations.

This makes sense as a method, since these Al
models seemed to associate surface wettability
with the driving factor for determining optimal
formulation while antibacterial performance
was identified more as a property that plays

a supportive role. Consequently, rather than
optimizing each of them in isolation, the best
overall performance is achieved by balancing
these two attributes simultaneously [40].

Experimental Characterization vs Al Prediction

Al-driven materials design offers a key
advantage: the integration of characterization data
from multiple sources into a unified predictive
framework. The concentration that performed the
best among the formulations examined under the
particular standards assessed in this investigation
predicted by the Random Forest model—1 wt%
CeO,—aligns closely with the experimental
observations made in this study.

Fourier-transform infrared (FTIR) spectra
revealed no new chemical functional groups or
changes in the polymerization mechanism of
the adhesive system upon the incorporation of
cerium oxide nanoparticles. Instead, only slight
fluctuations in peak intensity were observed,
indicating that the nanoparticles were successfully
incorporated into the polymer network without
causing significant disruption.

Similarly, following the incorporation of the
nanoparticles , this cerium oxide (CeO,) retained
its characteristic fluorite crystal structure, nor the

1.0

0.8

0.6

0.4

Composite Performance Index

0.2 1

004 ®

=== Random Forest Prediction
@ Experimental
O Optimum

T
0.0 0.5 1.0 15

T T
2.0 2.5 3.0 35 4.0

CeO, concentration (Wt%)

Fig. 10. Al-predicted composite performance of the CeO,-modified dental bonding agent

generated using the Random Forest regression model. Experimental formulations are

represented by red circles, whereas the Al-predicted optimum composition is highlighted by
the gold marker.
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binding material (matrix) underwent no significant
change, preserving its initial amorphous nature,
This highlights the chemical stability of the
nanocomposite, as no other crystalline phases
were detected when examined withX-ray
diffraction (XRD) analysis.

The Al prediction was also corroborated by SEM
observed surface morphology. In contrast to higher
nanoparticle concentrations, which demonstrated
increasingly larger levels of clustering, the
formulation for 1 weight percent displayed a rather
uniform dispersion of the CeO2 nanoparticles with
few agglomerates. This adhesive aggregation is
the adhesive polymer matrix.

These observations were further corroborated
by the wettability measurements. The surface
contact angle decreased gradually from 66.8° for
the unmodified adhesive to 54.8° at 1 wt% CeO,,
proving the great increase in hydrophilicity of the
adhensive surface. Above this value, the contact
angle increased steadily when the nanoparticle
loading was increased, indicating a gradual loss
of surface homogeneity possibly due to excess
nanoparticles.

From this, it could be seen that with the
increase of CeO, concentration, there was a higher
inhibition ability to E. coli, yet the improvement
seems moderate after 1 wt%. As a result of this,
the Al algorithm appropriately recognized that
an increase in nanoparticle concentration is not
always advantageous for improvement of overall
material performance due to compensatory
changes—improvements in antibacterial activity
will reach a plateau as wettability is decreased.

Hence, the remarkable agreement between
actual and predicted values for FTIR, XRD, SEM,
wettability and antibacterial behaviours indicate
that machine-learning approaches can successfully
predict optimal nanocomposite formulations using
relatively small experimental datasets.

Practical Implications

Some practical advantages of the proposed Al-
assisted optimization strategy for designing novel
multifunctional dental adhesives are discussed.

e |t significantly cuts down the number of
experimental formulations necessary while
optimizing material.

* It allows several material properties to be
considered at once, instead of optimizing one
property at a time.

e Rapid prediction of optimum nanoparticle

J Nanostruct 16(2): 2528-2548, Spring 2026
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concentrations prior to large scale laboratory
experiments

e Costly materials, experimental work and
development time are reduced.

e The designed framework is easily expandable
to other experimental variables (e.g., the
shear bond strength, degree of conversion,
microhardness at distinct timepoints and
volumetric water sorption—water uptake or
cytotoxicity).

e The methodology can be easily integrated by
modern Materials Informatics approaches for the
next-generation dental biomaterials.

Future Al Applications

The current study used Random Forest
Regression which is robust with small datasets,
however future studies could benefit from more
advanced machine-learning approaches to better
predictive performance.

