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KEY WORDS ABSTRACT

Antibacterial; Background: The use of nanotechnology in dentistry is considered as an innovative sci-
Fissure sealant; ence to produce materials with more anti-caries properties. The release of metal ions and
Mechanical properties; the longevity of the antibacterial activity of nanoparticles are critical factors that have
Nanoparticles; garnered significant attention in recent research.

Purpose: The study compared the antibacterial effects, physicochemical, and mechanical
properties of a resin -based fissure sealant (FS) dental material, plus silver (Ag) nanoparti-
cles (NPs) doped copper-based metal-organic framework NPs (Ag@HKUST-1) to FS
alone.

Materials and Method: HKUST-1 and Ag@HKUST-1 were characterized by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron mi-
croscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and Dynamic light scatter-
ing (DLS). Then, 0.1%, 0.5%, and 1% Ag@HKUST-1 plus a FS (Clinpro™, 3M, USPE,
USA) compared to FS alone (control group). The antibacterial effects against Streptococ-
cus mutans (s. mutans) were assessed with confocal laser scanning microscopy (CLSM),
colony-forming unit (CFU) analysis, and SEM. Metabolic activity and cytotoxicity were
evaluated by MTT assay and SEM.

Results: The results confirmed the successful synthesis of HKUST-1 and Ag@HKUST-1.
Compared to control, the Ag@HKUST-1 + FS groups significantly reduced bacterial
growth (p Value < 0.001). Both 0.5% and 1% Ag@HKUST-1 + FS groups had nonsignif-
icant lower biocompatibility than the control group (p> 0.05). Based on the results, we
selected the 0.5% Ag@HKUST-1 + FS group. The 0.5% Ag@HKUST-1 + FS group did
not reduce shear bond strength, microleakage, or increase color change compared to the
control (all p> 0.05). Depth of cure, microhardness, flowability, and flexural strength in
the 0.5% Ag@HKUST-1 + FS group were higher than the control (all p< 0.05). The re-
lease of copper (Cu) ions increased between days 4-60, and Ag ions increased between
days 1-21 and 30-60.
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Introduction approach to reduce dental caries. The success of these
Pit and fissure sealants materials (FS) are a preventive treatments is attributed to an increased micromechanical
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bond between FS and the enamel that promotes treat-
ment longevity and effectiveness, and less biofilm for-
mation on the FS surface, which decreases the risk for
secondary caries [1-2]. Research recommends adding
antibacterial agents or nanoparticles (NPs) to FS to min-
imize these risks [3-4].

NPs, which range in size from 0.1 to 100 nm, are
used to improve the biomechanical and antimicrobial
properties of dental materials [5]. The remineralization
or antibacterial properties of the FS are increased by
incorporating NPs during or before application of FS.
These new materials have comparable physical proper-
ties to FS. The most common NPs used in dental mate-
rials are calcium phosphate, zinc oxide, and nanohy-
droxyapatite [3-4, 6]. Metal- and metal oxide-based NPs
are used in dentistry because of their biocompatibility,
and biological and antimicrobial activities. Inorganic
metal compounds such as gold, silver (Ag), zinc, and
copper (Cu) are frequently used for their antimicrobial
properties [5]. The results of a study showed the anti-
bacterial effects of FS that contain NPs, including Ag
NPs. These materials have a superior performance in
terms of antimicrobial activity compared to convention-
al FS [7]. A study reported the benefits of Cu NPs to
enhance the physical, chemical, and antimicrobial prop-
erties of various dental materials [8].

The purpose of this study was to develop a new FS
doped copper-based metal-organic framework (MOF)
NPs (HKUST-1) for loading Ag NPs, which we named
Ag@HKUST-1. The HKUST-1 and Ag@HKUST-1
were characterized by laboratory analyses. Moreover
the study aimed to prepare different concentrations of
the NPs to evaluate its cytotoxicity and antibacterial eff-
ects against Streptococcus mutans (S. mutans), and sub-
sequently to select the most effective concentration of
Ag@HKUST-1 for additional assessment. The antibac-
terial effects, and physicochemical, and mechanical pro-
perties of the selected NP-FS were then supposed to be
compared with FS without NPs, as the control group.
Hence, the null hypothesis was that the mentioned prop-
erties would not differ between the FS with and without
NPs.

Materials and Method

Preparation of HKUST-1 and Ag@HKUST-1 nanoparticles (NPs)
HKUST-1 NPs were synthesized by the hydrothermal

method. Initially, 1,3,5-benzenetricarboxylic acid (0.34
g, 1.6mmol) and Cu Il nitrate trihydrate (1.3g, 5.35 mm-
ol) were dissolved in 15ml of deionized water (DW) and
stirred for 15 min. The solution was autoclaved at 80°C
for 24 h. The suspension was cooled, centrifuged (4000
rpm, 10 min), washed three times with DW/pure ethanol
(2:1), and dried in a vacuum oven (24 h, 60°C) [9-10].
We prepared the Ag@HKUST-1 by adding 150mg of
silver nitrate to a suspension of HKUST-1 in DW. This
mixture was continuously ultrasonicated for 30 min and
then transferred to a stainless-steel autoclave (160°C,
12h). The suspension was cooled, washed, and dried as
previously described [11-12]. HKUST-1 and Ag@HK-
UST-1 were characterized by the following tests.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was
used to assess the functional groups of HKUST-1. A
vortex instrument (Vortex, Bruker, Germany) was used
to collect the spectra over 4000-500 cm™ at 8 cm™ reso-
lution with an average of 256 scans. FTIR also assessed
ag@HKUST-1.

