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ABSTRACT

Objective: To evaluate the effects of incorporating calcium aluminate cement (CAC) and monoclinic zirconia (Z)
into polymethylmethacrylate (PMMA) bone cement on in vitro osteogenesis. Material and Methods: Samples
of pure PMMA, PMMA+CAC 7.5% (wt%) and PMMA+Z 7.5% (wt%) were prepared. The formulations were
characterized by scanning electron microscopy, energy-dispersive spectroscopy, Fourier-transform infrared
spectroscopy, and wettability analysis. For biological assessment, mesenchymal stem cells derived from Wistar
rat femurs were cultured on the samples. Cellular response was analyzed by cell viability assay, protein synthesis,
alkaline phosphatase (ALP) activity, tumor necrosis factor-alpha (TNF-a) expression by ELISA, and mineralized
nodule formation. Results: All groups exhibited cell viability greater than 70% (p>0.05). ALP activity and protein
synthesis showed no significant differences (p>0.05). TNF-a expression was significantly higher in the control
group (41.25 = 17.00 pg/mL) compared with PMMA (22.97 = 7.08; p<0.01), PMMA+Z (25.76 + 13.08;
p<0.05), and PMMA+CAC (28.99 = 14.71; p<0.05), suggesting inflammatory modulation. All groups presented
mineralized nodules. In the wettability analysis, a numerical reduction in the contact angle was observed for
PMMA +7Z compared with pure PMMA, but without statistical significance (p>0.05). Conclusion: The addition of
CAC and Z to PMMA resulted in more homogeneous surfaces, a trend toward increased wettability, and reduced
TNF-a expression, without impairing cell viability or osteogenic potential, highlighting the promising potential
of these formulations for bone regeneration.
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RESUMO

Objetivo: Avaliar os efeitos da incorporacdo de aluminato de cdlcio (CAC) e zirconia monoclinica (Z) ao
cimento 6sseo de polimetilmetacrilato (PMMA) sobre a osteogénese in vitro. Material e métodos: Foram
preparadas amostras de PMMA puro, PMMA+CAC 7,5% (wt%) e PMMA+Z 7,5% (wt%). As formulagdes foram
caracterizadas por microscopia eletronica de varredura, espectroscopia por dispersdo de energia, espectroscopia
no infravermelho por transformada de Fourier e andlise de molhabilidade. Para avaliacdo bioldgica, células
mesenquimais derivadas de fémures de ratos Wistar foram cultivadas sobre as amostras. A resposta celular foi
analisada por ensaio de viabilidade celular, sintese proteica, atividade de fosfatase alcalina (ALP), expressdo do
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fator de necrose tumoral alfa (TNF-o) por ELISA e formacdo de nédulos mineralizados. Resultados: Todos os
grupos apresentaram viabilidade celular superior a 70% (p>0,05). A atividade de ALP e a sintese proteica nédo
mostraram diferencas significativas (p>0,05). A expressdo de TNF-a foi significativamente maior no grupo controle
(41,25 = 17,00 pg/mL) em comparacao ao PMMA (22,97 = 7,08; p<0,01), PMMA+Z (25,76 = 13,08; p<0,05)
e PMMA+CAC (28,99 * 14,71; p<0,05), sugerindo modulacdo inflamatéria. Todos os grupos apresentaram
nodulos mineralizados. Na anélise de molhabilidade, observou-se reducdo numérica do angulo de contato para
PMMA+Z em relacdo ao PMMA puro, porém sem diferenca estatistica (p>0,05). Conclusao: A adicdo de CAC
e Z ao PMMA resultou em superficies mais homogéneas, tendéncia de aumento da molhabilidade e reducédo
de TNF-a, sem prejuizo da viabilidade celular ou do potencial osteogénico, evidenciando o potencial promissor

dessas formulacOes para regeneracio dssea.
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INTRODUCTION

Bone is a complex tissue with unique
characteristics, including regenerative capacity
and high mechanical strength. The regeneration
of bone defects caused by infections, trauma,
tumors, or genetic disorders remains a clinical
challenge that often requires the use of materials to
support the regenerative process [1]. Biomaterials
have emerged as an alternative to conventional
autogenous bone grafts, offering biocompatibility
with native tissue and modulating the cellular
microenvironment to promote the formation of
new bone tissue [2].

Among biomaterials, polymethylmethacrylate
(PMMA)-based bone cement stands out due to
its excellent mechanical properties and broad
clinical applicability, being employed in bone
reconstructions, fracture consolidation, and fixation
of prostheses and metallic implants [3,4]. However,
PMMA presents important limitations, such as
the exothermic reaction during polymerization,
the release of residual toxic monomers, and
the absence of bioactivity, factors that may
compromise tissue regeneration [5,6]. These
drawbacks have motivated the search for strategies
to optimize its biological performance [7], with
particular emphasis on the incorporation of
inorganic ceramic particles such as zirconia,
calcium aluminate cement, hydroxyapatite, and
zinc oxide, which can enhance cellular activity and
extracellular matrix formation [4,8,9].

