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Abstract

Our study aimed to evaluate the antibacterial activities and dentin bond strengths of silver nanoparticles (Ag NPs) and silver
nano-graphene oxide nanocomposites (Ag@nGO NCs) produced by green and chemical synthesis methods added to the
dental adhesive. Ag NPs were produced by green synthesis (biogenic) (B-Ag NPs) and chemical synthesis methods (C—Ag
NPs) and deposited on nGO (nano-graphene oxide). Ag NPs and Ag@nGO NCs (0.05% w/w) were added to the primer and
bond (Clearfil SE Bond). Group 1: control, Group 2: nGO, Group 3: B-Ag NPs, Group 4: B-Ag@nGO NCs, Group 5: C—
Ag NPs, Group 6: C—Ag@nGO NCs. Streptococcus mutans (S. mutans) live/dead assay analysis, MTT metabolic activity
test, agar disc diffusion test, lactic acid production, and colony forming units (CFUs) tests were performed. Bond strength
values were determined by the microtensile bond strength test (¢WTBS). Failure types were determined by evaluating with
SEM. Statistical analysis was performed using one-way ANOVA and two-way ANOVA (p <0.05). There was a difference
between the groups in the viable bacteria ratio and lactic acid production tests (p <0.05). When the inhibition zone and S.
mutans CFUs were evaluated, there was no difference between Group 3 and Group 4 (p > 0.05), but there was a difference
between the other groups (p <0.05). When the metabolic activity of S. mutans was evaluated, there was a difference between
Group 1 and other groups, and between Group 2 and Group 5, and Group 6 (p <0.05). There was no difference between
the groups in the pTBS values (p > 0.05). As a result, although the antibacterial activity of B-Ag NPs and B-Ag@nGO Ag
NPs obtained by green synthesis is lower than that of chemically synthesis obtained C—Ag NPs and C-Ag@nGO NCs, they
provided higher antibacterial activity compared to the control group and did not reduce pf'TBS. The addition of biogenic Ag
NPs to the adhesive system increased the antibacterial effect by maintaining the bond strength of the adhesive. Antibacterial
adhesives can increase the restoration life by protecting the tooth-adhesive interface.
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Introduction

The ecological plaque hypothesis argues that dental caries
occur due to dysbiosis in the balance of oral microflora.
The main mechanism of caries formation is demineraliza-
tion by fermentable carbohydrates and acids produced by
bacteria in dental plaque biofilms. After dental caries have
occurred, the treatment procedure involves removing the
decayed dental tissues and filling the cavity with restora-
tive material [1].

In restorative treatments, while the caries tissue is
cleaned, residual bacteria may remain in the cavity. In
addition, microleakage and bacterial infiltration can be
seen in restorative treatments due to adhesive failures and
microgaps [2]. Antibacterial dental materials can be used
to combat bacteria that can cause secondary caries. The
antibacterial properties of dental adhesives can provide
an important advantage for restoration success. There-
fore, studies are carried out to develop dental adhesives
using NPs [3-5]. NPs are classified into organic, inor-
ganic, and carbon-based types. Organic NPs are known
to be non-toxic, and biologically degradable. On the other
hand, inorganic NPs, which do not consume carbon during
their synthesis, include metal and metal oxide NPs [6].
For the antibacterial effect, studies were conducted using
chlorhexidine gluconate, sodium hypochlorite, hydrogen
peroxide, iodine, benzalkonium chloride, ozone gas, and
lasers in dental materials. Additionally, monomers such
as MDPB, DMAE-CB, DMADDM, QADM, fluorine, and
metal ions such as Cu®*, Zn>*, Ag* have been added to
dental adhesives for antibacterial effect [3-5].

The potential antimicrobial mechanisms of silver nano-
particles (Ag NPs) are explained by the ability of Ag*
ions to inhibit bacterial enzymes or inactivate the DNA
replication ability of bacteria [7-9]. Previous studies
have reported that Ag NPs have high antibacterial activi-
ties in dental materials [10—13]. Studies have shown that
Ag NPs have a potent antibacterial activity that greatly
reduces biofilm growth and lactic acid production without
adversely affecting the physical and mechanical properties
of dental resins [14-16].

Recently, biogenic Ag NPs have been actively synthe-
sized by the green synthesis method, using various bio-
molecules including plant extracts, enzymes, and DNA
[17-27]. Different types of plant extracts were used
to synthesize Ag NPs. Plant-mediated biosynthesis of
NPs in green tea (Camelia sinensis) chamomile (Mat-
ricaria chamomilla), black pepper (Piper nigrum), lav-
ender (Lavandula officinalis), sage (Salvia officinalis),
clove (Syzygium aromaticum), rosemary (Rosmarinus
officinalis), thyme (Thymus vulgaris), and laurel (Laurus
nobilis) are used [28]. In current studies, biogenic NPs
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synthesized by the green synthesis method attract more
attention than chemically synthesized NPs [19, 20]. In
chemical methods, toxic reducing and stabilizing agents
are generally used for the synthesis of NPs. Toxicity is the
main disadvantage in biological application. Therefore,
there is a need for non-toxic synthesis methods. In this
regard, the green synthesis method provides a significant
advantage [25, 27]. However, the main disadvantages of
DNA, proteins, or enzymes are their high cost, low stabil-
ity, and easy contamination. Therefore, it is recommended
to use plant extracts in the synthesis of biogenic NPs. The
advantages of plants can be listed as quite cost-effective-
ness, easy availability, less contamination risk, and high
stability. [19-27].

