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Introduction

Osteomyelitis is among the most complex conditions encountered in orthopedic surgery and bone reconstruction. It is defined as a bone tissue destructive inflammatory process caused by a bacterial infection. It can be acute, characterized by soft tissue edema, pus formation and locally decreased blood supply, or chronic, with formation of areas of bone necrosis (sequestra) that increase infection recurrence [1,2] . Gram-positive strains are most commonly involved, with a significant predominance of Staphylococcus and Streptococcus genera. In particular, several reports identified Staphylococcus aureus as the major responsible worldwide, appearing in 50-70% of tested clinical isolates [3][4][5] . Several mechanisms can lead to the onset of an infection, including hematogenous, post-traumatic, local spread from contiguous outbreak, peri-operative colonization and prosthesis/implant contamination (e.g., periprosthetic joint infection, PJI) [6] . Treatment includes a combination of tissue debridement, intense local antibiotic therapies [7][8][9] and the implantation of a suitable graft when necessary [1,6] . The long-term outcome of the procedure can be very challenging. In particular, the optimization of debridement is considered to be the cornerstone of a successful treatment: since pathological tissues are poorly vascularized, their thorough removal is of chief importance for the antibiotics to be effective and to reduce bone ischemia [6] . However, high debridement means high invasiveness and possibly longer prognosis. Reducing it could preserve the structural integrity of bone, but at the cost of increasing the risk of recurrence [1,10] . In any case, even with optimized debridement, the treatment of osteomyelitis frequently results in significant bone defects that need tailored medical care [6] . In addition, infection sites are typically rich in cytokines (e.g., tumor necrosis factor or interleukin-1). These biomolecules are strong osteolytic promoters and can hinder bone healing, even following a successful intervention [11,12] .

The close relationship between osteomyelitis and bone defects is a strong drive for the development of novel approaches and materials designed to improve bone healing and reduce the risk of infection relapse. A properly engineered biomaterial should not only fill the bone defect but also improve regeneration and fend off possible threats. In other words, it should be both antibacterial and osteostimulative. Driven by the promise of better bone reconstruction, research in the field is investigating many candidate approaches, including drug-loaded synthetic polymers (e.g., polylactic acid, polyglycolic acid), composites and hydroxyapatites, silver-based nanotechnologies, quaternary chitosan and therapeutic ion releasing bioactive glasses [13,14] . However, despite their promising results in the laboratory, most of these technologies still lack significant clinical data to confirm their efficacy. To date, no commercial product has been successfully launched yet [15] . Currently, the gold standard for bone defect management is the use of gentamicin-impregnated polymethylmethacrylate (PMMA) cements [16] . This technology, however, has several drawbacks, including: (i) the non-degradability and possible toxicity of PMMA, (ii) the thermal degradation of gentamicin during cement setting and (iii) its inadequately fast pharmacokinetics (i.e., burst release of 80-90% of the drug within 5 minutes) [1,3,15] . Better results in terms of drug delivery were recently obtained using bioresorbable calcium sulphate bone cements (CSCs) as carriers, giving rise to new alternative possibilities in the treatment of osteomyelitis [16,17] . Gentamicin, vancomycin and tobramycin are the main antibiotics successfully used in conjunction with CSCs [18] . Although desirable, however, the high reactivity and rapid bioresorbability of CSCs is also a key limitation. The resorption rate is too high to grant sufficient bone healing and CSCs are quickly hydrolyzed in the body (in 6 to 12 weeks) [18] . In addition, the fast resorption of CSCs was associated with wound serous exudate [19] . Their mechanical properties are also quite poor [1] , offering very limited structural support to the tissue. Generally speaking, both PMMA and CSC offer a sufficient performance to tackle the problem, but also significant drawbacks. They have poor pharmacokinetics and a very low regeneration potential. Furthermore, they are mostly used in conjunction with very common, broad-spectrum antibiotics (e.g., gentamicin). The clinical need for new materials against osteomyelitis remains therefore a pressing issue, with orthopedic surgeons still having few options available whenever looking for antibacterial and osteostimulative bone fillers [13] .

In previous studies, class I polycaprolactone/bioactive glass (PCL/BG) hybrids were successfully synthesized and characterized to be applied for the regeneration of bone defects [20,21] . Organic/inorganic (O/I) hybrids are a family of single-phase materials formed by a network of organic and inorganic moieties combined at the molecular level [22] . They are synthesized using sol-gel chemistry and are organized in five classes [23] . The first two classes of hybrids are both prepared by adding a polymer to a sol-gel synthesis. Class I is characterized by weak O/I intermolecular interactions (molecular entanglement, hydrogen bonding and/or van der Waals forces), while class II presents O/I covalent bonds. Class III and IV are hybrids characterized by the simultaneous polymerization (one-pot synthesis) of both the organic and inorganic components. If O/I interactions are weak is class III, if the organic and inorganic chains are covalently bonded is class IV. Finally, class V are a variation of class III with a single silicate precursor able to liberate organic monomers that can then polymerize.

Our findings confirmed that class I PCL/BG hybrids have a strong osteostimulative potential in vitro, showing strongly enhanced apatite formation, promotion of cell proliferation and of osteoblastic differentiation [20] . These results were corroborated in vivo in a mouse calvaria model, where tissue ingrowth was significantly increased compared to a commercial benchmark [21] . Sol-gel silicates were also found to be particularly effective in the incorporation of antibiotics and their subsequent controlled release, thanks to templating effects occurring during synthesis [24] . In light of these promising findings, the aim of this work was to engineer a material with the beneficial properties of PCL-based hybrids in terms of bone regeneration and simultaneous antibacterial effect: a platform technology with a dual and decoupled controlled release of therapeutic silicates and an osteomyelitisspecific antibiotic, rifampicin. Rifampicin is an RNA synthesis blocker very effective in the treatment of staphylococcal infections, especially when delivered locally [7] . PCL/silica hybrids were chosen as candidate for the design and development of antibiotic bone fillers with superior performance both in term of long-term controlled release of the drug and regenerative potential when compared to current competitors (e.g., PMMA, CSC). To reach the purpose, the hybrid synthesis protocol was adapted to allow the incorporation of rifampicin without significant degradation of the antibiotic. Preliminary dilution assays were performed to identify the cytocompatibility concentration range and minimal inhibitory concentration of the antibiotic for the tested bacterial strains. In parallel, an array of rifampicin-loaded PCL/silica hybrids with several drug loadings was successfully prepared and physicochemically characterized. In particular, the release of therapeutic agents from the materials, namely silicates and rifampicin, was measured to match the desired beneficial concentrations of both. Finally, a biological characterization was carried out in order to confirm the efficacy of the hybrids in terms of osteostimulation (on rat primary osteoblasts) and antibacterial effect (against Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa).

