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Lack of bioactivity and monomer toxicity are limiting factors of polymethyl methacrylate (PMMA) bone cement
in orthopedic applications. Herein, we address these shortcomings by proposing two-dimensional magnesium
phosphate (MgP) nanosheets and hydroxyapatite (HA) nanofibers as novel fillers in PMMA bone cement na-
nocomposites. Two-dimensional MgP nanosheets and one-dimensional HA nanofibers were synthesized by
tuning the crystallization of the sodium-magnesium-phosphate ternary system and hydrothermal homogeneous
precipitation, respectively. We show that MgP nanosheets exhibit antibacterial properties against Escherichia coli
(E. coli). In addition, HA nanofibers with high level of bioactivity are the proper choice to induce cell viability in
the nanocomposite. Results indicate that the combination of both fillers can act as deformation locks enhancing
the compressive strength of the nanocomposites. The synthesized nanocomposite possesses excellent bioactivity,
mechanical properties, and cytocompatibility potentially opening new paradigm in the design of next generation

bone cement composites.

1. Introduction

Since 1930 polymethyl methacrylate (PMMA) has been used for
odontology and subsequently for bone cement material in orthopedic
applications [1]. Nowadays, PMMA are used as a grouting material in
joint replacement surgeries to transfer the load between the prosthetic
implant and the bone [2]. Even though PMMA is widely used as bone
cement materials in joint replacement surgeries, several complications
such as loosening and secondary fracture of adjustment vertebral bodies
have been reported due to the inadequate mechanical and biological
properties [3-5]. For instance, monomer toxicity and low level of
bioactivity are considered as two disadvantages of the PMMA which
limit its clinical uses [6-8]. Furthermore, PMMA is a bioinert material
[9] that prevent chemical bonding or osteointegration with the bone
tissue at the implant site [10]. This results in weak bonding strength
between the bone cement and the host bone [11]. It was reported that
such weak bonding may cause micro motion in daily activity, which
then can lead to the formation of small wear debris resulting in os-
teolysis and further aseptic loosening or even dislodgement of the bone
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cement implant [12].

The enhancement of the PMMA-based bone cement properties is a
challenging issue that has been the focus of much research. Application
of filler materials into the matrix of PMMA has been considered as a
potential solution to improve its properties and overcome the limita-
tions. The studies of Kwon and co-workers showed that incorporation of
30 wt% hydroxyapatite (HA, Ca;0(PO4)s(OH),) in PMMA-HA composite
increased the interfacial shear strength at the bone implant interface
after six weeks of implantation [13]. Recently, the nanomechanical
behavior of individual HA nanofibers were directly visualized using in
situ TEM methods for the first time by our group [14]. The nanofibers
can be severely scrolled and stretched through several cyclic com-
pression tests without damage, showing remarkable nanomechanical
flexibility, which supports HA nanofibers to be used as a filler in bio-
medical composite materials. In addition, Moursi et al. [15] reported
that the addition of HA in a PMMA matrix improves osteoblast response
as compared to PMMA alone. The use of micro and nano scales alumina
fillers for improvement of the mechanical properties of hybrid PMMA
composites was also reported by Faisal et al. [16]. Owing to the special
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properties of materials in nanoscale, the incorporation of nano-sized
materials has been widely explored as potential solutions to improve
the mechanical properties of PMMA [17]. Multiwalled carbon nanotube
[18,19], graphene [17] calcium carbonate nanoparticles [20], collagen
[5], silica nanoparticles [21], core-shell nanoparticles [22] and ZrO,
nanotubes [23] are some examples of such materials that have been
added to PMMA to boost its properties.

