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Bones play a vital role in physical activities and protection of organs. Small bone injuries normally heal as a result of bone’s in-
herent ability to repair damaged tissues. However, larger bone defects continue to pose a challenge to clinicians. In the field of
bone tissue engineering, biocomposite materials that stimulate and promote the regeneration of broken-bone tissue have become
a focus of research, providing temporary artificial environments, specifically designed to support bone growth. This research
aims to fabricate a biocomposite material of PMMA and hydroxyapatite (HA) combined with various concentrations of
curcumin and EGDMA used for bone tissue scaffold engineering. A characterization of fabricated samples was performed using
X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), as well as
the measurements of their mechanical properties including the tensile fracture and compressive strength. In addition, two of the
most common bacteria that cause osteomyelitis, Staphylococcus aureus and Escherichia coli, were tested with an agar diffusion
assay to develop antibacterial biomaterials capable of effectively treating and preventing osteomyelitis. Our results strongly in-
dicate that the integration of HA and curcumin nanoparticles into the PMMA polymer matrix with reinforced EGDMA for the
fabrication of biocomposite scaffolds offers promising potential for bone tissue applications, possibly increasing the perfor-
mance and effectiveness of such scaffolds. This composite (PMMA/HA/curcumin) exhibits excellent antibacterial properties in
addition to its mechanical and morphological properties, thus having the potential to substitute bone tissue.
Keywords: bone tissue engineering, biomaterial, PMMA, EGDMA, hydroxyapatite (HA), curcumin

Kosti igrajo vitalno vlogo pri ~lovekovi fizi~ni aktivnosti in za{~iti organov. Majhne po{kodbe kosti se normalno pozdravijo
same zaradi samosvoje naravne sposobnosti ozdravitve po{kodovanega tkiva. Vendar pa so ve~je po{kodbe kosti zahteven izziv
za zdravnike. Na podro~ju in`eniringa kostnih tkiv biokompozitni materiali lahko stimulirajo in pospe{ijo regeneracijo
zlomljenih kostnih tkiv. Zato je to postal glavni fokus najnovej{ih raziskav na podro~ju, ki zagotavlja za~asno specifi~no
oblikovano (dizajnirano) umetno okolje v katerem se pospe{uje rast oziroma celjenje kostnih tkiv. V tem ~lanku avtorji
opisujejo izdelavo biokompozitnega materiala iz polimetil-metakrilata (PMMA) in hidroksiapatita (HA) kombiniranega z
razli~nimi koncentracijami kurkumina in etilen-glicol dimetakrilata (EGDMA) kot podpora in`eniringu kostnih tkiv. Avtorji so
izdelane vzorce okarakterizirali z uporabo rentgenske difrakcije (XRD), vrsti~ne elektronske mikroskopije na emisijo polja
(FESEM) in mikroskopije na atomsko silo (AFM). Dolo~ili so tudi mehanske lastnosti vzorcev (natezno in tla~no trdnost ter
trdoto). Dodatno so avtorji izvedli teste na dve najbolj pogosti bakteriji, ki povzro~ata osteomielitis (Staphylococcus aureus in
Escherichia coli). Za to so uporabili difuzijsko infiltracijo z `elatinsko snovjo agar in s tem razvili antibakterijski biomaterial, ki
u~inkovito prepre~uje in tudi zdravi osteomielitis. Rezultati raziskave so dokazali, da izdelava bikompozitnih skeletov s
kombinacijo HA in nanodelcev kurkumina v PMMA polimerni matrici oja~ani z EGDMA ponuja obetajo~e se podro~je uporabe
za zdravljenje po{kodovanih kosti. Pri tem je {e potreben nadaljnji napredek pri izbolj{anju kvalitete in u~inkovitosti te vrste
kompozitnih skeletov. Ta kompozit (PMMA/HA/Curcumin) ima odli~ne antibakterijske, morfolo{ke in mehanske lastnosti in
kot tak lahko slu`i kot potencialna zamenjava za po{kodovane kosti.
Klju~ne besede: in`eniring kostnih tkiv, biomaterial, polimetil-metakrilat, etilen-glicol dimetakrilat, hidroksiapatit
Ca5(PO4)3(OH), kurkumin
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1 INTRODUCTION