Experimental section

Identification of a rifampicin concentration range of interest

Rifampicin minimum inhibitory concentration

A set of preliminary dilution assays was initially performed in order to determine the minimum inhibitory concentration (MIC) of rifampicin and identify the region of interest of concentration for this study. Three relevant bacterial strains were considered: Staphylococcus aureus (clinical isolate from osteoarticular infection, previously fully characterized elsewhere [25][26][27] ), Pseudomonas aeruginosa (ATC 27853) and Escherichia coli (ATCC 25922). Isolated colonies of each strain were cultured overnight in nutrient broth (LB broth Lennox, CONDA) at 37 °C under agitation (100 rpm), resulting in bacteria suspensions of ~10 9 CFU/mL the following day. The suspensions were diluted to 10 6 CFU/mL by adjusting their optical density at 600 nm (Genesys™ 30 spectrophotometer, Thermo Fisher Scientific). The final inoculum was mixed with an array of subsequent dilutions of rifampicin in alpha Minimum Essential Medium (αMEM, Gibco) ranging from 0 to 200 µg/mL. At four concentrations (0, 1, 10 and 50 µg/mL), a standard Gram staining (gentian violet/fuchsin) was also performed to characterize the strains and observe possible changes in cell shape following the exposure to rifampicin.

Rifampicin cytocompatibility range

Rat primary osteoblasts (RPOs) were isolated from the enzymatic digestion of fetal Wistar rat calvaria explants following a previously described method [28] . In short, bone pieces were incubated for 15 minutes in a solution of penicillin/streptomycin (p/s, 1%), collagenase IA (0.1%), and dispase II (0.2%) in cell culture αMEM. The process was carried out at 37 °C and repeated four times. The obtained RPOs were then plated at 10,000 cells/cm 2 and cultured (37°C, 90% humidity and 5% CO 2 ) in αMEM supplemented with 10% fetal bovine serum (FBS) and 1% p/s until confluence. Finally, the cells were collected and frozen in αMEM with 20% FBS and 7% dimethyl sulfoxide (DMSO) until the time of testing. To obtain a first set of information regarding the interaction between rifampicin and RPOs the cells were cultured in presence of the antibiotic. RPOs were seeded in 24-well plates at a density of 20,000 cells/well (as per supplier guidelines) and cultured for one week using αMEM with 10% FBS, 1% p/s and various concentrations of rifampicin ranging from 0 to 100 µg/mL. At two time points (2 and 7 days) the cell viability was measured using XTT Viability/Proliferation Kit II (Sigma-Aldrich), a colorimetric tetrazolium-based assay that correlates the viability of cells with the absorbance at 550 nm. The test was performed according to the protocol provided by the supplier.

Synthesis of PCL/silica hybrids with and without rifampicin

Polycaprolactone/silica hybrids with a 70:30 organic-to-inorganic ratio were synthesized by sol-gel chemistry from tetraethyl orthosilicate (TEOS) (99% purity, Sigma-Aldrich). TEOS was initially dispersed in absolute ethanol (Sigma-Aldrich) and hydrolyzed for 30 minutes adding 2 M HCl (diluted from 37% fuming HCl, Sigma-Aldrich). The molar ratio between the components was ethanol : H 2 O : TEOS : HCl = 3.7 : 2 : 1 : 0.07, according to a previously optimized protocol [20] . In parallel, polycaprolactone (PCL, Mn = 80 kDa, Sigma-Aldrich) was dissolved in tetrahydrofuran (THF) at a concentration of 20% w/v. Once the polymer is completely dissolved, rifampicin (≥ 97%, suitable for cell culture, Sigma-Aldrich) can be incorporated into the hybrid: three different quantities of antibiotic (see Table 1) were first dissolved into a negligible volume of solvent and then added to the PCL solution. Control samples (PS) were synthesized omitting this step. After the hydrolysis of TEOS, a saturated solution of NaOH (Sigma-Aldrich) in ethanol was prepared, filtered (0.2 µm PVDF syringe filter, Thermo Scientific) and added dropwise to the TEOS solution until the pH, initially very low (i.e. < 0), is adjusted to 5. This increase allows for the condensation of the silicate precursor in the sol, ultimately leading to its gelation, while also protecting the antibiotic from degradation. Right before complete gelation, the PCL and TEOS solutions are mechanically mixed and sonicated for 1 hour to obtain a homogeneous hybrid sol. The sol is aged for 24 hours before letting the solvent evaporate, obtaining hybrid films. The films were grinded and compressed into standard 100 mg pellets (Ø = 13 mm) used in all characterizations.

Physicochemical characterization

Stability in simulated physiological conditions

The stability of hybrids in a biological environment was tested in vitro by monitoring weight loss and pH variation over a period of 14 days in αMEM. Samples (n = 5) were immersed in the medium and incubated at 37°C for two weeks. The medium was refreshed every two days. Both pH and sample weight were measured at several time points (1, 3, 7 hours and 1, 3, 5, 7, 10, 14 days).

Contact angle

The surface wettability of PCL/silica hybrids with and without rifampicin was also investigated to identify possible variations in hydrophilicity following the addition of the antibiotic. Static contact angle measurements were performed at room temperature using a simple custom set-up consisting of a manually adjustable base and a microliter syringe (25 µL Model 702 N, Cemented Needle, 22s gauge, 2 in, point style 2, Hamilton Company).

A 10 µL droplet was initially deposited on the sample. Then, after a one-minute lag to reduce the impact of absorption on the results, images of the contact angle were acquired using an industrial camera UI-3370CP

Rev.2 (4 MP CMOS sensor CMV4000) equipped with a Sigma 105 mm f/2.8 macro lens (Imaging Development Systems, IDS). Three independent measurements per sample type were performed, with two angles (left and right) per measurement. Contact angle calculation was carried out using ImageJ (NIH, USA)

with prior image elaboration on GIMP (thresholding, brightness/contract correction, color inversion).

