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Abstract  

The development of new biomaterials able to favor bone formation and to inhibit bone 

abnormal resorption is mandatory to face the increasing number of age-related musculo-

skeletal disorders. Moreover, the increasing antibiotic resistance of clinically important 

bacteria, which is among the main causes of implant failure, requires new antimicrobial 

systems. In this study, we prepared multifunctional materials consisting of 

hydroxyapatite-zoledronate composite crystals decorated with Ag Nanoparticles 

(AgNPs). Zoledronate, a potent bisphosphonate widely applied for the treatment of 

pathologies associated to abnormal bone loss, was incorporated into hydroxyapatite up to 

about 8 wt%. Loading of poly(ethylenimine) - stabilized AgNPs onto the crystals was 

promoted by zoledronate functionalization and provoked a significant variation of the 

values of zeta potential. The results of in vitro tests demonstrate that the multifunctional 

materials combine the beneficial actions of zoledronate and AgNPs. In fact, they improve 

osteoblast differentiation and activity, whereas they inhibit osteoclastogenesis and 

osteoclast differentiation, and significantly hinder the growth of multi-drug resistant 

Gram positive and Gram negative bacteria. As a consequence, they can be exploited both 

as antiresorptive agents and as antimicrobial materials able to prevent the development 

of bone-associated infections. 

 

 

Keywords: bisphosphonate; zoledronate; silver nanoparticles; hydroxyapatite; multi-

drug resistant bacteria; osteoblast / osteoclast co-cultures; osteoporosis. 
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1. Introduction 

Thanks to its similarity to the inorganic phase of bone, hydroxyapatite (HA) is the most 

employed calcium phosphate for the preparation of biomaterials for the repair/substitution 

of the hard tissues of vertebrates. The good biocompatibility and bioactivity of HA can 

be enhanced and improved through functionalization with ions and molecules capable to 

promote bone growth and to inhibit bone abnormal resorption, as well as to prevent 

infections and/or adverse immune reactions [1-3]. In particular, functionalization with 

bisphosphonates (BPs) was shown to provide composite materials able to hinder 

abnormal osteoclast mediated resorption [4-6]. BPs are widely employed for the treatment 

of pathologies characterized by excessive bone turnover [7]. Moreover, nitrogen 

containing bisphosphonates (NBPs), which inhibit farnesyl pyrophosphate synthase 

(FPP) enzyme within the mevalonate pathway in osteoclasts, have both direct and indirect 

antitumor activities [8]. Zoledronate (ZOL), which has been reported to exhibit a high 

binding activity to synthetic HA [9], is one of the most potent antiresorptive NBPs [10]. 

On the other hand, several undesirable side effects, including osteonecrosis of the jaw and 

atypical subtrochanteric fractures, have been associated to the prolonged systemic 

administration of these drugs [11,12]. In order to avoid/reduce these drawbacks, a number 

of different materials, including calcium phosphates, have been proposed as delivery 

systems for N-BPs local administration at specific bone sites [13,14]. In particular, we 

have previously demonstrated that zoledronate functionalized HA (HAZOL) promotes in 

vitro osteoblast viability and activity, whereas it inhibits osteoclast proliferation and 

differentiation [5,15,16]. Herein we used HAZOL as support for silver nanoparticles 
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(AgNPs) with the aim to get composite materials able to display both antiresorptive and 

antimicrobial properties. 

Bacterial colonization of implants and medical devices is a big problem since clinically 

important bacteria exhibit increasing antibiotic resistance [3]. Silver nanoparticles display 

strong antimicrobial properties against a wide number of bacteria [17-20]. AgNPs are less 

toxic than silver ions, which can damage bacterial DNA, proteins, enzymes and cell walls 

[21-23]. Toxicity seems to depend on several nanoparticles properties, such as surface 

area, size and shape, surface charge, particle purity [24]. Anyhow, the concentrations for 

antimicrobial activity were reported to be much less than that capable to provoke 

cytotoxicity [25]. Clinical results on orthopedic applications of AgNPs, although still 

limited, are encouraging and supported by a number of in vitro and in vivo studies [26,27]. 

Silver doped/substituted HA has been the object of a number of studies [28-31], whereas 

a few investigations on the antibacterial activity of AgNPs supported on HA particles 

have been reported [32-36]. In this study we loaded different amounts of 

polyethylenimine (PEI) stabilized AgNPs onto HAZOL, as well as onto pure HA as 

control. To this purpose, we used low molecular weight PEI, in order to avoid the 

cytotoxicity problems that have been reported for the cationic polymer at high molecular 

weight [37]. Bone cells response was investigated using an osteoblast-osteoclast co-

culture system. In particular, the study was performed using osteoclast (OC) derived from 

osteoporotic subjects in order to focus the attention on the action of ZOL on OC with 

abnormal activity. In fact osteoporotic OC show a different behavior when compared to 

normal ones, causing an impairment of the balance between bone resorption and 

formation [38-40]. The antibacterial properties of the composite materials were tested in 

vitro against a panel of Gram positive and Gram negative reference bacterial strains 
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including pathogens frequently involved with implant-associated infections and against 

antibiotic-resistant clinical isolates recovered from patients with chronic bone or 

prosthetic joint infections. 

 

2. Materials and Methods 

2.1 Synthesis and Characterization of Materials 

The synthesis of hydroxyapatite (HA) was carried out in N2 atmosphere using 50 mL of 

1.08 M Ca(NO3)2 · 4 H2O at pH adjusted to 10 with NH4OH. The solution was heated at 

90 °C and 50 mL of 0.65 M (NH4)2HPO4, pH 10 adjusted with NH4OH, was added 

dropwise under stirring. After 5 hours at 90 °C under stirring, precipitate was centrifuged 

at 10,000 rpm and repeatedly washed with CO2-free distilled water. The product was dried 

at 37 °C overnight, then mildly ground in an agate mortar and sieved (d = 56 m). 

