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Abstract

:

Microbial infections occurring during bone surgical treatment, the cause of osteomyelitis and implant failures, are still an open challenge in orthopedics. Conventional therapies are often ineffective and associated with serious side effects due to the amount of drugs administered by systemic routes. In this study, a medicated osteoinductive and bioresorbable bone graft was designed and investigated for its ability to control antibiotic drug release in situ. This represents an ideal solution for the eradication or prevention of infection, while simultaneously repairing bone defects. Vancomycin hydrochloride and gentamicin sulfate, here considered for testing, were loaded into a previously developed and largely investigated hybrid bone-mimetic scaffold made of collagen fibers biomineralized with magnesium doped-hydroxyapatite (MgHA/Coll), which in the last ten years has widely demonstrated its effective potential in bone tissue regeneration. Here, we have explored whether it can be used as a controlled local delivery system for antibiotic drugs. An easy loading method was selected in order to be reproducible, quickly, in the operating room. The maintenance of the antibacterial efficiency of the released drugs and the biosafety of medicated scaffolds were assessed with microbiological and in vitro tests, which demonstrated that the MgHA/Coll scaffolds were safe and effective as a local delivery system for an extended duration therapy—promising results for the prevention of bone defect-related infections in orthopedic surgeries.
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1. Introduction


Regenerative medicine aims to restore loss of tissue and organ functionality resulting from injury, aging, or diseases [1,2]. Tissues are able to constantly self-repair after injury, but when lesions have critical dimensions, biomaterials and 3D bone grafts are required to play a key role in the stimulation of autologous cells toward damaged tissue regeneration and their functions restoration. 3D scaffolds must be properly designed with a bone-mimetic chemistry and endowed with specific morphological requirements, such as a well-defined 3D macro and microarchitecture with an interconnected porous network, in order to facilitate promotion and support of the entire regenerative process [3,4].



This study was focused on a fully bioresorbable 3D hybrid biomaterial previously designed and evaluated as a graft for bone tissue defects. It was developed by following a biomimetic approach that allowed for obtaining a composition perfectly matching that of the damaged tissue, and which had previously and significantly demonstrated its potential in bone regeneration [5,6,7]. This family of biomimetic scaffolds recreates, in vivo, a functional microenvironment that can recruit autologous cells and stimulate the whole regenerative process.



As a side effect, these well integrated systems, when implanted, can also facilitate the growth of microbes having the potential to adhere on the material and develop biofilms, which can cause implant failure. This type of infection, involving orthopedic devices, can potentially lead to a wide variety of complications, the most conspicuous disease of which is osteomyelitis, which occurs in 2–5% of surgeries [8,9]. The primary pathogens associated with intervention in orthopedic areas are Staphylococcus aureus and Staphylococcus epidermidis, which are Gram-positive bacteria with high tendency towards forming biofilms [10,11] and Pseudomonas aeruginosa, Gram-negative bacteria, responsible for over 50% of osteomyelitis cases [12,13,14]. When bone becomes infected and the antimicrobial therapy is not effective, the bacteria proliferation can lead to tissue damage, involving a single portion or several regions of bone, such as marrow and periosteum, and even complete bone destruction, all of which cause pain and related major complications. In this scenario, antibiotic administration is fundamental to reducing infection risks during the implantation procedure and healing process, or to treat pre-existing infection. It has been well established that the systemic administration of therapeutics leads to poor delivery at the site of infection, particularly in or near the bone, and thus to a reduction in their overall performance. Besides this, their toxicity excludes the possibility of increasing their dosage to avoid secondary effects and reduce the impact of resistance in the target bacteria.



It is now clear that to face this challenge, new promising approaches must be explored. To mitigate these occurrences, one potential solution is a local administration route that offers new and unprecedented possibilities for an efficacious in situ therapy of preexisting infection, a reduction in the incidence of implant failure due to contaminations during surgeries, and avoiding the adverse effects of conventional systemic treatments. The local introduction of therapeutics has already shown interesting results that have stimulated much and various research focused on the study of different types of active molecules and drug delivery systems, aimed at achieving a more effective method of treatment for infections [15].



Currently, for osteomyelitis therapy, the gold standard of biomaterial traditionally used for local antibiotic delivery is poly-methyl methacrylate (PMMA) in the form of medicated beads. However, it presents several limitations; it is not biodegradable, not able to regenerate bone tissue, and often require an additional surgical procedure for its removal and for bone grafting, thus exposing the patient to new risks of infection [16,17,18]. To overcome these issues, novel bioactive and resorbable materials, which are osteoconductive and don’t require a second removal intervention, have been recently considered for the local delivery of antibiotics in the prevention and treatment of osteomyelitis [19,20,21,22]. The materials most widely used in orthopedic surgery are injectable cements loaded with antibiotics [23,24,25,26,27], however, since these are only marginally porous, the diffusion of loaded antibiotics into the surrounding bone tissue is limited and are often unable to promote efficient cell penetration or growth of new bone. Between bioresorbable grafts, the usage of calcium sulfate as an antibiotic-carrier material has proven its efficiency, as well as its security, as a carrier substance [28,29]. Nevertheless, several trials showed a transient cytotoxic effect of calcium sulfate, resulting in inflammatory reactions [30].



Because of these disadvantages, the problem is still unresolved, inviting new perspectives and a growing interest in bioresorbable composite biomaterials, which are less investigated than ceramics and polymers [31,32,33]. They better mimic the composition and structure of bone tissue [34,35,36], are microporous, and easy swellable—all of which improves their performance in cell colonization and drug administration [37,38,39].



The purpose of this study is to establish the suitability of previously developed, fully bioresorbable bone-hybrid scaffolds made from type I collagen, biomineralized with bioresorbable Mg-doped hydroxyapatite (MgHA), by loading them with drugs and preserving the activity thereof, in order to demonstrate their effectiveness as a supplier of local therapy to prevent bone infection. The study was conducted by involving aqueous solutions of vancomycin hydrochloride (VNC) and gentamicin sulfate (GNT). VNC is a broad-spectrum antibiotic, typically administered intravenously, which is able to penetrate most body tissues, and one of the few antibiotics that is effective against S. aureus [40,41,42]. Due to increasing resistance, VNC is frequently used in combination with GNT, an aminoglycoside antibiotic, which has a broad bacterial spectrum (Gram-positive and negative) and thus selected as second antibiotic for the study. Here the interaction of the antimicrobial agents with samples containing different MgHA phase content (from 0 to 70 wt.%) was explored, the drug’s release kinetics were studied, and the preservation of the cytocompatibility of scaffolds with respect to osteoblast-like cells and of the antimicrobial activity of drugs after loading onto biomaterials and releasing into PBS solution was verified.



This represents the first step in understanding if these hybrid biomaterials could be able to retain and preserve the function of loaded therapeutic agents in order to subsequently study them in the treatment of pre-existing osteomyelitis, which is currently considered an off-label application for these highly bioactive bone grafts.




2. Materials and Methods


2.1. Development of Hybrid Bone Scaffolds with Different MgHA:Coll Ratio


Four different formulations of hybrid bone-mimetic scaffolds were synthesized with a ratio of collagen and magnesium-doped hydroxyapatite (Coll:MgHA) varying from 70 wt.% to 0 wt.%. Highly porous 3D structures were obtained by freeze-drying, and were then chemically stabilized by a dehydrothermal cross-linking process (DHT), thus to obtain four different samples to test for loading and interaction, and for which to produce a drug release profile with the selected VNC and GNT antibiotics.



To develop the MgHA/Coll scaffold (70/30 wt.%), 150 g of equine tendon derived Type I collagen 1 wt.% in acetic buffered solution (pH 3.5) (Opocrin SpA, Modena, Italy) were added to 300 mL of phosphoric acid aqueous solution (2.40 g of H3PO4 85 wt.% pure Sigma Aldrich-Merck, Darmstadt, Germany) to obtain a homogenous acid collagen suspension. A basic suspension was prepared with 2.71 g of calcium hydroxide (Ca(OH)2, 95% pure, Sigma Aldrich-Merck, Darmstadt, Germany) in 300 mL of water under constant and vigorous stirring. Once the homogeneous suspension was formed, 0.35 g of magnesium chloride (MgCl2∙6H2O, Sigma Aldrich-Merck, Darmstadt, Germany) were added by stirring. The acid dispersion was slowly poured into the basic suspension, shaking manually to guarantee better fiber disaggregation. After 2 h at room temperature, the obtained hybrid hydrogel was filtered and washed three times with MilliQ water to eliminate the residues of reaction.



The MgHA/Coll slurry was poured into a polystyrene well-plate and lyophilized by consecutive freezing (at −40 °C) and drying at (20 °C) for 48 h under constant vacuum of 0,086 mbar (5Pascal, LIO 3000 PLT, Italy). Later, the obtained dried 3D scaffolds were cross-linked by dehydrothermal treatment (DHT) at 160 °C under vacuum (0.01 mbar) for 48 h.



