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Abstract

:

Bone regeneration remains one of the major clinical needs in orthopedics, and advanced and alternative strategies involving bone substitutes, cells, and growth factors (GFs) are mandatory. The purpose of this study was to evaluate whether the association of autologous bone marrow mesenchymal stem cells (BMSC), isolated by ‘one-step surgical procedure’, and activated platelet rich plasma (PRP) improves osseointegration and bone formation of a hydroxyapatite-coated titanium (Ti-HA) implant, already in clinical use, in a rabbit cancellous defect. The GFs present in plasma, in inactivated and activated PRP were also tested. At 2 weeks, histology and histomorphometry highlighted increased bone-to-implant contact (BIC) in Ti-HA combined with BMSC and PRP in comparison to Ti-HA alone and Ti-HA + PRP. The combined effect of BMSC and PRP peaked at 4 weeks where the BIC value was higher than all other treatments. At both experimental times, newly formed bone (Trabecular Bone Volume, BV/TV) in all tested treatments showed increased values in comparison to Ti-HA alone. At 4 weeks Ti-HA + PRP + BMSC showed the highest BV/TV and the highest osteoblasts number; additionally, a higher osteoid surface and bone formation rate were found in Ti-HA + BMSC + PRP than in all other treatments. Finally, the analyses of GFs revealed higher values in the activated PRP in comparison to plasma and to non-activated PRP. The study suggests that the combination of autologous activated PRP, as a carrier for BMSCs, is a promising regenerative strategy for bone formation, osseointegration, and mineralization of bone implants.






Keywords:


osseointegration; PRP; BMSCs; bone regeneration; hydroxyapatite; titanium; implant












1. Introduction


1.1. Titanium Implants


Titanium (Ti) and its alloys have been widely used in the clinic as bone implants due to their biocompatibility and mechanical properties [1]. However, despite the remarkable developments of these materials, the bio-inertness of the Ti surfaces is still a problem for the promotion of bone healing and for the osseointegration between the host bone and the implant [2]. Biological osseointegration is a long and complex process that involves several processes implicated in bone healing around implants [3]. This last in turn involves cellular and extracellular biological events that take place at the bone-implant interface [3]. This cascade of biological events is controlled by growth factors and differentiation factors released by the hematopoietic cells activated at the bone–implant interface [4]. Alteration of these biological processes leads to late bone healing and poor osseointegration at the bone–implant interface which can affect the implant stability and increase the risk of aseptic loosening [3]. This is particularly true for aging populations, and in presence of co-morbidities and low bone mass at the implantation site that affects the biological regenerative response [4]. To date, to avoid these problems Ti surfaces are often modified thus to achieve a more robust and earlier osseointegration between the implant and surrounding bone [5]. Over the years, the research and analysis on biomaterials have led to the knowledge that functionalizing Ti implants with different coatings can be a successful strategy in determining the achievement of the osteointegration process. Among coating materials, the plasma spraying of hydroxyapatite (HA) has been one of the most used and consolidated coatings, also with clinical and commercial success [5,6,7,8]. However, as no specific strategy can effectively satisfy all the clinical needs for bone healing, the idea of supplying different critical elements for tissue regeneration, such as osteoconductive matrix, osteogenic cells, and growth factors, has been suggested by numerous researchers and clinicians.




