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Abstract

Background Polymethylmethacrylate is a commonly used biomaterial in dentistry. Although the material have
been used for several years it has some limitations with respect to physical and mechanical properties. Researchers
are exploring the potential of novel nanomaterials like nanographene oxide (nGO) and hexagonal boron nitride
(hBN) to be used as a reinforcing agent. Therefore, the current investigation sought to evaluated physical, chemical,
mechanical and antimicrobial potential of PMMA reinforced with nGO and hBN alone and synergistically as well.

Methods Four different groups were prepared including the control group (G1)0.2.5 wt% nGO was added to the
liquid component (G2), 1 wt% hBN was added to the powder component (G3) and 2.5 wt % nGO with 1 wt % hBN
combined (G4.) The resulting nanocomposite were characterized using microhardness, flexural and compressive
strength analysis, contact angle analysis and degree of conversion was also calculated using Fourier Transform Infrared
spectroscopy. The antimicrobial efficacy was assessed against Candida albicans. Statistical analysis was performed to
determine the difference between the groups. One-way ANOVA was performed followed by Tukey's post hoc test for
multiple comparisons between the groups.

Results The addition of NGO (17.67£2.41 HV) (p>0.001) significantly increased the microhardness compared to the
unmodified PMMA (15.91+1.57 HV) (p>0.001).The addition of both, nGO and hBN enhanced hydrophilicity (61.4°

+ 2.36) and the surface roughness. Degree of conversion was found to be less than the control specimens for all
experimental groups. G2 showed significantly less Candida albicans attachment compared to G1 (p <0.05).

Conclusion The synergistic effect of nGO and hBN on PMMA shows promise for enhancing wettability and
antimicrobial properties. However, the trade-off with lower polymerization conversion and increased roughness
needs to be addressed. Future work could focus on optimizing the composition and processing conditions to
maximize beneficial properties while minimizing negative impacts on physiochemical, mechanical performance and
microbial adhesion.
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Introduction

Polymethylmethacrylate (PMMA) has been a biomate-
rial of choice in prosthodontics for decades [1]. Its util-
ity in different medical and dental clinical applications
has grown since its inception. Its physiochemical and
mechanical of durability, dimensional stability, cost-
effectiveness, aesthetics and ease of fabrication position
it favorably compared to alternate biomaterials used for
similar applications [2]. Specifically its properties are
harnessed to fabricate fixed and removeable dental pros-
thesis. Other applications also include their use as bone
cements and facial prosthesis [3]. Despite the acceptable
properties, it is prone to fracture due to multiple reasons
[4]. Another drawback is the poor antimicrobial property,
whereby their prolonged usage can cause fungal infec-
tion when in contact with oral tissues [3]. Moreover, long
term exposure to saliva makes the denture base acrylic
resin susceptible to aging and may promote oral diseases
[1]. To overcome these hurdles, bioactive glasses [5], glass
fibers [6] and more recently nanomaterials (nanopar-
ticles, nanosheets, and nanotubules) are being explored
by investigators across the globe as fillers to reinforce the
existing properties [1, 2, 7].

The use of these different strategies is targeted mainly
at improving the performance of denture base resin.
Therefore, reinforcement with nanoparticles [2], nanofi-
bers and mesoporous silica [1] are still an area of inter-
est. Amongst the nanoparticles frequently studied are
silver [8], titanium dioxide [2], zirconium dioxide [9],
graphene oxide [3, 10, 11] and boron nitride [12]. Gra-
phene based materials like reduced graphene oxide and
graphene platelets are gaining more attention as PMMA
additives due to their high surface area, biocompatibility,
conductivity, strength, low density and ease of modifica-
tion [3, 10]. Graphene exists as a single atomic plane of
carbon in the form of a honeycomb lattice [13]. Graphene
oxide is a highly oxidized from of graphene prepared by
oxidation of graphite. This amphiphilic compound has
reactive oxygen functionalities which allow for function-
alization hence, increasing their interest to use nGO as
an additive in existing biomaterials [14]. Different con-
centrations and formulations have been studied [3, 10,
15, 16]. A disadvantage of nGO is its dark color change
at higher concentrations. Nevertheless, these reinforced
biomaterials can be used in the palatal area, where den-
ture stomatitis is more common [15]. Whilst nanopar-
ticles have been reported to exhibit several advantages
there are some limitations that also need to be taken into
account. Their toxicity, carcinogenicity and teratogenic-
ity also needs to be evaluated. In most of the applica-
tions they are used below their threshold concentrations.
Furthermore, if nanoparticles are used for an extended
time period there are chances of bioaccumulation inside
body [17]. Hexagonal boron nitride (hBN), also known
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as “white graphene’, is a two-dimensional nanomaterial
that has similar chemical structure and properties to gra-
phene [18, 19]. Its inherent white color makes hBN incor-
poration into dental biomaterials a potential solution to
counteract the darkening caused by nGO, more specifi-
cally at weight percentages. Moreover, its properties such
as biocompatibility, antibacterial effect, and high surface
area have been harnessed for its use as an additive in den-
tal biomaterials [18]. Whilst nGO and hBN have been
investigated in the literature individually, research litera-
ture on their synergistic effects remains limited [20, 21].

