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Abstract

Reinforcement of nanoparticles into existing restorative biomaterials in dentistry is an area of interest. The aim of the
current investigation was to incorporate silver nanoparticles (SNP) and zinc oxide nanoparticles (ZnONP) into a com-
mercially available resin-modified glass ionomer cement (RMGIC). Their effects on the fluoride (F-) release from RMGIC
were also investigated over a period of 14-days. Nanoparticles were incorporated at a loading concentration of 5 wt%,
either individually or in a combination of both. Scanning electron microscopy (SEM), Fourier Transform infrared spectros-
copy (FTIR), Nanocomputerized tomography (NanoCT), and the Vickers microhardness tester were used to examine the
specimens. The fluoride release was analyzed by high performance liquid chromatography (HPLC). Data were analysed
using ANOVA and Tukey’s test. RMGIC containing 5% ZnONP and 5% SNP+ 5% ZnONP showed significant alterations
in the surface ultrastructure with pores being evident in the surface. Fluoride release in parts per million (ppm) was highest
in the 5% SNP and 5% ZnO-NP incorporated RMGIC compared to the control group and 5% SNP-incorporated RMGIC.
RMGIC, as well as change in color observed in the 5% SNP incorporated RMGIC.

Keywords Color stability - Fluoride - Microhardness - Nanoparticles - Resin modified glass ionomer cement - Silver -
Zinc Oxide

1 Introduction water-soluble monomers like 2-hydroxyethyl methacrylate

(HEMA) or bisphenol A-glycidyl methacrylate (Bis-GMA),

The first glass ionomer cements (GIC) were introduced
in the late 1970s. Since its invention, advances in restor-
ative dentistry have produced several variants of this mate-
rial [1]. Resin modified glass ionomer cements (RMGICs)
have gained popularity amongst dentists as the material of
choice when treating pediatric patients, due to their pre-
ventive characteristics, ease of placement, and aesthetics
[2, 3]. RMGICs contain not only the basic formulation of
conventional GIC, like fluoroaluminosilicate glass and an
aqueous solution of polyacrylic acid, but they have added
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which may or may not be grafted onto the polyacrylic acid
[4]. The RMGICs have some advantages over the conven-
tional GICs. Specifically, they allow a longer working time,
control of the photochemical curing process by the clini-
cian, and a rapid hardening of the surface of the cement.
Therefore, the photochemical reactions decrease the early
sensitivity to moisture and the dehydration associated with
the early stage of the acid-base reaction in the conventional
GIC [5].

Nevertheless, there are certain physiochemical and bio-
mechanical hurdles with this restorative material that still
need to be addressed. Additionally, interest has been fur-
ther developed in using RMGICs as dental bonding agents
[6]. An in vitro study suggested that the bond strength of
RMGIC is inferior to resin composites; however, it is ade-
quate for bonding orthodontic brackets [7]. The availability
of free monomers in RMGIC also renders them less bio-
compatible as compared to conventional GIC [8]. Hence,
investigators across the globe are putting more effort into
studying the effects of different additives on RMGIC.
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Advancement in nanotechnology has broadened its thera-
peutic applications to dentistry. Metallic nanoparticles have
been extensively studied in this regard, and plenty of litera-
ture is available on the subject. It suggests that the addition
of metallic nanoparticles, including gold, silver, platinum,
palladium, copper, zinc, titanium, chromium, and boron,
could overcome limitations in currently existing restorative
materials [9]. Amongst these nanoparticles, silver (Ag) has
been employed frequently in biomaterials to impart anti-
microbial and antibacterial properties. It has been reported
that silver imparts a positive effect on GIC, however, their
mode of interaction has still not been fully understood [10].
A number of different techniques are also adapted to synthe-
size silver nanoparticles [11]. A more sustainable and bio-
genic approach seems to be a convenient method [12, 13].
The aim of the current investigation was to synthesize and
characterize silver nanoparticles and then incorporate zinc
oxide nanoparticles into commercially available resin-mod-
ified glass ionomer cement (RMGIC). The objective was
to evaluate their chemical properties by Fourier transform
infrared spectroscopy, micro-hardness, color stability, and
their effect on the fluoride (F™) release profile over a period
of 14 days.

