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reduction was not observed in the composites containing 10 wt% of NPs, in which the
compression strength was most likely influenced by the amount of NPs" is not clear, need
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A: The parameters that can influence the mechanical strength of the composite are: i) the method
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magnetite-silica (MS) NPs; while they noticed a comparable strength for samples containing 10%
of magnetite (M) and MS NPs. Moreover the strength values of 10% containing samples are
comparable with values obtained with 5% MS-containing composites (both manually and
mechanically mixed). Therefore, authors supposed that up to 5% of NPs the presence of silica
coating appears to be the key factor that influence the mechanical strength, while introducing 10%
of NPs the mechanical strength seems to be more influenced by the amount of NPs rather than by
the silica coating. The discussion has been implemented in the manuscript.

2)The number of FESEM-EDX figs. and micrographs can be reduced . Some of them are out of
focus (Fig.1b,c)
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the micrograph of magnetite in figure 1 has been substituted.

3) The recent review paper : A.G.Roca,L.Gutiérrez,H.Gavilan,et al.,Design strategies for shape-
controlled magnetic iron oxide nanoparticles, Adv. Drug Deliv. Rev.,
https://doi.org/10.1016/j.addr.2018.12.008 , must be taking into account.

A: Authors would like to acknowledge the reviewer for the kind suggestion; even if the paper does
not discuss about the design of the used nanoparticles, but it is focused on the role of silica shell in
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26 Abstract

Magnetite-based nanoparticles (NPs) were synthesized by co-precipitation process and
31 coated with a thin layer of silica, eventually doped with calcium, by a modified Stéber
34 method. The potential bioactive behavior of NPs was investigated by dipping samples
36 in simulated body fluid (SBF) and analyzing them with Field-Emission Scanning Electron
39 Microscope (FESEM) equipped with Energy Dispersive Spectroscopy (EDS). Silica-
4l coated NPs displayed evidence of HAp grown on their surface and were then used as a
44 filler for polymethyl methacrylate (PMMA)-based bone cement to impart bioactive and
magnetic properties. The influence of the amount of magnetic NPs and the cement
49 mixing method (manual or mechanical) were estimated in terms of NPs dispersion,
52 compressive strength and bioactive behavior. The obtained data evidenced that both
54 the NPs amount and the mixing method influenced the strength of the composites. A
57 delay in the bioactivity was observed for manual mixed cement; moreover,

mechanically mixed composites containing a low amount of NPs showed
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superparamagnetic behavior. These results suggest that the investigated composite
bone cements are promising materials for the treatment of bone tumors and

associated complications.
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tumor treatment

1. Introduction

The surgical treatment of primary (i.e. osteosarcoma, chondrosarcoma, Ewing
sarcoma) and secondary (metastases) malignant bone tumors, consists in the removal
of the tumor mass followed by wide-excision of the surrounding tissue. Patients often
undergo an amputation and prosthesis application. Benign tumors (osteoma,
osteoblastoma, osteochondroma) usually need less bone tissue curettage but have a
high relapse frequency: thus, even in these cases, prosthesis is one of the most
common solutions of reconstruction. Most patients with bone cancer in a limb
undergo surgery and, in turn, need reconstructive surgery to maximize limb function
[1]. The traditional approaches for these types of tumors, including chemotherapy and
radiotherapy associated with surgery, are not always completely satisfactory [2,4] and
contemplate the occurrence of an invalidating prosthetic treatment.

During the past, physicians have tried to utilize artificial temperature elevations for the
treatment of tumor diseases. Today, this approach uses a variety of temperature
ranges (from 39 — 40 °C up to 80 — 90 °C) and, accordingly, a great number of

techniques to induce those temperatures under controlled conditions. The European
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Society for Hyperthermic Oncology (ESHO) [5] officially recognized the hyperthermia
treatment in oncology as “the therapy which uses the generation of a higher
temperature at a tumor-involved region of the body”. It has been widely recognized
that the most beneficial contribution of hyperthermia for oncological treatments is
based on the enhancement of the effectiveness of other treatments (radiotherapy,
chemotherapy, radiochemotherapy, gene therapy, immune therapy, etc.) without
additional toxicity. Actually, the prevalent clinical application of this therapy is the
hyper thermal perfusion chemotherapy, or the increase of temperature by means of
microwave or radiofrequency devices. A major limitation of these procedures is the
need to repeat the treatments by means of invasive approaches, if a single treatment
is not sufficient [6]. The use of implantable magnetic materials has also been
attempted to overcome the limits of hyper thermal perfusion, with a specific indication
for bone tumors [7-9]. These materials can be implanted into the cavity created by the
removal of the tumor, and can be heated by using an alternating magnetic field,
through hysteresis loss and induced eddy currents, causing the indirect heating of
nearby tissue. Up to now, the magnetic materials used for this purpose comprise metal
alloys (Fe, Co, Ni), oxides (Fe,0s, Fe30,), ferrites (LiFesOg, MgFe,04) [10,11,12], often as
nano-sized particles dispersed in different matrices (albumin, polymers, ceramic
materials). The principal disadvantages are that, for their use, some of these materials
(such as the metal alloys) require the application of a very intense alternating field,
difficult to realize in a hospital. In addition, they often have very complex formulations
[8] and some of them are not always biocompatible. Furthermore, all these materials
are unlikely to integrate with the tissues, since they are based on bio-inert