X-ray diffraction (XRD)

The HKUST-1 and Ag@HKUST-1 NPs were assessed
by X-ray diffraction (XRD, D8 Advance, Bruker, Ger-
many) at 40 kV and 40 mA using Cu Ko radiation. A
total of 2g of the powder was scanned over a range of
angle 20 =5°-80° at a step size of 0.02° and time per
step of 2 s.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

We evaluated the three-dimensional structure and mor-
phology of the HKUST-1 and Ag@HKUST-1 NPs by
scanning electron microscopy (SEM, TESCAN-Vega 3,
Czech Republic) at a magnification 5000X-15 000X
and 20 kV. The elemental mapping of Ag@HKUST-1
was assessed using energy-dispersive X-ray spectrosco-
py (EDS).

Dynamic light scattering (DLS)

We mixed 10mg each of the HKUST-1 and Ag@HKU-
ST-1 NPs in 1 mL of DW to measure their sizes with a
dynamic light scattering (DLS) device (SZ-100, Horiba,
Japan).

Early experimental groups (0.1%,0.5%,1.0% Ag@HKUST-1+FS)
A common resin-based FS (Clinpro, 3M, ESPE, USA)
was used in all the experimental groups. The Ag@HK-
UST-1 NPs were mixed with FS at the following weight
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concentrations: 0.1 weight % (wt.%), 0.5 wt.%, and 1.0
wt.% to create the following experimental groups: 0.1%,
0.5%, and 1.0% Ag@HKUST-1+ FS. All groups un-
derwent cytotoxic, morphologic, and antibacterial as-
sessments and were compared to a control group (FS
without NPs).

Evaluation of antibacterial effect in the experimental and control
groups

Bacterial culture and biofilm formation

S. mutans (TCC 164, 99.7.13, IROST, Tehran, Iran) was
cultivated in Brain Heart Infusion culture medium. A
1% inoculum of the bacterial suspension was added to
the medium and incubated for 24 h at 37°C and 5%
CO,. Then, the optical density (OD) of the bacterial
suspension was measured at 600 nm using a spectropho-
tometer (ELISA reader; Epoch, BioTek, USA) and ad-
justed to 2.5 McFarland [approximately 7.5x10° colony
forming unit (CFU)/mL] with broth culture medium to
form the inoculation medium for the subsequent exper-
iments [4, 13].

Confocal laser scanning microscopy (CLSM)

FS from the experimental and control groups were
placed in a sterile 96-well plate (5 mm diameter, 1 mm
height), with two replicates per well. The samples were
cured using a light-curing unit (Coltolux 1, Colten,
USA) at 550mW/cm? and 1 mm distance for 60 s, and
sterilized by a UV lamp. The samples were incubated at
37°C and 5% CO, for 24 h. Next, 100 pL of the inocu-
lation medium was added and the suspension was cul-
tured for an additional 24 h to form relatively mature
biofilms on the resins. The samples were gently washed
with phosphate-buffered saline (PBS) to remove loosely
attached bacteria. In order to distinguish between live
and dead bacteria, we stained the samples with Syto 9
and propidium iodide, respectively. Live bacteria
stained with Syto 9 produced a green fluorescence, and
bacteria with compromised membranes that were
stained with propidium iodide produced a red fluores-
cence. The stained samples were observed under a con-
focal laser scanning microscope (CLSM; LSM 800,
Carl Zeiss, Germany) and the images were captured [4,
14-15].

Colony forming unit (CFU) assay

The CFU test was used to evaluate the antibacterial ef-
fect of the NPs. Disc-shaped specimens were fabricated,
and biofilms were formed by adding 100 pL of the in-

oculation bacteria medium to each well. The wells were
incubated as previously explained. Next, 1mL of broth
was added to each well, and the samples were subjected
to ultrasound for 10 min to dislodge the biofilm from
the surface. The resultant bacterial suspension was col-
lected, and its OD was measured at 600 nm using a mi-
croplate reader (Epoch-2-Microplate, BioTek, USA) to
estimate bacterial concentration. The bacterial suspen-
sion was then serially diluted (1/2, 1/4, 1/8, and 1/16),
and 10 mL of each dilution was spread onto agar plates
that contained 5% sheep blood (n= 4). The plates were
incubated (37°C, 5% CO,, 48 h) and the colony number
was counted using a colony counter (SANA SL-902,
IRAN). The experiments were performed in triplicate
[4, 13].

Scanning electron microscopy (SEM) analysis

Bacterial morphology on the FS samples from all the
groups were observed by SEM. Specimen-fabrication,
bacterial inoculation and washing with PBS was perfor-
med as previously described (We placed a 2.5% glutar-
aldehyde solution into each well and allowed the wells
to remain under a fume hood for one hour. Each well
was rinsed with PBS followed by the addition of 2%
osmium tetroxide for 30min. The solution was dehydra-
ted in a graded ethanol solution (25%, 50%, 75%, and
100%) for 15min each. The infiltrated bacteria were eff-
ectively fixed and prepared for SEM assessment [4, 13].
Metabolic activity and cytotoxicity evaluation

The 3-(4,5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazoli-
um bromide (MTT) assay is a colorimetric assay that
measures the enzymatic reduction of MTT, a yellow
tetrazole to formazan. The biofilm metabolic activity
and cytotoxicity of the materials on the bacteria were
assessed using the MTT assay. After biofilm formation,
20pL of 0.5mg/mL MTT solution was added to replace
80uL of the culture medium in each well. The wells
were incubated for 4 h to enable formazan crystal for-
mation. Then, 200uL of dimethyl sulfoxide (DMSO)
was added to solubilize the crystals. The discs were
incubated for 20min in the dark at room temperature.
Next, 200uL of the DMSO solution in each well was
transferred to a new 96-well plate, and a microplate
reader was used to measure absorbance at 570-600 nm.