Therefore, the aim of the current study is to investi-
gate the effect nGO and hBN alone and in combination
as nanofillers in self-cured PMMA in comparison to pure
PMMA (control), in an attempt to reinforce its physio-
chemical, mechanical properties. The null hypothesis was
that the addition of nGO, hBN alone or in combination
with will have no effect on the physical, chemical and
mechanical properties of commercially available self-cure
PMMA resin.

Materials and methods

Materials

Self or Cold Poly Methyl Methacrylate (PMMA) (Inter-
dent, Interacryl Cold, Slovenia), Ultra Highly Concen-
trated Single-Layer Graphene Oxide (nGO) (Color:
brown; concentration: 6.2 g/L; and flake size: 0.5 to
5 um) (Graphene Supermarket®, Graphene Laboratories
Inc., Ronkonkoma, NY, USA), Boron Nitride nanopow-
der (BN) (<150 nm, USA, Sigma aldrich MA, USA).
The molds were prepared at the biomedical engineering
department of Health Science center, Kuwait University.
A schematic representation of the groups made and char-
acterizations done are displayed in Fig. 1.

Preparation of the samples

The samples of the control group (G1l) were prepared
according to the manufacturer instructions by hand mix-
ing the PMMA powder to the liquid at a powder to liq-
uid ratio of 1.3:1. 13 g of powder was weighed on a digital
measuring balance (CG 2202 C Citizen) and added to
10 ml of liquid. The solution was manually mixed with a
stainless-steel spatula in a rubber bowl until it achieved
a soft dough-like consistency. Subsequently, the mix-
ture was promptly poured into molds designed for each
specific test and compressed between two glass slides.
Prior to pouring, a thin layer of petroleum jelly (Vase-
line®, Unilever, Englewood Cliffs, NJ) was applied to the
molds. After the setting time, which was mentioned in
the manufacturer’s manual, was reached, the samples
were removed from the molds. For the preparation of
group 2 (G2), 2.5 wt % Nanographene Oxide (nGO)
was incorporated into the PMMA liquid homogenously
under sonication for 1 h according to the literature [3].
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Fig. 1 A schematic flow chart representing the study design. G1 is control, G2 is reinforced with 2.5 wt % nGO, G3 is loaded with 1 wt % hBN and G4 is

mixed with 2.5 wt% nGO and 1 wt% hBN

The liquid was then hand mixed with the PMMA powder.
The samples of group 3 (G3) were prepared by incorpo-
rating 1 wt % Boron Nitride (hBN) to the PMMA powder
and then hand mixed with the PMMA liquid. Group 4
(G4) were prepared samples were prepared by adding 2.5
wt % nGO to the PMMA liquid, under sonication for 1 h
as described previously of G2 and adding 1 wt % hBN to
the PMMA powder. Samples of all groups were polished
with Silicon carbide (SiC) papers (220, 400, 600, 1000 grit
CArbiMet, Bueler, Lake Buff, IL, USA) and stored in dis-
tilled water at 37 +2 °C in an incubator for a duration of
24 h prior to characterization.

Mechanical characterization

Disk-shaped acrylic molds (10+0.5 mm diameter and
2+0.5 mm thickness) were fabricated to prepare the
specimens for microhardness testing (n=10). Micro-
hardness was conducted on a digital microhardness tes-
ter with a load cell of 50 g and indentation time for 20 s
on the surface of the specimen with a Vickers diamond
indentor (CV Instruments 400DAT/3) at room tempera-
ture (25 °C). The average value of 10 randomly selected
points in each sample was taken into account for further
analysis. Diagonal lengths of the indentations was mea-
sured with an objective lens of 40x. Microhardness in g /
um? was calculated from the following Eq. 1:

HV = 1.854 F/D2 (1)

Where HV =Vickers Hardness, F =load set in kilograms
(kg), and d = diagonal’s length in mm? [22].