1.2. Bone Marrow Mesenchymal Stem Cells and Platelet Rich Plasma


Bone marrow mesenchymal stem cells (BMSCs) and growth factors (GFs), derived from platelet rich plasma (PRP), have been widely used to improve the bone healing and osseointegration process [9,10,11,12,13,14,15,16]. The regenerative bone capability of BMSCs has been extensively reported in vivo with promising results [17,18,19]. Concerning their use, currently, three different approaches can be employed to engineer the bone biomaterials/grafts [20]. In the first approach, BMSCs are cultured for 2–3 weeks in a cell therapy unit to isolate and augment the MSC fraction, and then several million of these cells are injected into a bone defect alone or seeded onto a graft/biomaterial before implantation [21]. In the second strategy after the bone marrow harvesting, the BMSCs are isolated and expanded for several weeks and then seeded on a graft/biomaterial, where they are cultured for a further week and finally transplanted into bone defects [22]. The third approach consists of aspirating bone marrow, followed by centrifugation to concentrate MSCs and implant them immediately into the bone defect with or without a graft/biomaterial, with no need for cell expansion (one-step procedure) [15,16,23]. Although these multiple stem cell-based approaches are all effective, the most useful strategy for clinical practice is the one-step derivation of MSCs [24]. An additional strategy to improve bone regeneration is the use of activated platelet-derived products. Activated platelets secrete numerous GFs, such as platelet-derived growth factor (PDGFaa, PDGFbb, PDGFab), transforming growth factors (TGFs) β1 and β2, epidermal growth factor (EGF), insulin-like growth factor (IGF), vascular endothelial growth factor (VEGF), bone morphogenetic protein (BMP) and many other bioactive molecules expressed during the different tissue healing phases [25]. Platelets mainly participate in the early phases of regeneration and through their degranulation, they release numerous growth factors that initiate and preserve the healing process [26]. The use of PRP is an inexpensive strategy to obtain numerous platelets and therefore numerous growth factors, many of which have a direct role in bone healing [27,28,29]. Activated PDGF attaches to transmembrane receptors on osteoblasts, osteoclasts, and macrophages stimulating angiogenesis, bone remodeling, and phagocytosis of damaged tissue during usual wound and fracture healing [30,31]. TGFβ regulates proliferation, differentiation, chemotaxis, and adhesion of progenitor cells in the wound bed [25,32,33]. Concerning VEGF, it acts synergistically with osteogenic proteins, such as bone morphogenetic protein (BMP)-4 and BMP-2, by enhancing cell recruitment, prolonging cell survival, increasing angiogenesis, and enhancing bone mineralization [34,35,36,37]. Despite the presence of conflicting reports about the effect of PRP on bone healing and regeneration mainly due to differences in the ‘preparation protocol’ (blood source and volume for extraction, instruments, frequency of rotation, time of centrifugation, final platelet concentrations, processes of activation, other cell types inclusion/exclusion, dose, and intervals of dose, etc), it appears that most preclinical and clinical research supports a positive role in bone regeneration [38,39]. In addition, the presence of osteogenic growth factors within PRP have led to the hypothesis that it can act synergistically with BMSCs to accelerate osteogenesis [40,41,42]. However, few studies have analyzed the effects of their association and most of them employed manipulated cells (e.g., in vitro culture expansion, osteogenic differentiation) whereas the typical clinical applications use cells with no manipulation [42,43,44,45,46,47,48,49]. Thus, PRP with BMSCs is not a proven therapy, the lack of PRP standardization and the use of manipulated BMSCs introduce a great variability preventing specific conclusions.



The purpose of this study was to evaluate whether the association of autologous BMSCs (isolated by ‘one-step surgical procedure’) and activated PRP improves the pattern of early osseointegration and bone formation of a hydroxyapatite-coated titanium (Ti-HA) implant, an implant already of clinical use, in an in vivo animal model.





2. Material and Methods


2.1. In Vivo Study


The research protocol was approved by the Ethical Committees of IRCCS Istituto Ortopedico Rizzoli and by the public authorities as provided by the current law at the time of the study (Law by Decree 116/92). Sixteen New Zealand rabbits (Harlan Laboratories SRL, Udine, Italy), with a body weight of 2.7 ± 0.3 kg, were housed at a controlled temperature, 22 ± 1 °C, and relative humidity of 55% ± 5% in single boxes and fed a standard diet (Mucedola, Milano, Italy) with filtered tap water ad libitum. At the time of surgery, animals were randomly divided into two groups, group 1 (2 weeks) and group 2 (4 weeks), and submitted to the same surgical procedure. General anesthesia was induced by intramuscular injection of 44 mg/kg ketamine (Imalgene 1000, Merial Italia S.p.A, Assago-Milan, Italy) and 3 mg/kg xylazine (Rompun, Bayer SpA, Milano, Italy), under assisted ventilation with O2/air (1/0.4 L/min) mixture and 2.5% isofluorane (Forane, Abbot SpA, Latina, Italy). Before surgery, the animals were submitted to the withdrawal of blood (7.0 mL) from the auricular artery for PRP preparation and of bone marrow (about 6.0–7.0 mL) from the iliac crest for the preparation of BMSC as described below. After this, bilateral confined cancellous defects 4 mm in diameter and 10 mm in depth were drilled in the distal femurs and Ti-HA alone, Ti-HA in combination with PRP and BMSCs, Ti-HA in combination with BMSCs, and Ti-HA in combination with PRP were randomly implanted in the left or right-side distal femurs. When using PRP, 0.9 mL of PRP was mixed with 0.1 mL autologous thrombin/calcium chloride solution to permit the gel formation. Ti-HA was tightly positioned inside the defects. When using the combination of BMSCs and PRP, BMSCs were manually mixed in PRP, and then thrombin was added. Antibiotic therapy (Cefazolin, 100 mg/kg, Pfizer Italia Srl, Latina, Italy) was administered preoperatively and immediately after surgery. Postoperative analgesia was performed using metamizole chloride, 50 mg/kg (Farmolisina Ceva Vetem, S.p.A, Agrate Brianza, Milan, Italy).



