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and TiO2 Nanoparticles

Fatin Assim Youssif*, Entessar H.A. Al-Mosawe, Wafaa A. Hussain

Applied Science Department, University of Technology, Baghdad, Iraq

Abstract

Polymethyl methacrylate (PMMA) suffers from poor mechanical properties that limit its application in the biomedical
field. In this study, PMMA was reinforced with zirconium dioxide (ZrO2) and titanium dioxide (TiO2) nanoparticles;
subsequently, the hardness, porosity, biocompatibility, bacterial adhesion, and colonization of the reinforced PMMA
with various oxide nanoparticles were characterized. The results of this study indicated that reinforced material inhibits
bacterial growth and decreases bacterial adhesion by decreasing porosity and increasing PMMA hardness. Based on the
findings, 3 wt% PMMA-ZrO2 and 3 wt% PMMA-ZrO2 -TiO2 composites significantly inhibited bacterial growth and
adherence while maintaining hemolysis PT and INR and enhancing the hardness and decreasing porosity.

Keywords: PMMA, TiO2, ZrO2, Hemolysis, Bacterial adhesion

1. Introduction

I n recent years, biomaterial fields have become an
exciting area for many researchers in different

domains [1]. Polymethyl methacrylate (PMMA) is
the most common material that is used in dentures
for many reasons, such as color-matching, ease of
processing, stability in the oral environment, low
cost, nontoxic, and tasteless [2,3]. Despite this, some
disadvantages need to be solved, for example, the
adhesion and colonization of certain microorgan-
isms on PMMA dentures caused by the surface
roughness and porosity of the PMMA [4,5], which
lead to plaque organization or other oral diseases
[6], such as candidiasis, dental caries, gum disease,
and even pneumonia [7,8].
Nanomaterials have become the main limelight of

many researchers in different medical fields [9e13],
designing anti-microorganism drugs via nano-
particles strategies using their physicochemical
properties, like, as ultra-small shapes, increased
chemical reactivity, and high surface-area-to-mass

ratios. Nanoparticles (NPs) may be a potential
treatment and prevention method for dental in-
fections [14].
Reinforced acrylic dentures by NPs can decrease

the porosity of PMMA due to the low porosity of
nanocomposites [15] and reduce the roughness by
using polishing techniques that can reduce the
ability of microbial adhesion [16].
Metal and metal oxide NPs such as zinc oxide,

zirconium oxide, gold, silver, and titanium oxide
nanoparticles have received attention due to their
antibacterial properties against harmful microbes.
They are very tiny and possess several sophisticated
physical and chemical properties. They have been
employed as antibacterial agents because of their
advanced properties. Due to their tiny size, such
nanoparticles may easily infiltrate microbial cells
and trigger inhibitory processes inside them. The
bacteriostatic or bactericidal impact of nanoparticles
is achieved through either restricting their food
source or destroying their cell membrane [17].
Sundrarajan et al. [18] discovered that the
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investigated ZrO2 NPs have antibacterial and anti-
fungal properties. Furthermore, Ahmed A. Thamir
et al. demonstrated the antibacterial efficacy of ZrO2

NPs synthesized using the solegel process against
pathogenic bacteria such as Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) [19].
We utilized titanium dioxide nanoparticles (TiO2-

NPs) in this investigation for various reasons,
including their cheap cost, chemical inertness, non-
toxicity, high hardness, corrosion resistance, and
antibacterial activity [20].
Zirconium dioxide nanoparticles (ZrO2-NPs) are

an essential substance in industrial and advanced
biomaterials, and they have also been employed in
this study due to their unique qualities, which
include chemical resistance and remarkable me-
chanical strength [21,22]. Its outstanding biocom-
patibility is matched by its low cytotoxicity, excellent
carry properties of ZrO2-NPs, and good corrosion
resistance, metallic characteristics, and hue, which
are similar to those of a tooth. Therefore, ZrO2 is
widely utilized in dental implants as a common
biomaterial [23].
Due to the photocatalytic characteristics of TiO2