Bones play a vital role in the functioning of the hu-
man body, providing structural support and physical pro-
tection for vital organs as well as a number of other func-
tions. In addition, they can change and adapt to pressure
or mechanical forces.1 Infections, tumors, and trauma are
most commonly responsible for bone defects. Recent ad-
vances in tissue engineering have been used to evaluate
alternative scaffolding materials that combine biological
and engineering characteristics to fabricate short-term ar-
tificial environments specifically designed to promote
the growth of bone tissue.2 As a treatment option for se-
vere bone defects, bone tissue engineering holds im-
mense potential for addressing the problem, while avoid-
ing the effects of complications associated with
conventional allogeneic or autologous bone replace-
ments.3 A variety of calcium phosphate bioceramics, in-
cluding hydroxyapatite (HA) nanoparticles, have been
mainly used to replace bones in orthopedics and den-
tistry. Additionally, polymers can be used for hard tissue
prostheses that carry load due to their physical proper-
ties, their ability to form strong structures, inertness and
excellent stability in body fluids.4 Among the many ap-
plications of poly(methyl methacrylate) (PMMA), bone
cement is commonly used in total joint replacement sur-
gery as well as bone fillers and bone substitutes, due to
its affordability, biocompatibility, and processability. Al-
though PMMA exhibits a high level of bone regeneration
efficiency, it is limited by its low level of bioactivity and
poor osseointegration.5 As an osteoconductive material,
HA shows a porosity matching the natural bone, stimu-
lating bone tissue growth within cavities or on their sur-
faces. When HA degradation occurs, phosphate and cal-
cium ions are released, contributing to osteoinductive
and osteogenic activities.6

It has been reported that synthetic polymer matrices,
such as PMMA, can be functionalized by incorporating
bioactive nanoparticles, such as HA, which may improve
the properties of hybrid matrices.7–9 Additionally, HA
scaffolds are brittle and weak, which makes them highly
susceptible to fractures. HA-based samples have been ef-
fectively hindered from being used for these applications
due to their low strength and brittle nature.10 PMMA
biomaterial is widely considered one of the most sensi-
tive to microbiological contamination. It also exhibits a
considerable percentage of pores and it is considered to
be an inert material, unlikely to stimulate anchoring of
bones to PMMA bone cements, as well as being prone to
contamination by bacteria.11,12 The perennial herb tur-
meric contains curcumin, which has received consider-
able attention, has been shown to be beneficial in treat-
ing a wide range of tumors.

A number of studies have also indicated that
curcumin is capable of inhibiting osteosarcoma cell pro-
liferation in vitro and treating bone defects in vitro.
Thus, curcumin may be promising for treating osteo-

sarcoma.13 In vitro and in vivo tests showed that
curcumin enhanced the bone mineral density and bone
structure. Besides exhibiting anti-inflammatory proper-
ties, curcuma longa is also an antioxidant. In addition,
curcumin has antibacterial properties, and studies have
been conducted to determine the effects of a curcumin-
containing bone cement on a variety of bacteria.14–17 As a
result, the primary focus of bone scaffold research has
shifted from achieving the required level of biocom-
patibility to improving the mechanical characteristics,
adding osteoinductivity to the scaffold, and building a
porous structure with low density and antimicrobial
properties. Ethylene glycol dimethacrylate (EGDMA)
acts as a cross-linking agent; it is incorporated into
PMMA to enhance the material’s crack resistance; its
greatest advantage is its resistance to small surface
cracks, as reported in previous studies.18–20 This study in-
vestigates the ability of HA, polymethyl methacrylate
(PMMA) and EGDMA, combined with curcumin, to
form biocomposite materials. This is done by synthesiz-
ing a biocomposite and determining its structural and
morphological characteristics. In addition to the mechan-
ical properties of the biocomposite, the antibacterial
properties are also investigated as they would allow its
application in bone tissue engineering.

2 MATERIALS AND METHODS

2.1 Materials

The biocomposite was fabricated from self-curing
acrylic resin (PMMA powder, Maarc dental, India),
mixed with methyl methacrylate monorner (MMA)
(Maarc dental, India) and ethylene glycol dimethacrylate
(EGDMA) as the crosslinking agents (Sigma-Aldrich,
USA). HA nanoparticles of APS 20 nm, with a nodular
structure, 96 % purity and 502.31 molar mass were sup-
plied by MK Nano, Toronto, Canada. Curcumin was pur-
chased from Fluka (Switzerland, diferuloylmethane, Nat-
ural Yellow 3, molecular formula: IC21H20O6).

