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قتشمجمدتاريثأتلنراقمليلحتءارجإىلإةساردلاتفده:ثحبلافادهأ
يديلقتلاوجنتارلابلدعملاجاجزلارمونويأتنمسإيفينيزارديهلانيراموكلا
.ايريتكبللةداضملاامهصئاصخوامهررحتتلادعمىلع

يناثلايجوفجنتارلابلدعملاجاجزلارمونويأتنمسإمدختسا:ثحبلاقرط
تاعومجمكعباسلايجوفديارولفلايلاعيديلقتلاجاجزلارمونويأتنمسإو
نيعونلالاكيفهجمدو،ايلخادينيزارديهلانيراموكلاقتشمعينصتمت.ةطباض
تحتةعشلأاةيفايطممادختسابايئايميكهليلحتو،ةئملابنينثإودحاوةينزوبسنب
ديارولفلاوينيزارديهلانيراموكلاقتشمررحتتلادعممييقتمتمث.ءارمحلا
مت.يلاوتلاىلعديارولفلاسايقموةيئرملاةيجسفنبلاقوفةعشلأافايطممادختساب
مادختسابةيومدلاةيدقعلاتاروكملادضايريتكبللةداضملاصئاصخلامييقت
لكشلاةظحلامباعوبتم،يريتكبلاومنلاةراكعسايقوراجلآايفراشتنلااةقيرط
ايئاصحإتانايبلاليلحتمت.حساملاينورتكللإارهجملامادختسابيريتكبلا
.يدعبلاينوريفنوبرابتخاوهاجتلاايداحأنيابتلاليلحتمادختساب

ينيزارديهلانيراموكلاقتشمدوجوءارمحلاتحتةعشلأافايطأتدكأ:جئاتنلا
نيتبسنلااتلكبنيعونلالاكنمحاجنبقتشملاررحتمت.تنمسلإاتافوفصميف
تاعومجملابةنراقمربكأطيبثتقطانموديارولفللىلعأررحتظحول.نيتينزولا
ىدأ،كلذىلإةفاضلإاب.جنتارلابلدعملاعونلايفةيمهأرثكأريثأتعم،ةطباضلا
Corresponding address: Unit of Paediatric Dentistry, School of

ntal Sciences, Universiti Sains Malaysia Health Campus, 16150

bang Kerian, Kelantan, Malaysia.

E-mail: zuliani@usm.my (Z. Mahmood)

r review under responsibility of Taibah University.

Production and hosting by Elsevier

8-3612 � 2024 The Authors. Published by Elsevier B.V. This is an o

tp://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1
يفةظوحلمتاريغترهظأوةيومدلاةيدقعلاتاروكملاومنءاطبإىلإقتشملاجمد
.جنتارلابلدعملاعونلايفةصاخايريتكبلالكش

تنمسلإايعونلاكيفينيزارديهلانيراموكلاقتشمجمدىدأ:تاجاتنتسلاا
ريثأتةظحلامعم،ايريتكبللةداضملاةطشنلأازيزعتوديارولفلاررحتنيسحتىلإ
.يديلقتلاعونلابةنراقمجنتارلابلدعملاعونلايفةيمهأرثكأ

ررحت؛نيراموكلاقتشم؛ايريتكبللةداضملاصئاصخلا:ةيحاتفملاتاملكلا
؛جنتارلابلدعملاجاجزلارمونويأتنمسإ؛جاجزلارمونويأتنمسإ؛ديارولفلا
ةيومدلاةيدقعلاتاروكملا

Abstract

Objective: The study aimed to conduct a comparative

analysis of the effects of incorporating hydrazinyl

coumarin derivative (HCD) in resin-modified (RMGIC)

and conventional glass ionomer cement (cGIC) on their

release profiles and antibacterial properties.

Method: Resin-modified GIC, Fuji II LC (F2) and high-

fluoride cGIC, Fuji VII (F7) were used as controls. HCD

was synthesized in-house, incorporated into both

RMGIC and cGICs at 1 % and 2 % weight percentages

(w/w), and chemically analyzed using Fourier transform

infrared (FTIR) spectroscopy. Then, the F2 containing

HCD (GIC-HCD F2) and F7 containing HCD (GIC-

HCD F7) were evaluated for HCD and fluoride release

profiles using UV Visible spectrophotometer and pH/ISE

benchtop fluoridemeter, respectively. The antibacterial

properties were assessed against Streptococcus sanguinis
pen access article under the CC BY-NC-ND license
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using the agar well diffusion method and measurement of

bacterial growth turbidity, followed by the observation of

the bacterial morphology using scanning electron mi-

croscope. The data were statistically analyzed using one-

way ANOVA and Bonferroni post-hoc tests.