The flexural strength analysis was conducted accord-
ing to the International Standard Organization (ISO-
20795-1) using the ElectroPuls System (E300 Instron,
Norwood, MA, USA) operated by the Bluehill software
program (Instron Coporation, Norwood, MA). Flex-
ural strength was conducted using the 3 point bending
methodology (specimen dimension, length; 65+0.1 mm
x width 10+0.1 mm x height: 3 mm+0.1 mm) (n=5).
Acrylic molds were used covered in commercially avail-
able Vaseline to facilitate retrieval. The specimens were
compressed in between two glass slides after setting they
were retrieved from the mold and polished subsequently
(3 um diamond polishing MetaDi polycrystalline dia-
mond suspension, Buehler). Specimens were stored in
distilled water at room temperature (RT). Prior to testing
they were taken out and air dried. They were then placed
on a support span with a distance of 50 mm and a loading
rate of 3 mm / min was applied until fracture using a 1kN
load cell. Flexural strength and flexural modulus were
calculated using the formula below (2) and (3).
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Flexural load M Pa = 2 (2)
Fl I modulus (M Pa) = PL® (3)
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Whereby P is denoted as the maximum load (N), L is the
span (50 mm), b is the width (10 mm) and d is the speci-
men thickness (3 mm) and Y is the recorded deflection
when the load is applied in the middle of the beam.

Specimen dimension for the compressive test were
6+0.1 mm in height and 4+0.1 mm in diameter (n=5).
The specimens were prepared using an acrylic mold
and glass slides as mentioned previously. Set specimens
were stored in distilled water in an incubator at 37 °C.
The specimens were placed such that the flat ends were
between the plates of the Instron testing machine (Elec-
troPuls System (E300 Instron, Norwood, MA, USA). The
compressive load was applied along the long axis of the
specimens with a cross head speed of 3 mm / min using
a 1kN load cell. The compressive strength was calculated
using the below formula no (4).

o= @)

T o d?

Where p is the maximum force applied at the point of
fracture and d is the diameter of the specimen [23].

Contact angle

The surface wettability of the prepared specimens (1= 3)
was evaluated by a polar liquid (distilled water) for con-
tact angle (CA) measurements by adapting a previously
reported protocol [24]. A drop of distilled water (3 pL)
was added on specimen surfaces at 20 °C. The con-
tact angle was measured by the sessile drop method
using a drop shape analyzer (DSA100B; Kriiss, Ham-
burg, Germany). The Kriiss drop shape analysis program
(ADVANCE 1.7.2.1; Kriiss, Hamburg, Germany), deter-
mined the contact angle in two steps. In the first step,
the drop image was subjected to a gray level analysis. The
result was an optically determined contour line around
the phase boundary in the drop image. In the second
step, this drop contour was calculated mathematically.
The contact angle was obtained from the angle between
the drop contour function and sample surface. To mini-
mize experimental error, three readings were performed
for each specimen and their average value reported.
Range of results was from 0 to 180°. To determine the
dynamics of CA change with time, the shape of the liquid
droplet was recorded by the camera starting from second
zero until 5 min with a resolution of 0.01° and accuracy of
0.1° [24].
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Degree of conversion

Degree of conversion was conducted according the a
previously reported methodology by Khuraif et al. [25].
Absorbance peaks were collected before curing from 10
scans at a resolution of 4 cm™!, over a range of 4,000—
300 cm™!, acquired with a Fourier Transform Infrared
Spectrophotometer (Bruker Tensor 27, Bruker Optics
Ltd, Germany) operating in absorbance mode. The liq-
uid monomer was analyzed using a polyethylene film.
Whilst the control and experimental specimens were
prepared and placed on the diamond crystal. Small quan-
tity of the specimens were places on the crystal that was
enough to cover the space for IR detection. Scans were
conducted after every minute till 10 min. The percentage
of the unreacted carbon-carbon double bonds (% C=C)
was determined from the ratio of absorbance intensi-
ties of aliphatic C=C stretching vibrations at 1638 cm™*
(Stretching vibration of methacrylate group) and aro-
matic C=0O stretching vibrations at 1720 cm™! to an
internal standard before and after curing of the speci-
men. The degree of conversion was calculated according
to the following equation used by Lohbauer et al. [26].