To develop MgHA/Coll scaffold (60/40 wt.%), 150 g of equine tendon derived Type I collagen 1 wt.% in acetic buffered solution (pH 3.5) (Opocrin SpA, Modena, Italy) was added to a 300 mL of phosphoric acid aqueous solution (1.55 g of H3PO4 85 wt.% pure Sigma Aldrich-Merck, Darmstadt, Germany) to obtain a homogenous acid collagen suspension. A basic suspension was prepared with 1.74 g of calcium hydroxide (Ca(OH)2, 95% pure, Sigma Aldrich-Merck, Darmstadt, Germany) in 300 mL of water, under constant and vigorous stirring. Once the homogeneous suspension was formed, 0.22 g of magnesium chloride (MgCl2∙6H2O, Sigma Aldrich-Merck, Darmstadt, Germany) was added and stirred. The acid dispersion was slowly poured in the basic suspension, shaken manually to guarantee better fiber disaggregation. After 2 h at room temperature, the obtained hybrid hydrogel was filtered and washed three times with MilliQ water to eliminate the residues of reaction.



The MgHA/Coll slurry was poured into a polystyrene well-plate and lyophilized by consecutive freezing (at −40 °C) and drying at (20 °C) for 48 h under constant vacuum of 0.086 mbar (5Pascal, LIO 3000 PLT, Italy). Later, the obtained dried 3D scaffolds were cross-linked by dehydrothermal treatment (DHT) at 160 °C under vacuum (0.01 mbar) for 48h.



To develop MgHA/Coll scaffold (50/50 wt.%), 150 g of equine tendon derived Type I collagen 1 wt.% in acetic buffered solution (pH 3.5) (Opocrin SpA, Modena, Italy) were added to a 300 mL of phosphoric acid aqueous solution (1.03 g of H3PO4 85 wt.% pure Sigma Aldrich-Merck, Darmstadt, Germany) to obtain a homogenous acid collagen suspension. A basic suspension was prepared with 1.16 g of calcium hydroxide (Ca(OH)2, 95% pure, Sigma Aldrich-Merck, Darmstadt, Germany) in 300 mL of water under constant and vigorous stirring. Once the homogeneous suspension was formed, 0.15 g of magnesium chloride (MgCl2∙6H2O, Sigma Aldrich-Merck, Darmstadt, Germany) was added and stirred. The acid dispersion was slowly poured in the basic suspension, shaken manually to guarantee better fiber disaggregation. After 2 h at room temperature, the obtained hybrid hydrogel was filtered and washed three times with MilliQ water to eliminate the residues of reaction.



The MgHA/Coll slurry was poured into a polystyrene well-plate and lyophilized by consecutive freezing (at −40 °C) and drying at (20 °C) for 48 h under constant vacuum of 0.086 mbar (5Pascal, LIO 3000 PLT, Italy). Later, the obtained dried 3D scaffolds were cross-linked by dehydrothermal treatment (DHT) at 160 °C under vacuum (0.01 mbar) for 48 h.



To develop a pure collagen scaffold (Coll), 150 g of equine tendon derived Type I collagen 1 wt.% in acetic buffered solution (pH 3.5) (Opocrin SpA, Modena, Italy), previously diluted in 300 mL of water was treated with a basic aqueous solution of NaOH (0.1 M, Sigma Aldrich-Merck, Darmstadt, Germany); it was added until the isoelectric point of collagen (pI 5.5) was achieved, to induce the precipitation of collagen due to fiber assembly. The mixture was kept, for fiber maturation, at room temperature for 2 h. The precipitated collagen was filtered with a metallic sieve (150 μm) and washed three times with MilliQ water. The washed hydrogel was poured into a polystyrene plate of a 96-multiwell and lyophilized by consecutive freezing at (−40 °C) and drying at (20 °C) for 48 h under a constant vacuum of 0.086 mbar (5Pascal, LIO 3000 PLT, Italy). Then the 3D collagen scaffold was cross-linked by dehydrothermal treatment (DHT) at 160 °C under vacuum (0.01 mbar) for 48 h.




2.2. Samples Characterization


2.2.1. Morphological Evaluation: ESEM Analyses


The samples were mounted onto aluminium stubs using black carbon tape and coated with gold, employing a Polaron Sputter Coater E5100 (Polaron Equipment, Watford, Hertfordshire, United Kingdom); they were then examined, using high resolution environmental scanning electron microscopy (ESEM) (Quanta 600 FEG, FEI Company, Hillsboro, OR, United States), under a pressure of 0.1 mTorr and at an accelerating voltage of 7 or 10 kV.




2.2.2. Chemical–Physical Characterization (FTIR-ATR, XRD, TGA, ICP, Degradation and Swelling Tests)


Fourier transform infrared spectroscopy in the attenuated total reflection mode (FTIR-ATR) analyses were carried out on a small flake of freeze-dried sample, using a Nicolet iS5 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a resolution of 2 cm−1 by collecting 64 scans covering the 4000 to 400 cm−1 range, using a diamond ATR accessory model iD7.



X-ray diffraction (XRD) patterns were recorded by a Bruker (Karlsruhe, Germany) AXS D8 Advance diffractometer in reflection mode, with CuKα radiation (λ = 1.54178 Å) generated at 40 kV and 40 mA and equipped with a Lynx-eye position-sensitive detector. XRD spectra were recorded in the 2θ range from 20° to 60° with a step size (2θ) of 0.02° and a counting time of 0.5 s.



Thermogravimetric analyses (TGA) were performed using an STA 449/C Jupiter (Netzsch, Germany) on 10 mg of sample, placed in an alumina crucible under airflow, and brought from room temperature to 1100 °C at a heating rate of 10 °C/min.



Inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent Technologies 5100 ICP-OES, Santa Clara, USA) was used for the quantitative determination of Mg2+, Ca2+, and PO43− ions that constituted the inorganic mineral component. Briefly, 40 mg of sample was dissolved with 2 mL nitric acid (65 wt.%) followed by subsequent sonication and dilution with 100 mL of MilliQ water.



The swelling ratios (Qs) of samples were measured by immersion in PBS at pH 7.4 with 0.1% (w/v) of NaN3 at 37 °C. At predetermined time points, the excess of water was removed with a piece of absorbent paper and the sample was weighed. The swelling ratio (Qs) was evaluated through the equation:


Qs = (Ws − Wd)/Wd








where Ws was the weight of the swollen sample and Wd was the initial weight of the dried sample.



Degradation tests were performed with the same protocol as the swelling tests, then the scaffolds were removed from the medium, washed twice with milliQ water, freeze-dried and subsequently weighed. The degradation percentage (D) was evaluated using the equation:


D(%) = (Wi − Wf)/Wi × 100








where Wi was the initial weight of the dried sample and Wf was weight of the freeze-dried sample degraded at a specific time point.





2.3. Scaffolds Loading


For the preparation of medicated samples, the same procedure was followed for each scaffold composition (MgHA/Coll 70/30, 60/40, 50/50 wt.% and Coll) and for both drugs, vancomycin hydrochloride (Sigma Aldrich-Merck, Darmstadt, Germany) (VNC) and gentamicin sulphate (Sigma Aldrich-Merck, Darmstadt, Germany) (GNT). To load an equal ratio of drug for each scaffold, samples with the same weight (40 mg for each) and shape (cylinder, 4×4 mm) were prepared and the maximum medium uptake capacity was evaluated to be 100 μL for each. The antibiotics were solubilized in phosphate buffer saline solution (PBS, pH 7.4, Sigma Aldrich-Merck, Darmstadt, Germany) to obtain drug solutions with a concentration of 25 mg/mL for GNT and of 50 mg/mL for VNC. Then, 100 μL of the prepared solutions were soaked in each scaffold in order to load 2.5 mg of GNT and 5 mg of VNC into each scaffold (Figure 1). Different amounts of each drug were chosen with consideration for different aspects as the experimental set-up, such as the detection limit of the diagnostic technique used, as well as the minimum inhibitory concentration (MIC) typical for each. Release tests started after 10 min from soaking to achieve a homogeneous distribution of the drug in the whole scaffold. Each antibiotic was tested independently. Details about the prepared and tested loaded samples (scaffolds composition, type and amount of drug loaded) are reported in Table 1.




2.4. Drug Release from Each Scaffold Formulation


To analyse the antibiotic release, the loaded scaffold was placed in test tubes with 2 mL of PBS solution (pH 7.4, Sigma Aldrich-Merck, Darmstadt, Germany) and incubated at 37 °C in dynamic conditions (oscillating and thermostatic plate) to better simulate the in vivo conditions. Measures of the released drug were done at predetermined time points (1, 3, 6, 24, 48, 72, 168, 336, and 480 h). Afterward, 10 % of the total volume was collected and replaced with the same amount of fresh PBS solution every time. Quantitative analysis of the released drug was carried out with a UV-Vis Spectrophotometer (NanoDropTM One/Onec Microvolume) at 280 nm for VNC and 332 nm for GNT (Figure 1). Measurements were repeated on five samples and performed in triplicate for each type of scaffold. Non-medicated scaffolds were used as reference. For these experiments, the quantification limits for VNC and GNT were determined and calibration curves with standard solutions of each drug were recorded [43].



GNT Functionalization for UV Detection


GNT is not UV-visible thus, for its detection, it was hitherto functionalized with a chromophore group. For the obtainment of the UV reagent, 50 mL of acid solution containing 0.75 g of KCl and 0.62 g of boric acid was prepared and poured into an NaOH solution (0.48 g in 50 mL of MilliQ water) achieving a final pH of about 8. Then, 11.16 mL of methanol, 0.54 mL of mercaptoethanol, and 0.45 g of phthaldialdehyde were added and stirred overnight. The reaction was prepared in a dark bottle and freshly before each analysis because it is photosensible [44,45,46,47]. The GNT-eluted solution, after collection, was mixed with isopropanol and a UV reagent in a volume ratio of 1:1:1 just before measurement with a UV-Vis Spectrophotometer (NanoDropTM One/Onec Microvolume, Thermo Fisher Scientific, Waltham, MA, USA).





