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In this study, colloidal gold nanoparticles (NPs) with sizes less than 20 nm were added to the dentin
adhesive in various concentrations to achieve favorable antibacterial properties. The effect of gold NPs
on mechanical, antibacterial, and cytotoxicity features of adhesive was evaluated systematically. It was
shown that the addition of gold NPs at the concentration of 5X (i) increased flexural strength of dentin
tooth adhesive by 75%, (ii) increased the micro-shear bond strength by 60%, and (iii) increased the tensile
diameter strength of adhesive by 65% compared to the based adhesive. Multiscale modeling was used to
simulate and calculate stress and strain distribution around the nanoparticles and within the adhesive
matrix. Antibacterial properties of adhesives containing gold NPs were examined using disk diffusion
and the pour plate methods. The results showed that adhesive with the 5X concentration of gold NPs
had a bacterial growth inhibition zone with a diameter of 2 mm is in the disk diffusion method which
indicates the antibacterial characteristics of adhesive at this concentration. Also, the antibacterial effect
of adhesive-containing NPs was observed in the pour plate method and the reduction of bacterial growth
is increased by the addition of nanoparticles. The cytotoxicity of NPs is examined in pure form and com-
bination with dental adhesive using the MTT assay. The results showed that pure gold NPs have shown no
toxicity for the growth of cells and the incorporation of gold NPs has increased the cell viability in the
base adhesive.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Adhesive dental materials have led to tremendous improve-
ments in dentistry and has paved the way for clinical advances
[1,2]. Adhesion is a force that makes two close things stick together
or their molecules will be absorbed. Many approaches can be found
in the history of replacing the lost structure of the tooth and the
whole tooth. Replacing tooth lost structure due to disease or injury
is still considered as a large part of general dentistry. Restorative
dental materials are the base for replacing the structure of tooth.
The essential considerations in replacing lost teeth structure are
their form and function [3].

Due to the increasing development of tooth-colored composites
in restorative dentistry, these materials are an appropriate choice
in dentistry as they maintain the cosmetic appearance as well as
improve the mechanical features. The properties and quality of a
composite restoration depend on the method of composite connec-
tion and the connector to the tooth in many cases. Different types
of enamel or dentin bonding agents are used to attach composites
to tooth which have different features according to applied enamel
or dentin composite. Since dentin has a different chemical compo-
sition compared to enamel and has living and wet tissue, attaching
adhesive reagents to dentin is more difficult than attaching those
to the enamel. This issue has led to many efforts to improve the
features of adhesive agents. Second caries are the most important
reason for the replacement and removal of composite resins. Since
caries is an infectious complication and a lot of Streptococcus bac-
teria mutants separated from carries plaques will cause tooth
decay, the use of dental adhesives containing antimicrobial proper-
ties would be highly beneficial in the prevention of second caries
[4]. Fig. 1 compares two teeth structures with and without biofilm
caused by bacteria.

Restorative dental materials that are used today are mostly
based on resins made of di methacrylate monomers [5]. These
resins suffer volumetric shrinkage during polymerization which
is caused by the conversion of van der Waals force to covalent
bonds in the polymer. This shrinkage causes a gap between
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Fig. 1. Comparison of healthy tooth and tooth with biofilm (Created with BioRender).
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restorative materials and tooth tissue, creating place for the
growth of bacteria in mouth. Antibacterial adhesives can inhibit
the remaining bacteria in the tooth cavity and destroy invading
bacteria in the cavity and prevent the decay of a re-restored tooth.

Nowadays, the addition of NPs to polymers to improve the
mechanical properties is being considered as a principle. The effect
of NPs on adhesion can be examined from three hypotheses:

The effects of NPs on wettability: When a particle is added to a
liquid or paste since the liquid–liquid interface is replaced with the
liquid–solid interface, it seems the wettability angle has increased.
The decreased wettability ultimately results in loss of adhesion. On
the other hand, adding solid particles to a system increases
mechanical interweaving.

The effects of NPs on viscosity: In fact, viscosity is an important
parameter in dental adhesives. Lower viscosity leads to further
penetration of the adhesive into the tooth bumps and greater con-
nection of tooth and adhesive. It has been found in many cases that
adding NPs reduces viscosity [6]. The reason for this phenomenon
can be attributed to activation of the roller mechanism of NPs dur-
ing shear stress. Since NPs used in this system have been a colloidal
solution, adding such a solution to the adhesive will ultimately
decrease its total viscosity. These two factors are the main reasons
for the decrease in viscosity and thus higher adhesion of adhesive.

