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ABSTRACT

https.//doi.org/10.51847/MRLJIvvief7

To synthesize and characterize green-mediated titanium dioxide— and chitosan-modified glass ionomer cement and
compare their antimicrobial, mechanical, and surface properties with conventional GIC. Titanium dioxide nanoparticles
were synthesized using Azadirachta indica extract and incorporated into GIC to produce TiO>-GIC. Chitosan-modified
GIC (Chi-GIC) was prepared using chitosan synthesized with Eucalyptus globulus extract. Three groups were evaluated:
Ti02-GIC, Chi-GIC, and conventional GIC (control). Characterization was performed using Fourier transform infrared
spectroscopy, scanning electron microscopy, and energy-dispersive X-ray spectroscopy. Specimens were tested for
antimicrobial activity, surface roughness, microhardness, and compressive strength. Data were analyzed using one-way
ANOVA and Tukey post-hoc tests (p < 0.05). Chi-GIC showed the highest antibacterial activity against Streptococcus
mutans (19.37 £ 1.24 mm) and Lactobacillus acidophilus (18.41 £ 1.19 mm), followed by TiO--GIC and conventional
GIC. TiO2-GIC exhibited the highest microhardness (78.42 + 3.15 VHN) and compressive strength (165.42 + 8.36 MPa)
with the lowest surface roughness (0.82 £ 0.07 um). Nanoparticle incorporation significantly improved properties (p <
0.05). Green-mediated incorporation of titanium dioxide nanoparticles and chitosan significantly enhanced GIC
performance. TiO2-GIC improved mechanical properties, whereas Chi-GIC demonstrated superior antibacterial activity.

Key words: Glass ionomer cement, Greenhouse, Titanium dioxide nanoparticles, Chitosan, Antimicrobial activity,

Mechanical properties.

Introduction

Glass ionomer cement (GIC) is widely utilized in restorative
dentistry because of its ability to chemically adhere to
enamel and dentin, release fluoride over time, exhibit good
biocompatibility, and allow easy clinical manipulation [1].
Owing to these favorable characteristics, GIC is frequently
employed in atraumatic restorative treatment (ART),
pediatric and geriatric dentistry, and in the management of
patients with high caries risk [2, 3]. However, despite these
advantages, the clinical performance of conventional GIC is
restricted by its relatively poor mechanical properties, such
as low compressive strength, limited fracture toughness,
reduced surface hardness, and a high susceptibility to wear
and moisture contamination during the early stages of
setting [4].

To address the inherent limitations of conventional GIC,
several modification strategies have been investigated,
including the incorporation of metal powders, fibers,
bioactive glasses, and nanoparticles. Among these
approaches, nanoparticle reinforcement has attracted
considerable attention due to its potential to improve
mechanical performance while maintaining the intrinsic
benefits of GIC. Titanium-based nanoparticles, in particular,

are recognized for their superior mechanical strength,
corrosion resistance, biocompatibility, and notable
antimicrobial activity [5]. The incorporation of titanium
nanoparticles into the GIC matrix enhances stress
distribution within the material and contributes to improved
resistance to crack initiation and propagation [5].

In recent years, the green synthesis of nanoparticles using
plant extracts has gained attention as an environmentally
friendly and biologically safe alternative to conventional
chemical synthesis methods [6-13]. Neem (Azadirachta
indica), a member of the Meliaceae family, is widely
recognized for its numerous therapeutic properties [14].
Plant-derived products are increasingly favored due to their
biodegradability, low toxicity to non-target organisms, cost-
effectiveness, and wide availability. In traditional Indian
medicine, neem has long been valued as a rich source of
medicinal compounds [15]. Extracts obtained from
Azadirachta indica possess notable antibacterial activity,
and dried neem chewing sticks have demonstrated strong
inhibitory effects against Streptococcus mutans compared
with other cariogenic microorganisms [15]. These
properties make neem a promising candidate for the green
synthesis of titanium nanoparticles. Neem-mediated
titanium nanoparticles have been reported to exhibit
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enhanced bioactivity and improved interaction with dental
restorative materials.

Chitosan is a naturally derived polymer produced through
the alkaline N-deacetylation of chitin, which is obtained
from crustacean shells such as those of crabs, shrimps, and
lobsters. It is widely recognized for its non-toxic,
biocompatible, and biodegradable nature. Chitosan exhibits
a wide range of biological properties, including antifungal,
antibacterial,  antiprotozoal, anticancer, antiplaque,
antitartar, and hemostatic activities [16]. Due to these
favorable characteristics, nanoscale chitosan formulations
have been extensively explored in pharmacology,
particularly as drug delivery systems [16]. Petri et al.
investigated chitosan-modified glass ionomer cement by
incorporating chitosan at different concentrations (10, 20,
and 30 wt.%) into the GIC matrix [17].

