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Abstract 

In this work an innovative formulation of bone cement for the treatment of bone tumor and its 

associated complications has been designed by preparing a new class of Fe3O4-Ag 

nanostructures, using gallic acid as a reducing agent, and evaluating their introduction in 

different amounts and mixing method in polymethyl methacrylate (PMMA)-based composite 

cement. The morphology, the composition and antibacterial effect of Fe3O4-Ag nanostructures 

have been investigated together with the morphology, the composition, the mechanical 



properties of the composite cements containing these nanoparticles as well as their 

antibacterial effect. 

The obtained results revealed a good antimicrobial effect of Fe3O4-Ag nanostructures, a 

significant influence of their amount and of the used mixing method on the particles dispersion 

and agglomeration in the PMMA matrix and, as a result, on the mechanical properties. In 

particular, by using the mechanical mixing a better dispersion of nanoparticles was obtained, 

reducing the tendency to agglomerate. The increase of nanoparticles amount induced a slight 

decrease of the mechanical properties; however, the introduction of 10% w/w of Fe3O4-Ag 

allowed to improve the composites ability to reduce the bacteria adhesion.  
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Introduction 

Currently, surgery represents the most common approach to the treatment of primary and 

secondary bone tumours. This approach is very invasive, since it involves extensive local tissue 

removal or amputation, followed by reconstruction with prosthesis, acrylic bone cement, 

allograft or autograft and often causes serious disease [1-3]. The use of such invasive 

procedures in patients that are already immunocompromised implies intrinsic risks of bacterial 

contamination and development of extended infections [4].  

Conventional therapies, such as chemotherapy and radiotherapy, are often used together with 

surgery [3], but they are often accompanied by severe side effects. Among the new therapies 

developed in recent years, such as immunotherapy and gene therapy [5, 6], hyperthermia has 

been documented as an effective approach to the treatment of solid tumors [7-9]. This 

therapy, as recognized by the European Society for Hyperthermic Oncology (ESHO) [10], uses 



the application of high temperature (41-46 °C) in the vicinity of the tumors in the body, causing 

destruction to cancerous cells and tissues, while enhancing the efficacy of chemotherapeutic 

agents with very limited damage to healthy tissues. 

Magnetically induced hyperthermia has been the object of investigation by many researchers 

[11]. This technique is targeted at the tumour site, and involves heat generation by means of 

magnetisable implants, which can be inserted into the void created by tumor removal and 

stimulated by exposure to an external alternating magnetic field to produce heat. This 

approach is safe for the surrounding healthy tissues and can be useful for a variety of solid 

tumours. With this purpose, various magnetic materials have been proposed in the literature, 

ranging from metallic particles (Fe, Co, Ni), oxides (Fe2O3, Fe3O4), ferrites (LiFe5O8, MgFe2O4), 

magnetic fluids, up to magnetic bone cements and glass-ceramics [12-24]. Only a few of these 

materials have been also adapted to be able to prevent the primary associated complications 

of bone tumor surgery, such as the development of infections [25, 26]. For example, in the 

recent work published by Miola et al. [26] a silver-containing ferrimagnetic glass–ceramic (Ag-

SC45) has been developed and characterized, showing the ability to generate heat when 

exposed to an alternating magnetic field and possessing a documented antibacterial effect. In 

previous studies [27] Miola et al. have been also developed innovative bioactive 

superparamagnetic nanoparticles for multifunctional composite bone cements, which 

displayed bioactive behavior for the first time in literature. The aim of the present work is to 

introduce a new class of superparamagnetic nanoparticles with magnetic and antibacterial 

properties, as filler for acrylic bone cement that can be used to destroy cancer cells by 

hyperthermia and to reduce the prevalence of infections.  

 

1. Experimental 



According to literature [28, 29] and previous research works of the authors [30 - 32] the steps 

for synthesis and decoration of magnetite nanoparticles (MNPs) can be summarized as follows:  

• Synthesis of MNPs using co-precipitation method and their dispersion in water using citric 

acid (CA) 

• Coating of CA capped MNPs with a silica shell, by sol-gel process, to obtain magnetite-silica 

NPs (MSNPs) 

• Modification of silica shell by in situ silver reduction to obtain MSNPs decorated with Ag NPs 

(MSAgNPs) 

 

1.1 Synthesis of citric acid (CA) capped MNPs 

The co-precipitation method was adapted from literature [28]. In detail, two solutions of 

ferrous and ferric iron salts (FeCl2 and FeCl3) were prepared separately: 37.5 ml of 0.1 M FeCl2 

and 50 ml 0.1 M FeCl3 were mixed under mechanical stirring at 300 rpm. The pH of this 

solution was between 1.5-2. Ammonia was added drop by drop until a pH=10 was attained. 