2.2 Methods

A ball mill was used to mix different amounts of
PMMA, HA, and curcumin over ten minutes to produce
composites of different weight fractions. Smooth mix-
tures were achieved, without any conglomerates. Table 1
illustrates the percentage composition of each sample. To
prepare the samples, each composite material was dis-
solved in a liquid solvent (MMA, EGDMA) in a ratio of
2:1. Once a mixture was pasty, it was placed in a silicone
mold specially designed for this study. The process of
sample fabrication is illustrated in Figure 1. As the final
stage of fabrication, hardening or setting was conducted
for at least 30 minutes at room temperature. The samples
were ready for characterization five days after their fabri-
cation.
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Table 1: Sample compositions

Group
Composition (w/%)

Liquid content
Powder content

PMMA HA Curcumin MMA EGDMA
S1 100 % 0 % 0 % 100 % 0 %
S2 80 % 20 % 0 % 95 % 5 %
S3 80 % 20 % 0 % 90 % 10 %
S4 80 % 20 % 0 % 85 % 15 %
S5 77 % 20 % 3 % 95 % 5 %
S6 77 % 20 % 3 % 90 % 10 %
S7 77 % 20 % 3 % 85 % 15 %
S8 75 % 20 % 5 % 95 % 5 %
S9 75 % 20 % 5 % 90 % 10 %

S10 75 % 20 % 5 % 85 % 15 %
S11 60 % 40 % 0 % 95 % 5 %
S12 60 % 40 % 0 % 90 % 10 %
S13 60 % 40 % 0 % 85 % 15 %
S14 57 % 40 % 3 % 95 % 5 %
S15 57 % 40 % 3 % 90 % 10 %
S16 57 % 40 % 3 % 85 % 15 %
S17 55 % 40 % 5 % 95 % 5 %
S18 55 % 40 % 5 % 90 % 10 %
S19 55 % 40 % 5 % 85 % 15 %

2.3 Characterizations of the fabricated samples

To determine the X-ray diffraction patterns of fabri-
cated samples, an XRD unit (Haoyuan Instrument Co.,
Dx-2700BH) was used in a 2� range of 5–80°. A field
emission scanning electron microscope (FEI Quanta 450,
USA) was employed to examine the morphology of
biocomposite specimens. For accurate analysis and pres-
ervation of sample integrity, the samples were coated
with a thin coating of gold under vacuum to prevent elec-
trostatic charges and heat accumulation. The surface to-
pography (surface roughness) was observed using an
atomic force microscope (model TT-2 AFM). To evalu-

ate bone and scaffold failure, tensile fracture strength is
considered an important parameter. For the evaluation of
the fracture strength of a sample, the diametrical com-
pression test (Brazilian test) was used. Each sample was
tested with an Instron Tinius Olsen (H50 KT). Tests were
conducted at 0.5 mm/s at a constant speed rate. A crack
occurred in the vertical direction, passing through the
center of the sample. A compression force was gradually
increased until the fracture was completed. This diamet-
ral tensile strength was calculated using the following
equation:9

�t
F

Dt
= 2

π
A cylindrical test specimen with a diameter of 1.2 cm

and height of 2.5 cm was used to calculate the compres-
sive strength of the composite material as shown in Fig-
ure 2. To calculate the compressive strength, the load
was applied axially and the following equation was
used:21

�c
F

D
= 2

2π( / )

where:
�t – the tensile fracture strength
�c – the compressive strength
F – the load applied
D, t – the diameter and thickness of the sample, respec-
tively
" – 3.14 (a constant)

