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A B S T R A C T   

In this work, PMMA-based composite bone cements, embedding bioactive and ferrimagnetic glass-ceramic 
particles, have been prepared and characterized. Bioactivity, wettability, density, curing parameters, visco-
elastic behaviour, bending strengths and creep have been investigated at 37 ◦C. The growth of a layer of HA on 
the samples surface after immersion in SBF has been confirmed. The presence of glass-ceramic particles improved 
the wetting behaviour of the composite cements. Shorter curing times and lower maximum temperatures for the 
three composite cements, in comparison to the plain one, have been detected. Almost unaffected mechanical 
properties of the composite bone cements have been found in comparison to those of the plain commercial 
cement both at room and at 37 ◦C. A little increase of the viscous flow has been evidenced in the composite 
samples at 37 ◦C. Radiographic imaging confirmed the intrinsic radiopacity of the composite cements.   

1. Introduction 

Hyperthermia is recognised as an effective practice for tumors 
treatment, in synergy with traditional therapies, such as surgery, 
chemotherapy and radiotherapy [1,2]. In particular, magnetic induction 
hyperthermia has been studied in recent years as a novel approach to 
bone tumor treatment [3]. It uses an external alternating magnetic field 
to stimulate magnetic materials implanted in the body’s tissues, for 
example into the cavity created by a tumor removal, to generate 
controlled heat. The implanted materials possess magnetic properties 
that, through hysteresis losses, produce controlled heating, generally up 
to a temperature in the range between 41 ◦C and 43 ◦C, to destroy cancer 
cells [4]. The reached temperature depends on materials properties, 
intensity and frequency of the applied magnetic field, as well as on the 
bone tissue density [4]. This method is targeted at the tumor site, pre-
serving the nearby healthy tissues and can be applied to treat a variety of 
solid tumors [3,4]. Ferrimagnetic bone cements are promising materials 
for applications in hyperthermia [5–7] when large local excision surgery 
of the metastatic bone and its protection from tumors-associated path-
ological fractures are necessary. Bone tissue substitution and regenera-
tion is often approached, beside other materials, with bioactive glasses 
and glass-ceramics that, when implanted, are able to induce the growth 

of a hydroxyapatite layer on their surface, thus stimulating the forma-
tion of new tissue and creating a chemical bond with bone [8,9]. A 
bioactive ferrimagnetic glass-ceramic belonging to the system 
SiO2–Na2O–CaO–P2O5–FeO–Fe2O3 (SC45), has been developed by 
Bretcanu et al. [10,11]. This material exhibited controlled bioactivity 
kinetics, good magnetic and thermal properties, cytocompatibility, and 
it was efficaciously functionalized with antineoplastic agents [12–15]. 
The SC45 glass-ceramic has been successfully used in previous works to 
load a PMMA-based commercial bone cement obtaining a new class of 
composite bone cements with both bioactive and ferrimagnetic prop-
erties [16–18]. 

In the previous papers the bone cement loaded with SC45 glass- 
ceramic has been fully characterized for its bioactivity, magnetic prop-
erties, heating ability in vitro, modelling of heating ability in vivo, safety 
(cytocompatibility), efficacy (selective induction of tumoral cell death), 
as well as on its mechanical behaviour at room temperature. In litera-
ture, several studies have been reported about other kinds of composite 
bone cements (without ferromagnetic phases), usually investigating the 
effect on the mechanical properties of the addition of radio-opacizers, 
antibacterial phases or reinforcing phases [19–25], but very few 
studies reports the effect of temperature on the properties of acrylic 
cements [26]. However, in the human body environment, to which the 
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bone cement is exposed, several parameters are different from the lab-
oratory condition ones, among other, the temperature. Moreover, the 
effect of temperature could be dissimilar on plain acrylic matrix and in 
the acrylic composite cement containing a glass-ceramic phase, due to 
potential differences in the material density or due to the presence of 
creep at the interface between the glass-ceramic particles and the acrylic 
matrix. Finally, it is important to verify if the composite bone cement, 
containing a ferrimagnetic phase, is still observable with the most 
common imaging techniques. 