Development of bacteria resistance bone cement is also an inter-
esting challenge for many researchers. PMMA by itself not only does not
have antibacterial properties [24], but also is very susceptible to bac-
terial adhesion and colonization [25]. Therefore, silver and gold na-
noparticles were added to the PMMA-based bone cement to provide
robust antibacterial properties [26-29]. However, the toxicity of silver
and gold is still a matter of concern [30,31]. Incorporation of antibiotics
directly into PMMA has been reported as the second method to prevent
infection, however, there are several drawbacks associated to this
method which reduce the success rates [32]. Recently, incorporation of
nano-additives in the form of nanospheres, nanosheets, nanofibers, or
nanotubes is one of the most intriguing approaches to improve anti-
bacterial properties of PMMA [33]. Magnesium phosphate has been
demonstrated to be a biocompatible material in vivo making it inter-
esting for biomedical applications [34]. Magnesium ions from magne-
sium phosphates can catalyze various enzymes and can enhance cells
proliferation [35,36]. The dissolution by-products released from mag-
nesium phosphate are mainly Mg?* ions and HPO42~, which com-
pletely biocompatible [37]. Recently, thin two-dimensional (2D) layer
materials such as two-dimensional MgP nanosheets with desirable
biocompatibility, bioresorption, and long-term stability have been at-
tracting extensive interest in biomedical applications [38].

Developing PMMA-based composites with high level of cyto-
compatibility, mechanical and antibacterial properties is a challenging
task. We have designed a PMMA nanocomposite that contain two-di-
mensional MgP nanosheets and one-dimensional HA nanofibers. We
observed that incorporation of these nanofillers could provide an an-
tibacterial PMMA bone cement nanocomposite with high level of cy-
tocompatibility and mechanical properties. The findings of this work
reveal that the excellent performance of the proposed bone composite
can result in a paradigm shift in design of state-of-the art bone cement
composites.

2. Material and methods
2.1. Synthesis of two-dimensional MgP nanosheets

Two-dimensional MgP was synthesized based on the study reported
by Laurenti et al. [37]. In brief, the ternary system of NaOH — Mg(OH),
- H3PO,4 was employed to synthesize MgP. Two precursors of NaOH and
H3PO, were prepared with 1.5M concentration. First, the MgOH was
dissolved with magnetic stirrer in H3PO, until fully clear solution ob-
tained. Then the NaOH solution was added and stands for 2 h. Finally,
the prepared solution was centrifuged at 4000 rpm for 5min and the
supernatant was discarded. The molar ratio of MgOH, NaOH and H3;PO,
were adjusted to 0.18, 0.45 and 0.37, respectively. The solid precipitate
was vacuum dried at 70 °C for 24 h.

2.2. Synthesis of HA nanofibers

First, aqueous solution of Ca(NOs)y4H,0, (NH4),HPO, and 1M
urea solution with the molar ratio of Ca/P kept at 1.67. Then the pH
value of the mixed solution was adjusted to 3.50 by using 0.5M
HNO3(aq), and the solution was transferred to a Teflon-lined cylindrical
stainless-steel autoclave and treated at 160 °C for 6 h. At last, the pro-
ducts were washed with deionized water and ethanol, and dried in oven
at 80 °C [38].
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Table 1
Classification of specimens in this study.

Samples Powder (wt%)

PMMA 2-D MP HA
P 100 0 0
PM 90 10 0
PH 90 0 10
PMH 1 920 7.5 2.5
PMH 2 90 5 5
PMH 3 90 2.5 7.5

2.3. Nanocomposites preparation

The samples were classified into six types (P, PM, PH, PMH1, PMH2,
PMH3) based on the ratio of MgP nanosheets and HA nanofibers in
PMMA matrix (Table 1). The highest amount of filler ratios was set to
7.5wt% to ensure a lower degree of agglomeration. To prepare the
nanocomposites, methyl methacrylate (MMA) was used as solvent for
PMMA. The ratio of PMMA/MMA was set to the 1.52g/ml [7]. The
prepared PMMA-MgP-HA nanocomposite samples were then dried in
vacuum for 3days. In order to dry any remaining liquid, the nano-
composite was oven-dried at 40 °C for 24 h.

2.4. Compression tests

The compression test was conducted in accordance with ISO 5833
standard [39]. Cylindrical specimens with the length of 12.0 = 0.1 mm
and diameter of 6.0 + 0.1 mm were tested under compressive loading
using a INSTRON-8500R universal testing machine. The machine op-
erated at a crosshead speed of 2.54 mm/min until specimen failure. The
compressive strength was subsequently calculated from the load versus
deformation data.