Zoledronate-containing hydroxyapatites were obtained by following the same procedure, 

and by adding disodium zoledronate tetrahydrate (Chemos GmbH) to the phosphate 

solution [5]. Zoledronate concentrations calculated on final volume were 7 and 14 mM, 

thereby samples were labelled ZOL7 and ZOL14, respectively.  

Bisphosphonate content was determined spectrophotometrically via complex formation 

with Fe(III) ions using a Varian Cary50Bio instrument ( = 290 nm) [41]. 

PEI-stabilized Ag nanoparticles (AgNPs) were prepared by heating 100 mL of 10 mM 

AgNO3. Once at the boiling point, 0.7 mL of 10% (w/w) polyethylenimine (MW ≈ 2000) 

solution were quickly added. Resulting boiling solution gradually turned brown and after 

4 min it was allowed to cool at room temperature. Finally, to account for water 

evaporation, the volume was adjusted to 100 mL. 
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HA-AgNPs, ZOL7-AgNPs and ZOL14-AgNPs aggregates were prepared after 

incubation of 0.500 g of HA or ZOL7 or ZOL14 powders in freshly prepared AgNPs 

colloidal solution, just cooled at room temperature. The resulting suspension was stirred 

for 1 h. After filtration on a Buchner funnel, the solid was thoroughly washed with water 

and dried at 37 °C. Different volumes of AgNPs solution were tested, namely 5, 10, 20, 

30, 40, and 50 mL. Accordingly, samples were labelled HA-5, HA-10, HA-20, etc.; 

ZOL7-5, ZOL7-10, ZOL7-20, etc.; and ZOL14-5, ZOL14-10, ZOL14-20, etc. 

The same procedure was utilized to prepare some further samples containing PEI but no 

AgNPs, as control materials for cytotoxicity and antibacterial tests. In detail, the samples 

were prepared through incubation of 0.500 g of HA or ZOL14 in 5, 20 or 50 mL of a 

solution obtained by boiling 100 ml of an aqueous solution containing 0.7 mL of 10% 

(w/w) PEI for 4 minutes and then cooling at room temperature. The resulting suspensions 

were stirred for 1 h. After filtration on a Buchner funnel, the solids were thoroughly 

washed with water and dried at 37 °C. The samples were labeled HA-20P, HA-50P, 

ZOL14-5P and ZOL14-50P.  

X-ray diffraction (XRD) analysis was carried out by means of a PANalytical X’Pert PRO 

powder diffractometer equipped with a fast X’Celerator detector. Ni-filtered CuK 

radiation was used (40 mA, 40 kV). For phase identification the 2 range was investigated 

from 10 to 60 2 degrees with a step size of 0.1° and time/step of 100 s. 

The amount of silver present on the different samples was determined with flame atomic 

absorption spectroscopy (AAS, Thermo Scientific) in air-acetylene flame with a 

wavelength of 328.1 nm and a spectral band-width of 0.5 nm. The analyses were 

conducted dissolving ca. 8 mg of previously grinded solid samples (weighted with a 
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Mettler Toledo AT 21 Comparator balance), in 25 ml of a 0.5 M HNO3 aqueous solution. 

The  calibration line was made with 5 calibration standards (2, 4, 6, 8, 10 ppm), prepared 

by dilution to 50 mL of a 100 ppm silver standard for AAS in 0.5 M HNO3 (Merck). 

For Transmission Electron Microscopy (TEM) investigations, a drop of sonicated sample 

suspension in ethanol was transferred onto holey carbon foils supported on conventional 

copper microgrids. A Philips CM100 transmission electron microscope, operating at 80 

kV was used. 

Zeta potential was measured using Electrophoretic Light Scattering (ZetasizerNano; 

Malvern Instruments). 5 mg of powder sample was suspended in 50 mL of MilliQ water 

and sonicated for 2 minutes before zeta potential measurement. Each analysis was 

performed in triplicate.  

The specific surface area was measured using a Carlo Erba Sorpty 1750 BET analyser 

using constant volume N2 absorption with desorption at 80 °C.  

For infrared (FT-IR) adsorption analysis, 1 mg of the powdered samples was carefully 

mixed with 200 mg of KBr (infrared grade) and pelletized under a pressure of 10 tons for 

1 min. The pellets were analyzed using a Bruker ALPHA FT-IR spectrophotometer to 

collect 32 scans in the range 4000–400 cm-1 at a resolution of 4 cm-1. 

In vitro tests were performed on disk-shaped samples (∅ = 6.0 mm). Each disk was 

prepared by pressing 40 mg of powder into cylindrical moulds by using a standard 

evacuable pellet die (Hellma). Disk shaped samples for antibacterial activity, cytotoxicity 

and cell co-culture were sterilized using gamma rays.  

Release of Silver from disk-shaped samples was measured in the medium used for cell 

culture differentiation (see section 2.4). The supernatants were removed from the wells at 

increasing times up to 21 days and Ag content was analyzed using flame atomic 
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absorption spectroscopy (AAS, Thermo Scientific) in air-acetylene flame with a 

wavelength of 328.1 nm and a spectral band-width of 0.5 nm. Results from this analysis 

represent the mean value of three different determinations. 