Potential future approaches include:

Artificial Neural Networks (ANN)

Extreme Gradient Boosting (XGBoost)

Gaussian Process Regression (GPR)

Support Vector Regression (SVR)

Bayesian Optimization

Multi-objective  evolutionary
algorithms

In addition, the deep-learning image analysis
could be wider to integrate with SEM micrographs
for automatic quantification of nanoparticle
agglomeration, particle distribution, porosity and
surface defects. These image-derived descriptors
could then be paired with conventional
physicochemical measurements to define fully
automated structure—property—performance
relationships for dental nanocomposites.

optimization

Summary of Al Modeling

The Random Forest model successfully
discovered the non-linear association between
Ce0O, nanoparticle concentration and aggregate
functional performance of the experimental dental
adhesive. This study finded, that experimental
may be associated with both wettability and
antibacterial activity tests, showed aligned
remarkably well with Al predictions indicated
that a 1 wt% CeO, content represents the optimal
composition.

The close match between experimental
characterization and machine-learning-prediction
illustrates that Al-assisted optimization is a
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powerful complementary tool for the rational
design of dental nanocomposite adhesives. Instead
of substituting laboratory experimentation,
the proposed approach efficiently navigates
formulation development by concentrating on
high promise compositions and minimizes testing
non-viable formulations.

Study Limitations

When evaluating the results of this study,
a number of limitations should be taken into
account.

First, as the study was carried out in vitro, it is
not possible to immediately apply the findings to
clinical performance.

Second, the model should be considered
exploratory and its predictions need to be validated
using additional formulations and independent
datasets because the machine-learning analysis
was based on six experimentally tested CeO,
values.

Third, Streptococcus mutans, a significant oral
cariogenic microbe, was not examined; instead,
the antibacterial evaluation was restricted to
Escherichia coli and Staphylococcus aureus.
Furthermore, water-sorption measurements,
quantitative degree-of-conversion analysis, bond-
strength testing, long-term aging and durability
evaluation, and cytotoxicity testing were not
carried out. As a result, the current findings
do not prove biological safety, clinical bonding
performance, or long-term adhesive durability.
therefore Before the clinical application of CeO,-
reinforced dental adhesives can be determined,
more research including these evaluations is
required.

CONCLUSION

However, within the design constraints of this
study, it can be concluded that CeO, nanoparticles
were effectively incorporated into a commercial
fifth-generation dental adhesive while maintaining
its core chemical structure (FTIR verified). The
incorporation of CeO, (0, 0.25, 0.5, 1, 2, and 4
wt%) did not change the crystal structure of the
CeO, but changes in adhesive results showed
that while crystalline size slightly decreases
with increasing amounts of CeO,, the amorphe
content remained dominant as well as similar
sizes. Low loading ratios (0.25-1 wt%) of CeO,
have not significantly affected the homogeneity
of structural properties in our sample materials,
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as suggested by SEM observations compared
to samples containing higher amounts that
led to excessive agglomeration and reduced
dispersion homogeneity between particles. With
the addition of CeO, nanoparticles, a significant
increase in adhesive surface wettability was
observed and the contact angle value obtained
with water (54.8°) at 1 wt% CeO, showed that it
reached the best surface characteristics among all
tested formulations. Nanoparticle incorporation
enhanced antibacterial activity against Escherichia
coli, achieving the greatest inhibition zone
(19 mm) with the 4 wt% formulation, while
no detectable antibacterial activity against
Staphylococcus aureus was observed under the
current experimental conditions. In addition,
the nonlinear relationship of the overall material
performance versus nanoparticle concentration
have been well described by the Al-assisted
Random Forest modeling. It has been shown
that an improvement on the wettability and
antibacterial activity is obtained, and According to
the chosen Composite Performance Index, among
the six formulations that were experimentally
studied, 1 weight percent CeO, offered the best
balance between contact angle and antibacterial
activity. Before more general inferences can be
made, more experimental validation is necessary
because this finding is unique to the tested
formulations and evaluation criteria. The good
agreement between experimental results and
Al predictions illustrates that machine-learning-
assisted optimization is a viable pathway to
accelerating dental nanocomposite adhesive
design while minimizing both the quantity of
experiments performed and materials consumed.
In general, the proposed methods provide a
promising strategy for future optimization of dental
adhesive compositions using nanotechnology
and experimental characterization together with
artificial intelligence.

CONFLICT OF INTEREST

The authors declare that there is no conflict
of interests regarding the publication of this
manuscript.