formulations and, due to the unreliable rise in temperature, are not clinically used.
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Moreover, they are not able to prevent the primary associated complications such as
fractures, delayed union and pseudo-arthrosis [7]. Acrylic cement is frequently used as
a bone filler in the case of tumor, but it still has many shortcomings, such as low
osteointegration. Several additives are proposed to address these shortcomings [13]
like bioactive glasses, glass-ceramics and hydroxyapatite [14] to promote both bone
bonding and mechanical properties. On the other hand, bone cements containing
magnetic nanoparticles were also explored [15-17]; however, these materials are not
osteointegrable. An approach to the development of bone fillers with both magnetic
and bioactive properties has been reported by using materials of complex formulations
(containing several phases, one for each needed feature) and without a systematic
study of the proper frequency and intensity of the electromagnetic filed needed for
their activation [18]. In summary, none of these strategies is able to impart to an
oncological bone implant all the above mentioned properties by the use of a unique
multifunctional material, minimizing the influence of the different additives on its
structural and handling properties. In previous papers [19-21] a bioactive and
ferrimagnetic glass—ceramic containing magnetite as crystalline phase, has been
developed by E. Verné and co-workers, as filler for PMMA based bone cements, with
successful results in terms of mechanical properties, bioactivity, biocompatibility,
ability to generate heat when activated by an alternating magnetic field, as well as
selective tumoral cell death by apotosis under exposure to magnetically induced
hyperthermia. In the present paper we advanced the concept of multifunctional
stimuli-responsive composite bone cements for the treatment of bone tumors and
associated complications, by using silica coated magnetite superparamagnetic

nanoparticles as a filler, which displayed for the first time in literature a bioactive
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behavior. The development of bioactive and magnetic Fe-Ga nanoparticles were
reported by Sanchez et al., [22]; however, in this study a biomimetic method was
adopted to induce bioactivity. Instead, the magnetic nanoparticles developed in this
work possess an intrinsic bioactive behavior due to the presence of the silica shell and

thus of Si-OH groups, which act as sites for apatite nucleation.

2. Experimental

2.1 Synthesis of magnetic nanoparticles

2.1.1 Iron Oxide nanoparticles synthesis (M)

Magnetic nanoparticles (magnetite-based nanoparticles-M) were synthesized using
reactants purchased from Sigma-Aldrich© (St Louis, MO, USA) by employing a protocol
adapted from literature [23,24]. The co-precipitation method of nanoparticle
fabrication was used, by mixing 375 ml of 0.1 M ferrous chloride tetrahydrate
(FeCl,*4H,0) solution and 50 ml of 0.1 M ferric chloride hexahydrate FeCl; * 6H,0)
solution, under mechanical stirring (35 W Overhead mechanical stirrer, single shaft
300 rpm) while monitoring the pH of the solution. Ammonia was added dropwise until
a pH of 9.5 — 10 was attained and the solution became black due to co-precipitation of
nanoparticles. It is expected that a mixture of magnetite and maghemite should be
obtained since the synthesis was performed in air, as previously reported in the
literature [25,26]. The solution was then subjected to ultrasound for 20 min and it was
subsequently washed in two steps. Firstly, the suspension was separated under a
magnetic field using a magnet and the clear solvent was removed using a pipette. This
step was repeated three times while adding bi-distilled water to remove unreacted

chlorides and ammonia. A solution of citric acid (CA) 0.05 M was used to achieve
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good dispersion and prevent further agglomeration [27]. The addition of citric acid to
the suspension lowered the pH to about 2.8 — 2.9.; then the pH was increased to 5.2 to
increase the adsorption rate. As expected, the citric acid with a pH of 5.2 showed two
carboxylic deprotonated groups that interacted with the -OH groups on the
nanoparticles. The suspension was then placed in orbital shaker (KS 4000i control,
IKA®) maintained at 80 °C and operating at 150 rpm for 90 minutes to allow
functionalization of the nanoparticles [24].

In the second washing step, a Millipore ultrafiltration device was used (Solvent
Resistant Stirred Cells — Merck Millipore). The nanoparticles suspension was washed
twice with twice-distilled water and re-suspended in twice-distilled water, while
maintaining the pH at about 11 using ammonia, to maximize the nanoparticles
dispersion. In a low basic environment the deprotonation of the third -COOH group of
citric acid is expected, enhancing electrostatic repulsion of the nanoparticles and

their dispersionin water [24].

2.1.2 Coating of iron oxide nanoparticles with silica shell (MS)

The iron oxide nanoparticles stabilized with CA were then coated with a silica shell
following the Stober method [28]. Tetraethyl orthosilicate (TEQS) was used as silica
precursor in a mixture of ethanol and water (ethanol:water ratio was 4:1). Ammonia
was added to obtain a pH value of around 10 and the solution was kept in an orbital
shaker at 25 °C for 3 hours. Afterwards, a Millipore ultrafiltration device was used to
twice wash the suspension and remove unreacted reagents. Coated nanoparticles

were then re-suspended in water.
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2.1.3 Coating of iron oxide nanoparticles with calcium-doped silica shell (MSCa-C,
MSCa-H)

For comparative purposes, with respect to the NPs bioactivity, iron oxide nanoparticles
stabilized with citric acid were also coated with a calcium doped silica shell because
calcium is well known for its role in the bioactivity mechanism of silica based bioactive
glasses [29,30]. In fact, glasses in the Ca0-SiO, binary system have been recognized as
basic components for the most common bioactive glass compositions. It is reported
that calcium ion dissolution from the glass network induces the formation of silanols
(Si—OH) on the surface, due to ion exchange with H30" ions, and increases the degree
of supersaturation of the simulated body fluid with respect to hydroxyapatite. Thus,
the presence of silanol groups on the surface of a bioactive glass and the release of
Ca”" ions are both important issues to induce nucleation of hydroxyapatite on a silica-
based bioactive material.