Calcium aluminate cement (CAC) shows
great potential as a biomaterial for repairing
bone defects, as its chemical composition and
coefficient of thermal expansion are similar to
those of human bone and teeth. CAC-based
biomaterials have gained interest owing to
their biocompatibility and favorable physical

and mechanical properties [10,11]. The unique
microstructure and rapid setting time of this
cement make it a promising candidate for bone
substitution [12]. Its main advantages include
reduced setting time, lower exothermic reaction,
and greater mechanical strength compared with
other biomaterials. The high viscosity of CAC
also allows for direct and precise application at
the site of the defect, reinforcing its potential
for clinical use [13]. Furthermore, CAC exhibits
bioactivity, evidenced by the formation of a
biologically active apatite layer upon contact
with body fluids, which supports cell adhesion,
proliferation, and differentiation essential for bone
regeneration [10-13].

Previous studies have already confirmed its
biocompatibility [14], and when applied to bone
defect repair, the material promoted adequate
integration with both native bone and surrounding
tissue [15]. Based on these properties, CAC
demonstrates potential not only as a standalone
biomaterial but also as an additive in PMMA cement
formulations, where it contributes to significant
improvements in mechanical performance,
biological behavior, and dimensional stability [16].

Zirconia is a ceramic widely used in biomedical
applications, regarded as one of the most durable
dental ceramics, and recognized for its excellent
mechanical properties, high strength, surface
hardness, thermal stability, and biocompatibility [17].
Whether in its monolithic form or as a filler particle,
its incorporation into biomaterials significantly
contributes to structural reinforcement, enhancing
resistance to wear, flexion, and fracture [18]. In vitro
studies have demonstrated satisfactory cell viability,
with low rates of corrosion, toxicity, and bacterial
adhesion, underscoring its potential as a promising
component in composites for bone substitution and
tissue engineering applications [19,20].
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Zirconia-based composites have shown
encouraging biological outcomes, including
greater susceptibility to new bone formation [21].
These findings strengthen the growing interest
in biomaterials incorporating zirconia for hard
tissue reconstruction. In this context, previous
studies have demonstrated that the addition
of zirconia particles to PMMA led to significant
improvements in its mechanical, chemical, and
biological properties, thereby expanding its
clinical potential [22,23].

Taken together, the incorporation of ceramic
additives such as CAC and zirconia into PMMA
cement emerges as a promising strategy to
overcome its biological limitations, combining
adequate mechanical performance with biological
properties more favorable to cellular interaction.
Therefore, the present study aimed to evaluate
the effects of adding CAC and zirconia to PMMA
bone cement on in vitro osteogenesis, with the
goal of contributing to the development of more
effective composites for bone regeneration. We
hypothesized that modifying PMMA cement
with these ceramic additives would enhance the
cellular response, promoting greater viability
and osteogenic differentiation compared with
pure PMMA.

MATERIAL AND METHODS

Preparation of samples

Samples of commercial PMMA cement
(Biomechanics, Jau, Brazil) were prepared
according to the manufacturer’s instructions. The
liquid monomer was poured over the polymeric
powder, and the mixture was spatulated until
a homogeneous consistency was achieved. The
paste was then placed into silicone molds in the
shape of discs (6 mm in diameter X 2 mm in
height), yielding the pure PMMA samples.

For the PMMA + CAC group, calcium
aluminate cement powder (Secar® 71, Kerneos,
France), composed of the CA (CaAlLO,) and
CA, (CaAl,0,) phases, was used. The powder
was previously mixed with a polyglycol-based
dispersant (0.6 wt%, BASF, Germany) and a
plasticizer CaCl,-2H,0 (2.8 wt%, Labsynth,
Brazil) in a dry ball mill for one hour, resulting
in a homogeneous material, as described in
previous studies from our research group [8,24].
The dispersant was employed to reduce
particle agglomeration, favoring dispersion
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and homogeneity and consequently improving
system fluidity. The plasticizer was added to
optimize handling and to act as a hydration
accelerator, contributing to the consistency and
reproducibility of the cement, as reported in the
literature [14,25].

A concentration of 7.5% (wt%) of CAC was
used, selected based on previous studies [26].
The CAC was then incorporated into the PMMA
powder and processed again in a ball mill for
one hour. The monomer was then added to the
powders, followed by spatulation and molding
into silicone discs (6 mm X 2 mm). Secar® 71 has
a surface area ranging from 3,700 to 4,500 cm?/g,
with more than 95% of the material passing
through a 90 um sieve [27]. This same CAC has
already had its mean particle size (D, ) previously
characterized by our group and collaborators,
showing values between 8-13 um [15,28,29].

For the PMMA + Z group, monoclinic zirconia
powder (CC10, Saint-Gobain ZirPro, France)
was used. The concentration of 7.5% (wt%)
was defined based on previous studies [22,23].
Zirconia powder was mixed with PMMA powder
in a ball mill for one hour, followed by the
addition of the monomer, spatulation, and
molding into silicone discs (6 mm X 2 mm).
According to the manufacturer, CC10 zirconia
has a dendritic morphology, with a mean particle
size (D) of 4.5 um and a specific surface area
ranging from 1.3 to 4.3 m?/g [30].