The present paper is focused on the characterization of the composite 
bone cement containing the SC45 glass-ceramic, considering the above- 
mentioned issues. After a preliminary investigation of some physical 
properties (wettability and density) and of the setting parameters, which 
could be affected by the addition of the SC45 particles, the mechanical 
properties of the composite cement have been investigated at the 
operating temperature of 37 ◦C, considering this temperature as the 
ordinary condition of use of the implant, planning the study at the 
therapeutic conditions (i.e. 41 ◦C – 43 ◦C for cycles of few minutes) in 
future investigations. In particular this study has been dedicated to the 
analysis of the viscoelastic behaviour, the bending and compressive 
strengths, and on creep phenomena. 

Composite bone cements samples loaded with 45S5 has been also 
subjected to radiography and magnetic resonance imaging (MRI) with 
the purpose to assess the most suitable imaging technique for in vivo 
clinical follow up. 

2. Materials and methods 

2.1. Synthesis of composite cements 

The composite cements were synthesized by loading different per-
centage in weight (10, 15 and 20 wt%) of a bioactive and ferrimagnetic 
glass-ceramics (SC45) to a commercial poly(methyl methacrylate) 
PMMA-based cement with medium viscosity (Palamed®, produced by 
Heraeus Kulzer S.r.l.). Briefly, the SC45 composition is reported in Refs. 
[10,14], it contains magnetite crystals embedded in a bioactive amor-
phous phase with the same oxides ratio as the Hench bioactive glass 
(45S5). The glass-ceramic frit was prepared by melting and quenching 
process; then it was ball milled and sieved below 20 μm to obtain 
powders. The composite cements will be named, from now on, with the 
acronyms P10, P15 and, P20, in reference to the wt% of SC45. The three 
percentages of SC45 powders have been selected on the base of previous 
results [16–18] and mixed with the solid phase of the bone cement 
Palamed®, produced by Heraeus Kulzer S.r.l., a mixture of poly-(-
methylacrylate, methylmethacrylate), ZrO2 as radio-opaque phase, 
benzoyl-peroxide, colorant E141 (named simply PMMA from now on). 
The blend of solid phases (PMMA + SC45 powders) was then mixed with 
the liquid one, containing methyl methacrylate, N,N-dimethyl-p-tolui-
dine, hydroquinone, colorant E141 (named simply MMA from now on) 
using the solid phase (PMMA + SC45)/liquid phase (MMA) ratio of 2 
g/mL, as suggested by the producer for plain Palamed®. 

2.2. Composite bone cements characterization 

2.2.1. Bioactivity 
The bioactivity of the composites has been deeply investigated in 

previous works [16,17]. In the present paper the bioactivity of the 
samples has been repeated to assess its reproducibility by following the 
well-known Kokubo’s protocol [27] for in vitro test in simulated body 
fluid (SBF), used in literature to evaluate the surface reactivity of 
bioactive glasses and glass-ceramics during interaction with the bio-
logical fluids [28–30]. As reported in Refs. [16,17] each composite 
cement (P10, P15, P20) was soaked in 25 mL of SBF at 37 ◦C for four 
weeks. Every three days the solution was refreshed under pH control. At 
the end of the test, samples have been removed from the SBF, rinsed in 
distilled water, dried at room temperature and characterized by 

scanning electron microscopy (SEM–FEI, QUANTA INSPECT 200) and 
energy dispersion spectrometry (EDS–EDAX PV 9900). 

2.2.2. Physical properties 

2.2.2.1. Contact angle (CA). The static CA was measured on rectangular 
bars of 37 mm × 10 mm and 3.3 mm. The surface was previously cleaned 
with acetone and then washed with demineralized water and finally 
dried in air at room temperature. The test, based on the sessile drop 
method, consists in the determination of the geometrical angle formed 
between the solid sample’s surface (solid/liquid interface) and the 
tangent of the droplet’s shape at the edge of the droplet (gas/liquid 
interface). The profile of a deionized water drop of about 15 mg was 
acquired with a USB DinoLight microscope and elaborated with Auto-
CAD for the determination of the CA. 