A higher absorbance indicates a higher formazan con-
centration, which means a higher metabolic activity in
the biofilm on the disk. Six replicates were tested for
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each group (n= 4). The concentration-percentage graph
was plotted to determine the concentration required to
inhibit 50% of bacterial growth (1C50) [15-16].

Cell culture

Human gingival fibroblast cells (Geniranlab.ir) were
used to evaluate cytotoxicity. The cells were initially
cultured and maintained in Dulbecco's Modified Eagle's
Medium supplemented with 10% fetal bovine serum,
1% L-glutamine, and 1% penicillin-streptomycin, and
incubated in a humidified atmosphere (5% CO,, 37°C).
The cell flasks were checked daily under a light micro-
scope to monitor cell growth. Upon observing sufficient
proliferation, cell counting was performed using the
trypan blue dye exclusion assay. A cell density of ap-
proximately 1 x 10* cells/mL was used for the cytotoxi-
city tests [4,16].

Cytotoxicity assessment

Disc shaped samples were prepared as described. A
total of 10 x 10* cells/mL of human gingival fibroblast
cells seeded onto each well and the plates were incubat-
ed at 5% CO,and 37°C for 72h. Then, 80mL of the cell
culture medium was replaced with 20mL of the
0.5mg/mL MTT solution. DMSO was added and the
absorbance was measured as explained before. The con-
centration-percentage of viable cells was calculated as

follows™ *° (eq 1):
L (Sample Absorbance — PBS Absorbance)
% Viability =

(Control Absorbance — PBS Absorbance)
X 100
The 1C50 was also calculated.

Scanning electron microscopy (SEM) analysis

The polymerization, sterilization, and cell culture stages
were performed as previously described.SEM was used
to determine the cells that infiltrated into the samples.
Preparation steps that included cell fixation and dehy-
dration were performed as mentioned earlier.

Laboratory analysis of the fissure sealant (FS) properties in the
0.5% Ag@HKUST-1 + FS versus FS without NPs

The biocompatibility and antibacterial tests results indi-
cated that 0.5% Ag@HKUST-1 was the FS that con-
tained the most effective and lowest NPs. Therefore, we
selected this group plus FS (FS + 0.5% Ag@HKUST-1)
for additional experimentation compared to a control
group (FS without NPs).

Depth of cure

The depth of cure of the groups was assessed according

to 1ISO 6874. FS molds (4 mm diameter, 6 mm height)
were prepared and light-cured for 30 s (n =5 per group).
The height of the cured material was measured in mm
using a digital caliper (Shoka Gulf, Japan) and a dental
explorer. The measurement was repeated three times for
each sample in both groups [4,13].

Microhardness test

FS discs (6mm diameter, 3mm height) were prepared
from both groups and light-cured for 30 s (n= 12 per
group). The FS were removed from the molds and
stored in DW (37°C, 24h). The Vickers microhardness
number (VHN, MHV-1000Z, SCTMC, China) of the
surface was measured by applying a 50 g force for 30 s
on each sample [7,13,17].

Flowability

We separately placed 50 mL of each group on glass
slides and covered each slide with another slide (n =5
per group). A 150 g force was applied to the slide sur-
face for 1 min. Next, we measured the diameter of the
resin spread (mm) using a digital caliper. This meas-
urement was repeated three times for each sample
[13,17].

Flexural strength test

FS bars (24 mm length, 2 mm width, 2 mm height) were
prepared from the experimental and groups and light-
cured for 40 s (n= 12 per group). The FSs bars were
stored in DW for 24 h. Flexural strength was measured
using a Universal Instron Machine (Zwick-Roell, Zwick
Ulm, Germany) at three points, at a 20 mm distance and
a force rate of 0.5 mm per min. The results were record-
ed in megapascals (MPa) [3,4,13].

Shear bond strength (SBS)

A total of 30 permanent third molar teeth mold were
prepared and randomly divided into two groups (n = 15
per group). The enamel surface of the teeth was etched
with 37% phosphoric acid gel (ESPE, 3M, USA),
washed, and dried (all 20 s). Cylindrical FS molds for
both groups were prepared on the etched surfaces using
plastic cylinders (3 mm diameter, 3 mm height). The
cylinders were incrementally filled with 1 mm layers of
FS and light-cured for 40 s for each layer. The prepared
samples were stored under humid conditions for 24 h.
The SBS test was performed using a Universal Instron
Machine where a force was applied parallel to the bond-
ing surface at a crosshead speed of 1 mm/min until fail-
ure. The results were recorded in MPa. [17]. The type of
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surface failure was examined by two blinded observers
using a digital microscope at 25x magnification and
recorded as (1) adhesive failure at the junction of FS
and enamel, (2) cohesive failure in the enamel or FS
structure, and ( 3) mixed failure if both adhesive and
cohesive failure were observed in the sample.
Microleakage test

We used 24 intact permanent third molar teeth for this
assessment (n= 12 per group). After etching and drying
the surface, the FS was placed on the occlusal surface
and cured as previously described. The teeth underwent
1000 cycles between 2+5°C and 55+2°C in a water
bath, with a dwell time of 30s and a 15s transit time
between the baths. The apex of each tooth was subse-
quently sealed with adhesive wax, and all the root and
crown surfaces, except for a Imm margin around the
FS, were covered with two layers of nail polish. The
samples were then placed in 0.5% fuchsine solution
(Merck, Darmstadt, Germany) for 24h, washed and sec-
tioned in the buccolingual direction. The prepared sec-
tions were examined under a digital microscope at 50x
magnification to assess the extent of microleakage. The
microleakage ratio for each sample was obtained by
dividing the amount of microleakage by the penetration
depth of the FS and recorded in mm [18].

