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Abstract: The aim was to synthesize and characterize an adhesive incorporating HA and GO
nanoparticles. Techniques including scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX), micro-tensile bond strength (µTBS), and micro-Raman spectroscopy were
employed to investigate bond durability, presence of nanoparticles inside adhesive, and dentin
interaction. Control experimental adhesive (CEA) was synthesized with 5 wt% HA. GO particles
were fabricated and added to CEA at 0.5 wt% (HA-GO-0.5%) and 2 wt% GO (HA-GO-2%). Teeth were
prepared to produce bonded specimens using the three adhesive bonding agents for assessment of
µTBS, with and without thermocycling (TC). The adhesives were applied twice on the dentin with
a micro-brush followed by air thinning and photo-polymerization. The HA and GO nanoparticles
demonstrated uniform dispersion inside adhesive. Resin tags with varying depths were observed
on SEM micrographs. The EDX mapping revealed the presence of carbon (C), calcium (Ca),
and phosphorus (P) in the two GO adhesives. For both TC and NTC samples, HA-GO-2% had
higher µTBS and durability, followed by HA-GO-0.5%. The representative micro-Raman spectra
demonstrated D and G bands for nano-GO particles containing adhesives. HA-GO-2% group
demonstrated uniform diffusion in adhesive, higher µTBS, adequate durability, and comparable resin
tag development to controls.

Keywords: nano-hydroxyapatite; graphene oxide; dentin adhesive; microtensile bond strength;
SEM-EDX; micro-Raman
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1. Introduction

Dental resin composites are among the most utilized restorative materials in dentistry due
to superior aesthetics and improved mechanical properties [1]. Dentin adhesives are employed
to bond hydrophobic resin composites to hydrophilic dentin tissue, for dentin preservation and
caries resistance [2]. Adhesion with dentin is more challenging for dental adhesives as dentin is
less mineralized with high water content compared to enamel, thus warranting more technique
sensitivity [3]. The quality of the adhesion with dentin depends on the ability of monomers to penetrate
inter-collagen fiber spaces and stable resin tags to establish a hybrid layer [4]. One major reason for
the composite restorative failure is loss of adhesive bond over a period of time [5]. This loss of bond
leads to the formation of nano-gaps resulting in bond failure and development of secondary caries [6].
To overcome failure of adhesion over time, addition of inorganic fillers in adhesives is promoted to
improve dentin interaction of adhesive resins and possibly minimize dentin-adhesive degradation [7].
Previous studies have shown that addition of fillers in adhesives can reduce water sorption and
solubility [8], in addition to enhancing its mechanical properties [9]. Therefore, addition of inorganic
nano-materials as fillers to develop the physical and mechanical properties of dentin adhesive’s is
highly desirable.

Graphene is one material that has caught the attention of dental researchers in recent years.
Graphene based materials possess high surface area and are chemically and thermally stable [10].
Among the graphene family nanomaterials (GFNs), graphene oxide (GO) is of particular interest and it
can be synthesized by the oxidation of graphite [11]. In general, graphene is considered a hydrophobic
material but GO, when compared with other GFNs, is considered hydrophilic due to the occurrence
of oxygen in its functional groups [12]. This hydrophilicity could be considered an advantageous
property as it helps GO to form steady colloid dispersion and evade aggregation, thus making it more
cytocompatible [13]. An earlier study conducted by He et al., assessed the efficacy of GO nanosheets
in inhibiting the growth of P. gingivalis, F. nucleatum, and S. mutans. It was reported that GO was
able to inhibit the growth of these common dental pathogens effectively [14]. GO based materials are
also used for scaffold formation and in a previous study by Nishida et al., it was reported that the
insertion of GO based scaffolds in the tooth extraction sockets of dogs led to five times more rapid
bone formation than collagen based scaffolds [15]. The coating of dental implants with graphene-based
materials also decreases the adhesion of microorganisms, preventing implant failure [11]. GO as
compared with graphite retains higher antimicrobial activity and has been added previously in dentin
adhesive successfully by Lee et al. although they added a combination of GO and bioactive glass [16].
We also wanted to test the effect of addition of GO on the properties of adhesive but with another
remineralizing agent called hydroxyapatite (HA).