After molding, all samples were subjected to
initial curing for 24 h at 37 °C in an oven (MAO033,
Marconi) under a saturated humidity atmosphere
(~100% RH). Subsequently, they were demolded
and stored for an additional 24 h at 37 °C.
Specific molds were used for each experimental
group in order to avoid cross-contamination and
incorporation of residues. This methodology has
already been applied in previous studies by our
research group and collaborators [12,15].

Characterization of the samples

Surface topographic analysis of the samples

For this analysis, the scanning electron
microscope (SEM) (JEOL/JSM-5310, Tokyo,
Japan) with a Field Emission Gun (FEG) (Tescan/
Vega 3, Brno, Czech Republic) was employed. The
material samples were placed on an aluminum
platform (stub) using a double-sided carbon tape
(8M, Sumaré SP, Brazil) and were metallized with
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a thin layer of gold (80 A). This gold layer was
applied through ion vaporization (sputtering)
using the metalizing machine (Emitech SC
7620, Sputter Coater, Quorum Technologies,
Newhaven, United Kingdom) for 130 seconds
at a current of 10-15 milliamperes (mA), in a
vacuum of 130 mTorr and a metallization rate
of 3.5 nm/min. Images were captured using a
Scanning Electron Microscope with Secondary
Electron (SE) detector, which were projected
onto the sample’s surface.

Wetting analysis using the contact angle technique

For the wetting analysis, three samples
from each group were prepared (n = 3). The
average contact angle was measured using a
goniometer (Ramé-Hart Inc., model 100-00-115,
Mountain Lakes, New Jersey, USA) employing
the sessile drop technique with distilled water
as the testing liquid. Prior to analysis, each
sample was carefully handled with gloves
to prevent contamination. A droplet of fixed
volume (5 uL) was deposited using a gastight
glass syringe (Hamilton®, model 100-10-12-22,
10 uL capacity, 22-gauge needle) equipped with a
hydrophobic tip, allowing controlled dispensing.
Measurements were performed under controlled
environmental conditions (23 *+ 2 °C; relative
humidity 45-55%). The contact angles on the left
and right sides of each droplet were automatically
calculated using DROPimage Advanced software,
which also provided the final mean value for
each drop.

Qualitative Analysis of the Chemical Composition of
Samples by Energy Dispersive Spectroscopy (EDS)

An energy-dispersive spectrometer (Bruker
Nano GmbH 410, Berlin, Germany) associated
with Espirit 1.9 software (Bruker, Berlin,
Germany) was utilized in conjunction with the
SEM (Inspect S50, FEI Company, Brno, Czech
Republic) for the qualitative analysis of chemical
composition.

Fourier Transform Infrared Spectroscopy (FT-IR)

The chemical composition of the particle
surfaces was analyzed using the Fourier Transform
Infrared Spectrometer (Perkin Elmer, Spectrum
GX model) in the UATR mode, in the mid-
region of 500-4000 cm ™ -1, with 32 scans and a
resolution of 4 cm ™ -1, employing the Spectrom
Saurch Plus program.
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Cell culture

The present study was approved by the
Institutional Animal Care and Use Committee
(CEUA) under protocol number 02/2022,
in accordance with the Ethical Principles for
Animal Experimentation established by the
National Council for the Control of Animal
Experimentation (CONCEA).

All in vitro biological procedures were
developed and executed at the Laboratory of
Interdisciplinary Cell Studies. Nine rats, 90 days
old and weighing approximately 300g, were
euthanized by intramuscular overdose of anesthetic
using an intramuscular solution of Anasedan/
Dopalen. Cells were extracted from the femurs of
these rats according to Maniatopoulos et al. [31].
After femur preparation, they were placed in
transport medium containing 10% Fetal Bovine
Serum (FBS) (Cultilab Ltda, Campinas, Brazil) and
alpha-modified with L-glutamine (o-MEM — Gibco-
Life Technologies, NY, USA), and gentamicin
(Gibco- Life Technologies, NY, USA). The femur
ends were removed under a laminar flow hood,
and osteoblast cultures were obtained from
the bone marrow access of the femurs using a
culture medium supplemented with essential
minimal medium and 10% Fetal Bovine Serum
(FBS) (Cultilab Ltda, Campinas, Brazil), alpha-
modified with L-glutamine (a-MEM - Gibco- Life
Technologies, NY, USA), and gentamicin (Gibco-
Life Technologies, NY, USA). After this procedure,
the cells were placed in cell culture bottles (Kasvi,
Sdo Jose dos Pinhais, Parand, Brazil) and stored
in the incubator at 37°C with 5% CO, (Ultrasafe
HF 212 UV Incubator). The nutrient supplement
for the cells was changed every 72 hours, and
cell culture development was evaluated through
microscopy (Carl Zeiss Microscope — Axiovert 40C,
Germany).