2.2.2.2. Apparent density. Apparent density was calculated using the 
gravimetric and Bouyancy Method based on Archimedes’s principle. As 
samples were used specimens consisting in cylinders of 6 mm in diam-
eter and 12 mm in height. As auxiliary liquid was used demineralized 
water at room temperature. 

2.2.2.3. Curing parameters. The measure of the variations in the tem-
perature occurring in PMMA bone cements during the exothermic curing 
process is commonly used to evaluate the four phases of the polymeri-
zation: mixing, dough, working and setting time [31]. In a previous 
paper [18], the determination of the setting time of the composite bone 
cements has been carried out following the ISO 5833(2002) standard 
[32], and any significant difference among all the composite cements in 
comparison with the plain commercial one has been assessed. In the 
present paper, for a better comparison between the composite and 
commercial cement, the curing parameters have been investigated as 
described below. Four different composite cements with 0 wt%, 10 wt, 
15 wt% and 20 wt% of SC45 glass-ceramic were prepared. Powders of 
Palamed® and SC45 glass-ceramic were manually mixed for 30 min, 
then the liquid phase (containing the MMA monomer) was added by 
means of a micropipette, and mixed for 30 s, up to the beginning of the 
polymerization reaction, maintaining the same ratio between polymer 
and monomer of the commercial formulation. 

The curing parameters were evaluated with the DMA apparatus 
described in the 2.2.3 section concerning the mechanical characteriza-
tion, consisting of a cylindrical indenter of 5 mm in diameter, connected 
with a force transducer and immersed for 2 mm in the cement paste 
contained in a cylinder of Teflon of 20 mm in diameter. The test was run 
with a frequency in the range between 5 Hz and 5.25 Hz accordingly to 
each sample features. The evolution of the storage modulus E’ vs. the 
time is strictly connected with the increasing of the stiffness of the 
cement mixture and therefore with the advancing of the polymerization 
reaction. A thermocouple was positioned in contact with the sample to 
monitor the temperature evolution during the curing process. 

2.2.3. Mechanical properties at 37 ◦C 

2.2.3.1. Three points bending test. The measurements were carried out at 
37 ◦C on rectangular bars of 37 mm × 10 mm and 3.3 mm, by using a 
Zwick/Roell Z10 universal electromechanical machine. The fixture 
consists of two roller support of 5 mm in diameter, set at a distance of 30 
mm on which is lent the sample. The bending is induced by a third pin of 
the same diameter and geometry as the others two moving downward 
with a rate of 1 mm/min. To assure the thermal stability of the sample 
the specimen was maintained at 37 ◦C in a thermostatic bath for 5 min 
before the test. All the tests are repeated four times for each formulation 
of cement. The fracture surfaces after bending test have been observed, 
in order to explore the fracture mechanism. 
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2.2.3.2. Complex modulus. Dynamic flexural Analysis (DMA) were 
carried out the same rectangular bars of 37 mm × 10 mm and 3.3 mm 
used for the static 3 points bending. 

The test was performed using a prototype DMA apparatus, consisting 
of a mini-shaker operating in a range between 1 Hz and 10 KHz with 
maximum force of 1.5 N, a Laser vibrometer to measure the displace-
ment, set at 80 μm/V and a force transducer. All the devices were con-
nected to a PC through an NI acquisition card and the signals were 
elaborated by mean a LabView program. The sample were placed on two 
roller support of 5 mm in diameter, with a span of 30 mm, directly 
connected with the shaker, while a cylindrical pin of 5 mm in diameter, 
fixed to the force transducer was approached until touching the upper 
surface of the sample and then a pre-strain was applied. A 10% strain 
was considered to evaluate the stiffness of the external layers and the 
response of the system at low solicited conditions, a 20% strain to check 
the internal bulk, but without inducing a damage of the internal struc-
ture. The test was run with an oscillation between 2 Hz and 100 Hz and 
the sinusoidal signal of the displacement and of the force, respectively 
response and stimulus, was elaborated by the software producing a 
spectrum containing the storage modulus (E’) and the loss modulus (E”) 
vs. the frequency. Al the tests were performed at 37 ◦C. 