HA is an inorganic, non-toxic bioactive material, commonly occurring as a main constituent of
tooth structure and available in the form of nano particles. [17]. Considering the proven remineralization
property of HA, its inclusion in many dental materials has increased [18]. As the dental adhesives
come in direct contact with the tooth dentin, incorporation of HA nano particles in resin adhesives
can possibly remineralize the caries affected dentin. In addition, interaction of HA within the hybrid
dentin layer forming an organic bond, will contribute positively to its bond strength to tooth [19]. In an
earlier study, Leitune et al. reported that inclusion of nano-HA particles in the experimental adhesive
improved its bond strength to dentin [20].

The testing of mechanical properties of dental materials is essential in order to come up with
an ideal material that can survive severely dynamic oral environment. Khosravani performed a
study previously and inspected dental restorative materials after static and impact loadings [21].
This study can be used as a guide to develop new materials and perform their computational analysis.
Another useful model was put-forward by Carreon and Funkenbusch [22] where they shed light on
the role of machinable ceramics in restoration of teeth. This model also predicted, how the mechanical
properties of a material will affect its abrasive grinding. These methods [21,22] are useful and should
be kept in mind by researchers while synthesizing new dental materials.
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In an earlier study, Bin-Shuwaish et al., demonstrated that addition of GO particles could improve
mechanical properties of adhesive [23]. Mei et al., in a similar previous study revealed that addition
of 1 wt% GO-silica particles could improve the compressive strength of experimental adhesives [24].
This encouraged us to see the effect of incorporation of two different concentrations (0.5 wt% and
2 wt%) of GO particles on various properties of adhesive. In line with these studies [23,24], we wanted
to synthesize an adhesive with GO particles but in comparison, we also wanted to add HA particles in
the adhesive first to utilize beneficial properties of these two nanomaterials (HA and GO).

An experimental dentin resin based adhesive incorporated with HA coated GO particles,
could potentially enhance the mechanical bond strength durability along with remineralization
potential of the resin dentin bond. Therefore, it is hypothesized that the incorporation of increasing
content of GO particles will improve the bond strength, durability, and dentin interaction of experimental
dentin adhesive having HA. Therefore, the aim of this study was to synthesize and characterize an
adhesive incorporating HA and GO particles, using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX). Also, to incorporate different contents of GO in experimental
dentin adhesive (containing HA) and assess its micro-tensile bond strength (µTBS), bond durability,
and dentin interaction.

2. Materials and Methods

2.1. Preparation of Experimental Adhesive

The experimental adhesive was synthesized utilizing the methods recommended earlier by
Ye et al. [25]. Briefly, a mixture of monomers comprising of bisphenol A glycol dimethacrylate
(BisGMA), triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA),
and ethyl 4-dimethylamino benzoate and camphorquinone (Esstech Inc., Essington, PA, USA) were
used. Our preparation contained a combination of w/w 50% BisGMA, 25% TEGDMA and 25%
HEMA (60%) with ethanol acting as a solvent (30%-m/m). Also, we incorporated 0.5% (n/n) ethyl
4-dimethylamino benzoate and 0.5% camphorquinone photo-initiators in line with the monomer moles.
Furthermore, 1.0% (n/n) diphenyliodonium hexafluorophosphate (DPIHP) was added to act as an
electron initiator to the adhesive mix. This mixture was produced in a three-necked flask having
a magnetic stirrer and condenser (SA300; Sansyo, Tokyo, Japan). To avoid photo-polymerization,
the newly synthesized adhesive was preserved in an isolated dark chamber shielded with a foil.

2.2. Addition of HA to the Experimental Adhesive

The nano-HA particles (hydroxyapatitie—Sigma Aldrich, Cassopolis, MI, USA) were commercially
acquired and silanized. To promote adhesion of nano-HA to the adhesive, 5% silane was added in the
95% acetone solvent, for silanization. The nano-HA particles were added in 5% concentration (m/m)
to the experimental adhesive in order to obtain our control experimental adhesive (CEA) containing
5 wt% nano-HA particles. To promote homogenization of nano-HA particles in the experimental
adhesive, dispersion of HA by means of sonication in a centrifuge was completed. The synthesized
adhesives were kept isolated at 37 ◦C for 24 h to permit solvent evaporation. The adhesives were then
kept at 4 ◦C and were used within 20 days of their formulation due to their narrow shelf life.

