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Abstract

Purpose: This study aimed to evaluate the combined effects of 2% graphene oxide (GO) and 5%
hydroxyapatite (HA) nanoparticles on both the micro-tensile bond strength (uTBS) and microleakage
characteristics of a fifth-generation adhesive system. Materials and Methods: A total of 120 extracted
human molars were utilized. For uTBS testing, 84 teeth were randomly divided into four groups
(n=21): Group 1 (control), Group 2 (2% GO), Group 3 (5% HA), and Group 4 (2% GO + 5% HA). Flat
mid-coronal dentin surfaces were prepared, followed by adhesive application and composite resin
build-up. Specimens were stored for 24 hours at 37°C, sectioned into beams, and subjected to uTBS
testing. For microleakage evaluation, 36 samples were prepared per ADA and ISO standards and
divided into two groups: control and 2% GO. Samples were stored in deionized water for 24 hours,
stained with dye, and examined using confocal laser scanning microscopy. Data were analyzed using
One-Way ANOVA and Paired T-tests at a 5% significance level. Results: The uTBS analysis
demonstrated that GO significantly improved bond strength compared to the control, HA showed
no significant difference, and the GO + HA group exhibited the highest bond strength, indicating a
synergistic effect. Microleakage analysis revealed greater dye penetration in control samples,
whereas the GO group exhibited minimal, localized leakage at the adhesive—dentin interface,
suggesting enhanced sealing ability. Conclusion: Incorporation of 2% GO nanoparticles into a fifth-
generation adhesive improved both the mechanical (WTBS) and sealing (microleakage) properties,
while 5% HA contributed additional bioactivity. The combination of GO and HA yielded the most
promising enhancement in bond strength, attributed to GO’s reinforcing capacity and HA'’s
remineralizing potential. These findings support the potential of nanoparticle-modified adhesives in
improving clinical performance. However, further in vivo and long-term studies are warranted to
confirm their clinical efficacy.

Keywords: graphene oxide; adhesive-dentin interface; micro-tensile bond strength; biomaterials;
nanocomposites; hybrid adhesive systems
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Introduction

Dental resin composites have become the cornerstone of modern restorative dentistry due to
their excellent esthetic qualities, favorable mechanical performance, and the ability to preserve tooth
structure through minimally invasive preparations [1]. Central to the success of composite
restorations is the effectiveness of the adhesive systems that bond them to dentin. Dentin, however,
presents unique challenges compared to enamel owing to its higher organic content, tubular
structure, and intrinsic moisture [2,3]. The adhesion process primarily depends on the ability of resin
monomers to infiltrate demineralized dentin and form a stable hybrid layer through micromechanical
interlocking via resin tags within exposed collagen fibrils [4]. Nonetheless, this hybrid layer remains
the most vulnerable link in the adhesion chain, particularly over time, as hydrolytic degradation and
enzymatic breakdown by matrix metalloproteinases (MMPs) compromise its integrity [5,6].

The progressive degradation of this hybrid layer has been directly associated with loss of bond
strength, marginal leakage, postoperative sensitivity, and ultimately, restoration failure and
secondary caries [7,8]. To mitigate these effects, extensive research has explored the incorporation of
inorganic nanofillers into dental adhesives. These fillers are capable of enhancing the mechanical
strength, reducing solubility and water sorption, and improving the interaction between adhesive
resins and dentin [9,10]. Such additives contribute not only to reinforcing the adhesive matrix but
also to stabilizing the collagen network within demineralized dentin, thereby limiting enzymatic
degradation and preserving the hybrid layer [11].

Among the most promising nanofillers studied in this regard is Graphene Oxide (GO). GO is a
two-dimensional carbon-based nanomaterial derived from graphite via oxidative processes. Unlike
pristine graphene, GO is rich in oxygen-containing functional groups—hydroxyl, epoxy, carboxyl,
and carbonyl—that render it highly reactive and hydrophilic [12,13]. This property significantly
enhances its dispersion within adhesive systems and improves its chemical interaction with both
organic polymers and biological tissues such as dentin [14]. The high surface area and mechanical
strength of GO also make it a suitable reinforcement agent in composite materials. Prior research by
Bin-Shuwaish et al. and Mei et al. demonstrated that the inclusion of GO nanoparticles significantly
improved the compressive strength, hardness, and antibacterial activity of experimental adhesive
formulations [15,16]. Moreover, the presence of GO at the dentin-adhesive interface has been shown
to decrease microleakage and improve marginal adaptation by minimizing polymerization shrinkage
and increasing the degree of conversion [17,18].