For this purpose, iron oxide nanoparticles with a calcium-doped silica shell were also
synthesized, by adapting the sol-gel process used for bioactive glasses, as reported in
Borroni et al. [24]. Although calcium nitrate is usually adopted for the synthesis of sol-
gel glasses, in the present work it was not used, since it requires high temperature
thermal treatment (more than 600 °C) to include calcium ions in the silica network. At
these temperatures the structure and properties of magnetite nanoparticles can be
altered [31]. Thus, calcium citrate and calcium hydroxide (Sigma Aldrich) were selected
as precursors, to prepare calcium doped silica coated magnetite (named MSCa-C and
MSCa-H, respectively). Calcium ions were introduced into the iron oxide nanoparticles
synthesis solution in the Si:Ca ration of 99:1. Aqueous solutions of calcium citrate (0.85

g/l) and calcium hydroxide (0.015 M) were prepared and added to TEOS, ethanol and
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water. The suspension was maintained at 25 °C for 3 h, the obtained nanoparticles
were then washed using the ultrafiltration device and re-dispersed in twice-distilled

water.

2.2 Morphological and compositional characterization of nanoparticles

The nanoparticles morphology, their size distribution and the presence of silica shell
were investigated using FESEM (Field-Emission Scanning Electron Microscope -
SUPRATM 40, Zeiss, Germany) equipped with Energy Dispersive Spectroscopy (EDS).
TEM investigation of nanoparticles obtained using the same synthesis route have been

reported previously [24].

2.3 Bioactivity test on nanoparticles

The bioactivity test was performed in two different ways: in the first experiment, all
synthesized nanoparticles (M, MS, MSCa-C, MSCa-H) were dried in an oven at 60°C,
subsequently 5 mg of powder was re-dispersed in 50 ml of simulated body fluid (SBF —
Kokubo [32]), maintained in an orbital shaker at 37 °C for 2 weeks. At the end of the
test, the powders were dried and fixed on adhesive carbon tape on stub supports for
the FESEM and EDS analysis.

In the second experiment, only MS and MSCa-H were tested based on the results
obtained from the first experiment. In this case, in order to avoid particles
agglomeration during the drying process, 100 pl of nanoparticles suspension were
mixed with 50 ml of SBF and placed in the orbital shaker at 37 °C for 2 weeks. At the
end of the experiment, the SBF was removed, the nanoparticles were gently washed

with twice-distilled water and a drop of solution containing the nanoparticles was
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deposited on a copper TEM grid with carbon film (SPI Supplies® Brand Lacey Carbon

Coated 200 Mesh Copper Grids —JEOL S.p.A.) for FESEM-EDS analyses.

2.4 Synthesis of magnetic NPs/PMMA nanocomposite bone cements
Composite bone cement samples were prepared incorporating only iron oxide (M) and
silica-coated iron oxide nanoparticles (MS) on the basis of the results obtained from
nanoparticle characterization, particularly from the bioactivity evaluation.
Commercial bone cements, like the Surgical Simplex© P (Stryker Orthopaedics Inc,
Mahwah, NJ) used in this work, are provided in two-components in the form of a
powder and a liquid, respectively. The two components are mixed directly in the
operating room and a free-radical polymerization of the monomer occurs when the
initiator contained in the powder is mixed with the accelerator contained in the liquid
monomer. The bone cement viscosity changes over time from a slurry into dough like
state that can be safely applied and then finally hardens into solid material [33].
The Simplex© bone cement powder consists in 15% (by weight) of PMMA, 75% of
MMA-styrene copolymer (named simply PMMA powder from now on), 1.5 % BPO
(benzoyl peroxide initiator) and 10% barium sulfate as radio-opaque phase. The liquid
component consists of 97.4 % MMA, 2.6 % DMPT (N,N-Dimethyl-p-toluidine activator)
and 89 ppm of hydroquinone stabilizer. The preparation of the plain bone cements
consisted of the following steps:
i. PMMA powder was placed in the mixing cartridge (40 g)
ii. The monomer was added (20 ml).
iii. The slurry was stirred for 1 minute. During mixing, after 20 seconds, total

wetting of the powder by the monomer was achieved.


https://pubchem.ncbi.nlm.nih.gov/compound/N_N-Dimethyl-p-toluidine
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iv. The obtained dough was extruded using a Stryker cement gun into molds to
fabricate mechanical test specimens. Hardening was complete after 7 — 9

minutes.

2.4.1 Investigation of the sequence for bone cement synthesis

The nanocomposite bone cement was prepared by following different strategies.
Three methods of mixing were investigated in order to determine the best mixing
sequence to be followed in the production of the samples. In each case, the amount of
nanoparticles was estimated to be 10% by weight relative to the polymeric powder.
For these tests only pure magnetite powder was used (Composite samples named
S+M).