2.3. Synthesis of GO and Addition to the Experimental Adhesive

The GO was produced from natural graphite powder following the methods recommended earlier
by Hummers and Offeman [26]. The step-by-step procedure for the GO’s formulation was also adopted
from an earlier study of Deshmukh et al. [27]. Briefly, 3 gm of graphite powder and sodium nitrate
(NaNO3) each were charged in a three-neck flask and mixed with 150 mL of sulphuric acid (H2SO4)
with magnetic stirring. This newly formulated solution was cooled off at 5 ◦C for 5 h. This was
followed by the addition of 9 gms of potassium permanganate (KMnO4) with continuous stirring.
The oxidation of graphite was performed for 48 h at 40 ◦C and dilutions for the mix included adding of
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150 mL distilled water and 30 mL of 30% hydrogen peroxide (H2O2). Lastly, the contents were washed,
filtered, and centrifuged for de-acidification. The GO powder was made by vacuum drying for 60 ◦C
for 13 h. The silanization of GO was executed to augment its interface and adhesion to resin matrix,
by adding 5% silane to the 95% acetone solvent [28].

The GO powder was mixed in 2 mL ethanol in microvial and sonicated for 10 min at 37 ◦C in an
ultrasonicator (VWR USC-TH sonicator bath, Tokyo, Japan). GO powder was added to the ethanol
solvent of the formulated CEA at 0.5% and 2.0% to produce two additional experimental adhesives;
HA-GO-0.5% and HA-GO-2%, respectively. In order to achieve a homogenous mixture, the nano-GO
particles were initially mixed in resin and sonicated in an ultrasonic bath (VWR USC-TH sonicator
bath, Tokyo, Japan) for 10 min. Post-sonication, the mixture was homogenized in an ultrasonic
homogenizer (Q500 Sonica) at pulse on/off for 60 s at room temperature. To warrant that GO was
evenly disseminated after storing, the mix was re-homogenized in the ultrasonic homogenizer on
every single usage. The weight of the nanoparticles was calculated in milligrams and the volume of
resin in milliliters. With the intention of calculating 0.5 w/v % adhesive (HA-GO-0.5%) and 2.0 w/v %
adhesive (HA-GO-2%), the following formula were used.

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

The components of the new adhesives produced are shown in Table 1. The new adhesives
produced were stored at 4 ◦C and were used within 2 weeks of their formulation.

Table 1. Components of the two new adhesives with GO nanoparticles produced for this study

Categories CEA Resin Adhesive (5% HA) Nanoparticles (mg)

HA-GO-0.5% 2 mL 10 mg
HA-GO-2% 2 mL 40 mg

CEA Resin adhesive composition- wt% (24% HEMA, 24% TEGDMA, 50% bis-GMA, 1% DPIHP, 0.5% EDB & 0.5%
camphorquinone).

2.4. Scanning Electron Microscopy (SEM) Analysis

The scanning electron microscopy (SEM) was utilized to assess the presence of nano-GO particles
and their interaction inside the resin adhesive. Five samples each for HA-GO-0.5% and HA-GO-2%
experimental adhesives were formulated post-photo-polymerization with a dental curing light source
(Curing Light, Eliphar S10; 3M ESPE, St. Paul, MN, USA) with 600 mW.cm−2 output for 20 s at a
distance of 10 mm. Prior to performing SEM, specimens mounted on aluminum stubs and sputter
coated with gold layer for 120 s (Baltec SCD sputter, Scotia, NY, USA). The analysis was completed using
SEM (JEOL, JSM-6513, SEM, Tokyo, Japan) at an accelerating voltage of 30 kV. The SEM micrographs
were taken at multiple magnifications for convenience.