REFERENCES

1. S Jairam L, Chandrashekar A, Prabhu TN, Kotha SB, Girish
MS, Devraj IM, et al. A review on biomedical and dental
applications of cerium oxide nanoparticles — Unearthing
the potential of this rare earth metal. Journal of Rare

J Nanostruct 16(2): 2528-2548, Spring 2026
[@)er |


http://dx.doi.org/10.1016/j.jre.2023.04.009
http://dx.doi.org/10.1016/j.jre.2023.04.009
http://dx.doi.org/10.1016/j.jre.2023.04.009
http://dx.doi.org/10.1016/j.jre.2023.04.009

A. Bohan et al. / Nanoparticles in Dental Adhesives CeO,

Earths. 2023;41(11):1645-1661.

2. Pourhajibagher M, Bahador A. Physico-mechanical
properties, antimicrobial activities, and anti-biofilm
potencies of orthodontic adhesive containing cerium oxide
nanoparticles against Streptococcus mutans. Folia Medica.
2022;64(2):252-259.

. Haodong X, Wangwei Z, Jiahui Y, Peng W, Xing Y, Shibo H,
et al. Magnesium oxide-reinforced orthopaedic composite
materials: fabrication, performance and clinical application
prospects. European Cells and Materials. 2026;56.

4. Qi M, Li W, Zheng X, Li X, Sun Y, Wang Y, et al. Cerium
and Its Oxidant-Based Nanomaterials for Antibacterial
Applications: A State-of-the-Art Review. Frontiers in
Materials. 2020;7.

5. Xue Y, Yang F, Wu L, Xia D, Liu Y. CeO, Nanoparticles to
Promote Wound Healing: A Systematic Review. Advanced
Healthcare Materials. 2023;13(6).

6. Singh S, Jain RK. The Synthesis, Characterization, and
Assessment of Antibacterial Properties of an Orthodontic
Adhesive Containing Cerium-Substituted Hydroxyapatite
Nanoparticles: An In Vitro Study. Cureus. 2024.

7. Alopaedy MHA, Ismael LW, Hasan GF, Mohammed MS,
Alhasan AH, Ali ZA, et al. Enhancing the corrosion resistance
and potential biomedical applications of titanium dental
implants coated with niobium pentoxide. Research on
Engineering Structures and Materials. 2026.

8. Jabermoradi S, Paridari P, Shepherd J, Ramezani F.
Antibacterial activity of Cerium Oxide Nanoparticles: a
systematic review and meta-analysis study. Nanomedicine.
2025;21(1):71-87.

9. Garcia IM, Leitune VCB, Takimi AS, Bergmann CP, Samuel
SMW, Melo MA, et al. Cerium Dioxide Particles to Tune
Radiopacity of Dental Adhesives: Microstructural and
Physico-Chemical Evaluation. Journal of Functional
Biomaterials. 2020;11(1):7.

10. Chen S, Wang Y, Bao S, Yao L, Fu X, Yu Y, et al. Cerium oxide
nanoparticles in wound care: a review of mechanisms and
therapeutic applications. Frontiers in Bioengineering and
Biotechnology. 2024;12.

11. Byun S-Y, Han AR, Kim K-M, Kwon J-S. Antibacterial
properties of mesoporous silica coated with cerium oxide
nanoparticles in dental resin composite. Scientific Reports.
2024;14(1).

12. Abd El Aziz PM. Applications of Cerium Oxide Nanoparticles
in Dentistry: A Review Article. ERU Research Journal.
2025;4(2):2581-2594.

13. Igbal N, Anastasiou A, Aslam Z, Raif EM, Do T, Giannoudis
PV, et al. Interrelationships between the structural,
spectroscopic, and antibacterial properties of nanoscale 50
nm) cerium oxides. Scientific Reports. 2021;11(1).

14. Zhang H, Qiu J, Yan B, Liu L, Chen D, Liu X. Regulation of
Ce (@) / Ce (@) ratio of cerium oxide for antibacterial
application. iScience. 2021;24(3):102226.

15. Jairam LS, Shri M D, Chandrashekar A, Prabhu TN, Arjun A,
Premkumar HB. Antibacterial and mechanical properties
of cerium oxide nanoparticles modified glass ionomer
cement. Mater Chem Phys. 2024;315:129040.