NPs and ZrO2 NPs [24], microorganisms are
decomposed due to the generation of reactive oxy-
gen species (ROS) such as O2, OH, H2O2, and HO2.
ROS interacts with cell membranes, Deoxy-
ribonucleic acid (DNA), and thiol groups in proteins
to have antimicrobial effects. Certain classical
bactericidal medicines and nanomaterials produce
ROS as an alternate or primary antibacterial action.
These ROS act as both therapeutic and toxic
chemicals [25]; they are often used to treat or pre-
vent soft tissue infections, but not systemic in-
fections [26]. In addition, the attachment of TiO2

NPs to the cell membranes of many species may
impact and disrupt the permeability of the cells,
generate oxidative stressors, and impede cell pro-
liferation [19,27e29].
However, (Verran et al.) [30] indicated that the

intrinsic propensity of nanoparticles to generate
radicals might affect their antibacterial characteri-
stics.
In this study, we used different ratios of TiO₂-NPs

and ZrO₂-NPs (1 wt%, 2 wt%, 3 wt%, and 10 wt%)
also 3 wt% as a mix between TiO₂-NPs and ZrO₂-
NPs to prepare the PMMA-NPs composite samples,
to study the inhibitory effect of the oxide nano-
particle composites on microbial adhesion and
colonization, reduce the porosity that might
decrease the bacterial adhesion on the denture,
determine the impact of nanoparticle composites on
hardness, and human blood biocompatibility (he-
molysis, PT, and INR).

2. Materials and methods

2.1. Materials and reagents

Crystal violet dye (BDH, England), Lishman stain
(Sigma, USA), Ethylenediaminetetraacetic acid
(EDTA) (US Biological, US), yellow stone (ISO 6873,
Firenze-Italy), normal saline solution (Rasan Phar-
maceutical, Iraq), prothrombin time (PT) (human,
Germany), international normalized ratio (INR)
(human, Germany), phosphate buffer saline com-
ponents (BDH, England), Heat-polymerized resin
PMMA (Superacryl Plus powder, SpofaDental a.s.,
Jicin, Czech Republic), methyl methacrylate (MMA)
(Respal NF: Heat Curing Resin (Liquid) Spd, Den-
taltix, Madrid, Spain), and sodium citrate tubes
(biozek medical, Netherlands), MacConkey agar
(Oxoid, England), nutrient agar (Oxoid, England),
TiO2-NPs (hongwu international group Ltd, China),
The remaining chemicals were used at analytical
concentrations.

2.2. Preparation of ZrO2 nanoparticles

The typical procedure for preparing ZrO2 nano-
particles (ZrOCl2.8H2O) was mixed with deionized
water, and NaOH then has applied dropwise
mixture until the pH reached 7, as well as the white
slurry was formed and precipitated, then retained in
an air oven at 90 �C for 2 hrs and then 400 �C for 1
hrs, using a previously developed procedure [31].
After sintering, the resulting powder was crushed
until given a fine powder, as shown in Fig. 1.

2.3. ZrO2 nanoparticles characterization

2.3.1. X- Ray Diffraction technique (XRD)
X-Ray Diffraction)XRD(was chosen to study the

crystal structure of ZrO2 nanoparticles; the device
generated Cu-k radiation with a wavelength of
(¼ 0.154 nm) at 40 mA and 40 kV.
The samples were scanned while still at room

temperature. Day Petronic Company in Tehran,
Iran, carried out this analysis.

2.3.2. Energy-dispersive X-ray spectroscopy (EDX)
and scanning electron microscope (SEM)
Scanning electron microscope (SEM) is a sort of

high-resolution electron microscopy in which a
powerful electron beam is used to probe a specimen
on a very tiny scale in order to get further details
about nanoparticles. These micro and nanosized
materials may be monitored in real-time using this
surface imaging technology to monitor their pro-
duction, size, distribution, and shape.
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We would be able to investigate both chemically
direct analytical composition and nanopowder
shape using Energy dispersive X-ray (EDX) and
SEM [32]. EDX analysis was used to measure the
ratio of ZrO2 in the sample, which was prepared as a
thin film for the experiment.
This procedure enabled us to examine the sam-

ple's morphology and elemental content. Day Pet-
ronic Company, Tehran, Iran, conducted this
analysis.