In current studies in dentistry, GO (graphene oxide) appli-
cation has been used successfully in Antibacterial effect,
regenerative dentistry, bone tissue engineering, drug deliv-
ery, increasing the physicomechanical properties of dental
biomaterials, implant surface modification, and oral cancer
treatment. Due to the biocompatibility of graphene oxide
and nanocomposites, it can be used successfully in bone
regeneration, osseointegration, and cell proliferation. Addi-
tionally, due to its antibiofilm properties, the use of GO
for biofilm and caries prevention is becoming widespread
[29, 30]. GO is used as a platform to hold the NPs on their
surface and prevent their aggregation. The reported studies
have shown that Ag NPs deposited on the GO surface have
a greater antibacterial activity compared to bare Ag NPs
and GO [29-32].

In our study, biogenic Ag NPs and Ag@nGO nanocom-
posites (NCs) produced with chamomile plant extracts were
added to increase the antibacterial effectiveness of dental
adhesives. Chamomile extract acted as a reducing and sta-
bilizing agent owing to the rich phenolic compounds, for the
synthesis of Ag NPs. Chamomile plants were also preferred
because it does not cause a color change and it possesses a
mild antibacterial activity. Additionally, chemically reduced
Ag NPs were used in all adhesive studies reported in the
literature [2, 29-33].

The aim of clinical applications is to provide cavity dis-
infection and create long-lasting restorations. Therefore,
efforts are being made to develop adhesives containing
antibacterial nanoparticles. However, there is a lack of suf-
ficient studies on this topic in the literature. Existing studies
primarily involve nanoparticles produced using chemical
methods. Furthermore, there is no study utilizing graphene
oxide (GO) in dental adhesives. In our study, chemically
synthesized Ag NPs and Ag@nGO NCs (referred to as
C-Ag NPs and C-Ag@nGO NCs) as well as Ag NPs and
Ag@nGO NCs produced using green synthesis (biogenic)
methods (referred to as B-Ag NPs and B-Ag@nGO NCs)
were employed. We have pioneered the use of green synthe-
sis methods for the synthesis of both Ag NPs and Ag@nGO
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NCs and their incorporation into dental adhesives. Addition-
ally, our study aimed to enhance the antibacterial activities
of dental adhesives and preserve dentin bond strengths by
utilizing Ag NPs and Ag@nGO NCs. The null hypothesis of
this study “Dental adhesive group containing B-Ag@nGO
NCs will provide higher antibacterial activity in dental adhe-
sive groups containing B-Ag NPs, C—Ag NPs, C-Ag@nGO
NCs and will not decrease bond strength to dentin” is in the
form.

Materials and methods

This study protocol was approved by the Erciyes University
Faculty of Medicine Ethics Committee (2020\519).

Preparation of the chamomile extract

To obtain chamomile extract, chamomile was firstly cleaned,
weighed at a certain rate, mixed with 100 mL of deionized
water, and boiled for 5 min. The mixture was then cooled
to room temperature (20 “C) and filtered through Whatman
filter paper. The obtained extract was stored in a closed con-
tainer in a refrigerator at+4 °C to be used for both total
phenol determination and Ag NP synthesis. The extract was
used as a reducing and stabilizing agent in Ag NPs synthesis.

Synthesis of Ag NPs using chamomile extract

As a general synthesis procedure, a certain amount of cham-
omile extract (5 mL of 5%) was added to the silver nitrate
(1 mM 50 mL) solution and incubated with the final mixture
at 85 °C for 40 min under a magnetic stirrer. After incuba-
tion, the color change was observed in the mixture, it was
cooled to room temperature and centrifuged at 10,000 rpm.
Centrifugation was repeated 2 times. The excess plant
extract was removed with the supernatant and Ag NPs solu-
tions were saved for characterization and application. The
absorbance spectra of Ag NPs and plant extract aqueous
solutions were measured using a UV—-Vis spectrophotom-
eter. The morphology of Ag NPs was visualized by scanning
electron microscopy (SEM) (LEO-440, Zeiss, Cambridge,
England). Energy-dispersive X-ray (EDX) spectroscopy was
used for the elemental analysis of Ag NPs. The presence of
plant extracts on the surface of Ag NPs was confirmed by
FT-IR spectrometry.