2.2.3.3. Creep. Creep test was performed on rectangular bars of 37 mm 
× 10 mm and 2 mm of three types of cement (Palamed®, P10 e P20). The 
samples were submitted to a constant stress of 15 MPa for 100 h in 3 
points bending configuration, by applying a load of 3 Kgf. This value was 
chosen considering a stress, during the operating conditions in vivo, 
estimated in the range 2–11 MPa [33]. 

The apparatus employed for the creep test consists of a vessel in 
polycarbonate containing water maintained at 37 ◦C through a ther-
mostatic bath and circulating by means of a pump. The inflection of the 
samples immersed in the water was measured continuously through a 
LVDT and recorded with a computer. To avoid the formation of organic 
microorganisms Amoxicillin antibiotic was dispersed into the bath. 

2.2.4. Imaging 

2.2.4.1. Radiopacity. In order to investigate the intrinsic radio-opacity 
of the glass-ceramic blended in the polymeric matrix, some composite 
bone cement samples, containing 20 wt% of glass-ceramic powders, 
were also prepared without including the radio-opaque agent. These 
samples were then subjected to radiography, as reported in a previous 
work [34]. 

2.2.4.2. Magnetic resonance imaging (MRI). In order to assess if the use 
of MRI can be recommended to visualize the implants into in the body, 
discs of bone cements (60 mm diameter and e 5 mm high) of plain 
Palamed® (as control), P10, P15 and P20 were placed on the top of a 

cylindrical phantom containing water as contrast agent. The cylinder 
contains some reference rigid structure of standard geometry useful to 
assess eventual deformations, during the MR scan, as reported in Fig. 1. 

The O-Scan system (ESAOTE S.p.A), consisting of an MRI apparatus 
for limbs diagnosis (knee, ankle, calf, wrist, elbow) was used to perform 
the scan. The apparatus generates a constant magnetic field of intensity 
equal to 0.31 T, thanks to the presence of a permanent magnet. The 
magnet housing was kept at a constant temperature, with a control 
performed by a special software in the order of mK, as the orientation of 
the magnetic moments of the magnet, and consequently its magnetiza-
tion, are strongly dependent on the temperature. In this way, a magnetic 
field as constant as possible was generated, the intensity of which did not 
depend on the temperature variations in the analysis room. Further-
more, the O-Scan machine was positioned inside a Faraday cage, which 
acts as a magnetic shield from any external signals that could affect the 
diagnostic quality of the investigation. The oscillating field, applied with 
a frequency of 13 MHz by a second electromagnet, generated the MRI 
signal for Free Induction Decay (FID) which was sent to an acquisition 
card and finally processed by a self-built software. For each sample 
positioned on the phantom surface, 18 images were collected, each 
depicting a different section of the system under analysis. 

3. Results and discussion 

3.1. Bioactivity 

The structure, morphology and the bioactive behaviour of the com-
posite cements were estimated in previous works [16,17], evidencing a 
good dispersion of the bioactive and magnetic glass-ceramic in the 
polymeric matrix. The in vitro test in simulated body fluid (SBF, Kokubo 
protocol [29]) performed in the present work confirmed the ability of 
the composite cements to induce the precipitation of hydroxyapatite on 
their surface after 28 days of immersion in SBF. Fig. 2 shows, as an 
example of this behaviour, the P15 morphology (Fig. 2a) and SEM/EDS 
analysis of P15 before and after 4 weeks of SBF soaking (Fig. 2b and c 
respectively). In detail, Fig. 2 a shows the sample not soaked in SBF, with 
the SC45 particles (where the magnetite crystals embedded in the glassy 
matrix are visible) dispersed in the PMMA matrix, together with the 
zirconia particles (the radio-opacifier agent). Fig. 2b and 2c demon-
strated the precipitation of agglomerate rich in Ca and P on the com-
posite surface. 