2.5. Preparation of Teeth Specimens

One hundred and two extracted non-carious maxillary premolars (N = 102) which were extracted
for orthodontic reasons, were collected from Oral Surgery clinics of the institute. The teeth were
cleaned employing an ultrasonic scaler (Superior Instruments Co, New York, NY, USA). The teeth
were disinfected by immersing them in chloramine trihydrate solution (Merck, Germany) and then
stored in distilled water at 4 ◦C. These teeth were then implanted vertically with the help of acrylic
resin (Opti-Cryl, South Carolina, Columbia) in segments of polyvinyl tubes (4 mm diameter) at the
cementoenamel junction (CEJ).

The occlusal surface of all the teeth were removed with a diamond saw (Buehler Isomet 2000
Precision saw, IL, USA) to expose dentin tissue 1 mm underneath the dentinoenamel junction (DEJ).
An area of sound dentin (~5 mm) was recognized in the middle part of the occlusal surface and treated
with 36% phosphoric acid (DeTrey conditioner, Dentsply, PA, USA) for 10 s followed by washing
with distilled water and drying with cotton pellets. These teeth were equally and randomly allocated
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to three adhesive groups and 34 teeth each (n = 34) were then treated with formulated adhesives;
Gp-1: teeth treated with CEA containing 5% HA, Gp-2: teeth treated with HA-GO-0.5% containing 5%
HA (HA-GO-0.5%) and 0.5% GO particles, and Gp-3: teeth treated with HA-GO-2% containing 5% HA
and 2% GO particles (HA-GO-2%). The adhesives were first dispensed on a disposable mixing pad
and applied on the treated dentin with a micro-brush for 15 s trailed by air thinning for 5 s. The second
application was performed in an identical manner to all the specimens. This was then followed by
photo-polymerization of samples for 20 s at 10 mm distance using a curing device (Curing Light Eliphar
S10; 3M ESPE, St. Paul, MN, USA).

The adhesive smeared samples were then enclosed with resin composite (Filtek Supreme;
3M ESPE, St. Paul, MN, USA) increments of 4 mm height in 2 mm augmentations using an acrylic
jig, plastic instrument, and condenser. The excess material was detached and the interface was light
cured from all sides for 20 s each. These bonded tooth samples were kept in distilled water at 37 ◦C for
1 week.

2.6. Microtensile Bond Test (µTBS) and Failure Mode Analysis

For microtensile bond testing (µTBS), sixty samples were used (twenty from each group). Out of
20 samples in each group, 10 bonded specimens in all adhesive groups were thermocycled (TC) in
distilled water baths at 5 ◦C and 55 ◦C for 30 s with 5 s dwelling time (THE-1100, SD Mechatronik
GmbH, Germany) and 10,000 cycles were used. The remaining 10 samples remained non-thermocycled
(NTC) and were kept in distilled water for 24 h prior to sectioning. The bonded samples in each
adhesive group were partitioned in order to construct 1 × 1 mm beams of composite–adhesive-dentin
using a diamond slow speed saw (Buehler Isomet 2000 Precision saw, Rapid, IL, USA). Every group
involved 20 teeth and each tooth formed six beams. In every adhesive group, at least five bonded
beams were assessed for µTBS analysis. The beams were attached to the jaws of micro tensile tester
(Bisco Inc., VA, USA) with cyanoacrylate (Zapit, Dental ventures Inc., Corona, CA, USA) and loaded in
tension at 0.5 mm/min crosshead speed up to fracture. The failure modes were assessed in each group,
and were classified as adhesive, cohesive, and mixed types by means of a digital microscope (Hirox
KH 7700, Tokyo, Japan). The observed µTBS values in every group were matched using ANOVA and
multiple comparisons test.

2.7. Micro-Raman Spectroscopy Analysis

The micro-Raman spectroscopy analysis of the dentin-adhesive bonded specimens was performed
utilizing 21 bonded teeth (seven from each group) which were segmented to form beams for interfacial
valuation of the samples in the three groups. A micro-Raman spectrophotometer (ProRaman-L Analyzer;
TSI, Shoreview, MN, USA) with its software (Raman reader) was used to obtain Raman spectra(s).
The alterations for dark counts were commenced with sample positioning modifications to attain
satisfactory signals. The laser beam was fixated using a 0.9 objective lens and 600 mW power on
the adhesive interface. The specimens were partitioned into segments of 1 mm and a 60 s scan was
executed three times for the designated sample area. The particulars of the spectrum were gained at a
laser beam wavelength of 785 nm between 800 cm−1 to 1800 cm−1 with noise filtration.