2.4 Antibacterial activity

Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli), representative of Gram-positive and
Gram-negative pathogens involved in orthopedic infec-
tions, as reported in previous studies,22,23 were tested for
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Figure 1: Schematic diagram of the fabrication of a 3D biocomposite scaffold made of PMMA, HA, and curcumin



the antibacterial activity on the fabricated samples. By
adding 38 grams of Muller-Hinton powder to 1 L of dis-
tilled water, then mixing and warming the mixture, one
can prepare the Muller-Hinton (M-H) solution. It is nec-
essary to autoclave M-H for 15 minutes at 121 °C for
sterilization. After cooling it to 50 °C, it was poured into
a petri dish and allowed to solidify for 15 minutes before
being flipped upside down and kept at 4 °C in a freezer.
Muller-Hinton (MH) agar was aseptically poured into
sterile Petri dishes, and 20 mL of each prepared sample
2, 5, 8, 11, 14, 17 was applied to assess antibacterial ac-
tivity against Gram-positive and Gram-negative bacteria.
With a wire loop, the bacteria types were collected from
their standardized cultivations. An agar plate was bored
with 6 mm-diameter holes with a sterile tip after the cul-
tivation. After incubating the experimental bacteria for
24 h at 37 °C, the mean diameter of inhibiting zones was
determined and measured.

3 RESULTS AND DISCUSSION

3.1 XDR analysis

An XRD analysis was performed to further elucidate
the structure of the biocomposite (PMMA/HA/Curcu-
min) and establish a better understanding of the phase
structure of the fabricated samples. Based on the XRD
patterns of selective samples, as shown in Figure 2, it
can be seen that the diffraction peaks at 27.1802°,
30.3502°, 33.3957° and 44.5282° indicate the presence
of HA phase in accordance with the standard data set
(JCPDS No. 74-0566).24 Since the PMMA/HA biocom-
posite contains a low concentration of curcumin, no
curcumin peak appears in the diffraction pattern. There is
an increase in the HA peak intensity when the curcumin

content is increased, while in the 60 PMMA/40 HA
group, this peak becomes less intense when the curcumin
content is increased. This indicates that curcumin is
evenly distributed within the matrix of the biocomposite
scaffold. As a result, curcumin in the XRD pattern is
dominated by its biocomposite structure, as reported in a
previous study.25 The results of the XRD analysis clearly
show that the composite materials were mixed to a high
degree of homogeneity, as evidenced by smooth peaks
and phase stability. As a result, the additive particles are
evenly distributed throughout the polymeric matrix.

3.2 Morphology observation

3.2.1 FE-SEM analysis

The FE-SEM technique was used for the analysis of
sample surface morphologies and the outcomes are
shown in Figure 3, which displays different weights of
HA and curcumin along PMMA in the investigated sam-
ples. FE-SEM images demonstrate that HA particles are
uniformly distributed on the composite surfaces, directly
enhancing the mechanical properties of the biocomposite
scaffolds. Furthermore, the HA particles adhere uni-
formly to the composite matrix, indicating a successful
fabrication, as well as a high degree of adhesion of the
HA particles to the composite matrix. A composite
(55PMMA/40HA/5curcumin) induced fibrous structure
can be observed in Figure 3f as well as a fibrous organi-
zation identical to that of natural bones. This fibrous
structure indicates significant cell contact, making it
more likely that the tissue adheres to itself and heals.26

Based on morphological results, homogeneous arrange-
ments of particles and fibrous structures are detected,
which are potentially useful scaffolds for bone tissue en-
gineering.
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Figure 2: XRD spectra of biocomposite PMMA/HA/curcumin with: (a) 80 PMMA/20 HA, (b) 60 PMMA/40 HA; different P, H, C concentra-
tions are assigned to PMMA, HA and curcumin, respectively



3.2.2 AFM analysis

AFM was used to examine the sample surface
morphologies and identify surface characteristics. Micro-
structure arrangements of the PMMA and HA samples
with a varying curcumin concentration are shown in Fig-
ure 4. Homogeneous distributions can be observed in the

sample microstructures, and the interconnections be-
tween HA and curcumin, which can be seen in the
PMMA pattern, contribute useful information for im-
proving the mechanical characteristics of the material.
As shown in Table 2, variations in the roughness of the
sample surfaces with different compositions were found
to be significant. The maximum surface roughness was
found for 55PMMA/40HA/5curcumin, i.e., a roughness
of 10.7 nm, while 77PMMA/20HA/3curcumin yielded a
roughness of 5.55 nm. The increased surface roughness
of cells was also linked to the increased differentiation
and proliferation of cells.27–29 Recruitment, proliferation,
and differentiation of mesenchymal progenitors are re-
quired during bone formation. As part of the ideal scaf-
fold for bone tissue engineering, growth factors should
be present, in addition to the other factors that facilitate
cell adhesion, differentiation, and migration.30,31