2.5. Microbiological Tests


To assess the antibacterial activity of the eluted drugs, the loaded scaffold was placed in 2 mL of PBS solution, and the liquid sample, recovered after 24 h of incubation at 37 °C, was tested by means of standardized sensitivity tests based on Kirby–Bauer (KB) diffusion method (EUCAST: The European Committee on Antimicrobial Susceptibility Testing, Breakpoint Tables for Interpretation of MICs and Zone Diameters, Version 9.0, 2021; Clinical and Laboratory Standards Institute, Performance Standards for Antimicrobial Susceptibility Testing; 30th Ed. CLSI document M100-S25, 2021).



2.5.1. Bacterial Strains


The in vitro antibacterial property of the released drugs was evaluated against a panel of Gram-positive and Gram-negative reference bacterial strains obtained from the American Type Culture Collection, including Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228), Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 9591), and Pseudomonas aeruginosa (ATCC 27853).




2.5.2. Evaluation of Drug Functionality After Loading and Release from the Hybrid Scaffold


The inhibitory activity of the samples, containing the drugs released from the hybrid scaffold, was evaluated by measuring the diameters of the bacteria-free zone obtained in KB disk diffusion assays. For the analysis, each bacterial suspension was prepared in PBS solution and adjusted to an approximate optical density (at 630 nm) of 0.08−0.1. The working solution was inoculated on the surface of the Mueller–Hinton agar plate (MHA) (Sigma Aldrich-Merck, Darmstadt, Germany), then sterile paper disks (Ø= 6 mm) were loaded with 10 µL of eluted drug and leaned against the agar surface. As controls, paper disks containing 10 µg of VNC and 10 µg of GNT (Sigma Aldrich-Merck, Darmstadt, Germany) were included in all experiments. After 24 h of incubation at 37 °C the agar plate was observed and the diameter of the inhibition zone was measured, with a ruler, to the nearest whole millimeter. All experiments were performed in duplicate on different days.





2.6. Biological Tests


An in vitro preliminary study was carried out investigating the effect of the drug-medicated MgHA/Coll 70/30 scaffolds on cell viability and proliferation. Sample MgHA/Coll 70/30 was chosen for the in vitro tests because it has the most similar composition to natural bone, and thus is the most suitable sample for the final purpose of this work; moreover, from the current study we expect it will be the more interesting scaffold as it functions to prolong drug release times. For the in vitro experiment, two different procedures were carried out: (i) testing the loaded scaffolds (named GNT-loaded scaffold and VNC-loaded scaffold) and (ii) testing the scaffolds after 7 days of release in PBS at 37 °C (named GNT-released scaffold and VNC-released scaffold), in order to evaluate the effect of drugs on cell viability and the maintenance of the well-known bioactive stimuli for the cells. In vitro, 2D cultures were analyzed at 24 and 72 h post-antibiotic addition, while 3D cultures, based on both loaded and released scaffolds, were evaluated after one day of cell culture.



2.6.1. Cell Culture


MG63 Human Osteoblast-like Cell Lines, purchased from American Type Culture Collection (ATCC® CRL-1427™), were cultured within a standard medium composed by Dulbecco’s Modified Eagle Medium/F-12 Nutrient Mixture (DMEM/F-12) with glutamine (GlutaMAX) (Gibco), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (pen/strep) (100 U/mL/100 µg/mL). The cultures were kept in an incubator at 37 °C and 5% CO2 atmosphere under controlled humidity conditions. The cells were detached from culture flasks by trypsinization and then centrifuged. The cell number and viability were defined with trypan blue dye exclusion test.




2.6.2. Scaffold Treatment and Cell Seeding


For the in vitro preliminary study, the cells were cultured in standard 2D conditions. In brief, cells were seeded with 2.5·104 cells/well and treated with free GNT (25 mg/mL) and VNC (50 mg/mL). In order to maintain the ratio of volumes used for the study of kinetic release, 2 mL/well and 5 mL/well of culture medium were added to cell cultures with GNT and VNC medication, respectively, and the analysis was carried out at 24 and 72 h by using non-treated cells (cells only) as negative controls.



For the 3D in vitro experiment, MgHA/Coll 70/30 scaffolds were sterilized by performing >25 kGy γ-ray irradiation. The dry scaffolds were loaded with GNT (50 mg/mL) and VNC (25 mg/mL) by carefully dropping 100 µL of drug solution on the material’s upper surface, followed by 10 min of incubation at 37 °C and 5% CO2 under controlled humidity conditions. Then, at a density of 5.0·104 cells/scaffold, scaffolds were seeded by dropping 20µL of cell suspension on their surfaces. Thereafter, the scaffolds with this treatment were referred to as drug-loaded scaffolds, i.e., GNT-loaded scaffold and VNC-loaded scaffold, respectively.



In order to access the cytocompatibility of the scaffolds after the release of the drugs, a group of scaffolds were also evaluated after GNT and VNC release. Briefly, the dry scaffolds were loaded with the same amount of the drugs before mentioned and then incubated for 7 days with 2 mL/well and 5 mL/well PBS 1× for GNT-loaded scaffold and VNC-loaded scaffold, respectively. The PBS 1× was changed every day. After 7 days, 5.0·104 cells/scaffold were seeded by dropping 20 µL of cell suspension on the scaffold surface. Thereafter, these scaffolds were referred to as drug-released scaffolds, i.e., GNT-released scaffold and VNC-released scaffold, respectively.



For both the loaded and released scaffolds, after cell seeding the samples were incubated for 30 min at 37 °C and controlled humidity, allowing cell pre-adhesion before standard culture medium addition. The scaffold analyses were carried out at 1 day after cell seeding, by using the non-medicated scaffolds as controls. The scaffolds were kept in an incubator at 37 °C ad 5% CO2 atmosphere under controlled humidity conditions. All cell handling procedures were performed under a laminar flow hood and in sterile conditions.




2.6.3. MTT Assay


A preliminary quantitative analysis of the in vitro 2D cell culture systems was carried out by performing the cell viability and proliferation MTT Assay, using non-treated cells as negative controls, according to manufacturer’s instructions. In brief, MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL) was first dissolved in phosphate saline buffer 1X (PBS 1X). At each time point (24 and 72 h of culture), the cells were incubated with 10% well-volume MTT solution for 2 h at 37 °C and 5% CO2 under controlled humidity conditions. Then, the media were gently removed and substituted with dimethyl sulfoxide (DMSO), dissolving insoluble formazan crystals derived from MTT conversion. After 15 min of incubation under constant and slight stirring conditions, the absorbance was read at 570 nm using a Multiskan FC Microplate Photometer (Thermo Scientific). The values of absorbance proved the concentrations of formazan, which was directly proportional to the number of live cells in each well. Two samples for each group were analyzed in technical triplicate.




2.6.4. PrestoBlue Assay


Quantitative cell viability and proliferation analysis of the two groups of the scaffolds (loaded and released) was carried out by performing PrestoBlue™ Cell Viability Reagent procedure (Invitrogen), according to manufacturer’s instructions and as follows: in brief, after 1 day of culture the scaffolds were incubated with 10% PrestoBlue Reagent for two hours at 37 °C and 5% CO2 atmosphere under controlled humidity conditions. After incubation the media were transferred to a 96-well plate (200 µL/well) for the detection of fluorescence at excitation and emission wavelengths of 544 and 590 nm, respectively, by using the Fluoroskan™ Microplate Fluorometer (Thermo Scientific). The values of RFU (Relative Fluorescence Units) proved the concentrations of resazurin-based PrestoBlue reagent were reduced in live cells, proportionally to the fluorescent red color change in each well. For the test three samples for each group were analyzed in technical triplicate.




2.6.5. Live/Dead Assay


Qualitative cell viability and cytotoxicity analyses of the two groups of medicated scaffolds (loaded and released) were performed via live/dead assay, allowing the discrimination of live from dead cells by simultaneously staining their esterase activity and their loss of plasma membrane integrity, respectively. At day 1 of culture, a Live/Dead Assay Kit (Invitrogen) was employed according to manufacturer’s instructions. The scaffolds were washed in PBS 1X for 5 min before incubation with live/dead solution composed of PBS 1X supplemented with acetoxymethyl calcein (AM-calcein) 2 µM and ethidium homodimer-1 (EthD-1) 4 µM for 15 min at 37 °C in dark conditions. The samples were washed and rinsed in PBS 1X before image acquisition by the inverted Ti-E fluorescent microscope (Nikon). For each group of treatment, one scaffold was analyzed for gentamicin and vancomycin, respectively.




2.6.6. Statistical Analysis


The results of MTT and PrestoBlue assays were elaborated by performing two-way analysis of variance (ANOVA) tests, and were expressed as mean ± standard error of the mean (SEM) plotted on the graph. The results were analyzed by using Tukey and Sidak’s multiple comparisons test as a post-hoc test for MTT and Presto Blue assays, respectively. Statistical analyses were performed by GraphPad Prism software (version 6.0, 2019, GraphPad Software, San Diego, CA, USA).