2.5. Antibacterial tests

To culture the bacteria, first the medium was prepared by mixing
the LB Broth powder in 500 ml of molecular biology grade water. The
solution was stirred for 15 min. The flask containing 50 ml of prepared
solution was autoclaved for at 125 °C for 30 min. Thereafter, the mix-
ture was cooled under UV light to be ready as medium for culturing
bacteria. The frozen E. coli bacteria were added to the prepared solu-
tion. The solution was shaken at 37.5°C for 16 h to promote the bac-
terial growth. To prepare the agar plate for conducting inhibition zone
evaluation, the LB Agar powder, LB Broth powder and molecular
biology grade water were mixed with concentration of 37 g/L. the
mixture was stirred for 20 min and then autoclaved. After cooling
process, the viscous prepared solution was poured into the petri dishes
and wait till solidify. The cultured E. coli bacteria were spread on the
solidified agar medium with the help of inoculating loops. Finally, the
samples were placed into the center of petri dishes and stored in the
incubator at 37.5 °C. The inhibition zones of the samples were observed
and imaged after 6, 12, and 24 h.

2.6. Immersion tests

The Simulated Body Fluid (SBF) was prepared with the chemical
composition listed in Table 2 with the pH of 7.25. The disk shape
specimens of control (P) and nanocomposites (PH, PM, PMH 1, PMH 2,
PMH 3) in triplicates with 6 mm diameter and 2mm length
(6 mm X 2mm) were immersed into the 50 mL SBF for 10days. All
samples were evaluated at time intervals of 1, 2, 4, 8, 12h and every
day after immersion. The immersion test was conducted in the water
bath at 37 °C and the surface area of composite to the volume of SBF
was adjusted to 7.5 mm?/ml.
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Table 2
Chemical composition of the Kokubo simulated body fluid (SBF) compared to
the blood plasma [40].

Solution Ion concentration (mmol/L)

Na* K* Ca®* Mg?* HCOs~ ClI°  HPO2™ S04~
Plasma 142.0 5.0 25 1.5 27.0 103.0 1.0 0.5
Kokubo (SBF) 142.0 5.0 25 1.5 4.2 147.8 1.0 0.5

2.7. Cytotoxicity tests

In this study, MTT assay method was used for evaluation of cyto-
toxicity. First, fibroblasts cells (NIH/3 T3 (ATCC® CRL1658)) were
cultured in Dulbecco's modified eagle medium (DMEM) with addition
of 10% fetal bovine serum (FBS) and 1% penicillin streptomycin and
incubated at 37 °C with 5% CO, and 95% humidity. The disk shape
specimens of control (P) and composites (PH, PM, PMH 1, PMH 2, PMH
3) in triplicates with 6 mm diameter and 2mm length (specimen
weight: ~ 50.2mg) were placed in 96-well plate. Cultured cells at a
density of 6 X 10° cells/ml were then seeded on to the specimens with
the concentration of 10,000 cells/well (150 pl final cell media volume
per well) followed by incubation for 24 h. In the next step, MTT solution
was added and the well-plate was incubated for 4 h. Afterward, di-
methyl sulfoxide (DMSO) solvent was added to each well to solubilize
formazan salts. Finally, absorption was measured by a microplate
reader (Synergy™ H1, BioTek) at 570 nm wavelength.

2.8. Structural and chemical characterizations

In this study, phase composition and crystal structure were eval-
uated using Bruker D8 Discover X-ray diffractometer (XRD). The na-
nostructure and elemental analysis of two-dimensional MgP nanosheets
and HA nanofibers were observed under scanning transmission electron
microscopy (STEM) (JEOL JEM-ARM200CF), field emission scanning
electron microscope (FESEM) (JEOL JSM-6320F) and scanning electron
microscope (SEM) (Hitachi S-3000 N VPSEM) equipped with energy-
dispersive X-ray spectroscopy (EDS).

2.9. Statistical analysis

The obtained data are expressed as mean *+ standard deviation.
The experiments were repeated for three times and all comparisons
have been made at 95% confidence level. All data were statistically
analyzed with One-way ANOVA technique. The statistical significance
between sample groups was evaluated by Bonferroni-Holm corrected
method (p < .05).