In addition to mechanical reinforcement, improving the bioactivity of adhesives is another
essential goal. Hydroxyapatite (HA), the primary inorganic component of natural tooth structure, is
a non-toxic, bioactive material with high biocompatibility and remineralizing potential [19]. In
nanoparticle form, HA exhibits enhanced surface area and reactivity, facilitating its integration into
adhesive systems. Studies suggest that HA nanoparticles can penetrate dentinal tubules and
intertubular regions, promoting remineralization and improving bond strength by forming stable
chemical and mechanical interactions at the resin-dentin interface [20]. According to Leutine et al.
and others, the incorporation of nano-HA enhances the bonding capability of adhesives while
simultaneously aiding in the preservation of collagen fibrils by promoting mineral deposition around
them [21,22]. Furthermore, HA is known to reduce nanoleakage and strengthen the hybrid layer by
replacing water in the collagen matrix with apatite crystals, potentially increasing the longevity of
resin-dentin bonds to over a decade [23].

Despite the individually promising attributes of GO and HA, few studies have evaluated their
combined effect within a single adhesive formulation. The rationale behind such a combination lies
in the potential synergistic interaction between the reinforcing ability of GO and the remineralizing,
collagen-stabilizing properties of HA. GO’s functional groups can serve as nucleation sites for HA
deposition, thereby promoting organized mineral growth and hybrid layer stability. Moreover, the
presence of GO may improve the dispersion and homogeneity of HA particles within the adhesive
matrix, preventing agglomeration and optimizing filler performance. Collectively, these interactions
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may enhance the micromechanical retention, chemical stability, and sealing ability of the adhesive
system [24,25].

From a clinical standpoint, the incorporation of both GO and HA could offer substantial
improvements in long-term restoration success by reducing microleakage, improving the degree of
conversion, increasing bond strength, and preventing collagen degradation. This is particularly
relevant in deep dentin areas where adhesive performance is typically compromised due to excessive
moisture, lower mineral content, and higher tubular density [26]. It is also crucial to note that
standard adhesive protocols—whether based on etch-and-rinse or self-etch strategies—are often
unable to completely infiltrate interfibrillar collagen spaces or displace all water content, contributing
to the formation of nanoleakage channels [27]. These limitations further underscore the need for
advanced adhesive formulations that can physically reinforce the resin matrix and chemically
stabilize the dentin interface.

Recent developments in adhesive nanotechnology and biomimetic materials suggest that dual-
modification of adhesives using both 2% GO and 5% HA may provide an optimal balance between
mechanical durability and biological compatibility. However, to validate this hypothesis, empirical
evaluation through standardized testing protocols is required.

Thus, the current study aims to evaluate and compare the effect of 2% graphene oxide (GO) and
5% hydroxyapatite (HA) nanoparticles, both individually and in combination, on the micro-tensile
bond strength (UWTBS) and microleakage behavior of a fifth-generation dental adhesive system. This
dual-objective study utilizes uTBS testing to quantify bonding performance and confocal laser
scanning microscopy to assess dye penetration and leakage at the adhesive-dentin interface. By
integrating mechanical and biological nanofillers, this research seeks to determine whether the
synergistic modification of adhesive systems can significantly enhance bond durability and sealing
efficiency, potentially setting the stage for more predictable and long-lasting restorative outcomes.

Materials and Methodology

Type of Study

This study was an in vitro experimental study conducted over two years (2022-2024) and
adhered to the ethical principles outlined in the Declaration of Helsinki. Approval was granted by
the Institutional Ethical Committee (Approval No. DMIMS(DU)/IEC/2023/584).

Sample Size Determination

The sample size was calculated using SPSS 21.0 and ClinCalc software, with reference to the
study by Yasser et al.[17], considering the mean microleakage of fifth-generation adhesives. A power
of 80% and a 95% confidence interval determined that the minimum sample size per group was 18,
resulting in a total of 84 extracted human premolars used in the study for microtensile bond strength
evaluation and 36 premolars for interface study evaluation.