Color change measurement

A total of 24 intact third molar teeth were selected (n =
12 per group). After etching and drying the surface, we
prepared a cylindrical mold by using a plastic cylinder
(5 mm diameter, 2 mm height) as explained before. The
color of the samples was measured in two stages: im-
mediately after preparing the mold and after 5000 ther-
mocycles as previously explained. A spectrophotometer
(Minolta Chromameter CR-241, Minolta Camera Co.,
Osaka, Japan) was used to measure the color with a
light beam diameter of 0.3 mm on a gray background.
The L*a*b* (CIE) values were determined for each
sample, and the measurement was repeated three times
for each sample. The color difference of the experi-
mental samples compared to the control group was cal-
culated using the following equation. In this formula,
AE is the amount of color difference, and AL*, Aa*, and
Ab* indicate the change in brightness, red-green ratio,
and blue-yellow ratio, respectively (L*=49.2, a*= -0.4,
b*=0.0).

AE = /(AL)? + (Aa)2+(Ab*)?

Release of silver (Ag) and Copper (Cu) ions

Two molds (12mmx2mmx2mm) for the experimental
and control groups were prepared using compression
silicone material (Speedex, Coltene, Switzerland). FS
was injected into each mold and light-cured for 40 s.
Each block was removed cured again for 40 s. Two
blocks in each group were prepared (n= 2 per group) to
evaluate the release of Ag and Cu ions. Each block was
immersed in 16mL of DW, with a solution-to-sample
volume ratio of 3mm3/mL. We assessed the amount of
ions released into the solution by collecting 5 mL sam-
ples in falcon tubes 24h (day 1) after the blocks were
immersed in DW. The blocks were stored in a refrigera-
tor at 3—4°C. The remaining solution was discarded, and
each block was placed in a new solution. Using the sam-
e method, 5mL samples were prepared from each falcon
tube on days 2, 4, 21, 30, 60, and 90. The release rate of
Ag and Cu ions was measured using an ICP-Mass de-
vice (Optima 8300, Perkin Elmer, USA) [4,13,17].
Statistical analysis

All guallatitive assays were performed and replicates as
noted, and unpaired t-test was performed to investigate
the significance. The compatible software generated the
data for each test. The data for quantitative analyses
were reported as the means + standard deviation (SD)
and were analyzed with SPSS version 22.0 (IBM SPSS,
New York, USA) software. The microhardness, flexural
strength and shear bond strength tests were assessed by
one-way analysis of variance (ANOVA) and Tukey
HSD post hoc test. Microleakage was compared by
Kruskal-Wallis H test and Mann-Whitney U test. For
all comparisons, p values less than 0.05 were considered
statistically significant.

Ethics approval

The study was approved by the Ethics Review Commit-
tee of the School of Dentistry, Shiraz University of Me-
dical Sciences (IR.SUMS.DENTAL.REC.1401.041).
Consent to participate

All methods were performed in accordance with the
relevant guidelines and regulations (Declaration of
Helsinki). Written informed consents for the use of the
teeth were obtained from the participants.

Results

Characterization of HKUST1 and Ag@HKUST-1

The successful synthesis and structural integrity of the
HKUST-1 and Ag@HKUST-1 crystals were confirmed



This in press article needs final revision

Pit and fissure material containing nanoparticles

Mokhtari N, et al

|
||‘ ‘\1
\ga HKUST-1 Ul
e HKUST-1 2ol

Transmittance %

Figure 1: FTIR spectra of HKUST-1 and Ag@HKUST-1.
Green arrow shows the Ag-O bond. FTIR: Fourier transform
infrared spectroscopy; HKUST-1: Copper-based metal-organi-
¢ framework (MOF) nanoparticles (NPs); Ag@HKUST-1:
Silver (Ag) NPs attached to copper-based MOF NPs

by FTIR spectroscopy, XRD, SEM, EDS, and DLS.
Fourier transform infrared spectroscopy (FTIR) analysis

Results of the FTIR spectra for the HKUST-1 functional
groups (Figure 1) showed the peaks of the groups as
follows: Cu-O bonds at 702 cm™, 1365 cm™, and 1404
cm that corresponded to a C-O stretching vibration
(HsBTC). We postulated that the 1515" c¢m peak be-
longed to the C=C group, the 1599 cm™ peak belonged
to the C=0 group of aromatic rings, and a broad peak at
3392 cm™ represented the OH group. The bond at
around 1246 cm™ was presumed to represent Ag-O in
the Ag@HKUST-1 group.

X-ray diffraction (XRD)

The XRD pattern of synthesized HKUST-1 was ob-
served at 2[] values of 6.15°, 9.45°, 12.15°, and 13.2°,
which corresponded to the (200), (220), (222), and
(400) crystal planes of HKUST-1, respectively. Peaks at
39.91°, 47.32°, 66.71°, and 76.33° were related to the
(111), (200), (220), and (311) crystal planes of the Ag
NPs, respectively. All indicated a high degree of crystal-
linity for AgQ@HKUST-1 (Figure 2).