Degree of conversion (%)

~[1—(A1638/A1720) polymerized 100
~ [(A1638/A1720) unpolymerized ’

Atomic force microscopy (AFM)

Surface topography and roughness of the control and
experimental specimens were analysed using an Atomic
force microscopy (AFM) (n=5). AFM can provide very
high resolution images and 3 dimensional representation
of specimens. Polishing of the specimens was done using
3 um diamond polishing paste (MetaDi polycrystalline
diamond suspension, Buehler, IL, USA) Scans of the
polished surfaces were performed using AFM (MFP-3D
Asylum Oxford Scientific UK) configured as a bimodal
nanomechanical force microscope over different areas.
The resolution of the AFM was set to capture 256 data
points, irrespective of the scan range resulting in 262,144
data points per scanned area. With the 1x1 um scanned
image the. The average surface roughness was calculated
for all groups and each specimens was scanned at five dif-
ferent regions.

Antimicrobial efficacy test

The experiment was conducted using the Candida albi-
cans reference strain (ATCC 90029). The yeast suspen-
sion was prepared following the method described by
Silva et al., [27]. Briefly, the yeast strain was cultured by
inoculating it onto Sabouraud Dextrose Agar (SDA) and
incubating at 37 °C for 24 h. A yeast suspension was pre-
pared from the overnight fresh culture by taking a loopful
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of the growth and inoculating it into yeast nitrogen base
(YNB) broth, supplemented with 50 mM glucose. After
18 to 20 h of incubation, the cells were washed twice
with PBS and resuspended in YNB. The turbidity of the
C. albicans standard strain was then adjusted to 107 cells/
mL using a McFarland densitometer (BioSan, Ratsupites
iela 7 k-2, Riga, Latvia).

Biofilms were formed on PMMA surfaces that were
placed in presterilized flat-bottomed 24-well microtiter
plates (IWAKI, Tokyo, Japan). For the adhesion phase,
2.0 mL aliquots of standard yeast cell suspensions were
deposited into each well with a single disc and incubated
at 37 °C for 90 min in an orbital shaker at 75 rpm. Fol-
lowing the adhesion phase, the cell solution was carefully
removed by aspiration and each specimen was further
rinsed twice with PBS. To achieve the biofilm phase, each
well was supplied with 2.0 mL of freshly prepared YNB
containing 100 mM glucose. The plates were transferred
to an incubator at a temperature of 37 °C placed on an
orbital shaker at 75 rpm for 24 h. Following the 24-h
incubation, the solution was remove and the specimens
were rinsed with PBS and MTT assay was conducted
using the MTT cell proliferation kit (Roche Diagnostics
GmbH, Germany). A known volume of the MTT label-
ling reagent was added to each well and incubated for
4 h. At the end of the incubation period a known volume
of the solubilization solution was added to each well and
incubated overnight and colorimetric absorbance was
measured at 580 nm (reference wavelength at 650 nm)
using a plate reader (CLARIOstar® BMG Labtech, GmbH,
Germany).

Scanning Electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to visual-
ize the cells on the specimens. The specimens were fixed
with 3% paraformaldehyde in PBS for 2 h, followed by
refrigeration overnight. They were then treated with 1%
osmium tetraoxide for 2 h and dehydrated by sequen-
tial exposure to increasing concentrations of ethanol
for 10 min each. Subsequently they were air dried and
mounted on aluminum stubs with carbon double adhe-
sive tape and sputter coated under vacuum with gold
(JEC-1600, JEOL, Japan). Then the specimens were
stored in a desiccator until examination under SEM
(JSM- InTouch Scope 200, Jeol, Japan) with an accelerat-
ing voltage of 15 kV and a working distance of 10.8 mm at
different magnifications.

Statistical analysis

The data is presented as mean + standard deviation (SD).
For the microhardness, flexural strength, flexural modu-
lus, compressive strength, contact angle, and degree of
conversion, the data were checked for normality distri-
bution using Shapiro-Wilk test. The statistical significant
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in between the groups was identified using ANOVA fol-
lowed by the a Tukey’s post hoc test for pair wise com-
parison at a statistical significance of p<0.05. A two-way
ANOVA was conducted for the degree of conversion
to compare the effect of time intervals and groups. The
analysis of the statistical data was done using GraphPad
Prism Software (Version 8.0).