2.2 Bacterial strains and Kirby-Bauer disk diffusion method 

The in vitro antibacterial activity of the composite materials (HA-5, HA-20, HAZOL7-5, 

HAZOL7-20, HAZOL14-5, HAZOL14-20) was preliminary evaluated against a panel of 

Gram positive and Gram negative reference bacterial strains including Staphylococcus 

aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228), Enterococcus 

faecalis (ATCC 29212), Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 

9591), Pseudomonas aeruginosa (ATCC 27853). Subsequently, having defined both the 

overall spectrum of antibacterial activity and the cytotoxic profile of the tested samples, 

HA-20 and HAZOL14-5, which contain almost the same amount of AgNPs (0.8-0.9 wt 

%), were assayed towards 10 clinical isolates recovered from patients with chronic bone 

or prosthetic joint infections. Strains included 5 S. epidermidis of which 3 methicillin-

resistant (MRSE) and 5 P. aeruginosa of which 2 multi-drug resistant (MDR); they were 

isolated on BD Columbia Agar with 5% sheep blood (Becton Dickinson, GmbH, 

Germany) and confirmed by MALDI-TOF MS (Bruker Daltonik, GmbH, Germany) [42]. 

Their antibiotic susceptibility was determined by using the Vitek2 semi-automated 

system (bioMerieux, France) and interpreted following the EUCAST susceptibility 

testing guidelines [43]. 

The Kirby-Bauer disk diffusion method (KB) was performed to determine the diameter 

of the inhibition zone (corresponding to the bacterial-free zone on an agar plate) 

surrounding the disk-shaped samples (∅ = 6.0 mm), and was carried out following the 

requirements of the CLSI (2015) [43,44]. Briefly, the surface of Mueller-Hinton agar 
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plate (MHA) (Sigma-Aldrich) was inoculated with the bacterial suspension at 0.5 

McFarland, prepared in sterile 0.9% saline solution. Gamma rays sterilized disks were 

placed on the agar plates and incubated at 37°C for 24 hours. Disks containing gentamicin 

(GMN 10 μg) and/or imipenem (IPM 10 μg) (Oxoid SpA, Italy) were included as positive 

controls while pure HA, HAZOL and composite samples containing PEI but not AgNPs 

were used as negative controls. The content of antibiotics, gentamicin and imipenem, is 

set at 10 g according to the procedures established by a number of committees, such as 

The Clinical Laboratory Standards Institute (CLSI) in the US, or The European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) in Europe. 

After incubation, the diameter of the growth inhibition was measured and expressed in 

millimeters (mm). All experiments were performed on duplicate in different days.  

2.2.1 Bacterial strains and MIC determination 

The in vitro antibacterial activity of Ag+ ions was evaluated for the reference bacterial 

panel by a broth microdilution method using a 96-well plate [43,44]. Briefly, the bacterial 

suspension, prepared at 0.5 McFarland, was diluted 1:200 in Mueller-Hinton (MH) broth 

(Sigma-Aldrich) or in Brain Heart Infusion (BHI) broth (Biolife), and incubated with 

serial two-fold dilutions of Ag+ ions from 50 µg/mL to 0.05 µg/mL, and of gentamicin 

(Sigma-Aldrich) from 5 µg/mL to 0.005 µg/mL, as reference drug. Each strain and all 

controls (bacterial cells grown in regular medium, and dilutions of Ag+ ions and 

gentamicin to check the background turbidity of reagents and the sterility of the 

procedures) were tested in triplicate, and in two independent experiments. The microplate 

was incubated at 37°C for 24 h, and subsequently the Optical Density at 630 nm was 

measured by the Multiskan Ascent microplate reader (Thermo Fisher Scientific Inc., 

Waltham, USA). Percentage values of samples at the different experimental conditions 
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were determined as relative to the positive growth control and MIC90 values (Minimum 

Inhibitory Concentration), corresponding to the lowest Ag+ concentration giving rise to 

an inhibition of bacterial growth ≥ 90% were obtained by the interpolation on the dose-

response curves. Statistical analysis was carried out by nonlinear regression method using 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California, 

USA). 

2.3 In vitro cytotoxicity 

MG63 human osteoblast cell line was expanded in Dulbecco’s Modified Eagle Medium 

(DMEM, Sigma, UK) supplemented with 10% FCS, and antibiotics (100 U/ml penicillin, 

100 g/ml streptomycin). After trypsinization, cells number and viability were checked 

by trypan blue dye exclusion test. Cells were plated at a density of 2x104 cells/mL in 24-

well plates onto and around sterile samples of the different materials. Cells were also 

seeded in wells for negative (CTR–, DMEM only) and positive (CTR+, DMEM + 0.05% 

phenol solution) controls for cytotoxicity tests, (according to UNI EN ISO 10993-5, 

Biological evaluation of medical devices – Part 5. Tests for in vitro cytotoxicity). Plates 

were cultured in standard conditions, at 37 ± 0.5°C with 95% humidity and 5% ± 0.2 CO2 

for 72 h. 

The evaluation of cytotoxicity was performed by measuring cell viability and lactate 

dehydrogenase enzyme (LDH) release. Cell proliferation and viability was assessed by 

WST1 (WST1, Roche Diagnostics GmbH, Manheim, Germany) colorimetric reagent test. 

The assay is based on the reduction of tetrazolium salt to a soluble formazan salt by a 

reductase of the mitochondrial respiratory chain, active only in viable cells. 100 l of 

WST1 solution and 900 l of medium (final dilution: 1:10) were added to the cell 
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monolayer, and the multi-well plates were incubated at 37°C for a further 4 h. 

Supernatants were quantified spectrophotometrically at 450 nm with a reference 

wavelength of 625 nm. Results of WST1 are reported as optical density (OD) and directly 

correlate with the cell number. 