Method # 1: the magnetic suspension of nanoparticles functionalized with citric acid
was dried at 60 °C and dispersed in the liquid MMA in an ultrasound bath for 10 min.
Then MMA + NPs and PMMA powder were mixed together.

Method # 2: the magnetic suspension of nanoparticles functionalized with citric acid
was mixed with ethanol directly in the PMMA powder. The mixture obtained was dried
overnight at 37 °C. Subsequently MMA was added to for the synthesis of cement.
Method # 3: In this method, pure magnetic nanoparticles were separated from the
liquid and re-dispersed in MMA by decanting the water after separation of the
suspension using a magnet (without drying the particles). The liquid monomer was
added to the wet particles and thereafter mixed with PMMA powder. The presence of
water, which remains adsorbed on NPs, reduced the duration of the polymerization.
The first mixing sequence (Method # 1) appeared to be the most appropriate as

determined by preliminary SEM characterization, and was adopted for all the
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subsequent preparations. The liquid suspension of magnetic nanoparticles was

dehydrated in an oven at 60 °C prior to preparation of composite cements. During the

dehydration process, it is possible to lose the nano-metric structure, so the dried

powders were fragmented using mortar and pestle and subsequently its suspension in

monomer was subjected to 30 minutes of ultrasound to reacquire the initial nanoscale

dispersion.

2.4.2 Synthesis of composite bone cements: mixing methods

The mixing step was then further optimized, in order to evaluate the efficacy of hand

and mechanical mixing, as follows. Both 10 wt% and 5 wt% of nanoparticles by weight

of cement powder was evaluated.

Hand mixing

A normal cartridge mixer was employed, using the following procedure:

Vi.

Vii.

the powder was placed in the cartridge

the liquid monomer containing the dispersed nanoparticles were added

the cartridge mixer was closed

the vacuum pump was turned on

the cement was agitated and mixed by moving up and down the upper ring of
the device

the cement was shaken for one minute

the vacuum pump was turned off and the cartridge was inserted into the

cement gun

Three kind of materials were prepared: pure Simplex© as already used in clinical

applications (S), Simplex® + pure magnetite nanoparticles (S+M) to evaluate the
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dispersion of the magnetic material into the acrylic cement and Simplex© + silica
coated magnetite nanoparticles (S+MS) as the final nanocomposite. As previously
mentioned, Ca-doped MS were not used as filler based on the results obtained from
bioactivity test.

Mechanical mixing

For mechanical mixing, the cartridge mixer was modified in order to fix the stirring
shaft into a standard chuck. The upper ring was cut and the plastic collar was
contoured to fasten it through the jaws without introducing eccentricity in the rotation
of the shaft. In this manner, it was possible to control the mixing speed using the
overhead mechanical stirrer controls (IKA©, the EUROSTAR power control-visc), like the
one used in the nanoparticle preparation. Vacuum mixing was also employed in this
method using a vacuum pump. The maximum possible output recorded on the shaft
was 105 W with a chuck torque of 60 N-cm and a speed between 50 and 2.000 rpm.
There were two methods employed in the preparation of the nanocomposite samples.
One uses the same hand mixing with the mixing cartridge under vacuum; the second
uses the overhead mechanical stirrer to perform a high speed agitation. Four different
speeds were investigated (250, 500, 1000, 1500 rpm) in order to compare the
compressive strength of the cement compared to that of hand mixed cements. Pure
Surgical Simplex© P was used for this test. Each trial was conducted following the ISO
5833 standard [34]. During this test, the working time of cements was evaluated, in
order to verify any correlation with the mixing speed.

The best two preparation methods were finally used to cast all samples needed for the
complete mechanical, morphological and in vitro characterizations. All samples were

machined for a better grade of finish. Seven groups of cements were prepared:



©CO~NOOOTA~AWNPE

2.5 Morphological-compositional and physical characterization
Morphological-compositional characterization of the composite bone cements was
performed by means of field emission scanning electron microscopy (FESEM,
SUPRATM 40, Zeiss) equipped with energy dispersive X-ray spectroscopy (EDS).

Density measurement was carried out on the commercial cements using the Mohr’s
balance in order to estimate eventual differences between manually and mechanically

mixed cements.

2.6 Mechanical characterization of nanocomposite bone cements: compression test
Following the ISO standard 5833-2002 [34], compression tests were performed in
order to assess the mechanical behavior under compression load. Cements with all
concentrations of nanoparticles were investigated and compared with the pure
PMMA-based Surgical Simplex© P.

A Single Column Frame eXpert 5601 Modular Universal Testing Systems with the eP2
Digital closed loop servo controller and CPC-116-B-AL platens (Admet Inc, Waltham,
MA) was used to determine the compressive strength of the samples. In according
with the standard, samples were mixed for 1 min and cast into a stainless steel mold
with five cylindrical holes (inner diameter 6 mm, inner depth 12 mm) for 24 hours.

The samples were taken out from the mold after they had fully set and using emery
paper to reduce the stress concentration at the edges of the cements. In some cases,
the superior and inferior faces were machined with a laser cut edge in order to create

two parallel surfaces. The compression test was, then, performed according to Annex E
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of the ISO standard [34]. This test was performed on at least 5 specimens for each type

of material.

2.7 Bioactivity evaluation of the nanocomposite cements

The study was planned to evaluate different stages of bioactivity of composite samples
(Simplex® P + magnetite-silica, 5 and 10%wt) immersed in SBF [31] for different lengths
of time (7, 14 and 30 days) in an incubator at 37 °C £ 1,5 °C, as conducted on pure
nanoparticles

The solution was refreshed every 2-3 days. During refreshes pH values were recorded
in order to monitor if ions release could change the pH of solution appreciably.