Results

The microhardness, flexural strength, flexural modulus
and compressive strength of the control and experimen-
tal specimens are presented in Fig. 2a to c. Significant
difference was observed in the microhardness values
in between G1 (15.91+1.57 HV) and G2 (17.67+2.41
HV) ( p>0.001). A statistically significant difference was
also observed in between G3 (15.59+1.70 HV) and G4
(17.76 £2.35) HV) (p<0.0001). No significant differences
were noted in between G1 and G3. The obtained results
from the flexural strength revealed that all experimental
groups had efficiently fulfilled the minimum required
strength (ISO 20795-1:2013) of denture base materials
(> 60 MPa). The addition of 2.5 wt % nGO revealed the
highest flexural strength (70.83 £12.51 MPa) but this was
not significant compared to other groups. The addition
of 1 wt % BN showed less increment in flexural strength
which was also not significant compared to other groups.
Unlike flexural strength, flexural modulus displayed a
different trend with G2 showing the highest modulus (
3216.5+902.87 MPa). The highest compressive strength
was observed for G4 (58.34 +2.53 MPa), followed by G1,
G2 and G3 respectively. The lowest was noted for G3 (
50.25+3.20 MPa).

Contact angle

Figure 3 shows that the incorporation of 2.5% of nGO
(G2) and 1% hBN (G3) into the PMMA increased the
contact angle compared to control (G1) with the highest
contact angle noted in G2 (84.09° + 1.49). However, G4
had the lowest contact angle (61.4° + 2.36). The increase
in contact angle in G2 and G3 compared to the unmodi-
fied PMMA was statistically significant (P<0.05). This
means that the addition of 2.5% nGO and 1% hBN into
PMMA significantly increased the wettability of the
acrylic. No significant difference in contact angle were
noted in between G2 and G3. The synergistic addition
of 2.5% nGO and 1% hBN (G4) significantly reduced the
contact angle and increased the hydrophilicity of PMMA
compared to G1, G2, and G3.

Degree of conversion

Spectroscopic investigation conducted to analyze the
chemical spectra after nanoparticle incorporation and
degree of conversion results are shown in Fig. 4a to c and
peak identifications are shown in Table 1. FTIR analysis
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revealed differences between the unmodified PMMA
(G1) and the reinforced PMMA (G2, G3, and G4). The
peak heights at 1720 cm™! and 1638 cm™' wavelengths
were used for the calculation of the DC. The FTIR spec-
tra of PMMA samples show alpha methyl, ester methyl,
methylene C-H stretching ( 3100-2800 cm™!) and bend-
ing mode ( 1500-1350 cm™!) The carbonyl stretching
band can be observed at 1720 cm™!, this shows a sharp
peak that indicates the axial deformation of the C=0
group of the ester group. Three other bands around
1350 - 1100 region are assigned to ester group stretching
vibrations, or to couples C-O and antisymmetric C-C-O
stretching at 1241 cm™!. At 1196 and 1157 cm™! skel-
etal vibrations coupled with C-H deformations can be
noticed. Peak at 1638 is attributed to C=C connection

vibration, indicating the presence of unreacted C=C
double bonds.

The DC values from 0 min to 10 min for each of the four
groups (Fig. 4c). At 0 min, the DC of the control group
(G1) was 14.19% * 0.31. With the addition of 1% nGO
(G2) and 2.5% hBN (G3), the DC increased to 17.35% +
0.10 and 20.50% + 0.23 respectively. On the other hand,
when both nanofillers were added together to the PMMA
(G4), the DC decreased to 6.23% * 0.29. The difference
in DC that occurred at 0 min was not statistically signifi-
cant except for G 3 (P-value <0.05). However, the DC at
2 min in G 4 was statistically significant (P- < 0.05). The
DC at 8 min were G1=72.94% + 0.91, G2 =44.73% + 0.20,
G3=45.96% + 0.17, G4=30.25% + 0.21. At 10 min the
percentage of DC were G1=84.0% + 1.0, G2=52.88% +
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0.16, G3=52.81% * 0.15, G4 =31.73% + 0.25. When com-
paring G 3 and 4 to the control group at 8 and 10 min, the
decrease in the DC in both groups was statistically sig-
nificant (p<0.05), but the changes that occurred in G 2
were not statistically significant (P-value > 0.05).

Three dimensional images reconstructed by AFM
represent the surface microarchitecture of control and
experimental specimens after reinforcing them with nGO
and hBN (Fig. 5b, ¢, d and e). The surface roughness of the
specimens is shown in Fig. 5a. A statistically significant
difference was observed in between G1 (4.11+1.81 nm)
and G3 (13.59+5.99 nm) (p<0.0001). Significant differ-
ence was also noted between G2 (6.87 +2.24 nm) and G3
(**p>0.001). Addition of hBN significantly increased the
roughness whereas the control G1 had the least rough-
ness values. The representative three dimensional images
depicted in Fig. 5b to e. A relatively flat and clear sur-
face can be observed with the control unmodified speci-
men. The addition of nanoparticles resulted in elevated
notches on the surface. Which indicated the presence of
nanoparticles. Increase in the height can be attributed to
agglomeration which can also be noted in G2, G3 and G4
specimens.