At the end of experimental time the supernatant was collected from all wells and 

centrifuged to remove particulates, if any, to detect Lactate Dehydrogenase (LDH, 

enzyme-kinetic test, Roche Diagnostics GmbH) release: 100 l of reagent were added to 

100 l of cell supernatant in a 96-wells plate; after 30 min of incubation at room T in the 

dark, samples were evaluated by spectrophotometer at 490/655 nm. 

A qualitative analysis for cell morphology was performed by Neutral Red (NR) vital 

staining. A 0.033% solution of NR staining (Sigma, UK) in culture medium was added 

to two wells for each group at the end of experimental times, for further 90 min. Cultures 

were examined by light microscopy for the evaluation of cell morphology. 

2.4 In vitro co-cultures 

Human primary monocytes (OC) and human osteoblast-like cells MG63 (OB, Istituto 

Zooprofilattico Sperimentale IZSBS, Brescia, Italy), were used for the co-culture model.  

Peripheral human blood was obtained from osteoporotic adult volunteers (Rizzoli 

Orthopedic Institute Ethic Comittee approval n.33154, 12/09), who presented a recent 

diagnosis by densitometry and with no therapy at the time. Density gradient 

centrifugation was used to separate the mononuclear cells from the other elements of 

blood. Briefly, a volume of peripheral blood was diluted 1:1 with pre-warmed PBS, 

carefully layered on an equal volume of Histopaque1077 (Sigma, MO, USA), and was 

centrifuged at 600 g at room temperature for 30 min. After centrifugation, the 
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mononuclear cells accumulated at the interface between PBS and Histopaque were 

collected and washed twice in PBS. Pellet was resuspended in 1 ml of culture medium 

(DMEM, basal medium + 10%FBS, 1% antibiotics; Sigma, UK); cell number and 

viability were checked with trypan blue (Sigma, UK) dye exclusion test  for experiment. 

Monocytes at a concentration of 4x105 cells/well were differentiated in the bottom of 24-

well plates containing samples of HA (as reference), HA-20, ZOL14, ZOL14-5. They 

were incubated at 37°C in a humidified 95%air/5%CO2 atmosphere (standard condition). 

After 24 hours the non-adherent monocytes were washed off to dispose the culture of 

contaminating lymphocytes, so that only the adherent monocytes were used for culture. 

DMEM additioned with macrophage colony-stimulating factor (MCSF, 25ng/ml; ) and 

receptor activator for κB factor ligand (RANKL, 30ng/ml; ) was used for OC 

differentiation for 1 week.  

OB were expanded in DMEM supplemented with 10% FCS, 1% antibiotics (100 U/ml 

penicillin, 100 µg/ml streptomycin), β-Glycerophosphate (10-4M) and Ascorbic acid (50 

μg/ml; Sigma, UK). After 1 week, OB were counted, plated on material samples at a 

concentration of 3x104 cells/well and co-cultured with OC. It was set up a control co-

culture (CTR) without material by seeding OB in transwell inserts 0.4-µm pore size 

(Millipore, Ireland) and OC in the bottom of the well (Figure S1). 

Both cell types were cultured in proportional osteoblast:osteoclast differentiation medium 

up to 14 days. 

2.4.1 Cell viability 

OC and OB proliferation and viability was evaluated by WST1 colorimetric reagent test 

(Roche Diagnostics GmbH, Manheim, Germany) at the end of experimental time, as 

described above. To allow assessment of proliferation of each cell type separately, co-
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cultures were disassembled, and materials, as well as transwells with OB, were transferred 

in empty wells.  

2.4.2 Osteoclastogenesis 

TRAP-staining was performed to assess osteoclast differentiation according to 

manufacturer’s instructions (SIGMA, Buchs, Switzerland). The positive cells developed 

red colour of different intensity. The number of TRAP-positive multinucleated cells 

(three or more nuclei each cell) was counted under the microscope by a semiautomatic 

software (NIS-Elements AR 4.30.01) and results are given as percentage of CTR OC, 

considered as 100%.  

2.4.3 Osteoclast and osteoblast activity 

At the end of experimental time, after 14 days of culture, the supernatant was collected 

from all wells and centrifuged to remove particulates, if any. Aliquots were dispensed in 

Eppendorf tubes for storage at -70°C and assayed with the following immunoenzymatic 

kits: Alkaline Phosphatase (ALP, CloudeClone Corp., Wuhan, China), Osteocalcin 

(OSTC, e-Bioscience, Bender MedSystems, Vienna, A),  Osteoprotegerin (OPG, Boster 

Biological Technology, Ca, USA), Receptor Activator for Nuclear factor KB Ligand 

(RANKL, Boster), Interleukin-6 (IL-6, CloudeClone Corp.), and Tumor necrosis factor α 

(TNF-α, Boster). Co-culture medium additioned with RANKL was evaluated and 

subtracted from RANKL samples values. Data are normalized by WST1 values. 

2.4.4 Osteoblast morphology 

At the end of the experiment, samples of each material were prepared for SEM: 

osteoblasts grown on the materials were fixed in 2.5% glutaraldehyde, in phosphate buffer 

0.01 M (pH 7.4) for 1 h, and then dehydrated in a graded ethanol series. After a passage 

in hexamethyldisilazane, the samples were air dried. The samples were sputter-coated 
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with Pd before examination with a Hitachi S-2400 instrument operating at 15 kV. 

2.5 Statistical Analysis 

Statistical evaluation of cytotoxicity and co-cultures data was performed using the 

software package SPSS/PC+ Statistics TM 23 (SPSS Inc., Chicago, IL USA). The results 

presented are the mean of three cytotoxicity tests and six co-cultures independent values. 

Data are reported as mean  standard deviations (SD) at a significance level of p<0.05. A 

one-way ANOVA was done for comparison among groups. Finally, a post hoc multiple 

comparison tests was performed to detect significant differences among groups, and 

Pearson test was performed to detect correlation between data. 