2.4. Preparation of PMMA and PMMA/NPs
composite

To standardize acrylic resin specimens, molds
were made from a metallic square pattern with
suitable measurements for the future specimen
(height: 3 mm; diameter: 40 mm). The heat-poly-
merized denture base poly methyl methacrylate
resin (Superacryl Plus powder, SpofaDental a.s.,
Jicin, Czech Republic) was prepared under the
manufacturer's recommendations. 6 g of powder
was combined with 2.5 ml of monomer for each
specimen, using a previously developed procedure
[33]. The powder contains ZrO₂-NPs in various
percentages based on polymer mass: 1 wt%, 2 wt%,
3 wt%, and 10 wt%. The exact ratios were generated
using TiO₂-NPs and a sample containing 3wt%
nanoparticles as a combination of ZrO₂-NPs and
TiO₂-NPs. As controls, nano particle-free specimens
were prepared.
The nanocomposites were immediately packed

into the dental flask molds made of dental stone.
Specimens were pressed to 1 ton using a hydraulic

press (Manual hydraulic press 10 TON SHOP
PRESS) [34], then polymerized the acrylic resin
using a standard electric heater by immersing them
in room temperature water and raising the water
temperature until it boiled within 1 h under the
directions provided by the manufacturer for the
curing process. The specimens were taken from the
flask after cooling [33]. Then, by using three sheets
of sandpaper consecutively (500p, 1000p, and 2000p)
to minimize the surface roughness [35], all samples
were polished and cut into 16 specimens to make
the ideal final sample for our procedures (height:
3 mm; diameter: 10 mm), we created ten groups of
sixteen samples each, for a total of 160 samples (see
Table 1).

2.5. Shore durometer hardness methodology

In recent years, the medical industry has seen a
rise in the use of metallic implants designed to

Fig. 1. (A) The alkaline solution is applied dropwise to the Zirconium Oxychlorideoctahydrate solution, (B) Zirconium dioxide gel before drying in the
oven, (C) ZrO2-NP after annealing.

Table 1. The PMMA samples reinforced by different ratios of NPs.

Samples ZrO2-NPs
wt%

TiO2-NPs
wt%

PMMA
wt%

Pure PMMA 0 0 100
TiO2-1 0 1 99
TiO2-2 0 2 98
TiO2-3 0 3 97
TiO2-10 0 10 90
3 TZ-3 1.5 1.5 97
ZrO2-1 1 0 99
ZrO2-2 2 0 98
ZrO2-3 3 0 97
ZrO2-10 10 0 90

F.A. Youssif et al. / Karbala International Journal of Modern Science 8 (2022) 503e513 505



endure high levels of mechanical stress [36]. Hard-
ness testing is a typical material property test.
Depending on the hardness specimens test type,
hardness testing analyzes materials' indent pene-
tration or other surface properties [37].
The Shore Durometer (D) scale was used to

measure the hardness of acrylic resin samples. Rigid
polymers, hard rubber, and semi-rigid plastics are
tested on the Shore D scale. Using a durometer D-
XD, a total of five points in each sample were
analyzed to arrive at the findings. The test was
conducted at the University of Technology e
Baghdad in Iraq (Shore hardness tester TH210).

2.6. The apparent porosity

Porosity directly impacts microbe adhesion in
PMMA; hence, increasing the apparent porosity will
improve adhesion.
We examined the apparent porosity using Archi-

medes' principle. This method is based on the
weight change of samples when wet and dry, as well
as the weight of samples while immersed in water
[38]. The following equation was used to calculate
the samples' apparent porosity [39]:

The apparent porosity ¼ (S � D)/ (S � I) � 100%(1)

D: Weight of the dray sample.
S: Weight of the saturating sample.
I: Weight of the immersed sample.

2.7. Blood compatibility

2.7.1. Hemolysis assay
The specimens are first sterilized and then

immersed in 2 ml of 0.9 sodium chloride for 2 days
at 25 �C. A healthy volunteer gave blood, centri-
fuged to separate the red blood cells (RBC) from the
plasma, and then washed five times to remove any
leftover plasma from the RBC. Then, 1 ml of RBC
was mixed with 4 ml of phosphate-buffered saline
(PBS) to create a 20% v/v RBC suspension. 0.5 ml of
the sample solution was transferred to a 200 ml
suspension and maintained in a water bath for
90 min at 37 �C. The suspension was centrifuged for
4 min at 1000 RPM, and the optical density of the
filtrate solution at 541 nm was determined using a
spectrophotometer.
The positive control consisted of 200 ml of RBC

suspension in 1 ml of water, while the negative
control consisted of 200 ml of RBC suspension in 1 ml
of PBS. Three tests were done concurrently on each
sample group. The hemolysis ratio was calculated
using the following equation:

Hemolysis% ¼ (As � An)/(Ap � An) � 100% (2)

The absorbance of the sample, negative, and
positive control, respectively, are denoted by As, An,
and Ap.
For the blood film formation, the sediment (RBCs)

was stained for 2 min with Leishman stain, dried,
and rinsed with distilled water. A 40� magnification
light microscope was used to examine the blood film
[40].

2.7.2. Prothrombin time (PT) and the international
normalized ratio (INR) assay
For 48 h, samples of PMMA composite were

immersed in 0.5 ml of 0.9% sodium chloride. After
drawing blood from a healthy volunteer, the blood
was put in tubes with sodium citrate, centrifuged,
and 180 ml of plasma was mixed with 20 ml of the
sample solution. Then, 50 ml of this combination
was added to semi-automated equipment (from
Human Company, Germany) and incubated at
37 C⁰, followed by the addition of 100 ml of throm-
boplastin liquid and the recording of Prothrombin
time (PT) and international normalized ratio (INR)
values.
0.9 sodium chloride was employed as a control.

Each sample group was analyzed three times in a
row [41].

2.8. Bacterial adhesion and colonization

There are numbers of oral conditions that may
lead to more serious health difficulties if microor-
ganisms adhere to particular mouth surfaces and
dental plaque forms on these areas; S. aureus, a
Gram-positive bacteria, and Klebsiella pneumoniae
(K. pneumoniae), a Gram-negative bacteria, were
obtained from Yarmouk Teaching Hospital patients,
cultured on MacConkey agar, isolated, stained with
Gram stain, and identified using VITEK® 2.
To begin the experiment, stock solutions of bac-

teria containing 1.48108 cells/ml were produced in
normal saline. The autoclave was used to sanitize all
of the samples for 15 min 10 ml of the stock was
applied to the surface of each sample under steril-
izing conditions and incubated for 4 h.
Three washing with 0.9 percent sodium chloride

were performed to remove the unattached or
inhibited bacteria from the sample's surface. After
centrifugation for 20 min at 4000 RPM with 1 ml of
0.9 percent sodium chloride, unattached and
inhibited bacteria were released from the specimen
surface into the solution using a previously devel-
oped procedure [42]. Following that, using the
spread plate technique, 50 ml of the solution was
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grown on MacConkey Agar for K. pneumoniae and
nutrient agar for S. aureus. As a control, we used a
sample made entirely of PMMA.

2.9. Statistical analysis

By comparing the means of three groups, the
significance of variances across groups and the
standard error of the mean (SE) were investigated
by using the one-way analysis of variance (ANOVA)
was used, followed by a posthoc Tukey test to vali-
date the statistical difference between the means
and compare them to the means of the control
sample. The following are the significance values for
a one-way analysis of variance (ANOVA): (not sig-
nificant: p > 0.05, *p < 0.05, **p < 0.01, and
***p < 0.001).
OriginPro 2021b (OriginLab, Northampton, MA,

USA) and GraphPad Prism 9.3.0 were used to
calculate statistical significance (Software, Inc., San
Diego, CA, USA). OriginPro 2021b was used to fit
the values to the plotted points.

3. Results and discussion

3.1. ZrO2 nanoparticles characterization

3.1.1. X- Ray Diffraction technique (XRD)
Figure 2 shows the XRD pattern of the generated

ZrO2 nanoparticles, which is similar to the XRD
pattern peaks of amorphous ZrO2 in (C.O. Chikere
et al.) study [43], which displayed similar charac-
teristic peaks of 2 theta degree (8.4⁰, 31.3⁰, and 53⁰).
On examination of the structures, one can see the
large peak of tetragonal ZrO2 and another of
monoclinic ZrO2. For example, the presence of [Zr
(OH)4þ2.H2O]4 þ 2(OH)8 hydroxo-complex during
the generation stage may explain the formation of
tetragonal-shaped zirconia, the main phase of
nanoparticles. The hydroxide complex has previ-
ously been linked to zirconia nanoparticle synthesis.
This work attributed the predominant tetragonal
phase to the presence of NaOH throughout the
hydroxoeformation complex's stage [43,44] (see
Table 2).