The incorporation of plant extracts such as Fucalyptus
globulus during the preparation of chitosan can further
enhance its antimicrobial efficacy owing to the presence of
various bioactive phytochemicals [18-27]. Eucalyptus leaf
extract has been considered a promising alternative due to
its broad-spectrum antimicrobial activity against several
oral pathogens [28]. Eucalyptus oil has also been reported to
serve as an adjunctive agent in reducing bacteria associated
with dental caries and endodontic infections [29].
Mohammed demonstrated that the methanolic extract of
eucalyptus leaves exhibited stronger inhibitory effects
against Streptococcus mutans, a primary causative
microorganism in dental caries, compared with
conventional antimicrobial agents such as gentamicin and
nystatin [30]. Similarly, another study reported that extracts
obtained from eucalyptus twigs showed significant
antimicrobial activity against S. mutans [31]. Despite these
promising findings, the incorporation of eucalyptus leaf
extract into dental restorative materials has not been
extensively investigated.

Although numerous studies have investigated individual
modifications of glass ionomer cement, limited literature is
available that directly compares green-synthesized titanium-
modified GIC with plant extract-enhanced chitosan-
modified GIC within a single experimental framework.

Therefore, the present in vitro study was conducted to
comparatively assess the antimicrobial efficacy, mechanical
properties, and surface characteristics of green-mediated
titanium-modified GIC and green-mediated chitosan-
modified GIC in comparison with conventional GIC. It was
hypothesized that Neem-mediated titanium-modified GIC
would exhibit superior performance, followed by chitosan-
modified GIC, while conventional GIC would demonstrate
comparatively lower properties.

Materials and Methods

Estimation of sample size, study design, and materials
Sample size estimation was performed using the G*Power
statistical software, considering a statistical power of 0.95
(95% confidence level) and an effect size of 0.6, which
indicated that a total of 48 samples were required for each
parameter. The glass ionomer cement used in this study
consisted of aluminosilicate glass powder and polyacrylic
acid (GC Corporation, Tokyo, Japan). Dried neem and
eucalyptus leaves were procured from Annai Aravindh
Herbals Pvt. Ltd., Chennai, India. Zirconium oxide was
obtained from Sigma-Aldrich Chemicals Private Limited,
Bengaluru, India. The present in vitro experimental study
was carried out at the research center of the university
hospital.

Preparation  of  green-mediated  titanium  dioxide
nanoparticles and incorporation into the GIC
Green-mediated titanium oxide nanoparticles were

synthesized using Azadirachta indica (neem) leaf extract.
All glassware was cleaned, sterilized, and dried. Fresh
leaves were washed, shade-dried, and 1 g was boiled in 100
mL distilled water for 5-10 minutes. The extract was cooled
and filtered (Whatman No.1). Separately, 0.365 g TiO. was
dissolved in 50 mL distilled water to prepare the precursor
(Figure 1a). Neem extract was added gradually under
magnetic stirring, then incubated at 37 °C to facilitate
nanoparticle formation (Figure 1b). The synthesized
nanoparticles were incorporated into GIC at 5% (Group I).
The GIC powder and nanoparticles were weighed, vortex-
mixed for uniformity, and combined with the liquid
component following the manufacturer’s powder—liquid
ratio.
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e)
Figure 1. Preparation of nanoparticles and specimen fabrication. a) Preparation of titanium dioxide (TiO:) nanoparticles
using the green synthesis method. b) Final TiO: nanoparticle precipitate obtained after synthesis and processing. c)
Preparation of chitosan nanoparticles using the green synthesis d) Final form of chitosan nanoparticles obtained after
processing. e) Stainless steel mold used for specimen fabrication. f) Prepared specimens used for experimental testing.

Preparation of green -mediated chitosan nanoparticles and
incorporation into the GIC

Green-mediated chitosan nanoparticles were synthesized
using FEucalyptus globulus leaf extract. Leaves were
washed, shade-dried, and 1 g was heated in 100 mL distilled
water at 60—80 °C for 5—10 minutes. The extract was cooled
and filtered (Whatman No.l). Chitosan solution was
prepared by dissolving 0.5 g chitosan in 0.5 g glacial acetic
acid and 49 mL distilled water under stirring. Then, 4-5
drops of sodium tripolyphosphate (TPP) were added for
ionic gelation. The eucalyptus extract was gradually added
with constant stirring (Figure 1c¢), followed by incubation at
37 °C to form nanoparticles (Figure 1 parts d,e,f). The
synthesized nanoparticles were incorporated into GIC at 5%
(Group II). Chitosan was added to the liquid component to
prepare a 5% modified liquid, and then mixed with GIC
powder as per the manufacturer’s ratio to obtain
homogeneous cement.

Fourier Transform Infrared (FTIR) analysis

Fourier Transform Infrared Spectroscopy (FTIR) was used
to evaluate the chemical changes following the
incorporation of titanium nanoparticles and chitosan into
glass ionomer cement. The spectra were recorded using an

FTIR spectrometer (Nicolet iS10; Thermo Fisher Scientific,
Waltham, Massachusetts, USA) over a wavelength range of
500—4000 cm™ with a resolution of 4 cm™. This analysis
was performed to identify the characteristic functional
groups present in the modified GIC powders and to assess
potential chemical interactions between the nanoparticles
and the conventional GIC matrix.