 

3. Results and Discussion 

3.1 Chemical and structural characterization  

All the samples used as substrates for AgNPs loading are constituted of hydroxyapatite 

as unique crystalline phase. Functionalization of hydroxyapatite with zoledronate 

provokes a decrease of crystallinity, as shown by the broadening of the XRD peaks and 

of the FT-IR absorption bands on increasing ZOL concentration in the synthesis solution 

(Figure S2), in agreement with previous results [5]. Moreover, TEM images display a 

reduction of the mean dimensions of the crystals on passing from HA to ZOL7, to ZOL14 

(Figure S3), coherently with the increase of the surface area (Table S1). The amount of 

bisphosphonate in the different samples increases with its concentration in solution up to 

about 8.6 wt%. The presence of ZOL induces a shift of the zeta potential towards more 

negative values: the zeta potential of HA is -11.5 mV and decreases down to -26.4 mV 

for ZOL14 (Table S1). The negatively charged surfaces should promote interaction with 
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AgNPs, which exhibit a positive superficial charge due to the presence of 

polyethylenimine [36]. As a matter of fact, the zeta potential of PEI-stabilized AgNPs 

obtained through dynamic light scattering measurement is +37 mV [36].  

The results of chemical analysis show that the amount of AgNPs associated to HA reaches 

a maximum of about 1 wt%, whereas the amounts of AgNPs onto ZOL7 and ZOL14 

increase with the volume of colloidal suspension up to 1.8 and 2.4 wt%, respectively 

(Table1). Figure 1 reports the XRD patterns of the different samples obtained after 

interaction of the apatitic materials with 50 mL of AgNPs suspension. The patterns show 

the presence of a number of diffraction reflections characteristic of hydroxyapatite (PDF 

9-432). Moreover, a reflection at about 38.1 °2, corresponding to the most intense peak 

of Ag, indicates the presence of metallic silver (PDF 4-783).  

The relative intensity of Ag reflection, which increases in the order HA-50, ZOL7-50, 

ZOL14-50, in agreement with the results of chemical analysis. In the same way, TEM 

images reported in Figure 2 show that the number of AgNPs appreciable onto ZOL14 is 

greater than that detectable onto ZOL7 and HA. AgNPs size does not vary in the different 

samples, and assumes a mean value of 20 nm. A typical size histogram is reported in 

Figure S4.  

The adsorption of the nanoparticles onto the apatitic samples provokes an increase of the 

zeta potential, which assumes values ranging from +7.3 mV to +5.3 mV on passing from 

HA to ZOL14 samples, without significant variation as a function of silver content. Even 

relatively small amounts of adsorbed AgNPs cause significant increase of the values of 

zeta potential, most likely because of relatively high presence of the polycationic PEI on 

the surface of the nanoparticles. 
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Ag release from HA-20 and ZOL14-5 during co-culture cell tests was measured in cell 

culture medium as a function of time up to 21 days. The results, reported in Figure 3, 

show an initial burst release followed by a steady profile for both samples, with slightly 

smaller values for HA-20. The cumulative release reaches values of about 65-70 µg (16-

18 wt%) in the first 2 weeks, after which it assumes almost constant values of 72-75 µg 

(18-19 wt%). The similar release kinetics of the two different samples is not surprising 

since they contain almost the same amount of AgNPs, and suggests that zoledronate does 

not interfere with silver release. 

3.2 Cytotoxicity tests 

Cytotoxicity of the different synthesized materials were tested on MG63 cultured in direct 

contact with the samples. MG63 is a well known cell line of osteoblast derived from 

osteosarcoma, which are widely used in in vitro studies for biocompatibility and 

bioactivity, as they are well characterized and reproducible, and allow to limit as much 

as possible the variables in the in vitro model.   

WST1 assay results at 72 h of culture are reported in Figure 4. According to ISO10993-

5, a reduction of cell viability greater than 30% compared to control indicates cytotoxicity 

of tested material.  The viability of cells grown in direct contact with HA-5, HA-20, 

ZOL7-5, ZOL7-20, and ZOL14-5 samples showed no statistical difference (82%, 72%, 

84%, 74%, and 75% respectively) when compared to CTR– (viability considered as 

100%). The other groups displayed a reduction of viability greater than 30%. In particular 

HA-50, ZOL7-50, ZOL14-20, ZOL14-50 groups (63%, 64%, 66%, and 55% 

respectively) exhibited significant lower values of cell viability in comparison with CTR–

.  AgNPs exerted some toxic effects: a slight difference was found between -5 and -20 

samples (p<0.05), while a highly significant difference was detected when -50 was 
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compared to both -5 and -20 (p<0.0005). However, the comparison of the results of cell 

viability with the values of AgNPs content of the different samples (Table 1) allows to 

appreciate a role of zoledronate in reducing the cytotoxic effect of Ag. In fact, the amount 

of AgNPs sufficient to provoke a significant decrease of viability was lower in HA 

samples (1.1 wt% in HA-50) than in bisphosphonate containing samples (1.8, 1.7 and 2.4 

wt% in ZOL7-50, ZOL14-20 and ZOL14-50 respectively). 

These results are supported by the evaluation of LDH released in culture medium, which 

is a measure of damaged membranes. No significant LDH release was detected in 

supernatants of HA-5, HA-20, ZOL7-5, ZOL7-20 and ZOL14-5 groups in comparison to 

CTR– after 72 h of culture (Figure 4).  