This step promoted the precipitation of magnetite nanoparticles and the color of the solution 

turned from orange-yellow to black. Since the synthesis was carried out in air, also maghemite 

precipitation can occur. In order to prevent agglomeration, the solution was sonicated for 20 

minutes (Sonica®, ultrasonic cleaner, SOLTEC®) and then washed 2 times with bi-distilled 

water.  

The MNPs were dispersed in CA to prevent agglomeration. A solution of 0.05 M CA was 

prepared and added to the nanoparticles magnetically separated from water. The 

concentration of the CA solution was selected based on the literature [28][30-32]. After the pH 

of the MNPs + CA suspension reached a value of approximately 2.5-3 the pH was raised to 

about 5.2 with ammonia in order to increase the rate of adsorption [28]. In fact, it is reported 

that at this pH CA presents two deprotonated carboxylic groups, which can interact with the -



OH groups exposed on MNPs surface. Subsequently, the solution was kept in an orbital shaker 

(KS 4000i control, IKA®) at 80 °C and 150 rpm for 90 minutes. Finally, the solution was washed 

with bi-distilled water to remove the unreacted citric acid and the pH was set to about 10.1 (by 

ammonia addition) in order to maximize the nanoparticles dispersion in water. The setting of 

pH at 10.1 was necessary for the de-protonation of the third -COOH group of CA, to impart a 

negative surface charge to the particles and promote their dispersion in water for electrostatic 

repulsion [28]. The washing steps were performed using an ultrafiltration device (Solvent 

Resistant Stirred Cells - Merck Millipore).  

 

1.2 Synthesis of silica-coated magnetite NPs (MSNPs) decorated with silver nanoparticles 

(MSAgNPs) 

The synthesis of MSAgNPs followed a preliminary coating of MNPs with a silica shell. According 

to literature [29], the Stöber process was used in order to create a silica layer around the 

nanoparticles, using tetraethyl orthosilicate (TEOS) as silica precursor. The amount of TEOS 

was chosen in order to obtain a shell thickness of about 1 nm, as reported in literature [33]. 

Firstly, the MNPs + CA suspension was centrifuged at 4000 rpm for 5 minutes. In a second step, 

water was removed by ultrafiltration, then CA capped MNPs were re-suspended in a mixture 

of water and ethanol (ratio 4:1) [34] and the silica shell precursors solution was added drop by 

drop (0.33 ml of TEOS, 3 ml of water and 3 ml of ethanol for 40 ml of MNPs suspension). After 

the addition of this solution to the MNPs suspension, the pH was increased up to 11 with 

dropwise ammonia and the suspension was maintained for 3 h in orbital shaker at 37 °C. 

Subsequently, the suspension was filtered to remove ethanol by ultrafiltration, and washed 

twice with bi-distilled water. Finally, the silica-coated MNPs (MSNPs) were suspended in water. 

With the aim to impart antibacterial activity, silver nanoparticles were synthetized in situ on 

the MSNPs surface using silver nitrate (AgNO3) as precursor and gallic acid (GA) as a reducing 



agent, producing MSNPs decorated with silver nanoparticles (MSAgNPs). The amount of silver 

nitrate with respect to the desired amount of silver nanoparticles was selected on the basis of 

literature for similar synthesis[34]. For 20 ml of MSNPs suspension, two AgNO3 amounts were 

investigated (8 and 17 mg).  

Firstly, AgNO3 was added to the suspension of MSNPs. The suspension was mechanically 

stirred at 300 rpm for 10 minutes, then ammonia was added dropwise to set the pH = 11, 

causing the deprotonation of hydroxyl ligands on the silica surface and the electrophilic attack 

of Ag+ at the deprotonated silica shell [34]. Secondly GA (molar ratio AgNO3/GA = 1.7) [35] was 

added with mechanical stirring at 300 rpm for 10 minutes to reduce Ag(NH3)2+ to Ag NPs on the 

surface of MS NPs and pH was set once again around 11. At the end, the solution was washed 

twice with bi-distilled water and the pH decreased to about 10. The proposed mechanism for 

MSAgNPs synthesis is reported in figure 1. 