After the cells reached confluence at
approximately 7 days, they were detached using
a solution containing 0.25% trypsin (Cultilab
Ltda, Campinas, Brazil) and counted (Cell
Counter Countess®, Invitrogen, USA) to perform
the viable cell plating in the wells of a 96-well
plate (Kasvi, Sdo Jose dos Pinhais, Parana,
Brazil). Prior to plating, samples of PMMA
cement, PMMA + CAC, and PMMA + Z were
pre-disinfected under ultraviolet (UV) light in a
laminar flow hood (Bio Seg 09 Veco, Campinas,
Brazil) for 30 minutes on each side and then
placed within the wells of the plates.
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Following this, 200 uL of osteogenic-
supplemented medium was added to the plates,
which was prepared by adding 2.16g of B-glycerol
phosphate (Sigma-Aldrich Chemical, St. Louis,
USA) and 5 mg/mL of ascorbic acid (Neon) to
a 500 mL solution of supplemented cell culture
medium. The control group of the experiment
was created by plating cells in the wells of the
plates alone, without any sample in the well. The
osteogenic-supplemented medium was changed
every 72 hours.

After the completion of plating, the plates
were placed in an incubator at 37°C with 5%
CO2 and stored until the biological tests were
conducted. The in vitro tests were performed in
accordance with the International Organization
for Standardization 10993-5 guidelines [32], and
carried out in triplicate, where each triplicate
consisted of a pool of cells derived from the femurs
of 3 animals. The procedures for conducting the
studies are detailed in previously published
research by our research group Prado et al. [33],
Aratjo et al. [34] and Andrade et al. [35].

In Vitro biological assays

Cellular Viability Determination (MTT Assay)

After 5 days, a quantitative assessment
of viable cells was conducted using the
MTT dye [3-(4.5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide] (Sigma-Aldrich
Chemical, St. Louis, USA). This solution was
incubated with cells plated for four hours at
37°C in a 5% CO2 incubator, as described by
Rosa et al. [36]. Following this period, the MTT
solution was removed, and 200 ul of dimethyl
sulfoxide (DMSO) solution was added to the
wells. The plate was agitated for 10 minutes to
ensure complete solubilization. Subsequently,
the 96-well plate was subjected to colorimetric
measurement at a wavelength of 570 nm using
a microplate reader (Biotek EL808IU). The
recorded data were expressed as absorbance
values and presented as a percentage.

Total protein concentration analysis

Total protein concentration was evaluated
after 8 days of culture using a modified version
of the method outlined by Lowry et al. [37].
After removing the culture medium, wells were
washed with PBS and treated with 0.1% sodium
dodecyl sulfate (SDS; Sigma-Aldrich) for protein
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extraction. After 30 minutes, 1 mL of each well’s
solution was mixed with 1 mL of Lowry reagent
(Sigma-Aldrich) and left at room temperature for
20 minutes. To this mixture, 1 mL of Folin’s reagent
(Sigma-Aldrich) was added for 30 minutes.
After completing the reaction, absorbance was
measured at 680 nm using a spectrophotometer,
and the results were expressed in ug/mlL. The
procedures were described by Prado et al. [33]
and Andrade et al. [35]

Alkaline phosphatase activity analysis

Alkaline phosphatase activity was determined
after 8 days of cell plating using the same
lysates used for total protein quantification.
A commercial kit (LabtestDiagndstica, Belo
Horizonte, Brazil) was employed as per the
manufacturer’s instructions. Thymolphthalein
release from thymolphthalein monophosphate
substrate was measured after hydrolysis,
following the methods of Prado et al. [33]
and Andrade et al. [35]. A mixture of 50 uL of
thymolphthalein monophosphate and 0.5 mL
of 0.3 M diethanolamine buffer at pH 10.1 was
added to each well. To this mixture, 50 uL
aliquots of lysates from each well were added
and incubated at 37°C for 10 minutes. To
develop color, 2 mL of reagent 3 (composed of
0.09 M Na2CO3 and 0.25 M NaOH) were added.
Absorbance was measured at 590 nm using a
spectrophotometer (Micronal AJX 1900), and
alkaline phosphatase activity was expressed as
wmol of thymolphthalein/h/ug of protein.

Cytokine expression measurement

At the end of the 5-day period, supernatants
were collected from the wells, transferred
to microtubes, and stored at -80°C. The
quantification of tumor necrosis factor-alpha
(TNF-a) was performed using an enzyme-
linked immunosorbent assay (ELISA) method.
In brief, 96-well microtiter plates (Nunc) were
coated with anti-TNF-a capture antibodies and
incubated overnight at room temperature. The
following day, plates were washed and blocked
with 300 uL of blocking buffer (1% bovine
serum albumin in PBS) for 1 hour at room
temperature. Subsequently, 100 uL of cell culture
supernatants and cytokine or growth factor
standards (TNF-a), representing the standard
curve, were added to each well. Duplicate tests
were conducted, and plates were incubated for
2 hours at room temperature. Following washes,
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100 uL of biotin-labeled anti-TNF-a detection
antibodies were added, followed by streptavidin
(100 uL/well) after 2 hours. Plates were covered
with aluminum foil and incubated for 20 minutes
to avoid direct light. The reaction was revealed
using chromogenic substrate and hydrogen
peroxide. After 20 minutes, 50 uL of 2 N sulfuric
acid was added to stop the reaction, and optical
densities (OD) were read at 450 nm using a
microplate reader (Biotek EL808IU). TNF-a levels
were obtained in optical density and subsequently
converted to pg/mL.