2 Materials and Methods

Resin-modified glass ionomer cement was procured from
Fuji PLUS (Tokyo, Japan). Silver nitrate and chitosan (CH)
were obtained from Riedel-de Haen GmbH and Chito-
clear®, respectively. Sodium borohydride and acetic acid
were supplied by Sigma Aldrich (St. Louis, MO,). Commer-
cially available ZnO nanofillers (particle size < 100 nm; rod-
like particles) were kindly supplied by EverZinc Chemicals.

2.1 Synthesis and Characterization of Silver
Nanoparticles

The synthesis and characterization of silver nanoparticles
(SNP) were reported earlier by Qasim et al. [10]. In brief,
a 0.1% CH (w/v) solution was prepared by dissolving
the required amount of CH into a 0.1 M acetic acid solu-
tion. Before the dropwise addition of acetic acid, CH was
allowed to completely disperse in the distilled water. The
reaction was conducted at 40 °C. In the next step, 3 mL of
0.1 M silver nitrate were added dropwise to the CH solu-
tion . The reaction was left stirring, and the temperature was
raised to 90 °C for 2 h. This was followed by the addition of
4 mL of NaOH to the solution to complete the reduction of
SNP. The change in color was taken as an indication of the
formation of SNP [10].

@ Springer

2.2 Specimen Preparation

The experimental and control groups were prepared using a
Perspex mold (diameter to thickness: 8 mm X 2 mm). The
control specimens were prepared following the manufac-
turer’s instructions and maintaining the powder to liquid
ratio. Experimental specimens were prepared by incorporat-
ing either SNP (5 wt%) or ZnONP (5 wt%) individually or
in a combination of SNP and ZnONP (5 wt %) at a ratio of
1:1 into RMGIC. After thorough mixing, the cement was
carefully inserted into the mold using a thin cement spatula
and pressed with the transparent mylar strip (Stripmat, Poly-
dentia SA, CH-6805, Mezzovico, Switzerland), which was
firmly attached to a transparent glass slide. Ultimate care
was taken to avoid air bubbles being entrapped in the mix-
ing and specimen preparation steps. Once the cement was
placed , it set within 10 min. The set cement was carefully
removed from the mold to prevent any further damage to
the material.

2.3 Scanning Electron Microscopy

Specimens were examined through a scanning electron
microscope (JEOL, JSM-5410LV, Tokyo, Japan). Each
specimen was freshly prepared and stored for 24 h in the
oven at 37 °C before being transferred to aluminum stub,
which was covered by a carbon sticker and coated with
gold in a sputter coater (Structure Probe, West Chester, PA)
before being scanned and photographed at various magnifi-
cations (250, 1500x and 4000x).

2.4 Fourier Transform Infrared Spectroscopy-

Fourier transform Infrared Spectroscopy (FTIR) spec-
tra data was acquired on a Bruker Tensor 27 in attenuated
total reflectance mode (ATR). Blank backgrounds were
acquired prior to measuring each specimen. All specimens
were crushed into powder and placed in close contact with
the ATR crystal. Spectra were acquired in the wavenum-
ber range of 4000 to 500 cm™! operated at a resolution of
16 cm™!. 32 scans were performed per specimen, and the
results were reported as the means . The data was exported
as a data point table and processed for peak analysis using
OMNIC software (Thermo Scientific).

2.5 Nano Computerized Tomography

Computerized tomography of the specimens prepared
for microhardness was measured on a Phoenix Nanotom
(NanoCT, GR, USA). Scanning parameters were measured
as: images acquired at a final isotropic resolution of 5-um
per voxel at 100 kV accelerating voltage and 100 pA current
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with a 0.5 aluminum filter. Each specimen took 1.45 h for
a single scan that resulted in 2000 images. Samples were
scanned over 360° with a rotation step. The reconstruction
process and data analysis for measuring the porosity per-
centage were performed using VGS Studio Max software
(version 3.3). Porosity analysis was conducted by mea-
suring the diameters of the pores using the porosity inclu-
sion analysis of VGS Studio Max software. The data was
exported as CVS files and plotted as frequency distribution
graphs in GraphPad Prism (Version 8).