16. Chatzimentor |, Tsamesidis |, loannou M-E, Pouroutzidou
GK, Beketova A, Giourieva V, et al. Study of Biological
Behavior and Antimicrobial Properties of Cerium Oxide
Nanoparticles. Pharmaceutics. 2023;15(10):2509.

17. Wang Y, Zhang X, Zheng H, Zhou Z, Li S, Jiang J, et al.
Remineralization of Dentin with Cerium Oxide and Its

w

J Nanostruct 16(2): 2528-2548, Spring 2026
[@)er |

Potential Use for Root Canal Disinfection. International
Journal of Nanomedicine. 2023;Volume 19:1-17.

18. Ali MHA, Ismael LW, Almutalabi SN, kadhem TS, Hussein
MA, Mohammed MS, et al. Optimizing Graphene — Alumina
Nanocomposite Coatings on Titanium Alloy via Spin
Coating for Dual Corrosion Resistance and Antimicrobial
Functionality in Dental Implants. IOP Conference Series:
Earth and Environmental Science. 2026;1644(1):012133.

19. Aadi MM, Farhan FA, Sulaiman E. Effect of the incorporation
of cerium oxide and PEEK composite on mechanical
properties and denture base adaptation of PMMA resin.
Journal of Baghdad College of Dentistry. 2026;38(2):1-10.

20. Bohan AJ, Ahmed DS, Salman GK. Synthesis AgNPs in Starch
Solution by Green Method for New Medical Drugs. Mater
Sci Forum. 2020;1002:311-318.

21. Ezzat D, Ayad A, Azab A. Nanotechnology in Dental
Restorative Materials: Advances, Challenges, and Future
Directions Toward Precision Nanomedicine. MDPI AG; 2025.
http://dx.doi.org/10.20944/preprints202512.2249.v1

22. Hosseini M, Mozafari M. Cerium Oxide Nanoparticles:
Recent Advances in Tissue Engineering. Materials.
2020;13(14):3072.

. Bohan AJ, Alubadi AEM, Khalaf HY, Basheer NN. Evaluation
of sCD14 and sCD163 in vaccinated subjects with Pfizer-
BioNTech (BNT162b2) or Sinopharm (BBIBP-CorV)
COVID-19 vaccine in Irag. AIP Conference Proceedings: AIP
Publishing; 2024. p. 020018.

24. Varghese EJ, Sihivahanan D, Venkatesh KV. Development
of Novel Antimicrobial Dental Composite Resin with Nano
Cerium Oxide Fillers. International Journal of Biomaterials.
2022;2022:1-7.

25. Abd Ali MH, Al-Hassani ES, Al-Hasani FJ. Improving Corrosion
Resistance of Stainless Steel 316L, Titanium Orthodontic
Archwires Enhanced by Metallic Coatings. Journal of
Physics: Conference Series. 2025;3028(1):012006.

26. Pourhajibagher M, Bahrami R, Bahador A. An ex vivo
evaluation of physico-mechanicaland anti-biofilm properties
of resin-modified glass ionomer containing ultrasound
waves-activated nanoparticles against  Streptococcus
mutans biofilm around orthodontic bands. Photodiagnosis
and Photodynamic Therapy. 2022;40:103051.

27. Kriplani SU, Jain A, Sedani S, Mustafa M, Alshehri A, Alghtani
NR, et al. Enhancing Bond Strength and Sealing Ability?
Impact of Nanoparticle Incorporation on Micro tensile Bond
Strength and Microleakage in 5th Generation Adhesive
Systems. MDPI AG; 2025. http://dx.doi.org/10.20944/
preprints202508.1545.v1

28. Azmy E, Al-Kholy MRZ, Fattouh M, Kenawi LMM, Helal MA.
Impact of Nanoparticles Additions on the Strength of Dental
Composite Resin. International Journal of Biomaterials.
2022;2022:1-9.

29. Niazi FH, AlTowayan SA, Arjumand B, Alkhuwaiter SS,
Aljuailan RI, Albahoth AS, et al. The Adhesive Strength and
Degree of Conversion of Remineralizing Hydroxyapatite,
Amorphous Calcium Phosphate, and Cerium Oxide Fillers in
Experimental Adhesive: A SEM and EDX Analysis. Microsc
Res Tech. 2025;88(9):2560-2568.

30. Balhaddad AA, Garcia IM, Mokeem L, Alsahafi R, Collares
FM, Sampaio de Melo MA. Metal Oxide Nanoparticles
and Nanotubes: Ultrasmall Nanostructures to Engineer
Antibacterial and Improved Dental Adhesives and
Composites. Bioengineering. 2021;8(10):146.