Results: The FTIR spectra confirmed the presence of

HCD in the GIC-HCD matrices. HCD was successfully

released from both GIC-HCD F2 and GIC-HCD F7

matrices at both weight percentages. Higher fluoride

release and inhibitory zones were observed compared to

the control groups, with GIC-HCD F2 having a more

significant effect than GIC-HCD F7. Additionally, the

incorporation of HCD slowed down the growth of

Streptococcus sanguinis and showed remarkable changes

in bacterial shape specifically on GIC-HCD F2.

Conclusion: The incorporation of HCD into both

RMGIC and cGIC improved fluoride release and

enhanced the antibacterial activities, with a more signif-

icant effect observed in RMGIC compared to cGIC.

Keywords: Antibacterial properties; Coumarin derivative;

Fluoride release; Glass ionomer cement; Resin-modified glass

ionomer cement; Streptococcus sanguinis

� 2024 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Modern dental restorative materials restore the function
and integrity of missing tooth structures and offer preventive
and therapeutic effects against oral diseases, such as dental

caries. For instance, fluoride-releasing restorative materials
protect tooth structures and adjacent teeth against demin-
eralization, enhance remineralization of initial caries lesions
and increase resistance to subsequent acid attacks by

decreasing the metabolic activities of pathogenic oral bio-
films.1,2 Glass ionomer cement (GIC) is reportedly the most
efficient in combating secondary caries amongst fluoride-

releasing restorative materials that are essential for pre-
venting restoration failures.1,3

GIC possesses several desirable characteristics, such as

biocompatibility with pulp and gingival tissue, adherence to
tooth structures, thermal compatibility with tooth enamel
and anti-cariogenic capabilities.4 Resin-modified GIC

(RMGIC) was introduced to overcome the disadvantages of
conventional GIC (cGIC), which include low mechanical
properties, high moisture sensitivity, inferior translucency
and handling facilities. The cGIC and RMGIC contain the

same essential components, fluoroaluminosilicate glass
powder and polyacrylic acid, while RMGIC comprises an
additional resin, hydroxyethyl methacrylate (HEMA).5

Antimicrobial agents-incorporated GIC implementations
as therapeutic agents in minimizing the risk of caries and
pulp damage have been extensively studied.6e9 Nevertheless,
most antimicrobial agents reduce the mechanical properties
of GIC. Moreover, although higher concentrations

demonstrated more effects, the antimicrobial agents might
also inhibit fluoride release.10 Adding antimicrobial agents
to dental restorative materials could potentially target

specific cariogenic species.11 Nonetheless, the search for
antimicrobial agents with synergistic or complementary
modes of action to fluoride-releasing GIC without compro-

mising their physical and mechanical properties is still
imperative.12

The coumarins are extremely structurally variable owing to
the different types of substitutions in their basic structures,

which might influence their biological activities.13 Coumarins
contain 1,2-benzopyrone, which is an essential group of
organic compounds derived from extracted plants, animals

and microorganisms, or synthetic sources.14,15 Natural and
synthetic coumarins have been demonstrated to be useful in
several fields, including their potential as antibacterial agents

against both gram-positive and -negative bacteria,15,16

antioxidant,17 antifungal18 and anti-inflammatory19

properties. The promising features of coumarin derivatives
emerge as a suitable option for further investigation to be

incorporated with GIC. In this study, the coumarin
derivative used, hydrazinyl coumarin derivative (HCD)
(Figure 1), is a synthetically derived organic compound from

a 3-acetylcoumarin and thiosemicarbazide derivative
mixture.20 The 3-acetylcoumarin has demonstrated antimi-
crobial properties,21e23 while thiosemicarbazide derivatives

recorded good inhibitory properties against microorganisms
affecting dental caries, including Streptococcus mutans and
Streptococcus sanguinis.24

To date, the information on the incorporation of HCD in
both RMGIC and cGIC remains limited. While the incor-
poration of HCD as an antibacterial agent at different weight
percentages may offer therapeutic effects, it may also poten-

tially compromise fluoride release and antibacterial proper-
ties. Therefore, the study aims to conduct a comparative
analysis of the effects of incorporating HCD at 1 % and 2 %

weight percentage (w/w) in RMGIC and cGIC on the release
profiles of HCD and fluoride, as well as the antibacterial
properties. Understanding these properties is crucial for

anticipating long-term performance and broadening their
potential applications, particularly in dental restoration.