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to characterize the chemical nature of the materials.

The acquisition of infrared spectra of all samples was carried out using a Nicolet 380 FT-IR (Thermo Fisher Scientific) equipped with a diamond Attenuated Total Reflectance (ATR) accessory. Data (32 scans, resolution of 4 cm -1 ) were collected in the mid-IR region (4000-400 cm -1 ) in triplicates and from different regions of each sample.

Controlled release of ions and antibiotic

Extraction of loaded rifampicin

To estimate the efficacy of our synthesis route, a protocol of extraction and quantification of the rifampicin loaded in the hybrids was developed. The results were compared to the theoretical drug concentration per formulation (as per Table 1). To retrieve the antibiotic loaded into the materials, 100 mg of all hybrid formulations were left to dissolve in 10 mL of THF for 2 days. Two cycles of sonication were also performed, at 24 and 48 hours, respectively. This results in the formation of a suspension of inorganic silicate nanoparticles (insoluble in the solvent) dispersed in a PCL and rifampicin solution in THF. The suspensions were centrifuged for 1 minute at 2000g, then the surnatant was collected and stored for further analysis.

Rifampicin release

The release of antibiotic was characterized in colorless αMEM. The lack of phenol red (pH indicator) avoids possible alterations of the spectra. Rifampicin-loaded hybrids were immersed in the medium and incubated in an orbital shaker at 37°C and 250 rpm. At selected time-points (1, 3, 5, 7, 10 and 14 days) the medium was retrieved and tested to quantify its concentration in antibiotic.

First derivative UV-Vis spectrophotometry

A spectrophotometric method developed by Walash et al. [29] was used to quantify rifampicin in both the solutions retrieved from hybrids (loading efficacy) and in released products in αMEM. At every experiment, a calibration curve was prepared using known concentrations of rifampicin in a relevant solvent (αMEM or THF, depending on the experiment). According to the method, the amount of rifampicin is proportional to the value of the first derivative of the absorbance at 500 nm.

Quantification of silicon release by ICP-OES

The release of silicon ions (in the form of various silicates, such as silicic acid) was performed in αMEM and measured by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Standard hybrid pellets of all formulations were immersed in culture medium at a 20 mg/mL ratio and put in an orbital shaker at 37°C and 250 rpm. At given time-points the medium was retrieved and the concentration of Si ions was determined by ICP-OES (Ultima C, HORIBA Jobin Yvon). It is known from previous studies that the release profile of this type of hybrids is relatively steep (i.e., it reaches plateau within the first few days). Therefore, the chosen timepoints were 30 minutes, 1, 3, 5, 7 hours and 1, 2, 3 days.

Microbiology

Agar disk diffusion test

A first estimation of the antibacterial properties of rifampicin-loaded hybrids was obtained by an agar disk diffusion assay (halo test). Bacteria populations of S. aureus (clinical isolate), P. aeruginosa (ATC 27853) and E. Coli (ATCC 25922) in LB broth were prepared as described in section 2.1.2 and then diluted down to a density of circa 10 7 CFU/mL. This value is high enough to grant the development of an even layer of colonies on the agar plate. The adjusted inoculum was deposited and spread homogeneously onto a petri dish (Ø = 94 mm) filled with Agar LB Miller (CONDA). A sample per formulation was then set on top of the agar and the dish was incubated for 24 h at 37°C and high relative humidity (80%). The width of the inhibition annulus was then calculated as the difference between external radius and internal radius (i.e., 7.5 mm).

Colony forming units counting and antifouling test

Quantitative evaluation of the antibacterial effect of rifampicin-loaded hybrids was also carried out by colony forming units (CFUs) counting using the same strains as above. Suspensions of the three bacteria in αMEM (density = 10 6 CFU/mL) were incubated for 24 hours in presence of pellets of all the synthesized formulations.

The same medium used for eukaryotic cells was chosen for better comparison between the results of microbiology and the ones obtained when studying RPOs. At given time-points (3, 6 and 24 hours) each suspension was retrieved, diluted according to need and plated LB on agar petri dishes using an automatic diluter and plater (easySpiral Dilute, Interscience). In parallel, the number of bacteria adhering on the pellets was also measured to estimate possible antifouling properties of the materials. Pellets were rinsed three times in saline (φ), then immersed in 5 mL of φ and sonicated for 10 minutes to detach cells from the surface.

Afterwards pellets were disposed of and the remaining bacterial suspension in φ was diluted when necessary and plated on agar. After further 24 hours of incubation, colonies were counted using an automatic colony counter (Scan 300, Interscience).

Osteoblast response

Cytotoxicity and cell viability

RPOs were cultured in presence of the dissolution products of antibiotic-loaded hybrids to evaluate possible cytotoxicity and characterize their influence on cell viability and proliferation. RPOs were seeded at a density of 20,000 cells per well and cultured for one week using eluates of the materials in αMEM (with 10% FBS and 1% p/s). As described in section 2.1.1, cell viability was assessed at 2 and 7 days using the XTT Viability/Proliferation Kit II (Sigma-Aldrich), which correlates viability with the respective value of absorbance at 550 nm.

Cell adhesion and morphology

Cells were also cultured directly on the hybrid samples in order to observe cell morphology and investigate possible changes in adhesion. RPOs were seeded on the surface of PSRM pellets and cultured in αMEM overnight. On the second day, the samples were fixed using 1.6% glutaraldehyde in 0.2M sodium cacodylate buffer (pH 7.4). They were stored in the fixative for 4 days at 4°C. Subsequently, they were washed three times with a sodium cacodylate buffer and post-fixed 1 hour with 1% osmium tetroxide. After an additional wash in distilled water, samples were dehydrated by graded ethanol, treated with hexamethyldisilazane (HMDS) and dried overnight. Scanning electron microscopy (SEM) was performed upon sputter coating with carbon (Emitech E6500, Quorum) using a Regulus 8230 (Hitachi) at 2kV.