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

We observed a three-dimensional structure for HKUST-
1 with a disordered octahedral form (hexagonal-like);
this confirmed successful synthesis of the doped materi-
al (Figure 3a). SEM showed that the Ag@HKUST-1 n-
ano cubes, which indicated successful loading of these
had uniformly dispersed synthesized small spherical Ag
NPs that were attached to the edge and vicinity of the N-

*Agw HKUST-1
sHKUST-)

Intensity (a.u)

;’Ll."l’*'.“"*“.**. i

2 Theta (Degree)

Figure 2: XRD pattern of the crystalline structures of HKU-
ST-1 and Ag@HKUST-1. XRD: X-ray diffraction; HKUST-
1. Copper-based metal-organic framework (MOF) nanoparti-
cles (NPs); Ag@HKUST-1: Silver (Ag) NPs attached to cop-
per-based MOF NPs

Ps (Figure 3b). The EDS test was used to measure the
chemical composition of the Ag@HKUST-1. The re-
sults showed the presence of carbon, oxygen, Cu, and
Ag, and indicated high purity of the Ag@HKUST-1
(Figure 3c and d).

Dynamic light scattering (DLS) analysis

The average particle size of HKUST-1 was 295nm and
the polydispersity index was 0.7. The Ag@HKUST-1
particle size was approximately 313 nm, which was
consistent with the particle sizes measured by SEM
(Figure 4).

Antibacterial effects

Confocal laser scanning microscopy (CLSM) analysis

CLSM was used to assess the viability of S. mutans
biofilm on each sample. The images showed that the
increased percentage of Ag NPs led to increased num-
bers of dead bacteria (Figure 5).

Colony forming unit (CFU) assessment

Although the control (FS) group showed a five-fold
increase in bacterial growth after 48 h, the 0.1%, 0.5%,
and 1.0% Ag@HKUST-1+FS groups had marked grow-
th inhibition and bacterial death (Figure 6a). There was
a significant difference between all groups (p< 0.001).
The 1% Ag@HKUST-1+FS group had a 1.6-fold redu-
ction in bacteria compared to the first day. Table 1 sho-
ws the two-day bacterial suspension concentrations for
all groups after dilutions. The results of bacteria cou-nt
on the surface of 5% blood agar plates after 48h sho-
wed that bacterial growth in the control (FS) group was
high at all dilutions (p< 0.001) (Figure 6b and Table 2).
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Figure 3: a: Three-dimensional SEM images of HKUST-1 in two different directions (magnification: 1640x and 4850x), b: Three-dimensional
SEM images of Ag@HKUST-1 (magnification: 2000x and 13000x), c: EDS spectrum of Ag@HKUST-1 and wt.% of carbon, oxygen, Cu, and
Ag in the NPs, d: Mapping of the elements in Ag@HKUST-1. a: Carbon, b: Oxygen, c: Cu, d: Ag, and e: Combination of the elements.
HKUST-1: Copper-based metal-organic framework (MOF) nanoparticles (NPs); Ag@HKUST-1: Silver (Ag) NPs attached to copper-based
MOF NPs; SEM: Scanning electron microscope; EDS: Energy-dispersive X-ray spectroscopy; wt.%: Weight percentage; NPs: Nanoparticles;
Ag@HKUST-1: Silver (Ag) NPs attached to copper-based metal-organic framework (MOF) NPs; Cu: Copper
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Figure 4: Graph of NPs from HKUST-1 and Ag@HKUST-1
detected by DLS. NPs: Nanoparticles; HKUST-1: Copper-
based metal-organic framework (MOF) nanoparticles (NPs);
Ag@HKUST-1: Silver (Ag) NPs attached to copper-based
MOF NPs; DLS: Dynamic light scattering

The other groups demonstrated some degree of antibac-
terial and inhibitory effects (p< 0.001). There was a
significant difference at all dilution-ns (p< 0.001), ex-
cept for the FS+0.5% AgHKUST-1 and FS+1% Ag@-
HKUST-1 groups (p= 0.145).

Scanning electron microscopy (SEM) analysis

Figure 7 shows the morphology and adhesion of S. mu-
tans bacteria on the FS surfaces after 48 h. The control
group (FS without NPs) displayed high numbers of
dense elongated chains of diplococci bacteria. The anti-
bacterial activity of all the experimental groups showed
minimal or no bacterial adherence.

Metabolic activity and cytotoxicity

The viability of the S. mutans biofilm in the control FS
without NP group was 100% (Figure 8). In contrast, the
viability of bacteria the in 0.1%, 0.5%, or 1.0% Ag@H-
KUST-1+FS groups were 35%, 28.5%, and 20.7%, re-
spectively. We noted that the bacteria growth decreased

significantly over time. The IC50 results indicated that
the inhibitory effect of the bacteria was approximately
0.0002% by weight of these NPs in the FSs.

Cytotoxicity assessment

Cell viability in the negative control group (only living
cells) was 100%, FS without NPs (control) was 92.95%,
and the 0.1%, 0.5%, and 1% of Ag@HKUST-1 + FS
groups were 136.77%, 96.52%, and 87.33%, respective-
ly (Figure 9). The IC50 results indicated that up to 4.7%
by wt% of the FS + NPs did not cause cell toxicity.
Scanning electron microscopy (SEM) analysis

SEM images of the control group (FS without NPs)
showed a smooth, uniform surface while the 0.1%,
0.5% and 1.0% Ag@HKUST-1+FS groups all display-
ed a porous structure suitable for cell growth, adhesion,
and biocompatibility. Cytotoxicity was not observed in
the 1% Ag@HKUST-1 + FS group (Figure 10).

Fissure sealant (FS) properties

Depth of cure

The meanzstandard deviation (sd) depth of cure in the
0.5%Ag@HKUST-1 group was 2.85+0.01mm, which
was significantly greater than the control (FS without
NPs) group (2.15+£0.02mm) (p= 0.001). However, the
average depths of cure of both groups were higher than
the ISO standard (1.5 mm).