 

1.3 Preparation of nanocomposite bone cement 

The first step in the procedure to synthesize composite bone cements required the dispersion 

of NPs, dried at 60 °C, in methyl methacrylate (MMA) in an ultrasound bath for 20 minutes. 

Subsequently the solution of NPs and MMA was mixed with pre-polymerized polymethyl 

methacrylate (PMMA) powders according to the procedure described in [27]. 

The bone cement used in this study was Surgical Simplex© P (Stryker Orthopaedics Inc, 

Mahwah, NJ), one of the most commonly used bone cements in clinic applications. It contains 

BaSO4 as radiopaque agent.  

The preparation methods and the type of mixing have been tailored in order to assure a good 

dispersion and an accurate quantity of the various NPs in the PMMA matrix, to enable good 

compressive strength and antibacterial properties.  

The composite cements were developed by mixing the following components: 



• Surgical Simplex© P powder component (named simply PMMA from now on): 15 wt% 

PMMA-styrene copolymers, 75 wt% PMMA, 10 wt% barium sulphate as radio-opaque 

phase and 1.5 wt% benzoyl peroxide initiator; 

• Surgical Simplex© P liquid component (named simply MMA from now on): 97.5 wt% 

MMA, 89 ppm hydroquinone stabilizer and 2.6 wt% NN Dimethyl P Toluidine activator;  

• Magnetic NPs 

The plain commercial Surgical Simplex© P cement was used as a control material.  

 

1.3.1 Hand mixing and mechanical mixing  

Cement preparation was performed in a sterile cartridge (PRISM II vacuum mixing cartridge, 

DePuy). The Prism II system allowed mixing and collection under vacuum in a closed system. 

Using this kit two different types of specimens were prepared for each synthesis, the first type 

with hand mixing and the second one with mechanical mixing.  

Hand mixing is the method normally used in operating room and the mix is prepared with a 

suitable inert device with a manually stirring action (with plastic stirrer) until the powder is 

completely saturated with the liquid. While, for the mechanical mixing evacuated the Prism II 

mixer was used but the mix was prepared with mechanical stirring. This second method is 

expected to provide a better dispersion of NPs and materials mixing, but its use in a real 

surgical application needs to be investigated, because current protocols dictate that motors 

and electrical devices should be avoided in the operating room unless necessary. In order to 

determine the appropriate range of blending speeds, preliminary compressive tests were 

performed on cements obtained using different mixing speeds. Pure Surgical Simplex© was 

used for this test and the speed of 1500 rpm was chosen on the basis of obtained results [27]. 

 

1.3.1.1 Plain bone cement  



The cements were prepared according to the manufacturers’ instructions at room 

temperature. The PMMA powder/MMA liquid weight ratio was maintained at 2:1. 

The two components (powder and liquid) were mixed in the cartridge of PRISM II system 

under vacuum for about 1 minute with the hand mixing and always under vacuum but for 

about 30 seconds with mechanical mixing; then the cartridge was transferred to a cement gun 

and the cement was injected into steel molds to produce cylindrical (6  x12 mm) samples for 

compressive test according to ISO 5833-2002 [36]. 

 

1.3.1.2 Magnetic nanocomposite bone cement  

The concentration of magnetite suspension was estimated gravimetrically as about 4.5 ± 0.5 

mg of MNPs for 1 ml of suspension. Taking into account this concentration, the nanocomposite 

bone cements were produced with two different amounts of MNPs, 5 wt% and 10 wt%, 

respectively.  

The suspension of MNPs was dried in an oven at 60 °C to minimize particles agglomeration. 

The dried powders were gently ground in a mortar to break up the agglomerates. Figure 2a 

shows the dried MNPs attracted by a magnet. After drying and grinding, the MNPs powders 

were mixed with the liquid monomer and sonicated for 20 minutes to remove residual 

agglomerates. Each cement was prepared by mixing the PMMA powder with the liquid 

(MMA+MNPs) in PRISM II under vacuum cartridge for 1 minute (hand mixing) and thereafter 

for 30 seconds (mechanical mixing).  