2.6 Microhardness

The test was performed on a digital microhardness tester
that was equipped with a load cell of 50 g and measured for
20 s on the surface of the specimen with a Vickers diamond
indentor (CV Instruments 400DAT/3) at room temperature
(25 °C). The average value of 10 randomly selected points
in each sample was taken into account for further analy-
sis. The diagonal lengths of the indentations were measured
with an objective lens at 40x. Microhardness in g gum? was
calculated from the Eq. (1):

HV = 1854.4P/d’ (1)

Where HV is the Vickers Hardness, P is the load set in grams
(g) and d is the diagonal’s length in ym.

2.7 Color Stability

Three specimens were selected from each group (diameter:
8+ 1 mm and thickness: 2+ 1 mm). No polishing was con-
ducted on the cured samples, which were stored at 25° +
1 °C. The color measurement was conducted immediately
after the curing within an hour (Day 0), 1, 4, 7, and 14 days
using an Easy Shade spectrophotometer using 2° observa-
tion and D65 illumination (VITA Easyshade® V, GmbH &
Co.KG Bad Sickingen, Germany). The software attached
to the instrument calculated the CIELAB (Commission
Internationale de léclairage) color values. The aim of the
instrument is to detect the amount of light illuminated by an
object and the amount of light reflected from it. The hand-
held device has a 5 mm measurement area that emits light
using one halogen lamp. A background reading is performed
by placing the probe tip in the calibration device built into
the holder stand.

Each specimen is measured by placing the probe tip in
the middle of the specimen at a 90° angle. Three random
readings were taken from the top and bottom surfaces of the
specimen. The instrument is comprised of an approximately
uniform color space with color co-ordinates for white-black
(L*), redness-greenness (a*) and yellowness-blueness (b*).

The mean L*, a* and b* values were calculated at selected
periods of 0, 1, 4, 7, and 14 days, while the color values at
day 0 were considered the initial values as L, a;, b,. The
color difference (AE) was calculated using Eq. (2):

AE = |(Ly— L)’ + (ay — a)’ + (b — bﬂ v )

The clinical acceptability values were based on a value of
AFE 3.3. The operators were blinded at the time of analysing
the specimens for microhardness, compressive strength, and
color stability. This was done in order to eliminate the pos-
sibility of bias.

2.8 Fluoride Release

Experimental specimens were stored in distilled water (10
mL) and at selected periods of 2, 7, and 14 days, they were
removed from the storage vials and transferred to a new vial
containing fresh distilled water. At the end of the experi-
mental period, the liquids were then analysed by high per-
formance liquid chromatography (Prominence Shimadzu,
Europe GmbH, Germany) with a UV-vis spectrometric
detector to analyze and quantify the release of F~ from the
commercial and experimental RMGICs used in this study.
An IC-A; column was used with the mobile phase contain-
ing 4-hydroxy benzoic acid, Bis, Tris, Boric acid, phosphate
(PO,*), Fluoride (F"), Chlorie (CI), Bromide (Br), Nitrate
(NO;) and sulphate (SO,*). The data shown in the study
only reports on the fluoride ion.

2.9 Statistical Analysis

Unless otherwise stated, all experiments were conducted in
triplicate. GraphPad Prism Software (Version 8) was used
for performing the statistical analysis.

3 Results

The SEM micrographs are presented in Fig. 1. The control
specimen shows a smooth morphology, with higher mag-
nification showing the distribution of particles. The addi-
tion of 5% SNP retains the morphology with a homogenous
particle distribution, as can be seen in the inset image at a
higher magnification (Fig. 1b). Incorporation of both SNP
and ZnONP resulted in a cracked surface with the appear-
ance of pores (Fig. 1c). The specimens with ZnONP at 5%
(Fig. 1d) nevertheless displayed a rough surface when com-
pared with the control and the neat SNP specimens. Porosi-
ties were evident in both lower and higher magnification
images.
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500 um

Fig. 1 Scanning electron micrographs of (a) Control (b) GIC with 5 wt % SNP (c) 5 wt % SNP and ZnONP ( d) 5 wt% ZnONP, All images are
scaled at 500 pm and have inset images at higher magnification scaled at 20 um