Results from the assay antimicrobial efficacy test are
shown in Fig. 6a. A significant difference was observed in
between G1 and G2 (p<0.05). No significant influence on
the C.albicans biofilm formation was observed in other
groups. Scanning electron microscopy images of the rep-
resentative groups are also shown in Fig. 6b, ¢, d and e.
C.albicans can be observed adhering to the surface of
each groups.

Discussion

Contemporary dentistry is facing a significant challenge
due to the increment in the number of aging population
worldwide. This has led to heightened demands for dental
interventions amongst geriatric populations. This is due
to their economic and other medical reasons. Research-
ers are pushing the boundaries of nanotechnology and
science to innovate in order to overcome drawbacks of
existing biomaterials with respect to denture fractures
and microbial adhesion [15]. The emergence of hBN as
a novel analogue to graphene has sparked considerable
research interests as well [7, 18, 28]. However, there are
limited studies in dental applications that dwell into the
impact of using nGO and hBN alone or in combination.
Previous reports have suggested that a combination of
two or more materials with different composition, mor-
phology and characteristics can lead to products with
customized physical, chemical and biological properties
[15]. In our study, we selected 2.5 wt % nGO and 1 wt%
hBN as reinforcing agents based on research and their
specific properties. Lee et al. reported a concentration of
2 wt% as an additive in PMMA [3]. Given that nGO has
shown to function as a reinforcing agent as lower con-
centration 2.5 wt% was used as the optimal amount in the
current investigation. As for hBN, although studies have
explored lower concentrations of 0.8 [29] and 1 wt% [7],
we opted for 1 wt% to not only mask the darkness of nGO
but also to enhance the physiochemical and mechani-
cal properties. Based on the results of the current study,
the null hypothesis had to be rejected, since there were
statistically significant difference in surface microhard-
ness, compression strength, contact angle and degree of
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Fig.4 (A)Representative image of FTIR spectra of liquid monomer, powder and polymerized, depicting peaks at 1720 and 1638 for measuring the area in
order to calculate the degree of conversion (B) representative spectra of groups G2, G3 and G4 at 0 min and after 10 min of mixing; (C) Degree of conver-
sion in percentage plotted against time point from all groups with mean and SD. ** p>0.001, **** p <0.0001

conversion of the specimens with nGO, hBN alone and in
combination vs. control specimens (G1).

The mechanical properties of the PMMA specimens
were systematically tested. Surface microhardness of
dental prosthesis are correlated to their wear resistance
during the clinical service. Results from the microhard-
ness observed in the current study could be attributed to
the presence of nGO, since it is well reported to play a
pivotal role in crack deflection and bridging when incor-
porated into a matrix [3]. Contrary to the current find-
ing doping of PMMA with graphene nanofibers have
reported no significant changes with respect to micro-
hardness and surface roughness [16]. Whilst there are
mixed reports about the microhardness with graphene
reinforcement, a study reported that the addition of
0.15 mg and 0.35 mg of hBN nanosheets along with silver
nanoparticles increased microhardness to 194 MPa and

189 MPa respectively [19]. With respect to the results
of flexural strength and flexural modulus, no negative
impact was observed. According to the international
standard for polymer materials and ISO 20795-1:2013 for
denture base polymers, the standard states that acrylic
resin should achieve no less than 60 MPa. However, G3
( 1% hBN) displayed the lowest flexural strength. These
findings indicated that there might be lack of chemi-
cal crosslinking in between PMMA and hBN matrix
[3]. The flexural modulus represents the materials rigid-
ity. Results revealed that all tested specimens met the
ISO standards with G2 showing the highest modulus
(3.2 GPa). Although hBN is known to effect mechani-
cal integrity since it can trigger a strong interaction with
polymers via 7- x interaction, polarized nature of hBN
bonding or high specific area [18]. The compressive
strength analysis revealed a viscoplastic behaviour with
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Table 1 Peakidentification of monomer and PMMA peaks
depicting the peaks shifts

MMA PMMA  PEAKIDENTIFICATION

(em™)  (em™)