Synthesis of Ag@nGO NCs

GO synthesis was performed using a modified Hummers
method [19]. NaCl solution at different concentrations
was added in two steps to bond Ag NPs to the nGO sur-
face. While nGO (0.1 mg/mL) was mixed, the previously

synthesized Ag NPs solution was added. While stirring con-
tinued, the first NaCl solution (2.4 mL, 0.09 M) was added
dropwise, followed by the second NaCl solution (5 mL,
0.29 M). The mixture was centrifuged at 3000 rpm for
5 min. Thus, Ag NP@GO NCs were separated by centrifu-
gation. Ag@nGO NCs were dispersed in 5 mL of deionized
water and it was centrifuged thrice [32].

Characterization of Ag NPs, nGO, and Ag@nGO NCs

STEM was used to characterize the morphology of Ag
NPs, nGO, and Ag@nGO NCs. The characteristic absorb-
ance points of Ag NPs, nGO, and Ag@nGO NCs were
determined by UV-Vis spectrophotometer. The presence
and ratio of Ag in Ag@nGO NCs were determined using
Energy-dispersive X-ray spectrometry.

Study groups

Antibacterial activity was assessed by incorporating Ag
NPs into dental adhesives (Clearfil SE Bond, Kuraray,
Okayama, Japan) at different weight ratios (0.25%, 0.05%,
0.1%). Because of Antibacterial tests, the optimum effect
was determined at 0.05% by weight Ag NPs concentration.
For this reason, 0.05% by weight Ag NPs were added to both
the primary and bond components of the dental adhesive.
The NP ratio was determined similarly in other groups.

Group 1: Primer + Bond (Control group)

Group 2: Primer + 0.05% nGO, Bond +0.05% nGO

Group 3: Primer+0.05% B-Ag NPs, Bond +0.05% B-Ag
NPs

Group 4: Primer+0.05% B-Ag@nGO NCs, Bond+0.05%
B-Ag@nGONCs

Group 5: Primer+0.05% C-Ag NPs, Bond+0.05% C-Ag
NPs

Group 6: Primer+0.05% C-Ag@nGO NCs, Bond +0.05%
C-Ag@nGO NCs

Calculation of the sample size

The sample size for our study was estimated using data from
a previous similar study [33]. Using the G-Power applica-
tion, the sample size for the microtensile bond strength
(LTBS) test was determined to be 16 at a significance level
of a=0.05 and a power (1 — f) of 0.95, to a 95% confidence
level. To account for the expected losses, 20% was added to
the calculated study group, and 20 samples were included in
each group. Two dentin-composite rods were obtained from
each tooth sample. A total of 60 human third molars were
used for 6 groups.
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Preparation of resin specimens for antibacterial
tests

A silicone mold with a diameter of 10 mm and a height
of 2 mm was used to prepare the sample. 10 ul of primer
were placed on the bottom of the mold and 10 s air dried.
Then, 10 pl of the bond were added, 10-s air dried, and
photopolymerized (VALO LED, Ultradent, South Jordan,
UT, USA) for 20 s. Afterward, the composite resin (Z550
XT, 3 M ESPE, St. Paul, MN, ABD) was placed and pressed
with a glass plate on the silicone mold and polymerized for
60 s. With this method, a three-layer primer/bond/compos-
ite disc with a diameter of about 10 mm and a thickness of
2 mm was obtained. Prepared samples were kept in deion-
ized water at 37 C for 24 h for post-polymerization. The
discs were then sterilized with ethylene oxide. The compos-
ite surface of the resin discs was marked with a pencil and
the adhesive surface was used for antibacterial tests. For
Streptococcus mutans (S. mutans) live/dead assay analysis,
MTT metabolic activity test, agar disc diffusion test, lactic
acid production, and CFUs values, 3 discs discs each group
were used for each test.

Antibacterial tests

Biofilm-forming S. mutans ATCC 25175 was used in our
antibacterial studies. Subculture was obtained by incubat-
ing the bacteria in tryptic soy broth containing 1% sucrose
anaerobically for 24 h at 37 °C. To create a 24-h S. mutans
biofilm, resin disc samples were placed in a 24-well plate
with the adhesive on top. The saliva-glycerol stock was
added to 2-ml BHI or McBain at a 1:50 dilution. 1.5-mL
inoculum was added to each well and incubated in 5% CO,
at 37 °C for 8 h. The discs were then transferred to new
24-well plates and incubated again under the same condi-
tions for 16 h. After 16 h, the discs were transferred to new
24-well plates and incubated for 24 h at 37 °C at 5% CO,
[34].