ALP activity

A preliminary investigation of the osteostimulative effect of silicates release from the hybrids was performed by measuring variations in the activity of enzymatic alkaline phosphatase (ALP) at 14 days of culture. RPOs were cultured as described in previous sections. At the desired time-point, culture wells were washed three times in PBS and treated with NP40 lysis buffer. Resulting cell lysates were incubated in a solution of 40 mM pnitrophenyl phosphate (Sigma-Aldrich) and alkaline assay buffer (Abcam). The production of p-nitrophenol as a function of the ALP activity was determined by spectrophotometric measurement at 405 nm and at 37 °C. The absorbance was expressed as the mean value per minutes. Results were normalized with respect to the total amount of proteins in the respective sample as obtained by a bicinchoninic acid (BCA) assay.

Statistical analysis

Results of each population were given as the mean ± standard deviation (SD). Comparisons to highlight statistically significant differences were performed by one-way analysis of variance (ANOVA) with a significance of α = 0.05 (OriginLab 8.5 data analysis software).

Results and discussion

Rifampicin tailoring

Prior to material preparation, the effect of rifampicin on the target cells, both eukaryotic and prokaryotic, was characterized. This step supports the design of the controlled release platform, providing valuable information on the effective concentration ranges to inhibit bacteria without exerting major detrimental effects on osteoblasts. Observations after Gram staining indicated that samples exposed to rifampicin show a significantly lower number of bacteria, often tending to zero. An interesting morphological phenomenon associated with high concentrations of rifampicin was also assessed with the two Gram negative bacilli: cells appear smaller and with a round shape (Figure 1, panels B1 and C1). Rifampicin is known to significantly alter the attachment points of the nucleoid to the cell membrane in E. coli [30] . However, to date we found no information on possible effects of the drug on the overall cell morphology and these changes are likely due to a global reaction to the stress induced by the antibiotic. In addition, no such variation was detected for S. aureus, possibly as a consequence of its higher susceptibility to rifampicin, which impedes the onset of reactive mechanisms by the cells. Levels of MIC can vary according to strains [31] , bacterial genomic variations (i.e., resistance development) [32] and culture and testing conditions [33] . These variations can often be significant, up to three or four orders of magnitude. In this study, the dilution assays performed with the three bacterial strains of interest in the context of osteomyelitis allowed the determination of the MIC of rifampicin against S. aureus, P. aeruginosa and E. coli at 0.05 µg/mL, 50 µg/mL and 25 µg/mL, respectively (Figure 2). Regardless of the strain, MIC values measured in this study were generally consistent with current results found in literature. The clinical strain of S. aureus tested in this study was found to be highly susceptible to rifampicin.

Relatively higher values were obtained with the two Gram-negative strains. This is not surprising, since these bacilli are generally known for their lower susceptibility to the molecule [34] .

A similar approach was adopted for the determination of RPOs cell behavior in presence of rifampicin. Cell viability was measured using XTT at 2 and 7 days of incubation. The results of the test are reported in Figure 3. Figure 3: Cell viability of rat primary osteoblasts (RPOs) at 2 and 7 days as a function of rifampicin concentration (0 -100 µg/mL). Data at each day are normalized with respect to the viability of the respective negative control. The progressive inhibition of RPOs and the cytotoxic effect at higher concentrations (> 10 µg/mL) can be clearly observed.

A decrease in viability can be observed already at 2 days, starting above 10 µg/mL and increasing dosedependently. Up to 70 µg/mL, the reduction is limited, with viability sitting around 70-80% of the control.

However, 100 µg/mL of rifampicin were found to halve the viability already at 2 days. The results were confirmed by examining the viability RPOs after one week of culture: a significant decrease to 70% of the control was measured already for cells exposed to 10 µg/mL of rifampicin. At 50 µg/mL the values are as low as 40%, decreasing to almost no viability at 100 µg/mL. Similar results were obtained by Winters et al. [35] , who confirmed the absence of specific cytotoxic effects of rifampicin on human cells up to 20 µg/mL. Differently, studies of the effect of rifampicin showed no cytotoxic effect up to 85 µg/mL when using a hepatic cell line (HepG2) [36] . Probably due to the more sensitive nature of primary cells compared to cell lines, our data suggest that high concentrations of rifampicin have a significant cytotoxic effect. For this reason, in view of the design of the hybrid materials, the release concentration was tailored in the 0 to 20 µg/mL range.

Sol-gel synthesis, rifampicin loading efficacy and in vitro degradation behavior

Homogeneous PCL/Silica hybrids with and without rifampicin were successfully synthesized. In particular, the process appears reproducible, resulting in materials with antibiotic evenly distributed within the network.

Burning out the organic component of the hybrids at high temperature also confirmed that the organic-toinorganic ratio is in accordance with its theoretical value of 70:30, only slightly lower (Table 2). The difference is probably due to a partial burn-out of low molecular weight inorganic residues. Although a key topic surrounding the synthesis of organic/inorganic hybrids is the incorporation of calcium ions for increased apatite forming ability [22,37] , in this study materials with pure silica as inorganic component were prepared. In early trials (data not shown), we observed the occurrence of a very rapid and significant degradation of rifampicin in presence of either high pH or calcium ions. This characteristic of the drug makes it incompatible with previously adopted synthesis protocols used for the preparation of binary Si-Ca hybrids.

Therefore, in this study calcium was removed and a minimum amount of sodium was used to adjust the pH of the solution pot to a value that maximizes rifampicin stability (i.e., pH ~ 5). The spectrophotometric results on loading efficacy confirmed that this technique did not significantly degrade rifampicin. The right columns of Table 2 show the measured and theoretical content of rifampicin loaded in each pellet sample (100 mg) depending on the hybrid formulation. Little to no variation between the two values was observed for every tested material. Note that for PSRL the standard deviation is relatively high since the amount of rifampicin loaded is minimal and rather close to the sensitivity threshold of spectrophotometry. Since the selected spectrophotometric method is specific for rifampicin and not its degradation products [29] , it is safe to assume that loading PCL/silica hybrids with rifampicin does not significantly hinders the structure (and thus the antibacterial effect) of the antibiotic.