To monitor the bone ingrowth around implants dynamically the animals received intramuscular (i.m.) injections of oxytetracycline (30 mg/kg, Pfizer Italiana, Latina, Italy) before euthanasia at 4 weeks. Oxytetracycline was administered consecutively for two days, suspended for ten days, and again administered for another two days. After 2 and 4 weeks, animals were euthanized with an intravenous (i.v.) administration of Tanax (Hoechst, Frankfurt am Main, Germany) under general anesthesia.




2.2. Bone Marrow Stromal Cells (BMSCs)


A volume of 6.0–7.0 mL of bone marrow was collected in sterile vials and an isopycnic centrifugation was carried out to concentrate stem cells. An equivalent volume of phosphate buffered saline (PBS) was added to the bone marrow and the mix was layered over undiluted Ficoll-Paque (Sigma-Aldrich, Milano, Italy) and centrifuged. At the end of this process, the band of light-density cells was separated, washed, counted (4 ± 2 × 106 cells/mL), and resuspended in 200 mL of PBS for implantation.




2.3. Platelet-Rich Plasma (PRP) Gel


The blood from the auricular artery (7.0 mL) was withdrawn into siliconized tubes containing 3.8% sodium citrate (blood/citrate ratio: 9/1) to obtain PRP by centrifugation. After a dilution of 1/100 with ammonium oxalate, the platelets number was evaluated on whole blood and PRP using a hemocytometer. The percentage yield was calculated as number of platelets in PRP on number of platelets in the blood. The mean ± standard error of platelet number in blood was 359.6 ± 16.2 × 103/mL (range 125.0–592.5 × 103/mL); the mean number of platelets in PRP after centrifugation was 730.5 ± 33.6 × 103/mL (range: 235.0–1255.0 × 103/mL), with a mean percentage yield of 210.5 ± 8.4% (range 119.3%–321.3%). After the count of platelets, the PRP was eliminated and centrifuged. Platelet was re-suspended in platelet poor plasma (PPP) to achieve a platelet concentrate equal to 1 × 106/mL plasma [10]. To activate the platelets, autologous thrombin was reconstituted with CaCl2 0.025 M to a concentration of 1000 U/mL, sterilized by filtration, and added to the platelet suspension (1/9 parts of thrombin/platelet concentrate). It was stirred and gel formed in some seconds. To activate PRP, thrombin was added promptly prior to use.




2.4. Growth Factor Measurements


Basal plasma aliquots, inactivated PRP, and CaCl2 activated PRP were examined in each rabbit to quantify the GFs content by enzyme-linked immunosorbent assay (ELISA) (Quantitative-Immunoassay, R&D Systems, Minneapolis, MN, USA): transforming growth factor-β1 (TGF-β1), platelet-derived growth factor-AB (PDGF-AB), vascular-endothelial growth factor (VEGF), and interleukin 1β (IL-1β) following manufacturer’s instructions.