The injection in the molds and the polymerization step were carried out with the same 

modalities used for plain commercial bone cement, as described previously.  

  

1.3.1.3 Magnetic and antibacterial nanocomposite bone cement  



The concentration of magnetic and antibacterial suspension was again measured 

gravimetrically, estimated to be about 3.5 ± 0.5 mg/ml of MSAgNPs. The preparation of the 

nanocomposites containing MSAgNPs was performed following the same previously described 

procedure for the magnetic nanocomposite bone cement. 

The synthesis II was selected to synthesize the antibacterial and magnetic bone cements on 

the basis of obtained results from the antibacterial efficacy of MSAgNPs. 

Table 1 summarizes the synthesized composite bone cements, evidencing the used mixing 

method and amount of NPs. 

  

Sample name Mixing method NPs (wt%) 

Simplex© P Hand - 

Simplex© P+MNPs Hand Magnetite (5%) 

Simplex© P+MNPs Hand Magnetite (10%) 

Simplex© P+MSAgNPs Hand Magnetite-Silica-Ag (10%) 

Simplex© P Mechanical - 

Simplex© P+MNPs Mechanical Magnetite (5%) 

Simplex© P+MNPs Mechanical Magnetite (10%) 

Simplex© P+MSAgNPs Mechanical Magnetite-Silica-Ag (10%) 

Table 1: Sample name, mixing method and amount of NPs introduced. 

 

1.4 Morphological and compositional characterization  

All the nanoparticles were characterized by means of field emission scanning electron 

microscopy equipped with energy dispersive spectroscopy (FESEM-EDS, SUPRATM 40, Zeiss) and 

scanning transmission electron microscopy (STEM, Merlin Gemini Zeiss) to investigate their 

morphology, shape and dimensional range, as well as to estimate their composition, the 



presence of the silica layer and the grafting with Ag nanoparticles. The nanocomposite bone 

cements were observed by the same methodologies, to evaluate the dispersion of the 

nanoparticles embedded in the polymeric matrix.  

 

1.5 Antibacterial properties   

The antibacterial properties of the Ag-doped nanoparticles were evaluated by the inhibition 

halo test (Kirby Bauer test) in accordance with National Committee for Clinical Laboratory 

Standards (NCCLS standard [37]). The test was performed against Staphylococcus aureus ATCC 

29213 bacterial strain, one of the strains most commonly involved in post-surgical infections 

[38]. Three circular (10 mm in diameter) disks of filter paper were impregnated with a drop of 

MSAgNPs suspension and were placed on a Mueller Hinton agar plate uniformly covered with 

bacteria, as recommended by NCCLS standard and reported in [39]. The plate with the samples 

was incubated overnight at 35 °C. At the end of the incubation the possible formation of a halo 

(inhibition zone) around the sample, in which the bacteria have not proliferated was observed 

and measured. When no inhibition halo was observed, the plate was inverted to determine 

whether the bacteria had proliferated below the sample or not: the absence of bacterial 

proliferation under samples is however an index of good antibacterial effect.  

The evaluation of the antibacterial properties of the nanocomposite bone cements was 

performed following the same steps conducted for the MSAgNPs suspension. In this case, the 

composite cement samples were placed on a Mueller Hinton agar plate uniformly covered 

with bacteria and the plate was incubated overnight at 35 °C. At the end of the incubation the 

possible formation of a halo around the sample was observed, also by inverting the plate to 

verify the possible bacterial proliferation below the sample. Moreover, samples were 

subjected to heat fixation procedure to fix cells eventually adhered on cement surface [40]. 

Heat fixation was performed by the rapid passage of samples for three times over the flame of 



a Bunsen burner; subsequently, samples were prepared for SEM observation by metallization 

with a thon Cr layer. 

All reagents were purchased from Becton, Dickinson and Company. 

 

1.6 Mechanical properties  

The mechanical properties of the cements were evaluated by measuring the compressive 

strength of the cement samples in accordance with the standard ISO 5833:2002 [36].  