3. Results and Discussion


In the last decades, much research as focused on the design of materials, inviting possibilities not only to promote tissue regeneration, but also to be functionalized with several active molecules, such as antibiotics, anticancer agents, andosteogenic agents to act, themselves, as drug delivery vehicles [48,49,50].



Ceramic components contribute to the mechanical stability and bioactivity of the structure; however, their adsorption of drugs often features weak bonds, leading to an initial burst release [51,52]. To overcome this issue, polymers can be added, forming a composite material endowed with a fine chemical and physical control of drug adsorption and release [53,54]. These polymeric and bioceramic phases can be used as separated phases or as a single mixed phase, as several studies have reported [51,55,56,57,58]. For these reasons, biomineralization paves the way for promising and very interesting materials where ceramic composites are nucleated on organic phases to create a single and very reactive phase that combines the advantages each. Furthermore, thanks to the possibility of introducing doping ions into apatitic lattices, the resulting phase will feature different and new functionalities in addition to those which normally characterize in vivo efforts, such as high bioactivity, biocompatibility, and biodegradability.



In this work, 3D hybrid biomaterials (MgHA/Coll) were synthetized through a biomineralization process, allowing for the nucleation of biomimetic Mg-doped hydroxyapatite (MgHA) nanoparticles on type I collagen fibers during their self-assembly. Four different samples, differing in their MgHA content (from 0 to 70 wt.%), were prepared; their performances as drug delivery systems to prevent infection during surgery and avoid the onset of osteomyelitis were evaluated. The chemical and morphological characterization of the four prepared biomaterials was performed by FTIR spectroscopy, XRD, TGA, and ESEM. In addition, VNC and GNT release kinetics were assessed and the preservation of the antibacterial activity of eluted drugs was tested by inhibition zone assay, performed on a panel of Gram-positive and negative reference bacterial strains, including the primary pathogens associated with osteomyelitis. Finally, their effect on human osteoblast-like cell viability was studied.



3.1. Scaffold Chemical-Physical Characterization


The tested materials were developed by means of a neutralization reaction involving a basic suspension of calcium hydroxide added with magnesium chloride, and an acid suspension of phosphoric acid with type I collagen. During the synthesis, the pH variation of reaction medium (from 10 to 6) drove the precipitation of the mineral phase nanocrystals (MgHA) and the self-assembling of collagen fibers. These simultaneous processes enabled us to obtain a hybrid biomaterial where MgHA nanoparticles and collagen fibers are joined in a hybrid composition that reproduces the same chemical features of the natural bone matrix. The reaction was repeated by changing the relative ratio between collagen and the reactants for MgHA synthesis, thus developing four samples with different percentages of mineral phase, from 70 wt.% (MgHA/Coll: 70/30, 60/40, 50/50 wt.%) to 0 wt.% (Coll). Before testing their loading and releasing abilities, all the samples were chemical-physically and morphologically analyzed. Examining the FTIR spectra (Figure 2A) of Coll samples found them characterized by the typical peaks of amides’ (I, II, III) stretching and bending vibrations at 1640, 1545, and 1236 cm−1, corresponding to their alpha-helical structure. It is important to note the presence of a shoulder at 1713 cm−1, which is representative of the ester bonds induced by dehydrothermal treatment [59,60,61]. The chemical interaction of the mineral phase MgHA with collagen fibers are evidenced by the shift from 1340 cm−1 to 1337 cm−1, which was due to the chemical bond between the carboxylic groups of collagen and Ca2+ ions of the apatite [60]. Its analyzed spectrum revealed the characteristic peaks of phosphate ion PO43− (474, 569, 602, 962, 1045, and 1091 cm−1) and OH− (633 and 3572 cm−1) groups, corresponding to their typical hydroxyapatite peaks. The bands at approximately 3497 and 1638 cm−1 indicate the presence of lattice water in the material. Both spectra of the hybrid samples MgHA/Coll exhibited similar peaks and bands, confirming the presence of the same interactions even when changing the ratio of MgHA.



All MgHA/Coll scaffold compositions were analyzed with the XRD that revealed the purity of the hydroxyapatite phase without detecting further secondary phases. The XRD spectra (Figure 2B) exhibit broad diffraction peaks, ascribed to hydroxyapatite characterized by low crystallinity and nano-metric sizes. The low crystallinity of apatite, due to the biomineralization process and in particular to the low temperature during synthesis, and the chemical interactions between the mineral particles of MgHA and collagen molecules, indicates the obtainment of a high biomimetic mineral phase. The chemical composition of mineral components was quantitatively evaluated with the ICP-OES; it indicated that the hybrid samples MgHA/Coll (70/30, 60/40, and 50/50 wt.%) are characterized by a (Mg+Ca)/P molar ratio between 1.45 and 1.51, which was lower with respect to the typical Ca/P = 1.67 of stoichiometric apatites and distinctive of substituted and poorly crystallized phases.



Thermogravimetric (TGA) analyses were performed to evaluate the effective mineral phase content in MgHA/Coll samples (Figure 2C). TGA curves exhibited three main weight loss steps: the first from 25 °C to 160 °C due to the release of adsorbed and bonded water (7–8 wt.%), the second loss from 160 °C to 360 °C due to degradation of Type I collagen, and the last, from 360 °C to 660 °C, due to the complete combustion of organic residues. The residual weights corresponded to the mineral phase content, which was 55 wt.% for MgHA/Coll (70/30), 48 wt.% for MgHA/Coll (60/40), and 40 wt.% for MgHA/Coll (50/50).



The tridimensional structure of samples was investigated with the ESEM (Figure 2D), highlighting an isotropic structure with the presence of randomly distributed and interconnected macro- and micro-porosity. The total porosity was very high, above 90%. It was controlled by the amount of water present in the hydrogel during the freeze-drying process and kept constant for all the specimens. This property has an important role in stimulating bone regeneration since it facilitates cell adhesion, permeation, and proliferation, as well as vascularization and extracellular matrix deposition in the whole scaffold. Allowing oxygen, nutrients, and metabolites to permeate in the structure is essential for proper bone tissue growth and regeneration. At higher magnification (data not shown), on the wall of pores of the mineralized samples are clearly distinguishable MgHA nanoparticles that are completely embedded and homogeneously distributed on the collagen fiber matrix. ESEM analyses revealed that for all scaffolds’ compositions the interconnected porosity and the homogeneity were maintained, despite the different MgHA:Coll ratios.



Moreover, the interaction between sample and PBS medium was investigated, by studying the degradation and swelling behavior thereof under the same conditions used for the drug release tests (37 °C and PBS medium). From the graphs in Figure 3A,B, it is possible to observe the hydrophilic behavior and the low degradability of all compositions, lower than 7 wt.%, in 21 days, demonstrating the efficacy of the DHT cross-linking process in improving the stability of the 3D scaffolds. Moreover, the presence of MgHA coating over the collagen fibers, which creates a network with lower porosity, promotes a stabilization effect resulting in a slower degradation in PBS at 37 °C that is clearly visible at day 21 (Figure 3B). Figure 3A shows that Coll samples have the highest water interaction, resulting in about four times greater swelling that may be ascribable to the presence of larger surfaces, as observable in Figure 2(Div), and to bigger pores than those observed in the hybrid samples, which, as highlighted in Figure 3B, are also traduced by a faster degradation in PBS and 37 °C.



Both of these properties, controlled to ensure the correct persistence of the scaffold in vivo and essential to assist the completion of the regenerative process, also play an important role in the loading capacity and release behavior of the drug: a high hydrophilicity allows a greater uptake of pharmacological solution and low degradation, which are major factors in determining their retention abilities for drugs.




3.2. Scaffold Loading and Release Test


Taking advantage of the swelling properties ascribed to the hybrid porous structure of these materials, the antibiotic loading process was performed by absorption in order to be easily reproduced in the operating room immediately prior to grafting. The medium volume that each sample was able to absorb was measured, into which the drugs were dissolve, and the solution was dropped onto the scaffold. Because VNC and GNT are both water soluble, this procedure was applied to both as it guaranteed the total absorption of drug solutions and allowed for the loading of an accurate quantity of drug. This simple and fast procedure resulted in an adequate time for implant preparation prior to surgery. Different amounts of GNT and VNC were selected to be loaded on the scaffold, chosen with consideration of their important characteristics. The most important of these was that, regarding the minimum inhibitory concentrations (MIC) typical for each drug (about 4 mg/L for GNT and ≤2 mg/L for VNC), variability depended upon the site of infection and of the nature of the bacteria that were treated for. It is important that initial local release is significantly above the MIC to prevent bacterial adhesion that leads to the establishment of infection. Furthermore, considering the experimental setup and the detection limits of the employed diagnostic techniques, it was decided to load 2.5 mg of GNT and 5 mg of VNC for each scaffold to obtain, in the elution medium, drug concentrations exceeding the detection limit of the UV-Vis Spectrophotometer (NanoDropTM One/Onec Microvolume).



Release tests were performed with an experimental setup reproducing the physiological conditions of PBS medium at 37 °C and under constant and slow oscillation. At specific times (from 0 to 480 h) the 10 vol.% of the total PBS was collected and replaced with the same amount of fresh PBS solution every time. This procedure was selected to guarantee a dynamism in the elution environment, mimicking the exchange of physiological fluids during and after surgery. The experiment was monitored for 480 h (20 days) and the collected measurements enabled elaboration of the graphs reported in Figure 4. This method allowed for measuring the release behavior of the different drugs and for assessing their interactions with the considered compositions of hybrid biomaterials.