Scanning Electron Microscopy (SEM) analysis

The microstructure of titanium nanoparticle—modified and
chitosan-modified glass ionomer cement (GIC) powders
was analyzed using scanning electron microscopy (SEM)
(JEOL JSM IT-800, Germany). Prior to analysis, the powder
samples were mounted on aluminum stubs and sputter-
coated with a thin layer of gold to improve electrical
conductivity. The coating was performed at a gas pressure
of approximately 50 mTorr and a current of about 40 mA
for 180 seconds. The coated specimens were then examined
under SEM to evaluate the surface morphology and particle
distribution of the modified GIC powders.

Energy Dispersive X-ray (EDX) analysis
Energy Dispersive X-ray Spectroscopy (EDX) was
employed to analyze the elemental composition of the
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cement samples. The specimens were prepared in powder
form and examined using an EDX system manufactured by
FEA Company of USA (S.E.A) PTE LTD. The detected
elements were quantified and expressed as weight
percentages (wt%), with values reported up to two decimal
places for accuracy.

Grouping of samples

The samples were categorized into three experimental
groups according to the type of modification incorporated
into the glass ionomer cement. Group I included titanium-
modified GIC, prepared by adding 5% (w/w) titanium
nanoparticles to the conventional GIC powder. Group II
consisted of chitosan-modified GIC, in which 5% (w/w)
chitosan was incorporated into the cement. Group III served
as the control group and comprised conventional glass
ionomer cement without any modification.

Specimen preparation

Type IX glass ionomer cement (GIC) (GC Corporation,
Tokyo, Japan) was used for specimen preparation. For the
experimental groups, green-mediated titanium nanoparticles
were incorporated into the conventional GIC powder at a
concentration of 5% (w/w). The modified powder was
mixed with the polyacrylic acid—based liquid component
(GC Corporation) according to the manufacturer’s
recommended powder-to-liquid ratio to obtain a
homogeneous paste. The mixture was then transferred into
cylindrical molds measuring 5 mm in diameter and 2 mm in
thickness using a sterile cement carrier and gently leveled
with a sterile glass slide to produce a uniform surface.
Similarly,  green-mediated  chitosan-modified  GIC
specimens were prepared by incorporating 5% (W/w)
chitosan into the cement following the same procedure.
After the setting reaction was complete, all specimens were
inspected under bright illumination for defects such as
porosities, voids, or cracks, and any defective samples were
discarded. The accepted specimens were subsequently
finished, polished, and stored at room temperature until
further evaluation.

Evaluation of antibacterial activity

The antibacterial activity of the experimental materials was
assessed against Streptococcus mutans and Lactobacillus
acidophilus using the agar well diffusion method. Bacterial
suspensions were uniformly spread onto Mueller—Hinton
agar plates, and wells of approximately 6 mm in diameter
were created using a sterile cork borer. Specimens from
Group I (5% green-mediated titanium nanoparticle—
modified GIC), Group II (5% green-mediated chitosan
nanoparticle-modified GIC), and Group III (conventional
GIC) were placed into the prepared wells and incubated at
37 °C for 24 hours. Following incubation, the zones of
inhibition formed around the specimens were measured in
millimeters using a digital vernier caliper, and the mean
values were recorded for subsequent statistical analysis.

Evaluation of surface roughness

The surface roughness of the prepared specimens was
assessed using a surface profilometer. Prior to analysis, all
specimens were finished and polished to ensure a
standardized and smooth surface. Each sample was
positioned on the profilometer stage, and a stylus was
traversed across the specimen surface under controlled
conditions to record surface irregularities. The instrument
measured the average surface roughness (Ra) values in
micrometers (um). For each specimen, three measurements
were obtained at different locations, and the mean value was
calculated to determine the final surface roughness for each
sample.

Evaluation of microhardness

The Vickers microhardness of the specimens was evaluated
using a diamond pyramid indenter applied to the material
surface under a specified load for a fixed duration. In the
present study, a Shimadzu HMV-G31DT microhardness
tester was used, with a load of 2.942 N (HV0.3) applied for
20 seconds. The Vickers hardness number (VHN) was
calculated by measuring the dimensions of the indentation
formed on the specimen surface.

Evaluation of compressive strength

Cylindrical specimens measuring 4 mm in diameter and 6
mm in height were fabricated using stainless steel split
molds in accordance with ISO 9917-1:2007 standards. To
facilitate easy removal of the specimens, a thin layer of
cocoa butter was applied to the inner surfaces of the molds.
The prepared material was placed into the molds and
covered with polyester strips and glass slides, followed by
gentle pressure to eliminate entrapped air and obtain a
smooth surface. After 30 minutes, the molds were carefully
removed, and the specimens were stored in distilled water at
37 °C for 24 hours for conditioning. Subsequently,
compressive strength testing was performed using a
universal testing machine (Instron Electro Plus® E3000). A
compressive load was applied along the longitudinal axis of
each specimen at a crosshead speed of 1 mm/min until
fracture occurred, and the compressive strength values were
recorded in megapascals (MPa).

Statistical analysis

Data were analyzed using SPSS software version 23.0. The
numerical results were expressed as mean + standard
deviation (SD), assuming a normal distribution of data. One-
way analysis of variance (ANOVA) was performed to assess
overall differences among the groups, followed by Tukey’s
honestly significant difference (HSD) post hoc test for
pairwise comparisons. A p-value of < 0.05 was considered
statistically significant.