2.5. Histology and Histomorphometry


Distal femurs were fixed in 4% buffer paraformaldehyde, washed with distilled water, and dehydrated with ethyl alcohol solutions at increasing concentrations. After that the samples were infiltrated and finally embedded in methyl-methacrylate, (Merck, Hohenbrunn, Germany). After polymerization, the femur blocks were sectioned along a plane perpendicular to the implant height using a Leica 1600 diamond saw microtome (Leica SpA, Milano, Italy), obtaining at least 15 sections of 40 ± 10 μm in thickness from each sample. These sections were evaluated at a magnification from 1.25× to 20× and the most central (n = 9) of them was selected (Olympus BX-51, Kyoto, Japan). Selected sections were thinned with a grinding system using abrasive papers of different granulation (Struers, Milano, Italy), up to a thickness of 20 ± 5 μm (EXAKT Grinding Systems, Norderstedt, Germany). After this, 6 sections were stained, 3 with Toluidine Blue, Acid Fucsin, and Fast Green for osseointegration evaluation, and 3 with Stevenel’s Blue and Picro-Fuchsin for the evaluation of bone turnover, the other 3 sections were left unstained for dynamic histomorphometry evaluation.



For histomorphometric evaluations, 4 Regions of Interest (ROI) were selected around the implants in a coronal area of 500 µm in thickness at 10× magnification for static morphometry and at 20× for dynamic ones (Leica Imaging System, Milano, Italy). The following static and dynamic histomorphometric parameters were measured independently by two investigators: Bone-to-Implant Contact (BIC, %), Trabecular Bone Volume (BV/TV, %), Osteoid Volume (Os.V/BV, %), Osteoid Surface (Os.S/BS, %), Osteoid Thickness (Os.Th, µm), Osteoblast number (N.Ob/BS, n/mm2), Mineral Apposition Rate (MAR, μm/day), and Bone Formation Rate (BFR/BS, μm2/μm3/day).




2.6. Statistical Analyses


SPSS v.12.1 software (SPSS Inc., Chicago, IL, USA) was used to perform the statistical analysis. Data were reported as mean ± SD at a significance level of p < 0.05. After checking normal distribution and homogeneity of variance, a one-way ANOVA was performed for comparison between groups. Finally, Scheffé’s post hoc multiple comparison tests were used to detect significant differences between groups.





3. Results


3.1. Growth Factor Measurements


As shown in Table 1 TGF-β1, PDGF-AB, VEGF, and IL-1β levels were higher in the activated PRP (p < 0.0005) in comparison with plasma and non-activated PRP values.




3.2. Histology


At 2 weeks, thin and dense trabeculae reached the implant surfaces of Ti-HA, Ti-HA + BMSC, Ti-HA + PRP, Ti-HA + BMSC + PRP implants (Figure 1). As shown in Figure 1a areas of poor bone-to-implant contact were observed on the Ti-HA implant. Conversely, Ti-HA + PRP (Figure 1b), Ti-HA + BMSC (Figure 1c), Ti-HA + PRP + BMSC (Figure 1d) exhibited a well-integrated and well-defined continuous layer of new bone around the implants with no intervening fibrous tissue. However, in Ti-HA + PRP + BMSC, the bone tissue response was more marked, not only in comparison to Ti-HA alone but also in comparison to Ti-HA + PRP and Ti-HA + BMSC (Figure 1). Thin bone trabeculae around the Ti-HA + PRP + BMSC implant and more mature trabecular tissue at the periphery of the implant were seen (Figure 1d).



Ti-HA + PRP + BMSC implant showed higher cellular activity with numerous osteoblasts and a large amount of osteoid tissue along the newly formed trabeculae (Figure 2a–c).



At 4 weeks, bone trabeculae at the interface of all implants had grown in length and diameter and contained well mineralized woven bone (Figure 3a–d). Bone osseointegration and remodeling were more evident with a higher amount of bone integrated with the implants without the interposition of fibrous tissue (Figure 3a–d). However, as at 2 weeks in the Ti-HA + PRP + BMSC implant, the bone tissue response was more evident in comparison to all the other implants and it was almost completely covered with mineralized bone and new bone formation increased (Figure 3d).