3.2. Physical properties 

3.2.1. Contact angle 
Fig. 3 reports the results of the wettability test, including the images 

of the sessile droplet on the various samples and the CA values. The CA 
measurements for the four different composite cements highlight that 
the presence of the ceramic increases the wettability of the water- 

Fig. 1. Schematic view of the cylindrical phantom with reference rigid structures.  
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samples systems due to the higher surface energy of the ceramic and 
therefore a more evident hydrophilicity (i.e. lower CA) with respect of 
the polymeric substrate. The values calculated as mean of three mea-
surements, read a CA = 101.5◦ for the Palamed® cement without filler 
and 95.2◦, 84.6◦ and 76.4◦ for the composite with 10 wt%, 15 wt% and 
20 wt% of SC45 respectively. These data sustain the hypothesis that the 
presence of the ceramic glass might lead to higher bioactivity of these 
composites with respect to the pure Palamed® cement. This is a quite 
important result due to the fact that filler percentages higher than 10% 
turn the water-solid behaviour from non-wetting to a wetting one, 
greatly affecting the overall materials interactions and adhesion prop-
erties in the biological environment. As reported in literature [35,36], 
hydrophilic surfaces can promote the growth, the mineral deposition 
and the differentiation of osteoblast-like cells, such as MG63 and hFOB, 
compared to hydrophobic surfaces. 

3.2.2. Apparent density 
The densities of the different samples are reported in Table 1. The 

results evidence the density increase with a linear trend, due to the 
addition of the glass-ceramic particles to the polymeric matrix. The 
comparison with the theoretical values, calculated with the mixing rule, 
evidences a low deviation of the experimental values, assessing a few 
porosity increase with the increase of the glass ceramic particles 
amount, as expected due to the manual mixing. 

3.2.3. Curing parameters 
Fig. 4 shows the E′ modulus (a) and temperature (b) trends vs time 

obtained by means of dynamo-mechanical analysis. The value consid-
ered to identify the working time of the cement is the maximum in the 
curve E′ vs. time (Fig. 4a), that represents the point over that the 
indenter detaches the surface of the specimen. This fact occurs when the 
stiffness of the cement becomes too high to permit that the sample 
adapts to the movement induced by the shaker. It should be underlined 
that the working time measured with this apparatus does not completely 
overlap with the working time measurable by the method described by 
the ISO standard, but can be related to it. The trend reported in Fig. 4 a 
reveals an increase of E′ modulus and a shortening of the needed time to 
reach the maximum value of E’ (from 7′ 42′′ to 4′ 57′′), i.e. a shortening 
of the working time, as a function of the amount of glass-ceramic par-
ticles. Moreover, a marked difference was detected between the plain 

Fig. 2. P15 micrography (a) and SEM/EDS analysis of P15 after 4 weeks of soaking in SBF (b, c).  

Fig. 3. Analysis of wettability.  

Table 1 
Density measurements by means of Archimedes’ principle and rule of mixtures.   

Archimedes’ principle Theoretical Density 

Palamed® 1.16 ± 0.01 1.16 
P10 1.22 ± 0.02 1.27 
P15 1.24 ± 0.01 1.32 
P20 1.28 ± 0.02 1.38  
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Palamed® and the composite cements. This difference is more evident in 
the temperature trends (Fig. 4b), that show shorter curing times and 
lower maximum temperature (T peak) for the three composite cements 
in comparison to the plain one. 

The values of T peak and working time (i.e. the time needed to reach 
the E’ max) are also reported in Table 2. These results are partially in 
disagreement with those previously reported in literature [18] and can 
be explained with the different experimental setup used in this work, 
which measures more precisely the viscous behaviour of the polymeric 
matrix and could evidence any differences between pure bone cement 
and the composite ones. 