The effect of gold NPs on hydrophilicity: It has been observed
that the higher rate of hydrophilicity of adhesive will result in
the higher adhesion of adhesive to the tooth surface. This is due
to the wittiness of the dentin surface.

Metals have been investigated as antibacterial agents for many
centuries [7]. For instance, gold, silver [8,9], copper [10] and zinc
[11–13]are among the materials that have been widely used in this
regard. Anti-bacterial properties have been reported in the case of
silver and gold NPs added to resin materials [14].

Silver compounds are widely known for their antibacterial
property. Due to this property, silver-based nanomaterials are
investigated in the application of dentistry, including dental
restoration [15]. Ag NPs also share the common advantage of nano-
materials with high specific surface area, contributing to the easier
2

penetration in the bacterial cell membrane. However, even Ag-
based nanomaterials present excellent antibacterial performance,
it shows toxicity to cells may change dental color in the long term
[16]. Zinc oxide nanoparticle is another emerging nanomaterial
that shows antibacterial properties. ZnO exhibits high stability
under harsh processing compared with other metal-based nano-
materials [17]. Furthermore, ZnO nanoparticles with appropriate
design show selective toxicity to certain bacteria with a minimal
negative effect on human cells [18]. show selective toxicity to cer-
tain bacteria with a minimal negative effect on human cells [18]. In
addition, some nanoparticles like as layered double hydroxides
(LDH) have antibacterial drug loading capabilities [32,33].

It has been confirmed that gold NPs are active in many impor-
tant commercial reactions as catalyst and have suitable surface
chemistry. New applications of nanotechnology using gold are
expanding based on these unique features [19,20]. The supercities
of gold nanomaterials compared with other metals lie in their
unique properties. Properties of gold particles such as neutrality,
idea biocompatibility, low bacterial resistance, lack of cytotoxicity,
and resistance to surface oxidation, particularly at the nanoscale,
can be effective in the improvement of dental adhesives features
[17,21]. To be specific, gold nanoparticles is less cytotoxicity than
silver. The results show that silver nanoparticles have more
antibacterial properties, but the cytotoxicity of the ions released
by silver nanoparticles limits their application in medical and bio-
logical sciences [22]. In addition, gold nanoparticles are easily
modified so that antibacterial properties can be increased by
changing their structure or size. Gold nanoparticles have better
surface modification properties than other nanoparticles such as
silver, so they can be loaded with other drugs to produce stronger
antibacterial properties [23]. Gold NPs with very fine grain sizes
can easily penetrate the bacteria or destroy bacteria by covering
it and preventing nutrients from reaching the bacteria.

However, similar to other nanoparticles, gold nanoparticles
have some benefits and restrictions for other applications. For
example, the intracellular delivery of biologics by nanoparticle-
sensitized photoporation, a new method that combines great



Fig. 2. A schematic of the mechanism of killing bacteria by gold NPs: (1) rupturing the bacterial cell membrane, (2) accumulating into the bacteria cell, (3) formation of bands
of (SH-) group in the enzymes, (4) destruction of the cytoplasm by NPs (Created with BioRender).
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efficiency and throughput with outstanding cell survival, is
promising upcoming therapy. It is, however, hindered by safety
and regulatory issues since it relies on intimate interaction
between nanoparticles and cells. Research has shown [31] that
after photoporation with Au NPs, a large proportion of Au stays
connected with those cells even after vigorous washing; however,
Xiong and et al. [31] demonstrated that the same is true when uti-
lizing iron oxide nanoparticles.

Some major mechanisms of antibacterial NPs are as follows: (i)
the NPs penetrate the bacteria and rupture the bacterial cell mem-
brane, (ii) the NPs accumulate around the bacteria and prevent
food from getting to bacteria, (iii) the presence of gold NPs near
the bacteria leads to the transformation of bacteria and destruction
of the cytoplasm of the bacteria, (iv) gold turn into ions which are
absorbed by the microbes leading to the formation of bands of the
group (SH-) in the enzymes, resulting in the reduction of microbial
activity. A schematic of the mechanism of killing bacteria by gold
NPs is shown in Fig. 2 [24].