Mineralization nodule formation and calcium
quantification in mineralized nodules analysts

Mineralization nodules were assessed using
2% Alizarin Red S staining (Sigma-Aldrich
Chemical, St. Louis, USA) after 14 days of cell
plating. Microscopic observations were carried out
using a Carl Zeiss field emission scanning electron
microscope (FE-SEM - EVO MA10, Sao Paulo,
Brazil). To quantify calcium in the mineralized
matrix, the method by Gregory et al. [38] was
employed. Each well was treated with 10%
acetic acid and incubated at room temperature
with agitation for 30 minutes. The solution
was transferred to centrifuge microtubes and
vortexed for 30 seconds. Tubes were heated
in a Dubnoff Metabolic Bath (MA095/CF) at
87.5°C for 10 minutes, followed by cooling in
an ice bath and freezing for 5 minutes. After
centrifugation (Labnet centrifuge - HERMLE Z
300K) for 20 minutes, 100 uL of the supernatant
was transferred to a 96-well plate. To each well,
40 uL of 10% ammonia hydroxide was added
for acid neutralization. The absorbance was
measured at 405 nm using a spectrophotometer
(Micronal AJX 1900). The values were expressed
as absorbance.

Cell Morphology Analysis by Field Emission Scan-
ning Flectron Microscopy (FE-SEM)

After 3 days of culture, cellular morphology
was assessed using FE-SEM (Zeiss - EVO MA10,
Sao Paulo, Brazil). Samples were washed
three times with PBS to remove non-adherent
cells and then chemically fixed with 4%
paraformaldehyde at room temperature for
20 minutes. Subsequently, the samples were
dehydrated using an ascending series of ethanol
and coated with a thin layer of gold using a
sputter-coating system before analysis.
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Statistical analysis

The collected data were analyzed using the
D’Agostino & Pearson and Shapiro-Wilk normality
tests. The results confirmed the assumption of
normal distribution, and the data were subjected
to one-way analysis of variance (ANOVA). When
significant differences were detected, Bonferroni’s
or Tukey’s post hoc tests were applied. A significance
level of 5% was adopted for all statistical tests. All
analyses were performed using GraphPad Prism
7.01 software (GraphPad Inc., La Jolla, CA, USA).
Each experimental group consisted of five samples
(n = 5) analyzed in triplicate.

RESULTS
Characterization of the samples

Surface topographic analysts of the samples

Surface analysis of the samples, conducted
at magnifications of 500x and 2000 X using
SEM, was performed after 7 days of incubation.
The analysis revealed significant differences
in topography and morphology among the
formulations of pure PMMA, PMMA with
CAC (PMMA+CAC), and PMMA with zirconia
(PMMA+Z) (Figure 1). In the PMMA sample
(Figures 1A and 1B), the presence of larger
particles and a more irregular surface topography
was observed, particularly when compared to
the modified formulations. These larger particles
may be associated with material crystallization or
insufficient homogeneous interaction among the
components during synthesis. The PMMA+CAC
sample (Figures 1C and 1D) exhibited a more
uniform distribution of particles on the surface,
indicating that the addition of calcium aluminate
cement contributed to a more homogeneous
interaction among the components, with a
reduced presence of large particles. In the
PMMA +Z sample (Figures 1E and 1F), the images
revealed aggregates of smaller particles and a
more homogeneous surface texture compared
to pure PMMA. The incorporation of zirconia
appeared to promote the formation of a more
uniform matrix with improved particle dispersion.

Wetting analysis using the contact angle technigue

Table I presents the mean = standard
deviation of contact angle measurements for the
PMMA, PMMA+Z, and PMMA+CAC samples.
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Table | - Contact angle analysis

Incorporation of calcium aluminate and zirconia in
polymethylmethacrylate (PMMA) bone cement for biomedical
applications: study of in vitro osteogenesis

Image

Mean = SD 91.16 + 8.863

g -

3

N H. 86

88.58 + 33.96 69.06 +16.51

Figure 1 - Scanning electron microscopy (SEM). A) PMMA group sample of 500x; B) PMMA group sample of 2000x; C) PMMA+CAC group
samples of 500x; D) PMMA+CAC group samples of 2000x; E) PMMA+Z group samples of 500x; F) PMMA+Z group samples of 2000x.

The pure PMMA sample exhibited a contact
angle of 91.16 + 8.86°, indicating a moderately
hydrophobic surface. For the PMMA+CAC
sample, the contact angle was 88.58 = 33.96°,
a value close to that of pure PMMA, suggesting
that the addition of CAC did not significantly alter
surface hydrophobicity. In contrast, the PMMA+Z
sample showed a contact angle of 69.06 = 16.51°,
indicating a trend toward increased surface
hydrophilicity. However, statistical analysis using
one-way ANOVA followed by Tukey’s post hoc
test revealed no significant differences between
groups (p > 0.05) (Figure 2).