3.3. Mechanical properties at 37 ◦C 

3.3.1. Three points bending test 
The presence of glass-ceramic particles induces an embrittlement of 

the cement with a reduction of the ultimate flexural stress both at room 
temperature [16] and at 37 ◦C (Table 3). The embrittlement could also 
be related to the presence of few porosity, as assessed by the density 

measurement (Table 1). A concentration of 20 wt% of SC45 shows a 
measured flexural stress of 47,7 ± 3 and 45,7 ± 1,5 MPa at Troom and 
37 ◦C respectively, and these values are below the lower limit of 50 MPa 
fixed for bone cement by the standard ISO 5833–2002. Due to this fact, 
this concentration must be considered as the maximum limit to produce 
suitable bone cements. 

Fig. 5 reports as an example of fracture surface, the plain Palamed® 
and the P10 specimens after the fracture at Troom and 37 ◦C, respectively. 
Some cleavage surfaces are evident, due to the intrinsic brittle behaviour 
of PMMA, both on the plain Palamed® and on the P10 samples, in the 
samples tested at Troom and 37 ◦C. In all the samples the ZrO2 particles (i. 
e. the radiopaque phase) are exposed, as well as the SC45 particles in the 
composite cements. The few differences in the behaviour at Troom and 
37 ◦C are not perceptible from a morphological point of view. 

3.3.2. Complex modulus 
As can be observed in Fig. 6 a, the elastic modulus at room 

Fig. 4. Elastic modulus (a) and temperature (b) trends vs time obtained by means of dynamo-mechanical analysis.  

Table 2 
Time to reach the maximum value of E’ and maximum temperature of com-
mercial Palamed® and P10, P15, P20 composite cements.  

Sample Time to reach the E′ max (min) T max (◦C) 

Palamed® 7′ 42′′ 84 
P10 5′ 57′′ 79 
P15 5′ 27′′ 76 
P20 4′ 57′′ 76  

Table 3 
Mechanical properties of the different cement formulations at room temperature 
[16] and 37 ◦C.   

Bending σ [MPa] 

Temperature Room T T = 37 ◦C 

Palamed® 58,4 ± 2,4 54,7 ± 2,1 
P10 51,5 ± 3 56,5 ± 3,7 
P15 50,1 ± 2,5 48,5 ± 2,2 
P20 47,7 ± 3 45,7 ± 1,5  
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temperature of the composites increases with the increasing of the 
oscillating frequency until a plateau over 30 Hz, independently of the 
SC45%. The amount of the SC45 shows a growth of the storage modulus 
from 2600 MPa, cement without glass ceramic, to 3500 MPa, cement 
with 20 wt% of glass ceramic, with an increase more evident between 
15 wt% and 20 wt% with respect to the low concentrations. The tests 
carried out at 37 ◦C (Fig. 6b) do not evidence differences for the plain 
cement (blue curve), while display lower values for the composite for-
mulations, with a reduction of about 12% for P20 (3100 MPa vs. 3500 
MPa) and a storage modulus of the P15 (orange plot) slightly lower than 
the one of the P10 (grey plot). The loss factor, Q− 1 = E”/E’, plotted in 
Fig. 7, does not show differences among the samples with and without 
SC45, both at room temperature and at 37 ◦C, but just an increase from 
0.08 (at room temperature) to 0.10 (at 37 ◦C) due to softening induced 
by the high value of temperature. 

3.3.3. Creep 
The displacement of the sample vs. the time increases gradually 

without reaching any plateau within the 100 h of the test (Fig. 8) so we 
can assume that all the samples reached the secondary steady-state creep 
stage, where the strain rate is constant. In details, during the first 10 h all 
the samples show the same behaviour with a fast-initial rise of the 
curves. Afterwards, the pure cement shows a different displacement in 
comparison with the composite samples, since at the end of the test it 
reads 0.9 mm, thus about 50% lower than the composite with 20% of 
glass ceramic, that at 100 h reaches a deflection of 1.5 mm. This trend 
can be related to different factors. First, the composite samples present a 
certain degree of porosity as a function of the glass ceramic particles 
amount (as discussed above considering the density values reported in 
Table 1), that can fasten the viscous flow of the polymeric matrix. 
Moreover, the creep test was performed in solution, so a partial disso-
lution of the glass ceramic particles could occur, inducing the generation 
of further porosities as well as a gradual softening of the polymeric 
matrix. These results are in accordance with the reduction of the storage 
modulus observed for the composite samples at 37 ◦C, much more 

evident with increase of the glass ceramic particle amount (Fig. 6). 