The graphs in Figure 4A highlight quite a fast elution of GNT from all three hybrid scaffold compositions (MgHA/Coll: 70/30, 60/40, 50/50 wt.%) that constantly increases before 6hrs, delivering about the 67 wt.% of the total drug and showing a typical burst release trend. Then, the residual 33 wt.% of GNT was slowly and gradually released until 20 days had elapsed. Conversely, the Coll scaffold released its 60 wt.% of GNT in only 1 h and above 80 wt.% in 6 h, highlighting poor retention. Since the drug is not encapsulated in the scaffold, but loaded by absorption, weak interactions with the material surface were formed and the delivery followed a burst profile in the first few hours, ensuring an adequate supply of drug for effective antibacterial activity during the early post-operative period. The remaining percentages were retained and adsorbed in the spongy structure of the hybrid scaffolds for up to 5–7 days, ensuring a prolonged antibacterial activity at the site of grafting. However, elution graphs of VNC show a slower and gradual release of drug over 20 days, thus it cannot be classified as burst release. Both these results clearly demonstrate that MgHA particles, due to their well know affinity for organic molecules, provide binding capability, with respect to the tested drugs and the percentage of apatitic phase that covers the collagen matrix, influenced the drugs release kinetics and prolonged their release times. In fact, Figure 4A,B clearly show that scaffolds with a major ratio of MgHA (MgHA/Coll 70/30) have many binding sites with respect to the others, and eluted both of the drugs slower than other hybrid scaffold compositions (60/40 and 50/50). This also explains why Coll, in both cases, showed a faster antibiotic release as compared with the hybrid MgHA/Coll materials.



Some clear differences can be perceived that confirm a stronger interaction between MgHA and VNC than with GNT. This behavior is more clearly evident in Figure 5 and could be explained by considering their different chemical formulae, 3D structures, and the size of their molecules, which is responsible for differing steric hindrance and therefore of differing chemical interactions with the material surface.



All these achievements confirmed the advantageous degradation and swelling properties of the developed hybrid scaffolds, and that these materials exposed a poorly crystalline Mg-doped mineral phase at the surface, representing effective active binding sites; these are important for the adsorption and further release of drug molecules and insurance of local pharmaceutical therapy.



These considerations highlighted that release timings depend not only upon a scaffold’s composition, but certainly upon the chemistry of the drugs loaded into it, resulting in different interactions and therefore different delivery profiles. This means that the loading and delivery procedure must be re-evaluated for each type of selected drug molecule.



Moreover, the amount of drug loaded on the device must be optimized depending upon medical requirements. Even if low (but above the MIC) amounts of drug may be sufficient when the objective is to prevent the diffusion of infection during immediate to post-surgery, certainly they are insufficient to eradicate preexisting bone infections or biofilms caused by resistant bacteria. In all such cases, specific and, surely, higher therapeutic concentrations must be selected, typically in the order of a 1000-fold higher than convention [20,31].




3.3. Microbiological Study by Disk Diffusion Method


The antibacterial properties of the GNT and VNC released from the hybrid scaffolds were evaluated in vitro by measuring the clear bacterial-free zone around paper disks filled with 10 µL of the eluted drugs. Results are reported in Table 2.



Considering the amounts of drug loaded on the hybrid scaffold and the drug concentrations released into the PBS solution, our results demonstrated the effectiveness of the samples in inhibiting growth in all susceptible bacterial strains. No differences were observed in terms of inhibition zone diameter (Figure 6 samples 1,2 with VNC and samples 4,5 with GNT) between experimental samples and those containing the corresponding amount of non-processed drugs (samples 3,6). As expected (Figure 6), VCN and GNT diffused through the agar, maintaining their potencies against the selected bacteria, indicating that scaffolds made of MgHA/Coll 70/30 are suitable to preserve antibiotic drug activity.



These set of analyses demonstrate the preservation of antibacterial activity of both drugs, and also its continuance after performing loading and delivery procedures on the hybrid MgHA/Coll materials, proving their safety as a drug delivery system and their suitability in preserving and fully releasing their drugs into the defective site.




3.4. Biological Evaluations


In order to confirm the cytotoxicity of the high concentration of the vancomycin (50 mg/mL) and gentamicin (25 mg/mL) used to medicate the scaffolds, a preliminary 2D in vitro study was carried out using the MG63 osteosarcoma cell line as a simplified model of an osteoblast-like cellular phenotype; it is widely selected for various cytotoxicity tests [62,63,64,65]. The quantitative MTT assay was performed in order to evaluate cell viability and proliferation in the presence of the two free antibiotics.



The results demonstrated that vancomycin and gentamicin do not compromise MG63 viability after 24 h (Figure 7A). However, after 72 h of culture, the graph shows a cytotoxic effect of vancomycin (p-value ≤ 0.0001) and gentamicin (p-value ≤ 0.0001), as demonstrated by the decrease in viable cells compared with ‘cells only’. In detail, the results demonstrated the major cytotoxicity of gentamicin, as compared with vancomycin, replicating a well-known effect already reported in the literature [15,24,26,40,41].



In order to study the effect of the medicated 70/30 MgHA/Coll scaffolds on cell behavior, evaluations of MG63 viability when grown onto the scaffold were performed. For these tests the MgHA/Coll scaffolds were medicated with the same concentrations of antibiotics reported above and then treated in two ways. A first group of scaffolds, named drug-released, was incubated after medication for 7 days in 2 mL and 5 mL of PBS 1× for each scaffold with GNT and VNC medication, respectively, and was changed every day in order to induce drug release. A second group, named drug-loaded, was seeded with cells once, directly after the loading of the antibiotics.



Analyses of cell viability in both groups of 3D MgHA/Coll scaffolds were performed using the colorimetric PrestoBlue reagent after 1 day of culture. The results showed that, in both the loaded scaffolds, VNC and GNT maintained their high cytotoxicity (p-value ≤ 0.0001 for both antibiotics), demonstrating high cytotoxicity, with the same trend exerted by the free antibiotics (Figure 7B). However, the drug-released scaffolds showed absence of cytotoxicity. These results demonstrate that after the release of its drugs, the scaffold remains able to exert its well-known bioactivity [60]. Graphs showed that after 7 days of release in PBS 1×, antibiotic concentrations remained in the scaffolds (47.9% VNC and 33.02% GNT), allowing for cell viability. Those results demonstrate that the drugs incorporated in the scaffold do not alter the physical-chemical structure of the biomaterial and do not affect its biocompatibility.



The qualitative analysis with live and dead cells (Figure 8) shows, on day 1, a greater number of dead cells (in red) compared with live ones (in green) in the drug-loaded scaffolds compared with drug-released ones, confirming our quantitative results. In detail, in the drug-released scaffolds, a higher vitality is observed in treatments with VNC compared with GNT, confirming the PrestoBlue quantitative analyses on day 1. The images of the drug-released scaffolds apparently do not show significant differences between the two antibiotics, confirming the quantitative analysis. The observed behaviors ascertain that these MgHA/Coll-medicated biomaterials can pose a new strategy for preventing or treating infection in orthopedic applications. In fact, the medicated device can act as a dual-function biomaterial; immediately after the implant the local release of the antibiotics can prevent or eradicate extant infection, and then the bioactivity of the scaffold itself can recruit and sustain the proliferation and behavior of endogenous cells [61,66,67,68,69].





4. Conclusions


The increasing use of implantable biomedical devices demonstrates their potential in the treatment of a wide variety of diseases and disorders in bone trauma and orthopedic applications. However, the number of cases of implant failure or malfunction due to microbial infection has also increased in recent years. In an effort to mitigate these events, biomaterials containing antimicrobial agents that can be released or locally present within the microenvironment have become an important area of research. The present work showed that the hybrid MgHA/Coll scaffolds for bone replacement and regeneration here considered can be easily combined with antibiotic drugs whose release is partially controlled by interaction with functional groups on the surface of MgHA particles. In this study, the effect of the presence of different amounts of MgHA, nucleated on collagen fibers (from 0 to 70 wt.%), was investigated, and the important role of the mineral phase in binding drug molecules was confirmed. In fact, the study demonstrates that higher amounts of MgHA (70 wt.%), exposed to the scaffold surface, induce greater drug retention, slowing down its release. In all cases, the eluted solutions of VNC and GNT (the antibiotic drugs here considered), tested with different microbes, exhibited totally preserved antibacterial activity, demonstrating the safety of the material in terms of conservancy of the loaded drug. Considering these results, Mg-hydroxyapatite/collagen hybrid biocomposites, medicated with VNC and GNT, represents a promising solution for the inhibition, and toward the proliferation, of Gram-positive and Gram-negative microbes during surgery without compromising their well-assessed biocompatibility and regenerative potential after drug release. This protocol takes advantage of the possibility of easily medicating the scaffold with an appropriate amount of drug that can be easily replicated in the operating room just before surgery. This partially avoids the assumption of large amounts of drug by systemic routes and related side effects. A huge benefit offered by these biomaterials is also their complete bioresorbability and regenerative potential, enabling a one-step solution for those challenging situations which usually require a double intervention; the first quality for local treatment of the infection, and the second to remove the medicated material and implant the final device. Normally, infected bone defects, due to osteomyelitis and biofilm, are intractable and regarded as contraindications for bone grafting, so larger prospective studies involving these Mg-hydroxyapatite/collagen hybrid resorbable biocomposite in facing these challenging situations will see further design. As an example, by incorporating into the hybrid matrix drug-loaded particles or beads that encapsulate the medication and thereby assist prolonged drug supply in situ.