To prepare the cylindrical specimens needed for the compression test, the cement paste was 

poured into a stainless steel mold containing 5 holes (diameter= 6 mm, height = 12 mm) and 

clamped with stainless steel sheets. After cement hardening, the cylindrical samples were 

removed from the mold. After 24 ± 2 h, the diameter of the cement cylinder was precisely 

measured with plane-parallel ends, and it was placed upright in the test device. The superior 

and inferior faces were machined with a laser cut edge and polished with abrasive paper in 

order to create two plain and parallel surfaces. The specimens were placed in the test machine 

(ADMET-type mechanical testing, Nanotechnology Laboratory at the Orthopedic Surgery 

Department of the Brigham and Women’s Hospital in Boston, USA) without any type of pad 

between the cylinder and the plate of the test machine, that was set up to produce a curve of 

displacement against load, using a constant cross-head speed of 25 mm/min at room 

Temperature (approximately 21 °C) in air and force were measured by a 10000 lbf (4444.4 N) 

capacity load cell. The compression loading continued until there was a decline in load. The 

maximum strength was used to calculate the compressive strength. Compressive strength of 

acrylic bone cement, to be in compliance with ISO 5833:2002, must be  70 MPa [36, 41]. 

The compressive strength, after drawn the line at 2% offset load, was calculated for each 

specimen as the ultimate load divided by the original cross-sectional area. The average 

compressive strength of five cylinders for each different type of material was calculated. 



 

1.7 Magnetic properties 

The magnetic properties of composite cements containing 10 wt% of MNPs, MSNPs and 

MSAgNPs, 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 possible 

differences between the two samples. 

 

2. Results and discussion 

2.1 MNPs   

Figure 2b illustrates the FESEM images of the obtained MNPs, which showed a spherical shape 

and a dimensional range of 5-20 nm. The EDS analysis (Figure 2d) showed the presence of Fe 

and O peaks, elements characteristic of magnetite (the presence of Cu and C are due to the 

grid used for the analysis).  

The MNPs were also characterized by STEM. In line with the FESEM results, STEM analysis 

showed magnetite nanoparticles with a pseudo-spherical morphology and a dimensional range 

between 5-20 nm (Figure 2c). 

 

2.2 MSNPs 

STEM analysis of MSNPs, reported in figure 2e, revealed nanoparticles with a size around 5-20 

nm (Figure 3a), and EDS analysis showed the presence of the Si peak (Figure 2f). The presence 

and the thickness of the silica shell was also confirmed by previous studies [30, 32]. 



The silica shell acted as a supporting matrix for the Ag NPs to anchor, in order to solve the 

problem of aggregation of the Ag NPs. Furthermore, the silica shell could also protect the 

Fe3O4 core from being oxidized and dissolved in water solution, which enhanced the stability of 

the MSAgNPs. Hence, an antibacterial material having a characteristic magnetic response and 

enhanced stability could be obtained. 

  

2.3 MSAgNPs 

The in situ synthesis of silver NPs using gallic acid was verified by means of STEM-EDS analysis. 

Gallic acid (C₆H₂(OH)₃COOH) is one of the common aromatic compounds having both 

carboxylic and phenolic groups. It is a natural plant phenol found in green tea, red wine and 

grapes with antioxidant and bactericide properties. GA was used as a reducing and stabilizing 

agent [42]. The oxidation reaction of phenol groups in gallic acid was responsible for the 

reduction of silver ions, and the produced quinoid compound with a ketoenol-system could be 

adsorbed on the surface of magnetic nanoparticles accounting for their stabilization. 

2.3.1 Synthesis I 

Figure 3a,b shows the STEM analysis of MSAgNPs nanoparticles obtained using 0.017 g of 

AgNO3 (synthesis I). MSAgNPs always showed a pseudo-spherical shape and a dimensional 

range slightly higher.  

EDS analysis (Figure 3c) revealed the peaks associated with Fe, Si and Ag. 

This analysis showed the presence of some aggregates of Ag particles of about 100 nm (visible 

in dark field mode-DF, figure 3a). However, several well distributed Ag nanoparticles with 

smaller size (about 10-30 nm) were also evident (backscattering mode, figure 3b); the obtained 

Ag nanoparticles created a nanodumbell with magnetic nanoparticles.  