3.4. Imaging 

3.4.1. Radiopacity 
The possibility of making visible bone implants after surgery by the 

current imaging techniques is fundamental in view of the final appli-
cation. However, imaging of tissues nearby to the magnetic implants is 
very challenging. The most common techniques are X-ray Imaging (XR) 
Computed Tomography (CT) and the Magnetic Resonance Imaging 
(MRI). The introduction of SC45 glass ceramic particles into the PMMA- 
based bone cements should not hamper the possibility of a post-surgical 
follow up of the new composite bone cements with at least one of the 
above-mentioned imaging techniques. In principle, the presence of iron 
oxides into the glass-ceramic could be exploited for XR imaging, if no 
image deformation occurs. Nevertheless, some materials with magnetic 
response can originate an artefact in MRI images [37], thus a further 
characterization with this technique it is also of interest. 

The radio-opacity of the reference (with and without radiopaque 
phase) and of the composite cement containing SC45 powders (without 
radiopaque phase) is reported in Fig. 9. As can be observed, the presence 
of the glass-ceramic does not induce any image deformation and, at the 
same time, imparts radio-opacity to the PMMA-based cement, compa-
rable with commonly used radiopaque phases, as also assessed by Micro 
computed tomography (micro-CT) in a previous work [16]. 

The possibility of reducing or removing of the radiopaque phase, 
habitually used in the commercial bone cements, is considered an added 
value, in view of the improvement of their mechanical strength, as re-
ported in literature [38–40]. Moreover, it was stated that the commonly 
used radiopaque agents may have a role in bone resorption [41]. 
Therefore, the partial or total substitution of inert radiopaque phases 
with a bioactive glass-ceramic with intrinsic radio-opacity could be a 
way to limit the worsening of the mechanical properties and, at the same 
time, to improve the osteointegration ability of the bone cement. These 
results suggest that X-ray Imaging (as well as Computed Tomography 

Fig. 5. Micrography of the fracture surfaces of plain Palamed® (a, b) and P10 composite bone cement (c, d) after three points bending test at room temperature [16] (b, d) and 
37◦C (a, c). 

M. Miola et al.                                                                                                                                                                                                                                  



Ceramics International 49 (2023) 24885–24894

24891

previously investigated) can be recommended for the surgical follow-up 
of a bone cement containing a ferrimagnetic glass ceramic in the amount 
investigated in this work. 

3.4.2. Magnetic resonance imaging 
The spin-echo scans allowed the acquisition of MR images of plain 

Palamed®, P10, P15 and P20 samples. The scans, weighted both on T1 
and T2, have been performed on 18 sections of the phantom containing 
contrast liquid, and during each analysis the bone cement sample has 
been placed on the phantom surface. In Fig. 10 the results obtained with 
the plain Palamed® samples are reported. In detail, only the images 
obtained in the central section of the phantom have been reported, since 
they are representative of all the images obtained at different distances 
from the surface. The plain Palamed® sample is not visible since it does 
not have a magnetic response, but as evidenced by the picture, its 
presence does not affect the image acquisition of the reference struc-
tures, as they appear not deformed. Moreover, neither haloes nor lateral 
deformations, due to the interference of the material with the signal 
emission, are visible. Furthermore, no differences between the images 
weighted on T1 and T2 are evident, as a consequence of the absence of 
tissues of different densities, as happens, on the contrary, in the human 
body. 