150

-

(=3

o
1

Contact angle (°)
(4.}
o

&V
< Q@"

Figure 2 - Representative graph showing the mean values and standard
deviation (+) of the wettability test (goniometry — contact angle),
subjected to one-way analysis of variance (ANOVA) followed by Tukey's
post hoc test.

Braz Dent Sci 2025 Oct/Dec;28 (4): e4780



Lupp JS et al.

Qualitative Analysis of the Chemical Composition
of Samples by Energy Dispersive Spectroscopy
(£DS)

In the EDS, a sample from each group
was analyzed to ascertain the constituent
chemical elements. In the samples of PMMA,
when assessed through EDS, the presence of
chemical elements composing the biomaterial
was evidenced. Peaks of characteristic energy
were primarily observed for the elements (C -
Carbon, O - Oxygen; S - Sulfur, and Ba - Barium)
(Figure 3). In the samples of the PMMA+CAC
blend, when evaluated via EDS, the presence of
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chemical elements constituting the biomaterial
was highlighted. Peaks of characteristic energy
were mainly observed for the elements C -
Carbon, O - Oxygen; S - Sulfur, Ba - Barium;
Ca - Calcium, and Al - Aluminate. In the samples
of the PMMA+Z blend, when examined by EDS,
the presence of chemical elements composing
the biomaterial was underscored. Peaks of
characteristic energy were primarily observed for
the elements C - Carbon, O - Oxygen; S - Sulfur,
Ba - Barium; Ca - Calcium, and Z - Zirconia. The
data obtained from the measurement of chemical
elements in EDS are illustrated in Table II.
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Figure 3 - Diffractogram of microanalysis by energy dispersive spectroscopy. A) PMMA; B) PMMA+CAC; C) PMMA+Z.
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Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 4 presents the FT-IR spectra corresponding
to the PMMA, PMMA+CAC, and PMMA+7Z
groups. The chemical composition of the samples
exhibited similar bonding patterns, with no
distinct evidence of additive-specific elements. The
spectrum of pure PMMA displays characteristic
bands associated with functional groups
present in its structure, such as C=0 (around
1730 ecm™') and C-H (around 2950 cm™'). The
incorporation of calcium aluminate into PMMA
may result in subtle spectral changes, such as
the appearance of new bands or shifts in existing
ones. These modifications are attributed to
interactions between PMMA and calcium aluminate.

PMMA-Zirconia

©
2 PMMA-Aluminate
8
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<
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S
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Wave number (cm-")

Figure 4 - Representation of bonds identified in the Fourier-transform
infrared spectroscopy analysis of the particles.
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Similarly, the addition of zirconia to PMMA
induced alterations in the spectrum, indicating
interactions between the two materials.

In Vitro biological assays

Cell morphology analysis by FE-SEM

Figure 5 presents FE-SEM micrographs of the
sample surfaces from the different experimental
groups: (a) PMMA, (b) PMMA+CAC, and (c)
PMMA+Z, all analyzed at 1000 % magnification.
The images reveal the surface morphology of the
biomaterials and the cellular interactions with the
respective substrates after three days of cell culture.
In the micrograph of the PMMA sample (Figure 5A),
cells are observed adhering to the substrate; however,
they exhibit a predominantly rounded morphology
and are organized in clusters. Additionally, these
cells display reduced cellular projections and
limited elongation. In the PMMA+CAC sample
(Figure 5B), there is increased cellular spreading
and extension across the biomaterial surface.
The cells show a more spread morphology, with
elongated cellular projections. In contrast, cells
on the PMMA+Z sample (Figure 5C) exhibit an
intermediate morphology between those observed
in the PMMA and PMMA+CAC groups. Cellular
interaction appears to be less pronounced compared
to the PMMA +CAC sample, with fewer projections
and altered morphology.

Figure 5 - Field Emission Scanning Electron Microscopy (FE-SEM) photomicrographs. A) Sample from the PMMA group at a magnification of
1000x; B) Sample from the PMMA+CAC group at a magnification of 1000x; C) Sample from the PMMA+Z group at a magnification of 1000x.

Table Il - Mean mass percentages (wt%) of chemical elements detected by EDS for each sample

PMMA 51.7+0.1 46.5+0.4 0.7+0.2
PMMA+CAC 49.9+0.3 41.7£3.7 1.8+0.5
PMMA+Z 50.8+0.8 33.2+1.9 1.6+0.1

1.2+0.4 - - -
5.4+2.5 0.4+0.2 1.0+0.3 -
6.8+1.2 - -

Wit% - Mass percentage; C - Carbon, O - Oxygen; S - Sulfur, Ba - Barium; Ca - Calcium; Al - Aluminum; Z - Zirconia.
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Cellular Viability Determination (MTT Assay)

After 5 days, cellular viability data were
acquired, and it was possible to ascertain that
the experimental groups did not exhibit cytotoxic
effects. The results underwent one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc
test, revealing no statistically significant differences
among the groups (p > 0.05) (Figure 6A).