3.3. Histomorphometry


As shown in Table 2, at 2 weeks, BIC was significantly higher in Ti-HA + PRP + BMSC than in Ti-HA and Ti-HA + PRP (p < 0.05). BV/TV showed significantly higher values in Ti-HA + PRP (p < 0.05), Ti-HA + BMSC (p < 0.005) and in Ti-HA + PRP + BMSC (p < 0.0005) in comparison to Ti-HA alone. The same trend was observed for Os.V/BV where significant differences were detected between Ti-HA + PRP, Ti-HA + BMSC and Ti-HA + PRP + BMSC in comparison to Ti-HA alone (p < 0.05). Os.S/BS was significantly higher in Ti-HA + PRP + BMSC when compared to all the other implants (p < 0.005). Concerning Os.S/BS, it was significantly higher in Ti-HA + BMSC when compared to Ti-HA alone (p < 0.05). Significant changes in Os.Th occurred in Ti-HA + PRP + BMSC when compared to Ti-HA alone (p < 0.05). Finally, in Ti-HA + PRP, Ti-HA + BMSC and Ti-HA + PRP + BMSC the N.Ob/BS showed a significant increase when compared to Ti-HA alone. The N.Ob/BS changed significantly also in Ti-HA + PRP + BMSC in comparison to Ti-HA + BMSC.



As shown in Table 3, at 4 weeks, Ti-HA associated with PRP and BMSC showed the highest BIC value among all tested implants (p < 0.0005). All treatments showed significantly higher BV/TV compared with the Ti-HA alone. Moreover, Ti-HA + PRP + BMSC also highlighted significantly higher BV/TV compared with Ti-HA + PRP and Ti-HA + BMSC (p < 0.005). Supplementary evaluations of Os.V/BV and Os.S/BS showed significant differences between Ti-HA + PRP, Ti-HA + BMSC, Ti-HA + PRP + BMSC and Ti-HA alone. Additionally, Ti-HA + PRP + BMSC implants showed significant higher (p < 0.005) Os.Th than TI-HA alone. Data concerning N.Ob/BS revealed significantly higher values for Ti-HA + PRP, Ti-HA + BMSC and Ti-HA + PRP + BMSC when compared with Ti-HA alone (p < 0.0005). N.Ob/BS revealed also significantly higher values in Ti-HA + PRP + BMSC when compared to Ti-HA + PRP (p < 0.0005) and Ti-HA + BMSC (p < 0.005).



Finally, MAR values showed significant higher values in all implants compared to Ti-HA alone (p < 0.0005). Moreover, Ti-HA + PRP + BMSC revealed significantly higher values when compared to Ti-HA + PRP (p < 0.05). BFR/BS values demonstrated significantly higher values in Ti-HA + PRP + BMSC in comparison to all the other implants (p < 0.0005). Finally, BFR/BS also highlighted significantly higher values between Ti-HA + PRP, Ti-HA + BMSC and Ti-HA alone (p < 0.005).





4. Discussion


Bone tissue regeneration and osseointegration remain difficult challenges in orthopedic surgery especially for the elderly population and in presence of co-morbidities and prosthesis revision surgeries. In these cases, a reduction in the number of stem cells, a reduction in the migration, proliferation, or differentiation capacity of these cells, and an altered vascularization, as well as altered bone tissue properties lead to a lower regenerative capacity [50,51,52,53,54,55,56]. To date, several strategies have been developed based on the dogma that the efficiency and efficacy of any successful bone implants commonly can be ascribed to one or more of three properties: osteogenic cells, osteoconduction, and osteoinduction [57]. In this context, regenerative medicine appeared as one of the most promising approaches. MSCs are a well-known system for bone tissue regeneration, and, for the clinical practice, a more advantageous approach would be the so-called ‘one-step surgical procedure’ [58]. Although only a limited number of clinical case series have been performed, this approach has the potential to overcome specific limitations of ‘cell-based two-step procedures’, representing a promising option for bone tissue regeneration and osseointegration [58]. However, bone regeneration depends not only on the seed cells but also on the extracellular cytokines. Therefore, the application of platelet products, such as PRP, capable of releasing and storing cytokines appears to be an attractive approach in tissue regeneration. PRP contains cell adhesion molecules and chemotactic properties that support the recruitment of MSCs and fibroblasts to the repair site [59]. In the present study, we evaluated whether the combined use of BMSCs and PRP is able to improve bone regeneration and osseointegration of a clinical used HA-coated Ti implant. We have chosen this implant since it has shown excellent clinical results in terms of osseointegration and bone healing and thus allows us to better highlight the effect of the tested biological adjuvants, i.e., BMSCs and PRP, even in the presence of a surface with a high osseointegrative potential. In addition, to assess the potential of an implant to effectively form bone, it is critical to understand the primary biological response short investigation times (2 and 4 weeks after implantation) have been selected in this study. These short evaluation times have been chosen because in longer times the effective osseointegration of Ti covered by HA would not have made it possible to analyze the effects linked to the presence of PRP and BMSCs in the speeding up of the biological bone healing process.