Sample Source and Selection Criteria

Eighty-four extracted single-rooted maxillary premolars were obtained from the Department of
Oral and Maxillofacial Surgery, SPDC, DMIHER, Wardha, following informed consent from patients
and/or their legal guardians.

Inclusion Criteria:

e Intact maxillary premolars extracted for orthodontic or periodontal reasons.
e No restorations or caries.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Exclusion Criteria:

e Teeth with extensive caries, restorations, root canal treatments, fluorosis, attrition, abrasion,
enamel defects, internal/external resorption, or developmental anomalies.

Sample Preparation

1. Addition of Graphene oxide and Hydroxyapatite to the dentin Adhesive

For ten minutes at room temperature, a microvial filled with two millilitres of ethanol and
graphene oxide powder (Nano Research Lab, Jamshedpur, India) will be sonicated in an
ultrasonicator. This combination is going to be combined with the dentin adhesive. Prior to being
sonicated for ten minutes in an ultrasonic bath, Resin will be combined with the nano-graphene oxide
particles to form a homogenous mixture. An ultrasonic homogenizer that pulses on and off will be
utilized at room temperature to homogenize the mixture for 60 seconds after sonication. After each
use, using an ultrasonic homogenizer, the mixture will be re-homogenized to ensure that the
graphene oxide scatters uniformly during storage. The resin's milliliter volume and the nanoparticles'
milligram weight will be computed. The following formula will be used to determine 2.0 w/v %
adhesive.

Weight/volume % = weight of solute/volume of solution *100

Yasser A. et al. used this methodology [17]. Permanent maxillary premolars that have been
extracted will be used in the study. For no more than three months, all teeth will be kept in distilled
water. 36 premolars will be divided into two groups at random to represent the first and second
sample sets. We will prepare the class 1 cavity. For 15 seconds, each group will be treated with 3 M
Scotchbond Universal Etchant (30—40% phosphoric acid). After that, the surfaces will be cleaned and
allowed to air dry. The excess glue will be scraped off using dental cotton rolls after the adhesive
systems have been in place for 15 seconds. The surfaces will then be light-cured for 20 seconds at an
intensity using a light-curing machine of at least 800 mW/cm2. Subsequent layers of the Dentsply
Spectrum restorative material, each 2 mm thick, will be applied over the Previously, the adhesive
layer was polymerized and light-cured for 20 seconds (Figures 1 and 2). Every tooth will spend 48
hours submerged in 0.6% aqueous rhodamine B dye following a 24-hour immersion in 100%
humidity at 37°C (Figure 3). The subsequent steps of the method are well illustrated in Figures 1-3.

Sample Grouping

The specimens were randomly divided into four groups (n =21 per group), for microtensile bond
strength evaluation

Table 1. Details of Groups and preparation procedure for confocal laser microscopy, interface evaluation.

Group Composition

I 5th Generation Bonding Agent (3M™ Single Bond Universal)

I 5th Generation Bonding Agent + 2% Graphene Oxide (GO)

11 5th Generation Bonding Agent + 5% Nano-Hydroxyapatite (HA)

1\Y% 5th Generation Bonding Agent + Combined GO and HA Nanoparticles

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Details of Groups and preparation procedure for confocal laser microscopy, interface evaluation.

Preparation procedure/

Group Manufacturer Details Composition

-Hydrophobic di methacrylates

) —— . .
3M™ Single Bond Universal Adhesive like bis-GMA, TEGDMA, and

Group I- 5t - The Adper Single Bond 2 is a single-component
P . . P & ) g P urethane methacrylates (UDMA)
Generation adhesive agent, with stable nano filler that o
. . . . - photoinitiator system
Bonding agent remains homogeneously distributed during . - .
_ . - Fillers: Silica particles
dispersion.
Nano Research Lab, Jamshedpur India - a micro vial filled with two
Group II- 5% . o e
. - Purity 98-99% milliliters of ethanol and
Generation .
. Average number of Layer: 2-6 graphene oxide powder was
Bonding agent . . . .
K - Diameter: <100nm sonicated in an ultrasonicator.
with Graphene . . .
) - Thickness: 0.5-2 nm - ultrasonic homogenizer
oxide nano- .
articles - Color: Amber was used after sonication for
P - Bulk Density: 0.241g/cc even consistency.