Microhardness test

The results of the microhardness values (VHN) showed
that the meanzsd of the control (10.64+0.4) was signifi-
cantly lower than the 0.5% Ag@HKUST-1 + FS group
(13.9 £ 0.1) (p=0.0002).

Flowability

The meantsd of the 0.5% Ag@HKUST-1+FS group (4.23

Figure 5: CLSM analysis of live (green) and dead (red) Streptococcus mutans (S. mutans) bacteria on the surface of the FS that contains:
A)1% Ag@HKUST-1, B) 0.5% Ag@HKUST-1, and C) 0.1% Ag@HKUST-1. CLSM: Confocal laser scanning microscopy; FS: Fissure
sealant; Ag@HKUST-1: Silver (Ag) nanoparticles (NPs) attached to copper-based metal-organic framework (MOF) NPs.
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Table 1: Concentration of Streptococcus mutans (S. mutans) suspension after 48 h on the surfaces of the study groups

Fs FS +0.1% FS +0.5% FS + 1%
Ag@HKUST-1 Ag@HKUST-1 Ag@HKUST-1
CFU 25 x 108+ 0.4 11 x 10+ 1.6 2x10°+0.4 3x10'+0.1
12 12.55 x 10° 5.8 x 10° 1.15 x 108 1.5x 107
1/4 6.27 x 108 2.9x 108 5.7 x 107 7.5 % 10°
1/8 3.13 x 108 1.45 x 108 2.8 x 107 3.7 x10°
1/16 1.56 x 10° 7.25 x 107 1.4 x 10’ 1.7 x 10°

FS: Fissure sealant; Ag@HKUST-1: Silver (Ag)-based nanoparticles (NPs) attached to copper-based. metal-organic framework (MOF) NPs; CFU:

Colony forming unit

+0.01mm) was significantly more than the control grou-
p (2.17+£0.05mm) (p= 0.005). According to ISO 6876 g-
uidelines [19], the maximum acceptable number is
5mm.

Flexural strength test

The meantsd flexural strength of the control group
(58.7+3.9 MPa) was significantly lower than the 0.5%
Ag@HKUST-1 + FS group (67.19+3.1 MPa) (p= 0.03).
Shear bond strength (SBS) test

There was no significant difference between the control
(FS without NPs) group (14.60+0.3 MPa) and the 0.5%
Ag@HKUST-1 group (14.48+0.8 MPa) (p= 0.18). Fail-
ure mode analysis revealed that cohesive and mixed fra-
ctures were the most frequent in both groups (Table 3).
Microleakage test

No significant difference was observed in microleakage
between the control group (0.19+0.19mm) and the 0.5%
Ag@HKUST-1+FS group (0.12+0.13mm) (p=0.92).
Color change measurement

The mean values of AL and AE for the control group

400+

¥

Total S. muctans CFU (10%)

Potial S, matans VU (10%)

RIS

200+

1004

were (-11.95 to -10.20) 11.20 and (13.31 to 16.51)
14.87, respectively. The mean values of AL and AE for
the 0.5% Ag@HKUST-1 + FS group were (-15.90 to -
10.55) 10.80 and (14.49 to 16.66) 15.12, respectively.
There were no significant differences between the
groups for AL (p=0.448) and AE (p= 0.649).

Release of silver (Ag) and Copper (Cu) ions

We recorded the release of Ag and Cu ions for the 0.5%
Ag@HKUST-1 + FS group on days 1, 2, 4, 21, 30, 60,
and 90. Cu ion release was modest on days 1 and 2 but
increased significantly between days 4-60, followed by
a gradual release until it achieved equilibrium (Figure
11a). There was an increase in the Ag ion release from
days 1-20 that stabilized from days 21-30. Then, an
increased release of Ag ions was observed between days
31 and 60 followed by a modest release until the 90th
day (Figure 11b).

Discussion
MOFs are crystalline porous materials comprised of me-

Figure 6: CFU counts of Streptococcus mutans (S. mutans) biofilm growth with different Ag@HKUST-1 concentrations (0.1%, 0.5%
and 1%) after 48 h (a) on the FS surfaces, (b) on the surface of 5% sheep blood agar plates. CFU: Colony forming unit; FS: Fissure seal-
ant; Ag@HKUST-1: Silver (Ag) nanoparticles (NPs) attached to copper-based metal-organic framework (MOF) NPs
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Figure 7: SEM images of Streptococcus mutans (S. mutans) adhesion on FS discs without NPs and discs that contain different percent-
ages of Ag@HKUST-1. A) FS without NPs (control group), B) FS + 0.1% Ag@HKUST-1, C) FS + 0.5% Ag@HKUST-1, D) FS + 1%
Ag@HKUST-1 (magnification: 3210%, 3430x, 3500%, 4680x). SEM: Scanning electron microscope; FS: Fissure sealant; NPs: Nanopar-
ticles; Ag@HKUST-1: Silver (Ag) NPs attached to copper-based metal-organic framework (MOF) NPs

Table 2: Growth of Streptococcus mutans (S. mutans) after 48h
on 5% sheep blood agar in the study groups

CFU FS FS+0.1% FS + 0.5% FS + 1%
Ag@HKUST-1 Ag@HKUST-1 Ag@HKUST-1
12 >10° >10° 81 75
14 =10 >10° 44 43
18 >10° 900 18 14
1/16 306+3.9 17242.1 6+0.7 4+10