Table 2: AFM parameters varying with the sample surface roughness

Sample codes Mean rough-
ness (nm)

RMS
(nm)

Maximum
peak height

(nm)
S2 4.66 5.76 66.8
S5 4.78 5.55 66.7
S8 4.88 5.98 71.4

S10 5.08 6.6 77.7
S14 6.4 8.9 108.66
S17 8.3 10.7 125.07
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Figure 3: Typical FE-SEM images of the fabricated biocomposite: a) S2, b) S5, c) S8, d) S10, e) S14, f) S17

Figure 4: Surface characteristics of biocomposite PMMA/HA/cur-
cumin, selected based on the AFM 3D surface structure: a) S2, b) S5,
c) S8, d) S10, e) S14, f) S17



3.3 Mechanical characteristics

3.3.1 Tensile fracture and compressive strength

Brazilian tests (diametral compression tests) were
used for the evaluation of the tensile fracture strength of
the biocomposite. To assess the fracture strength of the
samples, which is particularly important when biocom-
posite scaffolds are subjected to bearing loads (Fig-
ure 5), a comparison was made between the w/% of
EGDMA and the tensile fracture strength (Figure 6),
considering various weight percentages of PMMA and
HA. As the w/% of EGDMA was increased, the fracture
strength also increased. It was observed that within the
20 % HA sample group, the highest values were ob-
tained under 32 MPa, and the minimum values were ob-
tained under 24 MPa. In contrast, within the 40 % HA
sample group, the highest values were determined for
samples under 21 MPa, and the lowest values were mea-
sured for samples under 13 MPa.

Several previous investigations confirmed the benefi-
cial effect of EGDMA on the mechanical properties of
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Figure 6: Variation in the tensile fracture against different percentages
(w/%) of EGDMA for (20, 40) w/% HA

Figure 5: Load-deformation curves for tensile fracture: a) 20 % HA
matrix, b) 40 % HA matrix with different concentrations of PMMA
and EGDMA

Figure 7: Load-deformation curves for compressive strength: a) 20 %
HA matrix, and b) 40 % HA matrix with different concentrations of
PMMA and EGDMA



polymer composites.18,19 In Figures 7 and 8 the compres-
sive strength properties of composites with and without
EGDMA are shown. It was found that the incorporation
of EGDMA into the system increased the compressive
strength of composites. The tensile fracture and com-
pressive strength were enhanced. Additionally, the high
mechanical characteristics may be explained with the
fact that the synthetic bone produced by the proposed
system was employed for a long time, thus providing
reasonable evidence of the material’s biological stability
and reduced degradation rate. Therefore, the material is
ideal for bone replacement applications because of its
high mechanical properties.

3.4 Antibacterial activity

The results revealed that an obvious antimicrobial ac-
tivity against Escherichia coli and Staphylococcus
aureus is observed for the prepared PMMA/HA/cur-
cumin biocomposites, as shown in Figure 9. According
to the inhibition zone, the greater the concentration of
curcumin in the biocomposite, the greater the inhibition
zone in the samples; therefore, the antimicrobial effects
increase with the concentration. An additional quantita-
tive antibacterial test carried out on 55PMMA/40HA/
50curcumin showed that its rate of antibacterial activity
against both S. aureus and E. coli was as high as that of
the composite with 0 % curcumin. In this regard,
curcumin can be viewed as an inexpensive component
that can not only provide antimicrobial properties, but
also enhance PMMA bioactivity when applied to bone
regeneration. Furthermore, by increasing the curcumin
percentage, both intercellular attachment and bone for-
mation are enhanced, without compromising the bone
quality, as reported in a reference.14 Based on the results
of this study, curcumin nanoparticles, combined with
biocomposite may be able to control bacterial infections
around artificial bone tissue. Our findings indicate that
the composite material presented in this study is
well-suited for bone tissue engineering due to its inte-
grated multifunctionality, suggesting significant potential
for clinical applications.

