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ARTICLE INFO ABSTRACT

Article history: Polymethylmethacrylate (PMMA) has been used for a long time as an implant material in
sg\cl?;‘égdlg%mgr%225ozs orthopaedic surgery. PMMA lacks the bioactivity necessary for effective osseointegration. Unlike
Accepted 11 July 2025 PMMA, hydroxyapatite (HA) offers better osteoconductive, bioactive, and biocompatible
Published online 01 September 2025 properties. HA can be derived from limestone (CaCOs) through processing at Balai Besar Keramik

(BBK) or from bovine bone following the Good Manufacturing Practice (GMP). This study aimed
to evaluate the osteogenic potential of PMMA-HA implants by analyzing bone morphogenetic
protein 2 (BMP-2) and fibroblast growth factor 2 (FGF-2) expression in a rat bone model. The
study consisted of six groups: a control group for 7 days, a control group for 14 days, PMMA-HA
(BBK) group for 7 days, PMMA-HA (BBK) group for 14 days, PMMA-HA (GMP) group for 7
days, and PMMA-HA (GMP) group for 14 days were implanted into the femurs of the rats at a
ratio of 83.8:16.2. Immunohistochemical assays were conducted on days 7 and 14 to assesses
FGF-2 and BMP-2expression levels. The expression of FGF-2 and BMP-2 was elevated at 7 and
14 days after implanting PMMA-HA (BBK) and PMMA-HA (GMP) into the femur of Wistar
Rats. The application of PMMA-HA (BBK) and PMMA-HA (GMP) into the femur of Wistar Rat
resulted in an upregulation of FGF-2 and BMP-2 expression, suggesting that this biomaterial has
the potential to enhance bone regeneration by promoting osteogenesis.
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Introduction Osteoblasts are essential for bone production as they secrete
. chemokines, prostaglandins, and many growth factors, including bone

Polymethylme'tha_crylate (PMMA) has been used_for a long time as an morphogenetic protein (BMP), Transforming growth factor-g (TGF-5),
implant material in traumatology and orthopaedic surgery. However, and fibroblast growth factor (FGF). The osteoblasts release these
the lack of bloalctlwty is one of the shortcomings that has limited the substances and act on nearby cells (autocrine) and neighboring cells
use of PMMA." Hydroxyapatite (HA) is a bioceramic material that (paracrine), regulating the activity of osteogenic and osteoclastic cells.?
closely resembles the structure of bone apatite. It can be synthesized BMP-2 can stimulate the transformation of mesenchymal stem cells
from natural sources such as limestone or calcium carbonate (CaCOs). into osteoblasts. BMP-2 is a part of the TGF-8 superfamily and is
HA is highly blqcompat_lble, osteoconductlve_, ar_1d os_teomductlve, and involved in various biological processes such as embryogenesis,
promotes osseointegration. ansequentzly, it is widely used as a development, and bone regeneration.® Furthermore, FGF is crucial in
regenerative material in dental implants.” Several studies have proven tissue repair, regeneration, and osteogenesis. FGF-2 induces angiogenic
that adding HA material to the PMMA matrix increases the osteoblast activity and proliferation of undifferentiated mesenchymal cells. In
response compared to using PMMA alone.** PMMA-HA composite 2001, FGF-2 was first used as a medicine for decubitus ulcers in
increases shear strength at the implant-bone interface after six weeks of Japan.l® Although PMMA-HA implants have beneficial properties
implantation. 7 more research is needed to understand their biological functions. To
*Corresponding author. Email: chiquita-p-s@fkg.unair.ac.id date, no in vivo study has been done on combined PMMA-HA implants.
Tel: +62 31 5030255 Therefore, this study aimed to investigate the osteogenic effect of

o . . . PMMA-HA implants by examining BMP-2 and FGF-2 expression.
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Materials and Methods

Animals

Male Wistar rats were obtained from the Biochemical Experimental
Animal Laboratory, Medical School, Universitas Airlangga. The
experimental animals were healthy 16-week-old male Wistar rats with
an average body weight of 300 g. The rats were placed in separate cages
for 1 week to acclimatize to the laboratory environment. The rats were
fed with standard rodent pellets and allowed free access to drinking
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water. The handling of the animals complied with the National Animal
Care Guidelines.!