31. Szaloki M, Szabd Z, Martos R, Csik A, Sz6l6si GJ, Heged(is

2

w

2547


http://dx.doi.org/10.1016/j.jre.2023.04.009
http://dx.doi.org/10.3897/folmed.64.e60418
http://dx.doi.org/10.3897/folmed.64.e60418
http://dx.doi.org/10.3897/folmed.64.e60418
http://dx.doi.org/10.3897/folmed.64.e60418
http://dx.doi.org/10.3897/folmed.64.e60418
http://dx.doi.org/10.22203/ecm.v056a01
http://dx.doi.org/10.22203/ecm.v056a01
http://dx.doi.org/10.22203/ecm.v056a01
http://dx.doi.org/10.22203/ecm.v056a01
http://dx.doi.org/10.3389/fmats.2020.00213
http://dx.doi.org/10.3389/fmats.2020.00213
http://dx.doi.org/10.3389/fmats.2020.00213
http://dx.doi.org/10.3389/fmats.2020.00213
http://dx.doi.org/10.1002/adhm.202302858
http://dx.doi.org/10.1002/adhm.202302858
http://dx.doi.org/10.1002/adhm.202302858
http://dx.doi.org/10.7759/cureus.52177
http://dx.doi.org/10.7759/cureus.52177
http://dx.doi.org/10.7759/cureus.52177
http://dx.doi.org/10.7759/cureus.52177
http://dx.doi.org/10.17515/resm2026-1238ic1011rs
http://dx.doi.org/10.17515/resm2026-1238ic1011rs
http://dx.doi.org/10.17515/resm2026-1238ic1011rs
http://dx.doi.org/10.17515/resm2026-1238ic1011rs
http://dx.doi.org/10.17515/resm2026-1238ic1011rs
http://dx.doi.org/10.1080/17435889.2025.2582466
http://dx.doi.org/10.1080/17435889.2025.2582466
http://dx.doi.org/10.1080/17435889.2025.2582466
http://dx.doi.org/10.1080/17435889.2025.2582466
http://dx.doi.org/10.3390/jfb11010007
http://dx.doi.org/10.3390/jfb11010007
http://dx.doi.org/10.3390/jfb11010007
http://dx.doi.org/10.3390/jfb11010007
http://dx.doi.org/10.3390/jfb11010007
http://dx.doi.org/10.3389/fbioe.2024.1404651
http://dx.doi.org/10.3389/fbioe.2024.1404651
http://dx.doi.org/10.3389/fbioe.2024.1404651
http://dx.doi.org/10.3389/fbioe.2024.1404651
http://dx.doi.org/10.1038/s41598-024-69102-2
http://dx.doi.org/10.1038/s41598-024-69102-2
http://dx.doi.org/10.1038/s41598-024-69102-2
http://dx.doi.org/10.1038/s41598-024-69102-2
http://dx.doi.org/10.21608/erurj.2025.333537.1202
http://dx.doi.org/10.21608/erurj.2025.333537.1202
http://dx.doi.org/10.21608/erurj.2025.333537.1202
http://dx.doi.org/10.1038/s41598-021-00222-9
http://dx.doi.org/10.1038/s41598-021-00222-9
http://dx.doi.org/10.1038/s41598-021-00222-9
http://dx.doi.org/10.1038/s41598-021-00222-9
http://dx.doi.org/10.1016/j.isci.2021.102226
http://dx.doi.org/10.1016/j.isci.2021.102226
http://dx.doi.org/10.1016/j.isci.2021.102226
http://dx.doi.org/10.1016/j.matchemphys.2024.129040
http://dx.doi.org/10.1016/j.matchemphys.2024.129040
http://dx.doi.org/10.1016/j.matchemphys.2024.129040
http://dx.doi.org/10.1016/j.matchemphys.2024.129040
http://dx.doi.org/10.3390/pharmaceutics15102509
http://dx.doi.org/10.3390/pharmaceutics15102509
http://dx.doi.org/10.3390/pharmaceutics15102509
http://dx.doi.org/10.3390/pharmaceutics15102509
http://dx.doi.org/10.2147/ijn.s441060
http://dx.doi.org/10.2147/ijn.s441060
http://dx.doi.org/10.2147/ijn.s441060
http://dx.doi.org/10.2147/ijn.s441060
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.1088/1755-1315/1644/1/012133
http://dx.doi.org/10.26477/jbcd.v38i2.4213
http://dx.doi.org/10.26477/jbcd.v38i2.4213
http://dx.doi.org/10.26477/jbcd.v38i2.4213
http://dx.doi.org/10.26477/jbcd.v38i2.4213
http://dx.doi.org/10.4028/www.scientific.net/msf.1002.311
http://dx.doi.org/10.4028/www.scientific.net/msf.1002.311
http://dx.doi.org/10.4028/www.scientific.net/msf.1002.311
http://dx.doi.org/10.20944/preprints202512.2249.v1
http://dx.doi.org/10.20944/preprints202512.2249.v1
http://dx.doi.org/10.20944/preprints202512.2249.v1
http://dx.doi.org/10.20944/preprints202512.2249.v1
http://dx.doi.org/10.3390/ma13143072
http://dx.doi.org/10.3390/ma13143072
http://dx.doi.org/10.3390/ma13143072
http://dx.doi.org/10.1063/5.0209763
http://dx.doi.org/10.1063/5.0209763
http://dx.doi.org/10.1063/5.0209763
http://dx.doi.org/10.1063/5.0209763
http://dx.doi.org/10.1063/5.0209763
http://dx.doi.org/10.1155/2022/3912290
http://dx.doi.org/10.1155/2022/3912290
http://dx.doi.org/10.1155/2022/3912290
http://dx.doi.org/10.1155/2022/3912290
http://dx.doi.org/10.1088/1742-6596/3028/1/012006
http://dx.doi.org/10.1088/1742-6596/3028/1/012006
http://dx.doi.org/10.1088/1742-6596/3028/1/012006
http://dx.doi.org/10.1088/1742-6596/3028/1/012006
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.1016/j.pdpdt.2022.103051
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.20944/preprints202508.1545.v1
http://dx.doi.org/10.1155/2022/1165431
http://dx.doi.org/10.1155/2022/1165431
http://dx.doi.org/10.1155/2022/1165431
http://dx.doi.org/10.1155/2022/1165431
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.1002/jemt.24875
http://dx.doi.org/10.3390/bioengineering8100146
http://dx.doi.org/10.3390/bioengineering8100146
http://dx.doi.org/10.3390/bioengineering8100146
http://dx.doi.org/10.3390/bioengineering8100146
http://dx.doi.org/10.3390/bioengineering8100146
http://dx.doi.org/10.3390/app132112061