Materials and Methods

Sample preparation

The present study used resin-modified Fuji II LC (GIC
F2) and high fluoride conventional Fuji VII (GIC F7) (GC

Corporation, Tokyo, Japan) GIC dental restorative mate-
rials as control groups. The compositions and particle sizes
of the materials are listed in Table 1.

HCD was synthesized in-house through a Schiff base re-
action, following the method described by Rahman et al..20

Briefly, a mixture of 3-acetylcoumarin and thio-

semicarbazide derivative was heated under reflux at 80e
120 �C with 25e30 drops of glacial acetic acid added as the
catalyst to obtain the HCD. Subsequently, 1% and 2% (w/w)

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: The chemical structure of HCD.
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of the HCD were incorporated into the F2 and F7 GIC
powder components to yield the GIC-HCD 1 and GIC-HCD

2 samples, respectively. Finally, liquid drops were added to the
GIC-HCD before they were homogeneously mixed at
powder-to-liquid ratio of 1:2 for F2 and 1:1 for F7, following

the manufacturer’s instructions.

Chemical analysis

The synthesized HCD, GICs and GIC-HCD at both
weight percentages were first analyzed for their functional
groups using Fourier transform infrared (FTIR) spectra. The
spectra were recorded within the 4000e400 cm�1 range in the

transmittance mode with KBr pellets and an FTIR Spec-
trometer (Shimadzu/IRTracer-100, Japan).

Release profiles

The HCD release

The HCD released by the GIC-HCD samples by soaking
disc-shaped samples (5 mm diameter, 2 mm thick; n ¼ 3/
group) in 1 ml of 50 % articifial saliva (Pharmacy Depart-
ment, Hospital Universiti Sains Malaysia) at 37 �C. The

saliva was replaced with fresh artificial saliva at each incu-
bation period. The amount of HCD released was measured
hourly for the first 8 h and then daily for 30 days (720 h)

using a microplate reader (SpectraMax MS, Molecular De-
vice, USA) at a wavelength of 350 nm.

Fluoride release

Disc-shaped samples (5 mm diameter, 2 mm thick; n ¼ 3/

group) were prepared before they were individually
immersed in 5 ml deionized water and stored in a water bath
at 37 �C. The sample solutions were collected and replaced

with fresh deionized water daily from day 1 to day 21. The
fluoride ions released were measured by adding 5 ml of total
ionic adjustment buffer II (TISAB II). The amount of fluo-
ride released in the medium was determined using a pH/ISE

benchtop meter with a fluoride ion selective electrode (ISE)
[Thermo Orion, Massachusetts (USA)]. During this study,
calibrations were performed daily using three fluoride stan-

dard solutions at 0.1, 1.0 and 10 ppm.

Antibacterial activities assessments

Bacterial strain

A loopful of Streptococcus sanguinis (S. sanguinis) (ATCC
10556) was reactivated in a brain-heart infusion (BHI) broth

[Oxoid, United Kingdom (UK)]. The bacterial strain was
grown anaerobically in a bacteriological incubator at 37 �C
for 24 h. The bacterial suspension obtained was then

adjusted to a density of approximately 0.5 McFarland
standard and diluted to 1� 106 CFU/ml with a densitometer
[Grant-bio Den-1, United States of America (USA)].

Agar well diffusion

A 100 ml bacterial suspension was prepared and inocu-
lated onto agar plates. Five mm diameter wells were made in
each plate with sterile pipette tips. The prepared GIC-HCD

samples (n ¼ 3/group) were then aseptically loaded into the
wells in a paste form to avoid contamination. The agar plates
were incubated in a bacteriological incubator at 37 �C for
24 h. Following incubation, the inhibition zones of each

sample were measured and recorded at three points.