The study demonstrated that PRP and BMSCs applied to an HA-coated Ti implant were effective in promoting bone regeneration and osseointegration. However, when used in association, the PRP and BMSCs have synergistic effects that result in better bone repair and osseointegration as compared to PRP or MSCs alone. An accelerated bone healing at the bone–implant interface was observed in the combined treatments, i.e., Ti-HA + PRP, Ti-HA + BMSC, and Ti-HA + BMSC + PRP, at both 2 and 4 weeks after materials implantation. However, at 4 weeks Ti-HA + PRP + BMSC implants showed the highest volume of regenerated bone also when compared to Ti-HA + PRP and Ti-HA + BMSC. Similar results were also found for osseointegration. At 2 weeks, morphometric data highlighted higher osseointegration in Ti-HA associated with both biological stimulators in comparison to Ti-HA alone and Ti-HA + PRP. The synergic effect of PRP and BMSCs was maximized at 4 weeks when the highest osseointegration values were found in Ti-HA + BMSC + PRP implants. These data were further confirmed by the bone turnover parameters. As for newly formed bone, the osteoid volume and surface were higher in the combined treatments than in Ti-HA alone, providing more viable tissue at both experimental times. Likewise, osteoid thickness revealed higher values in Ti-HA + PRP + BMSC than in Ti-HA alone at each experimental time. The increases in osteoid parameters in Ti-HA combined with PRP and BMSC are an indicator of improved mineralization processes, thus highlighting osteoblast activation, also confirmed by a significant increase in the number of osteoblasts at both experimental times. In addition, at 4 weeks the percentage of mineralizing bone surface, i.e., mineral apposition rate (MAR), showed the highest value in Ti-HA + BMSC + PRP. In this study, the combined use of autologous BMSCs and activated PRP had a stimulating effect on bone formation, mineralization, and osseointegration. This is potentially due to the fact that when PRP was activated the platelet degranulation led to an increased release of GFs, as detected by the higher values of GFs in the activated PRP in comparison with plasma and inactivated PRP detected in our study. Moreover, as further confirmed in our study by the higher IL-1β values in activated PRP, platelets are a source of IL-1β that is implicated to differing levels in stimulating the chemotaxis, proliferation, and maturation of the cells, regulating inflammatory molecules and attracting leukocytes. These results confirmed that the GFs within the PRP effect and stimulate BMSCs [60,61]. Some studies showed that the efficacy of MSCs therapies is frequently restricted due to two factors, i.e., the decreased survival capacity of the transplanted cells due to the harsh acidic, hypoxic, and avascular microenvironment at the lesion site, and the absence of control over their differentiation into the damaged tissues [62,63]. Thus, since GFs such as IGF, TGF-β, and VEGF present in platelets can stimulate BMSCs proliferation, reduce apoptosis and chromosomal instability, delay the appearance of senescent features, and enhance bone mineralization, the use of PRP in association with BMSCs may help to overcome the limit linked to the efficacy of MSCs therapies [25,32,33,34,35,36,37]. Additionally, MSCs cultured with PRP were also able to maintain their immune-privileged by modifying cytokine secretion of immune cells (T lymphocytes, B cells, and natural killer cells) to an anti-inflammatory profile and hindered amplification of adaptive immune response [64,65,66]. Finally, besides the stimulating action on MSCs, the GFs released by PRP could also have a direct effect on the cells residing at the defect site [64].



Although this study was limited by a small sample size, our findings support the use of a combination of autologous BMSCs, isolated by one-step procedure, with autologous activated PRP on the biomechanically stable bone implant, already of clinical use, as an easy and physiological way of application for cells and GFs for the improvement of bone regeneration and osseointegration, satisfying the requirements of the ‘ideal’ bone implant, i.e., progenitor cells for osteogenesis, material for osteoconduction, and growth factors for osteoinduction. Noticeably, following the recent advances in material technologies with novel smart or intelligent materials, magnetoelectric material, biomimetic 3D and 4D printing materials, nanomaterials, and new and advanced implants coatings, the efficacy and effect of these biological enhancers will have to be evaluated also with these materials, thus, to be able to work in the multi- and interdisciplinary biomaterials arena, extending from their design to novel uses.