In this study, gold NPs are added to a dentin adhesive system
where the objective is to obtain an adhesive with antibacterial fea-
ture and improve mechanical property. These properties are veri-
fied to prevent the second decay of teeth and increase the
lifetime of composite restorations.
2. Materials and methods

2.1. Materials

The gold nanoparticle sample was purchased from Nano Natu-
ral. Gift co (BioGNP) with a purity of more than 97%, and density
of 3.18 ng/mL. Bis-GMA. UDMA monomers and Polyurethane de
methacrylate monomer were purchased from the Evonik. 2-
methyl-2 hydroxyethyl and DL Terry propane methacrylate
(TMPTMA), acetone, tryptone, yeast extract, Mueller Hinton broth,
and ethanol were purchased from Merck. Ethanol hydroxyethyl
(Methacrylate) was purchased from Fluka. Camphorquinone (CQ),
HEMA, and N’ ،N- Dimethyl amino ethyl methacrylate
3

(DMAEMA) was purchased from Sigma-Aldrich. The dental com-
posite used in this study was Premise Composite A3 / 5 produced
by Kerr America and the 37.5% Phosphoric acid gel of the same
company was used as etching dentin factor. Required bacteria
including bacteria strains of Staph aureus, Staphylococcus epider-
midis, Staphylococcus Saprophyticus, Enterococcus faecalis, and
Streptococcus were purchased from Pasteur Institute of Iran. Muel-
ler Hinton agar and agar were purchased from Quelab.

2.2. Methodology

2.2.1. Synthesis of adhesive
500 g of dentin adhesive was prepared by the formula outlined

in Table 1 and initiator and light activator were not added initially
to prevent premature curing. The prepared solution was kept in
light-resistant glass in the refrigerator [25].

2.2.2. Extracting water from gold colloidal nanoparticles
To ensure the purity, size, and morphology of gold NPs, XRD,

TEM, and spectrophotometry analysis were carried out before mix-
ing them with the adhesive. Gold NPs were centrifuged for 30 min
at 14000 rpm to remove all the water from this colloidal solution.
Assuming the concentration of initial NPs is X, sediments obtained
from the centrifuge process were added to the adhesive at the con-
centrations of 10X, 5X, and X (Fig. 3 ‘‘supporting information”).

2.2.3. Preparation of gold NPs containing adhesive
Initially, the monomers and raw materials of the base adhesive

were weighed according to formulations mentioned in Table 1 and
mixed well in a container resistant to light. The prepared solution
was vortexed for 10 s at a low speed. Then, the concentrated gold
NPs were added to the base adhesive and the obtained solutions
were bath sonicated for 5 min. The light initiator and the light acti-
vator were added to the above mixtures in the amount of 5.0 per-
cent. Then, about 2 g of each mixture was isolated and was kept in
a dark container in the refrigerator (to carry out a shear strength
test). Then, the rest of the mixtures containing different percent-



Table 1
Base adhesive composition.

Operation Wt% Material Name
Adhesive monomer 14 Bis-GMA
Adhesive monomer 26 HEMA
Primer 8 TMPTMA
Adhesive monomer 11 UDMA
Solvent adhesives 40 Acetone
Phot

oinitiator
0.5 Comphorquinon

Active Optical 0.5 DMAEMA
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ages of NPs were placed in an oven at ambient temperature for 72
hrs to completely evaporate ethanol. This was done to completely
remove the residual solvent and thus to avoid the formation of
bubbles in the sample and so to prevent incomplete cooking.
2.3. Characterization of samples

2.3.1. Scanning electron microscopy (SEM), X-ray diffraction and UV–
Vis spectroscopy

Scanning electron microscope (SEM) HITACHI S4160 was used
for investigation of surface fracture of samples and dispersion of
NPs in the resin matrix. X-ray diffraction model D8 ADVANCE X-
ray diffractometer was used for crystal structures analysis. UV–
Vis spectrum Model Lambda 850 was used for particle size
measurement.
2.3.2. Flexural strength testing
Flexural strength testing test was performed according to the

ISO 4049 standard, using rectangular cube molds with dimensions
of 2 � 2 � 2 mm, as shown in Fig. 4. Fig. 4. b shows the samples
prepared after curing the UV device. The three-point bending
Fig. 4. (a) mold for resin casting, (b) curing with ultraviolet lig

Fig. 5. (a) mold for resin casting, (b) prep
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was performed by an instrument where the distance of the sup-
ports is 20 mm. In this case, a load cell of 200 N and a speed of.