3. Results and discussion

Fig. 1 (a, b) illustrates X-ray diffraction patterns of MgP nanosheets
and HA nanofibers, respectively. It can be seen that the diffraction
peaks of 2D MP nanosheets (Fig. 1 (a)) made with sodium are mainly
composed of Mg3(PO,),, Na,HPO,4.2H,0, Mg,PO,4(OH),
Na,Mgs(PO4)4.7H50. In Fig. 1 (b), all the peaks can be indexed to HA
(JCPDS 09-0432) and no other phase was detected indicating that the
product is pure HA. This result is in close agreement with the finding of
Qi et al. [38].

The morphology, structure, and composition of synthesized two-
dimensional MgP nanosheets is shown in Fig. 2. The FESEM and TEM
images of two-dimensional MgP nanosheets are illustrated in Fig. 2 (a,
b). From these images, it can be inferred that the MgP nanostructures
possess sheet-like morphologies of variable dimensions. It contains
several ultrathin layers of aggregated and crumpled sheets which
formed a continuous network at nanoscale. To confirm the elemental
composition of MgP nanosheets, EDS analysis was employed (Fig. 2 (c,
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d)). The data confirms that the MgP nanosheets consist of O, C, P, Mg,
and Na elements [41]. In addition, the EDS mapping also indicates a
homogenous distribution of elements in the nanosheets.

The fiber morphology of synthesized HA nanofibers under a hy-
drothermal process at pH of 3.5 is illustrated in FESEM and TEM images
in Fig. 3 (a, b). The morphology evaluation revealed the formation of
solid and uniform HA nanofibers with a random orientation. HA na-
nofibers are formed in a long length with small diameter. It was re-
ported that there are several requirements for optimal fiber filler in a
polymer-based composites [19]. The cross-section area of the fiber
should be as small as possible, and the length of the fiber should be long
enough to significantly decrease the developed stress within them as
compared to the nominal stress of the composite. In addition, the spa-
tial arrangement of the fibers in the matrix needs to be in a specific
order to ensure a unidirectional, maximal reinforcement. Therefore, it
seems that these HA nanofibers possibly fulfill the requirements of
optimal fibers in nanocomposites. The elemental composition of na-
nofibers determined by EDS spectra analysis (Fig. 3 (c, d)) clearly re-
veals the existence of Ca, P and O elements in the nanofibers and is in
accordance with the XRD results in Fig. 1 (a). In addition, the EDS
mapping illustrates a homogeneous distribution of Ca, P, and O ele-
ments throughout the fibers.

Fig. 4 (a) shows the schematic diagram for developing PMMA-MgP-
HA nanocomposites in this study. From SEM images in two different
magnifications (Fig. 4(b)), it is clearly observed that MgP nanosheets
and HA nanofibers were homogenously dispersed into the PMMA ma-
trix with the chemical formula of (C50,Hg),. Incorporation of these two
fillers with their specific physical properties into the PMMA matrix fills
up the porosity of the matrix and consequently creates a denser nano-
composite structure. EDS spectra and EDS mapping mode of the syn-
thesized nanocomposite is shown in Fig. 4 (c). It confirms that the
PMMA-MgP-HA nanocomposite consists of O, C, Mg, P, Ca, and Na
elements with a homogenous distribution throughout the nanocompo-
site.