Results and Discussion

FTIR
The FTIR spectra of the modified glass ionomer cements are

shown in Figures 2 part a and b. In titanium nanoparticles—
modified GIC (Figure 2a), a band around 560-580 cm™
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corresponds to Ti—O-Ti stretching vibrations, confirming
the presence of titanium nanoparticles. A prominent peak
near ~1020-1050 cm™ represents Si—-O/P—-O asymmetric
stretching of the glass ionomer matrix, while bands at ~1450
cm™! and ~1620 cm™ correspond to C-O and carboxylate
(COO") vibrations, respectively. Broad bands near ~2900
cm! and ~3300-3400 cm™ indicate C-H and O-H
stretching vibrations (Figure 2a). Similarly, the spectrum of
chitosan-modified GIC (Figure 2b) showed peaks around

'h“(l‘l

Yo X0 900 X000 1500 10

~1020-1050 cm™! corresponding to P—O/Si—O stretching,
while bands near ~1450 cm™ and ~1620-1650 cm™
represent C-O and amide (C=0O/N-H) vibrations
characteristic of chitosan. The broad band around ~3300-
3400 cm™ corresponds to O-H and N-H stretching
vibrations. These findings confirm the successful
incorporation of titanium nanoparticles and chitosan into the
GIC matrix (Figure 2b).
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h)

Figure 2. Characterization of titanium- and chitosan-modified glass ionomer cement.

a) FTIR spectrum of titanium nanoparticle-modified GIC showing characteristic functional groups. b) FTIR spectrum of
chitosan nanoparticle-modified GIC. ¢) SEM micrograph of titanium nanoparticles showing agglomerated
nanostructures. d) SEM micrograph of chitosan nanoparticles exhibiting relatively homogeneous morphology. €) SEM
image indicating the region selected for elemental analysis in titanium-modified GIC. f) EDX spectrum confirming the
elemental composition and presence of titanium. g) SEM image showing the selected region for elemental analysis in
chitosan-modified GIC. h) EDX spectrum demonstrating the elemental composition of the modified matrix.

SEM

The SEM micrographs of the modified glass ionomer
cements showed noticeable changes in surface morphology
after nanoparticle incorporation. The titanium nanoparticle—
modified GIC exhibited a relatively dense and compact
microstructure with uniformly distributed particles within
the glass matrix, suggesting good nanoparticle dispersion
(Figure 2¢). In contrast, the chitosan-modified GIC showed
a slightly heterogeneous structure with irregular particle
distribution and clustered regions. These observations
indicate the successful incorporation of titanium
nanoparticles and chitosan into the GIC matrix, which may
contribute to improved material properties (Figure 2d).

EDX

The EDX spectra of the modified glass ionomer cements
revealed the presence of several elements characteristic of
the GIC matrix, including oxygen (O), carbon (C), strontium
(Sr), aluminum (Al), fluorine (F), silicon (Si), phosphorus
(P), and sodium (Na). In both groups, oxygen was the most
abundant element, comprising approximately 36.4 wt%. In
the titanium nanoparticle-modified GIC, the elemental
composition showed carbon (19.0 wt%), fluorine (15.6
wt%), strontium (10.8 wt%), aluminum (8.8 wt%), and
silicon (7.2 wt%), along with trace elements such as sodium
(0.8 wt%) and titanium (0.2 wt%). The detection of titanium
in the EDX spectrum confirms the successful incorporation
of titanium nanoparticles within the glass ionomer cement
matrix (Figures 2e and 2f). In the chitosan-modified GIC,
carbon was present at 32.8 wt%, followed by strontium (9.3
wt%), aluminum (7.2 wt%), fluorine (6.5 wt%), and silicon
(6.2 wt%), while minor elements such as phosphorus (0.9
wt%), sodium (0.7 wt%), and chitosan (0.7 wt%) were also
detected (Figures 2g and 2h).

Antibacterial activity
The antimicrobial evaluation of the experimental materials