3.1.2. Energy dispersive X-ray spectroscopy (EDX)
While the EDX spectrum of pure ZrO2 has peaks

for the elements Zr and O, the EDX spectrum of
composites includes peaks for the elements Oxygen
(O), Carbon (C), chlorine (Cl), Hafnium (Hf), and
zirconium (Zr). Due to small peaks of C, Cl, and Hf
in the spectrum, negligible contaminants have been
discovered. The intensities of the O and Zr peaks
vary linearly with the concentrations of their

respective predecessors of ZrO2, around 74:15 is the
Zr/O weight ratio, as seen in Fig. 3.

3.1.3. Scanning electron microscope (SEM)
The shape and microstructure of the sample were

investigated using the scanning electron microscope
(SEM), as shown in Fig. 4. The particles in this zir-
conia sample range from approximately 6 to 18 nm.
Figure 5 depicts the Zirconia particle size distribu-
tion as seen using a scanning electron microscope
(SEM). As previously stated, the average diameter of
zirconia particles is 12.63151 nm, which will fill up
the pores in the resin samples.

Fig. 2. (A) The XRD of the ZrO2-NPs sample generated in this research
reveals that the peaks are identical to those of a ZrO2-NPs sample from
a prior work in shape (B) [43].

Table 2. Peak list.

Pos.
[�2Th.]

Height
[cts]

FWHMLeft
[�2Th.]

d-spacing
[Å]

Rel.
Int. [%]

8.4 (4) 131 (97) 2 (1) 10.49451 45.91
31.3 (4) 285 (51) 9 (1) 2.85971 100.00
53 (1) 100 (42) 10 (2) 1.71912 35.07
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3.2. Hardness shore D

Figure 6 depicts a histogram of the hardness
values of PMMA and its composites. ZrO2 and TiO2

nanoparticles distributed in PMMA-NPs composites
considerably increase the hardness qualities
compared to pure PMMA.

Additionally, TiO2-NPs have a better potential to
increase the hardness of the resin alloy than ZrO2-
NPs. However, the hardness properties of ZrO2-
NPs in ZrO2-NPs-rich acrylic resin samples are
significant compared to pure acrylic resin. Since
specimens' hardness ratios grow linearly with
increasing hardness, a specimen containing 10 wt%

Fig. 3. The SEM images and EDX spectrum of zirconia powder.
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TiO2-NPs surpassed all others (91.0 N/mm2) in
terms of hardness; furthermore, due to the syner-
gistic interaction between ZrO2 and TiO2, 3 wt%
ZrO2eTiO2 exhibited superior results in hardness
than 3 wt% ZrO2 or 3 wt% TiO2 alone. Its results are
comparable to those of other researchers (Mina S.
et al.) [45].

3.3. The apparent porosity ratio

Reducing surface roughness and apparent
porosity on the specimens' surfaces are important

factors restricting bacterial adhesion. As shown in
this study (Fig. 7), apparent porosity is consistently
reduced when nanoparticles are continually
incorporated into PMMA; the specimens contain-
ing 10 wt% of the total weight of nanoparticles had
the lowest percentage of porosity. Due to the
synergistic interaction between ZrO2 and TiO2 [45],
3 wt% ZrO2eTiO2 displayed a lower apparent
porosity value than 3 wt% ZrO2 or 3 wt% TiO2

alone.

Fig. 4. Zirconia imaged using scanning electron microscopy (SEM).

Fig. 5. The size distribution of zirconium dioxide nanoparticles.
Fig. 6. Significant increase in hardness values in all composites mate-
rials. ***P < 0.001.
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3.4. Blood compatibility assays (in-vitro)

3.4.1. Hemolysis assay
This project aimed to develop clinically viable

PMMA composite resins that would directly contact
human tissue and blood. When composite materials
fail to meet the blood compatibility performance
standards, it not only affects their clinical applica-
tion in the oral region but also poses severe health
risks to the rest of the body.