Live/dead assay

Discs containing 24 h biofilm were washed with phosphate-
buffered saline. Bacteria were stained using the live/dead
bacteria kit. Syto 9 was used to produce a green fluorescence
in live bacteria. Bacteria with poor membranes were stained
with propidium iodide to produce a red fluorescence. Also,
planktonic bacteria in the medium were similarly stained
for live/dead discrimination. 3 samples were tested for
each group (n=3). Stained samples were examined with
a confocal laser microscope (Zeiss LSM 710, Carl Zeiss,
Oberkochen Germany) [33, 35, 36].
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S. mutans MTT metabolic activity

Discs containing 24 h biofilm were transferred to a 24-well
plate with 1-mL MTT dye in each chamber. All samples
were incubated at 37 C in 5% CO, for 1 h. After 1 h, the
biofilm samples were transferred to a new 24-well plate.
Planktonic bacteria were collected by centrifugation. 1 mL
of dimethyl sulfoxide was added to dissolve the formazone
crystals. After 20 min of incubation in the dark, the absorb-
ance at 540 nm of 200 L DMSO solution was measured with
a microplate reader. 3 samples were tested for each group
(n=3)[37, 38].

Agar disc diffusion test

Mueller Hinton agar was used as the medium. An agar borer
(cork borer) was used to create a hole of the desired diameter
(6 mm) in agar that was sterilized in an autoclave and poured
into Petri dishes. Wells of the desired dimensions were
opened with a sterilized agar drill. The suspension method
was used to prepare the bacterial solution. For this purpose,
0.5 McFarland bacterial solution was prepared from 18 to
24 h of culture, and spread cultivation was performed on
agar Petri dishes with a swab (EUCAST, 2019). Inhibition
zones were measured after 24 h of incubation under anaero-
bic conditions. The study was performed in three replicates,
and experiments were concluded with negative/positive
controls.

Lactic acid production and colony-forming units (CFUs)

Discs containing 24 h biofilm were washed with cysteine
peptone water (CPW) and placed in a 24-well plate. Plank-
tonic bacteria were collected by centrifugation for 4 min.
1.5 mL of buffered peptone water (BPW) supplemented
with 0.2 sucrose was added to each well. The samples were
incubated for 3 h at 37 °C with 5% CO, to allow the bacteria
to produce acid. After 3 h, the BPW solutions were stored
for lactate analysis. Lactate concentrations were determined
using the enzymatic method. A microplate reader was used
to measure the absorbance of the collected BPW solutions at
340 nm. Bacteria in biofilms on discs (n=3) were harvested
by sonication, and CFU numbers of planktonic bacteria in
the medium were measured [37, 38].

Microtensile bond strength (UTBS) test

In our study, 60 non-carious extracted human third molar
teeth from individuals aged 18-30 were used. The occlusal
third of the dental crown was cut to expose the middle coro-
nal dentine. The dentine surface was polished with 600-800-
1000 grit SiC paper. The surface was washed and dried for
30s.
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Primer (Clearfil SE Bond, Kuraray, Okayama, Japan) was
applied to the tooth surface, left for 20 s, and the solvent was
removed by applying air for 5 s. Then, Bond (Clearfil SE
Bond, Kuraray, Okayama, Japan) was applied, thinned with
air for 10 s, and cured with light (VALO LED, Ultradent,
South Jordan, UT, USA) for 10 s. Layered composite resin
(Z550 XT, 3 M ESPE, St. Paul, MN, USA) was placed on
the dentine surface with the help of matrix tape, and each
layer was light-cured for 60 s. All the samples were kept in
deionized water at 37 °C for 24 h to complete the polymeri-
zation. Sections were taken from each tooth to obtain two
I mm X I mm wide and 8 mm long resin-dentin rods (Isomet
1000; Buehler, Lake Bluff, IL, USA). For each group, 10
teeth were used and 20 composite-dentine bars (n =20) were
created. The rods were broken under uniaxial tension at
1 mm/min on a computer-aided microtensile device (MTD-
500 plus, Westerham, Germany). The fracture values were
recorded in megapascals (MPa).

The surfaces of the samples were coated with gold and
examined by SEM (LEO-440, Zeiss, Cambridge, England)
to determine the failure modes (adhesive, cohesive, mixed).
If a complete fracture occurs between different materials
(eg, between the tooth tissue and the composite resin), it is
defined as an adhesive type failure. If the fracture occurs
within the material itself, it is defined as a cohesive type fail-
ure. The failure type in which adhesive and cohesive failures
occur together is referred to as a mixed type failure [39].

Statistical analysis

Statistical analyzes were performed using GraphPad Prism
version 8.0.1 software. One-way ANOVA test was used
for statistical analysis of antibacterial tests. Kolmogo-
rov—Smirnov analysis was used to test the distribution of
the data. Two-way ANOVA was performed for comparison
between groups in the pTBS. The Tukey post hoc test was
used for mean comparison. Descriptive statistics were given
as a number of units (), percent (%), and mean + standard
deviation (X + ss5). (p <0.05) was considered statistically sig-
nificant in all comparisons.