The amount of SBF solution (25 ml) was defined in accordance to Kokubo’s protocol.
When the samples were removed from the SBF they were gently rinsed in twice-
distilled water and left to dry at room temperature [32]. Characterization after soaking

in SBF was performed by FESEM-EDS analyses.

2.8 Magnetic characterization of composite bone cements

The magnetic properties of composite cements (containing 5 wt% NPs and
mechanically mixed) were investigated with a DC magnetometer/ AC susceptometer
(Lakeshore 7225) equipped with a Cryogen-Freemagnet at room temperature in quasi
static condition.

Magnetic hysteresis cycle measurements were performed using a magnetic field up to
800 kA/m, in order to estimate the main magnetic parameters of the materials and the

influence of the silica coating.
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3. Results

3.1 Magnetic nanoparticles characterization

All the prepared NPs exhibited a magnetic response (Figure 1a). As reported in a
previous study [24] all the synthesized NPs revealed superparamagnetic behavior, with
saturation values in a range of 30-60 emu/g and no coercivity. Figure 1a reports the
magnetic attraction of the dried magnetite (M) powders.

SEM image (Figure 1b) of M nanoparticles showed evidence of a pseudo spherical
shape with diameter between 5 and 15 nm. The EDS compositional analysis (Figure 1c)
revealed peaks of iron (Fe) and oxygen (O). All other elements, such as copper (Cu) or
carbon (C) that appeared on the spectrum came from the stub and the grid.

The silica-coated magnetite nanoparticles (MS) and Ca-containing magnetic
nanoparticles did not revealed any substantial differences in comparison with pure
magnetite (M) in terms of size and morphology (data not reported). EDS analysis of
MS showed evidence of the presence of a silicon peak (Figure 1d) in addition to iron
and oxygen; while EDS analysis of MSC-H (Figure 1e, as example) showed evidence of a
Ca peak. The TEM analyses of all synthesized nanoparticles are reported in a previous
work [24], this study showed evidence of a pseudo-spherical shape of all nanoparticles
and the presence of a silica shell of about 1-2 nm around the magnetic core of MS,

MSCa-C and MSCa-H.

3.2 In vitro bioactivity of nanoparticles
First experiment
Pure magnetite (M) samples did not show any morphology ascribable to

hydroxyapatite (HAp) precipitates (Figure 2a). Only in some areas of the sample
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(evidenced with an arrow in figure 2) EDS analysis (Figure 2b) revealed the presence of
Ca and P peaks but in a small amount, which can be due to a few calcium phosphate
precipitates.

Silica-coated NPs (MS), after immersion in SBF, showed the typical morphology of in
vitro grown HAp (Figure 2c). Compositional analysis demonstrated the presence of
sharp Ca and P peaks, with a ratio Ca/P of about 1.6, very similar to that of HAp (Figure
2d). MSCa-C NPs did not show the presence of HAp (Figure 2e); compositional analysis
of restricted areas (evidenced with arrows) showed evidence of a moderate presence
of P, while the Si and Ca peaks originated from the starting material (Figure 2f). The
same behavior was observed for MSCa-H NPs; they showed a moderate P peak, but at
a morphological level, the presence of similar hydroxyapatite precipitates was not

observed (Figure 2g and h).

Second experiment

In the second experiment, powders weren’t dried before their immersion in SBF
solution to avoid particle agglomeration. In this second experiment, only MS NPs and
MSCa-H NPs were investigated on the basis of results obtained in the first study.

The morphology of both tested nanoparticles appeared to have changed after the SBF
immersion. A reaction layer that covered the NPs (Figure 3a and d) with the typical
structure of the in vitro grown HAp was observed (Figure 3b and e). The EDS analysis
showed evidence of a large presence of P and Ca together with the material
components (Fe, Si, and O). Na and Cl peaks were due to the precipitation of NaCl salt,
while Mg and K (SBF components) derived probably from their introduction into the

apatite layer (Figure 3c and f). Unlike the first experiment, in this case, calcium
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functionalized particles (MSC-H) showed the same behavior as silica-coated NPs; they
were covered by a reaction layer, composed mainly of P and Ca (EDS analysis),
indicating the bioactive behavior of the sample. This test confirmed the influence of
the agglomeration, due to samples preparation, and the exposed surface area in the
bioactive mechanism.

On the basis of obtained results, it was decided to include only the silica-coated
nanoparticles in the PMMA, since they showed a very promising bioactive behavior,
and the addition of calcium in the silica shell did not induce a significant improvement

of the bioactivity.

3.3 Nanocomposites characterization

3.3.1 Morphological and compositional characterization of the (S+M) composites
obtained with the three different mixing methods.

Morphological and compositional characterization was performed in order to find the
best method to synthesize the nanocomposite cement. The mixing sequence was
selected on the basis of FESEM-EDS analysis performed on magnetite-containing
composite samples (S+M), obtained by the three different mixing sequence methods,

as reported in “materials and methods” section.

Method # 1: FESEM and compositional EDS measurements demonstrated the presence
of magnetite NPs well dispersed in the polymeric matrix and exposed on cement
surface (Figure 4a, b and c).