0.5 mm/min was applied.

2.3.3. Diametral tensile strength test
Diametral tensile strength test was performed according to ADA

27 standard. For this purpose, cylindrical molds made of stainless
steel with a diameter of 6 mm and a height of 3 mm were used.
The samples were placed in a universal machine so that they were
pressed in a dimeter direction. A load cell of 2.5 kN and a speed of
10 mm/min was used for the test (Fig. 5).

2.3.4. Micro shear test
A wire with a diameter of 0.4 mm was looped around the com-

posite cylinder which was attached to tooth surface by sample
adhesives The shear force was applied at a loading speed of
1 mm/min until the specimens were broken and the composite
was separated from the tooth (Fig. 6).

2.3.5. Antibacterial test
2.3.5.1. Disk diffusion method. A colony of streptococcus mutants,
which cultured on medium with Trypton 10%, NaCl 10% Yest
extract 5% and agar 15% composition was selected and cultured
in Müller-Hington- Broth culture medium (21 g of culture medium
was dissolved in 1 L of distilled water and sterilized in an auto-
clave). The resulting suspension was placed in an incubator at
37� C and its optical density was measured every 30 min with a
spectrophotometer until reached the standard opacity. After that,
the microbial suspension was ready for culture. The Müller-
Hington agar medium, or solid LB, is prepared and poured into a
petri dish under sterile conditions in a laminar hood. After it was
solidified, the swab was inserted into the falcon tube containing
the bacterial suspension and rotated several times. It was then
pressed against the wall of the falcon tube above the liquid level
ht, (c) cured sample, and (d) mechanical test instrument.

ared sample, and (c) test instrument.



Fig. 7. (a) schematic of disk diffusion method and (b) pour plate method (Created with BioRender).

Fig.6. (a) mold for composite, (b) dental adhesive cured on composite, (c) adhere dental to dental composite by adhesive, and (d) micro shear procedure.

Fig. 8. (a) X-ray diffraction analysis (b) SEM micrograph (d) TEM micrograph and (d) UV–Vis spectrum of gold NPs.
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to remove excess liquid. The swab was drawn in parallel lines on
the surface of Mülling Hington agar. This was done a total of three
times each time with a 60-degree rotation of the petri dish. After
inoculation, it was left in a semi-open container for 3 to 5 min to
evaporate the excess moisture [29]. NPs in pure form and combina-
tion with liquid adhesive at different concentrations were injected
on the blank of the disk to impregnate the whole disk, then the disk
was evenly placed in a container of Müllerington agar inoculated
with bacteria. For each concentration, the disc was inserted in
three repetitions, so that the distance between the discs from the
center of one disc to the next is not less than 24 mm. Then the petri
dish was closed, turned over, and placed in a 37� incubator for 18
hrs. As a positive control, streptomycin antibiotic tablets were dis-
solved in distilled water and autoclaved to achieve sterile condi-
tions. The resulting liquid was injected on a disk and placed on a
petri dish to observe the absence of bacterial growth. Blank disk
alone was used as a negative control [30].
2.3.5.2. Pour plate method. In the pour plate method, the Müllering-
ton agar culture medium was mixed with gold NPs at different
concentrations in a falcon and poured into Petri dishes. After the
culture medium was cooled and solidified, some of the prepared
microbial suspension was cultured linearly with a swab on Müller
Hington. The petri dish was then placed in a 37� incubator for 24
hrs to check for bacterial growth. Fig. 7 shows the schematic of disk
diffusion and pour plate method.
2.3.6. Cytotoxicity test
L929 fibroblast cell line was purchased as a flask containing

newly cultured cells from Pasteur Cell Bank and transferred to a
CO2 incubator with 90% humidity. Different treatment groups were
considered including water-soluble NPs at concentrations of 1X,
5X, and 10X, polymer adhesives containing the same number of
NPs in both liquid and solid (cured) forms. The control group
was a complete culture medium without any additives. The exper-
iment was performed with three replications at 24, 48, and 72 hrs.
time intervals. Cell count was performed using trypan blue dye and
hemocytometer slide. After preparing a cell suspension with a suit-
able concentration, they were seeded in the 96-well plate plates at
a cell density of 7000 cells per well. After 12 hrs., the cells were
treated with adhesives containing different amounts of NPs.
(a) 

C
ou

nt
s 

(a)

Binding Energy, KeV 

Fig. 9. (a) EDX graph and (b) Map analysis of gold NP
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3. Results