demonstrated significant differences among the tested
groups against Streptococcus mutans and Lactobacillus
acidophilus. The 5% green-mediated chitosan nanoparticle—
modified GIC exhibited the largest zones of inhibition,
measuring 19.37 + 1.24 mm against S. mutans and 18.41 +
1.19 mm against L. acidophilus, followed by the titanium
nanoparticle-modified GIC, which showed inhibition zones
of 14.52 £ 1.08 mm and 13.64 + 1.12 mm, respectively. In
contrast, conventional GIC demonstrated the lowest
antibacterial activity, with inhibition zones of 9.76 + 0.95
mm against S. mutans and 8.84 + 0.88 mm against L.
acidophilus (Table 1). Further statistical evaluation using
Tukey’s post-hoc multiple comparison test confirmed
significant differences between the experimental groups.
The mean difference between chitosan-modified GIC and
titanium-modified GIC was 4.81 mm (p = 0.003), while the
difference  between  chitosan-modified GIC and
conventional GIC was 9.59 mm (p < 0.001). Similarly, a
significant difference was observed between titanium-
modified GIC and conventional GIC (mean difference =
4.78 mm, p = 0.007), indicating that the incorporation of
nanoparticles significantly enhances the antimicrobial
performance of glass ionomer cement (Table 2). The
minimum inhibitory concentration (MIC) analysis further
supported these findings, where chitosan nanoparticle—
modified GIC demonstrated the lowest MIC values,
measuring 21.8 + 2.4 ug/mL against S. mutans and 25.6 +
2.7 ug/mL against L. acidophilus. The titanium
nanoparticle-modified GIC exhibited intermediate MIC
values of 42.6 + 3.1 ug/mL and 483 + 3.6 pg/mL,
respectively, whereas conventional GIC showed the highest
MIC values, measuring 68.9 + 4.2 pg/mL against S. mutans
and 74.5 + 4.8 pg/mL against L. acidophilus (Table 3).
Lower MIC values indicate greater antimicrobial efficacy,
highlighting the superior inhibitory capability of chitosan-
modified GIC against cariogenic bacteria.
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Table 1. Mean Zone of Inhibition (mm) of titanium- and Chitosan-Modified Glass lonomer Cement Against Streptococcus
mutans and Lactobacillus acidophilus

Group Green-n.lediated NP- Streptococcus mutans(mm) Lactobacillus acidophilus OverallMean+SD F P
modified GIC Mean £+ SD (mm) Mean £+ SD (mm) value value
Group I 5% TiO»-GIC 14.52+1.08 13.64 + 1.12 14.08 + 1.10
Group II 5% Chi-GIC 19.37+1.24 1841 +1.19 18.89 £1.21 52.73 0.0004
Group III Conventional 9.76 £ 0.95 8.84 £ 0.88 9.30 £ 0.91

Values are expressed as mean + standard deviation (SD). Larger zones of inhibition indicate greater antimicrobial activity. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test for pairwise comparisons. A p-value < 0.05 was considered statistically

significant.

Table 2. Post-hoc Tukey Multiple Comparison of Antimicrobial Activity Among Groups

Comparison Groups Mean difference (mm) Std. Error 95% CI (Lower—Upper) p-value
Group I vs Group I1 4.81 1.21 1.92-7.70 0.003
Group II vs Group I11 9.59 1.34 6.34-12.84 <0.001
Group I vs Group III 4.78 1.15 2.01-7.55 0.007

Pairwise comparisons between experimental groups were performed using Tukey’s post-hoc test following one-way ANOVA. p < 0.05 indicates a

statistically significant difference between groups.

Table 3. Minimum Inhibitory Concentration (MIC) of Titanium- and Chitosan-Modified Glass lonomer Cement Against
Oral Cariogenic Bacteria (ng/mL)

Group Green-mediaéel(::NP-modiﬁed l\fe'::i‘t"éi) L.acidophilus Mean £ SD  Overall Mean = SD P value
Group I 5% Ti02-GIC 42.6+3.1 48.3+3.6 454+3.4
Group II 5% Chi-GIC 21.8+2.4 25.6+2.7 23.7+25 0.0006
Group III Conventional GIC 68.9+4.2 74.5+4.8 71.7+£4.5

Values are presented as mean + standard deviation (SD). Lower MIC values indicate greater antimicrobial efficacy. Statistical analysis was performed using
one-way ANOVA, with an overall p-value = 0.0006, indicating significant differences among the groups (p < 0.05).

Surface roughness

The surface roughness analysis demonstrated a significant
difference among the tested groups. The 5% green-mediated
titanium nanoparticle-modified GIC exhibited the lowest
surface roughness (0.82 + 0.07 pm), followed by the
chitosan nanoparticle-modified GIC (0.94 + 0.08 pm),
while the conventional GIC showed the highest roughness
(1.18 £ 0.10 um) (Table 4). Statistical analysis using one-
way ANOVA revealed a significant difference among the
groups (p = 0.004). The smoother surface observed in the
titanium-modified group may be attributed to the nano-sized
particles filling microvoids within the glass ionomer matrix,
resulting in a more compact and homogeneous structure

(Figure 3a). The chitosan-modified GIC also exhibited
reduced roughness compared with conventional GIC, which
may be related to improved matrix cohesion due to
interactions between chitosan and the polyacrylic acid
component of the cement (Figure 3b). In contrast, the
higher roughness observed in conventional GIC may be
associated with the presence of larger filler particles and
inherent surface irregularities of the unmodified material.
Overall, these findings suggest that nanoparticle
incorporation, particularly titanium nanoparticles, can
improve the surface characteristics of glass ionomer cement,
which may help reduce bacterial adhesion and plaque
accumulation in clinical applications.
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Figure 3. Evaluation of surface and mechanical properties of nanoparticle-modified glass ionomer cement.

a) Surface roughness profile of titanium nanoparticle-modified glass ionomer cement obtained using a surface
profilometer, showing surface topography used for roughness calculation. b) Surface roughness profile of chitosan
nanoparticle-modified glass ionomer cement showing the corresponding profilometric evaluation curve. ¢) Vickers

microhardness testing with representative indentation micrographs; the upper image represents titanium nanoparticle—
modified GIC, while the lower image represents chitosan nanoparticle-modified GIC. d) Compressive strength testing
using a universal testing machine (UTM) with corresponding load—displacement curves for titanium and chitosan
nanoparticle—modified glass ionomer cement specimens.