Results
Synthesis and characterization of nanoparticles

The morphologies of NPs, have been characterized using
scanning transmission electron microscopy (STEM) images.
C-Ag and B-Ag NPs have been shown to have highly
smooth and spherical morphologies of approximately 15 nm
in Figs. 1A and 2A, respectively. In addition that, the Ag
NPs were homogeneously immobilized on the surface of

GO oxide without certain agglomeration as seen in STEM
images of both Figs. 1B and 2B.

The characteristic absorbance points of C—Ag NPs and
C-Ag@nGO NCs in Fig. 1C, D and B-Ag NPs, B-Ag@nGO
NCs in Fig. 2C, D were determined by UV-Vis spectropho-
tometer. While the characteristic absorption peaks of both
C-Ag NPs and B-Ag NPs were observed between 420 and
440 nm (Figs. 1C and 2C), C-Ag@nGO NCs and B-Ag@
nGO NCs have absorbance peaks between 450 and 480 nm
(Figs. 1D and 2D) with approximately 35 nm shift due to
small aggregation of the Ag NPs on GO and occurrence of
the electron junction between Ag NPs and GO.

Additionally, the surface charges of C—Ag NPs and
C-Ag@nGO NCs in Fig. 1E, F and B-Ag NPs, and B-Ag@
nGO NCs in Fig. 2E, F were determined by zeta potential.
In terms of surface charge, both the surface charge of C—-Ag
NPs and B-Ag NPs were determined by Zeta potential meas-
urements to be around — 23 mV (Figs. 1E and 2E; however,
zeta-potential values of C—Ag@nGO and B-Ag@nGO NCs
gave negative surface charge with —32 mV (Figs. 1F and 2F)
owing to the presence of hydrophilic carboxy groups on GO.

EDX analysis

The Ag presence and ratio in B\C-Ag@nGO NCs were
determined using energy-dispersive X-ray (EDX) spec-
trometry. Because of EDX analysis, Ag metal presence was
detected due to B\C—Ag NPs added in primer, bond, and
primer + bond. The weight percent ratios (w/w) in the Ag
NPs primer and bond are shown in (Figs. 3 and 4). In addi-
tion to the EDX spectra because of the EDX analysis, the
presence of Ag metal was demonstrated by EDX mapping
(Figs. 3 and 4).

Antibacterial tests

Live bacteria, S. mutans MTT metabolic activity, agar disc
diffusion, lactic acid production, and CFUs values of all
groups are given in Table 1.

Live/dead assay

There was a statistically significant difference between the
groups (p <0.05). The lowest viability/live ratio of bacteria
was in Group 6 (Fig. 5).

S. mutans MTT metabolic activity

There was a statistically significant difference between
Group 1 and other groups, and between Group 2 and Group

5 and 6 (p <0.05). There was no statistically significant dif-
ference between the other groups (p > 0.05) (Fig. 5).
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Fig.1 STEM image of A C-Ag NPs B C-Ag@nGO NCs, UV-Vis Chemical silver nanoparticles, C-Ag@nGO NCs Chemical silver
spectrum of C C-Ag NPs and D C-Ag@nGO NCs, Zeta potential nano-graphene oxide nanocomposites)
measurement of E C-Ag NPs and F C-Ag@nGO NCs. (C-Ag NPs

Agar disk diffusion test Lactic acid production

There was no statistically significant difference between  There was a statistically significant difference between all
Group 3 and Group 4 (p > 0.05). There was a statistically  groups (p <0.05). Lactic acid production was at least in
significant difference between the other groups (p <0.05). Group 6 (Fig. 5).

The largest inhibition zone value in millimeters was

observed in Group 6 (Fig. 5).
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0
Zeta Potential (m\V)

Fig.2 SREM image of A B-Ag NPs B B-Ag@nGO NCs, UV-Vis
spectrum of C B-Ag NP and D B-Ag@nGO NCs, Zeta potential of
measurement of E B-Ag NPs and F B-Ag@nGO NCs. (B-Ag NPs

S. mutans colony-forming units (CFUs)

There was no statistically significant difference between
Group 3 and Group 4 (p > 0.05). There was a statistically
significant difference between the other groups (p < 0.05).
S. mutans colony-forming unit was seen at least in Group
6 (Fig. 6).

Zeta Potential (m\V)

Biogenic silver nanoparticles, B-Ag@nGO NCs Biogenic silver nano-
graphene oxide nanocomposites)

Microtensile bond strength test

In Table 2, the mean and standard deviations of the bond
strength values of the groups in megapascals (Mpa) and the
failure modes are given.