3.1. X-ray diffraction analysis (XRD)

The XRD analysis of freeze-dried gold NPs has been carried out
and the results showed that the only known element of the analy-
sis was gold (Au) and the obtained peaks matched the reference
peak of gold (00–004-0784) confirming the purity of NPs. The
results of XRD in the Xpert application were analyzed based on
Bragg’s equation (nk = 2d Sinh), as shown in Fig. 8-a. The peaks
shown in Fig. 8-a are matched gold NPs standard peaks. The crystal
size of NPs can be calculated based on the peaks and Scherer equa-
tion (Eq. (1)):

d ¼ kk=Bcosh ð1Þ
According to Eq. (1), the mean diameter of gold particles was

18 nm, where d is the grain size, k is the Scherrer constant and
equal to 0.9, k is the wavelength of X-ray and equals to
0.154 nm, B is peak width at half the height and 2h is the angle
of diffraction.
3.2. Spectrophotometry analysis

Given that the color of gold NPs depends on the surface plas-
mon created by these particles on a nano-scale, the color of parti-
cles and the peak of their surface plasmon with a
spectrophotometer represent the size and quality of NPs. As shown
in the UV–Vis spectrum of gold NPs in Fig. 8-c, the emission peak is
at a wavelength of 522 nm and this proves the size of particles is
less than 20 nm and that they have spherical morphology.
3.3. TEM analysis

In Fig. 8-b, C shows the SEM and TEM image of gold NPs.
According to the obtained images, it can be seen that the nanopar-
ticles are almost spherical, and the particle size is less than 20 nm.
Of course, the distribution of the particle size range is also wide.
Gold nanoparticles of this size may easily penetrate and attach to
bacteria. The particle sizes determined by TEM pictures are some-
what larger than those calculated by XRD patterns.
(b) 

s with concentration of 10X in adhesive systems.
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3.4. EDX analysis of produced adhesive samples

In Fig. 9-a, the peak related to EDX analysis of an adhesive sam-
ple with the concentration of 10X shows that the added gold NPs
are present in the polymerized adhesive. About 17% weight percent
of the gold element is present in the adhesive composition of the
solid sample. This shows the incorporation of NPs in the adhesive
composition was successful. The 7% excess amount is related to
the composition gold coating of the samples for the analysis. Inho-
mogeneous dispersion of nanoparticles in matrix will results in
decreased properties. For instance, cracks can form between clus-
ters of nanoparticles, resulting in a loss in the mechanical charac-
teristics of composites. Fig. 9-b shows elemental map analysis of
sample which confirms the homogenous distributions of nanopar-
ticles in matrix. The map analysis in Fig. 9-b shows that gold NPs
are well distributed and are stable during the curing process.

3.5. Mechanical testing and adhesion strength

The results of the bending test have been shown in Fig. 10-a in
form of a stress–strain diagram. The flexural strength has been
obtained using these diagrams. This graph demonstrates that
nanocomposite adhesives exhibit a combination of elastic and
plastic properties and are not entirely brittle. However, samples
0
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Fig. 10. stress–strain diagram of three-point flexural strength test of base adhesive samp
of adhesive versus gold NPs concentration.

Fig. 11. schematic of mechanism of adhesive nanocomposite st
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with 5X concentration have the highest stress but the shortest
elongation. The loss in mechanical qualities after 5X concentration
might be attributed to nanoparticle agglomeration; also, increasing
the nanoparticle concentration results decreasing in the curing
process of the adhesive polymer, resulting in a drop in mechanical
properties.

Flexural strength is calculated according to Eq.2 using sample
dimensions and characteristics obtained from the stress–strain
curves in which P is the failure force, L is the distance between pre-
servers, b is the sample’s width and d is the sample’s thickness:
FlexuralStrength ¼ 3PL

2bd2 ð2Þ

The three-point flexural strength of samples with different NPs
concentrations has been obtained in three replicates and is shown
in Fig. 10-b. This figure shows that flexural strength of adhesive has
increased by increasing the concentration of NPs. So the compos-
ites have higher mechanical properties compared to pure adhesive.
The increased flexural mechanical properties have been due to a
homogeneous distribution of gold NPs on the adhesive and a lack
of particle agglomeration process. Adhesive dentin flexural
strength has increased by 75% by increasing the concentration up
to 5X gold nanoparticles. Fig. 11 shows the strengthening mecha-
20.27
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rengthening in presence of NPs (Created with BioRender).
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(f) (e) 