Microhardness

The Vickers microhardness results demonstrated a
significant difference among the tested groups. The 5%
green-mediated titanium nanoparticle-modified GIC
exhibited the highest microhardness value (78.42 + 3.15
VHN), followed by the chitosan nanoparticle-modified GIC
(69.87 £ 2.94 VHN), while the conventional GIC showed
the lowest microhardness (61.35 £ 2.48 VHN) (Table 4).
Statistical analysis using one-way ANOVA revealed a
significant difference among the groups (p = 0.002). The
improved hardness observed in the titanium-modified group
may be attributed to the reinforcing effect and high
mechanical strength of titanium nanoparticles, which
enhance the structural integrity of the GIC matrix (Figure
3¢).

Compressive strength

The compressive strength values of the tested materials are
presented in Table 4. The 5% green-mediated titanium
nanoparticle-modified GIC exhibited the highest
compressive strength (16542 + 8.36 MPa) among the
groups. This was followed by the chitosan nanoparticle—
modified GIC, which showed a compressive strength of
14827 = 792 MPa (Figure 3d). In contrast, the
conventional GIC demonstrated the lowest compressive
strength (129.58 + 6.84 MPa). Statistical analysis using one-
way ANOVA revealed a significant difference among the
groups (p = 0.001).

Table 4. Surface Roughness (Ra), Vickers Microhardness, and Compressive Strength of Titanium- and Chitosan-Modified
Glass Ionomer Cement

Parameter Group Green-mediated NP-modified GIC Mean = SD p-value
Group I 5% Ti02-GIC 0.82 £0.07
Surface roughness ¢ | 5% Chi-GIC 0.94 +0.08 0.004
(Ra, pm)
Group IIT Conventional GIC 1.18 £ 0.10
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Viekers Group 5% Ti0»-GIC 78.42 £3.15
Microhardness Group II 5% Chi-GIC 69.87 +2.94 0.002

(VHN) Group 11T Conventional GIC 61.35+2.48

‘ Group I 5% Ti0>-GIC 165.42 + 8.36
Stcr;’l’:g:;"(sﬂ;i) Group II 5% Chi-GIC 148.27 +7.92 0.001

Group III Conventional GIC 129.58 £ 6.84

Values are expressed as mean + standard deviation (SD). Surface roughness was measured using a profilometer, and the average roughness value (Ra) was
recorded in micrometers (um). Microhardness was measured using a Vickers microhardness tester under a load of 2.942 N (HV0.3) applied for 20 seconds.
Compressive strength was measured using a universal testing machine with load applied along the longitudinal axis at a crosshead speed of 1 mm/min until
specimen failure. Results are presented in megapascals (MPa). Statistical analysis was performed using one-way analysis of variance (ANOVA) to compare

the groups, with p < 0.05 considered statistically significant

Glass ionomer cement (GIC) continues to play a pivotal role
in restorative dentistry because of its inherent advantages,
such as chemical adhesion to tooth structure, fluoride
release, and favorable biocompatibility. Despite these
benefits, the relatively low mechanical strength and
susceptibility to surface degradation restrict its application
in stress-bearing restorations, thereby necessitating
continuous material optimization and reinforcement
strategies [5]. In recent years, nanotechnology has emerged
as a promising approach for improving the physical and
biological properties of restorative materials. Furthermore,
the incorporation of nanoparticles synthesized through
green chemistry routes has gained increasing attention due
to their enhanced biocompatibility, environmental
sustainability, and potential synergistic biological activity
[32, 33]. Therefore, the present study employed a green
nanotechnology-based approach to modify conventional
GIC wusing Neem-mediated titanium dioxide (TiO2)
nanoparticles  and  Eucalyptus-enhanced  chitosan
nanoparticles. The results demonstrated that such bio-
modifications significantly improved the antimicrobial
efficacy, mechanical strength, and surface characteristics of
conventional GIC, suggesting their potential for enhancing
the clinical performance of restorative materials.

An important aspect of the present investigation was the
adoption of plant-mediated green synthesis for nanoparticle
preparation. Green synthesis methods have gained
increasing importance in biomaterials research because of
their environmentally sustainable nature and the ability of
plant-derived phytochemicals to function as natural
reducing and stabilizing agents during nanoparticle
formation. In the present study, Neem extract was utilized
for the synthesis of titanium dioxide nanoparticles, while
Eucalyptus extract was used to enhance chitosan
nanoparticle preparation. These plant extracts contain
bioactive compounds such as flavonoids, phenolic acids,
and terpenoids that facilitate nanoparticle stabilization and
prevent aggregation, thereby promoting uniform dispersion
within the glass ionomer matrix.The use of phytochemical-
assisted nanoparticle synthesis may also contribute to the
enhanced biological activity observed in the present study
[34-39]. Phytochemicals present in Neem extract—
including nimbidin, nimbin, nimbolide, azadirachtin, gallic
acid, epicatechin, catechin, and margolone—are known to
possess antimicrobial properties [31]. The integration of

these phytochemicals during nanoparticle synthesis may
therefore create a synergistic interaction between
nanoparticles and plant-derived bioactive molecules,
potentially enhancing the antibacterial performance of the
modified GIC.