4 CONCLUSIONS

In this study, PMMA/HA/biocomposite samples con-
taining different curcumin contents were fabricated using
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Figure 9: Inhibition zones of pristine PMMA/HA/curcumin biocomposites for the Escherichia coli test: a) S2, S5, S8; b) S11, S14, S17; and
Staphylococcus aureus test: c) S2, S5, S8; d) S11, S14, S17

Figure 8: Variation in compressive strength against different percent-
ages (w/%) of EGDMA for (20, 40) w/% HA



an MMA/EGDMA solvent. Their structural phases, mor-
phological characteristics, and antibacterial properties
were examined. According to the findings, the smooth
peaks of the composite elements are indicative of homo-
geneous mixing. The FE-SEM morphological analysis
confirmed that the components were uniformly distrib-
uted throughout the fibrous structure. The AFM analysis
also revealed that the highest surface roughness (8.3 nm)
was found in the 55%PMMA/40%HA/5%curcumin sam-
ple with 15 % EGDMA and 85 % MMA. Cell differenti-
ation and proliferation are affected by the roughness of
the sample surface. As a result of adding 10–15 % of
EGDMA to the polymer networks and crosslinked com-
posites, the compressive strength and tensile fracture
strength of the biocomposite were increased. The bio-
composite inhibited both gram-positive and gram-nega-
tive bacteria growth. Due to its excellent antibacterial
properties, it effectively inhibited bacterial colonization,
thus reducing the use of antibiotics. Therefore, this
biocomposite is an appropriate candidate for bone graft-
ing. We recommend that future studies include an assess-
ment of its bioactivity using in vitro experiments. Fur-
thermore, a significant amount of work remains to be
conducted in vivo to assess the impact of the biocom-
posite on the bone cell activity, thus evaluating its ability
to stimulate the regeneration of broken bone tissues.

5 REFERENCES

1 M. Wang, G. Jiang, H. Yang, X. Jin, Computational models of bone
fracture healing and applications: A review, Biomedical Engi-
neering/Biomedizinische Technik, 69 (2024) 3, 219–39, doi:10.1515/
bmt-2023-0088

2 A. A. Al-allaq, J. S. Kashan, F. M. Abdul-Kareem, A. M. Alani, Re-
view of In Vivo Investigations on Metal Implants for Bone Tissue
Engineering, Regenerative Engineering and Translational Medicine,
(2024), 1–25, doi:10.1007/s40883-024-00352-2

3 X. Yuan, W. Zhu, Z. Yang, N. He, F. Chen, X. Han, K. Zhou, Recent
advances in 3D printing of smart scaffolds for bone tissue engineer-
ing and regeneration, Advanced Materials, 36 (2024) 34, 2403641,
doi:10.1002/adma.202403641

4 A. A. Al-Allaq, J. S. Kashan, M. T. El-Wakad, A. M. Soliman, Eval-
uation of a hybrid biocomposite of ha/hdpe reinforced with
multi-walled carbon nanotubes (Mwcnts) as a bone-substitute mate-
rial, Mater. Tehnol., 55 (2021) 5, 673–80, doi:10.17222/mit.2021.162

5 S. Ramanathan, Y.-C. Lin, S. Thirumurugan, C.-C. Hu, Y.-F. Duann,
R.-J. Chung, Poly (methyl methacrylate) in orthopedics: strategies,
challenges, and prospects in bone tissue engineering, Polymers, 16
(2024) 3, 367, doi:10.3390/polym16030367

6 A. A. Al-allaq, J. S. Kashan, A review: In vivo studies of biocera-
mics as bone substitute materials, Nano Select, 4 (2023) 2, 123–44,
doi:10.1002/nano.202200222

7 G. Singh, S. Santhanakrishnan, Fabrication and characterization of
composite PMMA/HA scaffold using freeze casting method, Mate-
rials Technology, 37 (2022) 11, 1734–41, doi:10.1080/10667857.
2021.1978640

8 M. Hossain, J. H. Jeong, T. Sultana, J. H. Kim, J. E. Moon, S. Im, A
composite of polymethylmethacrylate, hydroxyapatite, and �-trical-
cium phosphate for bone regeneration in an osteoporotic rat model,
Journal of Biomedical Materials Research Part B: Applied Bio-
materials, 111 (2023) 10, 1813–23, doi:10.1002/jbm.b.35287