Bacterial growth turbidity measurement

Three GIC-HCD samples per group (5 mm diameter,
2 mm thick) were prepared and immersed in a 5 ml BHI

broth at 37 �C in a water bath (Julabo SW23, Germany) for
24 h. Following incubation, 2.5 ml of the eluents from each
sample were filtered and mixed with 2.5 ml of the prepared

bacterial suspension. The bacterial growth of S. sanguinis
was measured by evaluating the hourly changes in optical
density (OD) for 11 h with a densitometer (Grant-bio Den-

1, USA). A growth curve was plotted based on the data.

Surface morphology of S. sanguinis on the GIC-HCD

The prepared GIC-HCD samples (5 mm diameter, 2 mm
thick) were incubated in the bacterial suspension (0.5

McFarland standard equivalent to 1� 106 CFU/ml) for 24 h.
After incubation, the samples were rinsed with phosphate
buffer saline (PBS), fixed in 4 % paraformaldehyde imme-
diately for 4 h, followed by another rinse with PBS. The

samples were then dehydrated with a series of low to high
concentrations of ethanol solutions (50, 70, 90 and twice at
100 %) for 5 min in each solution, with 5 min intervals be-

tween treatments. After dehydration, the samples were left
overnight in a desiccator at room temperature. The dehy-
drated samples were sputter-coated with gold and examined

under a scanning electron microscope (Quanta 450 FEG,
Fei, Netherland) at 10 000 � magnification with a 5 kV
accelerating voltage.

Statistical analysis

The statistical analyses were performed using IBM SPSS
Software version 23.0 (IBM Corporation, USA). Indepen-

dent t-tests were performed to analyze the HCD release. The
fluoride release and agar well diffusion data were analyzed
with one-way analysis of variance (ANOVA) and post-hoc

Bonferroni to determine the significant differences
(p< 0.05) between the control GICs andGIC-HCD samples.
The data were expressed as means and standard deviations.
Results

The FTIR spectra revealed the functional groups present
in the synthesized HCD, GIC and GIC-HCD. The obtained



Figure 2: The FTIR spectra of the HCD, GICs and GIC-HCD.

Table 1: The compositions of the dental restorative materials used in this study.

Material Composition Particle

size
Powder Liquid

Resin-modified

GIC

Fuji II LC

Fluoroaluminosilicate

glass

Aqueous polycarboxylic acid, camphorquinone, hydroxyethylmetacrylate

(HEMA)

w3.73 mm

High fluoride

cGIC

Fuji VII

Fluoroaluminosilicate

glass

Polyacrylic and polybasic carboxylic acids w6.31 mm

N.A.F. Azlisham et al.1122
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spectra are illustrated in Figure 2. In HCD, the peaks at
3377, 3226 and 3143 cm�1 belonged to the NH and NH2

amine groups. The peaks observed at 1710, 1598 and
1224 cm�1 denoted the presence of C]O, C]N and C]S,
while peaks at 1112 and 962 cm�1 corresponded to the Ce
O group.

Upon incorporating HCD into GICs, similar spectra were
observed between the GIC-HCD and the control groups.

Broad peaks at 3371, 3390, 3392 and 3379 cm�1 recorded by
GIC-HCD1 F2, GIC-HCD2 F2, GIC-HCD1 F7 and GIC-
HCD2 F7 respectively, indicated the hydrogen bonded to
OeH stretching vibration. These broad peaks presumably

hindered the presence of amine groups in HCD, as the
amount of HCD was only 1 % and 2 % (w/w) in the
composition.

For F2, the peaks observed in GIC-HCD1 and GIC-
HCD2 at 1703 and 1681 cm�1, 1579 and 1595 cm�1, and
Figure 3: The cumulative HCD release profile of the GIC-HCD fro

differences within groups (p<0.05).
1438and 1448 cm�1 denote the C]O, C]N and C]S
groups, respectively. The peaks corresponding to C]O

(1703 and 1681 cm�1) and C]N (1579 and 1595 cm�1)
observed in the GIC-HCD1 F2 and GIC-HCD2 F2 were at
higher intensities than their control groups, indicating

chemical interactions between the GIC F2 and the HCD. For
F7, despite their low intensities, the peaks recorded at 1685,
1597 and 1456 cm�1 (GIC-HCD1 F7) and 1645, 1591 and