EDS analysis was also performed to verify the composition of the samples; figure 3c shows the 

peaks of the elements distinctive of the MSAgNPs. The analysis in an area apparently not 



containing Ag revealed the presence of the silver peak; this may indicate the presence of very 

small Ag nanoparticles unidentifiable by STEM analysis.  

 

2.3.2 Synthesis II 

Figure 3d,e shows the MSAgNPs nanoparticles prepared in the second synthesis. In this case, 

small spherical nanoparticles were also observed with a dimensional range between 5-20 nm. 

Moreover, STEM analysis always showed the presence of big Ag clusters (approximately 100 

nm in size) visible in gray in STEM dark field mode (DF, Figure 3d) together with Ag NPs with 

smaller size (20-30 nm, Figure 3e) well distributed within the sample. 

EDS analysis (Figure 3f) confirmed the presence of Ag, Fe, Si and O peaks, characteristic of 

MSNPs. However, contrary to synthesis I, in synthesis II EDS analysis did not show the presence 

of Ag when an area apparently not containing Ag was analyzed. This likely means that in the 

second synthesis Ag particles with sizes less than 20-30 nm were not formed. 

 

2.4 Nanocomposite bone cements morphological and compositional characterization  

2.4.1 Hand mixed bone cement  

FESEM analysis in backscattering mode (QBSD) of pure Simple P (Figure 4) reveal the presence 

of PMMA sphere, in dark gray, and barium sulphate powders in white, together with some 

BaSO4 agglomerates.  

 

2.4.1.1 Synthesis of 5% w/w MNPs/PMMA hand mixed composite bone cement  

The synthesis of 5% w/w MNPs/PMMA composite bone cement was performed according to 

the procedure explained in the experimental section. The performed FESEM-EDS analysis 

(reported in [27]) revealed the presence of zones where MNPs were well dispersed and 



distributed in the PMMA matrix and other areas containing some MNPs agglomerates of tens 

of m, together with the presence of some BaSO4 agglomerates, as in reference samples. 

 

2.4.1.2 Synthesis of 5% w/w MSAg NPs/PMMA hand mixed composite bone cement  

The same analysis was conducted for MSAgNPs/PMMA composite bone cement samples. The 

obtained results are reported in figure 5 and are very similar to results obtained for MNPs.  

FESEM-EDS analysis of composite bone cement revealed some areas with BaSO4 agglomerates 

(Figure 7a,b), the presence of some MSAgNPs agglomerates (Figure 5a,c), smaller than BaSO4 

agglomerates, and areas without agglomerates (Figure 5a,d). At higher magnification, it was 

possible to observe the presence of MSAgNPs well dispersed in the PMMA matrix (Figure 5e,f). 

This result indicated that the chosen process to prepare the nanocomposite bone cement still 

needs optimization. As reported in [27], the presence of agglomerates is believed to be due to 

the hand mixing process that does not allow for good dispersion.  

Therefore, the nanocomposite optimization and characterization were focused on the 

introduction of mechanical mixing of NPs.  

 

 2.4.2 Synthesis of 5% w/w MNPs/PMMA composite bone cement mechanically mixed  

On the basis of FESEM-EDS results, it was evident that this method provided a better 

dispersion of NPs and materials mixing, reducing the voids and improving the mechanical 

properties (Figure 6).  

A reduction of the agglomerates and their size was obtained (Figure 6a,b), while the EDS 

analysis in areas without NPs agglomerates showed the presence of the characteristic 

elements of the nanoparticles (Figure 6b,c)  

 

 



2.4.2.1 Synthesis of 5% w/w MSAg NPs/PMMA composite bone cement mechanically mixed  

Again, in this case, the mechanical mixing reduced the number of agglomerates and their size, 

as it can be observed in FESEM-EDS analysis of Figure 7. 

  

2.4.2.2 Synthesis of 10% w/w  MNPs/PMMA composite bone cement mechanically mixed  

In order to enhance the magnetic and antibacterial properties of the composites, 10 wt% of 

NPs was added to the polymeric matrix. In this case, since the mechanical mixing results were 

better than hand mixing, the composite samples were prepared using mechanical mixing.  

Figure 8 shows the morphological and compositional analysis of 10% w/w MNPs/PMMA 

composite bone cement mechanically mixed. The image and spectra reveal a good dispersion 

of MNPs in the PMMA matrix and, also in this case, a reduction of the dimensions of MNPs 

aggregates.   