Author Contributions


Conceptualization, E.C., M.M. (Monica Montesi), S.P., A.T. and M.S.; methodology, M.M. (Manuela Mulazzi), G.B., F.B. and G.A.G.; investigation, M.M. (Manuela Mulazzi), E.C., G.B., F.B. and G.A.G.; writing—original draft preparation, M.M. (Manuela Mulazzi), E.C., G.B., M.M. (Monica Montesi), S.P., F.B., G.A.G. and M.S.; writing—review and editing, M.S.; supervision, M.M. (Monica Montesi), S.P., GAG, A.T. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dvir, T.; Timko, B.P.; Kohane, D.S.; Langer, R. Nanotechnological strategies for engineering complex tissues. Nat. Nanotechnol. 2010, 6, 13–22. [Google Scholar] [CrossRef]

	



Gomes, M.; Rodrigues, M.; Domingues, R.; Reis, R.L. Tissue Engineering and Regenerative Medicine: New Trends and Directions—A Year in Review. Tissue Eng. Part B Rev. 2017, 23, 211–224. [Google Scholar] [CrossRef]

	



Ma, P.X. Biomimetic materials for tissue engineering. Adv. Drug Deliv. Rev. 2008, 60, 184–198. [Google Scholar] [CrossRef] [PubMed]

	



Wegst, U.G.; Bai, H.; Saiz, E.; Tomsia, A.P.; Ritchie, R.O. Bioinspired structural materials. Nat. Mater. 2015, 14, 23–36. [Google Scholar] [CrossRef] [PubMed]

	



Tampieri, A.; Sandri, M.; Landi, E.; Sprio, S.; Valentini, F.; Boskey, A. Synthetic biomineralisation yielding HA/collagen hybrid composite. Adv. Appl. Ceram. 2008, 107, 298–302. [Google Scholar] [CrossRef]

	



Tampieri, A.; Sprio, S.; Sandri, M.; Valentini, F. Mimicking natural bio-mineralization processes: A new tool for osteochondral scaffold development. Trends Biotechnol. 2011, 29, 526–535. [Google Scholar] [CrossRef] [PubMed]

	



Roveri, N.; Falini, G.; Sidoti, M.; Tampieri, A.; Landi, E.; Sandri, M.; Parma, B. Biologically inspired growth of hydroxyapatite nanocrystals inside self-assembled collagen fibers. Mater. Sci. Eng. C 2003, 23, 441–446. [Google Scholar] [CrossRef]

	



Lew, P.D.P.; Waldvogel, P.F.A. Osteomyelitis. Lancet 2004, 364, 369–379. [Google Scholar] [CrossRef]

	



Malizos, K.N.; Gougoulias, N.E.; Dailiana, Z.H.; Varitimidis, S.; Bargiotas, K.A.; Paridis, D. Ankle and foot osteomyelitis: Treatment protocol and clinical results. Injuries 2010, 41, 285–293. [Google Scholar] [CrossRef]

	



Oliveira, W.F.; Silva, P.M.S.; Silva, R.C.S.; Silva, G.M.M.; Machado, G.; Coelho, L.C.B.B.; Correia, M.T.S. Staphylococcus aureus and Staphylococcus epidermidis infections on implants. J. Hosp. Infect. 2018, 98, 111–117. [Google Scholar] [CrossRef]

	



Josse, J.; Valour, F.; Maali, Y.; Diot, A.; Batailler, C.; Ferry, T.; Laurent, F. Interaction Between Staphylococcal Biofilm and Bone: How Does the Presence of Biofilm Promote Prosthesis Loosening? Front. Microbiol. 2019, 10, 1602. [Google Scholar] [CrossRef]

	



Meyers, B.R.; Berson, B.L.; Gilbert, M.; Hirschman, S.Z. Clinical Patterns of Osteomyelitis Due to Gram-Negative Bacteria. Arch. Intern. Med. 1973, 131, 228. [Google Scholar] [CrossRef]

	



Brook, I. Microbiology and management of joint and bone infections due to anaerobic bacteria. J. Orthop. Sci. 2008, 13, 160–169. [Google Scholar] [CrossRef]

	



Cerioli, M.; Batailler, C.; Conrad, A.; Roux, S.; Perpoint, T.; Becker, A.; Triffault-Fillit, C.; Lustig, S.; Fessy, M.-H.; Laurent, F.; et al. Pseudomonas aeruginosa Implant-Associated Bone and Joint Infections: Experience in a Regional Reference Center in France. Front. Med. 2020, 7, 513242. [Google Scholar] [CrossRef]

	



Caplin, J.D.; García, A.J. Implantable antimicrobial biomaterials for local drug delivery in bone infection models. Acta Biomater. 2019, 93, 2–11. [Google Scholar] [CrossRef]

	



Gogia, J.S.; Meehan, J.P.; Di Cesare, P.E.; Jamali, A.A. Local Antibiotic Therapy in Osteomyelitis. Semin. Plast. Surg. 2009, 23, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Klemm, K. Gentamicin-PMMA-beads in treating bone and soft tissue infections (author’s transl). Zent. Chir. Z. für Allg. Visz. Thorax Gefäßchirurgie 1979, 104, 934–942. [Google Scholar]

	



McLaren, J.S.; White, L.J.; Cox, H.C.; Ashraf, W.; Rahman, C.V.; Blunn, G.W.; E Goodship, A.; A Quirk, R.; Shakesheff, K.; Bayston, R.; et al. A biodegradable antibiotic-impregnated scaffold to prevent osteomyelitis in a contaminated in vivo bone defect model. Eur. Cells Mater. 2014, 27, 332–349. [Google Scholar] [CrossRef] [PubMed]

	



Dorati, R.; De Trizio, A.; Genta, I.; Merelli, A.; Modena, T.; Conti, B. Formulation and in vitro characterization of a composite biodegradable scaffold as antibiotic delivery system and regenerative device for bone. J. Drug Deliv. Sci. Technol. 2016, 35, 124–133. [Google Scholar] [CrossRef]

	



Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H. Biomaterials approaches to treating implant-associated osteomyelitis. Biomaterials 2016, 81, 58–71. [Google Scholar] [CrossRef]

	



Li, B.; Brown, K.V.; Wenke, J.C.; Guelcher, S.A. Sustained release of vancomycin from polyurethane scaffolds inhibits infection of bone wounds in a rat femoral segmental defect model. J. Control. Release 2010, 145, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Mondal, S.; Pal, U. 3D hydroxyapatite scaffold for bone regeneration and local drug delivery applications. J. Drug Deliv. Sci. Technol. 2019, 53, 101131. [Google Scholar] [CrossRef]

	



Di Filippo, M.F.; Dolci, L.S.; Albertini, B.; Passerini, N.; Torricelli, P.; Parrilli, A.; Fini, M.; Bonvicini, F.; Gentilomi, G.A.; Panzavolta, S.; et al. A radiopaque calcium phosphate bone cement with long-lasting antibacterial effect: From paste to injectable formulation. Ceram. Int. 2020, 46, 10048–10057. [Google Scholar] [CrossRef]

	



Forte, L.; Torricelli, P.; Bonvicini, F.; Boanini, E.; Gentilomi, G.A.; Lusvardi, G.; Della Bella, E.; Fini, M.; Nepita, E.V.; Bigi, A. Biomimetic fabrication of antibacterial calcium phosphates mediated by polydopamine. J. Inorg. Biochem. 2018, 178, 43–53. [Google Scholar] [CrossRef] [PubMed]

	



Krasko, M.Y.; Golenser, J.; Nyska, A.; Nyska, M.; Brin, Y.S.; Domb, A.J. Gentamicin extended release from an injectable polymeric implant. J. Control. Release 2007, 117, 90–96. [Google Scholar] [CrossRef] [PubMed]

	



Padrão, T.; Coelho, C.C.; da Costa, P.J.C.; Alegrete, N.; Monteiro, F.J.; Sousa, S.R. Combining local antibiotic delivery with heparinized nanohydroxyapatite/collagen bone substitute: A novel strategy for osteomyelitis treatment. Mater. Sci. Eng. C 2021, 119, 111329. [Google Scholar] [CrossRef]

	



Stravinskas, M.; Horstmann, P.; Ferguson, J.; Hettwer, W.; Nilsson, M.; Tarasevicius, S.; Petersen, M.M.; McNally, M.A.; Lidgren, L. Pharmacokinetics of gentamicin eluted from a regenerating bone graft substitute: In vitro and clinical release studies. Bone Jt. Res. 2016, 5, 427–435. [Google Scholar] [CrossRef]

	



El-Husseiny, M.; Patel, S.; Macfarlane, R.J.; Haddad, F.S. Biodegradable antibiotic delivery systems. J. Bone Jt. Surgery. Br. Vol. 2011, 93, 151–157. [Google Scholar] [CrossRef]

	