1454 cm�1 (GIC-HCD2 F7) indicated the presence of C]O,
C]N and C]S respectively. The peaks observed at
1012 cm�1 and 1024 cm�1 in both F2 and F7 were identified
with the SieOH stretching vibration, as described by Fareed

and Stamboulis.25

The cumulative HCD release profile of GIC-HCD is
illustrated in Figure 3. The amounts of HCD released from

the GIC-HCD F2 and GIC-HCD F7 were dependent on
the weight percentages of HCD added. The independent t-
m (a) F2 (b) F7. Different superscript letters indicate significant
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test performed detected a significant difference between the
GIC-HCD1 F2 and GIC-HCD2 F2, while no significant

difference was observed in GIC-HCD F7.
The incorporation of HCD into GIC-HCD F2

[Figure 4(a)] and GIC-HCD F7 [Figure 4(b)] increased the

fluoride release. The release patterns observed by both
materials were similar. The highest amount of fluoride was
Figure 4: The fluoride release of the GIC-HC

Table 2: The inhibition zone of the control GICs, GIC-HCD1 and G

Materials

Control GIC

F2 2.39 (0.65)a

F7 1.50 (0.63)a

The mean value and standard deviation are in parentheses. Different s

Bonferroni test (p < 0.05).
recorded on the first day, followed by a sharp decrease on
day 2, with a slow and steady release observed from day 3

until day 21.
The GIC-HCD2 F2 showed a significant increase in

fluoride release from day 1 to day 21 compared to its control

group, however, the GIC-HCD1 F2 only demonstrated a
significant difference on the first day. The GIC-HCD F7
D and control GICs (a) F2 and (b) F7.

IC-HCD2 against S. sanguinis.

Inhibition zone (mm)

GIC-HCD1 GIC-HCD2

4.85 (0.49)b 6.33 (0.05)c

2.10 (0.39)a 2.59 (0.22)a

mall letters in the same row are statistically different according to
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released significantly increased fluoride at both weight HCD
percentages on day 1. Nevertheless, no significant fluoride

release level was detected from day 2 onwards compared to
its control GIC. The highest fluoride released by the GIC-
HCD2 F2 and GIC-HCD2 F7 were 5.90 and 9.37 ppm,

respectively.
The inhibition zone of the control GICs, GIC-HCD1 and

GIC-HCD2 against S. sanguinis is shown in Table 2. In this

study, antibacterial activities of the control GICs, GIC-HCD
F2 and GIC-HCD F7 at 1 % and 2 % (w/w) against
S. sanguiniswere observed. The inhibition zone sizes produced
by theGIC-HCDF2 increased significantlywith the increase in

HCD percentages compared to the control group. However,
the inhibition zone increment observed in the GIC-HCD F7
samples was not significant compared to its control group.
Figure 5: The growth turbidity measurement of S. sanguinis
The effects of incorporating HCD into the GICs on
S. sanguinis growth were evaluated as a function of time.

Figure 5(a) and 5(b) demonstrate the S. sanguinis growth
turbidity measurement curves on the GIC-HCD F2 and
GIC-HCD F7 and the control GICs during 11 h of incuba-

tion. All curves exhibited lag, log and stationary phases. A
similar bacterial growth curve pattern was observed between
the positive control, the GIC-HCD F2, GIC-HCD F7 and

the control GICs.
The surface morphologies of S. sanguinis on the control

GICs and GIC-HCD at 24 h of incubation are illustrated in
Figure 6(a)e(f). Most S. sanguinis adhered to the control

GIC of both samples when observed at
10 000 � magnification. Nevertheless, as the percentage of
HCD increased, less S. sanguinis adhered to the GIC
on the GIC-HCD and control GICs (a) F2 and (b) F7.



Figure 6: The SEM images of S. sanguinis adhesion on the (a) control GIC F2, (b) GIC-HCD1 F2, (c) GIC-HCD2 F2, (d) control GIC

F7, (e) GIC-HCD1 F7 and (f) GIC-HCD2 F7 at 10 000 � magnification.

N.A.F. Azlisham et al.1126
surfaces. The surface morphologies demonstrated that GIC-
HCD exhibited greater antibacterial activity compared to
GICs without HCD incorporation. The distribution of

S. sanguinis on the samples also exhibited numerous single
long-chain cocci, except GIC-HCD2 F2 [Figure 6(c)], which
depicted the distribution of diplococci.