The FTIR spectra for all specimens are shown in Fig. 2a
and b. The broad band located at 3351 cm™! is assigned to
the stretching vibration of the O-H group. This could be due
to the water within the cement or the -OH group present in
poly(HEMA). Another marginal band adjacent to a band at
2951 cm™! is assigned to the C-H stretching vibration of
the polyacrylic acid. The presence of SiO, and phosphate
is observed as an asymmetric stretching vibration at 1028
and 960 cm™ ! respectively (Fig. 2a). The FTIR spectral data
revealed a high intensity band at 1716 cm™!, which is indica-
tive of the symmetric stretch of the carboxylic group -C=0
band and the peak at 1634 cm™! indicated the methacrylate
C=C bond ( C=C str). This peak was more pronounced as
compared to additional low-intensity bands at 1454, 1408,
1321 and1299 cm~! (Fig. 2b). The shoulder observed at
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1161 cm™! may be assigned to the C-O stretching of the
carboxylic group, which corresponds to both, tartatric and
poly(acrylic) acids. A peak that is peculiar to the spectral
profile of 5% ZnONP is the one at 1577 cm™ " that is attrib-
uted to the carboxylate salt formed (C=0 str of COOM).
Moreover, the low intensity peaks at 1454 and 1408 cm™!
became more pronounced. These double bands are attrib-
uted to the asymmetric and symmetric -COO~ stretch bands,
respectively. The appearance of the peak at 1255 cm™! in
experimental specimens is atributes to acid C-O stretch.
Typical nano-computerized tomography images and
porosity analysis are presented in Fig. 3. The scans revealed
pores that were heterogeneous in all specimens within the
core of the materials and equally distributed. Scans of spec-
imens containing 5% SNP+5% ZnONP and 5% ZnONP
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Fig. 2 FTIR spectra of (a) complete spectra ranging from 4000 to 500 cm™! (b and c) Finger print region showing the alterations, peak intensity

profile, peak shifts in C=0, C-O, COO, acquired in ATR mode

demonstrated significant cracks and considerably larger
pores. The porosity analysis (Fig. 4) furthermore visualizes
the frequency distribution of the cracks. The control speci-
men showed a spike in pores of 30 um. 5% SNP showed
considerably lesspore distribution. With pores having a con-
centration of 20 pm. 5% SNP + 5% ZnONP and 5% ZnONP
impregnated RMGIC improved the pore diameter with a
larger distribution of particles (20100 pm). Porosity analy-
sis is represented as a frequency distribution, as represented
in Fig. 4a to d.

Results from the Vickers micro-hardness (HV) mea-
surements are presented in Fig. 5. A significant difference
in hardness is noted between the control and the specimen
containing 5% SNP+ 5% ZnONP. The combined NPs (5%
SNP+5% ZnONP) enriched specimens had the lowest
mean hardness values. After 14 days of storage, the hard-
ness of the control specimen (27.22 +0.99) is comparable to
that of the specimen doped with 5% ZnONP (24.89 +1.33).
The specimens doped with 5% SNP showed a lowering in
the microhardness values with time (1 to 14 days).

The released Fluoride ions from the test specimens were
detected by the HPLC. These can be seen in a typical chro-
matogram, as shown in Fig. 6. Different peaks with their
respective retention times can be observed. The results
from the color difference (AE) and F~ release studies are
represented in (Fig. 7a and b). The AE of the control speci-
mens remained constant at 2.4+ 1.47 after 14 days, while
the values were amplified to a range between 19.78 +2.65
and 21.88 +6.71 for experimental samples. In terms of the
F~ release (mg / L), the control, 5% SNP, and 5% SNP+ 5%
ZnONP specimens at day 2 showed values of 3.84 +0.88,
5.15+0.36 and 3.87+0.04, respectively. The maximum
values were recorded for 5% SNP+ 5% ZnONP specimens.
The F~ analysis revealed that the control and 5% SNP+ 5%
ZnONP incorporated samples had a slower release on day
2, and increased thereafter on day 7. On the other hand, 5%
ZnONP doped specimens, showed a burst in the F~ release
initially and slowed down on day 7.
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L 1115 mm

Fig. 3 Nanocomputerized tomography of (a) Control ( (b) GIC with 5 wt % SNP ( ¢) 5 wt % SNP and ZnONP ( d) 5 wt% ZnONP, Cross-sectional
and longitudinal images scaled at 1.5 um. Images display pores distribution in the examined specimen