Rauschmann, M.A.; Wichelhaus, T.A.; Stirnal, V.; Dingeldein, E.; Zichner, L.; Schnettler, R.; Alt, V. Nanocrystalline hydroxyapatite and calcium sulphate as biodegradable composite carrier material for local delivery of antibiotics in bone infections. Biomaterials 2005, 26, 2677–2684. [Google Scholar] [CrossRef]

	



Chang, W.; Colangeli, M.; Colangeli, S.; Di Bella, C.; Gozzi, E.; Donati, D. Adult osteomyelitis: Debridement versus deb-ridement plus Osteoset T® pellets. Acta Orthop. Belg. 2007, 73, 238. [Google Scholar]

	



Dorati, R.; DeTrizio, A.; Modena, T.; Conti, B.; Benazzo, F.; Gastaldi, G.; Genta, I. Biodegradable Scaffolds for Bone Regeneration Combined with Drug-Delivery Systems in Osteomyelitis Therapy. Pharmaceuticals 2017, 10, 96. [Google Scholar] [CrossRef]

	



Joosten, U.; Joist, A.; Gosheger, G.; Liljenqvist, U.; Brandt, B.; von Eiff, C. Effectiveness of hydroxyapatite-vancomycin bone cement in the treatment of Staphylococcus aureus induced chronic osteomyelitis. Biomaterials 2005, 26, 5251–5258. [Google Scholar] [CrossRef]

	



Aviv, M.; Berdicevsky, I.; Zilberman, M. Gentamicin-loaded bioresorbable films for prevention of bacterial infections associated with ortho-pedic implants. J. Biomed. Mater. Res. Part A 2007, 83, 10–19. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, J.; Bogdanová, K.; Šiller, M.; Švábová, M.; Lošťák, J.; Kolář, M. Microbial and pharmacological characteristics of VancogenX. Acta Chir. Orthop. Traumatol. Cechoslov. 2013, 80, 69–76. [Google Scholar]

	



Stallmann, H.P.; Faber, C.; Bronckers, A.L.J.J.; Amerongen, A.V.N.; Wuisman, P.I.J.M. In vitro gentamicin release from commercially available calcium-phosphate bone substitutes influence of carrier type on duration of the release profile. BMC Musculoskelet. Disord. 2006, 7. [Google Scholar] [CrossRef] [PubMed]

	



Teller, M.; Gopp, U.; Neumann, H.-G.; Kühn, K.-D. Release of gentamicin from bone regenerative materials: Anin vitro study. J. Biomed. Mater. Res. Part B: Appl. Biomater. 2007, 81, 23–29. [Google Scholar] [CrossRef]

	



Kilian, O.; Hossain, H.; Flesch, I.; Sommer, U.; Nolting, H.; Chakraborty, T.; Schnettler, R. Elution kinetics, antimicrobial efficacy, and degradation and microvasculature of a new gentamicin-loaded collagen fleece. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 90, 210–222. [Google Scholar] [CrossRef] [PubMed]

	



Ruszczak, Z.; Friess, W. Collagen as a carrier for on-site delivery of antibacterial drugs. Adv. Drug Deliv. Rev. 2003, 55, 1679–1698. [Google Scholar] [CrossRef] [PubMed]

	



Swieringa, A.J.; Goosen, J.H.M.; Jansman, F.G.A.; Tulp, N.J.A. In vivo pharmacokinetics of a gentamicin-loaded collagen sponge in acute periprosthetic infection: Serum values in 19 patients. Acta Orthop. 2008, 79, 637–642. [Google Scholar] [CrossRef]

	



Cao, Z.-D.; Jiang, D.-M.; Yan, L.; Wu, J. Biosafety of the Novel Vancomycin-loaded Bone-like Hydroxyapatite/Poly-amino Acid Bony Scaffold. Chin. Med. J. 2016, 129, 194–199. [Google Scholar] [CrossRef] [PubMed]

	



Lian, X.; Liu, H.; Wang, X.; Xu, S.; Cui, F.; Bai, X. Antibacterial and biocompatible properties of vancomycin-loaded nano-hydroxyapatite/collagen/poly (lactic acid) bone substitute. Prog. Nat. Sci. Mater. Int. 2013, 23, 549–556. [Google Scholar] [CrossRef]

	



Romano’, C.L.; Gallazzi, E.; Logoluso, N.; De Vecchi, E.; Drago, L. Antibiotic-Loaded regenoss for the treatment of septic bone defects: In vitro study and preliminary clinical experience. J. Boil. Regul. Homeost. Agents 2015, 29, 103–110. [Google Scholar]

	



Minardi, S.; Sandri, M.; Martinez, J.; Yazdi, I.; Liu, X.; Ferrari, M.; Weiner, B.K.; Tampieri, A.; Tasciotti, E. Multiscale Patterning of a Biomimetic Scaffold Integrated with Composite Microspheres. Small 2014, 10, 3943–3953. [Google Scholar] [CrossRef]

	



Cabanillas, P.F.; Peña, E.D.; Barrales-Rienda, J.M.; Frutos, G. Validation and in vitro characterization of antibiotic-loaded bone cement release. Int. J. Pharm. 2000, 209, 15–26. [Google Scholar] [CrossRef]

	



Lewis, G.; Janna, S. Thein vitro elution of gentamicin sulfate from a commercially available gentamicin-loaded acrylic bone cement, VersaBond? AB. J. Biomed. Mater. Res. 2004, 71, 77–83. [Google Scholar] [CrossRef]

	



Simons, S.; Johnson, D.F. Reaction of o-phthalaldehyde and thiols with primary amines: Fluorescence properties of 1-alkyl(and aryl)thio-2-alkylisoindoles. Anal. Biochem. 1978, 90, 705–725. [Google Scholar] [CrossRef]

	



Wu, T.; Zhang, Q.; Ren, W.; Yi, X.; Zhou, Z.; Peng, X.; Yu, X.; Lang, M. Controlled release of gentamicin from gelatin/genipin reinforced beta-tricalcium phosphate scaffold for the treatment of osteomyelitis. J. Mater. Chem. B 2013, 1, 3304–3313. [Google Scholar] [CrossRef]

	



Campodoni, E.; Adamiano, A.; Dozio, S.M.; Panseri, S.; Montesi, M.; Sprio, S.; Tampieri, A.; Sandri, M. Development of innovative hybrid and intrinsically magnetic nanobeads as a drug delivery system. Nanomedicine 2016, 11, 2119–2130. [Google Scholar] [CrossRef]

	



Panseri, S.; Cunha, C.; D’Alessandro, T.; Sandri, M.; Giavaresi, G.; Marcacci, M.; Hung, C.T.; Tampieri, A. Intrinsically superparamagnetic Fe-hydroxyapatite nanoparticles positively influence osteoblast-like cell behaviour. J. Nanobiotechnol. 2012, 10, 32. [Google Scholar] [CrossRef]

	



Tampieri, A.; Sandri, M.; Iafisco, M.; Panseri, S.; Montesi, M.; Adamiano, A.; Dapporto, M.; Campodoni, E.; Dozio, S.M.; Degli Esposti, L.; et al. Nanotechnological approach and bio-inspired materials to face degenerative diseases in aging. Aging Clin. Exp. Res. 2021, 33, 805–821. [Google Scholar] [CrossRef] [PubMed]

	



Raja, N.; Park, H.; Choi, Y.-J.; Yun, H.-S. Multifunctional Calcium-Deficient Hydroxyl Apatite–Alginate Core–Shell-Structured Bone Substitutes as Cell and Drug Delivery Vehicles for Bone Tissue Regeneration. ACS Biomater. Sci. Eng. 2021, 7, 1123–1133. [Google Scholar] [CrossRef]

	



Sun, W.; Fan, J.; Wang, S.; Kang, Y.; Du, J.; Peng, X. Biodegradable Drug-Loaded Hydroxyapatite Nanotherapeutic Agent for Targeted Drug Release in Tumors. ACS Appl. Mater. Interfaces 2018, 10, 7832–7840. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Yao, D.; Guo, R.; Deng, L.; Dong, A.; Zhang, J. Composites of Polymer Hydrogels and Nanoparticulate Systems for Biomedical and Pharmaceutical Applications. Nanomaterials 2015, 5, 2054–2130. [Google Scholar] [CrossRef]

	



Hosseinifar, T.; Sheybani, S.; Abdouss, M.; Najafabadi, S.A.H.; Ardestani, M.S. Pressure responsive nanogel base on Alginate-Cyclodextrin with enhanced apoptosis mechanism for colon cancer delivery. J. Biomed. Mater. Res. Part A 2018, 106, 349–359. [Google Scholar] [CrossRef]

	



Lee, K.; Silva, E.A.; Mooney, D.J. Growth factor delivery-based tissue engineering: General approaches and a review of recent developments. J. R. Soc. Interface 2010, 8, 153–170. [Google Scholar] [CrossRef]

	



Kim, B.J.; Park, T.; Moon, H.C.; Park, S.-Y.; Hong, D.; Ko, E.H.; Kim, J.Y.; Hong, J.W.; Han, S.W.; Kim, Y.-G.; et al. Cytoprotective Alginate/Polydopamine Core/Shell Microcapsules in Microbial Encapsulation. Angew. Chem. Int. Ed. 2014, 53, 14443–14446. [Google Scholar] [CrossRef] [PubMed]

	