Conversely, LDH values found in supernatants of HA-50, ZOL7-50, ZOL14-20, and 

ZOL14-50 groups were significantly higher than CTR–, confirming the negative effect 

of AgNPs at the highest concentration. In fact, the comparison of AgNPs containing 

groups shows that AgNPs in -50 samples significantly affected osteoblast culture in 

comparison to -5 and -20 samples (p<0.0005) (both for HA and ZOL samples). Statistical 

analysis demonstrated that results of LDH were consistent and inversely correlated to 

WST1 proliferation assay (Pearson correlation coefficient -0.727, p<0.0005). Figure S5 

shows the images of Neutral Red staining of cells plated around all samples. The images 

confirm the data obtained by WST1 and LDH assays. In fact, osteoblasts on HA-5, HA-

20, ZOL7-5,  ZOL7-20, and ZOL14-5, as well as on CTR–, grow as a monolayer, with 

numerous, well stained and regularly shaped cells.  The images of osteoblast on HA-50, 

ZOL7-50, and ZOL14-20 show a decrease of cell number and a variable percentage of 

round shaped cells, even if the uptake of staining is remarkable. The majority of cells on 
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ZOL14-50 did not uptake the color; they show important sign of lysis, and evident 

membrane damage. 

The low molecular weight PEI used to synthesize AgNPs should not give any cytotoxicity 

[37]. However, in order to exclude any possible influence of PEI on cell response, 

cytotoxicity tests were performed on several samples, which were synthesized following 

the same procedure as that utilized for HA-20, HA-50, ZOL14-5 and ZOL14-50 but in 

absence of silver. These samples were labeled HA-20P, HA-50P, ZOL14-5P and ZOL14-

50P. All the samples showed no significantly different viability with respect to CTR-. In 

particular, at variance with the corresponding samples containing AgNPs, similar WST-

1 values were determined for HA-20P and HA-50P, and for ZOL14-5P and ZOL14-50P 

(Figure S6). Accordingly, LDH release from all the groups was not significantly different 

from CTR- (Figure S6), confirming that PEI presence does not damage the cells.  

3.3 Antibacterial susceptibility testing against bacterial strains  

In a preliminary set of experiments, the composite materials HA-5, HA-20, HAZOL7-5, 

HAZOL7-20, HAZOL14-5, and HAZOL14-20 were assayed for their antibacterial 

properties against reference ATCC strains including Gram positive (S. aureus, S. 

epidermidis, E. faecalis) and Gram negative bacteria (E. coli, K. pneumoniae and P. 

aeruginosa). The antibacterial effect was determined by a standardized Kirby-Bauer disk 

diffusion method in which the inhibitory activity of the sample is proportional to the 

diameter of the bacterial-free zone around the disk-shaped compound. Results are 

reported in Table 2. 

HA-AgNPs showed significant antibacterial activity against Gram positive bacteria with 

comparable bacterial-free zone diameters among the three species, and the inhibition 

slightly increased with AgNPs amount loaded on HA. On the other hand, among Gram 
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negative bacteria the inhibitory effect was diversified for the different tested strains with 

a remarkable activity against P. aeruginosa, similar to that measured for the gentamicin 

positive control. All HAZOL-AgNPs samples displayed antibacterial properties against 

Gram positive bacteria comparable to those obtained for the HA-AgNPs while among 

Gram negative bacteria they showed a minimal activity towards K. pneumoniae but a high 

inhibitory activity against P. aeruginosa. 

In the attempt to explain the different extent of activity of the composite materials on the 

selected reference panel, MIC90 values were determined for Ag+ ions by using the broth 

microdilution methodology. As recommended by CLSI and EUCAST committees, the 

antimicrobial susceptibility assays were carried out in MH broth for all reference strains 

with the exception of E. faecalis; indeed, it was tested in BHI broth, following the ATCC 

instructions, as MH medium is not suitable for its cultivation. Once again a slightly 

different sensitivity to silver was displayed among the 5 bacterial strains tested in MH 

broth, with MIC90 values ranging from 1.5 µg/mL to 8.4 µg/mL for S. epidermidis and K. 

pneumoniae, respectively (Figure S7). MIC90 value for E. faecalis (39.6 µg/mL) cannot 

be directly compared with these values as the strain was cultured in a different medium 

and it has been previously stated that the susceptibility of isolates to Ag+ varies 

considerably depending on media components as NaCl and proteins [45]. 

Notably, S. epidermidis and P. aeruginosa resulted the most susceptible strains among 

the reference bacteria in accordance to data obtained for the multifunctionalized materials 

in the disk diffusion assay. Of clinical relevance, S. epidermidis has recently emerged as 

opportunistic pathogens isolated from infected joints and its prevalence has increased 

mainly in infections associated to knee and hip arthroprostheses, revealing that this 

coagulase-negative Staphylococcus is progressively prevailing on S. aureus. Likewise, P. 
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aeruginosa is the most prevalent Gram negative species isolated from infections 

associated to medical devices [46] and the treatment of these infections is particularly 

challenging because Gram negative bacteria possess a protective outer membrane that 

have an impact on their sensitivity to many different types of antibiotics. Moreover, it is 

well known that bacteria involved in osteoarticular chronic infections can live in a 

stationary phase, either intracellularly or within biofilms around the orthopaedic device. 

Inside the complex glycoproteic matrix of the biofilm, the low concentration of oxygen 

and nutrients leads to heterogeneous phenotypic changes in bacteria. In turn, this results 

in different antimicrobial tolerances to different families of antibiotics [47] In this context, 

we tested the antibacterial activity of the composite materials towards clinical isolates of 

S. epidermidis and P. aeruginosa obtained from chronic bone and prosthetic joint 

infections and presenting different antibiotic susceptibilities.  