 

2.4.2.3 Synthesis of 10% w/w MSAg NPs/PMMA composite bone cement mechanically mixed  

The FESEM analysis in QBSD mode (Figure 9) of composites containing 10 wt% of MSAgNPs 

showed few and small NPs aggregates (Figure 9b). EDS analysis in areas apparently devoid of 

agglomerates revealed the presence of the characteristic elements of the nanoparticles (Figure 

9a). 

 

2.5 Mechanical Compression test  

PMMA-based bone cements are brittle in nature. PMMA bone cements show low tensile 

strength but quite high compression strength [43, 44]. Bone cement is subjected to very high 

stresses during human activity (about 3 times of body weight when walking); in particular, 

when it is used to fix protheses, it is subjected to compression and shear [43, 45]. Moreover, it 

has been verified that the introduction of a second ceramic phase can decrease the 



compressive strength of the cement [44], due to weak interfacial strength produced between 

these two phases. For these reasons, and since the measurement of the compressive strength 

is required by the current standard for set and cured cement (ISO 5833:2002 [36]) [46], this 

study focuses on compressive strength.  

If NPs are inserted as filler in a small amount (like 5% w/w MNPs-PMMA sample) and 

distributed homogeneously in the cement dough (mechanical mixing) the mechanical 

properties can be preserved. If the proportion of the nanoparticles increases, this could lead to 

non-homogeneous distribution and, therefore, aggregation of particles may occur. This may 

cause the presence of large defects in the structure and poor adhesion to the matrix leading to 

a decrease in the compressive strength. 

As shown in Figure 10, in general the addition of hard nanoparticles in a PMMA-based bone 

cement decreased the mechanical properties. 

All the compressive strength values of different samples decreased with respect to the value 

obtained for pure cement; in particular the values are subthreshold, defined by the ISO 

standard, when hand mixing is adopted. Using the mechanical mixing the compressive strength 

increases since a better NPs dispersion and voids reduction were achieved, as also 

demonstrated by other studies [47]. Finally, an increase in the amount of NPs slightly 

decreased the compressive strength.  

 

2.6 Magnetic characterization 

The hysteresis cycles for composite cements containing MNPs, MSNPs and MSAgNPs up to 800 

kA/m are reported in Figure 11. The obtained curves show a typical behavior of a 

superparamagnetic material: no evidence of remnant magnetization and coercivity was 

observed. The saturation magnetization (Ms) of MNPs reached about 30 Am2/Kg , of MS 

sample 21 Am2/Kg, while Ms of MSAg sample was around 15 Am2/Kg. As reported in [30], 



considering the weight of silica coatings and the Ag nanoparticles, it can be assumed that the 

magnetic properties of both composites are similar.  

 

2.7 Antibacterial test on MSAg NPs  

The inhibition halo test was conducted for each MSAgNPs batch (synthesis I and II). Figure 12 

shows the formation of an inhibition halo of about 2-3 mm for both samples.   

The halo consists of two zones, the first area of about 1 mm for sample with NPs synthesis I 

and 1.5 mm for sample with NPs synthesis II, within which the proliferation of bacteria is 

completely inhibited and a second area within the first bacterial colonies begin to proliferate. 

Even if the performed test is semi-quantitative and the dimension of the halo obtained with 

synthesis I is slightly larger than that obtained with synthesis II, the obtained results suggest 

that the bacteria proliferated less (first zone, where the bacterial growth was completely 

inhibited.) around the sample obtained with synthesis II. Then, as previously mentioned, the 

synthesis II was selected to synthesize the antibacterial and magnetic bone cements, since the 

obtained particles present suitable dimension and optimal antibacterial test.  

 

2.8 Antibacterial test of nanocomposite bone cement  

The halo inhibition test was conducted for each antibacterial nanocomposite bone cement, 

which differ from for MSAgNPs amount and/or mixing method. Unfortunately, any composite 

samples revealed the presence of an inhibition zone; for this reason, to verify the possible 

bacterial adhesion on samples surface FESEM measurements were carried out on samples 

exposed to the burner flame for few seconds, 3 times, to fix bacterial cells on samples 

surfaces. 