Fig. 11 reports the results obtained with the P10 (a-h), P15 (i-p) and 
P20 (q-z) samples on the phantom in different sections starting from 
surface to the central one. In this case the presence of the sample on the 

phantom surface causes a strong distortion of the images: in the surface 
sections, a dark halo is visible, and the image becomes more and more 
deformed from the surface to the central sections, as long as both the 
guide structures and the original shape of the phantom are no longer 
distinguishable. In fact, it has been reported that large and rapidly 
switched magnetic field gradients could induce eddy currents in elec-
trically conductive materials introduced into the MR scanner, that, in 
turn, could cause additional unwanted, rapidly and slowly decaying 
magnetic fields [42]. As a result, local inhomogeneity of the MR to-
mography main field can be originated, leading to the loss of phase 
coherence of the transversal component of the magnetization vector, 
and thus, rapid loss of image intensity in the area surrounding magnetic 
implants. These results suggest that, in the clinical use, Magnetic 
Resonance Imaging is not recommended for the surgical follow-up of a 
bone cement containing a ferrimagnetic glass ceramic in the amount 
investigated in this work. 

4. Conclusions 

In this work, bioactive and ferrimagnetic composite bone cements, 
based on a PMMA matrix containing bioactive and ferrimagnetic glass- 
ceramic particles, have been characterized in term of bioactivity, 
wettability, density, curing parameters, mechanical properties at 37 ◦C, 
with particular focus on the viscoelastic behaviour, the bending 
strengths and creep. Radiographic imaging (XR) and Magnetic 

Fig. 6. Storage modulus E′ evaluation by means of DMA at room temperature (a) and at 37 ◦C (b).  
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Resonance Imaging (MRI) have been also performed in order to assess 
the possibility of performing in vivo clinical follow up. The ability of 
developing a layer of HA on the surface of the composite cements after 
immersion in SBF has been confirmed. The addition of the glass-ceramic 
filler in amount higher than 10% induced a wetting behaviour to the 
composite bone cements, that is expected to impart better osteointe-
gration abilities. The curing parameters analysis revealed shorter curing 
times and lower maximum temperatures for the three composite ce-
ments in comparison to the plain one. The mechanical properties of the 
composite bone cements are almost unaffected in comparison to those of 
the plain commercial cement both at room and at 37 ◦C. In particular, 
only a few embrittlement in bending can be detected for glass-ceramic 
filler in amount higher than 15%, but any differences were perceptible 
on the fracture mechanism, from a morphological point of view, both at 

room and at 37 ◦C. Moreover, a little increase of the viscous flow has 
been evidenced in the composite samples at 37 ◦C due to the polymer 
softening induced by the temperature and, as a function of the glass 
ceramic particles amount, to the presence of porosity, as well as to a 
probable partial dissolution of the glass-ceramic particles during the 
tests performed in wet environment. The composite bone cements 
possess an intrinsic radiopacity with any image deformation, while MRI 
imaging causes strong image distortion, thus suggesting X-ray Imaging 
(XR) as the most suitable imaging technique, comparable to the previ-
ously investigated Computed Tomography (CT). Object of future in-
vestigations could be the assessment of the composite cements 
behaviour at the hyperthermia therapeutic conditions (i.e. 41 ◦C–43 ◦C). 

Fig. 7. Loss factor at room temperature (a) and at 37 ◦C (b).  

Fig. 8. Creep test (sample displacement vs. the time at 37 ◦C) for pure Pal-
amed®, P10 and P20. 

Fig. 9. Radiographies of the PMMA-based composite cements, without com-
mercial radio-opaque phase, containing 20% SC45 glass-ceramic powders (a) 
compared with pure SC45 glass-ceramic powders (b) and a plain PMMA – based 
cement (same composition of the polymeric phase of Fig. 8a) without (c) and 
with (d) radiopaque phase. 
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Fig. 10. Spin-echo scans of the phantom (central sections) containing the contrast liquid and the plain Palamed® samples weighted on T1 (a, b) and T2 (c, d).  

Fig. 11. Spin-echo scans of the phantom containing the contrast liquid and the composite bone cement samples weighted on T1, in different sections, from surface to 
the central one (P10: a-h; P15: i-p; P20: q-z). 
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