A statistically significant, although minor, effect of rifampicin was observed when studying the wettability of the samples. Contact angle measurements identified two distinct phenomena: (i) an increase in hydrophilicity in PCL/silica hybrids compared to a PCL control and (ii) a less prominent, but nevertheless significant, decrease in contact angle following rifampicin loading. In general, contact angles measurements were in line with values reported in literature for similar materials, both for PCL [38,39] and its hybrids [20] . PCL showed a rather typical mild hydrophobic behavior (θ = 83° ± 2), reduced after the addition of silica. The incorporation of the inorganic component determines a statistically significant increase in hydrophilicity, expressed as a decrease of circa 10° in contact angle. This increase can be beneficial to cell adhesion [40] . While PSRL is comparable with PS, a further decrease of 5-10° compared to the PS control was observed for higher loadings of rifampicin (PSRM and PSRH), indicating that the antibiotic contributes to the overall hydrophilicity of the material despite its modest amount (see Table 1). This is somewhat surprising since rifampicin is generally considered hydrophobic [41] . Figure 4: Droplet profiles and contact angle measurements for all formulations of PCL/silica tested (n = 3). Note the effect of both the introduction of silica gel (p << 0.001) and of rifampicin (p < 0.01) on the hydrophilicity of the samples.

The stability of the hybrids in a suitable medium was then investigated. Rifampicin was found to have negligible effects on the degradation behavior of the materials. As confirmed by monitoring the weight variation in αMEM, no variation was observed following the addition of antibiotic. All samples followed a typical trend already reported for class I polycaprolactone-based hybrids by Bossard et al. [20] : an initial loss of soluble inorganic moieties, followed by a higher decrease due to the de-esterification of PCL, reaching a weight loss of 15-20% after 14 days (Figure 5). The degradation rate significantly differ from the reported value of 13.2%

weight loss after 8 weeks [20] . However, previous results were obtained in static conditions, while in the present study semi-dynamic conditions were preferred. It is possible that medium renewal accelerated the degradation of PCL [42] .

In parallel, possible changes in pH were also monitored. Data seem to suggest the occurrence of a minor increase in pH probably associated with the leaching of residues of sodium used during the synthesis. The increase was found to be not statistically significant, indicating that the hybrids do not hinder the buffer capacity of αMEM and thus do not create an alkaline and possibly harmful microenvironment for cells, as it is sometimes the case for bioactive glasses [43] .

Both weight loss and pH measurements confirmed that PCL/silica hybrids are stable in simulated physiological conditions, degrading slowly and evenly, and show low risk of cytotoxicity due to alkalinization of the medium.

They can be deemed appropriate carriers for the long-term delivery of rifampicin. In addition, as already suggested by other authors [20,44] , these hybrids offer superior degradation properties compared to other candidate materials for bone grafting and orthopedic applications. The characterization with ATR-FTIR was used to study the chemical nature of the two phases, organic PCL and inorganic silica, as well as on the interaction between them. In Figure 6 the FTIR spectra of PCL (as a control) and all formulations are reported. Typical IR peaks of PCL were observed for all samples. In particular, two peaks of the asymmetrical and symmetrical stretching of carbon-hydrogen bonds centered at 2937 and 2860 cm -1 (νC-H), the sharp characteristic peak of PCL due to carbonyl stretching at 1720 cm -1 (νC=O), the peaks of carbon-hydrogen bending between 1471 and 1365 cm -1 (δC-H) and the three peaks of the carbon-oxygen stretching of the ester groups (νC-O) at 1294, 1240, and 1170 cm -1 . Once silica is introduced into the polymeric matrix, all the peaks typically related to the vibrations of the Si-O-Si cage occur [45] . Particularly evident are the symmetric and asymmetric stretching at 825 cm -1 and 1050 cm -1 (Figure 7A), as well as a low wavenumber bending vibration peak at 600 cm -1 .

Interestingly, only minor peaks associated with silanol groups were detected, indicating that the great majority of TEOS reacted during the sol-gel process. This result is unexpected as hybrid systems are usually characterized by significant Si-OH peaks, especially by the hydroxyl vibration of self-associated silanols, centered at 3400 cm -1 . In addition, silanols are reported to highly change the shape of the characteristic peak of PCL at 1720 cm -1 as a consequence of the H-bonds between silanols and the carbonyl groups of PCL [46] . In this study, this peak remains unvaried, regardless of the formulation. These observations led to the conclusion that the preparation of the hybrid sol did not hinder the polycondensation of TEOS, leading to few unreacted silanols and, as a consequence, to little H-bonding between the inorganic and organic component. The interaction between the two components of a hybrid is known to be a major drive for the development of materials with unique properties [47] . For this reason, improving the organic-inorganic interactions in antibiotic-loaded PCL/silica hybrids could offer promising future developments. range before and after sol-gel synthesis. Note the carbon-oxygen ester stretching of PCL at 1170 cm -1 and the appearance of peaks associated with silica gel: Si-O-Si (1050 and 825 cm -1 ) and Si-OH (958 cm -1 ).

The FTIR analysis was also used in order to confirm the presence of rifampicin in the samples. Unfortunately, when adding rifampicin, only minor variations were observed. This was probably due to (i) the low amount of antibiotic compared to the overall mass of the material and to (ii) the overlapping between the characteristic peaks of rifampicin and PCL, especially in the 1000-1500 cm -1 range. However, two small differences were observed following antibiotic loading: the occurrence of a new shoulder peak at 2980 cm -1 and a significant increase in intensity of the peak at 958 cm -1 (Figure 7B). These variations are consistent with the occurrence of interactions between rifampicin and its carrier matrix [16] . An alternative hypothesis is that the 958 cm -1 can be ascribed to minor Si-OH stretching while the shoulder peak to the vibrations of methyl and methylene groups in rifampicin [48] . These results substantiate the successful loading of rifampicin, as previously verified by spectrophotometry. However, due to the weakness of the signal, the results in this respect cannot be deemed conclusive. Therefore, infrared spectroscopy should be avoided when investigating the rifampicin content in PCL/silica hybrids.

Dual and decoupled release of therapeutic agents

Rifampicin-loaded PCL/silica hybrids are characterized by the ability of releasing therapeutic agents with potential beneficial effects on the proliferation of osteoblasts and the inhibition of bacterial growth. Before testing the biological performance of the materials, the release of therapeutics was evaluated immersing samples in αMEM. Silicate release from the inorganic component of the hybrids was measured by ICP-OES (Figure 8).