Alkaline phosphatase activity analysis

After 8 days, the alkaline phosphatase
activity data were subjected to one-way analysis
of variance (ANOVA), followed by Tukey’s post
hoc test. No statistically significant differences
were observed between the groups (p > 0.05)
(Figure 6B). ALP activity values were normalized
to total protein content and expressed as umol
of thymolphthalein/h/ug of protein to account
for potential variations in cell density among the
samples.

Total protein concentration analysis

After 8 days, the results of the experimental
groups’ total protein content were subjected
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to analysis of variance (ANOVA), followed by
Tukey’s post hoc test. No statistically significant
differences were noted among the groups (p>0.05)
(Figure 6C).

Cytokine expression measuremernt

After 5 days, the analysis of TNF-a cytokine
expression revealed a statistically significant
difference between the experimental groups
and the control group (p < 0.05) (Figure 6D).
TNF-a concentration (pg/mL) was significantly
higher in the control group (41.25 = 17.00)
compared to the PMMA (22.97 = 7.08; p < 0.01),
PMMA+Z (25.76 = 13.08; p < 0.05), and
PMMA+CAC (28.99 = 14.71; p < 0.05) groups.
No significant differences were observed among
the experimental groups (p > 0.05). Statistical
analysis was performed using one-way ANOVA
followed by Bonferroni post hoc test.

Mineralization nodule formation and calcrum
quantification in mineralized nodules analysts

After 14 days of cell culture, mineralization
nodules were observed in all experimental groups

3 B
i 0.06
®
z& 0.04
2
]
% 0.02
3
2 0.00
ES
80- D
ol A
! B
E B
2] :
204
0-
c PRINLA PMBMA « I PMMA «» CAC

Figure 6 - Representative graphs depicting mean and standard deviation (+) values subjected to statistical analysis of variance (ANOVA),
single factor. A) Cell viability test (MTT), analyzed by one-way ANOVA followed by Tukey's post hoc test; B) ALP activity test, analyzed by
one-way ANOVA followed by Tukey's post hoc test; C) Total protein content test, analyzed by one-way ANOVA followed by Tukey's post hoc
test; D) TNF-a cytokine expression test, analyzed by one-way ANOVA followed by Bonferroni post hoc test.
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Figure 7 - Analysis of Calcium Nodule Formation in the Samples. A) Control group well under microscope magnification; B) PMMA group well
under microscope magnification; C) PMMA+CAC group well under microscope magnification; and D) PMMA+Z group well under microscope

magnification.

Absorbance 405(nm)

Q N
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Figure 8 - Representative graph showing the mean values and

standard deviation (+) of calcium quantification in mineralized

nodules, subjected to one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test.

as well as in the control well. Figure 7 provides
a visual representation of the nodules formed in
the different experimental groups. In Figure 8,
the data obtained after nodule quantification are
presented. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test,
revealing no statistically significant differences

(p > 0.05) in the amount of calcium present within
the nodules among the analyzed groups.

DISCUSSION

Biomaterials can be developed from a wide
range of components, including organic polymers,
metals, and ceramics. The combination of these
materials with other elements allows for the
enhancement of their biological and mechanical
properties, promoting cell proliferation and
stimulating bone neoformation. Bone cements
play a crucial role in prosthesis fixation by filling
the space between the implant and the bone,
forming a critical interface for mechanical and
biological performance [39,40].

In this study, the addition of CAC and zirconia
to PMMA cement was investigated with the aim
of optimizing its biological and mechanical
properties. Zirconia is a chemically inert ceramic
with low toxicity and excellent mechanical
properties, such as high flexural strength, high
elastic modulus, and resistance to wear and
fracture [17,41,42]. CAC, in turn, has a chemical
composition and thermal expansion coefficient

Braz Dent Sci 2025 Oct/Dec;28 (4): e4780
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similar to those of bone and dental tissue, making
it a viable alternative for applications in bone
regeneration and repair [12].

Although widely used in orthopedics, PMMA
presents some limitations, including monomer
toxicity, heat release during polymerization,
excessive mechanical strength, and lack of
biodegradability [5,43,44]. In our study,
topographic analysis of the samples revealed that
pure PMMA exhibits larger particle sizes and an
irregular surface, which may compromise critical
properties such as cell adhesion and structural
homogeneity. These findings are consistent with
the literature, which reports that pure PMMA
tends to form larger particles and rougher surfaces,
hindering optimal cell attachment and growth [45].
Conversely, PMMA samples modified with CAC
showed a more uniform particle distribution
and a more compact texture, suggesting that
calcium aluminate promotes a more homogeneous
interaction between components. According to
studies by Parreira et al. [46], the addition of
CAC to PMMA contributes to matrix compaction
and porosity reduction—desirable characteristics
for more durable biomaterials suited for medical
applications. Similarly, the zirconia-containing
formulation (PMMA +Z) presented smaller particle
aggregates and a more homogeneous surface,
favoring particle dispersion, which enhances both
mechanical properties and cell adhesion. Previous
studies have indicated that efficient dispersion
of zirconia nanoparticles in the PMMA matrix
results in a more uniform surface and improves
the mechanical and biological performance of the
composite [47,48,49].