2.8. SEM and Energy Dispersive X-ray (EDX) Spectroscopy

Twenty-one bonded teeth among the three study groups (seven teeth from each group)
were sectioned (as explained previously) to produce bonded beams (1 × 1 mm) for SEM and
energy dispersive X-ray (EDX) spectroscopy. These beams were wet-polished (Beuhler Polisher,
Lake Bluff, IL, USA), washed and placed in ultrasonic bath containing distilled water for 5 min
(Bandelin Digital-Sigma-Aldrich Darmstadt, Germany). This step was followed by conditioning with
36% phosphoric acid (DeTrey conditioner, Dentsply, PA, USA) trailed by washing and dipping in 5.25%
sodium hypochlorite (NaOCl) solution for 15 min and washing with distilled water again. The samples
were dehydrated by placing them in ethanol solution (80%, 90%, and 100%). The samples mounting
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and gold coating was completed as explained earlier. The observations of the interface for the samples
in the three groups were achieved using SEM (JEOL, JSM-6513, SEM, Tokyo, Japan) functioning at
30 kV voltage at photomicrographs were obtained at multiple magnifications and EDX.

3. Results

3.1. SEM/EDX Analysis

The SEM analysis of synthesized -GO particles demonstrated 1–2 nm thick flakes (Figure 1a).
The nano-HA particles demonstrated <100 nm agglomerated round structures deposited on GO flakes
in SEM micrographs (Figure 1b). The mixture of HA with GO revealed coating of HA covering GO
particles (Figure 1c). In terms of dispersion, uniform distribution of GO nanoparticles throughout the
adhesive was observed (Figure 1d).

The EDX investigation of HA and GO particle incorporated adhesives (HA-GO 2%) demonstrated
the presence of carbon (C) in addition to calcium (CA) and phosphorus (P) (Figure 2). The presence of
Ca and P indicates presence of HA, whereas C, warrants the presence of graphene. EDX mapping
analysis of resin bonded interfaces demonstrated different results for the three groups. The highest
percentage of C (63.3%) was seen in HA-GO-2% and in the same group, 10.8% Ca was also detected
(Figure 3a). The highest percentage of Ca (70%) and P (30%) was seen in the CEA group and no C was
noticed within the resin matrix (Figure 3b). Numerous resin tags at varying depths with a thick hybrid
layer in dentin were also observed on SEM micrographs (Figure 3a,b).