Ethical approval

Ethical approval was granted by the Faculty of Dental Medicine,
Universitas Airlangga, under reference number
942/HRECC.FODM/XI1/2022.

Study design

This study employed a laboratory experimental design with a post-test-
only control group. The animals were divided into six groups, each
consisting of 7 rats. The groups include control groups (C7 and C14)
and treatment groups (BBK7, BBK14, GMP7, and GMP14).
Observations were made on day 7 and day 14 post treatment. Distinct
markings were applied to each rat for group identification.

Preparation and sterilization of PMMA-HA implant material

PMMA was sourced from Cemex® System Genta (Tecres- Italy) and
mixed with hydroxyapatite (HA) derived from two sources: from
limestone processed by Balai Besar Keramik Indonesia (HA-BBK) and
from bovine bone processed under Good Manufacturing Practice
(GMP) at the Tissue Bank of Dr. Soetomo, Indonesia (HA-GMP). The
mixing ratio of PMMA to HA was 83.8:16.2. To prepare the mixture,
0.1 g of PMMA-HA powder was combined with 0.016 mL of monomer
and stirred with a cement spatula on a dappen glass until it reaches a
dough-like consistency over 1 - 1.5 minutes. Then the mixture was
molded into nylon molds measuring 2 mm in height and 1 mm in
diameter and left to set for 5 - 10 minutes. Subsequently, the samples
were subjected to three washes with phosphate-buffered saline (PBS)
followed by immersion in 70% ethanol for 2 h and exposure to UV for
an additional 2 h.2

PMMA-HA implantation procedure in Wistar rats

Prior to the procedure, the rats were anesthetized using a combination
of 10% ketamine and 0.2 mL of xylazine (0.2 mL per 200 g body
weight), administered intramuscularly. Following anaesthesia, the
femur area was shaved and cleaned with 70% alcohol. A 10 mm incision
was then made using a #15C blade on the lateral aspect of the femur,
extending down to the bone surface. Drilling was performed with saline
irrigation at a speed not exceeding 1500 rpm, adhering to the length and
diameter specifications of the implants. The implants were
subsequently placed into the osteotomy site on the lateral femur surface
until primary stability was achieved. In the control group, which did not
receive implants, drilling was conducted to the same depth and
diameter, followed by wound closure using simple interrupted sutures.
Evaluation of implant integration and biomarker expression was
conducted on day 7 and day 14 post-implantation. At the end of these
observation periods, the animals were euthanized under deep
anaesthesia using 10% ether. The femurs from both control and
treatment groups were then harvested and dissected for subsequent
immunohistochemical analysis.

Immunohistochemistry

After euthanizing the rats, immunohistochemical analysis was
performed to detect BMP-2 and FGF-2 expression in the implanted
PMMA-HA material. Monoclonal antibodies targeting BMP-2 (sc-
74412 Santacruz Biotech US) and FGF-2 (sc-137087 Santacruz Biotech
US) were applied at dilutions of 1:100 and 1:100, respectively, as per
the manufacturer's recommendations and standard IHC protocols.'214
The samples were observed under an Olympus LX-31 light microscope
equipped with a Lumic 6X-8 digital camera at magnifications of 100x,
400x, and 1000x. Positive expression was indicated by brown staining,
representing antigen-antibody binding on immunoreactive cells, which
was then quantified for analysis.