4 Discussion

The addition of metallic nanoparticles to the physiochemi-
cal and biological properties of dental restorative materials
has been an area of special interest. The possibility of thera-
peutic achievement correlated with nanoparticles depends
mainly on the inherent properties of these biomaterials,
such as their surface area, chemical reactivity, and biologi-
cal activity [14]. Although studies in the past have reported
nanoparticles like aluminum oxide (Al,0,), zirconium oxide
(Zr0O,), titanium dioxide (TiO,) [15, 16] and ZnONP [17].
However, these studies have only reported the addition of a
single type of nanoparticle in each group and investigated
properties like flexural and compressive strength [15, 16].
Whereas, the current investigation reports on the combined
effect of two different nanoparticles in comparison to their
addition alone. The SNP particles synthesized in our previ-
ous study were adapted for the current investigation [10].
In the current study, SNP was added to the liquid compo-
nent while mixing , and ZnONP was mixed with the powder
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before mixing. Three experimental groups were tested, with
the control being the unmodified RMGIC. The addition of
SNP alone did not significantly alter the surface. Since it
was devoid of any visible surface crazing or voids, whereas
its combination with ZnONP and ZnONP alone altered the
ultrastructural morphology with the formation of cracks and
pores. The presence of voids or porosities has been reported
ecarlier as well [18]. They are known to act as stress raisers
(stress concentrations), which eventually cause mechanical
failure of the restorative materials during their clinical life
cycle [16]. Moreover, it has been speculated that they can
initiate fracture and are the main cause of cohesive failure
as well [19].

The NanoCT investigation revealed greater insights
into the pores and pore size frequency distribution within
the specimens. These porosities could be attributed to the
hand mixing that was conducted to prepare the experimen-
tal specimens [10]. Earlier, similar investigations were
conducted on the addition of SNP (1-2 wt%) and ZnO
(0 to 4 wt%) as compared to the present study, where the
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shown are mean+ SD where ( n=3), A significant (*) difference was
noted in between 5% SNP+5%ZnONP and 5%ZnONP

nanoparticle concentration increased to 5 wt%. These inves-
tigators reported that the addition of 2 wt% nanoparticles
imparted superior antimicrobial activity without altering
the F~ release. Gjorgievska et al. reported that there was
a reduction in the presence of microscopic voids with the
addition of Al,O5, ZrO, and TiO, in high viscosity conven-
tional GIC [16]. However, the voids were analysed on the
surface using SEM analysis, whereas the current investi-
gations utilized Nano CT for bulk pore analysis. thereby,
showing that the pores (voids) were not only present on
the surface but also in the core material. In another study,
a significantly higher ZnO concentration from 0 to 15 wt
% was impregnated into glass ionomer cement [20]. This
high concentration intensified the viscosity of the cement ,
making the fabrication of specimens difficult. An increase in
the viscosity was observed in the experimental specimens,
which could be attributed to the significant improvement of
the surface area by nanoparticles. The authors speculate that
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the increment in viscosity could be correlated to the cement
liquid being insufficient to wet the added ZnONP.

A spectroscopic investigation conducted in the past after
the incorporation of nanoparticles revealed that the peaks at
1570 and 1420 cm™!, showed higher intensities. Peaks per-
taining to methacrylate groups (C = C) were noted in the con-
trol specimen at 1299 and 1321 cm™!, which were reduced
in intensity in the experimental groups. The progress of the
acid-base reaction is observed by the appearance of the peak
1577 cm™!, which has been assigned to the growth of the
carboxylate salt peak (C =0 stretching of the COO™) [21].
A spectroscopic investigation performed by Young reported
that polyacrylate salts with mono or divalent counterions
usually have symmetric and asymmetric COO™ stretch
bands at around 1420 and 1540 cm™![22]. With respect to
the interaction of SNP with RMGIC, it has been reported
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control and 5% SNP only. Similarly for fluoride release a significant
difference was noted for values acquired on day 2 and 7 in between
control and 5%SNP + 5%ZnONP