3.2. Micro-Raman Spectroscopy Analysis

The representative Raman spectra of GO particles, HA particles, HA in experimental adhesive
(CEA), and HA-GO mixed in adhesive is shown in Figure 4A–D respectively. In Figure 4A,
two vibrational bands are seen; the first band (D) was observed at 1341 cm−1 and the second
band (G) was observed at 1584 cm−1. Typically, the D mode is linked to the sp3-hybridized carbon and
insufficiencies related with grain boundaries and vacancies in GO, whereas, the G mode is allocated
to the vibration of sp2-hybridized carbon. In Figure 4B, characteristic phosphorus-oxygen (P-O)
peak at 960 cm−1 was observed for HA particles. Raman spectra for CEA are presented in Figure 4,
showing distinctive P-O band at 960 cm−1, however at a weaker intensity. For adhesive containing 5%
HA and 2% GO, peaks within the Raman spectra (Figure 4D) were present at 960 cm−1 for P-O band
representing HA; D and G bands were at 1341 cm−1 and 1584 cm−1 respectively (GO).
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Figure 1. SEM images of (A) synthesized graphene oxide (GO) nanoparticles. Graphene oxide showing
variable size flakes with 1–2 nm thickness. (B) Hydroxyapatite (HA) nanoparticles with <100 nm in size. These
nanoparticles on SEM showing uniform round agglomerated structures. (C) Low magnification of composite
structure of GO-HA, where HA nanoparticles were coated over reduced GO (white arrowhead). (D) High
magnification of a single GO nanoparticle showing uniform distribution of HA (red arrowheads) over
its surface.
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Figure 3. Resin-dentin bonded interface for (A) HA-GO-2.0% and (B) control showing excellent bonding between composite and dentin structure. EDX spectrum for
HA-GO-2.0% specimen showing highest percentage of carbon (63.3%) followed by Calcium (10.8%) within the hybrid layer, reflecting the existence of graphene and
HA nanoparticles. The control specimen containing highest percentage of calcium (70%) and phosphorus (30%) within the resin matrix. C = composite; H = hybrid
layer; Rt = resin tags; D = dentin
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Figure 4. Raman spectra of (A) synthesized GO nanoparticles showing characteristic D and G bands
which are two prominent peaks at 1341 and 1584 cm−1. Usually, the G mode is assigned to the vibration
of sp2-hybridized carbon, while the D mode is related to the sp3-hybridized carbon and deficiencies
relevant with grain boundaries and vacancies in GO. (B) Raman spectra of the hydroxyapatite nano
particles showing chemical groups of phosphate (υ1 PO4 ~960 cm−1). (C) HAP within dentin adhesive
showed weaker phosphate bonds intensities at 960 cm−1. (D) wiTH GO addition in dentin adhesive
with HAP, the characteristic peaks could be seen for both nanoparticles at their respective wavenumbers.

3.3. µTBS and Failure Mode Analysis Results

The µTBS (MPa) (Mean ± SD) observed for the samples (both TC and NTC) among three groups
in this study along with their respective failure modes are shown in Table 2 (Figure 5A,B). It can
be observed that for the NTC samples, the HA-GO-2% group had the greatest mean µTBS values
(30.17 ± 3.63) followed by HA-GO-0.5% (29.74 ± 3.81) and CEA (25.21 ± 3.60) groups. For the TC
samples, a similar pattern of µTBS was observed with NTC samples and HA-GO-2% showed higher
bond strength (26.18 ± 3.11). On intergroup comparison for NTC samples, the differences observed
for CEA (25.21 ± 3.60) compared with HA-GO-0.5% (29.74 ± 3.81); and CEA (25.21 ± 3.60) compared
with HA-GO-2% (30.17 ± 3.63) were statistically significant (p < 0.01) respectively. For intergroup
comparison of TC samples, the differences observed between CEA (21.77 ± 3.54) and HA-GO-0.5%
(24.10 ± 3.37), and CEA (21.77 ± 3.54) matched with HA-GO-2% (26.18 ± 3.11) were statistically
significant (p < 0.01) respectively. On intragroup comparison for TC and NTC samples, differences
observed between CEA group compared with HA-GO-0.5% and those detected when CEA group
was matched with HA-GO-2% group were all found to be statistically significant (p < 0.01) (Table 2).
Overall, NTC samples revealed higher µTBS mean values compared to TC samples among all groups
(p < 0.05). There was no clear distribution pattern observed for the failure modes observed among the
three groups; however, the majority of the failures observed were of adhesive nature. Adhesive failure
depicts a failure in adhesion with fractures which are not observed in dentin or the resin [29]. In our
study, though adhesive type failures were most common, among them the smallest percentage of
adhesive type failures were observed in NTC-HA-GO-0.5% (60%) and NTC-HA-GO-2% (60%) (Table 2).
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Table 2. Mean and SD of microtensile bond strength and failure modes among the tested study groups

µTBS (MPa) (Mean ± SD) Failure Mode Analysis (%)
Group (n = 10) NTC TC p Value * Adhesive Cohesive Mixed

CEA
25.21 ± 3.60 aA -

<0.01

80 10 10
- 21.77 ± 3.54 aB 80 10 10

HA-GO (0.5%) 29.74 ± 3.81 bA 60 20 20
- 24.10 ± 3.37 bB 80 10 10

HA-GO (2.0%) 30.17 ± 3.63 bA 60 30 10
- 26.18 ± 3.11 bB 100 0 0

TC: thermocycling, NTC: no thermocycling, GO: graphene oxide, CEA: control experimental adhesive,
* HA: hydroxyapatite. ANOVA. Dissimilar small alphabets in same column indicate statistical significance.
Dissimilar capital alphabets in row (same group) indicate statistical significance.
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4. Discussion