The selection of the samples for these tests, as well as for the co-culture in vitro tests 

reported in section 3.4, was based on the following requirements: the samples should not 

exhibit any cytotoxicity, should contain similar amounts of Ag, whereas they should 

differ for the presence of zoledronate. On this basis, the tests were carried out on HA-20 

(Ag content: 0.8 wt%) and ZOL14-5 (Ag content: 0.9 wt%, ZOL content: 8.6 wt%), which 

did not exhibit cytotoxicity (Figure 4). The antibiotic-resistance profile of each clinical 

strain and the antibacterial activities of the composite materials are reported in Table 3. 

Both HA-AgNPs (HA-20) and HAZOL-AgNPs (HAZOL14-5) revealed a broad-

spectrum antimicrobial activity against all the tested clinical isolates, regardless of their 

antibiotic-resistance profiles. Indeed, the composite materials displayed inhibitory 

properties towards the two MSSE strains, and, most importantly, towards the three MRSE 

strains that were resistant to erythromycin or gentamicin or levofloxacin or 
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trimethoprim/sulfamethoxazole, in addition to oxacillin and all other β-lactam and 

cephalosporin antibiotics that share structural similarity with methicillin. Furthermore, 

the composite materials inhibited bacterial growth of all the isolates of P. aeruginosa 

including the two presenting a MDR phenotype.  

An important consideration with regard to the use of Ag as additive to many medical 

devices is the potential for the development of bacterial resistance. Molecular basis for 

Ag+ resistance have been characterized and include determinants located on plasmids and 

bacterial chromosome encoding periplasmatic efflux transporter and periplasmatic multi-

metal-binding proteins [48]. To date, failure to select Ag+ resistant mutants in vitro upon 

prolonged metal exposure [45], and the little to no evidence of significant phenotypic 

Ag+-resistant expression in clinical isolates [49] suggest that silver-based materials 

remain a viable option for the prevention and treatment of pathogens including MDR 

bacteria [19]. There would be anyhow benefit in surveillance programs to monitor the 

emergence and spread of silver-resistant strains. 

3.4 Co-cultures 

In the present study OB and OC derived from monocytes of osteoporotic subjects were 

co-cultured up to 14 days, in direct contact with tested materials, to evaluate the effects 

of local administration of HA functionalized with ZOL and AgNPs. In order to evaluate 

the single and coupled effects of AgNPs and ZOL, the tests were carried out on HA, HA-

20, ZOL14, ZOL14-5. 

WST1 data demonstrated that ZOL (Figure 5), at the tested concentration, did not exhibit 

cytotoxic effect on OB, which showed regular proliferation and did not differ from HA, 

as reference material, and CTR group.  In fact OB cultured on ZOL14ZOL14-5 had a 

viability of 95% and 88% respectively, compared to CTR=100%. On the other hand, the 
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addition of AgNPs to pure HA (HA-20) had different results with respect to those 

obtained at three days in monoculture: OB growth in co-culture at 14 days was inhibited 

and the value of viability (64%) was significantly lower in comparison with other groups. 

The reduced cell viability on HA-20 can be ascribed to the presence of AgNPs, which 

have been reported to induce cytotoxic effects by increasing NO-derived reactive species, 

apoptosis and cell death [50]. On the other hand, the higher value of OB viability 

measured on ZOL14-5 (which contains about the same amount of AgNPs as HA-20, and 

displays similar Ag release) suggests that zoledronate hinders the cytotoxic effect of 

AgNPs. However, OB appeared attached and well spread, and rich of filopodia on all the 

samples, as shown in the SEM images reported in Figure S8 for HA-20 and ZOL14-5. 

Osteoclastogenesis from osteoclast precursors was widely affected by both ZOL and 

AgNPs, as shown in Figure 5. OC grown in presence of HA-20, ZOL14 and ZOL14-5 

showed significant very lower viability when compared to OC cultured with HA and 

CTR. Moreover TRAP staining of monocytes revealed that the number of multinucleated 

cells in samples contaning AgNPs and/or ZOL (HA-20: 26%, ZOL14: 8%, ZOL14-5: 

6%) is remarkably reduced in comparison with HA (98%) and CTR (assumed as 100%). 

Figure 6 shows the results of OB metabolic activity. ALP and OSTC represent markers 

of OB differentiation. ALP activity increases in the early stage of differentiation, while 

OSTC is involved in the late phase of mineralization. ALP does not seem to be 

significantly affected by ZOL and AgNPs, when compared to CTR. Conversely, OSTC 

levels in ZOL14 and ZOL14-5 were significantly higher than in the other groups. The 

comparison of the data obtained for HA-20 and ZOL14-5 respectively with those of HA 

and ZOL14 demonstrates that AgNPs presence does not modify the production of OSTC. 

ZOL14 showed a significantly higher level of OPG and ZOL14-5 a significant lower 
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RANKL, with respect to the samples without ZOL. As a result, the OPG/RANKL ratio 

was higher on both ZOL14 and ZOL14-5 than on the other samples, confirming that ZOL 

is an effective inhibitor of osteoclastogenesis through the OPG/RANKL pathway. Results 

of OPG/RANKL ratio inversely correlated with OC viability (-0.766, p<0.0005) and 

differentiation (TRAP %: 0.704, p<0.005).  

IL-6 and TNF-α activity were also investigated as they play an important role in 

promoting inflammation and are related to bone resorption activity in osteoporosis. 

AgNPs seems to stimulate both factors. In agreement with viability results (Figure 5), 

HA-20 significantly enhanced the production of IL-6 and TNF-α, with respect to other 

groups.  However, the co-presence of ZOL reduced this effect. In fact, IL-6 and TNF-α 

levels were significantly lower in ZOL14 and ZOL14-5 when compared to HA-20, 

whereas no differences were found for TNF-α among ZOL groups and CTR (Figure 7).  