Results indicate that the concentration of Si ions in the medium quickly increase, reaching a plateau of saturation of circa 50 ppm after the first day of immersion. As expected, no variation associated with rifampicin loading was observed, given that the organic-to-inorganic ratio remained unvaried across all formulations. The rapid silicon burst release in simulated body fluids is a well-documented phenomenon for similar hybrid materials [20,21] and silica-based sol-gel glasses [49,50] . If medium is replenished, the burst repeats with similar kinetics, presenting a steady concentration silicates in the aqueous environment, up to the solubility limit of silica in water (~ 50 ppm). These silicates are known to have osteogenic effects on eukaryotic cells, including promotion of osteoblastic differentiation, bone mineralization and secretion of extracellular matrix (ECM) [51] .

Our results corroborate the hypothesis that PCL/silica hybrids could offer a beneficial sustained release of silicates supporting cells during the first phases of adhesion and differentiation. The release of rifampicin was measured calculating the first derivative of the absorbance at 550 nm, which was previously confirmed to be specific for the quantification of the antibiotic [29] . Direct UV-Vis determination of rifampicin can also be performed by measuring the peaks at 330 and 475 nm. However, the derivative technique is more robust and accurate. In particular, it can detect the drug even in presence of its degradation products (mainly 3-formyl rifampin and rifampin quinone), expected to be present as a consequence of sol-gel synthesis.

The spectrophotometric results showed that a remarkable almost linear trend of release over 14 days of immersion in medium (Figure 9). This confirms that PCL/silica hybrids can be considered as an ideal candidate when it comes to delivering a sufficient quantity of rifampicin over a long period of time without possibly harmful burst release. This property could effectively protect from infections even several weeks after implantation. For instance, after 14 days of immersion, 30.7 µg, 82.8 µg and 313.5 µg of rifampicin were released by PSRL, PSRM and PSRH, respectively. These quantities account for the 85%, 23% and 17% of the total antibiotic loaded in each formulation. The quantification shows that the released amount of rifampicin depends on the quantity initially added to the materials, confirming that the delivery of antibiotic can be controlled by tailoring its loading.

The performance of our candidates was also satisfactory when compared to previously reported approaches for the local delivery of rifampicin. Polymer-based technologies are generally characterized by a rapid burst. For instance, drug release was reported to reach 100% within the first day using either polyhydroxybutyrate microsphere [52] or chitosan gels [53] . Better results could be obtained using inorganic strategies, probably thanks to the interaction between the inorganic matrix and the drug [16] . For instance, investigations into a biphasic bone cement material composed of calcium sulphate (CaSO 4 ) and nano-hydroxyapatite reported a similar sustained release trend, slowly ramping to 25-30% of released rifampicin after 2 weeks of immersion [16] . The use of hybrids as carriers could offer an additional improvement over CaSO 4 -based cements owing to their superior mechanical and degradative properties [54] . In addition, class I PCL hybrids already have a promising history of in vivo regeneration potential compared to more inert candidates currently in use [21] . When it comes to surgical site infections, the initial stages after implantation are often the most critical. The release after 24 hours should be assessed to gain more insight into the potential of the materials. PSRL, PSRM and PSRH delivered 4.9 µg, 9.3 µg and 24,1 µg of antibiotic, respectively. These quantities correspond to concentrations of 0.98 µg/mL, 1.86 µg/mL and 4.82 µg/mL, all significantly above the MIC of rifampicin for S. aureus (0.05 µg/mL). However, they are lower than the MICs of E. coli and P. aeruginosa (25 µg/mL and 50 µg/mL), indicating that the technology against these two strains might not be effective. To gain more insight into the matter, an in-depth investigation of the antibacterial properties of the three formulations of rifampicinloaded PCL/silica hybrids was performed.

The release of antibiotic is highly effective against common osteomyelitis strains

The antibacterial analysis of the materials was carried out in two subsequent steps. First, a preliminary agar disk diffusion assay was used to gain preliminary data on potential of each formulation. Then, CFU counting was performed in order to quantify the bactericidal effect.

The results of the halo test reflect the findings of the dilution assays used to determine the MICs for the tested strains. Rifampicin was successfully released from all loaded hybrids with dose-dependent inhibition zones significantly increasing with higher rifampicin loading (p < 0.05). As expected from the MIC determination, inhibition areas were wider for S. aureus and smaller for both the tested Gram-negative strains. No halo was observed for pure PCL/silica samples, confirming the lack of intrinsic antibacterial properties of the material.

Against S. aureus, rifampicin was already effective at the lowest dosage (PSRL), resulting in an inhibition zone with a width of 9 mm. For PSRM and PSRH samples the width significantly increased to 12 and 17 mm, respectively. Less remarkable was the effect against the two Gram-negative strains, as it is often the case with this family of bacteria, known for their lower susceptibility to antibiotics and other antimicrobial agents owing to their more complex and resistant cell wall structure. Despite this, the highest dosage of rifampicin (PSRH)

was proven effective against both E. coli (3 mm) and P. aeruginosa (5 mm width) without significant difference between the two results. No inhibitory effect was found around PSRL. A minor inhibition zone (~ 1 mm width)

was instead observed around PSRM samples. This value is often indicated as the minimum threshold to validate the inhibitory effect of an antibacterial material (SNV 195920-1992) [55,56] . In light of this result, it can be concluded that, while all formulations showed outstanding performance against S. aureus, the loading concentration of rifampicin in PSRM can be considered as the lower limit of concentration for the design of materials that target E. coli and P. aeruginosa and possibly other Gram-negative bacterial strains. The results of CFU counting confirmed and expanded the preliminary findings obtained by the agar diffusion assay (Figure 11). In suspension, the results of the negative control were as expected, showing a growth curve typical of a healthy bacterial population: an initial lag phase in the first hours of culture, followed by exponential growth and finally by a plateau around 10 9 CFU/mL (10 7 on pellets) [57] . Bacteria behaved similarly when cultured in contact with PS. Empty culture wells with αMEM were used as negative control when relevant.