32.

33.

34,

35.

36.

2548

A. Bohan et al. / Nanoparticles in Dental Adhesives CeO,

C. The Surface Free Energy of Resin-Based Composite in
Context of Wetting Ability of Dental Adhesives. Applied
Sciences. 2023;13(21):12061.

Almusa A, Delgado AHS, Young AM. Interpretation
of ATR-FTIR spectra of dental adhesives throughout
simultaneous polymerization and solvent loss. PLOS One.
2025;20(6):e0325692.

Genari B, Klein M, Garcia IM, Leitune VCB, Sanchez FAL,
Takimi AS, et al. Nanostructured ZnO as a filler particle for
adhesive resins. Dent Mater. 2013;29:e75.

Assis M, De Moraes G, De Souza K. Cerium oxide
nanoparticles: Chemical properties, biological effects and
potential therapeutic opportunities (Review). Biomedical
Reports. 2024;20(3).

Kalyanaraman V, Naveen SV, Mohana N, Balaje RM,
Navaneethakrishnan KR, Brabu B, et al. Biocompatibility
studies on cerium oxide nanoparticles — combined study
for local effects, systemic toxicity and genotoxicity via
implantation route. Toxicology Research. 2019;8(1):25-37.
Kaga N, Fujimoto H, Morita S, Yamaguchi Y, Matsuura T.

37.

38.

39.

40.

Contact Angle and Cell Adhesion of Micro/Nano-Structured
Poly(lactic-co-glycolic acid) Membranes for Dental
Regenerative Therapy. Dentistry Journal. 2021;9(11):124.
Ma A, Yang Z, He Q, Lan J. Bioinformatics and Al in
dental biomaterials: Applications in drug delivery for
tissue  engineering. Translational Dental Research.
2026;2(1):100067.