Ma, M.; Chiu, A.; Sahay, G.; Doloff, J.C.; Dholakia, N.; Thakrar, R.; Cohen, J.; Vegas, A.; Chen, D.; Bratlie, K.M.; et al. Cell Delivery: Core-Shell Hydrogel Microcapsules for Improved Islets Encapsulation (Adv. Healthcare Mater. 5/2013). Adv. Health Mater. 2013, 2, 768. [Google Scholar] [CrossRef]

	



Etter, J.N.; Karasinski, M.; Ware, J.; Oldinski, R.A. Dual-crosslinked homogeneous alginate microspheres for mesenchymal stem cell encapsulation. J. Mater. Sci. Mater. Med. 2018, 29, 143. [Google Scholar] [CrossRef]

	



Campodoni, E.; Heggset, E.B.; Rashad, A.; Ramírez-Rodríguez, G.B.; Mustafa, K.; Syverud, K.; Tampieri, A.; Sandri, M. Polymeric 3D scaffolds for tissue regeneration: Evaluation of biopolymer nanocomposite reinforced with cellulose nanofibrils. Mater. Sci. Eng. C 2019, 94, 867–878. [Google Scholar] [CrossRef]

	



Krishnakumar, G.S.; Gostynska, N.; Dapporto, M.; Campodoni, E.; Montesi, M.; Panseri, S.; Tampieri, A.; Kon, E.; Marcacci, M.; Sprio, S.; et al. Evaluation of different crosslinking agents on hybrid biomimetic collagen-hydroxyapatite composites for regenerative medicine. Int. J. Biol. Macromol. 2018, 106, 739–748. [Google Scholar] [CrossRef]

	



Tampieri, A.; Sandri, M.; Landi, E.; Pressato, D.; Francioli, S.; Quarto, R.; Martin, I. Design of graded biomimetic osteochondral composite scaffolds. Biomaterials 2008, 29, 3539–3546. [Google Scholar] [CrossRef]

	



Mullick, P.; Das, G.; Aiyagari, R. Probiotic bacteria cell surface-associated protein mineralized hydroxyapatite incorporated in porous scaffold: In vitro evaluation for bone cell growth and differentiation. Mater. Sci. Eng. C 2021, 126, 112101. [Google Scholar] [CrossRef]

	



Ou, P.; Hao, C.; Liu, J.; He, R.; Wang, B.; Ruan, J. Cytocompatibility of Ti–xZr alloys as dental implant materials. J. Mater. Sci. Mater. Med. 2021, 32, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Grabska-Zielińska, S.; Sionkowska, A.; Olewnik-Kruszkowska, E.; Reczyńska, K.; Pamuła, E. Is Dialdehyde Chitosan a Good Substance to Modify Physicochemical Properties of Biopolymeric Materials? Int. J. Mol. Sci. 2021, 22, 3391. [Google Scholar] [CrossRef] [PubMed]

	



Chocholata, P.; Kulda, V.; Dvorakova, J.; Dobra, J.K.; Babuska, V. Biological Evaluation of Polyvinyl Alcohol Hydrogels Enriched by Hyaluronic Acid and Hydroxyapatite. Int. J. Mol. Sci. 2020, 21, 5719. [Google Scholar] [CrossRef]

	



Calabrese, G.; Giuffrida, R.; Fabbi, C.; Figallo, E.; Furno, D.L.; Gulino, R.; Colarossi, C.; Fullone, F.; Giuffrida, R.; Parenti, R.; et al. Collagen-Hydroxyapatite Scaffolds Induce Human Adipose Derived Stem Cells Osteogenic Differentiation In Vitro. PLoS ONE 2016, 11, e0151181. [Google Scholar] [CrossRef] [PubMed]

	



Krishnakumar, G.S.; Gostynska, N.; Campodoni, E.; Dapporto, M.; Montesi, M.; Panseri, S.; Tampieri, A.; Kon, E.; Marcacci, M.; Sprio, S.; et al. Ribose mediated crosslinking of collagen-hydroxyapatite hybrid scaffolds for bone tissue regeneration using biomimetic strategies. Mater. Sci. Eng. C 2017, 77, 594–605. [Google Scholar] [CrossRef]

	



Carina, V.; Costa, V.; Raimondi, L.; Pagani, S.; Sartori, M.; Figallo, E.; Setti, S.; Alessandro, R.; Fini, M.; Giavaresi, G. Effect of Low-Intensity Pulsed Ultrasound on Osteogenic Human Mesenchymal Stem Cells Commitment in a New Bone Scaffold. J. Appl. Biomater. Funct. Mater. 2017, 15, 215–222. [Google Scholar] [CrossRef]

	



Dellaquila, A.; Campodoni, E.; Tampieri, A.; Sandri, M. Overcoming the Design Challenge in 3D Biomimetic Hybrid Scaffolds for Bone and Osteochondral Regeneration by Factorial Design. Front. Bioeng. Biotechnol. 2020, 8, 743. [Google Scholar] [CrossRef]








[image: Pharmaceutics 13 01090 g001 550] 





Figure 1. Scheme of the protocol for drug loading and release from the hybrid scaffold. The quantification of the released drug was evaluated at specific time points by UV-Vis analyses. 
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Figure 2. Chemical-physical characterizations of the four different scaffold formulations (MgHA/Coll 70/30, 60/40, 50/50, and Coll). (A) FTIR analyses, (B) XRD diffractograms, (C) TGA analyses, and (D) ESEM analyses: (Di) MgHA/Coll 70/30, (Dii) MgHA/Coll 60/40, (Diii) MgHA/Coll 50/50, and (Div) Coll, show scaffold porosity and a fibrous morphology typical of the collagen component, while (Di–Diii) highlights the uniform distribution of mineral MgHA nanoparticles. 
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Figure 3. (A) Evaluation of swelling behavior, in PBS and 37 °C, for all the scaffolds compositions (MgHA/Coll 70/30, 60/40, 50/50 and Coll). (B) Evaluation of percentage of scaffold degradation in PBS and 37 °C. 
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Figure 4. Gentamicin and vancomycin release profiles at 37 °C and PBS, from all scaffold compositions loaded with (A) 2.5 mg of gentamicin and (B) 5.0 mg of vancomycin, recorded from time zero to twenty days. 
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Figure 5. Comparison of the release profiles for GNT and VNC from MgHA/Coll 70/30 wt.% scaffolds. 
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Figure 6. Disk diffusion test results for S. aureus ATCC 25923 (A) and P. aeruginosa ATCC27853 (B). Samples 1,2: MgHA/Coll 70/30 + VNC; sample 3: VNC 10 µg; samples 4,5: MgHA/Coll 70/30 + GNC; sample 6: GNC 10 µg; samples 7,8: MgHA/Coll 70/30; sample 9: sterile paper disk. 
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Figure 7. (A) MTT assay. Quantitative analyses of cell viability on 2D in vitro MG63 cell cultures in the presence of free vancomycin and gentamicin after 24 and 72 h of culture. (**** p-value ≤ 0.0001). (B) PrestoBlue™ Cell Viability Reagent. Quantitative analysis of MG63 viability, cultured one day on the 3D medicated-MgHA/Coll scaffolds. (**** p-value ≤ 0.0001). 
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Figure 8. Qualitative cell viability analysis performed with a live/dead kit 1 day after seeding. Calcein AM labels living cells in green by using FITC filter (EX 465-495; BA 515-555), ethidium homodimer-1 labels dead cells in red by using TRITC filter (EX 515-565; BA 550-660). Scale bar: 200 μm. 
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Table 1. Description of the samples’ composition and prepared drug-loaded samples.
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	Sample
	MgHA wt.%
	Coll wt.%
	Scaffold Weight
	Loaded

Gentamicin

(mg)
	Loaded

Vancomycin

(mg)
	Gentamicin /Scaffold (wt.%)
	Vancomycin /Scaffold (wt.%)





	MgHA/Coll 70/30
	70 wt.%
	30 wt.%
	40 mg
	2.5 mg
	5 mg
	6.25
	12.5



	MgHA/Coll 60/40
	60 wt.%
	40 wt.%
	40 mg
	2.5 mg
	5 mg
	6.25
	12.5



	MgHA/Coll 50/50
	50 wt.%
	50 wt.%
	40 mg
	2.5 mg
	5 mg
	6.25
	12.5



	control sample: pure coll
	0 wt.%
	100 wt.%
	40 mg
	2.5 mg
	5 mg
	6.25
	12.5
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Table 2. Antibacterial activity: diameter of the inhibition zone (in mm) against ATCC reference strains.
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	Reference Strains
	VNC
	VNC 10 μg b
	GNT
	GNT 10 μg b





	S. aureus ATCC 25923
	14 ± 1
	14 ± 1
	18 ± 1
	18 ± 1



	S. epidermidis ATCC 12228
	15 ± 1
	15 ± 1
	23 ± 1
	22 ± 1



	E. faecalis ATCC 29212
	12 ± 1
	12 ± 1
	9 ± 1
	8 ± 1



	E. coli ATCC 25922
	NA a
	NA
	18 ± 1
	19 ± 1



	K. pneumoniae ATCC 9591
	NA
	NA
	18 ± 1
	17 ± 1



	P. aeruginosa ATCC 27853
	NA
	NA
	17 ± 1
	18 ± 1







a NA, not appeared as expected because VNC is generally ineffective against Gram-negative bacteria; b Disks containing VNC or GNT used as positive controls. All experiments were performed on duplicate, on different days.
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