Antibacterial properties of restorative materials are essential
to prevent bacterial colonization at the tooth—restoration
interface and reduce secondary caries. Oral bacteria,
particularly Streptococcus mutans, are strongly associated
with  caries  development, making antimicrobial
incorporation important for improving restoration longevity
[40]. In this study, nanoparticle-modified GICs showed
significantly higher antibacterial activity than conventional
GICs. Chitosan-modified GIC exhibited the highest activity,
followed by TiO»-modified GIC. The superior effect of
chitosan is due to its polycationic nature, which interacts
with negatively charged bacterial membranes, disrupting
membrane integrity and causing cell death. The antibacterial
activity of TiO2-modified GIC is attributed to both titanium
dioxide nanoparticles and neem-derived phytochemicals.
Neem contains compounds such as nimbidin, nimbin,
nimbolide, azadirachtin, gallic acid, epicatechin, catechin,
and margolone with strong antimicrobial -effects;
azadirachtin is the primary bioactive component [31]. These
findings are consistent with previous studies. Nadia Alaee et
al. [41] reported enhanced antimicrobial activity with 3%
TiO2 GIC. P.S. et al. [42] observed moderate improvement,
while Hamid N ef al. [43] demonstrated increased
compressive strength and antibacterial activity against S.
mutans. The antimicrobial mechanism of TiO: involves
ROS generation (hydroxyl radicals and superoxide ions) via
photocatalysis, leading to membrane damage, lipid
peroxidation, DNA damage, and bacterial cell death [44].

Chitosan-modified GIC showed significantly greater
antimicrobial activity than conventional GIC, mainly due to
the intrinsic antibacterial properties of chitosan
nanoparticles. Its polycationic structure enables electrostatic
interaction with negatively charged bacterial membranes,
disrupting integrity, increasing permeability, and causing
leakage of intracellular components, leading to cell death
[45]. Chitosan also chelates essential metal ions and inhibits
microbial enzymes. Its nanoscale size enhances surface
interaction, improving inhibition of Streptococcus mutans.
Eucalyptus extract used in synthesis may further enhance
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this effect. It contains bioactive compounds such as
eucalyptol, flavonoids, tannins, phenolic acids, terpenoids,
and a-pinene with known antimicrobial activity [45]. These
disrupt membranes and inhibit microbial metabolism,
showing a synergistic effect with chitosan nanoparticles.
Previous studies also report improved antimicrobial and
mechanical properties of chitosan-modified GIC [46, 47].
TiO: nanoparticles have been widely studied as reinforcing
fillers in dental materials [48, 49], and Thomas ef al. (2014)
demonstrated their antibacterial effect against oral bacteria
[50]. Their mechanism involves reactive oxygen species
generation and metabolic interference. In contrast,
conventional GIC shows lower antibacterial activity, mainly
due to limited fluoride release. Overall, incorporation of
bioactive nanoparticles, especially chitosan, significantly
enhances the antimicrobial potential of GIC and may help
reduce bacterial colonization and secondary caries.

Surface roughness is a critical factor influencing plaque
accumulation, bacterial adhesion, and long-term restoration
performance. Surface microhardness plays a crucial role in
determining the wear resistance and long-term durability of
restorative materials. Rough restorative surfaces facilitate
microbial colonization and increase the risk of secondary
caries and periodontal complications [51, 52]. Therefore,
restorative materials with smoother surfaces are clinically
desirable. In the present study, TiO2-modified GIC exhibited
the lowest surface roughness among the tested materials.
The improved surface characteristics may be attributed to
the nanoscale dimensions of titanium dioxide particles,
which allow them to fill microscopic voids within the glass
ionomer matrix. This results in a more compact and
homogeneous structure with fewer surface
irregularities.Another contributing factor may be the
formation of stable complexes between TiO2 nanoparticles
and the polyacrylic acid matrix, which enhances colloidal
stability and prevents nanoparticle agglomeration [53, 54].
The improved particle-matrix interaction and reduced
surface irregularities may ultimately help reduce bacterial
adhesion and plaque accumulation on restorative surfaces.
Although TiO2 nanoparticles demonstrated superior
mechanical reinforcement, chitosan-modified GIC also
exhibited significant improvements compared with
conventional GIC. Chitosan nanoparticles are known to
reduce the interfacial surface tension between components
within the glass ionomer matrix, thereby improving internal
cohesion and structural stability. Due to their nanoscale size,
chitosan particles possess a high surface area and charge
density, which facilitates stronger interaction with the
surrounding matrix environment [55, 56].