There was no statistically significant difference between
the groups in terms of dentine bond strength (p > 0.05).
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Fig.3 EDX spectrum of primer and bond containing B-Ag NPs and B-Ag@nGO NCs and showing Ag metal. (B-Ag NPs Biogenic silver nano-
particles, B-Ag@nGO NCs Biogenic silver nano-graphene oxide nanocomposites)

When the failure modes were evaluated, the percentage Discussion
of mixed failure modes was higher in Group 1 and Group 3
cohesive failure modes were more common in Group 5 and  The main purpose of our study was to evaluate the antibac-
Group 6. terial activity and dentin bond strength of dental adhesives
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containing B-Ag NPs, B-Ag@nGO NCs, C-Ag NPs, and  antibacterial activity than groups of B-Ag NPs and B-Ag@
C-Ag@nGO NCs. According to our study results, adhe-  nGO NCs. There was no difference in dentin bond strength
sive groups containing C—Ag@nGO NCs showed higher =~ when the NPs added nanoparticle groups were compared
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Table 1 Mean, standard deviation, and statistical differences of live bacteria, S. mutans MTT metabolic activity, agar disc diffusion, lactic acid

production, and CFU values of the groups

S. mutans MTT
activity (Asy)

Groups Live bacteria (%)

Agar disc diffusion (mm)  Lactic acid produc- CFU; (109415

tion (mmol/L)

Group 1 (Control)

Group 2 (nGO)

Group 3 (B-Ag NPs)

Group 4 (B-Ag@nGO NCs)
Group 5 (C-Ag NPs)

Group 6 (C-Ag@nGO NCs)

96.48 (+0.685)"
65.32 (0.466)°
51.26 (+0.376)°
47.23 (+£0.325)¢
33.16 (£0.226)°
23.62 (+£0.544)"

0.495 (+0.495)>
0.298 (+0.495)°
0.197 (£ 0.495)"
0.188 (+0.840)"
0.098 (+0.495)°
0.075 (+0.005)°

8.057 (£0.141)*
8.9 (+1.27)°
17.08 (£0.113)°
20.095 (+0.134)°
22.115 (+0.161)¢
26.125 (+0.176)°

12.06 (+0.084)
10.555 (+0.629)°
6.25 (+0.353)°
5.2 (+0.282)¢
3.2 (x£0.141)°
2.05 (£0.07)f

21.61 (+0.304)*
13.565 (+0.799)b
7.85 (£0.212)°
6.8 (+0.282)°
4.2 (+0.3)°
2.6 (+0.8)f

nGO Nano-graphene oxide, B-Ag NPs Biogenic silver nanoparticles, B-Ag@nGO NCs Biogenic silver nano-graphene oxide nanocomposites,
C-Ag NPs Chemical silver nanoparticles, C-Ag@nGO NCs Chemical silver nano-graphene oxide nanocomposites

**Different superscript letters (a,b,...,f) indicate statistical differences

Fig.5 Confocal microscope images of groups: A Control B nGO C
B-Ag NPs D B-Ag@nGO NCs E C-Ag NPs F C-Ag@nGO NCs G
Live bacteria (%), Group 1: Control, Group 2: nGO, Group 3: B-Ag
NPs, Group 4: B-Ag@nGO NCs, Group 5: C-Ag NPs, Group 6:
C-Ag@nGO NCs. (nGO nano-graphene oxide, B-Ag NPs Biogenic

with the control group. According to these results, the null
hypothesis of our study was partially accepted.

Ag NPs are frequently used in various fields and den-
tistry due to their antibacterial properties. The antibacterial
mechanism of Ag NPs is that Ag ions cause cell death by
activating the enzymes of bacteria [40]. In studies, Ag NPs
have been added to many dental materials such as dental
composites, dental adhesives, and glass ionomer cement, and
their antibacterial activity has been proved [13, 41-43]. Ag
NPs impart antibacterial, antifungal, and antiviral activity
to dental resins [44]. Therefore, Ag NPs were preferred as
antibacterial nanoparticles in our study.

A small amount of Ag NPs should be used so that
it does not adversely affect the color, aesthetics, and

@ Springer
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Live bacteria (%
o
o

silver nanoparticles, B-Ag@nGO NCs Biogenic silver nano-graphene
oxide nanocomposites, C-Ag NPs Chemical silver nanoparticles,
C-Ag@nGO NCs Chemical silver nano-graphene oxide nanocompos-
ites)

mechanical properties of dental materials [13]. The results
of the studies showed that Ag NPs, used in appropriate
proportions, impart a strong antibacterial activity that
greatly reduces biofilm growth and lactic acid production
without adversely affecting other physical and mechanical
properties of the resins [10—13]. In studies, the amount
of Ag NPs in the dental adhesive is generally 0.05% and
0.1% by weight [35, 45]. It is aimed to obtain the highest
efficiency at the lowest concentration from Ag NP used in
materials expected to be developed with nanotechnological
approaches Ag NPs of different weights (0.25%, 0.05%,
0.1%) were tested in our study. When 0.05% by weight of
NPs was used, it provided a similar antibacterial activity
to 0.1% by weight. For this reason, 0.05% Ag NPs were
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Fig.6 A MTT metabolic activity, B Zone of inhibition (mm), C
Lactic acid production (mmol/L), D S. mutans colony-forming unit
(CFU), Group 1: Control, Group 2: nGO, Group 3: B-Ag NPs, Group
4: B-Ag@nGO NCs, Group 5: C-Ag NPs, Group 6: C-Ag@nGO
NCs. (nGO nano-graphene oxide, B-Ag NPs Biogenic silver nanopar-
ticles, B-Ag@nGO NCs Biogenic silver nano-graphene oxide nano-
composites, C-Ag NPs Chemical silver nanoparticles, C-Ag@nGO
NCs Chemical silver nano-graphene oxide nanocomposites)

used in our study to eliminate the negative effects of high
concentrations.