9 A. A. Al-allaq, J. S. Kashan, A. Abdal-Hay, H. Fouad, Synthesis and
characterization of nano-biocomposite (PMMA-hydroxyapatite-
CaZrO3) for bone tissue engineering, Polymer-Plastics Technology
and Materials, 63 (2024) 11, 1464–73, doi:10.1080/25740881.
2024.2339293

10 B. Jiang, S. Ke, B. Yang, J. Chen, W. Li, M. Fang, Z. Huang, J. Sun,
X. Min, X. Hu, Interfacial characteristics of bioglass diffusion zone
between scaffold-like hydroxyapatite/wollastonite coating and dense
zirconia substrate, Ceramics International, 49 (2023) 23, 37388–95,
doi:10.1016/j.ceramint.2023.09.063

11 A. Bistolfi, R. Ferracini, C. Albanese, E. Vernè, M. Miola,
PMMA-based bone cements and the problem of joint arthroplasty in-
fections: status and new perspectives, Materials, 12 (2019) 23, 4002,
doi:10.3390/ma12234002

12 E. B. Minelli, T. Della Bora, A. Benini, Different microbial biofilm
formation on polymethylmethacrylate (PMMA) bone cement loaded
with gentamicin and vancomycin, Anaerobe, 17 (2011) 6, 380–3,
doi:10.1016/j.anaerobe.2011.03.013

13 C. Xu, M. Wang, W. Guo, W. Sun, Y. Liu, Curcumin in osteosarcoma
therapy: combining with immunotherapy, chemotherapeutics, bone
tissue engineering materials and potential synergism with photo-
dynamic therapy, Frontiers in Oncology, 11 (2021), 672490,
doi:10.3389/fonc.2021.672490

14 F. Boschetto, T. Honma, T. Adachi, N. Kanamura, W. Zhu, T.
Yamamoto, E. Marin, G. Pezzotti, Development and evaluation of
osteogenic PMMA bone cement composite incorporating curcumin
for bone repairing, Materials Today Chemistry, 27 (2023), 101307,
doi:10.1016/j.mtchem.2022.101307

15 T. Eren, G. Baysal, F. Doðan, Biocidal activity of bone cements con-
taining curcumin and pegylated quaternary polyethylenimine, Jour-
nal of Polymers and the Environment, 28 (2020) 9, 2469–80,
doi:10.1007/s10924-020-01787-8

16 T. You, X. Ding, H. Zhao, B. Dai, L. Ye, H. Zhao, X. Zhu, J. Zhou, J.
Yin, Functionalized Hydroxyapatite and Curcumin Incorporated
Stimuli-Responsive Low-Exothermic and Injectable Poly (methyl
methacrylate) Bone Cement for the Treatment of Osteomyelitis, Ad-
vanced Functional Materials, 34 (2024) 42, 2406817,
doi:10.1002/adfm.202406817

17 J. He, X. Yang, F. Liu, D. Li, B. Zheng, A. O. Abdullah, Y. Liu, The
impact of curcumin on bone osteogenic promotion of MC3T3 cells
under high glucose conditions and enhanced bone formation in dia-
betic mice, Coatings, 10 (2020) 3, 258, doi:10.3390/
coatings10030258

18 G. Ceylan, S. Emik, T. Yalcinyuva, E. Sunbuloðlu, E. Bozdag, F.
Unalan, The effects of cross-linking agents on the mechanical prop-
erties of poly (methyl methacrylate) resin, Polymers, 15 (2023) 10,
2387, doi:10.3390/polym15102387

19 K. Hata, H. Ikeda, Y. Nagamatsu, C. Masaki, R. Hosokawa, H.
Shimizu, Development of dental poly (methyl methacrylate)-based
resin for stereolithography additive manufacturing, Polymers, 13
(2021) 24, 4435, doi:10.3390/polym13244435

20 T. Arima, H. Murata, T. Hamad, The effects of cross-linking agents
on the water sorption and solubility characteristics of denture base
resin, Journal of oral rehabilitation, 23 (1996) 7, 476–80,
doi:10.1111/j.1365-2842.1996.tb00882.x