In the current study, to evaluate the mechanical strength upon ad-
dition of MgP nanosheets and HA nanofibers in the PMMA bone cement
matrix, the compressive strength was evaluated. The stabilization of the
bone cement matrix avoids any possible crack formation by assuring the
integrity at bone cement-prosthesis interfaces [41]. The stress-strain
curve and ultimate compressive strength of the control and composite
samples are shown in Fig. 5 (a). As represented in Fig. 5 (b), the
compression strength of P, PM and PH specimens are 30, 49 and
38 MPa, respectively. The statistical data significance was evaluated for
with One-way ANOVA followed by the Bonferroni-Holm correction for
p < 0.05. The enhanced ultimate strength was observed for all nano-
fillers integrated PMMA samples (PH, PM, PMH1, PMH2, PMH3) as
compared with control PMMA bone cement composite sample. The
results (Fig. 5(b)) indicates that the incorporation of 10 wt% of MgP
nanosheets and 10 wt% of HA nanofibers into PMMA matrix enhanced
the ultimate compressive strength of control PMMA bone cement
composite up to 53% and 21%, respectively. It means that both nano-
fibers and 2D nanosheets possibly act as a deformation lock either in
extensional or shear mode which improved mechanical compressive
strength. The compression strength of PMH1, PMH2 and PMH3 nano-
composite samples are 58, 56 and 52 MPa respectively. The results
therefore indicated that the maximum ultimate compressive strength
belongs to the PMMA nanocomposite with optimum concentrations of
combined nanofillers as 7.5 wt% MgP nanosheets and 2.5 wt% HA na-
nofibers. However, with the increase of HA nanofibers ratio to the 5wt
% and 7.5 wt% the compression strength gradually decreases. It appears
that increasing the amount of HA nanofibers > 2.5 wt% could possibly
results into the agglomeration hence decreasing the homogeneity of
bone cement composite matrix that can eventually decrease the com-
pressive strength by promoting the formation of internal cavities and
voids [19]. We expect that there would be some degree of chemical
bonding among PMMA, MgP nanosheets and HA nanofibers in
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Fig. 1. X-ray diffraction patterns of (a) MgP nanosheets (20 =20-50 degree) (b) HA nanofibers (260 =10-60 degree). The red-colored peaks in (b) indicates the
standard HA from JCPDS 09-0432. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

nanocomposite, which needs to be investigated in future research.
Further iterative studies are required to investigate setting time of novel
PMMA-MgP-HA bone cement upon integrating with nanofillers at var-
ious weight percent in the PMMA bone cement matrix. The artificial
aging studies of PMMA-MgP-HA bone cement composites evaluating
the degradation of bone cement in bio-chemical environment under the
influence of mechanical stresses can provide future directions for in
vivo experimentation.

Fig. 6 shows antibacterial activities of the control and nano-
composite samples determined by disc-diffusion test against E. coli
bacteria after 24 h. It is clear that there is no inhibition zone for PMMA
sample (Fig. 6 (a)), which indicates that PMMA by itself does not have

100nm )

100nm

Na

antibacterial properties against E. coli. As expected, the PMMA-HA
sample also does not reveal inhibition zone (Fig. 6 (b)). It means that
HA nanofibers do not possess antibacterial properties. The PMMA bone
cement composite integrated with MgP nanosheets reveals an inhibition
zone against E. coli bacteria (Fig. 6 (c)), hence indicating the anti-
bacterial activity induced by MgP nanosheets. As reported in the earlier
studies, magnesium phosphate bone cements possess antibacterial
characteristics [42]. The major factor contributing to the antibacterial
activity of MgP cement could be associated with its ability to induce
alkalinity, which occurs due to slow and progressive dissolution of
magnesium oxide (MgO) constituent into magnesium hydroxide (Mg
(OH),) by-product, that further results into the release of hydroxyl ions

Fig. 2. Microscopy characterization of synthesized MgP nanosheets (a) FESEM image, (b) STEM image, (c) EDS in mapping mode, and (d) EDS spectra.
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Fig. 3. Microscopy characterization of synthesized HA nanofibers: (a) FESEM image, (b) TEM image, (c) EDS spectra, and (d) EDS in mapping mode.