Although different kinds of plant extracts are used to
obtain green synthesis NPs, the reason why we prefer Cham-
omile extract for Ag NPs synthesis is that it is biocompat-
ible, acts as a good reducing agent, and has antibacterial and
antioxidant activity [28, 46].

Studies have shown that Ag NPs fixed on the nGO surface
have greater antibacterial activity [29-31]. Therefore, in our
study, Ag NPs synthesized by green and chemical methods
to increase the antibacterial activity of Ag NPs were fixed on

nGO to obtain Ag@nGO NCs and added to the dental adhe-
sive. According to the results of our study, both C-Ag@nGO
and B-Ag@nGO NCs exhibited a much more effective anti-
microbial activity compared to individual C—Ag and B-Ag
NPs. Akram et al. [47] in their study, they added 0.25-0.5%
reduced nano-graphene oxide (RGO) doped with silver nan-
oparticles (nAg) (RGO/nAg) and 0.25-0.5% graphene nano-
platelets (GNPs) doped with nAg (GNP/nAg) into the dental
adhesive (Scotchbond™ Universal adhesive, 3 M ESPE, St.
Paul, MN, USA). In the study, resin-dentin bonded inter-
face were investigated by evaluating interfacial nanoleak-
age, micropermeability, nanodynamic mechanical analysis,
RTBS. As a result of the study, 0.25% GNP/nAg showed
sufficient anti-biofilm properties without affecting the dentin
bond strength properties.In another study, it was shown that
the incorporation of Ag@GO NCs into conventional glass
ionomer cement (CIS) significantly inhibited the growth of
S. mutans in vitro. Ag@GO NCs, added to the glass ionomer
cement at a concentration of about 2% by weight, provided
antibacterial properties without compromising the mechani-
cal performance of the glass ionomer cement [29]. In the
study by Wu et al. [31], the inhibitory effect of Ag@GO
NC:s on artificial enamel lesions was investigated. According
to the results of the study, Ag@GO NCs groups compared
to the control groups; 1t decreased enamel surface rough-
ness, shallow lesion depth, and a decrease in mineral loss.
In another study, Ag@GO NCs were used as an endodontic
irrigation solution and had higher antibacterial and antibi-
ofilm capacity compared to the control group [48]. The rea-
son is that the Ag NPs decorated GO may wrap the surface
of target bacterial cells and interact with almost the whole
cell surface, which induces rapid cell membrane deformation
and eventual cell death. The other reason for these results is
that GO, which is used as a platform to fix nanoparticles and
prevent aggregation, provides a more antibacterial activity
by increasing the dispersion of Ag NPs.

In our study, the lowest S. mutans survival rate, lactic acid
production, and colony count were observed in the group
containing C-Ag@nGO NCs. In millimeters, the largest

Table 2 The distribution of

Groups (n=20) Bond strength (MPa) FailureModes [n (%)]

bond strength values, standard

deviations, and failure modes Mean +SD Min Max Adhesive Cohesive Mixed

of groups
Group 1 (Control) 18.51 (+2.48)* 13.5 22.1 0 (%0) 2 (%10) 18 (%90)
Group 2 (nGO) 18.46 (+2.42)* 12.2 22.5 5 (%25) 5 (%25) 10 (%50)
Group 3 (B-Ag NPs) 18.59 (+2.62)* 14.4 23.1 3 (%15) 5 (%25) 12 (%60)
Group 4 (B-Ag@nGO NCs) 18.23 (+2.47)* 14.7 24.1 5 (%25) 6 (%30) 9 (%45)
Group 5 (C-Ag NPs) 18.34 (£2.07)* 13.8 233 1 (%5) 15 (%75) 4 (%20)
Group 6 (C-Ag@nGO NCs) 17.97 (£2.12)* 12.5 219 1 (%5) 11 (%55) 8 (%40)