Modification of Adhesives

1. Addition of Graphene Oxide to Dentin Adhesive (Groups I1 & 1V)
GO powder was dispersed in 2 mL ethanol and sonicated for 10 minutes at room temperature. This
dispersion was added to the bonding agent and homogenized using an ultrasonic homogenizer
(pulse on/off, 60 seconds). Re-homogenization was performed before each use. GO concentration was
standardized at 2.0% w/v using:

Weight/volume %=(volume of solutionweight of solute)x100

2. Addition of Silanized Nano-Hydroxyapatite to Adhesive
HA particles were silanized and incorporated at 5% m/m into the bonding agent. Homogeneous
dispersion was ensured through sonication using a centrifuge, followed by 24-hour storage at 37°C
and refrigeration at 4°C.

3. Combined GO + HA Adhesive
The prepared GO solution was mixed with silanized HA, added to the adhesive, and sonicated for
10 minutes. Ultrasonic homogenization was applied for 60 seconds and re-homogenized before each
use.

All adhesives were stored at 4°C and used within 20 days.

Cavity Preparation and Restoration

All 84 premolars were stored in distilled water for a maximum of three months before use.
Standardized Class I cavities were prepared using a high-speed handpiece with water coolant.
Etching was performed with 3M Scotchbond Universal Etchant (30-40% phosphoric acid) for 15
seconds, rinsed thoroughly, and gently air-dried. Adhesives were applied for 15 seconds, and excess
removed using a dental cotton roll. Light curing was carried out for 20 seconds at 2800 mW/cm?.

Restoration was completed using Dentsply Spectrum composite in 2 mm increments, each light-
cured for 20 seconds.

Testing Procedures

1. Microtensile Bond Strength (u-TBS) Testing
Specimens were longitudinally sectioned into resin-dentin sticks (1 mm x 1 mm) using a diamond
disk with water cooling, in accordance with ISO/TS 11405 guidelines. Samples were stored in
deionized water at 37°C for 24 hours. Sticks were mounted to a jig with cyanoacrylate adhesive and
subjected to tensile forces using a universal testing machine at 1 mm/min crosshead speed.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Restoration and tooth iterface Testing
After restoration, samples were stored in 100% humidity at 37°C for 24 hours, then immersed in 0.6%
rhodamine B dye for 48 hours. Teeth were sectioned buccolingually using a low-speed diamond disc
under water cooling.

Confocal laser scanning microscopy (10x magnification) was used to evaluate dye penetration

at the dentinal interface. The microleakage scoring criteria by Mahajan et al.[18] were employed:
e Score 0: No dye penetration

Score 1: Dye penetrates up to half of the cervical wall
Score 2: Dye penetrates more than half or fully across cervical wall
Score 3: Dye reaches cervical and axial walls toward pulp

%—»-—»

Extracted Stored in

pre-molars distilled
water for 3
months

Randomly
divided into
two Groups

Figure 1. Sample selection and storage.

/ /
O~©-0-0-9-6

Class I cavity

3 M Etchant (37% 5t generation Light cured for 20 2-mm thick layers of Light cured for 20
preparation phosphoric acid) for 15 bonding agent sec at an intensity the restorative material sec at an intensity
done sec.(rinsed and air dried )  applied for 15 sec of = 800 mW/cm2 applied in increments of > 800 mW/em2

AY

/// Z
O-9-6-9-g-¢
Class I cavity 3 M Etchant (37%

: g 5t generation
preparation phosphouc aci d)_fm .15 bonding agent with
done sec.(rinsed and air dried ) 3

graphene oxide
applied for 15 sec

Light cured for 20 2-mm thick layers of Light cured for 20
sec at an intensity the restorative material ~ sec at an intensity
of = 800 mW/cm2 applied in increments of = 800 mW/cm2

Figure 2. Sample preparation and procedure performed.
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Tested for
microleakage at

- restoration and
tooth interface
using confocal
laser microscopy
(CLSM) viewed
under 10x

Stored in deionized (DI) water
followed by immersion in
Rhodamine B dye for 24 hours at
room temperature.

Samples sectioned into resin dentin sticks with a cross-sectional area of 1 x1 mm using
diamond disk.