(g) (h)

Fig.12. (a,b) RVE model (c,d) three-dimensional mesh models (e,f) von Mises stress s, (g,h) total strain for different samples: Left 5X and right 10X.
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nism of adhesive nanocomposite which includes (a) crack deflec-
tion mechanisms, (b) crack encounter stress around particles, (c)
blunting the crack tip, (d) load-bearing mechanisms.
8

3.5.1. Musicale modeling of dental adhesives
In this paper, a multiscale model was used to simulate the stress

and strain distribution in dental adhesives samples. The Digimat
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2017.0 was applied in order to generate the appropriate microme-
chanical model by representing volume elements (RVE). An RVE
element is considered around the matrix/reinforcement, and it is
obtained under constant strain across the reinforcement and
matrix. In the first step of the simulation process, a 3D geometric
shape was generated while adhesive as matrix by 5x and 10X gold
nanoparticles with the random phase. Fig. 12-a,b represents three-
dimensional RVE shapes of the adhesive composites in which gold
nanoparticles are simply assumed as circle inclusions. The design
of the finite element mesh model with the quadrilateral elements
Fig. 13. SEM images of fracture surface of adhesive sample (a) without gold NPs, (b) wit
NPs concentration of 10X.
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was used with the free technique and approximate size of 20 nm
(Fig. 12-c,d). The von Mises stress distribution for the samples is
shown in Fig. 12-e,f. The stress concentration is visible around
any nanoparticles and this stress is seven times more than matrix
stress for a sample having 5x nanoparticles and 5 times more for
the sample with 10X nanoparticles. Also, the area of the stress con-
centration zone is greater where the nanoparticles are closer to
each other. It demonstrates that if agglomeration occurs, a stress
concentration zone will be formed, resulting in a decrease in the
mechanical integrity of adhesives. Generally, the von Mises stress
h gold NPs concentration of 1X, (c) with gold NPs concentration of 5X (d) with gold
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Fig. 15. schematic of effect of curing direction on crack grows of (a) diameter tensile strength, and (b) flexural strength (Created with BioRender).
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for samples with 10X nanoparticles is 4–5 times greater than sam-
ples with 5X nanoparticles concentration. These results are in con-
trast to the graph of Fig. 10-a and this is because the agglomeration
of nanoparticles was neglected in simulation process. Fig. 12-g,h
shows the total strain for the samples and it can be seen that the
highest strain is allocated to the polymer background and nanopar-
ticles have strain closer to zero. Furthermore, the total strain for
the sample containing 5X gold nanoparticles is six times greater
than the total strain for the sample containing 10X gold nanopar-
ticles. These findings are in excellent agreement with the experi-
mental findings shown in Fig. 10.a. Fig. 13 shows the scanning
electron micrographs of the surface fracture of sample adhesives.
As shown in Fig. 13-a, the sample without gold NPs has a smooth
surface which shows a completely soft fracture. Fig. 13-b,c shows
the surface fracture of a sample at a concentration of X and 5X of
the NPs, the brittle fracture has occurred due to the presence of
NPs. There are microcracks on the surface of 10X, with higher mag-
nification in Fig. 13-d, which shows the location of the final cracks.
The presence of gold NPs has led to the slow movement of slip lay-
ers or greater adhesion to the substrate layers, which prevents the
growth of cracks and ultimately enhances the strength.

3.5.2. Diametral tensile strength
As shown in Fig. 14-a, diametral tensile strength has been

obtained using stress–strain diagrams.
Samples show a complete brittle fracture behavior. It can be

seen that by increasing gold nanoparticles the stress increased. A
schematic of the method of sample curing has been shown in
Fig. 15. As shown in the figure, the process of layer deformation
occurs in flexural strength where the force is applied perpendicular
to the section of layers leading to smooth fracture. But the separa-
tion process is occurred in diametral tensile strength which will
finally lead to cleavage fracture between layers [28]. This separa-
tion between layers of polymers can result in a brittle fracture of
samples.

It is reasonable to predict that the three-point strength value
will be greater than the diametral strength result due to the differ-
ence in fracture mode between the diametral strength and three-
point strength tests, as shown in Fig. 14-a and Fig. 10-a.