All rifampicin-containing formulations were highly effective against S. aureus, showing a remarkable reduction in bacterial growth between six (for PSRL) and nine (for PSRH) orders of magnitude. Against Gram-negative bacteria the reduction of the CFUs in suspension was less remarkable, but significant, nonetheless. In particular, PSRM inhibited the growth of P. aeruginosa and E. coli of a 3.0-log and 1.8-log, respectively. The inhibition then increases to more than 5-log when the two strains are put in contact with PSRH. The logarithmic reduction in bacterial growth for all formulations and strains is reported in Table 3. The antifouling properties of the materials were also tested by counting the number of bacterial cells that adhered to the pellets. Once again, the hybrids showed remarkable antifouling properties against S. aureus, significantly reducing the number of cells found on the samples in a dose-dependent fashion, from 2.8-log for PSRL to 6.7-log for PSRH. Bacterial growth on the pellets was also reduced in the case of E. coli and P. aeruginosa, although for these two strains the reduction was limited to 1-2 orders of magnitude and the bacteria were not susceptible to PSRL (see Figure 11 and Table 3). Results of the quantitative antibacterial testing confirmed the potential of rifampicin sustained release from PCL/silica hybrids and helped clarify the optimal window of concentration to achieve a broader spectrum of effect against both Gram-positive and -negative bacteria. According to our data, rifampicin loading equal and superior to PSRM seems to give enough antibacterial effect to inhibit the growth of all tested strains tested. On the other hand, PSRL is a good candidate against S. aureus, but did not show any effect against the Gramnegative bacteria tested in this study. Considering the high density of the starting inoculum (i.e., 10 6 CFU/mL), this experiment was designed as a worst-case scenario. In realistic settings, the entity of bacterial contamination is several orders of magnitude smaller [58] and the performance of PSRM against all strains can be considered successful. In future work, increasing the loading of rifampicin towards the values of PSRH (e.g., double it) might be a good strategy to improve the results. However, the content of rifampicin cannot be increased ad libitum: as observed in the rifampicin tailoring section, concentrations above 20 µg/mL can lead to harmful cytotoxic effects. Therefore, it is important to characterize the effect of the hybrids on eukaryotic cells.

The hybrids are cytocompatible and osteogenic

Excessive release of rifampicin can have a detrimental effect on the growth and proliferation of osteoblasts and eukaryotic cells in general. For this reason, the cytocompatibility of primary rat osteoblasts (RPOs) cultured in presence of rifampicin-loaded PCL/silica hybrids was tested by a formazan-based XTT colorimetric assay. Cell viability was measured at 2 and 7 days to evaluate initial cytotoxicity and cell proliferation as a function of rifampicin content and release (see Table 1 and Figure 9). Results for all formulations are reported in Figure 12A. At day 2, all formulations performed similarly to the control sample (RPOs cultured on tissue culture polystyrene, TCPS), except for PSRM, where cell viability slightly increased over 100%, most probably because of a stochastic variation. It could also be due to a positive effect of silicates release from the hybrids, but no such effect was observed with PS and PSRL materials. After one week of culture, cell viability measured with all formulations was comparable to that of the negative control. Only PSRH, with its high concentration of rifampicin, was characterized by a significant drop in viability to 41%. This result is consistent with our findings in terms of antibiotic release: PSRH is expected to release in αMEM a quantity of rifampicin (Figure 9) with a detrimental effect on osteoblasts (Figure 3). Regarding the other formulations, rifampicin did not have measurable negative effects on cells. On the contrary, these hybrids were found to have a beneficial effect on osteoblasts, thanks to the release of silicates from the inorganic component of the materials. In particular, the presence of silica gel was associated with a significant increase in ALP activity on PS, PSRL and PSRM samples (Figure 12B). The effect observed with the highest concentration (PSRH) seemed comparable to that of the negative control. However, closer examination of the result led to the identification of an artifact: the ALP activity was calculated as a relative amount, with respect to the total protein content. As shown in Figure 12C, the protein content of RPOs cultured in contact with PSRH is remarkably lower (circa fourfold) than the usual quantity (around 1 mg/mL). The normalization, as a consequence, would indicate overexpression of the ALP activity, whereas the low protein content indicates that most cells are in fact dead [59] .

In parallel to metabolic and ALP activity, cell adhesion on the materials was also investigated. In light of their inferior performance, PSRL and PSRH were not considered at this step. Figure 12D shows a typical cellular morphology on pure PCL. Although low adhesion and spherical morphology were previously reported for cells cultured on PCL [20] probably because of the hydrophobicity of the material, our results confirm PCL as a good substrate for osteoblast adhesion. RPOs are numerous and their morphology has all the evidence of healthy cells: elongated spindle shaped with several filopodia. Similar results were obtained using hybrids with or without rifampicin as substrate (Figure 12E and12F). The mild enhancement in hydrophilicity due to the presence of the inorganic phase is thought to facilitate cell adhesion [60,61] . This improvement could be further enhanced using other sol-gel formulations with apatite-forming ability (for instance adding calcium). As previously mentioned, this was not possible to date because of the chemically fragile nature of rifampicin.

Figure 1 :

 1 Figure 1: Gram staining of the three bacteria used in this study cultured in standard conditions (top, A0 to C0) and in presence of a rifampicin concentration of 50 µg/mL (bottom, A1 to C1).

Figure 2 :

 2 Figure 2: Rifampicin dilution arrays used to identify the MICs of the strains S. aureus (Sa), P. aeruginosa (Pyo) and E. coli (Ec). Each MIC corresponds to the lowest concentration leading to a clear (i.e., not turbid) suspension. The values are highlighted and reported on the right.

Figure 5 :

 5 Figure 5: Graphs showing a typical trend for weight loss (left) and pH (right), following immersion in culture medium for PCL/silica hybrids (results for PSRM are shown, other samples are comparable). The measurements are not affected by the addition of rifampicin: no statistically significant variation was observed varying the concentration of antibiotic (p > 0.05, see supplementary data).

Figure 6 :

 6 Figure 6: Comprehensive FTIR spectra (4000-400 cm -1 ) of PCL (bottom) and the four formulations of PCL/silica hybrids tested in our study. The major characteristic peaks of PCL (C-H, C=O, C-O), silica gel (Si-O-Si, Si-OH) and rifampicin (C-H) are highlighted. All spectra are normalized with respect to the characteristic peak of PCL at 1720 cm -1 .