The in vitro model of OB and OC co-culture allows to study the interplay of bone cells 

when interfaced with biomaterials, and to understand the effects of different molecules 

on bone turnover. According to our data, it could be hypothesized that the low number of 

both OB and OC in HA-20 is related to cell death or damage by the cytotoxic effect of 

AgNPs that also stimulated and activated proinflammatory molecules as IL-6 and TNF-

α. However, OB activity parameters, normalized for cell viability (WST1), did not show 

significant differences between HA and HA-20, suggesting that the surviving fraction of 

OB were not suffering because of AgNPs presence. It is worth mentioning that, in 

agreement with cytotoxicity data, the presence of zoledronate hinders the effect of AgNPs 

on viability, IL-6 and TNF-α (Figures 6,7), without affecting its antimicrobial activity 

(Table 3). 
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The influence of the bisphosphonate in ZOL14 and ZOL14-5 groups on bone metabolism 

is evident both as direct action on OC viability and as indirect influence on OC 

differentiation. In fact, the improvement of OB differentiation and activity is testified not 

only by the high level of OSTC, but also by the increase of OPG/RANKL ratio, that 

contribute to downregulate OC proliferation and differentiation.  No differences of 

activity were found between ZOL14 and ZOL14-5, demonstrating that the utilized 

content of AgNPs as anti-bacterial agent does not interfere with the positive influence of 

the bisphosphonate. 

4. Conclusions 

Results of the present study show that AgNPs can be loaded onto zoledronate 

functionalized HA engendering composite materials with multiple biological properties. 

HAZOL promotes in vitro osteoblast viability and activity and inhibits osteoclast 

proliferation and differentiation; silver nanoparticles inhibit the bacterial growth of multi-

drug resistant Gram positive and negative bacteria in vitro. Combination of these 

bioactivities may represent a pioneering strategy in the treatment of implant-associated 

infections, in particular in selected categories of patients, as adults with cystic fibrosis 

(CF). Indeed, the survival gains achieved in CF patients have led to the emergence of 

delayed complications, one of each is bone disease characterized by low mineral density 

[51], usually treated with oral or intravenous bisphosphonate preparations. Increased bone 

resorption and disturbances in bone formation are most frequent during infectious 

episodes [52]. HAZOL-AgNPs, integrating the positive effects of BPs on bone 

metabolism and the antimicrobial prophylactic activity of AgNPs on the development of 
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bone-associated infections, can represent a new tool to counteract implant-associated 

infections. 
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Captions to the Figures. 

Figure 1. XRD patterns of the different samples obtained through interaction of the 

apatitic materials with 50 mL of AgNPs suspension. The most intense peak of Ag is 

indicated with (*); all the other peaks are characteristic of HA. 

Figure 2. TEM images of the different samples obtained through interaction of the 

apatitic materials with 50 mL of AgNPs suspension. Scale bars are 200 nm in all images 

for direct comparison. 

Figure 3. Ag cumulative release from HA-20 and ZOL14-5 as a function of time. 

Figure 4. WST1 assay and LDH release of MG63 72 hours of culture on experimental 

samples and CTRs (negative CTR-, DMEM only; positive CTR+, DMEM+0.05% phenol 

solution). Values are reported as mean ± SD (*p<0.05; **p<0.005; ***p<0.0005). 

WST1. HA-50, ZOL7-50, ZOL14-20, ZOL14-50  vs CTR– (p<0.05); CTR+ vs CTR– 

(p<0,0005).  

LDH. ZOL7-50 vs CTR–  (p<0,05);  HA-50,  ZOL14-20 vs CTR– (p<0.005), ZOL14-50, 

CTR+ vs CTR– (p<0,0005). 

Figure 5. Effect of ZOL14 and AgNPs on viability of OB, and OC by WST1 test after 14 

days of co-culture compared to HA as reference material and to CTR group.  

The Tamhane post hoc multiple comparison test was performed to detect significant 

differences among groups (* p<0.05; ** p<0.005; *** p<0.0001).  

OB: *HA-20 vs HA; ***HA-20 vs ZOL14, CTR;  

OC: ***HA-20 vs HA, ZOL14, ZOL14-5, CTR; *ZOL14 vs  ZOL14-5; ***ZOL14, 

ZOL14-5 vs HA, CTR. 
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Figure 6. Metabolic activity of co-cultured cells measured in culture supernatant after 14 

days of co-culture with HA, HA-20, ZOL14, ZOL14-5, and CTR. The Tamhane post hoc 

multiple comparison test was performed to detect significant differences among groups  

(* p<0.05; ** p<0.005; *** p<0.0001). 

ALP: not significant 

OSTC: *ZOL14 vs HA; **ZOL14 vs HA-20, CTR; ***ZOL14-5 vs HA, HA-20, ZOL14; 

OPG: *ZOL14 vs HA, HA-20, CTR; 

RANKL: *ZOL14-5 vs HA, HA-20; **ZOL-14-5 vs CTR; 

OPG/RANKL ratio:  ***ZOL14 vs HA, HA-20, CTR; *ZOL14-5 vs HA-20, CTR 

Figure 7. Evaluation of pro-inflammatory cytokine IL-6 and growth factor TNF-α in OB 

and OC co-cultured with HA, HA-20, ZOL14, ZOL14-5, and CTR after 14 days of 

culture. The Tamhane post hoc multiple comparison test was performed to detect 

significant differences among groups (* p<0.05; ** p<0.005; *** p<0.0001). 

IL-6: *HA vs HA-20; ***ZoL14 vs HA-20, CTR; **ZOL-14-5 vs HA-20, CTR; 

TNF-α: *HA-20 vs HA; **HA-20 vs ZOL14, ZOL14-5, CTR. 
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