CFU: Colony forming unit ;FS :Fissure sealant; AgQ@HKUST-1: Silver
(Ag) nanoparticles (NPs) attached to copper-based metal-organic
framework (MOF) NPs
tallic and organic components that have antibacterial
properties [20]. The present study is the first to use
MOFs in dental materials by incorporating copper-MOF
NPs (HKUST-1) into FS. The hydrothermal method
was used [9,10] to synthesize these HKUST-1 because
of its ability to control the size and shape, and its mini-
mal energy consumption, improved solubility, and for-
mation of thermodynamically stable materials [21] The
synthesized HKUST-1 showed an irregular and porous

10

Table 3: Failure mode frequency in the study groups

Fracture mode

NI Adhesive Cohesive Mixed
FS 1 8 6
FS+0.5% Ag@HKUST-1 2 6 7

FS: Fissure sealant; Ag@HKUST-1: Silver (Ag) nanoparticles (NPs)
attached to copper-based metal-organic framework (MOF) NPs

polyhedral structure [12]. Next, we used a protocol by
Duan et al. [11] to generate Ag@HKUST-1 by adding
Ag NPs to the HKUST-1. Various laboratory methods
were then used to assess the properties of these NPs.
SEM and EDS analyses confirmed the presence of Cu
and Ag ions, in addition to uniform dispersion of the Ag
NPs throughout the HKUST-1 crystals. XRD spectrum
analysis confirmed the presence of Ag on HKUST-1.
MOF was used to attach the Ag NPs to prevent their
agglomeration. Beery et al. [22] found that providing a
stable and porous nanoscale base enabled the Ag NPs to
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Figure 8: Viability of Streptococcus mutans (S. mutans) on FS
discs with different Ag@HKUST-1 concentrations (0.1%,
0.5% and 1%) assessed by MTT. Medium: Broth culture. FS:
Fissure sealants; MTT: 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide. FS: Fissure sealant; NPs: Nano-
particles; Ag@HKUST-1: Silver (Ag) NPs attached to copper-
based metal-organic framework (MOF) NPs
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Figure 9: MTT assessment of cytotoxicity of FS without NPs
and with 0.1%, 0.5%, and 1% of Ag@HKUST-1 on gingival
fibroblast cells. Negative control: Gingival fibroblast cells.
Medium: Culture medium without cells. FS: Fissure sealant;
Ag@HKUST-1: Silver (Ag) nanoparticles (NPs) attached to
copper-based metal-organic framework (MOF) NPs; MTT: 3-
(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide.

11

remain stable by stopping oxidation and ion aggrega-
tion, and led to prolonged antibacterial properties of the
materials, which supported our results.

Antibacterial characteristics of the FS were assessed
in different percentages of Ag@HKUST-1 against S.
mutans biofilms to determine the most effective per-
centage of Ag. The groups were evaluated by MTT,
CFU assessment, CLSM, and SEM [17]. The percent-
ages of NPs chosen were similar to those reported by
other researchers [4]. Our findings confirmed the anti-
bacterial properties of Ag@HKUST-1, as reported by
others [12].

We chose S. mutans because it is a cariogenic, air-
tolerant, anaerobic bacteria and the principal cause of
dental caries. CLSM and SEM were used to assess bac-
terial survival and adhesion to the FS surfaces [4,13,14].
Our results demonstrated an inverse correlation between
the Ag@HKUST-1 concentration and bacterial adhe-
sion. The antibacterial mechanism is based on the re-
lease of Ag and Cu ions, which disruptthe bacterial
membrane [5]. Ag ions are gradually released from the
HKUST-1 porous network and bind to sulfur-containing
proteins in bacterial cell walls. These ions catalyze the
production of reactive oxygen species (ROS) within
bacterial cells. The ROS induce oxidative stress, which
damages bacterial DNA, lipids, and proteins essential
for survival and enhances the antimicrobial activity of
Ag [23,24]. In the present study, we observed a signifi-
cant antibacterial effect against S. mutans at the 0.5%
concentration of AgQ@HKUST-1.

It is essential to control the concentration of metal
ions because high numbers of metal ions create free
radicals, which harm tissue cells [25]. Therefore, we
used the MTT test to assess for biocompatibil-
ity on human gingival fibroblast [14,16].
Our results showed that the different concentrations of
NPs in the FS did not cause significant cytotoxicity.
Cell survival in the FS with 0.5% Ag@HKUST-1 ex-
ceeded 96.52%. Our findings supported those of Zhang
et al. [26], and Torres-Rosas et al. [27] who reported
that addition of 0.1% Ag NPs, and 0.01% Cu NPs to
dental materials did not have any negative effects on the
cells. Aguilar-Perez et al. [28] observed that adding 4%
Cu NPsto glass ionomer cement did not significantly
reduce dental pulp cell viability; we used a lower perce-

cells
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Figure 10: SEM images of fibroblast cell morphology and adhesion, a: FS without NPs (control group), b: FS+0.1% Ag@HKUST-1, c:
FS+0.5% Ag@HKUST-1, d: FS+1% Ag@HKUST-1 (magnification: 2950, 3110%, 3490x). SEM: Scanning electron microscope; FS:
Fissure sealant; NPs: Nanoparticles; Ag@HKUST-1: Silver (Ag) NPs attached to copper-based metal-organic framework (MOF) NPs

centage than what they reported. The estimated 1C50
showed that 4.7% by weight of these NPs and FS could
achieve 50% cell survival without toxicity. Our SEM
images of cellular shape and adhesion indicated that the
porous structure of the Ag@HKUST-1 promoted signif-
icant cellular adherence and growth. Their porous shape
promotes biocompatibility by improving gingival fibro-
blast cell interaction, which highlights their potential to
aid tissue integration and regeneration [29]. The
smooth, uniform surface of the control group did not
exhibit these properties. Our bacterial and cellular re-
sults indicated that the 0.5% Ag@HKUST-1 was the
best choice for physicochemical and mechanical testing.