B-Ag NPs Biogenic silver nanoparticles, B-Ag@nGO NCs Biogenic silver nano-graphene oxide nanocom-
posites, C-Ag NPs Chemical silver nanoparticles, C-Ag@nGO NCs Chemical silver nano-graphene oxide

nanocomposites
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inhibition zone was seen in the group containing C-Ag@
nGO NCs. The reason why the antibacterial activity of the
groups containing C—Ag NPs/Ag@nGO NCs was higher
than the group containing the B-Ag NPs/Ag@nGO NCs
may be related to the synthesis method. The advantage of
this method is that nanoparticles can be synthesized in the
desired size and shape by chemical synthesis and the molec-
ular stability of the obtained nanoparticles is good [49-51].
However, the biggest disadvantage of the chemical synthe-
sis method is the toxicity of the reducing agents used in
the synthesis. Green synthesis has advantages such as being
biocompatible and being able to be synthesized in large
quantities at low cost. However, besides these advantages,
the contents of the plants used in green synthesis reactions;
can slow down the reaction, decrease the stability of Ag NPs
and cause aggregation [29, 46]. Additionally, another disad-
vantage of the green synthesis method is that it is difficult to
control the size and shape of nanoparticles [28]. This may
be the reason why the antibacterial activity is lower in B-Ag
NPs/Ag@nGO NCs groups compared to C—Ag NPs/Ag@
nGO NCs groups.

Although the antibacterial activity of Ag NPs obtained by
green synthesis is lower than that of chemically synthesis-
obtained Ag NPs, they provided higher antibacterial activ-
ity compared to the control group. Kulshrestha et al. [52]
synthesized Ag@nGO NCs by the green synthesis method
using persian flower extract from Legistromia speciosa in a
study they conducted and evaluated its antibacterial activity.
Similar to our study, in this study, Ag@nGO NCs reduced
biofilm formation in both Gram-negative (E. cloacae) and
Gram-positive (S. mutans) bacterial models.

Bond strength tests were used to evaluate the bonding
ability of restorative materials to enamel and dentine. Shear
and tensile test methods are the most frequently preferred
bond strength tests for this purpose (Table 2). Studies have
reported that the pTBS test method is one of the appropri-
ate and safe test methods in testing the bond strength of
adhesive materials to dentine [2, 33, 53]. Similar to previous
studies, the pTBS test was preferred to evaluate the bond
strength of the experimental adhesives formed in our study
to dentine [2, 33]. According to our study results, there was
no statistical difference between the groups in the pTBS
test results. Nanoparticles added to the adhesive resin did
not reduce the adhesion force. In a similar study, Ag NPs
were added to Scotchbond Multi-Purpose adhesive resin
(SBMP) at different concentrations (50, 100, 150, 200, and
250 ppm). According to the results of the study, 200 and
250 ppm Ag NPs containing groups had similar pTBS to
the control group [2]. In another study, 0.05% by mass of Ag
NPs were added into Scotchbond Multi-Purpose adhesive
resin (SBMP). Ag NPs added group showed similar pTBS
compared to the control group [33]. The results of our study
on groups containing Ag NPs are compatible with these

@ Springer

studies. Akram et al. [47] in their result of the study, 0.25%
GNP/nAg showed sufficient anti-biofilm properties without
affecting the dentin bond strength properties. However, in
this study, chemical synthesis method was used instead of
biosynthetic green synthesis method in NP production. The
difference of our study is that the Ag NP and Ag@nGO NCs
used were produced by the green synthesis method using
chamomile plant and two-stage adhesive was used.

In our study, when the failure modes after the pTBS test
were evaluated, the most common type of failure observed
was a mixed mode, followed by cohesive mode failure, and
the least common type of failure was adhesive mode. It has
been reported that the mixed failure mode is mostly seen at
interfaces where the stress distribution is not homogene-
ous [54]. The low number of adhesive failure modes can
be interpreted as strong adhesive bonding in the control
and experimental groups. There are studies in the literature
reporting that there is no correlation between bond strength
and failure modes [55, 56]. In our study, when the bond
strength values and failure modes of the groups were com-
pared, it was seen that there was no correlation between
these two parameters.

The strength of our study is that Ag NPs and Ag@nGO
NCs produced by the green synthesis method were used in
dental adhesive for the first time. Ag NPs and Ag@nGO
NCs provided antibacterial activity without affecting bond
strength. These results will guide the use of NPs and GO
produced by the green synthesis method to provide antibac-
terial activity to dental materials in future studies. The limi-
tations of this study are that the in vitro conditions did not
fully meet the oral conditions, and the biocompatibility and
cytotoxicity of the materials were not evaluated. Addition-
ally, the time-dependent change in the antibacterial effect
and mechanical properties have not been tested. Further
in vitro and in vivo studies must confirm the study results.

Conclusion

According to the results obtained within the limitations
of this study, adhesive groups containing C—Ag NPs and
C-Ag@nGO NCs showed higher antibacterial activity than
groups of B-Ag NPs and B-Ag@nGO NCs. Adhesive groups
containing B-Ag NPs and B-Ag@nGO NCs showed higher
antibacterial activity than the control group. According to
our results, nGO can be used in dental materials to increase
the dispersion and antibacterial activity of Ag NPs. Addi-
tionally, since there is no difference between the groups in
terms of dentin bond strength values, nanoparticles obtained
by the green synthesis method can be preferred to eliminate
the disadvantages of the chemical synthesis method. Further
studies are needed to obtain more detailed results on this
subject.
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