The present study investigated the influence of addition of nano-HA and different concentrations
of nano-GO particles (0.5 wt% and 2 wt%) in an experimental resin adhesive on its bond integrity,
durability and dentin interaction. Based on the results, HA-GO-2% group showed higher µTBS
than HA-GO-0.5% group, which demonstrated higher µTBS than the controls (CEA). Therefore,
the hypothesis that addition of GO nanoparticles in adhesive resin would improve its bond strength
was accepted.

Dental adhesives play a vital role in the clinical success of restorations, as a weak
restoration-adhesive bond is linked with microleakage, dentin hypersensitivity (DH), and secondary
caries development [30]. The use of nanoparticles in general, reinforces various mechanical and
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physical properties of dental composites [31]. The nano-HA particles are biocompatible, act as a source
of remineralizing ions like Ca and P, and retain strong capability to bind with the tooth tissues [32,33].
In the present study, we incorporated nano-HA particles in the experimental adhesive in order to
yield all the benefits associated with the use of HA in the adhesives. It has been suggested earlier that
the use of nano-HA particles improves the surface area for adhesion and strengthens the mechanical
properties of adhesive [34]. In line with this recommendation, nano-HA particles (<100 nm in size)
were incorporated in the present study. In addition, nano-GO particles in different concentrations (0.5%
and 2.0%) were added to HA containing adhesive to further enhance adhesive bonding properties of
the experimental adhesives.

The synthesized nano-GO particles were flake shaped, as observed via SEM in the study (Figure 1A).
The reduction process of graphite to yield GO nanoparticles produces flake shaped particles or sheets
with sharp edges due to the presence of oxygen groups in the oxide sheets, as reported previously
by Soares et al. [35]. In order to utilize maximum benefit of the addition of foreign filler particles in
the adhesive, it is necessary that it is uniformly dispersed. An incomplete or partial diffusion of filler
nanoparticles could lead towards the formation of gaps or cracks, reducing ideal performance of the
adhesive [36]. In the present study, SEM analysis revealed uniform dispersion of nano-HA particles
(Figure 1B), and nano-GO coated with HA particles in the adhesive (Figure 1C,D).

The EDX analysis of adhesives in our study confirmed the occurrence of vital remineralizing
elements like Ca and P in CEA and Ca, P, and C for HA-GO-0.5% group. These essential elements
were again observed for the HA-GO-2% group (Figure 2). The presence of Ca and P indicates the
presence of HA whereas C, warrants the presence of graphene. The Ca and P are crucial components
of human hard tissues and are also essential for remineralization of dental tissues [37]. Dental plaque
provides a niche where microorganisms can reside and cause dental caries and pulpal inflammation.
Cantore et al., previously reported that where chlorhexidine is considered a standard antimicrobial
mouthwash, an alcohol-free mouth wash has similar antimicrobial activity and can also prevent plaque
formation [38]. Any ingredient of an oral product that makes it antibacterial and that can decrease
microbial load, reduces the chances of dental caries and pulpal inflammation [38]. Presence of C in
graphene based materials makes it antibacterial and its use in dental adhesive inhibits the adhesion of
important dental pathogens including Streptococcus mutans [1]. In our study, the high percentage of C
(63.3%) was observed in HA-GO-2% whereas, the highest percentages of Ca and P were detected in
CEA group. Apart from ingredients that can make oral products antimicrobial, the role of stem cells in
preventing inflammation of oro-dental tissues is also important and has attracted a lot of attraction
recently. Spagnuolo et al. previously reported that stem cells can regenerate damaged tissues and can
modulate inflammatory and immune responses [39]. Among stem cells from the oral cavity, dental pulp
stem cells have shown promising regenerative properties [38]. Ballini et al. also reported that although
there are barriers in the use of stem cells, they have still shown promising healing properties in various
clinical environments [40]. Diniz et al. demonstrated that free radicals from dental adhesives could
affect the survival properties of stem cells and laser phototherapy is actually useful in supporting stem
cells existence [41]. Therefore, although this area was not investigated in our study, researchers should
also look into the effect of dental adhesives on the stem cells in the future. Concerning resin tags,
varying depths of these tags were also observed on SEM micrographs (Figure 3a,b). However, resin tag
penetration in the tubules does not inevitably effect the bond strength and intactness of the adhesive,
as reported by Anchieta et al. earlier [42].