2989 2954 Axial deformation of the C-H bond of the
-CH; group

2954 2923 Axial deformation of the C-H bond of the
-CH, group

1719 1720 Axial deformation of the C=0 group of the ester
group

1635 1637 C=C connection vibration

1438 1402 Symmetrical angular deformation of the group
-CH,

1380 1377 Angular deformation of the -CH; group

1301 1280 C-O vibration of the trans-conformation ester
group

1191 1196 Vibration of the trans-conformation group -O-CH;

— 1158 C-C vibration of polymer chain

750 750 Asymmetrical angular deformation of the

CH, group

a considerable amount of plastic deformation. As the
strain rate increased an extended roll-over phenomenon

25_ *%kk

*% |

Ra values (nm)
- - N
o a o
1 1 1

(3]
1

(A) Gl G2 G3 G4

(C)

(D)
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was observed for all specimens [30]. Further studies are
needed for optimizing salinization of nGO and hBN for
improving mechanical properties.

nGO and hBN have inherently rough surface at the
nanoscale [31]. When incorporated into PMMA they can
increase the overall roughness of the composite materi-
als. A rougher surface typically enhances the wettability
by aiding in more sites for liquid adhesion [32]. Further-
more, nGO and hBN inherently have high surface ener-
gies due to their chemical compositions and functional
groups [31]. When added to PMMA these materials may
increase the overall surface energy of the composite,
which can also enhance the wettability. The synergistic
effect of nGO and hBN addition can contribute to the
results observed in the current study. This can be corre-
lated to the fact that when combined these materials can
have a more pronounced effect to enhance the wettability
compared to the materials when they are added as a rein-
forcing agent alone to PMMA.

Spectroscopic investigation were conducted to reveal
chemical alterations in the pure and experimental spec-
imens. The spectral data revealed that no significant

9.0 nm
45

0o

1.0 um

00 02 04 08 o8 1.0pm

(E)

Fig. 5 AFM represents quantitative as well as qualitative data about the effect of reinforcing acrylic resin with different nanoparticles.(A) The surface
roughness values in nanometers are shown for G1, G2, G3 and G4. Values are shown as mean and SD, statistically significant difference is denoted as, **
p>0.001, **** p<0.0001. Representative images of the morphological surface of the examined groups are also shown.(B) G1, (C) G2, (D) G3, and (E) G4
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Fig. 6 Antimicrobial efficacy test of nGO and hBN incorporated PMMA against C.albicans. After seeding for 24 h the levels of attachment were deter-
mined using MTT assays, values presented are mean + SD, statistically significant difference is denoted as asterisk (**) p>0.001 (a). Representative scan-
ning electron microscopy images showing the morphology of C.albicans on the specimens (b, c d and e). All images are scaled at 2 ym

alterations and lack of new peak formations or shifting.
The absence of these chemical alterations with respect
to graphene have also been reported previously [10, 16].
Indicating that there is possibly physical interactions in
between the nanomaterials and PMMA. Alternatively
this could be due to homogeneous dispersion of a shal-
low concentration of nGO and hBN within the PMMA
matrix [16]. Besides physical interaction, there is a pos-
sibility that nGO and hBN may interact chemically with
PMMA by altering its properties. More specifically func-
tional groups on the nano-materials can form bonds or
interactions with PMMA molecules. nGO can form
hydrogen bonds between PMMA and functional groups
in nGO, due to the presence of the carbonyl region which
can interact with oxygenated groups on the nGO surface.
If higher concentration of nGO is added then the C=0O
fraction of PMMA is bonded by hydrogen bonding This
consequently synergizes to create a toughening mecha-
nism, such as crack deflection [33]. The degree of conver-
sion is direct proportionality with mechanical, thermal
and chemical properties. Higher DC polymers generally
exhibit greater stiffness and strength [34]. Moreover, they
are less likely to undergo deformation, cracking or break-
down. In agreement with the study conducted by Alanasy

et al, with the addition of hBN the DC% decreased;
however, the concentration used was different (0.3% and
0.5%), and the decrease was not statistically significant
[3]. Perhaps a higher concentration of hBN equal to that
added for nGO could have a more pronounced effect on
the degree of conversion. In order to gain more insights
into the polymerization kinetics it would be better to
conducted characterization techniques like thermo-
gravimetric analysis, differential scanning calorimetry,
dynamic mechanical analysis or gel permeation chro-
matography. The results of DC are also in agreement to
the investigation conducted by Aati et al. [10]. They also
observed a reduction in the degree of conversion when
0.05 and more nGO was added (85-82%). The higher
values could be due to the use do a 3 D printed acrylic
resin for their study. Contrary to the results observed
in the current study, another investigation showed that
nGO addition improved the curing behavior of the epoxy
resin by acting as aa catalyst [16].