In conclusion, the results of this study could be easily translated into the clinical scenario particularly for patients at risk for osteolysis and aseptic loosening: a surface already used in the clinical setting was tested, PRP is already used clinically for several pathologies and the use of a ‘one-step surgical procedure’ to harvest BMSCs was followed to overcome lifelong and costly in vitro culture expansion, thus preventing the cell phenotype transformation and overwhelming the strict rules on cell manipulation that require Good Manufacturing Practices facility for MSCs clinical applications.
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Figure 1. Histological images at 2 weeks: (a) Ti-HA; (b) Ti-HA+ BMSC; (c) Ti-HA + PRP; (d) Ti-HA + BMSC + PRP. Toluidine Blue, Acid Fucsin, Fast Green staining; magnification 2.5×. 
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Figure 2. Histological sections of a Ti-HA + BMSC + PRP implant after 2 weeks. Stain: Stevenel’s blue and Van Gieson’s picro-fuchsin. Magnification 20×. Calcified bone stains a bright pink. Osteoid stain bright green; osteoblasts stain blue. (a) Osteoid-like tissue layer (dashed arrow); (b) Extensive new bone formation as osteoblast-like cells; (c) Cuboidal osteoblast-like cells (continuous arrow). 
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Figure 3. Histological images showing bone osteointegration 4 weeks after surgery. (a) Ti-HA; (b) Ti-HA + BMSC; (c) Ti-HA + PRP; (d) Ti-HA + BMSC + PRP. Toluidine Blu, Acid Fuchsin, and Fast Green staining; magnification 2.5×. 
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Table 1. Quantitative ELISA analysis of TGF-β1, PDGF-AB, VEGF, and IL-1β content in plasma, inactivated PRP (iPRP), and in CaCl2 activated PRP (aPRP) (mean ± SD).
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	GFs
	Plasma
	iPRP
	aPRP





	TGF-β1 (ng/mL)
	52 ± 13
	175 ± 28 a
	401 ± 174 b,c



	PDGF-AB (ng/mL)
	8 ± 1
	28 ± 6
	116 ± 34 b,c



	VEGF (ng/mL)
	230 ± 23
	382 ± 75 d
	817 ± 74 b,c



	IL-1β (mg/mL)
	0.8 ± 0.2
	1.3 ± 0.5
	6.0 ± 1.0 b,c







Scheffé post hoc multiple comparison test: a, iPRP versus plasma (p < 0.05); b, aPRP versus plasma (p < 0.0005); c, aPRP versus iPRP (p < 0.0005); d, iPRP versus plasma (p < 0.0005).
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Table 2. Histomorphometric data 2 weeks after surgery (median ± SD).
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Parameters

	
Implants




	
Ti-HA

	
Ti-HA + PRP

	
Ti-HA + BMSC

	
Ti-HA + BMSC + PRP






	
BIC (%)

	
53.7 ± 2.5

	
51.2 ± 7.0

	
61.6 ± 1.4

	
71.5 ± 2.0 *




	
BV/TV (%)

	
51.6 ± 0.2

	
64.1 ± 3.7 *

	
67.8 ± 1.3 **

	
79.3 ± 3.3 ***




	
Os.V/BV (%)

	
0.4 ± 0.1

	
1.0 ± 0.1 *

	
1.1 ± 0.4 *

	
2.5 ± 0.3 *




	
Os.S/BS (%)

	
1.4 ± 0.7

	
2.8 ± 0.6

	
5.4 ± 1.0 *

	
21.9 ± 4.7 **




	
Os.Th (μm)

	
6.8 ± 2.8

	
14.2 ± 1.1

	
13.5 ± 3.5

	
17.2 ± 1.3 *




	
N.Ob/BS (n/mm2)