that an electrostatic stabilization occurs due to steric and
electrostatic repulsions at polyelectrolyte adsorptions on a
colloidally positively charged particle surface [23]. Pavia
et al., investigated the incorporation of silver in GIC and
speculated that nanoparticles should be dispersed in the GIC
matrix as the cement completes the setting reaction [23].
Results from the microhardness test revealed some inter-
esting findings. A decrease in the surface microhardness was
noted when the nanoparticles were combined. Individual
additions to the specimens did not decrease the hardness as
much as when both particles were added together. Reports
from the literature on the effect of nanoparticle inclusion
on hardness, flexural and shear bond strength have shown
variations. A decrease in the mechanical properties has
been reported, and this was attributed to the less compact
surface or larger quantities of pores [20]. In another study,
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El-Wassefy et al., incorporated SNP into conventional GIC
[24]. Results from their study showed that SNP had an insig-
nificant effect on the mechanical properties and a notice-
able influence on the coloration. The results of the current
study were in agreement with El-Wassefy et al., whereby
the addition of SNP and SNP + ZnONP significantly reduced
the mechanical properties. Moreover, a significant alteration
in the color was also observed. Color changes of RMGICs
associated with the addition of SNP present a significant
limitation, especially when they are incorporated into bio-
materials intended for use in aesthetic areas. Nonetheless,
incorporation of SNP to GICs at various concentrations was
found to have significant differences in color change when
compared to non-reinforced GICs [10]. The incorporation
of ZnONP into RMGICs was expected to provide more
light to the material and, as a result, neutralize the dark-
ness caused by the addition of SNP. However, this was not
observed during the present investigation, and the color sta-
bility values for the 5% SNP and 5% ZnO-NP incorporated
RMGICs were considered unacceptable.

Fluoride (F7) release studies conducted in the current
investigation using high performance liquid chromatog-
raphy have also been reported earlier [25]. However, the
identified ions were different from our study ( data not
shown). Only F- ion was reported in the current investiga-
tion. According to the investigation conducted by Verbeeck
et al. on F- release from RMGIC'’s, they reported that the
release of this ion is the result of two processes occurring
simultaneously [26]. The first process is short term initial
elution, occurring instantly, and then terminating after some
time. Also called the early wash-out stage [27]. Whereas,
the second phase is associated with prolonged and more
slowly occurring release, which is responsible for the long
term release of F- [26]. Also called the sustained diffusion
stage [27]. Furthermore, Glass ionomer cements, whether
resin modified or not, behave as cation permselective mem-
branes, therefore the release is governed by the maturation
time, which is the time elapsed between the start of the acid
base setting reaction and the moment that the set cement
comes into contact with an aqueous solution [26, 28]. In
terms of F- ion released, Basso et al.[29] compared F- ions
released from different dental materials. They showed that
the highest amounts were among the RMGIC group, with
a high burst release initially and stabilizing afterwards. A
similar result was also noted by Dziuk and co-workers [30].
In the current investigation, interpretations of the release
profile can be speculated to display an initial burst release
that then declines. This was similar to the results observed
in this study for the three groups tested. The presence of
SNP in this study had no effect on the amount of F- ions
released, either positively or negatively. The discrepancy in
the release of F from the observed specimens in the current

study could also be attributed to several extrinsic factors.
Similarly, Paschoal et al. (2011) found a higher F- release by
RMGICs compared to conventional GICs [31]. The high-
est number of F- ions detected in this study was for the 5%
SNP and 5% ZnO-NP incorporated RMGIC groups. This
amount of F ions released is advantageous; however, as
previously stated, it comes at the expense of microhard-
ness and color stability. This limitation may be improved by
the incorporation of a smaller concentration of ZnONP in
order to maintain the high amount of F- ions released with
an improvement in the surface microhardness and color sta-
bility. Nevertheless,, Hellwig et al. reported in an in-vitro
study that a concentration of 0.01 ppm F- is sufficient to
facilitate remineralization [32].

5 Conclusion

The addition of SNP and ZnONP alone and in combination
t with resin modified glass ionomer cement revealed sig-
nificant reductions in the levels of surface microhardness
due to the presence of pores within the that were distributed
uniformly throughout the bulk specimen. Color stability for
specimens reinforced with SNP and ZnONP together was
stable, and the fluoride release was also enhanced. Over-
all, we conclude that the combined addition of two different
nanoparticles is beneficial for resin modified glass ionomer
cements and has the potential to lead to significant improve-
ments in other physiochemical, biological, and mechanical
properties allowing it to used in clinical conditions. Future
work should now be undertaken to analyze the ion release
from these reinforced cements.
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