Discussions

The FTIR spectra confirm the successful incorporation of

HCD into theGICmatrix, as evidenced by the intensifiedC]
O and C]N groups. These interactions suggest that HCD
forms chemical bonds with the GIC, likely influencing fluo-

ride release by modifying the cross-linking density and
enhancing the antibacterial properties of the GIC-HCD.
Additionally, the broad peaks in the OeH region indicate

that the hindered amine groups (NeH) may be involved in
hydrogen bonding with the GIC matrix, which could poten-
tially affect the overall stability of the GIC-HCD. Although
these chemical interactions benefit fluoride release and anti-

bacterial activity, they might also impact the setting reaction
andmechanical properties of the GIC-HCD, highlighting the
need for further optimization for clinical use.

HCD release refers to the migration of HCD solutes from
their initial position within the GICs to the outer surface and
into the release medium. The HCD release of both GICs in

this study increased with increasing weight percentages
(Figure 2). In the first 24 h, a rapid HCD release was
recorded of approximately 1 ppm, attributable to the
immediate dissolution of HCD. The rapid release was

followed by a long period of linearity from the 48th h,
presumably due to some remaining HCD, either chemically
or physically bound to the GIC. The results of the present

study were consistent with those reported by Palmer
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et al.,26 who observed a release pattern of chlorhexidine from
GIC, recording an initial rapid elution of material that

leveled off to a constant value.
Fluoride release is an essential feature of dental restor-

ative materials because of its anti-cariogenic properties.2

Since there is no fluorine element in HCD, the fluoride
released from GIC-HCD matrices might have originated
from the fluoroaluminosilicate glass. Fluoride is transported

as metal cationic complexes as aluminum fluoride (AlF2) and
calcium fluoride (CaF2) in the GIC matrices. Consequently,
when more aluminum and calcium polyacrylate complexes
are formed during the setting reaction, higher amounts of

fluoride ions are released.27 Meryon and Smith28 reported
that the release of fluoride from GIC was limited by the
amount of sodium fluoride (NaF) and CaF2 in the cement.

In this study, the increased HCD percentage enhanced the
amount of fluoride released. Thus, the incorporated HCD
potentially allowed aluminum and calcium to form more

complexes during the setting, contributing to the higher
release of fluoride. Furthermore, the HCD possibly altered
the setting reaction, which made the fluoride ions more
mobile in the cement lattices.

The fluoride release pattern found in this study was
consistent with the results reported by several other re-
searchers.29,30 Fluoride is released from GIC through three

mechanisms; surface loss, diffusion through pores and
cracks and bulk diffusion.29 The highest amount of fluoride
is released in the first 24 h, which is during the early setting

of GIC.31 This initial burst is presumably associated with
the release of fluoride loosely bound to the cement,
originating from the acidebase reactions between the glass

components and polyalkenoic acid.32 The initial burst
reduces the viability of residual bacteria in the inner
carious dentin and induces enamel/dentin
remineralization,33 which prevents secondary caries. The

burst effect is probably due to an initial surface loss and
constant fluoride released during the following days from
the fluoride ions that diffuse through the cement pores and

fractures. Bulk diffusions occur during the maturation
period when the materials are in contact with the storage
medium.34

Dental caries is a biofilm-mediated, diet-modulated,
multifactorial, non-communicable and dynamic disease
resulting in net mineral loss of dental hard tissues.35

Streptococccus sanguinis was selected as the assessment
bacteria in this study because this bacterium is among the
first oral biofilm to colonize tooth surfaces36,37 and develop
primary and secondary caries. Long-lasting dental restora-

tion relates to its ability to control microbial growth and
surface colonization.38

Increased inhibition zones in GIC-HCD1 F2, GIC-HCD2

F2, GIC-HCD1 F7 and GIC-HCD2 F7 compared to their
respective control groups (Table 2) were attributable to the
HCD leaching from their GIC-HCD matrices. The smaller

particles of GIC F2 (w3.73 mm) than GIC F7 (w6.31 mm)
might explain the significant increase in the inhibition zones
in GIC-HCD F2 compared to the control GIC, likely due to
reduced cross-linking density within the GIC F2 matrix.