In this study, we have tested the blood compati-
bility of PMMA resin composite samples using he-
molysis, INR, and PT. Compared to a positive
control that completely hemolyzed RBCs, the lower
concentration ranges of PMMA-NPs composites
exhibited no adverse impact on RBC shape. Most
hemolysis occurred in a composite sample con-
taining 10 wt. % ZrO2-NPs remained within the
normal range (0e5%).
According to this research, nanoparticle compos-

ites might be employed in several applications since
they are particularly compatible with blood if used
in low quantities (Fig. 8).

3.4.2. Prothrombin time (PT) and the international
normalized ratio (INR) assay
In the case of TiO2-NPs-PMMA composites, all

samples have a statistically significant influence on
PT and INR values, and it is not suggested to use
any of them, despite the effect of 1 wt% TiO2-NPs.
Even though the TiO2-NPs sample is still within the
normal range (12e15), employing a combination of
TiO2-NPs and ZrO2-NPs has shown better biocom-
patibility results than using TiO2-NPs alone.
On the other site, ZrO2-NPs had a lower influence

on PT & INR values than TiO2-NPs. They so could
be suggested for denture base manufacture and
further use, with the exception of a high ratio of
ZrO2-NPs (10 wt%), which had a considerable effect
on PT & INR values, preventing its usage at high
ratios (Fig. 8).

Fig. 7. This graph represents the decrease in apparent porosity of nano-
oxides composite samples as compared to pure samples. *P < 0.05,
***P < 0.001.

Fig. 8. This chart shows the biocompatibility (hemolysis, PT, and INR) of nano-oxide composite materials compared to the pure samples. *P < 0.05,
**P < 0.01, ***P < 0.001.
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3.6. Inhibition of the bacterial adhesion and
colonization to PMMA-NPs composites

We remarked from the results of this study that
all nano-oxides composite samples have the po-
tential to minimize adhesion and inhibit the growth
of K. pneumoniae on the samples' surfaces, unlike
with pure samples, where we can clearly identify
and count K. pneumoniae colonization on the surface
of the sample on MacConkey agar, as seen in Fig. 9.
In terms of S. aureus bacteria, we discovered that
the reinforced samples with (3 wt% and 10 wt%
ZrO2 NPs, 10 wt% TiO2 NPs, and 3 wt% ZrO2eTiO2

NPs) had more effectiveness than the other sam-
ples with lower percentages of nano-oxides, and we
observe more intense growth in the pure samples,
Fig. 10.
These findings can be explained by a decrease in

the porosity of the sample surfaces, which reduced
bacterial adhesion, as well as the ROS (O2, OH,
H2O2, and HO2) produced by nano-oxide particles,
which have the ability to inhibit bacterial growth by
interacting with cell membranes, DNA, and thiol
groups in proteins to have antimicrobial effects,

these findings are comparable to those of (Guofeng S.
et al.) [46] who confirmed the antibacterial action of
nano-oxide materials.
The significant inhibition of S. aureus growth on

the surface of the 3 wt% ZrO2eTiO2 NPs composite
samples and the presence of S. aureus on the surface
of the 3 wt% TiO2 NPs composite samples was a
consequence of the synergistic interaction between
ZrO2 and TiO2, comparable to the findings of
(Yinghan L. et al.) [47].

4. Conclusion

The magnitude of the measured values suggests
that the 3 wt% PMMA-ZrO2 and 3 wt% PMMA-
ZrO2-TiO2 composites showed the best results in
terms of their inhibition of bacterial growth and
their effects on biocompatibility (hemolysis, PT, and
INR) within the normal limit, unlike previous com-
posite samples with higher nano-oxide ratios that
exhibit stronger antibacterial efficacy but also a
higher influence on biocompatibility in human
blood (slightly above the normal range of PT and
INR tests).

Fig. 9. As seen in this figure, nano-oxide composites have a considerable effect on K. pneumoniae that have been cultured on MacConkey agar plates.

Fig. 10. This figure shows the colony forming units (CFU) of S. aureus bacteria on nutrient agar plates cultured using the spread plate technique.
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The findings also revealed a significant rise in
hardness values and a significant reduction in
porosity values when the weight ratios of the nano-
oxides increased in all samples.

5. Recommendations

The author recommends further study of the
samples in this study on animal blood and tissue.
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