Figure 7 :

 7 Figure 7: (A) FTIR spectra highlighting the appearance of a new peak at 2980 cm-1 in correspondence of the stretching vibration of C-H following the addition of rifampicin. (B) FTIR spectra comparing the 1500-900 cm -1range before and after sol-gel synthesis. Note the carbon-oxygen ester stretching of PCL at 1170 cm -1 and the appearance of peaks associated with silica gel: Si-O-Si (1050 and 825 cm -1 ) and Si-OH (958 cm -1 ).

Figure 8 :

 8 Figure 8: Silicon release from PCL/silica hybrids immersed in αMEM. As expected, concentrations measured by ICP-OES do not vary depending on the rifampicin content.

Figure 9 :

 9 Figure 9: Cumulative release of rifampicin from all the formulations of tested samples. The antibiotic content in the medium is dependent on the loaded amount, confirming that this technology can be used to tailor rifampicin release.

Figure 10 :

 10 Figure 10: Images of a typical agar diffusion assay of PS (A), PSRL (B), PSRM (C) and PSRH (D) samples against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli. On the graph on the right, a quantification of the inhibition width is reported.

Figure 11 :

 11 Figure 11: Bacterial growth curves (CFU counting) for S. aureus, P. aeruginosa and E. coli in contact with all formulations of hybrids. Cells in suspension (top) and attached to the samples (bottom) were both counted.Empty culture wells with αMEM were used as negative control when relevant.

Figure 12 :

 12 Figure 12: (A) Cell viability of primary rat osteoblasts (RPOs) cultured in contact with each material for 2 (left) and 7 (right) days. The cytotoxic effect of PSRH can be clearly observed at 7 days. All other formulations performed similarly to a negative control (TCPS). (B) ALP activity at 14 days plotted with respect to the (C) total protein content. Note that proteins are highly reduced in PSRH samples. SEM images showing attachment of RPOs on (D) PCL, (E) PS and (F) PSRM pellets.

  

Table 1 :

 1 Summary of the organic/inorganic (O/I) ratio and the rifampicin content of the four formulations of hybrid synthesized in this study

Formulation Name Rifampicin content per gram of material (mg) Theoretical PCL:SIO 2 :rifampicin weight ratio

  

	PS	0	70 : 30 : 0
	PSRL	0.36	69.993 : 30 : 0.007
	PSRM	3.6	69.93 : 30 : 0.07
	PSRH	18	69.7 : 30 : 0.3

Table 2 :

 2 Summary of the weight percentages of the inorganic component (theoretical value = 30%), the theoretical loaded rifampicin and the measured antibiotic retrieved from the materials after synthesis (both expressed as mass per 100 mg sample).

	Formulation	Inorganic	Theoretical loaded	Measured loaded
	name	fraction (%)	rifampicin per sample (µg)	rifampicin per sample (µg)
	PS	27.6 ± 1.3	0	1 ± 2
	PSRL	26.5 ± 2.1	36	32 ± 15
	PSRM	27.1 ± 1.6	360	280 ± 60
	PSRH	25.8 ± 1.9	1800	1800 ± 100

Table 3 :

 3 Log 10 decrease of bacterial inhibition after 24 hours following the contact with rifampicin-loaded hybrids. The values are calculated with respect to the negative control (suspension) or to PS (pellet).

		PSRL		PSRM		PSRH	
		suspension	pellet	suspension	pellet	suspension	pellet
	S. aureus	6.8	2.8	8.4	4.8	9.8	6.7
	P. aeruginosa	0.2	0.3	3.0	1.7	5.2	2.4
	E. coli	0.0	0.3	1.8	0.8	5.8	1.3
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However, we do not exclude that this could be a promising avenue of future development to further increase the osteostimulative potential of these antibacterial hybrids.

Concluding remarks

The goal of this work was to prove the potential of PCL/silica hybrids as drug delivery carriers for the treatment of bone defects, tackling in particular the risk of bone infections (osteomyelitis). Our approach consisted in the design of a multiple delivery platform that can be antibacterial and osteostimulative at the same time. Before the development of the material, antibiotic rifampicin was selected among other candidate drugs and its effect on both eukaryotic and prokaryotic cells was characterized. This step allowed the identification of an optimal range of concentrations with sufficient antibacterial effect and negligible toxicity against osteoblasts. The findings of this first stage led to the successful fabrication of a series of formulations of PCL/silica hybrids with varying antibiotic content. These materials are characterized by adequate hydrophilicity and stability in physiologicallike fluids for the selected application. Most notably, they offer a dual controlled release of rifampicin and silicates with superior pharmacokinetics compared to current commercial antibacterial bone cements (e.g., gentamicin-impregnated PMMA). Spectrophotometric measurements revealed that rifampicin can be delivered in tailorable concentrations with sustained release for several weeks. The drug delivery determines outstanding antibacterial properties, especially against S. aureus, the major responsible strain for osteomyelitis. Satisfactory performance was also obtained against two Gram-negative strains. At the same time, PCL/silica hybrids quickly release silicates in a physiological environment. These therapeutic ions were associated with increases in the ALP activity of primary osteoblasts compared to a negative control, indicating that they can provide significant osteostimulative effect, helping cells to proliferate and differentiate correctly. The findings of this study strongly suggest that developing PCL/silica hybrids further could lead to a biomaterial with ideal pharmacokinetics, strong bone regeneration potential and high throughput producibility. Since PCL-based hybrids are a very versatile platform, many possible developments could be envisaged in the future. Among others, two major topics should be explored to exploit the drug delivery potential of PCL-based hybrids to its full extent. First, rifampicin could be used in combination with other drugs known to have synergistic effects with it (e.g., imidazole, ciprofloxacin). This strategy could simultaneously increase the efficacy of the material and reduce the risk of resistance development. Secondly, efforts should be made in order to increase the complexity of the inorganic component. Results so far were obtained with pure silica hybrids. However, the biological performance of these materials could highly benefit from the introduction of more elements. Calcium for instance could help improve apatite formation. Silver or copper could sharpen and optimize the antibacterial properties. Finding clever ways to incorporate these ions without degrading rifampicin (and/or other drugs) remains a crucial challenge.
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