Method # 2
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FESEM characterization showed evidence of only a partial exposure of magnetic
nanoparticles (Figure 4d, e and f). At high magnification, the surface of the composite
appeared smoother than those obtained with Method # 1 (Figure 4f) and magnetic NPs
were not clearly visible, even if EDS analysis showed evidence of the presence of Fe
peak. (Figure 4e).

Method # 3

FESEM-EDS analyses showed evidence of the presence of NPs agglomerates

underneath the surface of the cement (Figure 4g, h and i).

3.3.2 Morphological and compositional characterization of the bone cements obtained

with the mixing Method # 1 (hand mixing).

The mixing Method # 1 revealed the best results in terms of NPs dispersion and
appearance at the surface. So, the comparison between plain Simplex® (S) and the two
composites (S+M and S+MS) was performed on specimens obtained with this mixing
method containing 10 wt% of NPs.

Figure 5 reports the results obtained using the manual mixing method. The
backscattered image of pure Simplex® showed evidence of the PMMA spheres (the
black circles in figure 5a). The light emitting white particles refer to the barium sulfate
dispersed as the radiopacifier particles in the micrometer size range. A few small
barium sulfate agglomerates (marked with circle in figure 5a) were also observed.

The backscattered FESEM image of the composite containing magnetite powder
(Figure 5b) revealed almost the same material’s structure as that of pure Simplex©.

PMMA spheres from the powder were observed as well as barium sulfate and some
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agglomerates of magnetite NPs. However, EDS analysis (Figure 5c¢ and d) showed
evidence of the presence of magnetite well dispersed NPs along with the
agglomerates.

The samples containing silica coated NPs, also revealed the presence of NPs
agglomerates (Figure 5e). These samples however also revealed the presence of well
dispersed silica coated NPs, confirmed by the EDS analysis, which showed the presence

of Si and Fe peaks (Figure 5f, g and h).

3.3.3 Mechanical mixing and its correlation with compressive strength and working
time

The correct range of blending speed had to be established since in the literature there
was no data on the investigation of the speed of mechanical mixing.

As shown in figure 6, mixing speed had a strong influence on the compression behavior
of the material (the line at 70 MPa indicates the limit imposed by the ISO 5833
standard). As can be observed, a low mechanical mixing speed did not allow an
adequate compressive strength to be achieved; instead, by mixing at speed > 1000
rpm the compressive strength reached optimal values higher than the limit imposed by
the ISO standard.

The speed was chosen to be 1500 rpm on the basis of the obtained results, which
allowed a compressive strength similar to the manual mixed cement of about 80 MPa

to be attained.

3.3.4 FESEM-EDS characterization of S+M and S+MS composites obtained with

mechanical mixing
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5 wt% NPs, 1500 rom mixing

Composite bone cements containing 5 % in weight of NPs and mechanically mixed at
1500 rpm were investigated by means of FESEM-EDS analysis to evaluate the NPs
dispersion.

As it can be observed in figure 7, the mechanical stirring and the reduction of the
weight percentage of NPs provide a better dispersions of the nanoparticles in the
polymer matrix. NP agglomerates were observed in only a few regions of the samples
(Figure 7b, c); however, these agglomerates were much smaller than clusters observed
using 10 wt% of NPs and manually mixed. Compositional analysis of a wide area
without agglomerates (Figure 10d and f) showed the presence of peaks characteristics

of NPs, showing evidence of a uniform dispersion of NPs in the polymeric matrix.

10 wt% NPs, 1500 rom mixing

Composite bone cements containing 10 wt% of magnetite and silica coated magnetite
nanoparticles, prepared using a mixing speed of 1500 rpm, were characterized with
FESEM-EDS (Figure 8).

As previously observed the high speed method improves the dispersion of the
nanoparticles and a reduction in the size of clusters. Also, in this case, very few NPs
agglomerates were observed and EDS analysis showed the presence of NPs and their

uniform dispersion in the PMMA matrix.

3.3.5. Density measurements
The obtained specimens were investigated after three days and the relative density

was calculated by Mohr’s balance. This test revealed no differences in cement’s density
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(Table 2), so the optimized mechanical mixing allowed cement with adequate

mechanical properties to be prepared.

3.3.6 Compression test results

As reported in literature [35], the addition of hard particles, such as magnetite, in a
glassy polymer can decrease the mechanical properties of the composite creating a
larger number of crack initiation sites. Yield and ultimate load were determined as
previously described for Surgical Simplex© P (S), S+M hand mixed 5 wt%, S+M
mechanically mixed 5 and 10 wt% S+MS hand mixed 5 and S+MS mechanically mixed 5
and 10 wt%,.

As can be observed in figure 9, the increase of NPs fraction lead to a further reduction
of the mechanical properties.

Moreover, figure 9 demonstrated that the introduction of the silica shell decreased the

mechanical strength of the composite.

3.3.7 Composite cement bioactivity
- 5wt% and 10 wt% hand mixed

FESEM-EDS analyses of composite bone cements containing 5 and 10 wt % of NPs
manually mixed after 7 and 28 days of SBF immersion are reported in figure 10.