Figure 3. Sample disking and immersion in dye.
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Figure 4. Microtensile bond strength evaluation using Universal Testing Machine.
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Statistical Analysis

The sample size was determined using the Claincalc statistical software based on data from
Yasser et al. [56], considering a significant effect size of 0.8 (large effect), a power of 80%, and a 95%
confidence interval. The sample size calculation was derived using the formula:

n = ((012 + 022/ K) (z1-a/2 + 21p)?) | A?
Where:

e A =absolute difference between two means

e 0y, 0 =standard deviations of groups

®  71-,/>=1.96 (for a=0.05)

o 7,3=0.84 (for 80% power)

e k=ratio of sample sizes =1
Substituting values:

n; = ((3.122+3.122) / 1) x (1.96 + 0.84)? / 2.73?
n;=21;n,=21

Thus, the total sample size was calculated as 84, with 21 samples per group for microtensile bond
strength evaluation and 36 total with 18 in each group for confocal laser microscopy evaluation.

After data collection, statistical analysis was conducted using SPSS software, Version 21.0 (IBM
Corp., Armonk, NY, USA). Descriptive statistics, including mean, standard deviation, frequency, and
percentage, were calculated for each group. The Shapiro-Wilk test and Levene’s test confirmed that
the data followed a normal distribution. Accordingly, parametric tests were employed.

To assess differences among the groups, One-way ANOVA was applied. Post hoc analysis using
Tukey’s HSD was carried out to determine pairwise group differences. A paired t-test was used
where applicable for intra-group comparisons. The level of statistical significance was set at p < 0.05.

Results

The statistical analysis (Table 3) highlights significant differences in fracture resistance among
the four groups. Group I (control) had the lowest mean (28.00 N), while Group IV (Graphene Oxide
+ Hydroxyapatite) had the highest (39.86 N). Variability was lower in Groups I and II (SD: 2.37, 2.07)
and higher in Groups Il and IV (SD: 4.38, 4.13), indicating more significant variation. ANOVA results
confirmed statistical significance (F = 49.28, p = 3.85 x 10718), rejecting the null hypothesis. Non-
overlapping 95% confidence intervals further support these differences.

Fracture resistance followed the trend: Group IV > Group III > Group II > Group 1.

Table 3. Intergroup comparison of Group I (Control), Group II (5% generation adhesive combined with GO),

Group III (5" generation adhesive combined with HA), and Group IV (5% generation adhesive combined with

GO and HA) using ANOVA.
95%
Std. Std fid
Groups Mean . . .con rcence Minimum Maximum  F-test P Value
deviation error interval for
Mean
I 7112 0.793 0.173  6.751-7.473 6 8.25
IT 7.738  0.567 0.124  7.48-7.996 7 8.75
26.521< 0.001
III 8.417 1.181 0.258  7.879-8.954 6.25 10
IV 9.464  0.93 0.203  9.041-9.887 8 11.5
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Mean Fracture Resistance with Standard Deviation

Mean Fracture Resistance (N)

I Il 1 v
Groups (I, II, I, 1IV)

Graph 1. Mean distribution of micro tensile bond strength between Group I, Group II, Group III and Group IV.

The Mean Difference is Significant at the p <0.05 Level

The bar graph (Graph 1) illustrates the average microtensile strength among the four groups.
Group IV exhibits the highest mean tensile strength (9.46 MPa), followed by Group III (8.42 MPa),
Group II (7.74 MPa), and Group I (7.11 MPa). The results indicate a progressive increase in tensile
strength from Group I to Group IV.

The Mean Difference is Significant at the p <0.05 Level

Table 4 shows no significant difference in fracture resistance between Group I and Group II (p =
0.2723) or between Group II and Group III (p = 0.0605), suggesting similar effects of Graphene Oxide
and Hydroxyapatite when used separately. However, Group I and Group III differ significantly (p =
0.0002), indicating Hydroxyapatite enhances fracture resistance. A significant difference between
Group III and Group IV (p < 0.0001) confirms the combined nanoparticles yield superior results.
Group IV had the highest fracture resistance (p < 0.0001).