Surface roughness is a pivotal aspect to be considered
when fabricating a dental restoration. Reports suggest
that roughness and shape of surfaces affect aesthetics
and biomechanical properties of prosthesis. The addi-
tion of nGO alone resulted in relative increase in surface
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roughness due to its higher surface area, inconsistent
thickness and shape of the nGO. The increased rough-
ness of G3 could be due to structural mismatch between
the nGO and hBN, that could results in a more complex
surface structure due to potential agglomeration or may
be a mismatch in the bonding. Uneven distribution can
also cause microscopic irregularities. An added advan-
tage of this nanoscale roughness of specimens with
nGO and hBN could be an enhancement in mechani-
cal interlocking with polymer chains [35]. Nevertheless
the surface roughness values stayed below the suggested
threshold of dental biomaterials (0.2 um) that contribute
to decreasing the accumulation of debris or biofilm adhe-
sion as well [36]. PMMA surfaces are well reported to be
prone to C.albicans adhesion and colonization which are
correlated with severe local and systemic infections in
denture wearing patients [37]. With respect to the results
of the microbial susceptibility test a number of studies
have shown an antibiofilm effect of nGO [38] and hBN
[39]. Ionescu et al. reported that presence of graphene
in PMMA reduced biofilm formation. This was also
observed in the current investigation, whereby signifi-
cant differences were noted in between control G1 and
G2 group. The process of microbial adhesion is a much
more complex phenomenon and it still no fully under-
stood [40]. It encompasses surface characteristics like
nano-roughness, topography and surface free energy. The
reduction in the biofilm could be related to the physical
disruption of the membrane of cell wall and oxidative
stress induction, resulting in microbial inhibition [16].
Needless to say, these results require a confirmation from
in-vivo clinical studies and must be considered within
their limitations.

Although PMMA a relatively affordable biomaterial,
graphene oxide and boron nitride are expensive nano-
materials, primarily due to their production. This aspect
need to considered when synthesizing novel materials for
the wider clinical impact. However these high costs can
be offset by the improvements in the materials properties
that might offer longer lasting products, which could be
cost effect in the long term. When adding fillers to the
polymer matrix, it is important to ensure that the fill-
ers are uniformly dispersed throughout the matrix in
order to have accurate results when the mechanical and
chemical tests are done, especially when using graphene
because it tends to agglomerate. This agglomeration is
caused by the intrinsic van der Waals forces of the gra-
phene [5]. With ultrasonic mixing, the percent of agglom-
eration tends to decrease. So, one of the limitations of our
study is the use of hand mixing instead of the ultrasonic
mixing. Whilst the current investigation provides valu-
able insights into the effect of novel nanoparticles like
nGO and hBN, there are additional avenues for future
research that could further enhance our understanding
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of these biomaterials. Particularly, evaluating viscosity,
color stability, thermal properties of modified denture
resin, such as glass transition temperature and coefficient
of thermal expansion would aid in a more comprehen-
sive understanding of how these nanoparticles influence
biomaterials under different temperature conditions.
Additionally scanning electron microscopy could also be
employed to investigate the ultrastructural morphology
and dispersion of nanoparticles within the resin matrix.
Another limitation could be curing the resin under ambi-
ent room temperature. In future it can be considered to
cure the resin under pressure at a slightly elevated tem-
perature for 15 to 15 min this might affect the gas bubble
formation within the curing resin. Therefore the use of
nanoparticle in the form of nGO and hBN could have a
positive impact on the properties, but the risks and ben-
efits should be carefully taken into considerations and
safety standards should also be adhered.

Conclusion

The current study is suggestive of the fact that nGO and
hBN can be used as either alone of synergistically as
reinforcing agents in PMMA denture acrylic resin. The
expected increment in the properties could enhance
the longevity of denture, ultimately resulting in a bet-
ter patient satisfaction, reduced maintenance costs and
lesser complications associated with the long term use of
these materials. Future work could focus on optimizing
the composition and processing conditions to maximize
mechanical and functional properties while minimiz-
ing negative impacts physiochemical performance and
microbial adhesion. For clinicians, this delivers an oppor-
tunity to give more durable and personalized dentures
that can address functional and aesthetic concern. Over-
all enhancing the quality of care in Prosthodontics.
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