On all sample surfaces, it was possible to observe the presence of some precipitates;
EDS analyses performed on these precipitates showed evidence of (in comparison with
the unsoaked samples) a clear decrease of Si peak and an increase of Ca and P peaks,
probably due to the nucleation of hydroxyapatite precursors or its precursor. After 28

days of SBF treatment on composite cement surface containing 10 wt% of silica coated
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magnetic NPs some precipitates were observed with the characteristic morphology of

HAp (Figure 10I-n)

- 5wt% and 10 wt% mechanical mixed at 1500 rpm

Figure 11 shows the morphological and compositional analyses performed after 7, 14
and 28 days of SBF immersion of composite bone cements mechanically mixed
containing 5 and 10 wt% of silica-coated magnetite NPs. After 7 days of SBF treatment
a few precipitates rich in Ca were visible in figures 11a-c and 11I-n, both for 5 and 10
wt% of magnetic nanoparticles containing cements. After 14 and 28 days (Figure 11d-f
and g-1 5 wt%, Figure 11o-g and r-t 10 wt%), it was possible to distinguish the typical
structure of hydroxyapatite nucleated on the surface of samples. As confirmation, the
compositional analysis of the “cauliflower” area presents a sharp peak of calcium and
phosphorous. Moreover, after 28 days of immersion the ratio Ca/P (1.77 for 5 wt %
and 1.68 for 10 wt %) was comparable with the theoretical ratio of HAp (1.71).

For all samples (5 and 10 wt%, mechanical and hand mixed) the pH remained within

the physiological range of 7 to 7.8.

3.3.8 Magnetic characterization of composite bone cements

The hysteresis cycles for composite cements containing magnetite NPs and magnetite-
silica NPs up to 800 kA/m are shown in figure 12. The obtained curves exhibited the
typical behavior of a superparamagnetic material: the coercive field and remanence
magnetization are negligible at room temperature. The saturation magnetization (Ms)

of S+M sample reached about 30 Amz/Kg, while Ms of S+MS sample was around 20
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Am?%/Kg. As previously reported?, there was no change in the magnetic properties of

both composites regardless of the weight of the silica coating.

4. Discussion

The main goal of the project was to impart bioactive and magnetic properties to the
PMMA-based bone cement, generally used as filler after bone tumor removal. In the
literature, a few studies reported the use of magnetic nanoparticles embedded in a
polymeric matrix to treat metastatic bone tumor[15,36,37] by means of hyperthermia.
While, on the basis of the authors knowledge, only a few papers considered composite
bone cements, which were simultaneously bioactive and magnetic [19-21] and most of
them incorporated glass-ceramic microparticles in the polymeric matrix. In this paper,
a novel approach was used to develop a composite bone cement containing magnetic
nanoparticles useful for hyperthermic treatment and at the same time be able to
integrate with host tissue. Magnetite-based NPs, synthesized by means of co-
precipitation process, were coated with a thin layer (1-2 nm) of silica, normally used to
protect NPs and improve NPs dispersion. In this case, for the first time on the basis of
authors knowledge, the role of silica shell in the bioactivity mechanism was
investigated and compared with a silica shell-doped with Ca ions. A few authors
studied the ability of silica to promote the formation and precipitation of
hydroxyapatite [38]; Nayak et al.,, for example, showed the hydroxyapatite
precipitation on amorphous silica after a few days in SBF; they reported that the
mechanism of HAp formation involves the presence of Si-OH group on silica surface,

which in SBF solution (pH 7.4) form a negatively charges surface:
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= SiOH + OH - SiO + H,0

Subsequently, the Ca*? and the PO,*>” group migrates to the surface, forming Ca—PO,>"
amorphous precipitates, which crystallize and form a HAp layer. Moreover, it was
reported that Si-OH groups provide favorable sites for apatite nucleation since they
promote the adsorption of Ca** ion and phosphate ion on the surface [39]. Moreover,
Sanchez et al. [22], investigated the bioactivity of Fe-Ga nanoparticles produced by sol-
gel. However, they induce the NPs bioactivity by immersing samples in SBF solution in
the presence of a wollastonite disk, thus realizing a biomimetic method.

The bioactivity test in SBF solution of MS and MSC NPs confirmed the ability of
hydrated silica to induce the precipitation of HAp. In the first test, only MS
nanoparticles were able to significantly promote the formation of calcium-phosphate
precipitates on their surface, while M and MSC NPs did not show the presence of HAp.
The second test, performed by preventing NP agglomeration, showed evidence that
the agglomeration state also influenced the particles reactivity, since MSC NPs were
also able to promote HAp formation. However, the presence of Ca seemed to not
influence or accelerate HAp formation. On the basis of these results, only MS NPs were
used to synthesize composite PMMA-based bone cement.

Then, the work focused on the method to disperse magnetic nanoparticles in the
cement without change their features and to verify the composite cement properties.
Magnetic nanoparticles have the tendency to agglomerate in clusters that could
reduce cement’s mechanical properties and could make it undesirable to use nano-
sized particles.