[42,43]. Additionally, any possible excessive release of magnesium
(Mg?™) ions from the MgP composition matrix can inactivate bacteria
due to enhanced intracellular Mg>" ions concentrations that could
eventually adversely affect riboswitch functioning and hence can pos-
sibly decrease the expression of downstream genes [44,45]. MgP
composition matrix also consists of sodium (Na™*) ions. The possible
excessive release of these Na* ions can result into the osmotic im-
balance within the bacterial cells contributing to the cell death [46].
The further molecular level investigation is required to confirm various
possible antibacterial mechanisms of MgP nanosheets. The antibacterial
activity of various two-dimensional nanomaterials such as, graphene,
graphene-oxide nanosheets, molybdenum sulfate nanosheets and
phosphorene were reported to cause bacterial cell death by physical
damage mechanisms. It will be interesting to investigate the ability of
MgP nanosheets to cause any possible physical damage against bac-
terial cells [47-50]. Staphylococcus aureus (S. aureus) is the most re-
sponsible pathogen for surgical site infections [51]. Magnesium based
alloys and magnesium phosphate cements have been reported to have
antimicrobial resistance against S. aureus bacteria [44,52-54]. It is
frequently reported that E. coli bacteria have been associated with in-
fected implants, as well as other frequent hard tissue-related infections
[55]. Therefore, MgP nanosheets can be considered as an antibacterial
agent against E. coli bacteria. The PMH1, PMH2 and PMH3 nano-
composite samples also revealed an inhibition zone (Fig. 6 (d-f)).
However, the biggest inhibition zone belongs to PMH1 with 7.5% wt. of
MgP nanosheets. Fig. 6 (g - i) show the bacterial inhibition of all
samples at different incubation times. The statistical data significance
was evaluated for with One-way ANOVA followed by the Bonferroni-
Holm correction forp < 0.05. The results (Fig. 6 (g-i)) indicate that PM
and PMH1 bone cement composite samples have enhanced bactericidal
efficiency significantly as compared with control PMMA sample after
6h, 12h and 24 h. Whereas the bactericidal efficiency of PMH2 and
PMH3 was evaluated to significant after 12h and 24 h of time periods.
Bone cement composite sample PH shows HA nanofibers didn't exhibit
bactericidal efficiency. As a whole, with the decrease of MgP

nanosheets in the matrix of nanocomposite, the inhibition zone gra-
dually reduced.

Fig. 7 shows the results of immersion test of samples in SBF for
240h at 37 °C. Fig. 7 (a) illustrates the schematic diagram of formation
of bone like apatite on the surface of the PMMA-based nanocomposite.
The changes in pH of SBF solution during 10 days of immersion are
shown in Fig. 7(b). PMMA as the control sample shows a different
pattern as compared to the other samples. The pH of PMMA slightly
increased in the first hours of immersion likely due to the creation of
OH™, and then the pH gradually decreased. At the initial hours (first
4h), pH of PM, PMH, PMH1, PMH2 and PMH3 nanocomposites showed
a higher pH value compared to the fresh SBF. However, the PH and PM
shows the most and least increase. This initial increase in pH is possibly
related to the precipitation of calcium (Ca) and phosphate (P) on the
surface of the nanocomposites. Thereafter, it is illustrated that the pH of
solutions decreased gradually until day 10 after the initial immersion.
This reduction can be attributed to the elemental release of immersed
nanocomposites. The pH of the solutions maintained between 7 and
7.17 in the last day of immersion.

Fig. 7(c) shows the surface morphology and elemental analysis of
the PMM, PH, PM and PMH]1 after being immersed in SBF at 37 °C for
240 h. The SEM image and EDS spectra of the PMMA sample shows
spherical particles of PMMA with no deposition of calcium phosphate
on the surface. This confirms that PMMA is not bioactive [56]. The
incorporation of MgP nanosheets into PMMA matrix leads to the par-
tially formation of the apatite on the surface of the sample. This in-
dicates that magnesium phosphate nanosheets increase the bioactivity
of samples [57]. As shown in Figure the apatite layer became increas-
ingly thicker on PH surface as compared with the PM surface, sug-
gesting that the introduction of HA to the PMMA could further increase
the bioactivity level of the surface [58]. In addition, mineralization on
the surface of the PMH1 sample was similar to that on surface of PH
sample. These features show that the PMH composite possibly induce
the bone-like apatite nucleation and growth on their surfaces from SBF.
It was reported that bone-like apatite layer is important to establish the
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Fig. 4. PMMA-MgP-HA nanocomposite (a) Schematic diagram for the formation of nanocomposite (b) SEM images in two different magnifications (c) EDS mapping

of with PMMA-MgP-HA nanocomposite with EDS spectrum.

bone-bonding interface between bioactive materials and living tissues
[59].