Statistical analyses

Statistical analyses were conducted using SPSS version 25. Variations
in BMP-2 and FGF-2 expression were assessed using One-way
ANOVA test followed by Tukey’s HSD post hoc test. A p-value less
than 0.05 was considered statistically significant for each group.
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Results and Discussion

The BMP-2 expression results are illustrated in Figures 1 and 2. The
findings demonstrate an increase in BMP-2 levels from day 7 to day 14
across all groups, reflecting progressive osteogenic activity over time.
PMMA-HA (BBK) and PMMA-HA (GMP) groups exhibited higher
BMP-2 expression levels compared to the control group at both time
points, with the PMMA-HA (GMP) group showing the highest mean
BMP-2 level on day 14. These findings suggest that both PMMA-HA
implant materials may promote osteogenic differentiation, with
PMMA-HA (GMP) demonstrating a slightly higher osteoinductive
effect.

There was a significant difference in the mean FGF-2 expression on the
seventh day between the control group, and the BBK and GMP groups.
The average FGF-2 expression level in the BBK group was more than
that of the GMP group on the seventh day, whereas the average FGF-2
expression level in the GMP group was greater than that of the BBK
group on the fourteenth day. Nevertheless, no statistically significant
disparity was observed between the two groups.

ANOVA test results were obtained on the 14" day, depicted in Figure
2, indicated that the GMP group had higher BMP-2 and FGF-2
expression levels. A notable and significant disparity in the average
FGF-2 expression was observed between the control group and GMP,
and between the control group and BBK. However, no significant
variation in the mean FGF-2 expression was observed between the BBK
and GMP groups.

The GMP group had the highest value based on the average expression
of the two markers on the 14" day. The GMP group showed a notable
increase in the expression levels of both markers on the 7% and 14" day
compared to the control group.

Additionally, there was a significant difference in the expression level
of the BMP-2 marker between the BBK and GMP treatment groups on
the seventh and fourteenth day, with the GMP group showing the
highest expression level. No significant differences were observed in
the expression of FGF-2 marker between the two treatment groups
(BBK and GMP) on the seventh and fourteenth day.

Both treatment groups had significantly higher expression levels of
BMP-2 and FGF-2 than the control group. These results indicate that
both PMMA-HA (BBK) and PMMA-HA (GMP) can increase the
production of BMP-2 and FGF-2 markrs in osteoblast cells when
exposed to these chemicals.

PMMA is a stiff polymer with favourable biocompatibility and
mechanical characteristics, although it has limited ability to connect
with bone. HA is a gold-standard material widely used as a biomaterial
mixture because of its non-toxic, non-inflammatory, biocompatibility,
and bioactive properties.'®> HA is a permeable bioceramic that facilitates
the proliferation of capillaries and blood vessels. The large supporting
pores of the HA scaffold stimulate osteogenesis due to better
vascularization and high oxygen permeability.*®

The contact between the bone and the implant surface, known as
osseointegration, is an important factor in the success of implant
placement. Osseointegration refers to the fusion of the bone with the
implant surface where there is no movement between the implant and
the bone. Biocompatibility of the implant surface is an important factor
in the integration process.t” The use of HA in implants shows greater
osseointegration between bone and implant compared to implants
without HA. HA, which is conductive, causes osteogenic cell
morphogenicity to become conducive and accelerates bone formation
and maturation.®

This PMMA-HA material will stimulate osteoblast cells to release
BMP-2, which converts mesenchymal stem cells (MSCs) into mature
osteoblasts. Osteoblast releases BMP-2 and binds to BMP receptors to
transmit signals through the Smad pathway. Smad 1/5/8 working
together with active Smad4. Activation of Smad regulates the function
of the transcription factor RUNX2, leading to the activation of OSX,
which subsequently stimulates the increase in osteoblast-specific
proteins such as BMP-2 and FGF-2. This expression will enhance the
reproduction and specialization of osteoblasts, leading to improved
bone formation and facilitates the process of bone integration.®
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Figure 1: BMP-2 and FGF-2 expression on 7" and 14" day: Control [a-c], PMMA-HA (BBK) [d-f], and PMMA-HA (GMP) [g-i]
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Figure 2: Graph comparing the expression levels of BMP-2 and FGF-2 on day 7 and 14 in control, PMMA-HABBK, and PMMA-
HAGMP groups