The diametral tensile strength is obtained based on the sample
size and the force–displacement curve through the following
equation:
10
DiametralTensileStrength ¼ 2P
pDL

where P is a force applied at the time of fracture, D is the diameter
of the sample and L is the thickness of the sample. Fig. 14-b shows
the average diametral tensile strength of samples at different NPs
concentrations in three replicates. The adhesive diametral tensile
strength increased with increasing the concentration of gold NPs
which is more significant in amount of 5X nanoparticles. As shown
in the figure, reduced properties can be observed by increasing con-
centrations of NPs more than 5X which can be due to agglomeration
of particles at higher concentrations and the creation of cracks
between the interface of these agglomerates [26]. The adhesive
diametral tensile strength with a concentration of 5X has had a
65% increase compared to the base adhesive.
3.5.3. Micro-shear bond strength (adhesion)
The effect of NPs concentration on micro-shear bond has been

shown in Fig. 16. The minimum micro-shear bond of the samples
is 11Mpa and the maximum amount is 18 Mpa. It can be seen that
by increasing AuNPs from 5X to 10X the microshear strength
decreased. According to several research, the dispersion of NPs in
polymer might minimize the degree of curing the substance.
Because the metallic ion reduction process may decrease the initia-
tor or cause the polymer chains to discontinue propagating.



Fig. 17. the image of antibacterial results using disk diffusion method: (a) bacterial growth inhibition zone around the disc with a diameter of 2 mm at gold NPs concentration
of 5X in adhesive, (b) lack of bacterial growth inhibition zone around the disc at gold NPs concentration of 10X in adhesive, (c) full growth of bacteria in the negative control,
and (d) lack of bacterial growth in the positive control.

S. Dadkan, M. Khakbiz, L. Ghazanfari et al. Journal of Molecular Liquids 365 (2022) 119824
The standard deviation of samples is less than 2 except for the
10X sample, demonstrating that different samples have shown
similar data in this experiment which shows the reproducibility
of results. Furthermore, since micro shear samples were provided
from a more significant portion of the samples, this low standard
devotion demonstrates that the homogeneity of particles is excel-
lent, resulting in the most negligible possible difference in the data
acquired for all samples studied.

As mentioned earlier, the effect of NPs on adhesion can be
examined through three hypotheses based on the NPs effect on
(i) wettability, (ii) viscosity, and (iii) Hydrophilicity/hydrophobi
city. The first two factors are dominant in lower than 5X NP con-
centration which enhances the adhesion, but the last factor is dom-
inant at high NP concentrations. Furthermore, NPs used in the
adhesive system in this research were hydrophilic, so adding them
increases the rate of hydrophilicity and adhesion. Of course, the
agglomeration plays an important role along with the first factor
at higher percentages [27,28].

As shown in Fig. 16, the shear strength increases as much as
18.6 Mpa by increasing the NP at 5X concentration while signifi-
cantly reduces at 10X concentration. In study conducted by
Abkhezr et al. [29], the maximum adhesion rate has been obtained
in 0.5 wt% of boehmite particles. The adhesion rate changes are
almost similar to the adhesive system of this research. The adhe-
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sion rate of commercial adhesives varies between 6 MPa and
30 M. So, the adhesion features obtained at 5X concentration are
competitive with other commercial samples.

3.6. Antibacterial test results

3.6.1. Disk diffusion method
As mentioned in the methodology section, plates placed in incu-

bators are removed after 18 hrs and the inhibition of bacterial
growth around the discs is checked. Results are summarized in.

Table 2. The bacterial growth inhibition is well observed in the
control samples, demonstrating the suitability of the test
conditions.

Inhibition of bacterial growth has been observed only in the
concentration of 5X in the state of pure NPs, liquid and solid adhe-
sive. In other concentrations of gold nanoparticles inhibition was
not observed.

The bacterial particle diffusion process is important in all the
mechanisms of actions of antibacterial NPs. At high NP concentra-
tions, such as 10X excessive agglomeration of NPs does not allow
antibacterial activity where particles aggregate and cannot pene-
trate the bacteria to destroy it. In other hand, NPs at lower concen-
trations are not at a level of being able to destroy bacteria. Fig. 17
shows the antibacterial effect images in the disk diffusion method.



Table 2
The summary of antibacterial test results based on disk diffusion method.