Surface hydrophilicity was assessed by
contact angle measurement, a key parameter
for cell adhesion and interaction with biological
fluids [50]. Pure PMMA showed a contact angle
above 90° indicating a moderately hydrophobic
surface, which may limit the material’s
biointegration. This result corroborates previous
studies that also reported high contact angles
for pure PMMA, suggesting low affinity with the
biological environment [51,52]. The addition
of CAC did not significantly alter the material’s
hydrophilicity, maintaining a contact angle similar
to that of pure PMMA. On the other hand, PMMA
modified with zirconia showed a reduced contact
angle of 69°, indicating increased hydrophilicity
and, consequently, greater potential for cell
adhesion. Previous studies have also shown that
the incorporation of zirconia into PMMA enhances

Incorporation of calcium aluminate and zirconia in
polymethylmethacrylate (PMMA) bone cement for biomedical
applications: study of in vitro osteogenesis

its hydrophilic properties [53- 55]. EDS analysis
confirmed the presence of the expected elements
in each formulation, demonstrating effective
incorporation of CAC and zirconia into PMMA,
with no signs of cross-contamination. FT-IR
analysis indicated that the chemical structure of
PMMA was preserved after the addition of the
ceramic components, ensuring the structural
integrity of the formulations.

SEM images revealed that pure PMMA
exhibited lower cell adhesion, with dispersed
cells and a rounded morphology, indicating weak
interaction with the substrate. These findings are
in agreement with previous studies that reported
morphological alterations in cells exposed to
PMMA, such as reduced elongation and altered
surface morphology [56]. In contrast, PMMA
samples modified with CAC showed increased cell
adhesion, with more spread cells and the presence
of elongated cellular projections—characteristics
associated with a more favorable environment
for cell attachment and proliferation, reflecting
greater biocompatibility. Previous studies
have reported that PMMA-CAC composites are
non-cytotoxic and support cell adhesion and
proliferation [57,58]. PMMA modified with
zirconia demonstrated moderate cell adhesion,
with cells displaying altered morphology and
fewer visible projections. Although zirconia
is widely used for its excellent mechanical
and biological properties, Ye and Shi [59]
reported that high concentrations of zirconia
nanoparticles may induce cytotoxic responses
in vitro, promoting morphological alterations,
apoptosis, and impairing osteogenesis.

Cell viability tests, performed according to ISO
10993-5 [32] and Stoddart [60], demonstrated
that none of the formulations compromised
cell viability after 5 days of incubation, with
values exceeding 70% and mostly comparable
to the control. These results are considered
satisfactory according to the aforementioned
standard. Additionally, total protein synthesis
and ALP expression were analyzed after 8
days of culture to evaluate cellular metabolic
activity and early osteoblastic differentiation
markers [61]. Although no statistically significant
differences were observed between the groups,
all formulations demonstrated the ability to
promote protein synthesis and ALP expression,
indicating that the tested composites support
active cell metabolism and potential for osteogenic
differentiation.
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The formation of mineralization nodules,
considered the final stage of osteogenic
differentiation, is a complex process that, according
to Hoemann et al. [62], requires extended
experimental periods for accurate evaluation. After
14 days of culture, the presence of mineralized
nodules was observed in all experimental groups,
including the control group, confirming that cells
were capable of initiating the extracellular matrix
mineralization process. Despite this positive
response, no statistically significant differences in
calcium deposition were observed between groups.
These data suggest that although the tested
biomaterials did not accelerate mineralization
within the analyzed timeframe, they possess
osteogenic potential that may be more clearly
identified in studies with longer experimental
periods, encompassing more advanced stages of
osteogenic differentiation [62].

TNF-a is a key cytokine in the inflammatory
process, and its reduced expression indicates
lower immune activation, which is beneficial for
biocompatibility [63]. TNF-a analysis revealed a
significant reduction in the groups containing pure
PMMA, PMMA+CAC, and PMMA+Z compared
to the control. Studies have shown that materials
that reduce TNF-a expression are associated with
better biomaterial integration and long-term tissue
repair outcomes [64]. Nevertheless, it is important
to consider that the presence of pro-inflammatory
cytokines and a controlled degree of inflammation
is necessary to initiate tissue repair [65].

CONCLUSION

The incorporation of CAC and monoclinic
zirconia (CC10) into PMMA induced relevant
structural modifications, resulting in more
homogeneous surfaces and a trend toward decreased
contact angle, increased wettability, although
without statistically significant differences, as well
as a significant reduction in TNF-a expression,
suggesting modulation of the inflammatory
response. Although all formulations exhibited
adequate cell viability (>70%) and demonstrated
osteogenic potential through ALP activity, protein
content, and mineralized nodule formation, no
statistically significant differences were observed
between the groups for these osteoblastic
differentiation markers. Thus, the results indicate
osteogenic potential of the formulations but do
not confirm an osteoinductive effect within the
analyzed period. These findings highlight the

Braz Dent Sci 2025 Oct/Dec;28 (4): e4780
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promising nature of the formulations for future
applications in tissue engineering and regenerative
dentistry, although further investigations are
required to better elucidate their influence on
osteoblastic differentiation.
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