Fig. 8 shows a comparative cytotoxic result between P, PM, PH,
PMH1, PMH2, and PMH3 samples obtained though MTT assay. Fig. 8
(a-g) illustrates the optical microcopy of the cells at different density,
and Fig. 8 (h) represents the absorptions at 570 nm wavelength. The
results indicate that the cytotoxicity of cells exposed to P specimen for
24h are higher than other samples. Incorporation of magnesium
phosphate to PMMA matrix reduces the cytotoxicity of nanocomposite.
This is related to the similar biological properties of the magnesium
phosphate to calcium phosphate and its low level of cytotoxicity [34].
Possible release of magnesium (Mg**) ions helps in DNA stabilization
and in the regulation of sodium and calcium ions channels [35,36]. The
lowest level of cytotoxicity belongs to the PH composite with the 10 wt
% of HA nanofibers. This is possibly due to the existence of HA nano-
fibers that can release Ca®* ions which are essential for cellular func-
tions and hence possibly responsible for enhanced cells proliferation
[60]. This result is in close agreement with the finding of Zhang et al.

[61]. Overall, there is no significant difference in cytotoxicity of PMHI,
PMH2 and PMH3. However, with the decrease of HA nanofiber in the
composite, the amount of cytotoxicity slightly increased. Therefore, the
incorporation of either HA nanofibers or MgP nanosheets into the
PMMA matrix increases the cell viability of the composite and conse-
quently reduce the cytotoxicity of the PMMA. Fig. 8 (h) illustrates the
quantity of fibroblast cells exposed to the samples for 24 h. The statis-
tical data significance was evaluated for with One-way ANOVA fol-
lowed by the Bonferroni-Holm correction for p < 0.05. The results
(Fig. 8(h)) show that significant reduction in the cell viability was ob-
served in bone cement composite P, PM, PMH1, PMH2, PMH3 samples
as compared with positive Control sample. Whereas bone cement
composite sample PH displayed enhanced cellular viability than sample
P and no significant difference as compared with positive control
sample. It reveals that more cells survived in the order of PH >
PMH1 > PMH2 > PMH3 > PM > P. Further in-vivo studies need
to be investigated for more understanding of the cytocompatibility of
PMMA-MgP-HA bone cement nanocomposites. In addition to the
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bioactivity and cytotoxicity evaluations of PMMA-MgP-HA bone ce-
ment composites, further molecular level polymerase chain reaction
(PCR) investigations of fibroblast cells can provide details of gene ex-
pressions which can be ultimately correlated with altered cellular me-
tabolism due to MgP nanosheets and HA nanofibers constituents.

4. Conclusion

In the present work, two-dimensional magnesium phosphate

nanosheets and one-dimensional hydroxyapatite nanofibers were syn-
thesized by tuning the crystallization of the sodium-magnesium-phos-
phate ternary system and hydrothermal homogeneous precipitation,
respectively. A novel PMMA bone cement nanocomposite was then
developed by mixing magnesium phosphate nanosheets and HA nano-
fibers in different ratios. The results reveal that the incorporation of
MgP nanosheets into the PMMA matrix leads to increase in the anti-
bacterial properties of the PMMA bone cement composite against E. coli
bacteria. In addition, both MgP nanosheets and HA nanofiber improve
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Fig. 7. Immersion test of samples in SBF for 240 h at 37 °C (a) Schematic diagram of immersion (b) Change in pH of the SBF solution during immersion (c) SEM and
EDS spectrum of PMMA, PM, PH, PMH]1 after immersion test (NOTE: n = 3; data shown as mean).

the compression strength of the bone cement nanocomposite, however,
the effect of MgP nanosheets is more significant. The results, therefore,
demonstrate that the highest ultimate compression strength belongs to
the nanocomposite with 7.5 wt% magnesium phosphate nanosheets and
2.5wt% HA nanofibers. Immersion test in SBF reveals that both ad-
ditives increased the bioactivity of the bone cements. Finally, MTT
assay results indicate that PMMA as a control sample has the lowest
cytocompatibility, however, PMMA-MgP with 10 wt% magnesium
phosphate nanosheets has the highest amount of cytocompatibility.
Thus, the current study suggests that MgP nanosheets and HA nanofi-
bers can be considered as potential filler components for the next
generation of PMMA bone cement nanocomposites.
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