Figure 13 shows the images of the composites containing 5 wt% of MSAgNPs, hand mixed, 

after inhibition halo test. As it can be observed, the analysis revealed the presence of bacteria 



adhered on the sample surface, but on the areas around MSAg NPs agglomerates (evidenced 

with a dashed line) a reduced bacterial adhesion was observed (Figure 13b). 

This means that the nanoparticles embedded in the PMMA matrix have a local antibacterial 

effect. 

FESEM analysis performed on composites containing 5 wt% of MSAgNPs mechanically mixed 

showed the presence of bacteria adhered in some areas of the sample surface (Figure 13d); 

however, several areas with limited bacterial adhesion were observed (Figure 13c).  

The more uniform dispersion of NPs obtained using the mechanical mixing improved the 

antibacterial effect.  

Figure 13e-f reports the FESEM images of composites containing 10 wt% of MSAgNPs; it is 

possible to observe areas with a limited number of adhered bacteria (Figure 13f) and areas 

almost free of adhered bacteria (Figure 13e). Then, the morphological analysis revealed a 

lower presence of bacteria adhered to the surface of this stock of cements in comparison with 

those synthesized with 5% of nanoparticles. The evaluation of adhered cells by means of 

colonies count unit (CFU) test should be performed in order to better and quantitatively 

measure statistically significant differences.  

 

3. Conclusions  

In conclusion, the Fe3O4-Ag nanocomposite structures designed and characterized in this work 

have been successfully optimized as additional phase of an innovative and promising 

formulation of bone cement for the treatment of bone tumor and its associated complications. 

The results concerning the morphology, the composition and the mechanical properties of the 

composite cements revealed a significant influence of the NPs amount and of the used mixing 

method on the particles dispersion and agglomeration in the PMMA matrix and, as a result, on 

the mechanical properties. In particular, the tendency to agglomeration can be reduced by 



using mechanical mixing procedures, which are associated to a better dispersion of NPs. The 

increase of NPs amount induced a slight decrease of the mechanical properties. In spite of this 

issue, the characterization of the composite cements for their antibacterial effect revealed that 

the introduction of 10% w/w of MSAg NPs improves the ability to reduce the bacteria 

adhesion. On the base of these results, it can be assessed that the introduction of magnetic 

and antibacterial nanoparticles into PMMA-based matrix can be a promising approach to 

obtain multifunctional stimuli-responsive composite bone cements for the treatment of bone 

tumors and associated complications. It must be noted that the amount and dispersion of the 

magnetic and antibacterial nanoparticles must be optimized in order to provide the necessary 

thermal and antibacterial effects without compromising mechanical properties that are 

necessary for clinical use. Future works will be dedicated to the improvement of antibacterial 

properties and will verify the cement heating ability in hyperthermia treatment. 
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Figures captions 

Figure 1: Synthesis steps of MSAgNPs. 

Figure 2: dried MNPs attracted by a magnet (a), FESEM (b), STEM (c) and EDS (d) analysis of 

MNPs, STEM (e) and EDS (f) analysis of MSNPs 

Figure 3: STEM (a, b) and EDS (c) analysis of MSAgNPs – synthesis I, STEM (d, e) and EDS (f) 

analysis of MSAgNPs – synthesis II. 

Figure 4: FESEM analysis of Simplex© P bone cement acquired in QBSD mode. 

Figure 5: FESEM-EDS analysis of MSAgNPs/PMMA composites. 

Figure 6: FESEM-EDS analysis of MNPs/PMMA composite bone cement mechanically mixed. 

Figure 7: FESEM-EDS analysis of MSAgNPs/PMMA composite bone cement mechanically 

mixed. 

Figure 8: FESEM-EDS analysis of 10% w/w MNPs/PMMA composite bone cement mechanically 

mixed. 

Figure 9: FESEM-EDS analysis of 10% w/w MSAgNPs/PMMA composite bone cement 

mechanically mixed. 

Figure 10: compressive strength of reference cement and composites. 

Figure 11: magnetic measurements of M, MS and MSAg NPs. 

Figure 12: inhibition halo test of MSAgNPs batch synthesis I and II.   

Figure 13: SEM images of composites containing 5 wt% of MSAgNPs hand mixed (a, b), 5 wt% 

of MSAgNPs mechanically mixed (c, d), 10 wt% of MSAgNPs (e, f). 
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