	
14.6 ± 6.0

	
40.7 ± 2.4 *

	
32.1 ± 1.7 *

	
59.0 ± 7.8 *, **








Scheffé’s post hoc multiple comparison tests: BIC: Ti-HA + BMSC + PRP versus Ti-HA, Ti-HA + PRP (* p < 0.05); BV/TV: Ti-HA + PRP (* p < 0.05), Ti-HA + BMSC (** p < 0.005), Ti-HA + BMSC + PRP (*** p < 0.0005) versus Ti-HA; Os.V/BV: Ti-HA + PRP, Ti-HA + BMSC, Ti-HA + BMSC + PRP versus Ti-HA (* p < 0.05). Os.S/BS: Ti-HA + BMSC + PRP versus Ti-HA + PRP, Ti-HA + BMSC, Ti-HA (** p < 0.005); Ti-HA + BMSC versus Ti-HA (* p < 0.05). Os.Th: Ti-HA + BMSC + PRP versus Ti-HA (* p < 0.05). N.Ob/BS: Ti-HA + PRP (* p < 0.05), Ti-HA + BMSC (* p < 0.05), Ti-HA + BMSC + PRP (** p < 0.005) versus Ti-HA; Ti-HA + BMSC + PRP versus Ti-HA + BMSC (* p < 0.05).
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Parameters

	
Implants




	
Ti-HA

	
Ti-HA + PRP

	
Ti-HA + BMSC

	
Ti-HA + BMSC + PRP






	
BIC (%)

	
55.6 ± 2.1

	
63.3 ± 5.3

	
65. 6 ± 4.2

	
81.7 ± 2.5 ***




	
BV/TV (%)

	
52.9 ± 0.6

	
68.8 ± 0.4 **

	
71.5 ± 2.0 **

	
85.3 ± 4.4 ***, **




	
Os.V/BV (%)

	
0.1 ± 0.0

	
0.6 ± 0.0 ***

	
0.5 ± 0.1 **

	
0.6 ± 0.1 ***




	
Os.S/BS (%)

	
0.9 ± 0.1

	
5.2 ± 0.3 *

	
6.6 ± 1.8 *

	
5.7 ± 1.6 **




	
Os.Th (μm)

	
2.9 ± 4.4

	
9.9 ± 0.2

	
9.2 ± 1.0

	
11.8 ± 1.5 **




	
N.Ob/BS (n/mm2)

	
6.3 ± 2.9

	
36.9 ± 0.1

	
28.9 ± 0.6

	
50.7 ± 4.9 ***, **




	
MAR (μm/day)

	
1.4 ± 0.3

	
2.4 ± 0.2 ***

	
2.5 ± 0.1 ***

	
3.0 ± 0.4 ***, *




	
BFR/BS (μm2/μm3/day)

	
0.6 ± 0.1

	
1.6 ± 0.4 **

	
1.7 ± 0.1 **

	
3.3 ± 0.6 ***








Scheffé’s post hoc multiple comparison tests: BIC: Ti-HA + BMSC + PRP versus Ti-HA + PRP, Ti-HA + BMSC and Ti-HA (*** p < 0.0005). BV/TV: Ti-HA + PRP (** p < 0.005), Ti-HA + BMSC (** p < 0.005), Ti-HA + BMSC + PRP (*** p < 0.0005) versus Ti-HA; Ti-HA + BMSC+ PRP versus Ti-HA + PRP and Ti-HA + BMSC (** p < 0.005). Os.V/BV: Ti-HA + PRP (*** p < 0.0005), Ti-HA + BMSC (** p < 0.005), Ti-HA + BMSC + PRP (*** p < 0.0005) versus Ti-HA; Os.S/BS: Ti-HA + PRP(* p < 0.05), Ti-HA + BMSC (* p < 0.05), Ti-HA + BMSC + PRP (** p < 0.005) versus Ti-HA; Os.Th: Ti-HA + BMSC + PRP versus Ti-HA (** p < 0.005); N.Ob/BS: Ti-HA + PRP, Ti-HA + BMSC, Ti-HA + BMSC + PRP versus Ti-HA (*** p < 0.0005); Ti-HA + BMSC + PRP versus Ti-HA + PRP (*** p < 0.0005), Ti-HA + BMSC (** p < 0.005). MAR: Ti-HA + PRP, Ti-HA + BMSC, Ti-HA + BMSC + PRP versus Ti-HA (*** p < 0.0005); Ti-HA + BMSC + PRP versus Ti-HA + PRP (* p < 0.05); BFR/BS: Ti-HA + PRP, Ti-HA + BMSC versus Ti-HA (** p < 0.005); Ti-HA + BMSC + PRP (*** p < 0.0005) versus all tested materials.
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