He B, Lin M, Yu X, Zhang Z, Dai S. Random Forest-Based
Prediction Model for Stiffness Degradation of Offshore
Wind Farm Submarine Soil. Journal of Marine Science and
Engineering. 2024;13(1):8.

Liu B, Liu P, Lu W, Olofsson T. Explainable Artificial
Intelligence (XAl) for Material Design and Engineering
Applications: A Quantitative Computational Framework.
International Journal of Mechanical System Dynamics.
2025;5(2):236-265.

Tayebi SS, Dowdall N, Hoare T, Mhaskar P. Data-driven
optimization of nanoparticle size using the prediction
reliability enhancing parameter (PREP). Nanoscale.
2025;17(34):19767-19784.

J Nanostruct 16(2): 2528-2548, Spring 2026
[@)er |


http://dx.doi.org/10.3390/app132112061
http://dx.doi.org/10.3390/app132112061
http://dx.doi.org/10.3390/app132112061
http://dx.doi.org/10.1371/journal.pone.0325692
http://dx.doi.org/10.1371/journal.pone.0325692
http://dx.doi.org/10.1371/journal.pone.0325692
http://dx.doi.org/10.1371/journal.pone.0325692
http://dx.doi.org/10.1016/j.dental.2013.08.154
http://dx.doi.org/10.1016/j.dental.2013.08.154
http://dx.doi.org/10.1016/j.dental.2013.08.154
http://dx.doi.org/10.3892/br.2024.1736
http://dx.doi.org/10.3892/br.2024.1736
http://dx.doi.org/10.3892/br.2024.1736
http://dx.doi.org/10.3892/br.2024.1736
http://dx.doi.org/10.1039/c8tx00248g
http://dx.doi.org/10.1039/c8tx00248g
http://dx.doi.org/10.1039/c8tx00248g
http://dx.doi.org/10.1039/c8tx00248g
http://dx.doi.org/10.1039/c8tx00248g
http://dx.doi.org/10.3390/dj9110124
http://dx.doi.org/10.3390/dj9110124
http://dx.doi.org/10.3390/dj9110124
http://dx.doi.org/10.3390/dj9110124
http://dx.doi.org/10.1016/j.tdr.2026.100067
http://dx.doi.org/10.1016/j.tdr.2026.100067
http://dx.doi.org/10.1016/j.tdr.2026.100067
http://dx.doi.org/10.1016/j.tdr.2026.100067
http://dx.doi.org/10.3390/jmse13010008
http://dx.doi.org/10.3390/jmse13010008
http://dx.doi.org/10.3390/jmse13010008
http://dx.doi.org/10.3390/jmse13010008
http://dx.doi.org/10.1002/msd2.70017
http://dx.doi.org/10.1002/msd2.70017
http://dx.doi.org/10.1002/msd2.70017
http://dx.doi.org/10.1002/msd2.70017
http://dx.doi.org/10.1002/msd2.70017
http://dx.doi.org/10.1039/d5nr01664a
http://dx.doi.org/10.1039/d5nr01664a
http://dx.doi.org/10.1039/d5nr01664a
http://dx.doi.org/10.1039/d5nr01664a

	Cerium Oxide Nanoparticle-Reinforced Fifth-Generation Dental Adhesive: Physicochemical Characterizat
	Abstract
	Keywords
	How to cite this article 
	INTRODUCTION
	MATERIALS AND METHODS 
	Materials
	Preparation of CeO₂-Reinforced Dental Adhesive 
	Light Polymerization 
	Particle Size Analysis 
	Scanning Electron Microscopy (SEM) 
	X-ray Diffraction (XRD) 
	Contact Angle Measurement 
	Antibacterial Activity 
	Statistical Analysis 
	AI-Based Modeling 

	RESULTS AND DISCUSSION 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	X-ray Diffraction (XRD) 
	Structural Analysis of CeO₂-Reinforced Dental Adhesives 
	Scanning Electron Microscopy (SEM) 
	Wettability Analysis 
	Antibacterial Activity of the cured CeO₂-Reinforced Dental Adhesive 
	AI-Based Modeling and Optimization 
	Creating the Random Forest Model 
	AI Prediction Results and Discussion 
	Feature Importance Analysis 
	Experimental Characterization vs AI Prediction 
	Practical Implications 
	Future AI Applications 
	Summary of AI Modeling 
	Study Limitations 

	Conclusion 
	CONFLICT OF INTEREST 
	References  