BMP-2 enhances bone healing by expediting the process, promoting
mineralization, facilitating remodeling, and improving biomechanical
stiffness. The release of BMP-2 during the initial 4-day period is
inadequate to stimulate the differentiation of MSCs. By day 5-6, the
presence of BMP-2 is enough to initiate the differentiation of MSCs and
promote the formation of bone.® This expression of BMP-2 is reported
to reach its highest level on day 21.2° BMP-2 is essential for osteoblast

cell growth. The results of the present study indicated an increase in the
expression of BMP-2 from day 7 to day 14 in the control group, which
is consistent with the findings from previous studies. Moreover, there
was a significant increase in expression level of BMP-2 in the PMMA-
HA-BBK and PMMA-HA-GMP groups when compared to the control
group.
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FGF-2 significantly affects bone development, bone production, and
fracture healing.?® FGF-2 accelerates fibroblast cell proliferation,
increases angiogenesis, increases BMP-2 expression, and is a marker
for osteoblast differentiation, which means increased bone deposits.?
The MAPK pathway is triggered by FGF-2 signalling and plays a
crucial role in regulating the activity of RUNX2, a significant
transcription factor involved in bone formation. FGF-2 enhances
osteoblast growth and maturation via activating the ERK1/2 pathway,
which plays a crucial role in osteoblast differentiation upon sustained
release for up to 21 days.?"-? The findings from this study show that on
days 7 and 14, there was an elevated expression of FGF-2 in both the
PMMA-HAP-BBK and PMMA-HA-GMP groups compared to the
control group.

The results indicate notable differences in BMP-2 and FGF-2
expression between PMMA-HA (BBK) and PMMA-HA (GMP)
implants. These variations are influenced by the calcium/phosphorus
(Ca/P) ratio within the HA component. In normal calcified bone, the
Ca/P ratio increases with increasing calcification.?* Literature suggests
that BBK hydroxyapatite has a Ca/P ratio of approximately 1.64, 2
while HA derived from bovine bone (GMP) typically ranges from 1.696
to 1.911,2% with a Ca/P molar ratio of 1.33 to 1.67, which is considered
ideal for bone formation.?”-2® Differences in the Ca/P ratio between
PMMA-HA (BBK) and PMMA-HA (GMP) influence the biomaterial’s
compatibility and osteoconductivity, affecting its ability to promote
bone growth and osseointegration.

Increased Ca?* supports the SMAD pathway's phosphorylation, which
directly induces BMP-2 expression. Ca?* ions and BMP-2 work
together in the continuous autocrine and paracrine bone formation
process.? Increasing Ca?* also increases FGF-2 expression. FGF-2 is
responsible for BMP-induced nuclear translocation and accumulation
of RUNX2, as well as phosphorylation of the SMAD 1/5/8 pathway.%!
This demonstrates that the levels of BMP-2 and FGF-2 expression are
elevated in PMMA-HA (GMP) compared to PMMA-HA (BBK).

The findings demonstrated that the PMMA-HA-BBK and PMMA-HA-
GMP groups exhibited an enhanced expression of BMP-2 and FGF-2
markers in osteoblast cells when exposed to these two materials.
Furthermore, both treatment groups showed a notable elevation in
BMP-2 and FGF-2 expression levels compared to the control group.

Conclusion

PMMA-HA combination implants can accelerate osteoblast
differentiation, as evidenced by the increase in BMP-2 and FGF-2 as
osteogenic biomarkers. These initial findings provide a valuable
foundation for subsequent studies to assess the applicability of PMMA-
HA implants in dental implant scenarios.
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