Solid dental adhesive + gold NP Liquid dental adhesive + gold NP gold NP (pure)

growth inhibition zone growth inhibition zone growth inhibition zone Concentration

Repeat3 Repeat2 Repeat1 Repeat3 Repeat2 Repeat1 Repeat3 Repeat2 Repeat1

– – – – – – – – – X/10
– – – – – – – – – X/5
– – – – – – – – – 1X
+ + + + + + + + + 5X
– – – – – – – – – 10X
+ + + + + + + + + Control (+)
– – – – – – – – – Control (-)

(Mark�) = inhibition was not observed = no anti-bacterial feature. (Mark + ) = inhibition was observed = anti-bacterial feature.

Fig. 18. pour plate method test for different samples: (a) 1X gold concentration, (b) 5X gold concentration, c) 10X gold concentration, (d) negative control, and (e) positive
control.
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A diameter of 2 mm of bacteria inhibition can be observed around
the tablet-adhesive in the 5x sample. Thus, 5X is the optimum con-
centration of NPs to observe their antibacterial effect in the disk
diffusion method.

3.6.2. Pour plate method
The pour plate experiment has been shown in Fig. 18 for the

control group and sample containing antibiotics. The grows of bac-
teria is present in the control sample while the lack of bacterial
growth is observed in the sample with an antibiotic. Positive and
negative control petri dishes show bacterial growth in the absence
of any antibacterial agent. The lack of bacterial growth in presence
of antibiotics proves the accuracy of antibacterial test conditions.
As shown in Fig. 18, the complete bacterial growth inhibition
was observed in the pour plate method. The bacterial growth rate
12
has decreased by increasing the concentration of NPs from 1X to
10X. So by increasing the gold NPs concentration, their effective-
ness in killing bacteria increases [30]. This test demonstrated the
functional adhesive’s superior antibacterial properties. A consider-
able number of nanosized (20 nm) nanospheres were seen on the
surface of samples after the AuNPs were loaded. It was shown that
they were uniformly dispersed with no visible agglomeration on
the surface of the sample confirmed by EDAX analysis. Gram-
positive and gram-negative bacteria have both been shown to be
susceptible to AuNPs. The mechanism behind AuNPs’ antibacterial
activities has been suggested to be strongly connected to Au ions.
AuNPs have the capacity to interact with bacterial cell membranes,
increasing permeability and disrupting respiration. Also, Au ion
penetration may cause adenosine triphosphate (ATP) generation
and DNA replication to be disrupted. In addition, AuNPs and Au
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Fig. 19. optical microscopy images showing cellular morphologies of L929 cells after treatment for 72 hrs for (a) control cell, (b) cell + adhesive nanocomposites, (c) gold NPs,
(d) cell viability graph of L929 cells treated with gold NPs and adhesive.
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ions may increase the generation of reactive oxygen species (ROS),
which can damage cell membranes, mitochondria, and DNA by
attacking membrane lipids.

3.7. MTT assay

In Fig. 19-a,b,c shows the optical microscopy images of L929
fibroblast cells exposed to adhesive and gold NPs. Gold NPs and
base adhesive induced cellular morphology change in L929 cells.
Cytotoxicity evaluation of gold NPs incorporated adhesives was
done using MTT assay. Cells in their exponential growth phase
with a density of 7000 cells/well were seeded in a 96-well plate
and were incubated for 12 hrs at 37 0C in a 5% CO2 incubator.
Untreated cells, as well as the cell treated with different concentra-
tions of gold NPs, were subjected to the MTT assay for cell viability
determination. Cytotoxicity was assessed at different periods (24,
48, and 72 hrs.) at different gold NPs concentrations. The incorpo-
ration of gold NPs increased the cell viability of base adhesive. The
cell viability of samples after 24hs of incubation was slightly
higher than the same samples after 72 hrs of incubation (Fig. 19-d).

4. Conclusions

XRD, SEM, and UV–Vis spectrophotometry have been carried
out to study the particle size and purity of the gold NPs. The results
show that the incorporation of 20 nm gold NPs in the adhesive
composition is successfully done. It has also been determined that
NPs significantly increase the mechanical properties of adhesive.
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Furthermore, most of the samples related to disk methods show
bacterial growth but only the presence of NP at concentration of
5X shows a reduced rate of bacterial growth. So, the concentration
of 5X is the optimum concentration to activate the anti-bacterial
feature of dental adhesives. Moreover, the cytotoxicity study
results show that the toxicity of dental adhesive containing gold
NPs is higher than the pure gold NPs but still less than the pure
base adhesive without gold NPs.
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