Moreover, the HCDmight also have reacted completely with
the GIC F2, allowing the HCD to diffuse out more readily
into the agar. The antibacterial activities could be accounted
to the binding of the positively charged carbonyl (-C]O)
and azomethine (-C]N-) groups from HCD on the nega-

tively charged bacterial cell surface. Subsequently, the
permeability of the cell membranes of the microorganisms
was disrupted, leading to cell death. The azomethine groups

also reportedly possess antibacterial effects.24,39

The inhibition zones observed in the control groups could
be due to HCD and fluoride release. In this study, although

the GIC F7 contains higher fluoride than the GIC F2, the
inhibition zones in GIC F2 recorded a significant increase
compared to GIC F7. The results could be explained by the
release of hydrophilic monomer, HEMA, from the GIC F2,

as HEMA has been reported to have antibacterial
properties.40

The OD recorded by the GIC-HCD decreased with the

increase in HCD percentages (Figure 4). The OD curves for
the GIC-HCD were lower than the positive control and the
control GIC, indicating S. sanguinis growth inhibition. The

lag phase was observed at the 0e4th h. This phase involved
the adaptation of S. sanguinis to the new environment. In the
log phase, during the 5th to the 9th h, the S. sanguinis started
to grow and proliferate. The growth curve of the GIC-HCD1

and GIC-HCD2 of F2 and F7 deviated from their respective
control groups at this phase, demonstrating the response of
HCD to the bacteria. Subsequently, the bacterial growth

began to slow until it reached the stationary phase within the
10e11th h. The observations suggested that the HCD is
released into the surrounding aqueous environment,

reducing the number of dividing bacteria into the cells and
thus slowing bacterial growth. After being treated for 11 h,
the HCD lessened the number of S. sanguinis by 5e11 %,

indicating that HCD possesses the potential to inhibit bac-
terial growth. A remarkable S. sanguinis morphological
change on GIC-HCD2 F2 was observed (Figure 6(c)), where
the bacterial cells appeared shrunken and lost their normal

spherical size. The results suggested that the bacterial cell
walls were damaged, indicating an optimal antibacterial
activity at 2 %.

The potential of HCD in the GICs has been proven in the
study. Although only a small amount of HCD was released,
the findings clearly showed that HCD was effective in

enhancing fluoride release and improving the antibacterial
properties of the GICs. The ability to release fluoride ions
with additional antibacterial agents is beneficial, as this

combination could reduce the severity and frequency of
secondary caries.41 The dual functionality of GIC-HCD
presents a significant advantage over other antibacterial
agents such as chlorhexidine gluconate,41 copper

nanoparticles,6 and graphene-silver nanoparticles,8 which
primarily enhance the antibacterial properties but lack
documented effects on fluoride release. Furthermore, these

antibacterial agents have been explored exclusively with
conventional GIC, limiting their scope of application. In
contrast, HCD has been successfully investigated in both

conventional and resin-modified GICs. This broader versa-
tility, combined with its ability to enhance the antibacterial
activity and fluoride release, positions HCD as a more robust
and effective antibacterial additive compared to other

agents.
The enhanced fluoride release and antibacterial properties

observed with HCD-incorporated GICs suggest their



N.A.F. Azlisham et al.1128
potential for improving patient outcomes, particularly in
high-risk caries populations, such as pediatric and geriatric

patients, where reducing bacterial load and preventing sec-
ondary caries is crucial during the disease control phase of
treatment. Additionally, GIC-HCD could be advantageous

in temporary restorations, cavity lining and as a base mate-
rial for deep lesions, further supporting their clinical appli-
cations. However, despite these promising results, clinical

translation poses challenges, including the need for consis-
tent HCD release over time and the prevention of premature
material degradation in the oral environment.

While the incorporation of HCD has successfully

enhanced fluoride release and antibacterial properties, which
is considered the greatest strength of this study, the me-
chanical properties of GIC-HCD also warrant further

investigation. However, several limitations remain, as the
study may not account for the long-term effects of HCD
incorporation, such as sustained release of fluoride and

prolonged antibacterial activity. Additionally, given the
complexity of the oral environment, further testing against a
broader range of oral bacteria is essential to gain a more
comprehensive understanding of the efficacy of HCD in

GICs. Thus, further investigations are necessary to ensure its
performance meets standard requirements and provides
long-term benefits.

Conclusion

The present study successfully incorporated HCD into the
F2 RMGIC and F7 cGIC at weight percentages of 1 % and
2 % (w/w), with a more pronounced effect observed in
RMGIC (GIC-HCD F2). This incorporation of HCD in

both RMGIC and cGIC demonstrated superior release of
HCD and fluoride, as well as improved antibacterial prop-
erties at a higher HCD percentage, demonstrating the po-

tential of reducing the severity of secondary caries.
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