The depth of cure is appropriate when the resin
composite hardness adequately polymerized at a speci-
fied depth. Insufficient polymerization in deep layers
increases free radicals that may have a cytotoxic effect
on dental pulp and reduce its mechanical properties
[30]. In the present study, we added Ag NPs to the FS,
which increased the depth of cure. Other studies con-
cluded that the larger and more porous NP surfaces al-
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lowed higher light frequencies to pass through the mate-
rials [13,31]. In contrast, Choi et al. [4] reported a decr-
ease after adding zinc NPs to the FS. However, similar
to our results, their decreased value fell within the acce-
ptable range of 1SO 6874 [19]. MOFs have porosity, lo-
w density, and a large surface area [32]. Hence, their use
in FS increases light reflection and scattering. Consequ-
ently, this may increase the speed of light transmission,
its penetration into deeper layers, and the depth of cure.

We observed that adding NPs to resin-based materi-
als increased microhardness, which supported the find-
ings of other studies [13,17,33]. NPs added to the organ-
ic phase influence the final filler volume [34]. However,
some believe it does not affect microhardness [35]. The
differences in findings are mostly due to the percentage
and type of NPs.

Low viscosity and high flow are desired for FS. Az-
iz et al. [33] showed that adding 1%-2% NPs led to
decreased FS flow. However, Albeshir et al. [36] no-
ticed that 20% NPs did not reduce flow composite resin
viscosity. We found that the flow of FS with NPs increa-
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Figure 11: a: Release of copper ions from the 0.5%
Ag@HKUST-1 group in DW over time, b: Release of Ag ions
from the 0.5% Ag@HKUST-1 group in DW over time. Ag:
Silver; Ag@HKUST-1: Ag nanoparticles (NPs) attached to
copper-based metal-organic framework (MOF) NPs; DW:
Deionized water

sed. The difference may be related to the type of struc-
ture of the MOFs. This porous polymer has stable pores,
larger surface area and organic ligands with hydrophilic
property that causes strong binding with functional
groups in FS and results in decreased viscosity [31-32].
Our findings showed that the flexural bond strength
of NP-associated FS was more than the control, which
was in accordance with Marovic et al. [37] However,
some researchers reported that the differences were not
significant [4,13]. The enhanced flexural bond strength
may be related to the use of Cu MOFs to assemble the
Ag NPs. SEM images revealed an absence of air-
bubble and proper links between the NPs and matrix.
Our results showed that the added NPs did not influ-
ence SBS, which supported the findings of Fei et al.
[17] and Zhang et al. [26]. In contrast, some reported
increased SBS when adding Ag and Cu NPs to resin-
based materials [27]. The differences may relate to the
tooth type and surface (enamel, dentin), and methods
and materials used. Although micromechanical bonding
has the main role in bond of composite resin to tooth, a
chemical bond between the monomer's hydroxyl/ car-
boxyl groups and hydroxyapatite may contribute. The
NPs have an electric charge; therefore, the probability of
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creating a hydrogen bond by these particles is weak and
would not affect SBS [17,26].

Microleakage at tooth-material interfaces enhances
sensitivity, caries, and pulp irritation [38]. Our findings
showed some degree of microleakage in both groups,
which indicated that the microleakage may be inevita-
ble. Like others, no significant difference was observed
between the groups, which showed that the small NP
size did not impact the microleakage [18].

We evaluated color changes using a spectrophotom-
eter to measure whiteness [7]. Our data showed the val-
ues in both groups were beyond the detectable thresh-
old, which was possibly due to repeated temperature cy-
cling that caused internal stress and water absorption in
the materials. After 5000 heat cycles, the 0.5% NPs had
a nonsignificant reduction in color change, which was
similar to the Hong et al. [39] findings. Others believe
that Ag NPs cause yellow or brown discoloration of the
FS because of rough surfaces from improper NP spread
[7]. We used MOFs with low NPs concentrations to
prevent NP aggregation and rough surface development.

Ag NPs exhibit antibacterial activity for up to four
months [40]. In the current study, the discs were im-
mersed in a new solution after each sampling to im-
prove ion measurement accuracy [41]. Cu ion release
increased from days 1 to 60 and Ag ion release in-
creased until day 90 because of penetration into the
MOFs pores and slow release. Some studies reported
similar linear Ag ion release after 48h and 30 days, re-
spectively [42-43]. lon release depends on the scaffold
solubility, size, shape, and type of NPs [42].

The results of laboratory studies are useful for decid-
ing the appropriate clinical treatment; however, there
are limitations with accurate replication of the oral envi-
ronment. Here, we used thermocycling to mimic oral
conditions to decrease this interference [44]. In addition,
the research steps followed guidelines for methods pro-
cedures and laboratory tests, and were conducted by one
operator. The limitation of this study was the lack of
comparable prior research, which led to comparisons
with the closest available studies. The sample size was
also a limitation; therefore, further studies with larger
samples and clinical research to assess the properties of
this type of FS are recommended.

Conclusion
The FS that contained 0.5% of Ag@HKUST-1 NPs ex-
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hibited strong antibacterial properties with minimal cy-
totoxicity and was comparable to conventional FS in
terms of microleakage, SBS and color change. Howev-
er, it performed better than conventional FS in mechani-
cal properties like depth of cure, microhardness, and
flexural bond strength. The sustained release of Cu and
Ag ions for 60-90 days suggests the preservation of
antibacterial properties, which makes it a suitable alter-
native to conventional FS.
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