21 N. Rohr, J. Fischer, Effect of aging and curing mode on the compres-
sive and indirect tensile strength of resin composite cements, Head &
Face Medicine, 13 (2017), 1–9, doi:10.1186/s13005-017-0155-z

22 D. Campoccia, L. Montanaro, C. R. Arciola, The significance of in-
fection related to orthopedic devices and issues of antibiotic resis-
tance, Biomaterials, 27 (2006) 11, 2331–9, doi:10.1016/j.bio-
materials.2005.11.044

23 J. Wei, Y. Wang, J. Jiang, Y. Yan, D. Fan, X. Yang, Y. Zuo, Y. Li, H.
Gu, J. Li, Development of an antibacterial bone graft by immobiliza-
tion of levofloxacin hydrochloride-loaded mesoporous silica
microspheres on a porous scaffold surface, Journal of Biomedical
Nanotechnology, 15 (2019) 5, 1097–105, doi:10.1166/jbn.2019.2743

A. A. AL-ALLAQ et al.: DEVELOPMENT AND CHARACTERIZATION OF POLY(METHYL METHACRYLATE)/ ...

322 Materiali in tehnologije / Materials and technology 59 (2025) 2, 315–323



24 F. Heidari, R. Bazargan-Lari, M. Razavi, F. Fahimipour, D. Vashaee,
L. Tayebi, Nano-hydroxyapatite and nano-hydroxyapatite/zinc oxide
scaffold for bone tissue engineering application, International Jour-
nal of Applied Ceramic Technology, 17 (2020) 6, 2752–61,
doi:10.1111/ijac.13596

25 A. Hezma, A. B. Abdelrazzak, G. S. El-Bahy, Preparation and spec-
troscopic investigations of hydroxyapatite-curcumin nanoparticles-
loaded polylactic acid for biomedical application, Egyptian Journal
of Basic and Applied Sciences, 6 (2019) 1, 1–9, doi:10.1080/
2314808X.2019.1586358

26 A. A. Al-Allaq, Preparation and characterization of MWCNTs to Re-
inforce Nano Bio composite as Bone substitute, Department of Bio-
medical Engineering Faculty of Engineering, Helwan University,
2022

27 C. Liang, Y. Luo, G. Yang, D. Xia, L. Liu, X. Zhang, H. Wang,
Graphene oxide hybridized nHAC/PLGA scaffolds facilitate the pro-
liferation of MC3T3-E1 cells, Nanoscale Research Letters, 13
(2018), 1–10, doi:10.1186/s11671-018-2432-6

28 A. A. Al-Allaq, J. S. Kashan, M. T. El-Wakad, A. M. Soliman, The
Bio-Composites (Hydroxyapatite/High-Density Polyethylene) Mate-
rials Reinforced with Multi-Walled Carbon Nanotubes for Bone Tis-
sue Repair, J. Ceram. Process. Res., 22 (2021), 4, 446–54,
doi:10.36410/ jcpr.2021.22.4.446

29 A. Zareidoost, M. Yousefpour, B. Ghaseme, A. Amanzadeh, The re-
lationship of surface roughness and cell response of chemical surface
modification of titanium, Journal of Materials Science: Materials in
Medicine, 23 (2012), 1479–88, doi:10.1007/s10856-012-4611-9

30 R. T. Brady, F. J. O’Brien, D. A. Hoey, Mechanically stimulated bone
cells secrete paracrine factors that regulate osteoprogenitor recruit-
ment, proliferation, and differentiation, Biochemical and Biophysical
Research Communications, 459 (2015) 1, 118–23, doi:10.1016/
j.bbrc.2015.02.080

31 T. Wang, X. Yang, X. Qi, C. Jiang, Osteoinduction and proliferation
of bone-marrow stromal cells in three-dimensional poly (
-capro-
lactone)/hydroxyapatite/collagen scaffolds, Journal of Translational
Medicine, 13 (2015), 1–11, doi:10.1186/s12967-015-0499-8

A. A. AL-ALLAQ et al.: DEVELOPMENT AND CHARACTERIZATION OF POLY(METHYL METHACRYLATE)/ ...

Materiali in tehnologije / Materials and technology 59 (2025) 2, 315–323 323