Micro-Raman spectroscopy is a vibrational spectroscopic diagnostic system which is utilized to
study polarization of molecules [43]. We engaged micro-Raman spectroscopy to study GO and HA
nanoparticles as this technique involves scattering instead of absorption, therefore specimen of variable
thicknesses can be observed without any destruction [44]. In addition, we also observed GO and HA
nanoparticles after their inclusion in the adhesive via micro-Raman spectroscopy. For the nano-GO
particles, two bands were observed where the first band (D) was seen at 1341 cm−1 and the second
band (G) was observed at 1584 cm−1 (Figure 4A). Due to the energy shift caused by laser excitation,
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observing two peaks on Raman spectroscopy is a common observation for graphite based materials [45],
as seen in our study. It is a common finding to observe the characteristic P-O band at 960 cm−1 for HA
samples in Raman spectroscopy [46]. The typical P-O band was also observed for nano-HA particles at
960 cm−1 in our study (Figure 4B). When nano-HA particles were mixed in the adhesive, distinctive P-O
band was still observed at 960 cm−1 but its intensity was weak (Figure 4C). The plausible reason of this
particular finding could be that there is a transitional change in the intensity of the Raman bands when
the minerals are substituted with resin, as reported formerly by Van Meerbeek et al. [47]. When the
HA and GO particles were mixed together in adhesive, representative P-O band at 960 cm−1 indicating
HA’s presence and D and G bands at 1341 cm−1 and 1584 cm−1 respectively representing GO’s presence
were also seen.

We utilized µTBS to evaluate the bond strength of different experimental adhesives in the present
study. The µTBS gives a better and precise estimation of bond strength as compared with other
conventional techniques [48]. In an earlier study, Wagner et al., demonstrated that the adhesive bond
strength could decrease if filler wt% of >10% is used, due to increase in viscosity of the material [49].
Keeping this in mind, we used 5 wt% of nano-HA filler in our adhesives. The results demonstrated
higher µTBS values for HA-GO-2% as compared with the other groups. In an earlier study, Khan et al.,
also reported that inclusion of GO sheets improves the bond strength of commercial primers [50]
and our results are in conformity with their study. In order to mimic the oral cavity’s dynamic
conditions, bonded dentin-adhesive beams were TC to depict bond durability with temperature
changes encountered in an in vivo environment. Earlier, Helvatjoglu-Antoniades et al. demonstrated
that TC could decrease the bond strength of adhesives [51]. Their findings are in conformity with the
present study, as all adhesive specimens demonstrated decreased µTBS due to TC [51].

Although promising results are obtained from this study where nano-GO particles were added in
adhesive to positively reinforce properties of the adhesive, future studies exploring the influence of
incorporating different concentrations of GO and their impact on mechanical and biological properties
are suggested.

5. Conclusions

Within the limitations of the present study, it can be concluded that addition of nano-GO
particles positively influenced mechanical properties of the experimental adhesive. HA-GO-2% group
demonstrated uniform diffusion in experimental adhesive, good dentin interaction with hybrid layer
formation, higher µTBS, and maximum bond durability among the tested adhesives. Therefore,
inclusion of 2 wt% GO in HA containing adhesive could improve adhesives mechanical properties as
it proved to be a promising filler in our study and could have practical applications in clinical dentistry.
The exploration of different concentrations of GO for addition in HA adhesive could be considered
as an advantage in our study. However, we explored only two GO concentrations, and this could
be a potential disadvantage. While we probed only two concentrations of GO for addition in HA
adhesive, our study can provide a tentative foundation for further analysis of other GO concentrations.
Future work is warranted based on the results of our study to analyze the effect of addition of other
GO concentrations on HA adhesive’s properties.
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