From a mechanical point of view, both the mixing methods and the filler percentage

can influence the strength of composite [35]. In this work, a comparison between the
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mechanical and manual mixing (both using vacuum) was estimated: in terms of
compression strength. An appropriate speed of mechanical mixing allows a slightly
higher compression strength to be attained, using a filler load of 5 wt%. As expected,
the mechanical properties decreased just below the limit imposed by ISO standard (70
MPa) by increasing the amount of NPs. The graph of figure 9 also shows that by
introducing 5 wt% of NPs, the presence of silica coating appears to influence the
mechanical strength, because probably it changes the properties at the interface. This
reduction was not observed in the composites containing 10 wt% of NPs, in which the
compression strength seems most likely influenced by the amount of NPs. In fact, the
parameters that can influence the mechanical strength of the composite are: i) the
method of mixing, ii) the amount of the NPs and the properties at the interface
NPs/cement. For composites containing 5% of NPs, a decrease of strength for samples
containing magnetite-silica (MS) NPs was observed; while they noticed a comparable
strength for samples containing 10% of magnetite (M) and MS NPs. Moreover, the
strength values of 10% containing samples are comparable with values obtained with
5% MS-containing composites (both manually and mechanically mixed). Therefore, it
can be supposed that up to 5% of NPs the presence of silica coating appears to be the
key factor that influence the mechanical strength, while introducing 10% of NPs the
mechanical strength seems to be more influenced by the amount of NPs rather than by
the silica coating.

The in vitro bioactivity test of composites showed a delay of HAp formation for
cements containing manually mixed NPs, since precipitates rich in Ca and P with the
typical morphology of in vitro grown HAp were observed only after 28 days of

immersion in SBF. Whereas, the surface of composite bone cement showed
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precipitates of Ca and P having the HAp morphology within 14 days of SBF treatment
(especially for cements containing 10 wt% of NPs) when the mechanical mixing
method was used.

This indicates that mechanical mixing effectively improves the dispersion of NPs and so
increase NPs surface exposed to biological fluid, thus improving the bioactive behavior
of the composite bone cement. Simultaneously, mechanically mixed composite bone
cements containing 5 wt% NPs showed a superparamagnetic behavior and
magnetization useful for use in hyperthermia treatment, in agreement with
observations by other authors [40]. Therefore, the mechanical incorporation of
bioactive silica-coated magnetic NPs (MS — 5 wt%) in the PMMA-based bone cement is
a promising composite bone cement, both magnetic and bioactive, and useful for the
hyperthermia treatment of cancer while simultaneously be able to integrate with peri-

cement bone tissue.

Conclusions

This work demonstrated for the first time the ability of silica-coated magnetite-based
NPs to induce the precipitation of HAp when immersed in SBF solution. These bioactive
and magnetic NPs were then used as a filler for PMMA-based bone cements.
Composite bone cements were synthesized using different amounts (5 and 10 wt%) of
bioactive and magnetic NPs and using both manual and mechanical mixing methods.
The obtained results showed that the mechanical mixing allowed a better dispersion of
NPs to be achieved in the polymeric matrix than the manual method. In general, an

increase of the NPs amount reduced the mechanical properties, while the bioactivity
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and the superparamagnetic properties of the composites were maintained also
introducing 5 wt% of NPs.

In conclusion, silica coated-magnetic NPs proved to be a promising filler to impart
bioactive and magnetic properties to PMMA-based bone cements, thus obtaining
multifunctional stimuli-responsive composite bone cements for the treatment of bone

tumors and associated complications.
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Captions

Figure 1: picture of magnetic nanoparticles (a), STEM and EDS analyses of M (b, d) and
MS (c, e) and MSC-H (f) NPs.

Figure 2 FESEM-EDS analysis of M (a-c), MS (d-f), MSCa-C (g-i) and MSC-H (I-n) after
SBF immersion, first experiment.

Figure 3: FESEM-EDS analyses of silica coated magnetite (MS, a b, ¢, and d) and silica-
calcium hydroxide (MSC-H) coated magnetite (e, f g and h) after SBF immersion,
second experiment.

Figure 4: FESEM-EDS analysis of composite bone cement prepared with three different
methods: (a-c) method #1, (d-f) method #2, (g-i) method #3.

Figure 5: FESEM-EDS analysis of composite bone cements. Pure Simplex© P (a),
magnetite containing cement (b, c and d), magnetite-silica containing cement (e, f, g
and h)

Figure 6: compressive strength vs. speed of pure Simplex© P cement.

Figure 7: FESEM-EDS analysis of Simplex©+5 wt % magnetite (a-d) and Simplex© +5 wt
% silica-coated magnetite (e, f) using a mixing speed of 1500rpm.

Figure 8: FESEM-EDS analysis of Simplex® +10 wt % magnetite (a, b) and Simplex®+10
wt % silica-coated magnetite (c, d) using a mixing speed of 1500rpm.

Figure 9: compressive strengths of composite bone cement (2% offset load)
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Figure 10: FESEM-EDS analyses of composite bone cements containing 5 (a-f) and 10
(g-n) wt% of silica-coated magnetite NPs manually mixed after 7 (a-c, g-i) and 28 (e-f, I-
n) days of SBF immersion

Figure 11: FESEM-EDS analyses of composite bone cements containing 5 and 10 wt% of
silica-coated magnetite NPs mechanically mixed after 7, 14 and 28 days of SBF
immersion

Figure 12: Hysteresis cycles of S+M and S+MS composite bone cement containing 5

wt% NPs

Tables

Table 1: samples acronyms, composition and mixing method.

Bone cement (acronym) | Hand mixing Mechanical mixing | wt% of
nanoparticles

Simplex® P (S) X X 0

Simplex© P + magnetite X X 5,10

(S+M)

Simplex P+ magnetite- X X 5,10

silica (S+MS)

Table 2: average relative density evaluation of Simplex© P cement, hand and

mechanically mixed.

Sample Average relative density St. deviation
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Hand mixed

49.2

2.7

Mechanical mixed

46.0

1.3
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