In the present study, TiO:-modified GIC demonstrated
significantly higher microhardness compared with chitosan-
modified and conventional = GIC.The improved
microhardness can be attributed to the dense packing of
nanoparticles within the cement structure, which enhances
the rigidity of the matrix and reduces surface deformation
under applied loads. The nanoscale size of the particles

increases the surface area available for interaction with the
polyacrylic acid matrix, thereby improving interfacial
bonding and structural stability.These findings are
consistent with previous studies. Fathi et al. [57] reported
significant improvements in microhardness following the
incorporation of 3% and 5% CA-TiO: nanoparticles into
GIC. Similarly, Garcia-Contreras et al. [53] observed a
significant increase in microhardness when TiO:
nanoparticles were incorporated into restorative GIC
formulations. Abozaid D et al. also reported that the addition
of 10% CA-TiO: nanoparticles resulted in the highest
microhardness values [5]. Researchers [58] reported that the
addition of chitosan positively influenced the microhardness
values of GIC. However, because chitosan is a polymeric
biomaterial rather than a rigid metallic nanoparticle, its
reinforcing capacity is comparatively lower than that of
Ti0: nanoparticles. Nevertheless, the statistically significant
improvement observed compared with conventional GIC
indicates its clinical relevance, particularly in minimally
invasive restorative procedures. Similar observations were
reported by Tuzuner and Ulusu [59]. Thus, the chitosan-
modified GIC demonstrated moderate improvement in
hardness, likely due to interactions between chitosan and the
polyacrylic acid matrix that enhance matrix cohesion. These
findings indicate that nanoparticle incorporation can
improve the mechanical properties of glass ionomer cement,
particularly with titanium nanoparticles.

Mechanical strength is a critical determinant of the long-
term clinical performance of restorative materials. In the
present study, Neem-mediated TiO.-modified GIC
demonstrated the highest compressive strength among the
evaluated groups. This improvement can be attributed to the
intrinsic mechanical strength and high stiffness of titanium
dioxide nanoparticles and their ability to function as
reinforcing fillers within the glass ionomer matrix. The
incorporation of nanoparticles within the GIC matrix
promotes uniform stress distribution and reduces crack
propagation by reinforcing the matrix—filler interface. TiO:
nanoparticles act as load-bearing structures that enhance the
structural integrity of the material under compressive forces.
Furthermore, the green synthesis process using Neem
extract may improve nanoparticle dispersion and stability
within the matrix, thereby maximizing their reinforcing
potential. Another important factor contributing to the
increased compressive strength is the nanoscale size of TiO2
particles, which enables them to occupy voids between
larger glass particles in the GIC powder. This results in
denser particle packing and improved bonding with the
polyacrylic acid matrix [60, 61]. Consequently,
nanoparticles function as secondary fillers between GIC
powder particles and strengthen the overall cement structure
[62, 63]. Similar improvements in compressive strength
have been reported by Elsaka SE et al. following the
incorporation of TiO: nanoparticles into GIC formulations
[64]. These findings indicate that the incorporation of
nanoparticles,  particularly  titanium  nanoparticles,
significantly enhances the compressive strength of glass
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ionomer cement compared with the unmodified material.

When the findings of all evaluated parameters are
collectively considered, a clear synergistic effect of
nanoparticle incorporation on GIC performance becomes
evident. TiO: nanoparticles primarily contributed to
mechanical reinforcement and surface stabilization due to
their high stiffness and nanoscale filler characteristics. In
contrast, chitosan nanoparticles contributed more
prominently to biological performance through their
inherent antimicrobial properties and electrostatic
interactions with bacterial cells. The integration of green
synthesis with nanoparticle reinforcement, therefore,
provides a dual advantage by simultaneously improving
mechanical durability and antibacterial efficacy. Such
multifunctional enhancements are particularly desirable in
restorative materials because they address two major
clinical limitations associated with conventional GIC:
insufficient mechanical strength and susceptibility to
bacterial colonization. The improved compressive strength,
microhardness, surface smoothness, and antibacterial
performance observed in the present study suggest that
green-synthesized  nanoparticle-modified GIC  may
significantly expand the clinical applicability of
conventional GIC. Neem-mediated TiO2-modified GIC may
be particularly suitable for stress-bearing restorations and
posterior applications. In contrast, chitosan-modified GIC
may serve as a biologically favorable restorative material in
patients with high caries risk. However, since the present
investigation was conducted under invitro conditions,
further studies incorporating aging protocols, thermal
cycling, and long-term invivo evaluation are necessary to
validate the clinical durability and performance of these
modified restorative materials.

Conclusion

The incorporation of green-mediated nanoparticles
significantly improved the biological and mechanical
performance of glass ionomer cement. Chitosan
nanoparticle-modified =~ GIC  demonstrated  superior
antibacterial activity against Streptococcus mutans and
Lactobacillus acidophilus, indicating enhanced potential for
inhibiting cariogenic bacteria. In contrast, titanium
nanoparticle—modified GIC exhibited improved mechanical
characteristics, including higher microhardness, lower
surface roughness, and greater compressive strength
compared with conventional GIC. These findings highlight
that nanoparticle modification, particularly with chitosan
and titanium, can effectively enhance the antimicrobial
efficacy, mechanical strength, and surface properties of
glass ionomer cement, suggesting its promising role in
improving restorative material performance and reducing
the risk of secondary caries in clinical dentistry.
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