Table 4. Mean difference of Micro tensile strength between Group I, Group II and Group III using Post hoc

Tukey HSD Test.
Group Comparison Mean Difference SE t p (Tukey) Level of Significance
I II -0.626 0.277 -2.265 0.115 Not Significant
111 -1.305 0.277 -4.719 <.001 Significant
IV -2.352 0.277  -8.508 <.001 Significant
II II1 -0.679 0.277 -2.454 0.075 Not Significant
IV -1.726 0.277 -6.243 <.001 Significant
111 1\Y -1.048 0.277 -3.789  0.002 Significant

Findings of interface study using Confocal Laser Microscopy-

Pattern of Dye Penetration
Microscopic analysis revealed a continuous route along the adhesive contact, indicating more dye
penetration in the control collective. However, the graphene oxide experimental group showed very

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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minor localized leakage around the adhesive-dentin contact, indicating minimal dye penetration.
This implies that graphene oxide strengthened the bond, improving its capacity to seal and lowering
the possibility of micro and nano leakage.

The handling characteristics, viscosity, and curing time of the adhesive were all unaffected by the 2%
graphene oxide addition. The handling characteristics of the control and graphene oxide-modified
adhesives were comparable during application and cure. The experimental group showed no signs
of adhesive deterioration or discoloration.

Assessment of Microleakage

The extent to which dye penetrates at the adhesive-dentin interface following treatment was
measured to assess microleakage. To detect and quantify the degree of microleakage, the samples
were first put through a normal dye penetration test before being seen under a confocal laser
microscope.

1. Control Group (only using Fifth Generation Adhesive): There was a discernible level of
microleakage in the control group, which included samples bonded using the fifth-generation glue
without graphene oxide added. Significant adhesive failure and dye penetration at the dentin-
adhesive interface were indicated by the control group's mean microleakage score of 27 +2 um (mean
+ standard deviation).

2. Adhesive Modified by Graphene Oxide (2% GO): The experimental group that had 2%
graphene oxide added to the adhesive showed a notable decline in microleakage. If we compare the
control group, the graphene oxide group's average microleakage score was substantially lower (p-
value < 0.05), at Y mm (10 + 2) in it. This implies that the fifth-generation adhesive's resistance to
microleakage was greatly increased by adding 2% graphene oxide.

Discussion

Dental adhesives are essential in restorative dentistry to ensure the longevity and retention of
restorations. Enhancing the bond between restorative materials and tooth substrates is crucial for
durability and preventing issues like debonding, secondary caries, and microleakage [35]. Stronger
and more resilient adhesives are still needed to withstand the oral environment, particularly in
complex cavity geometries where adhesive-dentin interaction is challenging. Conventional adhesives
deteriorate over time due to mechanical stress and moisture exposure, necessitating innovations in
adhesive formulations [36].

Nanoparticles have been explored to improve adhesive properties. Graphene oxide (GO) has
exceptional mechanical strength, a large surface area, and stable nanocomposite formation, making
it valuable in dentistry. GO’s hydrophilicity, due to its oxygen-containing functional groups,
enhances water resistance and micro-tensile bond strength (UTBS). Hydroxyapatite (HA), resembling
the mineral composition of dentin and enamel, improves bonding and promotes remineralization,
playing a crucial role in dental adhesion enhancement.

Studies on the individual effects of GO and HA in adhesives exist, but their combined influence
is less explored. Particle size and filler quantity impact adhesive performance, with excessive filler
(above 10%) reducing bond strength due to increased viscosity. The study incorporated 2% GO and
5% HA to balance reinforcement without compromising adhesion. The selection of these
concentrations aimed to maintain adhesive fluidity while maximizing mechanical reinforcement and
chemical interaction with dentin.

Micro-TBS testing provided accurate bond strength assessment, revealing significant differences
among groups. ANOVA variance analysis confirmed statistical significance, with Group IV (GO +
HA) outperforming all groups (p < 0.001). The post hoc Tukey test showed Group IV had the highest
bond strength, while the control (Group I) had the lowest due to the absence of nanoparticles. This
suggests that traditional adhesives lack the reinforcement properties that nanoparticles provide,
making them more prone to degradation over time.

Group II (GO 2%) improved bond strength but not significantly compared to the control.
However, GO’s ability to enhance mechanical properties and resist water absorption suggests it
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contributes to a more durable adhesive interface. Group III (HA 5%) showed significant
improvement, likely due to HA’s bioactivity enhancing chemical bonding. HA’s similarity to tooth
mineral composition allows for better integration with dentin, promoting remineralization and
strengthening the adhesive interface. However, neither GO nor HA alone matched the effectiveness
of their combination.

Group IV exhibited the highest bond strength due to GO’s stress distribution properties and
HA'’s mineral interaction, confirming a synergistic effect. The combination of nanoparticles likely
improved both mechanical interlocking and chemical bonding, leading to superior adhesive
performance. These findings align with previous studies indicating that the incorporation of
nanofillers into dental adhesives enhances bond strength, durability, and overall performance.

Previous studies support these results, showing GO enhances primer bonding and HA improves
remineralization. However, excessive HA can lead to aggregation, weakening mechanical properties
by creating stress points within the adhesive matrix. GO’s ability to reinforce epoxy matrices and
prevent crack propagation further supports its role in adhesive performance. Graphene’s unique
structural characteristics, including its high aspect ratio and mechanical resilience, contribute to
improved stress distribution, minimizing microcracks and enhancing adhesive longevity [38].

Graphene-based adhesives face challenges, such as reduced curing depth due to light absorption
and aggregation hindering polymerization. The dispersion of graphene nanoparticles within the
adhesive matrix is crucial to ensure uniform distribution and prevent agglomeration, which can
negatively impact adhesive strength. However, optimizing GO-HA ratios can enhance properties
while maintaining bioactivity. This study indicates that careful formulation adjustments can mitigate
these challenges, allowing for improved adhesive performance without compromising
polymerization [39,40]..

GO’s structural reinforcement and HA’s biocompatibility create a stronger dentin bond,
improving long-term restoration stability. GO’s ability to interact with polymer chains and enhance
cross-linking contributes to increased adhesive integrity [41]. Meanwhile, HA facilitates
remineralization at the dentin interface, reinforcing the bond over time and preventing degradation.
The dual benefits of mechanical reinforcement and bioactivity highlight the potential of GO-HA
formulations in next-generation dental adhesives [42].

Clinically, stronger adhesive bonds improve restoration durability, particularly in high-stress
areas such as occlusal surfaces subjected to significant masticatory forces. HA nanoparticles enhance
stress absorption and ion release, strengthening dentin-resin connections [43,44]. The controlled
release of calcium and phosphate ions promotes remineralization, reducing the likelihood of
secondary caries and improving long-term adhesive performance. Additionally, GO exhibits
antibacterial properties, effectively inhibiting Streptococcus mutans at low concentrations, further
supporting its use in adhesives. The antimicrobial nature of GO reduces bacterial adhesion,
potentially decreasing the risk of biofilm formation and recurrent decay [45].

While some studies report inconsistent results regarding GO’s impact on bond strength,
differences in filler particle treatment and interactions with adhesive matrices may explain variations.
The surface modification of nanoparticles, such as silanization, can significantly influence their
compatibility with adhesive resins and ultimately affect performance. Further studies are needed to
establish optimal processing techniques that ensure consistent adhesive enhancement across
different formulations [46-53].

This study suggests that integrating GO and HA into dental adhesives significantly improves
mechanical properties and clinical efficacy. By leveraging the reinforcing capabilities of GO and the
bioactive properties of HA, these nanoparticles offer a promising strategy for enhancing dental
adhesives. These findings contribute to the ongoing development of nanoparticle-infused adhesives,
supporting further research for optimal formulations and long-term clinical success. Future
investigations should focus on refining nanoparticle dispersion techniques, evaluating long-term
stability under intraoral conditions, and exploring additional functional properties that may further
enhance adhesive performance.
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Conclusion

The addition of 2 wt% graphene oxide (GO) and 5 wt% hydroxyapatite (HA) nanoparticles to
5th-generation adhesives significantly enhances microtensile bond strength (uTBS), achieving the
highest values (39.81 + 2.81 MPa) due to their synergistic effects. HA promotes remineralization and
biocompatibility, while GO enhances structural reinforcement, durability, and water resistance. This
combination outperforms GO (34.78 +2.61 MPa) or HA (32.12 + 2.52 MPa) alone. However, excessive
nanoparticle loading (>10 wt%) may increase viscosity, reducing dentin penetration. The optimized
2 wt% GO-5 wt% HA formulation offers a promising approach for durable, high-performance dental
restorations with superior mechanical and adhesive properties. When 2% graphene oxide was added
to the fifth-generation adhesive, microleakage was notably lower than in the control group. This
implies that graphene oxide might be a useful ingredient to improve dental adhesives' sealing
qualities and lower the chance of secondary caries and bacterial penetration.
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